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This paper presents in-depth analysis of I-V-T characteristics of Au/ZnO nanorods Schottky

diodes. The temperature dependence I-V parameters such as the ideality factor and the barrier

heights have been explained on the basis of inhomogeneity. Detailed and systematic analysis was

performed to extract information about the interface trap states. The ideality factor decreases, while

the barrier height increases with increase of temperature. These observations have been ascribed to

barrier inhomogeneities at the Au/ZnO nanorods interface. The inhomogeneities can be described

by the Gaussian distribution of barrier heights. The effect of tunneling, Fermi level pinning, and

image force lowering has contribution in the barrier height lowering. The recombination-tunneling

mechanism is used to explain the conduction process in Au/ZnO nanorods Schottky diodes.

The ionization of interface states has been considered for explaining the inhomogeneities.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4810924]

I. INTRODUCTION

ZnO nanostructures possess a promising future owing to

the variety of optical and electrical properties which are tech-

nologically useful for many nano scale devices. In recent

years, ZnO nanostructures have been the subject of renewed

interest with the aim of fabricating devices such as light emit-

ting diodes (LEDs), laser diodes, UV detectors, and solar

cells.1 The production of high quality ZnO nanostructures

based homo-junctions has proved elusive because of the diffi-

culties in the growth of p-ZnO material.2 Conversely, the fab-

rication of hetero-junctions and Schottky contacts on n-ZnO

nanostructures allows the realization of electronics devices.

Although considerable progress has been made in the fabrica-

tion of ZnO nanostructure-based Schottky diodes, many ques-

tions remain about the nature of the electrical transport and

the interface states at the metal-ZnO interface.3 A stable and

good quality rectifying metal contact on the n-ZnO surface is

crucial for many optoelectronic applications and remains a

challenge despite numerous recent investigations.3–6

The realization of high quality Schottky contacts on ZnO

nanostructures seems to be difficult because of the interface

states, the surface morphology, hydroxide surface contamina-

tion, and the subsurface defects, which all play important

roles in the electrical properties of these contacts.7 In recent

years, a number of process methodologies have been devel-

oped for the fabrication of reproducible high quality Schottky

contacts on ZnO nanostructures, but controversies remain

with regard to the Schottky barrier height and the factor of

the ZnO Schottky contacts.7,8 The deviations in the barrier

heights and the ideality factor have been proposed as having

been caused by the effects of asymmetric contacts, and the

influence of the interfacial layers and/or surface states.8

The interface of metal/ZnO nanorods play very impor-

tant roles in many high-performance devices in optoelec-

tronic, high temperature, high-frequency, and power

applications. Schottky diodes are of the simplest devices due

to their technological importance. So the understanding of

Schottky-barrier formation at these interfaces on a funda-

mental basis is therefore of great interest. Schottky diodes

play an important role in devices operating at cryogenic tem-

peratures as detectors, sensors, microwave diodes, gates of

transistors, and infrared and nuclear particle detectors.9–11

Therefore, analysis of the current voltage (I-V) characteris-

tics of the Schottky diodes at room temperature does not

give detailed information about their conduction process, the

nature of barrier formation at the interface and interface

states.12–17 The temperature dependence of the I–V charac-

teristics allows us to understand different aspects of conduc-

tion mechanisms and the calculation of interface states.9–15

In low dimensional systems, the Schottky barrier height

depends not only on the work functions of the metal but also

on the pinning of the Fermi level by surface states, image

force lowering, field penetration and the existence of an

interfacial insulating layer, these effects change the absolute

current value at very low bias via lowering the Schottky bar-

rier. The deviation in barrier heights and the ideality factor

and has simply been proposed by the impacts of asymmetric

contact, the influence of interfacial layers and/or surface

states.18,19 In fact, the surface of nanostructures should

mostly be dominated by surface states because there are usu-

ally abundant surface states existing on the surface of these

nanostructures.20 However to the best of our knowledge,

there have only few reports on Schottky contacts on ZnO

nanostructures, but no report has been found to elucidate in

depth analysis of I-V-T characteristics of ZnO nanorods

Schottky diodes and how the surface states influence the bar-

rier potential of the ZnO nanorods Schottky diodes.

Therefore, the main aim of the present work is to investigate

the barrier inhomogeneities at the ZnO nanorods Schottky

barrier interface and systematic analysis was performed to

extract information about the interface trap states by

0021-8979/2013/113(23)/234509/6/$30.00 VC 2013 AIP Publishing LLC113, 234509-1

JOURNAL OF APPLIED PHYSICS 113, 234509 (2013)

Downloaded 25 Sep 2013 to 130.236.83.167. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.4810924
http://dx.doi.org/10.1063/1.4810924
http://dx.doi.org/10.1063/1.4810924
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4810924&domain=pdf&date_stamp=2013-06-19


temperature dependent current-voltage (I-V-T) measure-

ments. The values of the ideality factor, the barrier height,

and the density of interface states and were calculated.

II. EXPERIMENTAL DETAILS

To grow the ZnO NRs on Ag coated Si substrates, we

used a low temperature chemical growth method. In this

method, to improve the ZnO NR growth quality, distribution

and density, a seed layer is spin-coated and baked for

30 min at 250 �C.21 Then, zinc nitrate hexahydrate

(Zn(NO3)2�6H2O) was mixed with hexamethylene tetramine

(HMT) (C6H12N4) in equal molar concentrations, and the

substrates were placed in the resulting solution for 4 h at

90 �C. We covered a small portion of the substrate before the

growth of the ZnO NRs and Al was used for the back ohmic

contact to ZnO nanorods. After growth, the samples were

used to fabricate Schottky diodes. Prior to fabrication of the

Schottky contacts, an insulating PMMA layer was deposited

between the ZnO NRs. To ensure that no PMMA was on top

of the ZnO NRs, oxygen plasma cleaning was performed

prior to Au Schottky contact deposition. The Au metal con-

tacts were formed on a group of ZnO NRs by thermal evapo-

ration at a pressure of 2� 10�7 Torr, and the contacts were

formed as circular dots of 1 mm in diameter and 150 nm in

thickness. The device structure was characterized by scan-

ning electron microscopy (SEM), along with temperature de-

pendent I-V measurements.

III. RESULTS DISCUSSION

The ZnO NRs grown were found to be aligned vertically

and distributed uniformly as shown in the SEM image in Fig.

1(a). The inset shows the SEM image after spin coating insu-

lating layer and followed by soft backing. The schematic dia-

gram of the Au/ZnO nanorods Schottky diodes is shown in

Fig. 1(b). The temperature dependent I-V characteristics of

Au/ZnO NRs Schottky diodes in the temperature range of

100–420 K are shown in Fig. 2. The I-V characteristics show

a kink structure which may be due to the tunneling current at

low biases, and for large biases, it is dominated by the series

resistance. Many models have been proposed to explain the

excess leakage currents, including the thin barrier model22

and the field-emission/trap-assisted tunneling model.23

Generally, total current consists of both thermionic emission

and tunneling component. Assuming that the thermionic emis-

sion is the most predominant mechanism, the general form of

the temperature dependence of current may be expressed as

I ¼ Is exp
qV

nkT

� �
� 1

� �
; (1)

where n and Is are ideality factor and saturation current,

respectively.

The values for the ideality factor n were obtained from

the slope of the linear region of lnI vs V curves at each tem-

perature using Eq. (1). At each temperature, saturation cur-

rent Is was obtained by extrapolating the linear region of lnI

vs V curve to zero applied voltage and the barrier height uB0

values were calculated from the following equation:

Is ¼ AA� exp � q/B0

kT

� �
; (2)

where A is diode area, A* is the effective Richardson con-

stant, and uB0 is the barrier height.

FIG. 1. (a) SEM image of as grown ZnO NRs and inset shows the SEM

image after spin coating insulating layer and followed by soft backing.

(b) Schematic illustration of Au/ZnO NRs Schottky diode.

FIG. 2. I-V characteristics measured at different temperature for Schottky

diode.
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For an ideal diode, the diode ideality factor (n) should

be nearly equal to unity. But in a real situation, it may

increase due to the effects of series resistance and leakage

current. In nanostructures based Schottky diodes, the tunnel-

ing current is not negligible and dominating mechanism

under reverse bias. Also there are inherent difficulties when

the base material would offer a considerable series resist-

ance, which would cause a voltage drop across the junction.

The current flows according to thermionic emission model

only when the ideality factor (n) is near unity but with an

increase in n, the barrier height would deviate from the true

value. For the ZnO NRs, the surface states and the effective

carrier concentration have important influence to the contact

barrier. A slight inhomogeneity of the surface states and car-

rier concentration at the two ends of the ZnO nanorods can

result in different Schottky barriers. In such a case, general-

ized Norde method could be used to evaluate the effective

barrier height, series resistance, and diode ideality factor (n)

from I–V measurement.12 The values of effective barrier

potential and diode ideality factor measured at different

temperatures for Au/n-ZnO Schottky diode are shown

graphically in Figs. 3(a) and 3(b), respectively.

Figure 3(a) shows that the ideality factor decreased with

increasing temperature which explains the current transport

across the metal semiconductor interface is temperature de-

pendent. Thus, the electrons at low temperature would be

able to cross only the lower barriers and therefore current

transport will be dominated by current passing through the

lower Schottky barrier only contributing to a large ideality

factor. With increasing temperature, the electrons would ac-

quire significant energy to cross higher barrier. As a result,

the effective barrier height will increase with the temperature

and bias voltage culminating in lower ideality factor at

higher temperature. This increment can be explained by tak-

ing into account of the interface state density distribution,

quantum mechanical tunneling, and image force lowering

across the barrier of Schottky diodes.

The barrier height could be seen to increase with tem-

perature as shown in Fig. 5(b). The increase in barrier

heights with the increase in temperature from 100 K to 400 K

may be associated with the increase in available charge car-

riers to be transported across the barrier for Fermi level

equalization. The value of barrier height for ZnO nanorods

based Schottky contact is lower than the thin-film based ZnO

Schottky diodes. Lower values of barrier heights ascribed to

an enhanced electric field at the depletion region due to the

nano- Schottky junction. The strong local electric fields are

induced at the sharp edge morphologies of nano-Schottky

junction which increases in magnitude by the enhancement

factor (ca). In the nano-junction surfaces, localized free elec-

tron oscillations are produced at the surface and the lightning

rod effect contributing to the enhancement of electric field.24

The ideality factor was found to increase, while /B0

decreases with decreasing temperature (n¼ 9.8 and

/B0¼ 0.78 eV at 100 K, and n¼ 1.6 and uB0¼ 1.2 eV at

400 K). The values of the ideality factor obtained indicate

that the current transport mechanism consists of both the

trap-assisted tunneling and the thermionic emission. It is

FIG. 3. (a) Temperature dependence of ideality factor for Schottky diode.

(b) Temperature dependence of barrier height for Schottky diode. FIG. 4. Plot of n vs. 103/T for Schottky diode.
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worth nothing that the product of n and temperature seems to

remain constant in the investigated temperature range. On

the basis of information available in the literature,25 the con-

stant product means that the diode carrier transport should be

dominated by trap-assisted tunneling at temperatures well

below 300 K. Above 300 K, the thermionic emission of car-

riers at the Schottky barrier should dominate the diode car-

rier transport and causes the diode ideality factor to approach

unity. When a metal is evaporated on the semiconductor sur-

face the metal and semiconductor do not make intimate con-

tact because of interfacial layer. The high values of the

ideality factor at low temperatures are probably due to the

potential drop in the interfacial layer.26

For the investigation of the temperature dependence of

barrier height and ideality factor, we use Richardson plot of

saturation current. Equation (2) can be written as

ln
Is

T2

� �
¼ lnðAA�Þ � q/B0

kT
: (3)

Fig. 4 shows a plot of n vs. 103/T reporting the temperature

dependence of ideality factor n. The temperature dependence

of the barrier height is shown in Fig. 4. This temperature

effect (of the barrier height and ideality factor in Schottky

diodes) is called the T0 effect.27,28 The T0 effect can be con-

nected either with the lateral inhomogeneity of the barrier

height or with the role of the recombination, interface state

density distribution,29,30 image force lowering,31 and tunnel-

ing current components.27,28,32 Some authors have men-

tioned that the ideality factor, barrier height, saturation

current and all functions derived from them can be explained

and connected with the lateral distribution of barrier height

due to local enhancement of electric field which can also

yield a local reduction of the barrier height.28,33 €Ozdemir

et al. explained that the Gaussian distribution of the barrier

height in-homogeneity is caused by the local change of elec-

tric field.9

There is linear correlation between experimental value

of barrier height and n as calculated experimentally. This

linear dependence of barrier height and n for higher ideality

factors theoretically and experimentally has been reported by

different authors.12–14 Figure 5 shows a linear relationship

between the barrier height and n only for higher ideality fac-

tor, which has been explained by lateral inhomogeneities of

the barrier heights in the Schottky diode. Tung et al. have

reported the existence of inhomogeneity at barrier interface

by considering the variation barrier height with ideality fac-

tor.15 Thus, it can be said that the increase of the ideality fac-

tor and decrease of the barrier height especially at low

temperature are probably caused by the barrier height inho-

mogeneities. Figure 5 is the signatures for the presence of

lateral inhomogeneities in the Au/ZnO nanorods interface.

Moreover for the further evaluation of the barrier height,

one may also make use of the Richardson plot of saturation

current. Figure 6 (indicated by filled circles) shows a conven-

tional activation energy ln(IS /T2) vs. 103/T plot (Richardson

plot). Experimentally investigations results in a ln(IS /T2) vs.

103/T plot significantly differing from linearity. However, at

low temperatures, the dependence of ln(IS /T2) vs. 103/nT

gives a straight line (Fig. 6). The non-linearity of the conven-

tional ln(IS /T2) vs. 103/T is caused by the temperature de-

pendence of the barrier height and ideality factor. Analysis

of the I-V characteristics based on thermionic emission

theory usually reveals an abnormal decrease in the barrier

height and an increase in the ideality factor n with a decrease

in temperature. The decrease in the barrier height at low

temperatures leads to nonlinearity in the activation energy

ln(IS/ T2) vs. 103/T plot.

In fact interface states are always introduced due to oxi-

dation of semiconductor surfaces from extended air exposure,

surface dipoles, incomplete covalent bonds, hydrogen and

chemical reactions during fabrication processes and sharp dis-

continuity between semiconductor crystal and metal.34–36 The

chemical reactions at the metal-ZnO interface play an impor-

tant role in Schottky barrier formation. These chemical reac-

tions will result in an increase in the density of oxygen

vacancies (VO) close to the interface. The creation of oxygen

FIG. 5. Variation of barrier height with ideality factor.

FIG. 6. Richardson plots of ln(IS /T2) vs. 103/T and 103/nT for Schottky

diode.
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vacancies becomes energetically more favorable near a metal-

ZnO interface. This is too deep to contribute significantly to

the unintentional n-type conductivity of ZnO but is shallow

enough to cause Fermi level pinning at the ZnO interface. It

has been proposed that oxygen vacancies strongly influence

the Schottky barrier formation by pinning the ZnO Fermi level

close to the VO defect level at �0.7 eV below the conduction

band minimum. However, good quality Schottky contacts to

ZnO have not been observed to degrade in performance with

time, so the VO creation probably occurs immediately with

the contact formation. Therefore, the VO is the dominant rea-

son for the inhomogeneity and the ZnO nanorods have more

surface states because of their large surface area and small di-

ameter.7 The solution chemistry used to grow the ZnO NRs

provide some insight into the nature of this surface variation

and these surface states also may be controlled by solution

chemistry.

Such defects produce a large density of interface states

which are continuously distributed in the energy within the

forbidden gap and cause leakage currents to flow. Taking

into account the series resistance and voltage dependent

ideality factor, the density of interface states (NSS) is

extracted using I-V characteristics37

NSS ¼
1

q

ei

d
nðVÞ � 1
� �

� eS

WD

� �
: (4)

Here, WD is the width of the space charge region extracted

from experimental C-V data.

Bias dependant effective barrier height (ue) and the

energy of interface states with respect to the conduction

band edge (EC-ESS) are obtained by using following

equations:

/e ¼ ubo þ 1� 1

nðVÞ

� �
ðV � IRSÞ; (5)

EC � ESS ¼ qð/e � VÞ: (6)

The density of interface states as a function of interface state

energy (EC�ESS) for Au Schottky diode is shown in Fig. 7.

The values of the density of interface states were determined

to be 2� 1013 cm�2 eV�1. The exponential rise in the inter-

face state density towards the bottom of the conduction band

is very apparent; the ionization of interface state by hot elec-

tron reduced the band bending as well as the Schottky barrier

height. As the Schottky barrier height changes, a characteris-

tic asymmetric conductance change is expected. The value

of density of surface state (2� 1013 cm�2 eV�1) is not very

high. These surface states are formed in ZnO nanorods

because of their large surface area and small diameter.38

When electrons are excited to conduction band, they are

trapped by these states and hence the electrical behavior of

diode is affected. The effects of interface states are more im-

portant for compound semiconductor nano structure as their

surfaces have more defects.39

IV. CONCLUSIONS

In conclusion, it can be speculated from the diode pa-

rameters obtained by I-V-T method that the spatial inhomo-

geneities of the barrier heights is an important factor and

could not be ignored in the electrical characterization of the

Schottky diodes. Therefore, the detailed I-V-T characteristics

of the Schottky diodes have been investigated at different

temperatures. The barrier height value and ideality factor at

different temperature for Schottky diodes were obtained

from I-V-T measurements, the decrease in the barrier height

and an increase in the ideality factor have been observed

with temperature. The large value of ideality factor and bar-

rier inhomogeneities demonstrates other mechanism like

recombination and tunneling which are involved in explain-

ing the electrical transport properties of Au/ZnO nanorods

Schottky diodes. The effect of tunneling, Fermi level pinning

and image force lowering have contribution in the barrier

height lowering. The recombination–-tunneling mechanism

is used to explain the conduction process in Au/ZnO nano-

rods Schottky diodes. The ionization of interface states has

been considered for explaining the inhomogeneities. The

results yield that the interface states play a very important

role in the current flow mechanism and these states must be

kept as low as possible in order to reduce the surface recom-

bination and tunneling.
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