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We demonstrate the fabrication of ultra-thin titanium oxide films by plasma-induced surface

oxidation. Ellipsometry measurements indicate an oxide thickness of about 2 nm. Electrical

characterization was performed on microscale and nanoscale metal-insulator-metal tunneling

diodes. Electrical fields up to 22 MV/cm were applied without destroying the titanium oxide films.

The current-voltage-characteristic of the diodes are found to be asymmetric with respect to zero bias

when employing electrodes with different work functions. The permittivity of the ultra-thin titanium

oxide was determined to be less than 6, which is the smallest permittivity that has been reported for

titanium oxide. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4745651]

Thin films of titanium oxide (TiOx) are potentially useful

for various applications, such as solid-state memory cells,1

memristors,2 gate insulators in field-effect transistors,3 solar

cells,4 or photochemical applications.5 In addition, thin dielec-

tric films have been found to be useful for high-frequency

electronic applications, such as metal-insulator-metal (MIM)

tunneling diodes.6–9 In a MIM tunneling diode, charge carriers

tunnel between two metal electrodes through the thin insulator.

Tunneling occurs in both directions, but by choosing metal

electrodes with different work functions, the magnitude of the

tunneling current will be larger in one direction than in the

other direction. This effect can be exploited for the rectifica-

tion of alternating currents at very high frequencies, even in

the terahertz (THz) regime.10 In our previous work,11 alumi-

num oxide (AlOx) was employed as the tunneling dielectric.

However, AlOx has a large bandgap. In order to generate a

larger electrical signal from the diode (i.e., larger tunneling

currents through the insulator), a smaller bandgap dielectric is

required. A promising candidate is TiOx. One drawback of

TiOx for this application is that the permittivity of TiOx is

reported to be relatively large,12 which would in turn lead to a

large capacitance and hence to a small cut-off frequency of the

MIM diodes.13 We have recently observed that the permittiv-

ity of thin AlOx dielectrics decreases with decreasing dielectric

thickness. Assuming this effect occurs in TiOx as well, very

thin TiOx films are potentially useful for MIM tunneling

diodes with large current signal (due to the small bandgap)

and high cut-off frequency (due to the small permittivity).

TiOx layers with thicknesses of less than 10 nm can be

fabricated by a variety of techniques, such as (plasma-

enhanced) chemical vapor deposition,1 sputtering,3 and

atomic layer deposition.14 It is however challenging to pro-

duce large areas films of pure titanium oxide with good

homogeneity when the film thickness is in the range of a few

nanometers. We present here a fabrication method for

titanium oxide resulting in an ultra-thin dielectric with a

thickness of about 2 nm over large areas. The thickness of the

oxide was determined by ellipsometry. For electrical meas-

urements, two metal electrodes with dissimilar work functions

(Ti and Au) were prepared. Electrical measurements on

microscale diodes and of ensembles of nanoscale diodes were

carried out. Direct tunneling was observed, and static parame-

ters were determined by fitting a numerical model to the ex-

perimental data. The permittivity of these ultra-thin oxide

films determined from capacitance measurements indicates

that the permittivity indeed strongly depends on the thickness

of the insulator. Nanoscale crossbar structures were fabricated

in a two-step nanotransfer printing (nTP) process. In this way,

thousands of rectifying diodes can be fabricated that are

expected to have cut-off frequencies in the terahertz range.

In order to fabricate microscale MIM diodes, a metal

electrode (Ti) was deposited through a shadow mask featur-

ing line-like openings onto a silicon wafer covered by a

100-nm-thick layer of thermally grown silicon dioxide. To

produce the ultra-thin TiOx dielectric, the surface of the Ti

layer was oxidized in an Oxford Plasma Technology Reactive

Ion Etch (RIE) system operated at an oxygen partial pressure

of 10 mTorr and a plasma power of 200 W for 30 s. These pa-

rameters are similar to those previously used for the fabrica-

tion of thin aluminum oxide layers.15,16 The second metal

electrode (Au) was deposited perpendicular to the other elec-

trode by thermal evaporation through a second shadow mask

featuring line-like openings as well. In this way, an array of

Ti-TiOx-Au crossbar structures was fabricated that allows

each individual diode to be contacted with probe needles out-

side of the active area without damaging the dielectric.

The nanoscale MIM diodes were fabricated by nTP.17 A

silicon stamp was prepared by etching trenches into the sur-

face of a silicon wafer using a combination of electron-beam

lithography and dry etching to produce raised, 100-nm-wide

lines. The silicon was then covered with an alkylsilane self-

assembled monolayer (SAM) in order to render the stamp

surface hydrophobic (Fig. 1(a)). A 25-nm-thick Au followed

by 4-nm-thick Ti was deposited onto the SAM-covered sili-

con stamp by thermal evaporation. Since Au is a noble metal
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and the stamp surface is hydrophobic, the adhesion of the

metal stack on the stamp surface is sufficiently weak to facil-

itate delamination of the metal stack during stamping. The

25-nm-thick Au layer later serves as the bottom electrode of

the nanoscale MIM diodes. The 4-nm-thick Ti layer serves

as an adhesion promoter to facilitate the transfer of the metal

stack from the stamp onto the target substrate during stamp-

ing. To further improve the adhesion of the metal stack on

the target surface, the Ti was activated by a brief oxygen-

plasma treatment that increases the density of hydrophilic

hydroxyl groups. The density of siloxane groups on the sur-

face of the target substrate (glass) was increased in the same

manner. After these two activation steps, the stamp was

brought into physical contact with the target substrate, and a

pressure of 50 bars and a temperature of 200 �C were applied

for 3 min. This causes the metals to be transferred from the

raised regions of the stamp onto the glass substrate. Onto a

second silicon stamp that was prepared similar to the other

one (i.e., by covering the surface with raised, 50 nm-wide

lines and rendering it hydrophobic with a SAM), 25-nm-

thick Au followed by 25-nm-thick Ti were deposited by ther-

mal evaporation. The 25-nm-thick Ti layer later serves as the

top electrode of the nanoscale MIM diodes. The ultra-thin

TiOx dielectric was then produced by oxidizing the Ti sur-

face in the same way as described above for the microscale

MIM diodes. Finally, the Au-Ti-TiOx stack was transfer-

printed onto the target substrate in an orientation perpendicu-

lar with respect to the previously patterned Ti-Au lines,

resulting in a dense array of Ti-Au-TiOx-Ti-Au crossbar

structures (Fig. 1(b)). To allow electrical characterization of

the nanoscale MIM diodes, contact pads were fabricated by

photolithography, metal deposition, and lift-off.

For ellipsometry measurements, a 30-nm-thick layer of

Ti was deposited by thermal evaporation onto a silicon wafer

covered with thermally grown silicon dioxide. The Ti surface

was then oxidized by oxygen plasma as described above, and

ellipsometry was performed to determine the oxide thickness.

The thickness of the plasma-grown TiOx was determined

by ellipsometry. The angle of incidence was varied between

65� and 75� with respect to the surface normal, and several

measurements were performed. By fitting the experimental

data to the Cauchy relationship,18 an oxide thickness of

2.0 nm 6 0.02 nm was calculated (see Fig. 2). Since a loss fea-

ture in TiOx around 300 nm occurs,19 we fit the experimental

data between 400 nm and 900 nm in which the Cauchy model

is valid.20 The mean square error in this fit is 1.087 and the re-

fractive index determined from the fit is 2.04 at 550 nm.

The permittivity of these ultra-thin TiOx films was deter-

mined by measuring the capacitance of several microscale

Ti-TiOx-Au diodes. The Ti bottom electrode was set to

ground potential and a DC potential modulated with a small

AC bias was applied to the Au top electrode. An average ca-

pacitance per unit area of 2.25 � 10�6 F/cm2 was calculated.

This corresponds to a permittivity of 5.1 when assuming an

oxide thickness of 2.0 nm (as determined by ellipsometry).

This is the smallest permittivity that has been reported for ti-

tanium oxide (Table I).

FIG. 1. (a) nTP process: A stamp is covered with a hydrophobic alkylsilane SAM and a stack of two metals is then deposited thereon. The surfaces of the

stamp and of the target substrate (glass) are activated by oxygen-plasma treatments and then brought into physical contact, causing the metal stack to be trans-

ferred from the raised regions of the stamp onto the target substrate. (b) Scanning electron microscopy (SEM) image of a crossbar array fabricated in a two-

step nTP process. The width of the bottom lines is 100 nm, which of the top lines is 50 nm.

FIG. 2. Measured (black squares) and simulated (red lines) ellipsometric

spectra of ultra-thin (�2.0 nm) plasma-grown titanium oxide films at three

different angles of incidence (65�, 70�, and 75�). By fitting the measurement

data to the Cauchy model, the oxide thickness was calculated.

TABLE. I. Permittivity of titanium oxide reported in the literature and deter-

mined in this work.

Method Thickness (nm) Permittivity

CVD (Ref. 26) �7–90 7–55

PECVD (Ref. 1) 20�200 �60

Sputtered (Ref. 3) 10 95

Sputtered (Ref. 27) 300�500 50�70

ALD (Ref. 14) 9–25 60–80

ALD (Ref. 28) 35–140 60–100

Plasma (this work) 2 5.1
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The current-voltage-characteristics of individual shadow-

mask-patterned microscale Ti-TiOx-Au diodes were measured

in ambient air via a semiconductor parameter analyzer at

room temperature by contacting the metal electrodes outside

of the active area using probe needles. In these measure-

ments, the Ti bottom electrode was set to ground potential,

and a positive or negative potential was applied to the Au top

electrode. The current through the diodes was measured as

a function of the applied voltage. The results are shown in

Figure 3(a). The circles represent the experimental data

obtained from the Ti-TiOx-Au diodes. In the graph, the abso-

lute value of the current density is plotted as a function of the

applied voltage, so that the asymmetry of the current-voltage

curves can be easily evaluated. For comparison, the measured

current-voltage characteristics of a previously fabricated

Al-AlOx-Au tunneling diode17 are also shown (squares).

As can be seen in Figure 3(a), the current-voltage char-

acteristics of the MIM diodes are asymmetric around zero

bias. For example, at an applied voltage of �0.5 V, the abso-

lute value of the current density is two orders of magnitude

larger than the current density at þ0.5 V. More importantly,

the observed degree of asymmetry is much larger in the

Ti-TiOx-Au diodes than in the Al-AlOx-Au diodes. In order

to identify the mechanism of charge transport through the

ultra-thin titanium oxide films, numerical simulations21 were

carried out. The work functions of Ti and Au were assumed

to be 3.95 eV and 5.2 eV,22 respectively, and the thickness of

the TiOx was assumed to be to 2.0 nm (as indicated by the

ellipsometry measurements). The effective mass of the elec-

trons tunneling through the dielectric and the height of the

potential barrier at the Ti/TiOx interface were adjusted

until a satisfactory fit to the experimental data was obtained.

We determined an effective electron mass in TiOx of

mox¼ 2.62 �me and a barrier height at the Ti/TiOx interface

of 0.71 eV, in good agreement with literature.23,24 In

Figure 3(a), this numerical fit is shown with blue lines. We

believe that the observed discrepancy between the experi-

mental data and the numerical fit for negative voltages is due

to the presence of interfacial traps that reduce the effective

potential barrier height until the traps are depleted.25 For the

most part, the numerical model provides a satisfactory fit of

the experimental data, showing that direct tunneling is the

main conduction mechanism.

In addition to individual shadow-mask-patterned micro-

scale Ti-TiOx-Au tunneling diodes, we also measured the

current-voltage characteristics of an ensemble of transfer-

printed nanoscale Au-TiOx-Ti tunneling diodes. All diodes

within this ensemble are connected in parallel (see

Figure 1(b)). The exact number of functional diodes within

the ensemble is unknown, since some fraction of the diodes

are believed to be short-circuited (which also produces a fi-

nite shunt resistance). The measured current-voltage charac-

teristics of the ensemble are shown in Figure 3(b). As can be

seen, the dependence of the measured current on the applied

voltage is exponential as well as asymmetric with respect to

the zero bias.

We have reported on a fabrication method to produce

ultra-thin titanium oxide films by an oxygen plasma. The mate-

rials characteristics, such as the thickness and the permittivity

of the TiOx films, were determined by ellipsometry and by ca-

pacitance measurements. Since electric fields up to 22 MV/cm

can be applied without damaging the dielectric, this method is

suitable for the fabrication of high-quality insulating films. The

current density through these ultra-thin titanium oxide films is

4 orders of magnitude larger than the current density previ-

ously measured in thin films of plasma-grown AlOx. The per-

mittivity of the ultra-thin titanium oxide films was found to be

much smaller than the permittivity of thicker titanium oxide

films, which means that the ultra-thin TiOx is an excellent can-

didate for rectifying metal-insulator-metal tunneling diodes in

terahertz applications, such as infrared detectors.
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