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ABSTRACT 

The size dependent vibrational and thermodynamical properties of Zinc Oxide Nanowire (ZnO NWs) along with its bulk 
counterparts has been studied using the first principles calculations within density functional theory. The thermodynamical 
parameters such as specific heat at constant volume, entropy, internal energy and Helmholtz energy as function of temperature 
for the different size of nanowires are obtained and compared with the bulk ZnO in wurtzite phase. We address the effects of 
structural confinement on the phonon dispersion, vibrational density of states and qualitatively on the sound velocities and 
thermal conductance. The phonon dispersion curves for considered ZnO nanowires and its bulk counterpart indicates dynamical 
stability. The band gap increases from bulk to nanowire and an inverse size dependency in the case of nanowires arising due to 
quantum confinement. The analysis of bands character in context of growth characteristics and thermodynamical properties are 
also discussed. Our findings will give some reference to the insight understanding of the electronic, vibrational and 
thermodynamical properties of size orientation dependent ZnO nanowire. Copyright © 2016 VBRI Press. 
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Introduction  

The novel ZnO nanostructures are expected to have great 
potential for sensing, catalysis, optical emission, 

piezoelectric transduction, and actuations [1-3]. The 
interest in zinc oxide has been renewed because its 
nanostructure counterparts offer unique optical, electrical 
and piezoelectric properties. Bulk zinc oxide (ZnO) is an 
ionic semiconductor that has a wide range of technological 
applications ranging from its use as a white pigment to use 
in rubber industry, where it shortens the time of 
vulcanization. This is mainly due to large part of number of 
superlative attributes of these systems, including direct 
band gaps, high mobility electrons and the ability to 
selectively dope n or p type regions. Hexagonal ZnO, a 
typical wide bandgap (Eg=3.37 eV) and large exciton 
binding energy (60 meV at room temperature) II-VI 
semiconductor with lattice spacing a and c =0.325 and 
0.521 nm respectively has recently attracted the most 
intensive research for many properties and potential 
applications in building optical and optoelectronic 

nanodevices [4-9]. The iconicity of ZnO lies in borderline 
between the covalent and ionic semiconductors.    

Mechanical and electromechanical properties of 1-D 
ZnO nanostructures have also been subject of numerous 
investigations because ZnO Nws form the fundamental 

components of nanopiezotronics [10,11], a new field in 
nanotechnology in which piezoelectric nanostructures are 
employed for harvesting energy in self-powered wireless 
nanodevices. Size dependence of Young’s Modulus in ZnO 

Nws has been experimentally and theoretically revealed 

[12]. In particular, it has been shown that the Young’s 
modulus of ZnO Nws with diameters smaller than about 
120 nm increases dramatically with decreasing diameters. 
Diameter-dependent surface electronic structure also 
suggests strong surface effects for nanowires with diameters 

smaller than 40 nm [13]. 
The thermal design is an important part of the 

development of many nanodevices. Thermal properties like 
heat capacity and thermal conductivity are strongly 
influenced by the phonon properties particularly the 
vibrational density of states. This makes an important area 
of research to understand the laws governing the vibrational 
properties of nanostructured materials from high 
technological to fundamental point of view. Further, good 
knowledge of the vibrational and electronic properties of 
ZnO both at nanoscale and bulk level is essential to 
understand the transport properties and electron-phonon 
interaction which play an important role in device 
performance. In addition, the vibrational properties 
particularly the phonon dispersion curves are important to 
find the dynamically stable structure as this has been shown 
that the growing of other crystal phases that are unstable in 
bulk form is also possible. The zinc blende phase can be 
stabilized only by growth on cubic substrates and rock salt 

phase may only be obtained at relatively high pressure [14]. 
Under ambient conditions, the thermodynamically stable 
phase for the ZnO is that of wurtzite phase. The 
modification of the crystal structure during the growth of 
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nanowire can have important implications for the phonon 
and thermal properties of nanowires. There appears an 
additional optical phonon mode at the zone centre for 
wurtzite ZnO arising from the folding of phonon branch 
along Γ-L line in the zinc blende ZnO. These additional 
optical phonon modes result in additional phonon scattering 

[15] and reduced thermal conductivity [16].  
Despite these advances, many ground breaking 

challenges remain unclear in the both understanding and 
controlling the size of ZnO nanowires. The electronic and 
optical properties of ZnO NWs are debated in the literature 

[17-20]. The density functional theory calculation of 

infinitely long [0001] ZnO nanowire by Xu et al. [21] 
indicates that the surface reconstruction plays an important 

role in stabilizing the nanowire. Fu-Chun et al. [7] 
calculated the geometrical, electronic and optical properties 
of hexagonal ZnO nanowires and observed a significant 
blueshift in comparison with its bulk counterpart.      

Spencer et al. [22] examined the effect of gas coverage and 
ethanol orientation on its adsorption on the stoichiometric 

and oxygen deficient nanowire surface. Liu et al. [23] 
investigated electrical properties of ZnO nanowires grown 
by vapor-phase transport growth method. The electronic 
properties of ZnO nanowires under a transverse electric 

field have been investigated by Wang et al. [24]. 
To our knowledge, very few systematic studies on the 

dimension and size dependent properties of ZnO nanowires 
have been made theoretically particularly using ab-initio 
calculations until now. Most of the ab-initio calculations 
have addressed structural, elastic and electronic properties 

[25-30], studies on lattice vibrational modes and vibrational 
density of states (VDOS) in ZnO NWs are yet to receive 
serious attention. The phonon dispersion relations in 
nanowires are expected to be significantly different from 
the bulk due to the confinement effects and hence this can 
be an important tool to probe nanowires. In addition, the 
phonon confinement observed in a semiconductor nanowire 
modifies the phonon velocities which are reflected in the 
phonon dispersion curves and vibrational density of states. 
In the present work, the first principles density functional 
theory (DFT) calculation of the phonon properties such as 
dispersion curves, VDOS and specific heat for thin ZnO 
NWs has been performed and compared with its bulk 
counterpart. The paper is organized as follows. The 
Computational method is presented in computational detail 
section followed by simulated result and discussion and 
finally conclusions at the end.   

 

Computational details 

All calculations for the ZnO NWs have been performed 
using density functional theory with the generalized 
gradient approximation (GGA) using Perdew–Burke–
Ernzerhof (PBE) parameterization of exchange correlation 
functional as implemented in the Quantum Espresso code 

[31]. These calculations are performed in super cell 

structures using a plane-wave basis [32]. The vacuum 
region between neighboring NWs is chosen to be about       
~ 1 nm in order to avoid spurious interaction, and the plane 
wave energy cutoff is 40 Ry. For the Brillouin zone (BZ) 
integration we use a 4×4×4 and 1×1×16 sampling mesh for 
bulk and nanowire supercell calculations respectively. 
Further, we have checked convergence with cut-off energy 

of 50 Ry and k-point mesh of 1×1×32 by insignificant 
amounts: pressure by less than 0.1 GPa and electron 
eigenvalues by less than 10

-4
 Ha. The Broyde-Fletcher-

Goldfarb-Shanno (BFGS) method is used for the geometry 
optimizations. During relaxation of the nanowires, a 

Gaussian broadening [31] with smearing parameter of       
0.3 Ry is used for Brillouin zone integrations. The force on 
each atom is converged at 0.1 eV/Å for all optimizations. 
Phonon calculations are performed using density functional 

perturbation theory (DFPT) [31-32]. For the calculation of 
density of states (DOS), after the initial calculation=’scf’ 
Self-Consistent files task, obtaining and plotting the DOS is 
done by means of a non-consistent calculation 
(calculation=’nscf’). Technically, the process requires 
integrating the orbital energies in the BZ1, using a special 
point quadrature (Blochl method, occupations=’tetrahedra’ 

[31-32].) together with an automatically generated uniform 
k-point grid (card K POINTS with option “automatic”). 
Specify nosym=true to avoid generation of additional k-
points in low symmetry cases. They are obtained by the 
projecting the occupied density of states onto non-
overlapping spheres using the same Gaussian-broadening 
The Fermi energy is displaced to zero. 

The computational parameters considered in the present 
calculations were sufficient in leading to well converged 
total energy, geometrical configurations, and phonons. All 
constructed structures of ZnO NWs are fully relaxed before 
further calculations. In our case, ZnO nanowires have 
infinite length along the c [001] direction the axial. ZnO 
nanowires are placed in unit cells where the inter wire 
distance is larger than 5 Å, which effectively prevents the 
interaction with neighboring cells. It is noteworthy, since 
these nanostructures are often synthesized at the high 
temperatures, the surface passivation is not considered in 
our calculations. In this work, the starting point for the 
calculation is to optimize the bulk crystal structure for the 
lowest energy configuration. This is followed by the 
electronic structure, density of states and phonon 
calculations of bulk ZnO using the relaxed optimized 
structure. Finally, the phonon calculations are performed 
for nanowire configurations. 
 

Results and discussion 

Structure 

Fig. 1 depicts the schematic relaxed structures of a ZnO 
NWs along the [001] direction with a diameter of 3.0 nm 
(10 atoms per unitcell of ZnO), 3.2 nm (20 atoms per 
unitcell of ZnO) and 5.6 nm (40 atoms per unitcell of ZnO). 
The initial atomic structures of ZnO NWs are constructed 
from the bulk wurtzite structure. In order to test the 
accuracy of the present ab-initio calculations to the 
electronic structures of the ZnO NWs, we firstly optimized 
the structure and calculated the self-consistent band 
structure along with the phonon properties of bulk wurzite 
ZnO crystal. We found that the optimized lattice constants 
as a= 3.359Å, c= 5.21 Å and u= 0.3750 Å for wurzite ZnO 
crystal agree well with the experimental values (a=3.249 Å, 

c= 5.204 Å and u=0.3819) [33-35]
.
 This indicates the high 

accuracy of the present calculation. However, there is slight 

deviation from other GGA calculations [7, 36, 37].  
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Fig. 1. A ball-and-stick model for different configuration of ZnO NWs 
along [001] direction. Relaxed structure of ZnO NWs with diameters: 3.0 
Å, 3.2 Å and 5.6 Å. (Red=Oxygen and Violet= Zinc) 

 
Vibrational and thermodynamical properties  

The thermodynamic functions specific heat at constant 
volume (Cv), internal energy (ΔE), entropy (ΔS) and 
Helmholtz energy (ΔF) characterize the thermal properties 
of a material. To calculate these thermodynamical functions 
of any material the important ingredient is the phonon 
density of states (PhDOS) which requires the calculation of 
phonon dispersion curves in whole Brillouin zone (BZ) 

[38-41]. For the calculation of thermodynamical functions, 

quasiharmonic approximations are used [42]. Therefore, 
initially we have calculated the phonon dispersion curves 

and the phonon density of states.  Fig. 2(a) presents the 
phonon dispersion curves for bulk ZnO in wurzite structure. 
The wurzite ZnO belongs to the space group P63mc or C6v 
with two formula units in the primitive cell. Each primitive 
cell of ZnO has four atoms. The four atoms in the 
hexagonal unit cell leads to twelve phonon modes, nine 
optical and three acoustic phonon modes. All general 
features of phonon dispersion curves of ZnO in wurzite 
structure are present and there is a good agreement with the 

experimental [43-44] and theoretical data [45]. However, 
there exist few minor discrepancies such as the longitudinal 
optic modes (LO) at zone centre and the splitting between 
the LO (E1) and the LO (A1). The phonon frequencies 
throughout the BZ are positive and confirm the high quality 
phonon calculation and dynamical stability of the 
considered structure. 

Fig. 2(b) presents the phonon dispersion curves of ZnO 
NW of diameter 3.2 Å with 20 ZnO atoms in a unit cell 
along [001] direction of BZ. As there are 20 atoms in the 
unit cell there are 60 phonon branches. For clarity of the 
behavior of phonon branches they are enlarged and shown 

in the Fig. 2(c-e). Since the ZnO NWs have a lower 
symmetry than that of bulk ZnO, the degeneracy of many 
phonon modes is lifted.  

In addition, quantum confinement introduces modes that 
do not exist in the bulk. One can observe that the 
vibrational modes resulting from confinement normally lies 
between the middle region of the acoustic and optical 
phonon bands with increase in the gap. The analysis of 

lower part i.e. acoustic phonon part of the phonon 
dispersion curves can be used to understand the behavior of 
thermal conductivity or thermal conductance of the wire as 
these depend on the sound velocities or slopes of the 
phonon branches close to zone centre of the Brillouin zone. 
The comparison of phonon dispersion in bulk and NW 
indicates lower sound velocities due to flatter acoustic 
phonon branches and hence the lower thermal conductivity 
for ZnO nanowires. 
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Fig. 2. (a) Phonon dispersion curves for Bulk ZnO in wurzite structure. 
(b) Phonon dispersion curve for ZnO NW with diameter 3.2 Å. (c) 
enlarged phonon dispersion curves in lower region of spectra close to 
zone centre  (d) enlarged phonon dispersion curve in middle region of 
spectra close to zone centre (e) enlarged phonon dispersion curves in 
upper region of spectra close to zone centre. 

 
The two lowest modes in phonon dispersion curves of 

NWs are flexural modes. The imaginary phonon 

frequencies (w
2
(k, j) < 0), shown (Fig 2(g)) as negative 

values for the 5.6 Å diameter nanowire, represent the soft 
modes components define the lattice distortions and the 
atomic shifts, which must be performed in order to reach 
the stable configuration. The wave vector and the 
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irreducible representation of the soft mode which lead to 
lower symmetry phase, might be the candidate for a stable 
phase. Further, we would like to stress, that the soft modes 

appearing in this work (Fig. 2(g)), are used only as hints 
which tell us about the direction in which the atoms should 
be distorted in order to find the stable minima. This 
procedure considerably reduces the phase space to be 
searched.  
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Fig. 2. (f) Vibrational density of state of bulk and ZnO NW with diameter 
3.2 Å. (g) Phonon dispersion curve for ZnO NW with diameter 5.6 Å. 

 

Fig. 2(f) presents the vibrational density of states 
(VDOS) of ZnO NW of 3.2 Å along with the VDOS of its 
bulk counterpart and depicts several obvious changes. 
Essentially three major features can be observed, namely 
the red shifting of low frequency region, weakening and 
broadening of several peaks and development of 
asymmetrical tail in the optical region of spectra. The 
modification of the spectra in lower frequency region can 
be attributed to the new features observed in acoustic 
phonon region of the phonon dispersion curves. We 
observe a clear broadening and discrimination of the peaks 
near 150 cm

-1
. The gap between acoustic and optical region 

increases in the case of NW. In the high frequency region 
the VDOS of ZnO NW shows the distribution of peaks and 
increased intensity throughout the region. This can be 
attributed to a confinement effect of finite size effect 
resulting in large number of vibrational modes due to zone 

folding in the case of NWs [46-47]. Further, the VDOS is 
mostly related to the density of atoms in a given cross 
section of the NW. This being mostly the bulk property, no 
drastic change is observed in comparison to bulk 
counterpart. Therefore, we expect the thermal properties 
will not be the orientation dependent for nanowires. 

 

 
 
Fig. 3. The calculated internal energy ΔE (a), Helmholtz free energy ΔF 
(b), along with heat capacity at constant volume ΔCv (c), entropy S (d) 
bulk Lattice Specific heat as a function of temperature for ZnO bulk and 
ZnO NW of diameter 3.2 Å i.e ZnO-20 (e) and Debye temperature (f). 

 
To have more comprehensive insight into the influence 

of phonons exerted on bulk ZnO, we have investigated the 
contribution of phonons to its thermodynamical properties 

through quasi-harmonic approximation [45]. Fig. 3 presents 
the temperature dependent thermodynamical functions. 
Further we have compared lattice specific heat for ZnO 

bulk and ZnO NW of diameter 3.2 Å in Fig. 3(e). 
Temperature dependent thermodynamically functions such 
as internal energy (ΔE), Helmholtz free energy (ΔF), heat 
capacity at constant volume (Cv) and entropy (S) presented 

in Fig. 3 reveal that the internal energy (Fig. 3(a)) and 

entropy (Fig. 3(d)) varies linearly with temperature. 
However, there is a rapid change in entropy and internal 
energy above 100 and 200 K respectively. The heat 
capacity at constant volume increases above 400 K and 

approaches a constant value at high temperature (Fig. 3(c)). 
At intermediate temperatures, however, the temperature 
dependence of Cv is governed by the details of vibration of 
the atoms and has long been determined only in 
experiment. The Debye specific heat theory is satisfied at 
low temperature. Further, the zero temperature values of 
internal and free energies do not vanish due to zero point 
motion and can be calculated from the asymptotic 

expression of equations given in ref [42, 48]. The higher 
frequency distribution observed in the phonon spectra is 
responsible for the low internal energy at low temperature 
as the atom has low thermal energy and hence they vibrate 
less, but at higher temperature the case is reverse. The 
successful prediction of the thermodynamical functions 
gives confidence in the calculation and direction to predict 
these properties in NWs. Our calculated thermodynamic 
functions for ZnO NWs are consistent with the bulk with 
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proper modification due to phonon confinement. However, 
we present only constant volume lattice specific heat Cv for 
NWs. The temperature variation of constant-volume lattice-

specific heat Cv presented in Fig. 3 depicts an increase of  
lattice specific heat with temperature until 700 K and then it 
gets saturated at around 55 Ry/cell (6 NK where N is 
Avogadro number and K is the Boltzmann’s constant) the 
classical value as per Dulong–Petit’s law. This is due to the 
anharmonic approximation of the Debye model. However, 
at higher temperatures the anharmonic effect on Cv is 
suppressed. In comparison with the corresponding bulk 
ZnO, the specific heat of ZnO nanowire is lower which can 
be attributed to the modification of VDOS in low frequency 
region and blue shifting of the optical phonon modes 

consistent with earlier study [47].  
 

 

 
 
Fig. 4. Electronic band structures for Bulk ZnO along with other 
diameters 3.0 Å and 3.2 Å and 5.6 Å.  

 
Electronic properties  

The band structure of bulk ZnO has been calculated along 
lines connecting high symmetry points in the Brillouin zone 

(BZ) and displayed in Fig. 4. Our results show that both the 
top of the valence band and the bottom of the conduction 

band are located at the Γ- point (k=0), which indicates the 
presence of direct band gap in wurzite ZnO. The calculated 
bandgap is 0.87 eV, as opposed to experimental value of 
3.34 eV, which is expected within the DFT calculation but 

is in the range of earlier calculations [7, 36, 49]. However, 
with plane wave GW calculations with the experimental 
lattice constants and treating the d electrons as core 
electrons relatively good agreement with experiment is 

achieved [50].  It is an established fact that the both GGA 
and LDA- DFT calculations always underestimated the 
energy gap but successful in predicting the trends.  The 
calculated band structures along the high symmetry 
directions of the Brillouin zone (BZ) for ZnO-bulk and 
three ZnO nanowires with a diameter of 3.0, 3.2 and 5.6 Å 

are shown in Fig. 4. Clearly, the ZnO NWs retains the 
nature as evident from the existence of a direct 
semiconductor energy gap between the valence and 
conduction bands. The calculated band gaps of ZnO NWs 
are much larger than the bulk band gap. The band gap 

increases as diameter of the nanowire decreases. This is due 
to the increase in surface atoms, which have main 

contribution from oxygen 2p like dangling bonds [7, 50] 
and the less dispersive bands of ZnO NWs than the bands 
of bulk ZnO. Further, smaller the diameter of the nanowire 
the larger the surface to bulk atom ratio and resulting in 
more dangling bonds which increase the ground state 
energies. 
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Fig. 5. Density of states of bulk ZnO along with the ZnO NWs with 
diameters 3.0, 3.2 and 5.6 Å. 

 
We observe that the bands are dispersive in nature in 

VBM (range -1 to -5 eV) for nanowire of 5.6 Å which may 
have important implication for the better transport 
properties. In addition, the band-structure turns denser with 
the increase of diameter of NW which is due to the fact that 
the larger the NW, the larger is the number of electronic 
states. The flat bands in VBM as well as CBM along high 
symmetry direction (Γ-M) indicate no k-point dependency 
which confirms that the nanowire growth conditions in 
experiment are important for the application purpose. Here, 
we propose [001] directional growth of the nanowires for 
optimum use. There is 20-30 % increase of the band-gap in 
the smallest NWs indicating quantum confinement is very 
significant in nanowires. There is no Brillouin zone folding 
along the high symmetry directions for the bulk and NW 
systems, indicating weakly perturbed lowest unoccupied 
states arising from the confinement effect of the NW 
systems. There is a crossover of bands at H-point of the BZ 
while the bands show parabolic nature for VBM along Γ-M 

in nanowires, confirming the applicability of effective mass 
approximation.  

The total electronic densities of states (DOS) of three 

ZnO NWs along with the bulk ZnO are presented in Fig. 5. 
An analysis of DOS together with the band structures 
indicates that the conduction bands originate mainly from 
the contribution of oxygen atoms. The valence bands above 
-6 eV in the case of 3.0 and 3.2 Å ZnO NWs and -4 eV in 
the case of 5.6 Å ZnO NWs come mainly from the Zn 3d 
orbitals. In addition, the electrons have greater mobility 
along the surfaces due to delocalized characters resulting 
from the interactions among electric charges. The p-d 
hybridizations in ZnO NWs, indicate the mixed bonding 
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semiconductor material with ionic bond much stronger than 
the covalent bond. The density of states, depict that the 
highest occupied state is mainly composed of O 2p states, 
while the lowest unoccupied state is mostly Zn 4s states. 
The contributions of the Zn 3d states to the top of valence 
bands are also seen in DOS. These are consistent with the 

earlier report [7]. These results indicate that the CBM is 
more sensitive to the diameter compared with the VBM. 
There is a remarkable change in the VBM region of DOS 
for the 3 Å ZnO nanowires as compared to the nanowires of 
other diameter mainly due to the localization of the valence 
band in the high symmetry regions.  
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The analysis of change in energy gap along with the 

band structure and DOS reveals the importance of surface 
atoms and quantum confinement as the significant 
difference of 0.24 eV comes only from the small diameter 
of 0.2 Å evident from the 3.2 and 3.0 Å ZnO NWs.  This 
can be understood from the change in total energy with 

respect to the Fermi energy (Fig. 6). Fig. 6 shows that the 
variation is exponential with maximum energy for the 5.6 Å 
diameters. This trend is like quantum confinement effect 
and size variations, hence gives the confidence in the 
present calculations. We have connected three separate 
points only as a guide to eye. Our attention to show, the 
quantum size effect gives an exponential trend. Henceforth, 
we showed in terms of Fermi as it is well known that as size 
changes its electronic properties also change and hence 
Fermi level will also shift.  

The high DOS near the fermi energy indicates that the 
structure of the nanowires is unstable (in our case 5.6 Å 
nanowire). We have checked this by calculating the phonon 
dispersion curves calculation, which indicates imaginary 
frequencies at Γ-point for diameter of 5.6 Å. In fact, for 
more stable arrangements, the states at the Fermi level 
almost disappear, and a true gap develops, although smaller 

in magnitude than the original gap of the structure [5].  
 

Conclusion  

In conclusion, we have investigated the vibrational and 
thermodynamical properties of structurally stable ZnO 
nanowires. We observe a good agreement between the 
calculated and available phonon dispersion curves for bulk 

ZnO in wurtzite phase. The positive frequency of all 
phonon modes throughout the BZ indicates dynamical 
stability of the structure. There is removal of degeneracy of 
many phonon modes along with the appearance of several 
new phonon modes in the case of ZnO NW. The vibrational 
DOS turns to the discretization (quantum confinement) 
along with the significant changes in the low frequency 
region. In the case of ZnO NW there is a formation of 
asymmetric tail in the end of optical region of VDOS. The 
specific heat decreases in the case of nanowires. At higher 
temperatures the anharmonic effect on Cv is suppressed for 
ZnO NW. The band gap of ZnO in the present study is     
0.8 eV, which is smaller than that by experiments. It is an 
established fact that the both GGA and LDA calculations 
always underestimate the energy gap. The band gap 
increases as the diameter of the wire decreases indicating 
the significance of quantum confinement. The direct band 
nature of bulk ZnO is retained in the case of nanowires. The 
bands are dispersive in the valence band maxima region 
suggesting for transport applications of ZnO nanowires. 
The density of states (DOS) revealing the potential 
semiconducting-like character of these nanostructures, 
especially if appropriate donor or acceptor atoms were 
available to reside in shallow states below the band edges 
within the bandgap. The study provides insight on how 
structural changes in the nanowires may affect their 
electronic properties, bonding character and charge transfer 
between atoms. This kind of study always welcome to the 
community of applied physics to understand the properties 
at base level and see how it differs from bulk material. In 
addition the first principles calculations are computational 
very costly for bigger systems. In our opinion this is not a 
drawback, if a conclusion can be drawn with moderate 
calculations. 
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