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Abstract The piezoelectric potential of ZnO can be
enhanced using acceptor dopants to neutralize the donor concentrations. In this study, unintentional n-type conductivity is
assessed through modeling ZnO nanowires where the activation process of donors (Nd+ ) is given with a Fermi level (E F )
close to the conduction band and followed by the introduction
of an acceptor dopant (Na− ) in order to allow E F to be within
the optimum range of 1 ≤ E F ≤ 3.2 eV, which corresponds
to the maximum piezoelectric potential calculated. The finite
element method simulation reveals that the maximal range of
ZnO piezoelectric potential can be obtained due to the intrinsic characteristics of the ZnO nanowire transformed using
acceptor dopants, which implies that the limitations on the
free-charge carriers (i.e. free-carrier depletion) could reduce
the screening effects on the piezoelectric potential. Furthermore, the difference |Nd+ − Na− | is calculated to approach
zero near the mid-gap and the energy band structure, which
deviates from the normal flat line within the optimal range
of 1 ≤ E F ≤ 3.2 eV under the external stress imposed.
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1 Introduction
Due to their unique structural, biocompatible, and piezoelectric semiconducting properties [1–4], ZnO nanowires
(NWs) are considered to be one of the most promising
energy-harvesting nanomaterials for potential use in selfpowered nanosystems and nanosensors, such as bio and environmental sensors, nanorobotics, micro-electromechanical
systems, and portable/wearable electronics. It was recently
demonstrated that the harvester energy optimization could be
enhanced through reducing the free-charge carrier-induced
screening effects, in particular through using piezoelectric semiconducting materials [5,6]. These screening effects
result when free electrons in the conduction band are accumulated in a region where a positive piezoelectric potential
has been created, which significantly screens this potential.
This effect also occurs as a result of the holes in the regions
of negative piezoelectric potential. Although the source of ntype conductivity in as-grown ZnO has long been debated [7–
9], it is unavoidable to have n-type characteristics naturally
occur in ZnO NWs due to their growth environment (oxygen
vacancy, hydrogen substitution etc.). However, because these
n-type characteristics do not commonly appear in ideal insulating piezoelectric materials such as lead zirconate titanate
(PZT) [10], barium titanate (BaTiO3 ) [11], and polyvinylidene fluoride (PVDF) [12], significant obstacles remain in
the fabrication of highly efficient piezoelectric energy harvesters. Furthermore, the unavoidable screening effect hinders the development of more detailed understandings of the
mechanism for enhancing the piezoelectric potential.
In this study, continuum-level finite element method
(FEM) simulations in which the acceptor dopants were

J Comput Electron (2014) 13:606–612

injected into n-ZnO NWs through activating the energy
of acceptors (E A ) were used to compute the piezoelectric potential enhancement. In these reactions, the ionized
acceptor neutralizes the ionized donor concentration, thus
determining the equilibrium Fermi level (E F ) of the ZnO
NWs. Due to the charge cancellation effect (i.e. electrons
+ holes), which reduces the number of free charge carriers and controls the doping, these can be transformed into
intrinsic NWs if the number of ionized acceptors and donors
is equal. In particular, the intrinsic characteristics can be
manipulated through positioning E F around the mid-gap
by controlling the activation process of donors (Nd+ ) and
acceptors (Na− ). The optimum range of Fermi levels (E F )
for the enhanced piezoelectric potential can be determined
through examining the maximum piezoelectric potential.
Correspondingly, these results can also be explained in terms
of the free-carrier depletion mechanism (i.e. the electron
or hole concentration is reduced significantly). It was also
found that within the optimum range, the band structures
consisting of the conduction and valence band edges in the
NW system along the z-axis deviate from their normal flat
lines.

2 Simulation details (FEM simulation setup)
In order to calculate the piezoelectric potential distributions
in terms of E F , a FEM was used to construct cylindrical
ZnO NWs with a diameter of 100 nm and a length of 600
nm. The bottoms of the ZnO NWs were affixed to a substrate
and electrically grounded based on the assumption that they
would grow epitaxially on the substrate along the c-axis [5].
A constant pressure of 1 × 107 N/m2 was exerted on the
top surface of the NW along its long axis, and the resulting
piezoelectric potential at the top was calculated relative to
the grounded bottom as a function of E F ranging from 0
to 3.4 eV (corresponding to the band gap). For the unintentionally introduced n-type character in the ZnO, one single
donor level with E D = 35 meV [5] was used. Furthermore,
the activation energy of the acceptors (E A = 130 meV
[13]) was used to numerically describe the p-type character.
The following material parameters were used for the simulations in this study: the relative permittivity (εi j ), the coupling matrix (di j ), and the compliance matrix (εiEj ) for ZnO
[14].

3 Results and discussion
Figure 1 presents a schematic of the energy band structure where the position of E F is dependent on the density of the free carriers at the conduction band or valance
band. For the highly n-doped ZnO (Fig. 1a), E F is posi-
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Fig. 1 a Schematic band structure of ZnO nanowire for highly n-doped
scenario where E F is close to the conduction band (CB) and E D is the
donor energy level; in this scenario, E D is 35 meV. b Band structure
where the acceptor dopant is added. E A is the acceptor energy level; in
this scenario, E A = 130 meV. The E F is positioned near the midgap due to the free-carrier cancellation. c Band structure where E F
is positioned closer to the valance band as a result of the significant
increase in the acceptors introduced

tioned close to the conduction band with a shallow donor
level (E D ). However, if the acceptor dopant is introduced, E F can be positioned near the mid-gap (Fig. 1b).
Furthermore, E F can be further positioned toward the
valance band if the acceptor density is too much compared with the density of donors as shown in Fig. 1c.
For the as-grown ZnO NWs that are usually highly ndoped, the ionized donor is equal to the electron density due to the neutrality condition such as Nd+ ≈ n,
Nd
where Nd+ =
and n = NC e(E F −EC )/kT .
1+2e(E F −EC +E D )/kT
Therefore,
Nd+ =



Nd


= n,
(1)
eE D /kT
1+2


2n E D /kT
,
(2)
Nd = n 1 +
e
NC


 
1
n = e−E D /kT −NC + NC NC + 8eE D /kT · Nd .
4
(3)
n
NC

Here, if n = NC e(E F −EC )/kT is substituted into Eq. (3),
then EF can be solved as follows:
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E F = E C + kT
−NC +

× ln
−

√

NC



+ 8eE D /kT

NC
4NC

Using the Voigt–Nye notation [5], the equation for the
piezoelectric field can be written as follows:

· Nd

E D
,
kT

(4)

where E C is the conduction band edge, NC is the effective
state density of the conduction band, Nd is the donor concentration, E D is the activation energy of the donors, k
is the Boltzmann constant, and T is the temperature. Conversely, for highly p-doped ZnO NWs, the ionized acceptor
is equal to the hole density due to the neutrality condition
Na
of Na− ≈ p, where Na− =
(E V −E F +E A )/kT and p =
N V e(E V −E F )/kT . Therefore,

Na− =



1+4e

Na


= p,
(5)
eE A /kT
1+4


4 p E A /kT
,
(6)
Na = p 1 +
e
NV


 
1
p = e−E A /kT −N V + N V N V + 16eE A /kT · Na .
8
(7)
p
NV

Here, if p = N V e(E V −E F )/kT is substituted into Eq. (7), then
E F can be solved as follows:
E F = E V − kT
× ln

−N V +

√

NV



N V + 16eE A /kT · Na
8N V

E A
−
,
kT

p + Nd+ = n + Na− .

(9)

Equation (9) can be then rewritten as follows:
Nd
−E
(E
1 + 2e F C +E D )/kT
Na
,
1 + 4e(E V −E F +E A )/kT
Na
≈
38.5(0.13−E
F)
1 + 4e
38.5(E F −3.4)
+NC e
.

= NC e(E F −EC )/kT +
Nd
38.5(E
F −3.36)
1 + 2e

Thus, E F can be solved numerically based on Eq. (11).
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= ep − en

− eNa−

: Intermediate doping,

= ep − en

− eNa−
Nd+ =

Nd+ 

Na− ,

Na−

= ep − en

(10)

(11)



(13)
,

(14)
(15)

where E is the electric field, D is the electric displacement,
κik is the dielectric constant, eiq is the piezoelectric constant,
εq is the strain, p is the hole concentration in the valence
band, n is the electron concentration in the conduction band,
Nd+ is the ionized donor concentration, and Na− is the ionized acceptor concentration. Through the introduction of a
piezoelectrically induced polarization (ρ R = −∇ · ekq εq î k
corresponding to a piezoelectric charge), Eqs. (12)–(15) can
be solved for the piezoelectric potential (ϕ), as follows:
κik




∂2
ϕ = − ρ R + ep − en + eNd+ Nd+  Na− ,
∂ xi ∂ xk
(16)


+
R
−
= − ρ + ep − en + eNd − eNa :
Intermediate doping,
(17)



+
R
−
−
= − ρ + ep − en − eNa
Nd  Na ,
= − ρ R + ep − en

(8)

(12)

+ eNd+



where E V is the valance band edge, N V is the effective state
density of the valence band, Na is the acceptor concentration,
and E A is the activation energy of the acceptor. Finally,
for an intermediately doped case where both the donor and
acceptor dopant coexist, the following neutrality condition is
satisfied:

N V e(E V −E F )/kT +


∂
eiq εq + κik E k
∂ xi

= ep − en + eNd+ Nd+  Na− ,

∇·D=




−

Nd+ = Na .

(18)
(19)

The redistribution of the free-charge carriers (electrons and
holes) under the thermodynamic equilibrium is given by
Fermi-Dirac statistics [5,13]:




x)
C (
2π m e kT 3/2 E F −E
kT
e
,
(20)
n≈2
h2




2π m h kT 3/2 E V (xkT)−E F
p≈2
e
,
(21)
h2
x ) and
where the locations of the conduction band edge (E C (
x )) are both a function of the
the valence band edge (E V (
coordinates, and the effective masses of the conduction band
electrons and valence band holes are given by m e and m h ,
respectively. Finally, the activation processes of the donors
and acceptors are given by:

n
Nd+  Na− ,
(22)
Nd+ ≈
1 + 2e(E F −E D )/kT

p
Na− ≈
Nd+  Na− ,
(23)
1 + 4e(E A −E F )/kT
p
n
∼
Nd+ − Na− =
−
,
1 + 2e(E F −E D )/kT
1 + 4e(E A −E F )/kT
(24)
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Fig. 2 a Piezoelectric potential calculated at the top surface of the
ZnO NWs under uniaxial compression as a function of the equilibrium Fermi level (E F ). At each side of region, it can be seen
that the piezoelectric potential is significantly reduced due to the
free-carrier screening effects. b–d Piezoelectric potential distribution
along the z-axis corresponding to each point of the main plot. The

region 1.0 eV < E F < 3.2 eV (grey square) is denoted as the optimum region where the maximum piezoelectric potential is possible.
e Schematic band structure of ZnO nanowire where the optimum range
of E F (1.0 eV < E F < 3.2 eV) corresponding to the maximum piezoelectric potential is indicated as a grey box between the conduction and
valence bands (Color figure online)

where E D and E A are the position-dependent donor and
acceptor energy levels, respectively [5,13]. In Eqs. (12)–(19),
the right-hand sides are functions of E F [see Eqs. (20)–(24)].
Here, the donor (Nd ) and acceptor (Na ) concentrations are
approximated as n and p, respectively.
Figure 2a illustrates the piezoelectric potential calculated
at the top surface of the ZnO NWs under compression as a
function of E F . On each side, it can be seen that the piezoelectric potential is significantly reduced due to the freecarrier screening effects. In Fig. 2a, the potential can be
divided into three regions: (i) in the vicinity of the region
(E F < ∼1.0 eV ), the piezoelectric potential increases linearly until it reaches its saturation value of −0.63 V; (ii)
after this, the piezoelectric potential value remains constant until E F = 3.2 eV (this region, corresponding to
1.0 eV < E F < 3.2 eV, is called the optimum region due
to its maximal piezoelectric potential); and (iii) finally, in
the region close to the conduction band, the piezoelectric
potential drops exponentially due to the electronic screening
effects. As a result of the differing degeneracy factors and
activation processes for the donors and acceptors, each region
exhibits asymmetric behavior (the activation energy of the
donors is E D = 35 meV [5], whereas that of the acceptors
is E A = 130 meV [13]). Note that Fig. 2b–d present the
piezoelectric potential distributions along the z-axis corresponding to each point (b), (c), and (d) in Fig. 2a. Figure 2(e)

presents a schematic band structure at the ZnO structure
where the optimum region of E F (1 eV ≤ E F ≤ 3.2 eV)
is depicted, which corresponds to the maximum piezoelectric potential (φmax ) calculated. Note that the central line
indicates the mid-gap (E g /2) between the conduction band
and valence band.
In Fig. 3a, the electron concentration distribution is plotted
along the z-coordinate as a function of E F . It can be seen that
the concentration profile for the ZnO NWs (E F = 3.2 eV)
was significantly reduced when the Fermi level shifted into
the region as shown in Fig. 2e (E g /2 < E F < 3.2 eV); this
was caused by the cancellation between the free-charge carriers (electrons and holes), particularly the holes that were
generated by the introduction of the acceptor dopants. Note
that the electron concentration near the top surface of the
NWs decreased due to electrostatic repulsion from the generated negative piezoelectric potential. In the reverse case,
the electrons accumulated near the bottom of the ZnO due
to the local positive piezoelectric potential (i.e. electrostatic
attraction) generated under the uniaxial compression along
the c-axis (compression TZ = −107 N/m2 ). Note that the
region of E g /2 < E F < 3.2 eV, as shown in Fig. 2e, clearly
reveals the electron-depletion mechanism that is correlated
to the enhanced piezoelectric potential shown in Fig. 2a.
Figure 3b is an ionized donor concentration (Nd+ ) profile
along the z-axis as a function of E F and the pattern is similar
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Fig. 3 a Electron and c hole
concentration distribution along
the z-coordinate under
compression as a function of the
equilibrium Fermi level (E F ).
As a result of the free-carrier
depletion, the concentration
profile for each free carrier is
significantly reduced when the
Fermi level is shifted to
E F = 3.2 eV for electrons and
to E F = 1 eV for holes. Note
that due to the free-carrier
depletion, the concentration
profiles for the b ionized donor
concentration (Nd+ ) and
d ionized acceptor concentration
(Na− ) were also significantly
reduced, which satisfies the
neutrality conditions including
n ≈ Nd+ and p ≈ Na− for highly
doped scenarios
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Fig. 4 a Calculated ionized donor (Nd+ ) and ionized acceptor (Na− )
concentrations as a function of E F with a neutrality condition of
−n + p = Na− − Nd+ . Note that the shaded area indicates the opti-

mum region where the maximum piezoelectric potential is maintained
as seen in Fig. 2a. b Calculated dopant difference between Nd+ and Na− ,
which approaches zero near the mid-gap within the optimum range

to the electron concentration profile due to the neutrality condition (n ≈ Nd+ ). In contrast, for the hole concentration distribution (Fig. 3c), it can be seen that the concentration profile
was also reduced when the Fermi level rose from the valence
band and went into the region of 1 eV < E F < E g /2. This

was caused by the cancellation between the hole carriers (ptype) and electrons, and the electrons were generated through
the introduction of the donor dopant, which is the opposite situation to that in the electron concentration profile explained
previously. Note that the hole concentration on the top of the
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Fig. 5 Calculated band
structures of the ZnO nanowires
along the z-coordinate under
compression with different E F
values. If E F is close to a the
valence band or d the
conduction band, the two bands
(conduction and valence) are flat
over the compressed nanowire.
However, if E F is within the
optimum range (b and c), the
conduction and valence bands
deviate from the flat line along
the z-coordinate under external
compression
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NWs increased due to the electrostatic attraction that was
induced by the negative piezoelectric potential and vice versa
on the bottom of NWs, which is clearly seen in Fig. 3c. The
ionized acceptor concentration (Na− ) is also plotted along the
z-axis as a function of E F and it almost satisfies the neutrality
condition ( p ≈ Na− ) as shown in Fig. 3d. The activated donor
(Nd+ ) or acceptor (Na− ) concentration at the top of the ZnO
NWs exhibited the opposite behavior to the electron (n) and
hole ( p) density due to the opposite charged states. For example, if the negative piezoelectric potential was induced on top
of the NWs via external compression, the electrons were then
depleted but the positively ionized donor centers remained to
be accumulated for the n-type scenario and vice versa for the
p-type scenario. Furthermore, the activated acceptor (Na− )
was one order of magnitude lower than the hole concentration. This is potentially results from the degeneracy factor of
4 in the activation process of the acceptor differed to that of
the donor case, where the degeneracy factor was 2.
Figure 4a presents the calculated dopant concentrations
(Nd+ and Na− ) as a function of E F that satisfy the neutrality
condition of −n + p = Na− − Nd+ . Note that the shaded area
indicates the optimum region where the piezoelectric potential was enhanced and maximized (Fig. 2a). This plot quan-
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100 200 300 400 500 600

Z-COORDINATE [nm]

titatively demonstrates how much acceptor dopant should
be added for the NWs to obtain intrinsic-like properties
from the highly n-typed dopant (i.e. Nd ≈ 1017 cm−3 ).
Figure 4b presents the difference between Nd+ and Na− that
approaches zero within the optimum range, including the
intrinsic regions corresponding to the piezoelectric potential
maximum. Clearly, Nd+ or Na− is dominant at the edge of the
plot, which leads to abundant free carriers, which in turn ultimately screens the piezoelectric potential. However, if E F is
in the optimum region, the reduction of free carriers enhances
the piezoelectric potential.
Figure 5 presents the calculated band structure of the ZnO
nanowires along the z-coordinate with different E F values
under compression. It was found that either E F was close
to the conduction band or valence band, and the two bands
changed only slightly along the z-coordinate as shown in
Fig. 5a and d, respectively. In contrast, if E F was within the
optimum range, the conduction and valence bands were not
flat over the compressed nanowires as shown in Fig. 5b and
c, respectively. This results from the conduction or valence
band edge (E C/V ) being the sum of the piezoelectric potential (φ) and the energy band edge of an un-deformed nanowire
(E C0 /V0 ) as a reference where the potential is the coordinate-
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dependent function such as E C/V = E C0 /V0 − eφ. When E F
was close to either the conduction band or valence band, the
piezoelectric potential was screened by the free carriers, and
then E C/V ≈ E C0 /V0 . However, in the optimum range, the
piezoelectric potential could influence the energy band edge.
4 Conclusions
In this paper, an analytically derived mechanism for enhancing the piezoelectric potential was described through the
introduction of acceptor dopants. Using FEM simulations,
it was determined that controlling the activation process of
Nd+ and Na− would allow for the tuning or maximizing of an
optimal range for the piezoelectric potential in order to limit
and control the charge-carrier concentrations. The computational results also validate the correlation between the freecarrier depletion and enhanced piezoelectric potential with
sloped band structures along the z-coordinate under external
stresses [15,16].
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