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h i g h l i g h t s
< Ga doped ZnO nanostructures were successfully grown by hydrothermal chemical route.
< Ga doping has strong effect on the resulting morphology of ZnO nanostructures.
< Anomalous vibrational modes in wurtzite ZnO lattice are induced by Ga doping.
< Incorporated Ga atoms accommodate at preferential lattice sites.
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a b s t r a c t

In the present article, the effect of gallium doping on the morphology, structural, and vibrational
properties of hydrothermally grown ZnO nanostructures has been studied. It has been observed that
incorporated gallium plays an important role on the growth kinetics and hence on the morphology
evolution of the ZnO crystals. Ga doping in high concentration results in the contraction of ZnO unit cell,
mainly along c-axis. Although Ga has high solubility in ZnO, heavy doping promotes the segregation of
Ga atoms as a secondary phase. Incorporated Ga atoms strongly affect the vibrational characteristics of
ZnO lattice and induce anomalous Raman modes. Possible mechanisms of morphology evolution and
origin of anomalous Raman modes in Ga doped ZnO nanostructures are discussed.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Due to its wide direct band gap at room temperature (3.37 eV)
and large exciton binding energy (60 meV), zinc oxide (ZnO) has
been recognized among the most promising semiconductors to
fabricate optoelectronics devices, like solar cells [1], gas sensors [2],
field emitters [3], light emitting devices [4,5], and UV lasers [6], to
name a few. Moreover, due to its chemical stability under oxidizing
environments and biocompatibility, it is a useful material for
applications in catalysis [7], medicine [8], and cosmetics [9]. It is
well known that on tuning the chemical composition, morphology
and size, the physical and chemical properties of ZnO can be
controlled. Therefore, a huge effort has been devoted to obtain
doped and undoped ZnO of different characteristics [10e16]. For
example, when ZnO is doped with group III-A elements, such as Al
or Ga, its electrical resistivity can be reduced as low as 10�4 U cm
250/7259.
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[17], making doped ZnO a candidate to replace indium tin oxide
(ITO) as transparent conducting material. As Zn and Ga have similar
atomic radii, Ga is highly soluble in ZnO; consequently gallium
doping is a suitable alternative for controlling the optoelectronic
properties of ZnO samples without compromising their crystal-
linity. In this regard, crystalline gallium zinc oxide (GZO) nano-
structures have been obtained by thermal evaporation [18], spray
pyrolysis [19], r.f. magnetron sputtering [20], pulsed laser deposi-
tion [21], molecular-beam epitaxy [22], metaleorganic chemical
vapor deposition [23], arc-discharge [24], hydrothermal process
[25], solegel technique [26], among others. Nevertheless, extensive
descriptions concerning the effect of optoelectronic doping on the
morphology, structural and vibrational properties are scarce [27].

Apart from the adequate band gap and exciton energy, the
efficiency of optoelectronic devices depends on their electronic
characteristics like electron mobility and free carrier density.
Although doping process commonly increases the free carrier
concentration, high doping levels could introduce large amounts of
electron scattering centers, reducing the electron mobility. Also,
strong interaction of free carriers with lattice vibrations (phonons)
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could reduce the electron mobility even further. Therefore, a thor-
ough study of the structural and vibrational properties of doped
materials is desired before their use in optoelectronic devices.

Here we present a detailed study of the effect of gallium doping
concentration on the morphology, structural and vibrational
properties of hydrothermally grown ZnO nanostructures.

2. Experimental section

The following chemicals were purchased and used as
received without further purification: ethylenediamine [EDA,
NH2(CH2)2NH2; J.T. Baker, 99.9%], zinc acetate dihydrate
[Zn(CH3COO)2$2H2O; J.T. Baker, 99.99%], sodium hydroxide
(NaOH; J.T. Baker, 99.99%), and gallium (III) nitrate hydrate
[Ga(NO3)3$xH2O; Aldrich, 99.99%]. In a typical synthesis process
45ml of deionizedwater (18.0MU cm) and 5ml of EDAweremixed
thoroughly undermagnetic stirring. Then4270.8mgof zinc acetate
was slowly dissolved in the previous solution. After that, about
708.3 mg of sodium hydroxide was added to the previous mixture
to increase its pH to 12. Then the solution is heated up to 100 �C and
maintained at this temperature for 15 h. Afterward it was cooled
freely to room temperature. Finally, the obtained precipitate was
filtered andwashedwith deionizedwater several times. For doped
samples, specific amounts (12.5, 25.0, 50.3, 127.6, 261.9, and
552.9 mg) of the gallium salt were added to the previously
described aqueous solution to prepare the samples with nominal
0.25, 0.50, 1.0, 2.50, 5.0, and 10.0% gallium doped samples. The
following relationwas used to calculate the amount of gallium salt
used for each sample: Ga% ¼ [MGa]/([MGa] þ [MZn]) � 100%, where
Ga% is the nominal gallium doping, and [MGa] and [MZn] are the
molar concentration of Ga and Zn in the aqueous solution,
respectively.
Fig. 1. Typical SEM images of undoped (a), 0.25 (b), 0.50 (c), 1.0 (d), 2.50 (e), 5.0 (f), and
All the samples were analyzed by scanning electronmicroscopy/
energy dispersive X-ray spectroscopy (SEM/EDS; Jeol JSM 6610LV),
transmission electron microscopy (TEM; Philips Tecnai F20 TEM),
X-ray diffraction (XRD; Bruker Advance D8, CuKa, l¼ 1.5406 Å), and
room temperature Raman spectroscopy in backscattering configu-
ration using the 633 nm line of a HeeNe laser as excitation source
(LabRAM HR-Olympus Micro Raman system).

3. Results and discussion

Fig. 1 shows the typical SEM images of undoped and doped
samples. It can be noted that the gallium doping has a strong effect
on the resulting morphology of the ZnO structures. As the gallium
content increases, the morphology progressively turns from
urchin-like (undoped) to rose-like structures (10.0% Ga doped).
Also it is evident that the morphology of the crystalline units which
constitute the urchin-like structures is not the same for all the
samples. For the undoped sample, the units have needle-like
morphology with average diameter of 200 nm and about 6
microns length. However, as the concentration of gallium content
increases, fewer, but thicker crystalline units are obtained with
crystal habit resembling hexagonal prisms (see Fig. 1e and f). In
addition, it is interesting to note that as the gallium content
increases, the tip of these nanostructures gradually turns from
smooth to rough surfaces (marked with rectangles in Fig. 1). In
order to obtain additional information of this peculiar feature,
HAADF and elemental mapping images of the 5.0% nominal Ga
doped sample were acquired (Fig. 2). As can be seen, a homoge-
neous distribution of Zn, O and Ga is observed along the body of the
rods. However, an increase of Ga content is recognized (Fig. 2d) at
the tip of the nanostructures, probably due to a depletion of
available ZnO growth units as the growth process advances. These
10.0% (g) nominal Ga doped samples. All the scale bars correspond to 2 microns.



Fig. 2. HAADF image (a), and EDS elemental maps (bed) of 5.0% nominal Ga doped ZnO nanorods.
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rough structures, along with the observed rose-like morphology of
the heaviest doped sample indicate that a large Ga content in the
reaction mixture modifies the growth mechanism, resulting the
observedmorphology. In this regard, Goh et al. [28] have found that
structural defects effectively can drive the growth mechanism of
hydrothermally grown crystals.

The overall composition of doped and undoped ZnO nano-
structures was analyzed by EDS. The obtained results are summa-
rized in Table 1. It can be noted that the Ga atomic percent (at.%)
does not follow a linear relationship with the nominal Ga doping
concentration; instead, a nearly exponential relationship was
recognized. Elemental composition of samples suggests that
gallium is incorporated into the ZnO lattice mainly as substitutional
impurity. Since the Ga has an extra valence electron (4s2 4p1) than
Zn (4s2), presence of GaZn defects in high quantity must increase
the charge carrier density and the conductivity of ZnO crystals.
However, at the same time, new electron scattering centers are
Table 1
Elemental composition of undoped and Ga doped ZnO samples.

Nominal Ga doping (%)

At.% (EDS average)

Zn O Ga

0.00 47.73 52.27 0.00
0.25 48.39 51.55 0.06
0.50 52.50 47.42 0.08
1.00 46.90 52.95 0.15
2.50 50.16 49.55 0.29
5.00 40.44 58.47 1.08
10.00 41.20 53.95 4.85
produced and the electron mobility could be compromised. Elec-
trical measurements of the undoped and doped samples are in
progress to verify these effects.

XRD patterns of the undoped and gallium doped samples are
presented in Fig. 3. For the undoped sample, all the diffractionpeaks
match with those reported for ZnO inwurtzite phase (w-ZnO) [29];
no additional diffraction peaks were found. Since similar XRD
patterns are also observed for the doped samples, it is inferred that
Ga doping does not affect structural phase (hexagonal) of ZnO.
However, a detailed inspection of the XRD pattern of the heaviest
doped sample (10.0%) reveals three tiny reflections located at about
33.56, 35.28, and 59.32� (see supporting information). These
reflections could not be related to w-ZnO phase, instead they were
attributed to b-Ga2O3 traces (monoclinic) [30]. It is worth to note
that the intensityof thediffractionpeaks assigned tow-ZnOdoesnot
decease noticeablyon increasing the galliumcontent in the samples,
which suggests that incorporation of Ga atoms into the ZnO lattice
does not introduce considerable lattice deformation. Since the ionic
radii of Zn2þ (0.74Å) andGa3þ (0.62Å) are similar, large distortion of
ZnO lattice due to gallium doping is not expected. Fig. 4 shows the
variation of the position of the main diffraction peaks of the ZnO
nanostructures with the concentration of nominal Ga doping. It was
observed that except for the heaviest doped sample, the positions of
the (100), (002), and (101) diffractionpeaks remain almostfixed. For
the heaviest doped sample, these diffraction peaks shift to higher
angles, indicating that the ZnO lattice parameters are shortened.
Similar behavior has been previously observed in GZO thin films
[31,32]. It is worth to note that while the (100) peak is shifted by
around 0.04�, the (002) peak shifted about 0.17�. It follows that the



Fig. 3. Powder X-ray diffraction patterns of undoped (a), 0.25 (b), 0.50 (c), 1.0 (d), 2.50
(e), 5.0 (f), and 10.0% (g) nominal Ga doped samples. Miller indices of the main
diffraction peaks related to w-ZnO phase are indicated for undoped sample.

Table 2
Position and full width at half maximum (FWHM) of the main diffraction peaks of
undoped and doped samples along with their calculated lattice parameters a and c.

Nominal Ga
doping (%)

Position and FWHM (degrees) Lattice parameter (Å)

(100) (002) (101) a c c/a

0.00 31.77(9) 34.43(3) 36.26(2) 3.24(9) 5.20(6) 1.60(2)
0.17(9) 0.19(2) 0.21(7)

0.25 31.76(4) 34.42(0) 36.24(8) 3.25(0) 5.20(6) 1.60(1)
0.17(9) 0.19(1) 0.21(3)

0.50 31.77(5) 34.42(9) 36.25(9) 3.24(9) 5.20(6) 1.60(2)
0.18(7) 0.18(8) 0.21(6)

1.0 31.74(3) 34.39(7) 36.22(6) 3.25(1) 5.20(9) 1.60(2)
0.18(3) 0.19(5) 0.21(2)

2.50 31.75(0) 34.40(6) 36.23(5) 3.25(1) 5.20(8) 1.60(1)
0.17(3) 0.18(4) 0.19(7)

5.0 31.73(8) 34.40(2) 36.22(0) 3.25(3) 5.21(0) 1.60(1)
0.15(7) 0.16(8) 0.17(1)

10.0 31.81(0) 34.60(0) 36.33(7) 3.24(7) 5.18(3) 1.59(6)
0.14(6) 0.17(7) 0.16(8)
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main lattice distortion is along the c rather than a axis. In Table 2 the
position and full width at half maximum (FWHM) of the main
diffraction peaks, alongwith the calculated lattice parameter values
for the undoped and gallium doped samples are summarized. The
lattice parameters were calculated through the least square fit
procedure described byGiacovazzo et al. [33]. It isworth to note that
although the resulting morphologies of the undoped and 10.0% Ga
doped samples differ considerably, their crystal qualities are quite
similar, as the relative intensity and FWHMof their diffractionpeaks
suggests. Therefore, it is proposed thatwhile the incorporation of Ga
strongly affects the crystal growth kinetics and surface energy of the
crystalline planes, it does not have any strong influence on the
crystalline quality of ZnO nanostructures.
Fig. 4. Evolution of the (100), (002) and (101) diffraction peaks in the undoped (a),
0.25 (b), 0.50 (c), 1.0 (d), 2.50 (e), 5.0 (f), and 10.0% (g) nominal Ga doped ZnO sample.
Thewurtzite ZnO structure belongs to the P63mc space group. Its
crystal structure can be described as a successive stacking of Zn and
Omonoatomic layers along the fundamental c lattice vector. Because
of the large difference in electronegativities between zinc (2.2) and
oxygen (3.6) [34], their interatomic bonding has a strong polar
character. Such feature produces a net dipolar moment. The dipole
moment and the lack of an inversion center are the origin of thewell
knownpiezoelectric behavior ofw-ZnO crystals. The natural habit of
a ZnO crystal grown under quasi-equilibrium thermodynamic
conditions looks like a hexagonal prism [35], where the top and
bottom faces correspond to the polar lattice planes (001) and ð001Þ
consisting Zn- and O-terminated surfaces, respectively. The lateral
crystallographic faces are parallel to the six-fold c axis, and they are
disposed in the way to form 120� angle between adjacent faces.
These lateral surfaces correspond to the non-polar {010} lattice
planes [35]. The elongated morphology commonly observed for
hydrothermally grown ZnO crystals is attributed to the large
difference between the surface energy of non-polar and polar lattice
planes [36,37]; it follows that, onmodifying the surfaceenergyof the
different lattice planes, by either chemical adsorption of terminal
species or incorporating defects [38,39], the resulting morphology
might be controlled. For the present case, EDAwas used as chelating
agent and to support the elongated morphology induced by a fast
growth along the [001] direction.

The chemical reactions involved in the growth process of the
ZnO nanostructures are proposed as follows:

NH2ðCH2Þ2NH2ðlÞ þ 2H2OðlÞ/
�
NH3ðCH2Þ2NH3

�2þðaqÞ
þ 2OH�ðaqÞ (1)

ZnðCH3COOÞ2$2H2OðsÞ/Zn2þðaqÞ þ 2CH3COO
�ðaqÞ þ 2H2OðlÞ

(2)

Zn2þðaqÞ þ xNH2ðCH2Þ2NH2ðlÞ/
�
Zn

�
NH2ðCH2Þ2NH2

�
x

�2þðaqÞ
(3)

NaOHðsÞ/NaþðaqÞ þ OH�ðaqÞ (4)

Zn2þðaqÞ þ 4OH�ðaqÞ/ZnðOHÞ2�4 ðaqÞ (5)

ZnðOHÞ2�4 ðaqÞ þ 2Hþ /
D

ZnOðcÞ þ 3H2OðlÞ (6)

GaðNO3Þ3$xH2OðsÞ/Ga3þðaqÞ þ 3NO�
3 ðaqÞ þ xH2OðlÞ (7)
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Eq (1) states the formation of an alkaline solution (pH z 11) as
a result of the hydrolysis of EDA, a weak Lewis base, when it is
dissolved in water. Once Zn2þ ions are introduced in the aqueous
solution by the chemical dissociation of zinc acetate (Eq (2)), they
are complexed by EDA (Eq (3)), which is a strong bidentate
chelating agent [40]. The formation of analogous Zneammonium
complexes in aqueous solutions with similar pH has been repor-
ted previously by Richardson and Lange [41]. However, on
increasing the pH further by adding NaOH (Eq (4)), the amine
molecules compete with hydroxyl groups to get bonded with Zn2þ

ions (Eq (5)), until ZnðOHÞ2�4 becomes the predominant specie
[42,43]. Gradually, as the temperature of the reaction mixture is
increased a supersaturation state of zinc hydroxide is reached,
leading to the formation of ZnO nuclei (Eq (6)). Under this scheme,
it is expected that Ga ions (Eq (7)) have similar chemical behavior to
Zn ions in the present alkaline solution.

The proposed growth stages of the undoped and gallium doped
ZnO nanostructures are schematically shown in Fig. 5. Once the
proper hydrothermal conditions are reached, nucleation process
and subsequent formation of ZnO nuclei begin. At this stage the
ZnO nuclei do not show preferential growth direction. When the
density of ZnO nuclei is large enough, they begin to agglomerate
[44]. Since the pH of the nutrient solution is well above of the
isoelectric point for ZnO (pH w 9.5) [45], the surface of the ZnO
particles trends to charge negatively, mostly by adsorption of
hydroxyl groups [38]. Later, as the individual ZnO crystals continue
to grow, the polar character of wurtzite structure becomes evident
[46]. As a result, the capping species (EDA:2Hþ) are adsorbed
mainly on the {010} planes. Although, adsorbed EDA:2Hþ facilitates
an elongated morphology, a fast growth rate along the [001]
direction due to the adsorption of ZnðOHÞ2�4 growth units in the
positive Zn-terminated plane is the main reason of the resulting
needle-like morphology [47].
Fig. 5. Schematic presentation of the proposed growth stages for the undoped and doped
doping on the free energy (DG), energy barrier (DG*), and critical nucleus radius (r*).
It was observed that the incorporation of Ga salts retards the
precipitation of ZnO and also reduces the reaction yield; therefore,
the density of ZnO nuclei in the undoped sample must be higher
than that for the doped samples. Lower density of ZnO nuclei
results in fewer ZnO structures of bigger dimensions (see Fig. 1).
This is because the growth process dominates over nucleation. A
decrease of the density of ZnO nuclei due to Ga incorporation can
be explained in terms of the classical nucleation model, which
states that the driving force for a phase transition from solvated
molecular precursors to a solid material is a change in the Gibbs
free energy of the system (DG). This change depends on the
growing particle radius (r), and consists of two contributions: first,
the volume free energy, (DGv), associated to the change in the free
energy due to the phase transition from solvated precursors to
a solid phase and second, the surface energy, (g), the energy
introduced to the system due to the formation of an interface [38]:

DG ¼ 4
3
pr3DGv þ 4pr2g (8)

The addition of volume and surface terms in Eq (8) implies the
formation of an energy barrier (DG*), which must be overcome in
order to obtain a nucleus of critical radius (r*), beyond which it
becomes stable and continues growing. The critical nucleus radius
and the energy barrier are expressed as:

r* ¼ � 2g
DGv

(9)

DG* ¼ 16pg3

3ðDGvÞ2
(10)

We propose that the incorporation of gallium atoms into the
ZnO lattice leads a decrease in DGv, as certain amount of energy is
ZnO nanostructures. The inset shows a schematic illustration of the effect of gallium



Fig. 7. Raman spectra of undoped (a), 0.25 (b), 0.50 (c), 1.0 (d), 2.50 (e), 5.0 (f), and
10.0% (g) nominal Ga doped samples. Anomalous Raman modes are pointed with
arrows. For comparison, all the spectra were normalized respect to the intensity of the
E2L peak.
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required to generate crystal defects. As can be seen from Eqs (9) and
(10), a reduction of DGv increases both the energy barrier to form
a stable nucleus and its critical radius (see inset in Fig. 5), making
doped crystallites more soluble than their undoped counterparts
[48,49]; i.e., the nucleation process is inhibited. The higher energy
required to obtain stable doped ZnO nuclei can explain the exper-
imental observation that the translucent aqueous solution turns
opaque at higher temperatures as Ga molar concentration is
increased. On the other hand, the formation of larger stable nuclei
must occur at the expense their numbers, as they demand larger
amounts of precursor species. The lower nuclei density allows the
growth process to dominate over nucleation. Finally, it is inferred
that high doping concentration (10.0%) leads to considerable
change of the relative surface energy among the different lattice
planes, inhibiting any preferential growth, and the characteristic
hexagonal habit of w-ZnO crystals cannot be obtained.

Since the vibrational and structural properties of solids are
closely related, a study of the effect of gallium doping on the
vibrational properties of ZnO was performed. The irreducible
relation of phononic modes at the center of Brillouin zone for w-
ZnO structure, with four atoms per primitive cell, is stated by the
relation: G ¼ 1A1 þ 2B1 þ1E1 þ 2E2 [50], where A1 and E1 represent
polar optical branches, which in turn split into longitudinal (LO)
and transversal (TO) components. The two non-polar E2 modes are
related to the vibration of zinc (E2L) and oxygen sub-lattices (E2H).
While A1 and E1 modes are Raman and infrared active, the E2 modes
are only active in Raman spectroscopy. On the other hand B1 modes
are inactive in both spectroscopies, and therefore they are called
silent modes. It has been reported that breakdown of translational
symmetry could relax the Raman selection rules, and as a conse-
quence the B1 modes could become active [51].

Fig. 6 presents the Raman spectrum of the undoped ZnO sample.
The spectrum matches with that reported previously for wurtzite
zinc oxide [52,53]; no additional Raman peaks associated to
chemical reactants or possible sub-products were detected. The
Raman signals located at about 101, 380, 411, 440, and 579 cm�1

were attributed to the first order E2L, A1T, E1T, E2H and LO modes,
respectively. On the other hand, the peaks at around 204, 334 and
667 cm�1 were assigned to the 2-E2L, E2HeE2L and 2-(E2HeE2L)
second order modes, respectively [54]. In Fig. 7, the Raman
spectra of undoped and gallium doped samples are shown for
comparison. First, it can be noted that the Raman peaks associated
Fig. 6. Raman spectrum of the undoped ZnO sample.
to w-ZnO phase get smaller and broader as gallium content
increases, suggesting that the incorporation of Ga atoms induces
lattice disorder. Second, gallium doping introduces three additional
Raman peaks located at about 500, 629 and 691 cm�1, and their
intensities depend on Ga content. None of them could be assigned
to some local vibrational mode (LVM’s) using the effective masses
relation [55]. Although the peak centered at 629 cm�1 could be
assigned to Ag mode of b-Ga2O3 phase, it was attributed to
a vibrational mode involving a gallium point defect, because the
characteristic Raman spectrum of b-Ga2O3 shows two peaks
located at 650 and 765 cm�1 [56e58], which were not observed for
our doped samples. Observation of vibrational modes with similar
frequencies (w631 cm�1) have been reported to single phase
ZnO:Ga samples [12]. The broad width of the Raman peak centered
at 500 cm�1 suggests that its origin is not due to some particular
point defect; instead it can be related to some complex defects
involving either host or extrinsic atoms. Bundesmann et al. [12]
have reported additional Raman modes in their Fe, Sb, Al, Ga and
N doped ZnO thin films; all of them with frequencies around
510 cm�1. Finally, to the best of our knowledge the peak at 691 cm�1

has not been previously reported for Ga doped ZnO samples. We
propose that its origin involves specific point defects related to
incorporated gallium atoms, probably GaZn or Gai.

Fig. 8 shows the dependence of E2L and E2H Raman peaks with
Ga content. It was found that while the frequency of these modes
do not show clear dependence with Ga doping concentration, their
shape are strongly affected as Ga concentration increases, specifi-
cally for the peak related to the oxygen sub-lattice (E2H). As the
atomic weight of Zn and Ga are close enough, incorporation of
substitutional gallium atoms (GaZn) affecting the features of the
phononic mode associated to zinc sub-lattice (E2L) substantially is
not expected. On the other hand, since themain difference between



Fig. 8. Evolution of E2L and E2H Raman peaks on Ga doping: undoped (a), 0.25 (b), 0.50
(c), 1.0 (d), 2.50 (e), 5.0 (f), and 10.0% (g) nominal Ga doped sample.
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Zn and Ga atoms resides on their valence electron configurations,
and thus how they get bonded, it is proposed that the substitutional
gallium atoms force the surrounding oxygen atoms to approach in,
modifying their relative position and bond strength. As a conse-
quence, the vibrational characteristics of the oxygen sub-lattice
might substantially alter. The phenomenon can also explain
a small contraction of the ZnO unit cell experimented for the
heaviest Ga doped sample.
4. Conclusions

In summary, ZnO nanostructures with varied Ga concentrations
were successfully grown by hydrothermal chemical route. The
resulting morphology of the synthesized nanostructures has strong
dependence on doping concentration, attributed to a competition
between nucleation and growth process driven by Ga content.
Although the unit cell ofw-ZnO gets distorted a little bit on gallium
doping along its c axis, incorporated Ga atoms accommodate at
preferential lattice sites, indicating the feasibility to obtain solid
solutions of Ga and ZnO. Ga doping in ZnO activates three anom-
alous Raman modes with frequencies of 500, 629 and 691 cm�1.
While the first mode is attributed to complex defects involving
either native or extrinsic defects, the others two are related to point
defects involving gallium atoms. The described hydrothermal
method represents a low-cost alternative to obtain elongated
nanostructures with controlled chemical composition which might
be applied to fabricate light and field emitting devices.
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