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Enhanced electromechanical performance in metal-MgO-ZnO 

tunneling diodes due to the insulator layers 

Yousong Gu a,b,†, Xuhui Yang a,†, Yilin Guan a, Max A. Migliorato a,c, and Yue Zhang a,b,* 

The enhanced electromechanical performance of metal-insulator-semiconductor tunneling diodes (MISTDs) 

based on ZnO nanostructures is investigated through modeling in the framework of the Schrödinger equation 

with the effective-mass approximation. It is found that the performance of ZnO based diodes is greatly improved 

by inserting an MgO layer which allows the inhibition of screening effect. The piezoelectric response of MISTDs 

is much higher than that of metal-semiconductor-metal Schottky diodes MSMSDs. The current of the MISTDs 

is almost zero at -2% compressive strain and increases to a much higher value (~ 600nA) than that of the 

MSMSDs (~ 400 nA) at +2% tensile strain. The enhancement mechanism of MISTDs is investigated by 

examining the electron density, electric field, electrostatic potential and conduction band edge of the device. 

The results found that the origin of the enhanced electromechanical performance is due to the inhibition of 

screening effects by the insulating MgO layer which leads to a highly strain sensitive energy barrier in the ZnO 

layer and an extra energy barrier in the MgO layer with a strain modulated height. 

 

1. Introduction  

Schottky diodes are important electronic components for the use 

of nanodevices in optoelectronic and photoelectric applications. 

Our recent study shows that the insertion of an ultra-thin insulator 

layer will improve the electric performance of metal–insulator–

semiconductor tunnelling diodes (MISTDs) as compared to other 

conventional Schottky diodes1. At the same time, piezoelectric 

potential is created due to strained induced polarization in non-

centre symmetric crystals, such as ZnO and GaN. Recently, many 

studies showed that piezoelectric effect can be employed to 

modulate the performance of devices based on wurtzite 

materials3-6.  It has been reported that piezoelectric effects can be 

used to enhance the performance of electronic and optoelectronic 

devices based on ZnO nanostructures7,8.  

By the combination of piezoelectric and semiconducting 

properties, piezoelectric semiconductors have been used in many 

applications, such as strain sensor9,10, nanogenerators11,12, 

piezoelectric FETs13, piezo-phototronic devices14, 15. Recent 

reports, however, point out that full exploitation of the 

piezoelectric effect can be hampered by the presence of screening 

effects and resulting interface energy barrier4,12, 16-18. 

Many studies have reported strategies on how to enhance the 

piezoelectric effect of nano devices, such as controlling both the 

carrier density in piezoelectric semiconductors and the interfacial 

energy7, 17, 19-22.  For example, Li dopants and insertion of an MoO3 

interlayer between the ZnO/top electrode could remarkably 

improve sound-driven piezoelectric energy nanogenertator19. 

Photo response performance and piezoelectric effect of ZnO based 

self-powered photodetector are enhanced also by inserting an 

Al2O3 layer20. Thin PMMA spin-coating was used to tailor the 

piezoelectric potential in piezoelectric nanogenerator17,21. 

ZnO is a semiconductor with a direct and wide energy band 

gap of 3.4 eV, environmentally friendly, chemically stable and of 

easy synthesis. It hence find wide applications in many fields. ZnO 

is also a typical piezoelectric materials and can been used in 

piezoelectric devices23-25, which makes it widely used for 

applications such as strain sensors26–29, nanogenerators30, UV 

detectors31–33, light emitting diodes LEDs34 and laser diodes (LDs) 
35,36.  

We reported in our recent work that the piezoelectric effect 

in ZnO based nanodevices can be modulated by other factors, such 

as carrier concentrations37. Furthermore, the piezoelectric 

properties itself are dependent on the structures of the 

nanomaterials used38. Performance enhancement were reported for 

ZnO nanodevices by inserting a thin MgO layer. Au–MgO–ZnO 

(AMZ) ultraviolet (UV) photodetectors were fabricated by an 

inserting ultrathin insulating MgO layer, which enhanced their 

sensitivity due to a reduction of dark current39. Meanwhile, strain 

modulation was also used to enhance the sensitivities of AMZ UV 

photodetectors. It presents a prospective approach to engineer the 

performance of UV photodetectors. By introducing an insulating 

MgO (i-MgO) nanolayer40, the performance of a ZnO-MgO-metal 

a. School of Materials Science and Engineering, University of Science and 

Technology Beijing, Beijing 100083, China. 
b. Beijing Municipal Key Laboratory of New Energy Materials and Technologies, 

Beijing 100083, China. 
c. School of Electrical and Electronic Engineering, University of Manchester, 

Manchester M13 9PL, UK  

† These authors contributed equally to this work.  

* Address correspondence to yuezhang@ustb.edu.cn 

Electronic Supplementary Information (ESI) available:  

Page 1 of 7 Inorganic Chemistry Frontiers

In
or

ga
ni

c
C

he
m

is
tr

y
Fr

on
tie

rs
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

2 | Inorg. Chem. Front. , 2016 , 00, 1-3 This journal is ©  The Royal Society of Chemistry 2016 

Please do not adjust margins 

Please do not adjust margins 

strain sensor is significantly improved with an “on/off” current 

ratio up to 105 and a sensitivity of 7.1 × 104 gf–1. The enhancement 

mechanism is attributed to the combination of piezoelectric effect 

of ZnO nanoarrays and electron-tunneling modulation of MgO 

layer, due to the control of the reversible potential barrier height 

by piezoelectric potential.  

In this work, we report our investigation of the enhanced 

electromechanical performance of an MISTD based on ZnO 

nanostructures and compare with that of a conventional metal–

semiconductor–metal Schottky diode (MSMSD). The coupled 

Schrödinger–Poisson and current continuity equations for 

electrons and holes are solved via an effective-mass approximation 

(EMA), using the Nextnano software41. The results obtained with 

our 1D model are valid for thin films, but can be converted and 

applied to diodes based on ZnO nanowires with a diameter of 100 

nm, for comparison with experimental results. The enhancement 

mechanism of MISTDs were investigated by analysing current–

voltage characteristics, the distributions of electron density, 

electric fields and conduction band edge. 

2. Results and discussion 

2.1 Enhanced piezoelectric response in MISTD  

The current-voltage curves of a MSMSD and a MISTD with 1nm 

thick MgO layer were calculated under a series of uniaxial strains 

in the range from -2% to 2%, and the results are shown in Fig.1. 

Due to the limitation of the nextnano3 package, calculations 

collapse frequently at high bias voltage and we are can only to get 

reliable results up to 1.0 V bias voltage. For the sake of comparison 

with experimental results, the calculated current densities are 

converted into currents of nanowires with a diameter of 100 nm. 

The magnitude of current of the MSMSD (i.e. without MgO layer) 

is comparable to the results simulated by a FEM module as 

implemented in COMSOL Multiphysics package42. It shows that 

our simulation method can yield to accurate results.  

In the case of MSMSDs, the currents are quite small at low 

bias voltage and increase almost linearly at high bias voltage 

beyond a certain turn-on voltage. The I ~ V curves look like those 

of typical diodes, as shown in Fig. 1(a). The I ~ V curves shifted 

along the horizontal axis as strain is applied, and the turn-on 

voltage increases from about 0.1 to 0.3 V as the strain changes 

from 2% (tensile) to -2% (compressive). In the case of MISTDs, 

the I ~ V curves also look like those of typical diodes, and the 

shape of the curves seems to have a marked non-linear shape when 

the bias voltage is larger than the turn-on voltage, as shown in Fig. 

1(b). The I ~ V curves shift when strain is applied and the turn-on 

voltage changes from about 0.15 to 1.0 V as the strain changes 

from 2% (tensile) to -2% (compressive). Strain has a much great 

influence on the performance of the MISTDs compared to 

MSMSDs. 

In order to study the effect of the MgO layer on the output of 

the diodes, the performance of the devices are compared. The 

current of the diodes at +1.0 V bias are chosen as a key index. 

Currents at a series of strains ranging from -2% (compressive) to 

+2% (tensile) are shown in Fig.1(c). When no strains are applied 

to the ZnO layers, the current of the MISTD is smaller than that of 

MSMSD, since there is an extra MgO barrier layer in the MISTB. 

When strain is applied to the ZnO layer, the currents of both diodes 

increase with tensile strain and decrease with compressive strain. 

However, it is quite interesting to note that the response of the 

MISTD to strain is much greater than that of the MSMSD, as the 

slope for the MISTD is much larger than that of the MSMSD, as 

shown in Fig. 1(c). Moreover, the current of the MISTD is almost 

zero at -2% compressive strain and increases to a value much 

higher (~ 600nA) than that of the MSMSD (~ 400 nA). It can be 

concluded from the above results than inserting an MgO layer can 

greatly enhance the electromechanical performance of ZnO based 

diodes, which is in agreement with our experimental results40. 

 

 

 

 

Figure 1 I-V characteristics under different strains of (a) a 

MSMSD and (b) a MISTD, (c) currents vs. strain plots of a 

MSMSD and a MISTD under +1.0 V bias. 
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2.2 Mechanism of the electromechanical effects 

In order to reveal some insight on the mechanism of the 

electromechanical effect in the MSMSDs and MISTDs, detailed 

electronic structures are investigated, such as the distributions of 

electron density, electric field and conduction band edge. 

   In the case of MSMSDs, the situation is quite similar to a typical 

Schottky type diode, as shown in Fig. 2(a)-(c). There is a depletion 

regions at the ZnO side of the ZnO/metal interfaces due to the 

presence of a Schottky contact as shown in Fig. 2(a). The positive 

charge density in the depletion region produces an electric field which 

changes almost linearly with position. Negative electrostatic 

potentials are produced and the conduction band edges change at the 

ZnO side of the ZnO/Metal interface. Schottky barriers are formed 

and the Schottky barriers heights are the change of conduction band 

edge across the interface. 

When strain is applied to the devices, two effects take place: (1) 

the change of band edge due to strain, i.e. the deformation potential, 

which is taken account of by nextnano program (2) piezoelectric 

potential is produced due to the strain induced interface charges at the 

ZnO/metal interface. When compressive strain is applied, negative 

piezoelectric charges accumulate at the Oxygen terminated [0001] 

surface of ZnO, which is also the MgO/metal interface in our 

calculation model. In this case, the depletion region expands and the 

electric field increases, which leads to a large negative piezoelectric 

potential and high conduction band edge, as shown in Fig. 2(a)-(c). 

While tensile strain is applied, the trend is the opposite of the former.  

The Schottky barrier height can be evaluated from the Fig. 2(a) and 

plotted in Fig. 2(d). It can be seen that the Schottky barrier height 

changes from 0.45 eV (unstrained) to 0.556 eV (-2% strain) and 0.313 

eV (+2% strain). The change of Schottky barrier height under 

compressive and tensile strain is asymmetrical and asymmetrical 

response of strain sensor based on single ZnO nanowires was 

observed in our previous work 43. 

In the case of MISTDs, the situation is more complicated due to 

the insertion of an insulator MgO layer, as shown in Fig.3 (a)-(c). An 

extra insulator MgO layer with interface charges on both sides have 

to be considered. When strain is applied, there is also a depletion 

region at the ZnO side of the ZnO/MgO interfaces, and no net charges 

in the MgO layer, as shown in Fig. 3(a). Interface charges are 

accumulated on both side of the MgO layer. Electric fields are 

produced according to the electron distribution: a nearly linear electric 

field similar to that of a Schottky diode in the ZnO layer and constant 

one in the MgO layer with abrupt changes at the interface, as shown 

in Fig. 3(b). The conduction band edge is modulated by the induced 

electrostatic potential, and a two barrier model is found as we 

previously reported1.  

As ZnO is compressively strained, negative charges accumulate 

at the ZnO/MgO interface due to the piezoelectric effect, which leads 

to the expansion of the depletion region, as shown in Fig. 3(a). Due to 

the electron depletion region and interface charges at the ZnO/MgO 

interface, the almost linear and positive electric fields that appear in 

the ZnO layer are increased. Due to the lack of electrons in the 

insulating MgO layer and strain induced interface charges, the 

negative and constant electric field in the MgO layer increases, as 

shown in Fig. 3(b). The resulting electrostatic potential changes the 

conduction band edge, and yields a wider and higher barrier (0.85V at 

-2% strain) in the ZnO layer and much higher barrier in the MgO layer, 

as shown in Fig. 3(c).  

 

 

 

 

Figure 2. The distributions of (a) electron density (b) electric field, (c) 

conduction band edge of the MSMSD and (d) Schottky barrier height 

under different strains without bias voltages. 
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Figure 3 The distributions of (a) electron density, (b) electric field, (c) 

conduction band edge of the MISTD, and the insets show the detailed 

distribution near the ZnO-MgO-metal junctions. (d) The conduction 

band edge drop at ZnO/Mg interface ΦT, barrier heights of MgO layer 

Φmi, barrier heights of ZnO layer ΦB  of the MISTD as functions of 

strain. 

When tensile strain is applied, the situation changes in the 

opposite direction as compared to the case of compressive strain. The 

depletion region shrinks all the way until it disappears when the 

tensile strain is larger than 0.4%. At that point a large enough amount 

of electrons accumulates at the ZnO side of the ZnO/MgO interface 

and the direction of electric field flips, as shown in Fig 3(a)-(b).  The 

energy barrier in the ZnO layer disappears while the energy barrier in 

the MgO layer is significantly reduced, as shown in Fig. 3(c). 

The drop in the conduction band edge at ZnO/MgO interface 

(ΦT), barrier heights of the MgO layer (Φmi), barrier heights of the 

ZnO layer (ΦB) of the MISTD are evaluated and plotted in Fig. 3(d). 

The height ΦB of the energy barrier between ZnO/MgO increases with 

compressive strain and decreases with tensile strain. The change rate 

is much faster in the case of MISTDs than that in the case of MSMSDs. 

Meanwhile, ΦT and Φmi change with strain due to piezoelectric effect 

and deformation potential. Both of them increase as the strain 

increased from -2% (compressive) strain to 2% (tensile). 

Since the change of MgO layer thickness is neglected in our 

calculation, we can discuss on the deviation due to this effect. The 

insulating MgO layer leads to highly strain sensitive energy barrier in 

the ZnO layer and a high energy barrier in MgO layer with strain 

modulated height, as shown in Fig. 3(c). It can be see clearly that the 

strain effect due to the barrier in ZnO layer is much larger than that 

due to the barrier in MgO layer, and the strain effect in the MgO layer 

due to the change in height (~10%) is much larger than that due to the 

change in layer thickness (~2%).  

2.3 Enhancement mechanism of the MgO layer  

With the above experimental results, the enhancement mechanism of 

the piezoelectric performance of MISTDs due to insertion of an MgO 

layer can be investigated. The above results show enhanced 

electromechanical performance.  Two contributions need to be 

considered here: deformation potential and piezoelectric effect. 

In the case of MSMSDs, where the ZnO layer contacts directly 

with the metal electrode, strain induced dipoles are screened by 

external charges, and the adjustment function of the piezoelectric 

potential is inhibited. The piezoelectric response serves as a basis for 

comparison between MSMSDs and MISTDs.  

In the case of MISTDs, the change in the energy barrier heights 

of the MgO layer (Φmi), i.e. conduction band edge drop at the 

MgO/metal interface, is determined by the deformation potential. This 

changes from ~ 1.7 eV to 1.95 eV as the strain changes from -2% to 

2%. 

The MgO layer induces a very high energy barrier for electronic 

transport, and the strain induced interface charges at the ZnO/MgO 

interface take the value that is expected if the piezoelectric charges are 

not screened. Screen charge is accumulated at the MgO/metal 

interface and an effective capacitor is formed. The strain induced 

interface charge 𝒒𝒔  can be expressed in terms of the effective 

piezoelectric coefficients as follow: 

 𝒒𝒔 =  𝑳 𝑺 𝒆𝟑𝟑
𝒆𝒇𝒇

𝜺𝟑                             (1) 

where L and S are the length and cross section area of the ZnO 

nanowire, 𝒆𝟑𝟑
𝒆𝒇𝒇

 is the effective piezoelectric coefficient, in the [0001] 

direction coupling with strain 𝜺𝟑 in the same direction, of the ZnO 

nanowires.  
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The electrostatic field is adjusted by both strain induced 

interface charge and the conduction band edge change ∆∅𝒑𝒛 at the left 

side of MgO layer with respect to the right side is:  

∆∅𝒑𝒛 =  −
𝟏

𝟒𝝅𝝐
𝒒𝒔 𝒅 /𝑺          (2) 

where 𝝐 is the dielectric constant of MgO and d is the MgO layer 

thickness. Hence, ∆∅𝒑𝒛 can be written as: 

∆∅𝑝𝑧 =  −
1

4𝜋𝜖
𝐿 𝑑  𝑒33

𝑒𝑓𝑓
𝜀3        (3) 

It can be seen that the conduction band edge change across the 

MgO layer is proportional to the strain and layer thickness. The 

conduction band edge at the left side of MgO layer is determined by 

two factors: deformation potential of the MgO layer and the 

electrostatic potential change across the MgO layer. It is found that 

the conduction band edge decreases sharply from about 2.5 eV to 1.8 

eV as the strain changes from -2% to 2%.  

The barrier height ΦB in the ZnO layer is determined by the 

conduction band edge at the left side of MgO layer minus the 

conduction band edge drop at the ZnO/MgO interface (ΦT), which is 

mainly determined by the deformation potential of ZnO and MgO. 

The barrier height ΦB decreases from 0.85eV to -0.3 eV, and the rate 

of change with strain is much larger than that of the MSMSD.  

By comparing the change of conduction band edges with strain 

between the MSMSDs and MISTDs, it is quite apparent that strain has 

a much larger effect on the former, since the barrier height and width 

in the ZnO layer vary at a much higher rate compared to that of the 

MSMSDs. Furthermore the barrier height of the MgO layer also varies 

by a considerable amount under strain. This is due to the fact that the 

strain induced charges are accumulated at the left side of the insulting 

MgO layer and screening charges appear on the right hand side. The 

induced electrostatic potential modulate both the height of the energy 

barrier in the MgO layer, but also the height and width of the energy 

barrier in the ZnO layer. In the case of MSMSDs，strain induced 

charges are screened by external charges and produce an energy 

barrier in the ZnO layer which changes slowly with strain. Therefore, 

the origin of the enhanced electromechanical performance of MISTDs 

is due to the inhibition of screening effect induced by the insulating 

MgO layer, which leads to a highly strain sensitive modulated energy 

barrier  

Conclusions 

In summary, the electromechanical performances of MISTDs based 

on Metal-MgO-ZnO nanostructures were investigated and it is found 

that the performance of ZnO based diodes is greatly improved by 

inserting a MgO layer. The piezoelectric response of MISTDs and the 

change of Schottky barrier height with strain is much higher than that 

of MSMSDs. The current of the MISTD is almost zero at -2% 

compressive strain and increases to a much higher value (~ 600nA) as 

compare to that of the MSMSDs (~ 400 nA) at +2% tensile strain. 

Detailed electronic structure investigation found that the origin of the 

enhanced electromechanical performance of MISTDs is due to the 

inhibition of screening effect by the insulating MgO layer which leads 

to a highly strain sensitive energy barrier in the ZnO layer and an extra 

MgO layer with strain modulated energy barrier height. 

Computational details 

As a convenient choice for calculation, we build a 1D 

nanostructure model as shown in Fig. 4, using a similar approach 

as used in our previous report1. The ZnO and MgO layer 

thicknesses are 100nm and 1 ~ 2 nm respectively, and the axial 

direction is along the [0001] crystal orientation. The n-type doping 

concentration in the ZnO is 5 × 1017cm-3. The left contact of the 

MISTD is set to ohmic, while the right contact is set as a Schottky 

type. In our calculation, the layer thickness is fixed and it will not 

change due to applied strains which will leads to some deviations. 

The Schottky barrier height between ZnO and the metal is set 

to 0.45 eV while the barrier height between MgO and the metal is 

set to 1.85eV. The effective height of the tunneling barrier between 

ZnO/MgO is taken as ΦT = 1.7eV, equal to the band offset between 

ZnO/MgO. The piezoelectric constants of ZnO are as follow: 

e33=1.34 C/m2, e31= -0.57 C/m2. The other material parameters 

used in the calculations are given in Table 1. 

To simplify the calculation, the effective mass 

approximation (EMA) was used for the conduction band electrons 

in both ZnO and the MgO layers. The predictor-corrector-type 

method was adopted for the Schrödinger and Poisson equations 

and an under-relaxation approach was used for the current 

equations, as detailed in our previous report1. 

As a thin MgO layer is deposited on a thick ZnO layer, the 

ZnO layer is set to be unstrained. The lattice mismatch between 

the ZnO and MgO results in biaxial strain in the MgO layer as 

follow: 

ZnO MgO

xx yy

MgO

a a

a
 


                               (4) 

13

33

2zz xx

C

C
                                     (5) 

where C13 and C33 are the elastic constants of MgO. The z (x,y) 

axis is taken to be parallel (perpendicular) to the [0001] crystal 

direction. The initial strains of MgO are εxx = εyy = -1.19% and εzz 

= -1.13%, respectively. When the strain is applied to the ZnO layer, 

the strain of the MgO layer changes accordingly. 

 
Table I Parameters of ZnO and MgO used in the simulation 

parameter ZnO MgO 

lattice constant 

(nm)44  

a 0.325 0.3289 

c 0.521 0.5031 

band gap (eV)45 E` 3.4 6.3 

effective mass 

*

em   0.2446 0.3547 

*

em
 

0.2846 0.3547 

*

hm   
0.5446 2.7747 

*

hm
 

2.7446 1.647 

static dielectric 

constants S  
8.9148 9.8349 

electron mobility 

(cm2/Vs) n  
20550 251 

elastic constants 

(GPa)52 

C11 206 222 

C12 118 90 

C13 118 58 

C33 211 109 

C44 44 105 

deformation 

potential (eV)53 

ac,c -3.06 -1.95 

ac,a -2.46 -7.96 
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Figure 4 A 1D nanostructure model of the Metal-MgO-ZnO 

MISTD used in the simulation. (a) a schematic diagram of the 

model (b) band structure diagram 
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