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Abstract: I-V-characteristics have been measured for Au-TiO2-Ag structures with TiO2

layers of 30 and 180 nm thickness. The TiO2 ­ lms were grown by atomic layer deposition

(ALD) technique. In the case of negative bias on the Au electrode, the conduction currents

through TiO2 layers follow the Fowler-Nordheim formula for ­ eld emission over several

orders of magnitude. The bulk of the currents may be attributed to tunnelling, seemingly

through a Schottky barrier at the Au-TiO2 junction. In the case of reversed polarity the

currents are also observed, but cannot be interpreted as tunnelling.
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1 Introduction

Titanium dioxide has several applications. Attempts have been made to use it in conduc-

tometric gas (e.g. oxygen) sensors [1] and as a high-k gate insulator [2]. Very recently

it was included into a novel merbromin/Au/TiO2/Ti photovoltaic device (solar cell) [3].

Some of us have shown [4] that a TiO2¯lm, covering a point electrode in a negative corona

gap, facilitates the occurrence of the discharge. Vu Thien Binh and associates have re-
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cently developed an e±cient planar cold cathode, based on TiO2 ultrathin ¯lm coatings

on metal substrates [5], [6]. These cathodes are far more technological, and run nicely in

a lower vacuum and at lower voltages than the conventional ones.

In the present paper we report some peculiarities of the current-voltage dependence

of metal-oxide-metal (MOM) structures, containing TiO2 ¯lms.

2 Experimental

2.1 Preparation of samples

The MOM structures were prepared on Si(1 0 0) substrates and consisted of an Au

electrode, a TiO2 layer, and an Ag counter electrode. Before formation of the structure,

the substrates were etched in HF and rinsed in de-ionized water. Then the Au-electrode

was deposited by vacuum evaporation. A typical thickness of this electrode was around

300 nm.

Titanium dioxide ¯lms were grown using atomic layer deposition (ALD), a cyclic

process consisting of a periodically repeated series of self-limited surface reactions (for

more information, see, e.g. [7], [8] and literature therein). The deposition was performed

in a low-pressure °ow-type reactor using TiCl4 as the titanium precursor and H2O vapour

as the oxygen precursor. To synthesise a ¯lm, the substrates were alternately exposed

to the titanium and oxygen precursors, which were carried to the substrates in a °ow of

nitrogen gas. Between each exposure, the reactor was purged with pure N2. Thus, the

process consisted of cycles, which contained exposures to metal and oxygen precursors

and following purge periods. The thickness increment per cycle ranged from 0.053{0.078

nm in the case of substrate temperatures (225{275 oC) and precursors used in this work.

We applied 500 and 2300 cycles to grow ¯lms from TiCl4 and H2O. The thicknesses

obtained were 30 and 180 nm, respectively.

2.2 The structure of the samples

To have some concept of the structure and surface morphology of the TiO2 ¯lms, we

studied reference samples grown on bare Si(1 0 0) substrates in the same processes as

the ¯lms for conductance measurements. Re°ection high-energy electron di®raction and

X-ray di®raction studies revealed anatase phase in all these ¯lms.

The surface microstructure of TiO2 ¯lms was studied with a multimode scanning probe

microscope AutoProbe CP, PSI/ThermoMicroscopes/Veeco. The microscope worked in

intermittent contact atomic force mode, and the samples were exposed in air. Silicon

cantilevers (UltraleversTM, PSI), having conical probes and tip radii <10 nm were used

in these studies. The row images of the microscope were ¯ltered for low frequency noise

using image-processing package IP2 from PSI. The same package was used for calculating

root mean square (RMS) roughness of the ¯lm surface.

The obtained images are shown in Figure 1. As can be seen, the surface roughens
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drastically with increasing ¯lm thickness. The calculated RMS roughness (R) con¯rms

this trend: it increases from 3.5 nm to 11.4 nm with the increase of the mean ¯lm thickness

from 30 to 180 nm. Whereas the R of Si surface was below 1 nm, the RMS thickness

variations of the ¯lms reached 10% of their total thickness. This result shows that during

electrical measurements the local electric ¯elds can be rather variable over the ¯lm surface

because the curvature of di®erent parts of the painted electrode, repeating the relief of

the oxide, can be highly inhomogeneous. The AFM data also show that exchange of the

titanium precursor, i.e. using Ti(OC2H5)4 instead of TiCl4, has no noticeable in°uence

on the relative surface roughness of the TiO2 ¯lms grown. Our R values are in accordance

with these obtained earlier [7], [8] for TiO2 ¯lms of the same thickness but they are by an

order higher than R for the oxide ¯lms (HfO2, SiO2, ZrO2), deposited by using a dual ion

beam sputtering system, as reported in [9]. As discussed earlier [7], [8], the main reason

for the signi¯cant surface roughness of TiO2 ¯lms is evolution of microcrystals during the

¯lm growth.

2.3 Conductance measurements

The current-voltage curves were recorded in a standard circuit in the dc mode (Figure 2,

inset). A counter spot electrode needed for these measurements was formed painting a

silver suspension onto the TiO2 layer. The sample was connected into the circuit using

thin platinum wires that were in contact with the Ag spots on the Au ¯lm and the oxide

layer.

The current was measured with a multi-range galvanometer M 193, having maximal

sensitivity 4¢10¡8 A per division, and voltage { by a digital voltmeter 4300. The

applied voltage was varied in the interval from 10{3 to 10 V. The currents ranged from

10{8 to 10{2 A. The experimental current densities were calculated by dividing measured

current by apparent ¯lm area. The measurements were carried out at room temperature

in the laboratory atmosphere. Each measurement series included a step-wise increase of

the applied voltage and ¯xation of the mean current at each step.

3 Results and discussion

3.1 The current-voltage characteristics

The tested ¯lms had nonlinear I-V-characteristics (Figure 2). As the same Figure shows,

the I-V plots turned out to be di®erent for the di®ering polarity of the connection of the

Au-TiO2-Ag sandwich into the test circuit, i.e. for the cases of negative or positive bias

on the Au electrode, further labelled as Au({) or Au(+) polarity.
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3.2 The Au({) case: a Fowler-Nordheim tunnelling

There is a great variety of the thin ¯lm conductance mechanisms [10]. Attempting to

approximate the I-V curves by some analytic expression, we revealed that for the Au({)

polarity, the I-V dependence can be satisfactorily ¯tted by the Standard Fowler-Nordheim

equation, describing, in general, the ¯eld emission current from a metal into vacuum [11],

[18]:

J = at¡2
F Á¡1E2 ¢ exp

Ã
¡ bvF Á3=2

E

!
; (1)
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Here, J is the current density (A/cm2), Á is the emitter’s work function (eV), E

the applied ¯eld strength (V/m), e the elementary positive charge (C), m the electron

e®ective mass (kg), h the Planck’s constant (J¢s), ¹h = h/2¼, vF and tF are the values of

the special ¯eld emission elliptic functions v and t [18], evaluated for a barrier of height Á.

In so-called Fowler-Nordheim coordinates, this equation takes the form:
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An experimental Fowler-Nordheim plot is modelled by the tangent to this curve, taken

in the mid-range of the experimental data. This tangent can be written in the form [11]
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where r and s are the appropriate values of the intercept and slope correction factors,

respectively.

Typically, s is of the order of unity, but r may be of order 100 or greater. Both r

and s are slowly varying functions of 1/E, so a Fowler-Nordheim plot is expected to be a

straight line.

The formula (1) was originally derived to describe the ¯eld emission current from

metals into vacuum. However, in our case it applies for the conduction current in a

MOM sandwich structure. Examining literature, one ¯nds that quite similar cases were

revealed as early as 1967-69 for a Mg-SiO2-Si structure [12], [13] and an Al-AlN-Al struc-

ture [14].Very recently the Fowler-Nordheim tunnelling was also observed in magnetron

sputtered TiO2 layers [2].

The Fowler-Nordheim equation assumes the electron transport from metal to vacuum

by tunnelling. Thus, the conductivity in a MOM structure, obeying the same law, should

be also of tunnelling nature. As Snow noticed [12] already in 1967, the 10 to 102 nm oxide

layers are much too thick for direct tunnelling through the oxide. Thus, in full accordance
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with [12{15], we believe that the tunnel e®ect occurs through the ¯eld-thinned Schottky

barrier at the Au-TiO2 interface and manifests itself in the straight-line F-N plots. (In

[2], for Si-TiO2 systems, a tunnelling via SiO2 interlayer is assumed. So as our TiO2

layers are separated from the Si substrate by the gold electrode, this alternative is hardly

applicable in our case.)

A simpli¯ed band diagram in Figure 5 illustrates the conduction process. Electrons,

tunnel-injected into the oxide conduction band, move through the oxide and are picked

up by the Ag counter-electrode (cf. [16], p. 454, Figure 10.17). The process can be

characterised also as an internal ¯eld emission [16].

In our preliminary Fowler-Nordheim tests we estimated the ¯eld strength E as E =

U=d, where U is the voltage, applied to the MOM structure, and d the oxide thickness.

However, a more re¯ned consideration ([10], p. 635) shows that in the case if a Schottky

barrier (blocking contact) is involved, almost all the voltage drop occurs on the barrier

and the ¯eld strength in the formulas (1) and (2) should properly be calculated according

the relation

E =

s
2NdeU

""o

= 0:1902

s
NdU

"

V

m
: (4)

Here, Nd is the concentration of donors (cm{3), " is dielectric constant of the oxide

and "o is the electric constant.

Thus, (2) should be rewritten in the form
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where

a0 ² 2ae="0 = 5; 578 ¢ 10¡14;

b0 ² b
q

"0=2e = 3; 591 ¢ 1013:

Figures 4a and 4b demonstrate the plots of our conductance data in the coordinates

of formula (5). Figure 4a shows for the Au({) polarity a pretty ¯t of the experimental

points onto the Fowler-Nordheim plot over many decades.

In accordance with the theory, there is a close coincidence of the F-N-plots for the

samples of di®erent thickness. Indeed, the ¯eld strength at the blocking contact should

not depend on the thickness of the dielectric layer [10].

At lower E;higher V ¡1=2 values, a deviation from the linear F-N plot occurs (especially

pronounced is the nonlinearity for the 180 nm ¯lms, (Figure 4). Analogous nonlinear-

ity appears in ¯eld-induced external emission from amorphous diamond ¯lms [17]. The

authors have suggested that this nonlinearity originates from a transition from ¯eld emis-

sion to thermionic emission as the applied ¯eld decreases. Their numerical calculations on

the basis of a uni¯ed electron emission theory [18], embracing both ¯eld and thermionic

emission, are consistent with the experimental data. Plausibly, analogous considerations

are valid in our case: at lower ¯elds the Schottky barrier could be thermally overcome.



152 J. Aarik et al. / Central European Journal of Physics 2(1) 2004 147{159

We have attempted to assess the e®ective work function Á value, from the slope of

the F-N-plots according to formulas (4) and (5). The intercept was not used because

the actual area of emission through which electrons tunnel was unknown. Having no

reliable data about the electron e®ective mass me value in TiO2, we assumed, as a ¯rst

approximation, me = m, where m is the free electron mass. Besides, according to [11],

we approximated the constant s in the formula (5) with unity. Then we need the values

of " and Nd. The authors of [2] and [5] give for TiO2the values " = 80 and " = 35, respec-

tively. Assuming for the estimates " = 50 and Nd = 1018 cm{3, one gets Á = 0:17 eV.

Similar low Á value was calculated in the paper [6] for Pt{TiO2 junctions (see also [16]).

There the small work function Á as explained by space charge e®ects in the thin semi-

conductor ¯lm. Obviously, in our case the estimated Á value represents the height of a

metal/semiconductor Schottky barrier.

3.3 The Au(+) polarity

In this case, the I-V-characteristics cannot be transformed in good F-N-plots. The linear

part on the ln (J=U ) ¹ U{1=2 dependence, if any, covers only a couple of decades.

The reason of the worse quality of the F-N-plots for the Au(+) case can be in the great

roughness of the oxide surface (Figure 1). The emulsion-formed Ag electrode surface,

being a replica of the oxide, repeats the rough surface relief. The curvature of individual

Ag relief protrusion tips, determining the local E value, becomes randomly distributed.

Due to this E-scatter, a distinctive linear F-N plot can be smeared. The scatter can be

even enhanced by the percolative character of the conductivity via individual silver grains

in the organic binder of the emulsion. This random walk is perceptibly manifested in the

current °uctuations (noise), being by an order bigger at the Au(+) bias as compared with

the Au({) case.

4 Conclusions

In summary, Fowler-Nordheim tunnel currents have been observed in TiO2 ¯lms, pre-

pared by atomic layer deposition. Commonly it is thought that tunnelling ¯eld emission

appears from sharp points, concentrating the ¯eld intensity. Our results demonstrate, in

accordance with [12{15], that there exist favourable conditions for tunnelling process to

appear also from an apparently °at metal surface into a semiconductor layer. Notice that

due to their rather high leakage currents by tunnelling, the ALD-grown TiO2 layers are

not perspective candidates for high-k gate insulators in the ¯eld e®ect transistors.
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b)

c)

Fig. 1 Surface topography of TiO2 thin ­ lms with thicknesses of a { 180 nm, b { 80 nm, and
c { 30 nm, depicted with atomic force microscope in intermittant contact mode. The RMS
roughness of the ­ lm surfaces is 11.4, 5.3, and 3.5 nm, respectively.
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a)

b)

Fig. 2 I-V characteristics of Au-TiO2-Ag structures including TiO2 layers of di¬erent thickness
(indicated; I, II { di¬erent samples), for Au biased negatively, Au({), or positively, Au(+). Inset:
the measuring circuit diagram.



J. Aarik et al. / Central European Journal of Physics 2(1) 2004 147{159 157

a)

b)

Fig. 3 Plots of ln(J=E) vs E¡1 for currents through Au-TiO2-Ag structures including TiO2

layers of di¬erent thickness (indicated; I, II { di¬erent samples). Au({) { Au negatively biased,
Au(+) { Au positively biased. J { in A/cm2, E { in V/cm.
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a)

b)

Fig. 4 Plots of ln(J=U) vs U¡1=2 derived from Fowler-Nordheim equation (assuming E ¹ U
1=2;see

formula (4)) for currents through Au-TiO2-Ag structures including TiO2 layers of di¬erent thick-
ness (indicated; I, II { di¬erent samples). Au({) { Au negatively biased, Au(+) { Au positively
biased. The straight line is a least squares ­ t for the 30 nm specimen. J { in A/cm2, U { in V .
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Fig. 5 Simpli­ ed band diagram of the electron (e{) current in an Au-TiO2-Ag structure; EF {
the Fermi level, C conductance and V valence band of TiO2.


