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A B S T R A C T   

The apparent activation energy of a nanostructure is difficult to directly measure experimentally. In this letter, 
we present a computational method for estimating the apparent activation energy of a range of semiconductor 
nanostructures. This method allows the activation energy to be obtained from experimentally measured average 
activation time or propagation speed at various temperatures of the phase boundary associated with the trans-
formation. The approach entails analyzing the mobility of the transformation in question using a model based on 
the Arrhenius relation. The specific analysis carried out uses the {0110} inversion domain boundary in wurtzite 
ZnO nanopillars as example. Molecular dynamics simulations are conducted over the temperature range of 
300–900 K of the corresponding available experimental data. The approach and analysis offer a means for 
experimentally establishing the apparent activation energy of the {0110} inversion domain boundary in a variety 
of wurtzite-structured II-VI, III-V and IV-IV binary compounds.   

Inversion domain boundaries (IDBs) in wurtzite-structured II-VI, III- 
V and IV-IV binary compounds, especially in ZnO nanostructures, have 
attracted a continuing interest for their tailoring roles in the electrical 
properties such as electron transport [1] and p-type conductivity [2], 
and thermal properties like phonon scattering [3]. This is because the 
occurrence of an IDB results in distortion of local lattice structures 
around it and leads to polarization inversion at its two sides. Tuning 
properties via distortion of local lattice structures are also adopted in 
metals [4,5], alloys [6] and ceramics [7]. Therefore, it is necessary to 
ascertain the thermal stability or mobility of an IDB at finite tempera-
ture, as its participation can alter electrical, thermal and mechanical 
properties of ZnO nanostructures. So far, there are two types of IDBs 
experimentally observed in ZnO nanostructures. One type happens on 
the {0001} planes due to doping of other elements such as Sn and Sb [8] 
and the other type appears in pristine ZnO on the {0110} planes 
(hereafter referred to as the {0110} IDB) [9] (see Fig. 1 generated by the 
VMD software [10]). To the best of our knowledge, there are a few works 
refer to the thermal stability of the former [11], but the mobility of the 
{0110} IDB in ZnO remains unexplored. 

In this Letter, we combined molecular dynamics simulations with 
available experimental data to investigate the mobility of the {0110} 
IDB in wurtzite ZnO nanopillars at temperatures ranging from 300 to 

900 K. By fitting the Arrhenius equation to the average activation time of 
the {0110} IDB from molecular dynamics results and experimental data, 
the analysis was carried out to yield the apparent activation energy of 
the {0110} IDB and the vibrational frequency of wurtzite ZnO. Then, the 
average speed of the {0110} IDB was derived. The fitted values of the 
apparent activation energy and activation frequency were verified by 
the available energy barrier between the wurtzite and tetragonal phases 
of ZnO [12] and phonon spectrum of wurtzite ZnO [13] via density 
functional theory calculations. Finally, potential applications were dis-
cussed to experimentally determine the apparent activation energy of 
the {0110} IDBs in wurtzite-structured II-VI, III-V and IV-IV binary 
compounds. 

As shown in Fig. 2, four activation events of the {0110} IDB in a 
wurtzite-structured ZnO nanopillar are observed with an average acti-
vation time of 165 ns at 600 K (see Supplementary Material S1 for 
simulation details). It spontaneously hops to and finally annihilates on 
surface of the nanopillar. As temperature rises to 900 K, the average 
activation time reduces to 1.2 ns (Fig. 3a). One-time activation of the 
{0110} IDB can be regarded as the two oppositely structural trans-
formations at two sites simultaneously. One is that from a four-atom ring 
to two wurtzite Zn-O pairs at the {0110} IDB. The other is the opposite 
transformation occurring at its neighboring wurtzite cells (see inset in 
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Fig. 3b). Since the {0110} IDB and the tetragonal structure [12] of ZnO 
possess the same building unit (the four-atom ring), the average acti-
vation time of the {0110} IDB at 300 K can be supposed to the time scale 
(~10 s) of the revisable tetragonal-to-wurtzite phase transformation 
experimentally measured in ZnO nano-islands at room temperature 
[12]. 

Given that the apparent activation energy of the {0110} IDB is △E, 
the activation frequency γ at temperature T can be described by the 
Arrhenius equation 

γ = γ0e−
ΔE
kB T , (1)  

where γ0 and kB are the vibrational frequency of a crystal and the 
Boltzmann constant, respectively. Therefore, the average activation 
time t at which one can observe an activation event is t = 1/γ, that is 

t =
1
γ0

e
ΔE
kBT (2) 

In practice, t and △E are regarded as the input and output variables, 
respectively. The values of △E = 0.87 eV and γ0 = 3.5 × 1013 s− 1 are 
obtained by fitting the values of t from molecular dynamics simulations 

at 600 K ≤ T ≤ 900 K and the experimental data at T = 300 K [12]. The 
fitted value of γ0 is consistent with the upper limit frequency scale of 
optical phonons in wurtzite ZnO [13]. Actually, most crystals have a 
value of γ0 in the order of 1013 s− 1. 

The value of △E can also be solely obtained by computation. Based 
on the interatomic force field of ZnO [14], it is calculated to be 0.76 eV 
by molecular statics (see Supplementary Material S2). Moreover, density 
functional theory calculations have put the energy barrier between 
wurtzite and tetragonal phases of ZnO at 0.96 eV [12]. It is seen that 
molecular statics and the density functional theory draw the lower and 
upper boundaries of △E, with the fitted value of 0.87 eV between them. 

After each activation, the {0110} IDB travels along the 〈0110〉
orientation by d = b/2, with b = 5.61 Å [14] the lattice constant of 
wurtzite ZnO (see inset in Fig. 3b and Supplementary Video 1). Thus, its 
average propagation speed is v = d/t = b/(2t), or 

v = dγ0e−
ΔE
kB T , (3)  

which grows from 2.8 × 10− 11 to 1.4 × 10− 1 m s− 1 as temperature in-
creases from 300 to 900 K, tracking both simulation results and exper-
imental data in the ten orders of magnitude, as shown in Fig. 3b. It is 
indicated that, to derive △E, v can also be regarded as the input 
variable. 

It is worth noting that IDBs are frequently observed in wurtzite II-VI 
[9], III-V [15] and IV-IV [16] binary compound nanostructures. How-
ever, in contrast to computational estimation, there are few experiments 

Fig. 1. (a) The {0001} and (b) {0110} IDBs (indicated by dash lines) in 
wurtzite-structured ZnO. Hollow arrows show the polarity of axial Zn-O pairs 
along the [0001] orientation. 

Fig. 2. The {0110} IDB (outlined in red) hops four times with an average 
activation time of 165 ns to annihilate on surface of the nanopillar, which is 
annealed at a temperature of 600 K. 

Fig. 3. (a) The average activation time of the {0110} IDB and (b) its propa-
gation speed vary with temperature. Inset shows that at each activation the 
{0110} IDB (denoted by dash lines) moves by b/2, with b the lattice constant of 
wurtzite ZnO. Arrow heads show the directions of atomic motions during 
the activation. 
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on apparent activation energies. Therefore, it is necessary to develop a 
practicably experimental protocol to obtain accurate apparent activa-
tion energies for engineering applications, which can be solved by Eqs. 
(2) or (3). Specifically, since t, d and v are experimentally measurable at 
various T, △E can be determined by the linear relationship of ln(t) ~ 1/ 
(kBT) or ln(v) ~ 1/(kBT). Here, an aberration-corrected transmission 
electron microscopy could be applied to collect t, d and v around room 
temperature [12]. However, it is still a challenge on how to introduce a 
wide and varying range of T (e.g., 300–900 K) in the observation 
chamber of an aberration-corrected transmission electron microscope. 

In summary, the mobility of the {0110} IDB in wurtzite-structured 
ZnO nanopillars has been modeled by the Arrhenius equation with an 
average activation time as the input variable and the apparent activation 
energy as the output. The model can be also adapted to an average speed 
of the {0110} IDB as the input. The derived apparent activation energy 
of 0.87 eV of the {0110} IDB in ZnO matches the average activation time 
of molecular dynamics simulations and available experimental data 
from 1.2 ns to 10 s in the ten orders of magnitude with temperatures 
ranging from 300 to 900 K. It is shown that the value of 0.87 eV falls 
between the computational results of molecular statics and the density 
functional theory. This work, therefore, provides a guidance for accu-
rately determining the apparent activation energy of the {0110} IDBs in 
wurtzite-structured ZnO. 
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