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Abstract. Reconstruction and stabilization of polar oxide surfaces, such as ZnO, contribute a sig-
nificant role in photocatalysis, chemical sensing, and optoelectronic applications, however their
physical chemistry insight is still a puzzle in the surface science. In this work, the (0001) polar sur-
face instability induced by the morphological evolution of hydrothermally synthesized micro-rod
ZnO doped with various contents of Cu** ion (1-10 at.%) was investigated. The transformation of
micro-rod morphology from the high aspect ratio flower-like shape of the pure ZnO to the hexago-
nal prism-like shape of the doped ZnO was characterized by the X-ray diffractometry, the scanning
electron microscopy and the micro Raman spectroscopy. The chemically active Zn-terminated po-
lar surface in doped samples was less positive charge density which was the main reason to cancel
the electrostatic instability for the dominant [0001] growing direction. Furthermore, the schematic
models of the electron transferring from the conduction band region to the electron trap centre of
Cu**, and the Zn-terminated polar surface reconstruction were proposed for the morphological
evolution mechanism.
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I. INTRODUCTION

The understanding of oxide surface reconstruction is of interest in surface chemistry and
semiconductor technology [1-3]. The anisotropy growth along the [0001] direction in the hexag-
onal wurtzite zinc oxide (ZnO), the most favorable growth direction of the ZnO, is prominent as a
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high polar surface energy in both positive Zn-terminated and negative O-terminated charge planes
which are crucial in photocatalysis, light emitting, gas sensor [4—6]. In addition, one-dimensional
(1D) ZnO nano/microstructures play important roles as interconnects or functional units in fab-
ricating nanoscale devices [7, 8]. Dopings ZnO with other elements to obtain diluted magnetic
semiconductors were reported owing magnetic property that makes promising application in spin-
tronics [9]. Recently, ZnO doped with various transition metal ions has been studied intensively
for photocatalytic applications due to the heterogeneous formation between transition ions and the
ZnO host lattice which reduced electron-hole recombination rate [10-12]. However, when intro-
ducing transition ions into 1D ZnO, the ZnO morphology was shown a dramatic change [13-15].
Sahai et al. [13] reported ZnO morphology was changed from rod-like to pyramid-like shape by
doped ion Fe due to the ionic size difference between Zn>* and Fe3t/2t. The morphology evo-
lution explanation based on the difference of ionic radii was not convinced because there several
parameters should be carefully considered such as the high polar energy of the [0001] direction,
the interplane distances between positive Zn-terminated and negative O-terminated surfaces, sur-
face charge density, and the electron transferring from conduction band region of the unintentional
n-type ZnO to dopant centers [2,16—18]. Other works on the morphology evolution of ZnO doped
Cu?t were also reported recently by Kadam [14] and Babikier [15]. In the Babikier’s work, the
diameter size and crystalline quality of nanorod arrays of ZnO doped Cu?* strongly depended on
the precursor of Cu ion sources where the pH value of the starting solution played an important
role.

In this work, we report the observation of a morphological evolution from micro-rod to
micro-prism of ZnO doped Cu’* fabricated by a simple hydrothermal method in the solution
of hexamethylenetetramine (HMTA). Crystalline structure and phase information were character-
ized by the X-ray diffraction (XRD; X Pert PRO PANalytical-Phillip, A = 1.540560 A) and the
micro-Raman spectroscopy (Renishaw, A = 633 nm He-Ne laser as the excitation source). The
evolution of ZnO morphology was analyzed by the scanning electron spectroscopy (SEM; JEOL
JSM-7600F). Furthermore, the mechanism of morphological evolution of Cu-doped ZnO micro-
rods was proposed in terms of polar surface energy instability and the conduction band electron
transferring.

II. EXPERIMENTAL

ZnO microstructures doped with the transition metal ion Cu>* were prepared by a facile
one-pot hydrothermal method. All the chemicals were purchased and used without further pu-
rification. In order to prepare Cu’>" doped in ZnO nanostructure, the synthesis procedure is as
follows: 50 mL of 0.1M Zn(NOs3), (Merck) was added to distilled water, then HMTA (Xilong)
was dissolved in this solution with HMTA : Zn(NO3); molar ratio = 1 : 1 under the magnetic stir-
ring condition. In the synthesis process, Cu(NO3), (Merck) solution was added dropwise to obtain
proper molar concentrations of ion Cu?* in ZnO: 1.0, 2.0, 3.0, 4.0, 5.0, and 10 at.% (which were
named as C1, C2, C3, C4, C5, and C10, respectively). The resulted solution was stirred in 10 min,
then, poured into a Teflon-lined autoclave and hydrothermally heated at 90°C for 6 h. After the
hydrothermal process, the autoclave was naturally cooled to room temperature and the precipitate
was washed by bi-distilled water until a pH of 7 was reached. Finally, the drying process was
applied at 100°C in an oven until a completely dry powder was obtained.



LUU THI LAN ANH et al. 215

III. RESULTS AND DISCUSSION
III.1. X-ray Diffraction (XRD)

The pure ZnO and ZnO:Cu?* samples were examined using the X-ray diffraction analysis
in order to identify crystalline structure properties, and possible foreign phases. The main crys-
talline structure of all synthesized samples was in the hexagonal wurtzite phase (JCPDS No.36-
1451), thus, all expectable Bragg planes was indexed in Fig. 1a.
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Fig. 1. a) X-ray diffraction patterns of ZnO with various Cu>* content, b) Peaks were
blue-shifted in doped samples.

The absence of extra peaks of the secondary phase in the diffraction patterns of ZnO and
C1 - C5 implied that the produced powders obtained in the present work are in the pure wurtzite
phase. When the dopant content increased, i.e. in samples with Cu>* content larger than 5 at.%,
the diffraction pattern of a foreign phase was observed at about 25.59°, 35.37°, and 41.91° which
was belong to cuprite (Cuy0), corresponding to [110], [111], and [200] directions, respectively
(JCPDS No.05-0667) [19].

In order to see the effect of ion Cu>* on crystalline deformation in the ZnO structure, the
XRD patterns of ZnO, C2, C5 and C10 samples were extracted from 31° to 37°, as shown in Fig.
1b. Small blue-shifts of the main diffraction peaks confirmed the incorporation of Cu™ in the ZnO
lattice which increased the d-spacing value. This physical phenomenon was indicated that the
dopant ion was successfully substituted Zn>* in the ZnO host lattice and the transition metal ion
should have a larger ionic radius than that of Zn** (0.074 nm). Since ionic radii of Cu™ and Cu?*
are 0.096 and 0.073 nm, respectively, there is a transformation of the doubly charge Cu?* from the
precursor Cu(NO3), to the singly charge Cu™t which is in agreement to the XRD result revealing
the Cu,0O formation.

IIL.2. Scanning electron microscopy (SEM) analysis

Direct measurement of morphological features of prepared nanostructures was performed
through the SEM analysis. Real space SEM images of undoped and doped ZnO nanostructures
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were shown in Fig. 2 and Fig. 3. A glimpse of SEM images vividly indicates the transformation
of ZnO nanostructures through the Cu®* ion doping concentration.

Fig. 2. Scanning electron microscopy images of the pure ZnO.

Figure 2 showed that the morphology of pure ZnO microstructure was flower-like and each
flower had a homogeneous uniform rod-like distribution with a dimension of approximately 10 m
in length, and 1.0-1.5 m in diameter. The hexagonal ZnO has a considerable degree of polarity
in [0001] direction. Thus the c-axis (0001) of ZnO has a pronounced polar character. Terminated
zinc, Zn- (0001), or terminated oxygen, O-(0001), in the [0001] direction could be in positively
or negatively charged, respectively. Because charge of the each terminated surface is highly im-
balanced, the moment of net dipole and the electrostatic potential will be considerably large and
then the divergence of surface energy for large polar surfaces is produced. In hexagonal ZnO, the
(0001) plane has a high instability and no surface reconstruction then ZnO prefers growing along
this direction (c-axis) and termination with high polar surfaces of Zn>*/O%* interaction [8, 20].
When growing the crystalline structure, the precursor chemicals tend to adsorb onto this polar sur-
faces due to the high surface charge density to produce a high aspect ratio value. The alternativity
of the polar surfaces is formed after a new positive/negative atomic layer is adsorbed, i.e. the
O-terminated surface would be transformed into Zn-terminated surface, or vice versa [21]. The
repeat of this adsorption continues during the ZnO crystallization process, then the [0001] direc-
tion will be the fastest rate of growth [22]. However, when in situ doping Cu?t into ZnO, several
effects would contribute to the variation of the polar surface energies which possibly induce the
change in morphology.

Figure 3 showed the SEM images of synthesized Cu-doped ZnO samples. In general, the
morphologies were changed by varying the dopant concentration. They were transferred from
homogenous to imhomogenous cylinder size depending on the dopant content. With low starting
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Fig. 3. Scanning electron microscopy images of the doped samples a) C1, b) C2, c¢) C3,
d) C4, e) C5, and f) C10.

Cu’* precursor contents, the aspect ratio (length/diameter) of ZnO shape was about 1.2, i.e., for
C1 and C2 samples. When dopant concentration was increased, the aspect ratio was increased, as
for C3 and C4 samples. With the highest dopant concentration, the prism-like shape increased and
the aspect ratio decreased. In more details, in Fig. 3a, besides the hexagonal rods with length of
5.5-7.4 m and diameter of 6.7-9.7 m, there was another structure as undeveloped nanoparticles. In
this case, Cu-doped led to anisotropic growth not only caused the formation of the hexagonal rods
but here onwards began to initialize the hexagonal prismatic shape. As comparing to flower-like
shape in the pure ZnO, the rod was completely separated and dramatically decreased in the aspect
ratio as a 1:1 prismatic cylinder. When the concentration of Cu?>* was increased, C2, as shown in
Fig. 3b, the formation of the cylindrical prism was completed, thus there was no second phase of
undeveloped particles. The formation of micro-cylindrical prism-like shape in C2 has the aspect
ratio about 1.37 0.2 which was larger than C1, 1.22 +0.2.

Considering the growth pattern of ZnO:Cu?* nanostructures, we assumed that the devel-
opments of an anisotropy along the direction of c-axis, which was induced by the dopant Cu®,
resulted in a variation from the flower-like shape in the pure ZnO to the cylindrical prism-like
shape in C1, and C2. In the presence of Cu ¥, the charge on the Zn-terminated surface is less
positive then the (0001) plane will reduce the polarization and the surface energy, thus weakening
crystal growth on the c-axis. This along with the ionic radius of Cu* greater than that of ion Zn>*
leads the reduction of the grown priority in this direction by the mismatch induced lattice strain.
When the Cu®* starting concentration increased to 3 and 4 at.%, the aspect ratio was increased and



218 EFFECT OF Cu?>* DOPANT ON THE FORMATION OF ZINC OXIDE ...

the length distribution was broadly varied from 1.5 to 7.5 m. As shown in Fig. 3c, and Fig. 3d, the
c-axis crystal growth was weakly maintained, thus stimulated the rupture of the cylinder prism. As
one can see, these samples started to have the amorphous-like residual on the cylinder surfaces. At
the highest Cu ion contents, C5 and C10, Fig. 3d and Fig. 3e showed a certain surface distortion
by amorphous-like residual which remained in samples only large cylinders. The diameter size of
the cylinder in C10 was around 15 m. As showed in the XRD pattern, the residual was cuprite
(Cu0).

II1.3. Mirco-Raman spectra

Raman vibration spectra study could support more information of structure disorder and
dopant in crystalline materials. Moreover, this nondestructive method is a superior technique to
detect dopant incorporation in the host lattice. Figure 4 shows the micro Raman spectra of ZnO,
C2, and C5 samples. In general, when the dopant concentration increased, the Raman vibration
modes of ZnO were sharper, and more intense which were different to a report of Fe ion doped
Zn0O micro-rod [13]. The most intensive mode in the Raman spectrum of pure ZnO is Eé”gh
at ~435 cm~! ascribed to oxygen vibration in the wurtzite phase [23]. When Cu?* ions were

introduced, the Eé’igh signal was increased and blue-shifted to 437 and 439 cm ™! in the C2 and CS,

respectively, followed by the narrowing. It is worthy to note that the EX" and E;”gh are assigned
to non-polar active modes for Zn and O vibrations, respectively, whose intensities were increased
in doped samples. In addition, with increase of the Cu®* concentration, other ZnO characteristic
modes in the Raman spectrum such as A (T 0), E|(TO) and E; (LO) were also observed at around
382, 415 and 582 cm™~!, respectively. Moreover, according to the Raman spectra of C2 and C5
there was a signal at ~628 cm™! assigned to Cu,O [24]. In the C5 sample, there subtle signals
appeared in a range of 640-660 cm™! also were assigned to I';§ (LO) and I';¢ (TO) vibrations of
Cu,0 [25].

I11.4. Models for (0001) plane growth mechanism studied by polar surface reconstruction

The stability of singly positive ion Cu™t oxidation state: ZnO is an unintentional n-type semi-
conductor which has a high electron density in the conduction band region. When doped with
Cu?*, electron configuration [Ar]3d°, ion Cu?* will play as an electron trap center that will trap
a conduction band electron [10] as shown in Fig. 5, i.e. Cu’" + e~ — Cu™. Moreover, the XRD
pattern of C10 revealed the Cu,O phase indicated the higher stability of the oxidation state for
Cu™ in comparison to Cu®>*. Hence the excess electrons in the ZnO conduction band were readily
transferred to form a completely filled 3d-shell of Cu™ ion. It is worthy to note that the alkaline
environment, due to the HMTA precursor as a weak base, also contributed to this reduction pro-
cess [26]. The substituted Cu™ site causes Zn-terminated (0001) surface being less positive charge
density, in the view of electrostatic consideration, the polar surface energy, and then alternative
distances are increased along the [0001] direction. As a consequence, the c-axis growth is less
favorable.

Reconstruction of polar surface energy: As mentioned above, the formation of bonding in the ZnO
is from electrostatic force and the polar surface along the c-axis can be positive (Zn-terminated)
or negative (O-terminated). In addition, it was reported that the Zn-terminated (0001) surface is
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Fig. 4. Raman spectra of as-prepared ZnO and Cu-doped ZnO.
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Fig. 5. Mechanism model for electron migration.

chemically active, and the O-terminated (0001)] surface is chemically inert [18,27]. Morpholog-
ical evolution could be comprehended on the basis of polarized surface energy and crystal defor-
mation due to the diffusion of Cu™ ions. The crystal growth mechanism of the microstructure can
be appropriately explained based on the schematic diagram in Fig. 6.

The substitution of Zn>* ions by Cu™ ions initiates with 1 at.% Cu and 2 at.% Cu are shown
in Fig. 6b. The crystallographic anisotropy with the high imbalance will prefer the anisotropic
growth. During ZnO crystal growth, the Cu ions tend to adsorb onto Zn-terminated (0001) polar
surfaces. Because of the difference in charge and ionic radii, when singly positive charge Cu*ions
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Fig. 6. The schematic depicting dopant concentration driven the development orientation
of the microstructures: a) ions arrangement for undoped ZnO, b) proposed for C1, C2, c)
proposed for C3, C4, and d) proposed for C5, C10.

substitutionally replace Zn >*, the surface electrostatic potential decreases and lattice distortion is
intensified. When the content of dopant is increased, the mismatch of ZnO crystal induces stress
and strain that consequently effect on the normal growth. For example, based on Fig. 6b and
Fig. 6¢, the crystals begin to develop in other directions such as: (1010), (0110), (1100), (1010),
in C1, C2 samples and (0110), (1100), (1010), in C3, C4 samples, hence the (0001) plane has
no longer the dominant priority for growing. As a result, the rod length becomes shorter and
the diameter is larger, i.e. smaller in aspect ratio value. This is resulted in the transformation
of microrods into hexagonal prisms for 2 at.% Cu®>* doped ZnO (Fig. 6¢). Thus, formation of
hexagonal cylinder is an evidence of reducing anisotropic growth along c-axis where Cu ions
preferably accumulate on chemically active [(0001)] —Zn top surface. With increased Cu doping
(i.e., for C3, and C4), the rod size varies broadly indicating the difficulty of the growth along the
[0001] direction. The active Zn-terminated polar surface becomes more stable and hence, instead
of the (0001) plane anisotropic growth, now the crystalline growth initiates in other planes and
gets prominent afterwards with increasing the Cu>™ content. With the highest dopant contents in
C5 and C10, the small rods were disappeared and growing process preferred to produce larger
rods. In a nutshell, substitutional Cu™ ions reduced the polarization on the (0001) plane which
has a large impact on the anisotropy development of ZnO.
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IV. CONCLUSIONS

This work presented a facile hydrothermal method to fabricate ZnO micro-rods doped with
various contents of Cu?" ion. The phase and morphology depended on the dopant content were
systematically investigated by XRD, Raman vibration and SEM. The undoped ZnO was formed
in the flower-like shape with a high anisotropy micro-rod with ~1.5 m in diameter and ~10 m
in length. When in situ introducing Cu >* ion into the ZnO lattice, the anisotropy characteristic
of [0001] direction was dramatically reduced to form ZnO as a hexagonal prism-like shape which
was larger in diameter and smaller in the aspect ratio. The mechanism of the growing process was
proposed in a view of polar surface energy reconstruction and the electron trap character of Cu?*
centre. It suggested the electron migration from ZnO conduction band to unfilled d-state shell of
the ion Cu?t, i.e. Cu*t e — Cut. Hence, Zn-terminated surface is less positive which could
attribute to the reduction of the growing process along the [0001] direction.
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