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The titanium tantalum oxide, TiTaO, was fully characterized in situ in an integrated metal–insulator–

metal (MIM) configuration on a wide frequency band, from 1 mHz to 30 GHz. First, XPS and XRD

analysis show that TiTaO dielectric is amorphous and presents Ti-O, Ta-O, and Ti-Ta bounds. Next,

by using dedicated MIM test devices and a specific extraction procedure, both relative permittivity j

and loss tangent tand were extracted on the wide frequency band. The results show a dependence on

both frequency and thickness. Conduction mechanism of ion impurities such as oxygen vacancies at

very low frequencies (below 0.1 Hz), Maxwell-Wagner relaxations due to space charges at electrode

interface (between 0.1 and 5 Hz), and dielectric grain boundaries or hopping (between 1 and 100

MHz) are underlined and studied with temperature measurements. The paper shows the usefulness of

in situ wideband frequency measurements and that the dielectric permittivity of TiTaO in a 100 nm

thick film is decreasing from 86 at 10 kHz to 20 at 10 GHz. VC 2011 American Institute of Physics.

[doi:10.1063/1.3626067]

I. INTRODUCTION

Recently, a great deal of interest was focused on doped

metal oxides like M1
xM

2
yOz to improve dielectric properties

in comparison with standard compounds. Indeed, electrical

characteristics of these materials are promising for many

microelectronic applications and it is necessary to investigate

their dielectric responses as a function of frequency. The

dielectric constant j can be increased by adding an element

with a higher polarizability, like titanium.1 Current density

and leakages J of the structure are decreased by incorporating

an element with a higher bandgap, such as silicon or alumi-

num oxides.2,3 The voltage linearity a of the complete stack is

also reduced by coupling dielectrics with negative curvature,

such as SiO2 (Ref. 2) or SrTiO3,
4 with materials with a posi-

tive curvature, such as HfO2, ZrO2 (Ref. 5) or HfTiO.
6 Finally,

the choice of materials is motivated by the intended applica-

tion. For example, in flash memory applications, dielectrics

with a relative permittivity between 9 and 30, inclusive, and

with a large bandgap, between 3 to 6 eV, are required. In this

case aluminum oxide Al2O3 is presented as the reference

dielectric and so compounds based on aluminates or doped

with rare earth are studied.7,8 For metal–insulator–metal

(MIM) capacitors in DRAM, the scaling of dimensions neces-

sitates finding dielectrics with a relative permittivity between

10 and 50, inclusive, and deposited using an atomic layer

deposition (ALD) or atomic vapor deposition (AVD) tech-

nique.9–11 Several compounds based on hafnium, zirconium,

or perovskites with strontium or barium and doped with tanta-

lum, titanium, or niobium are promising.8 Solutions for tech-

nologies down to 30 nm have already been demonstrated

thanks to bilayer capacitors such as Al2O3/HfO2 or Al2O3/

ZrO2.
12,13 For technologies less than 30 nm, materials based

on TiO2 are excellent candidates, in particular crystalline

SrTiO3 combined with high metal work function electrodes.14

Several studies have been performed on hafnium, tanta-

lum, aluminum, or zirconium compounds. In Table I, a non-

exhaustive list of research works and results obtained for

these dielectric combinations are presented. This table draws

up an actual state of the art for research. Several studies are

still in progress for finding new combinations of dielectrics

in order to satisfy the intended application specifications.

In this paper, we will take a special interest in titanium

tantalum oxide, TixTayOz. TiO2, with a very high relative per-

mittivity ranging from 30 to more than 100, depending on the

structures (anatase or rutile, respectively), seems to be an

excellent candidate for a high-j dielectric layer in integrated

MIM capacitors.28 But, its leakage currents are far too big for

the intended applications.29 Conversely, Ta2O5 shows a rela-

tive permittivity much lower, closer to 25, but also much

lower leakage currents.30 By adding TaO into the TiO matrix,

the TiO crystallization is blocked and leakage currents are

drastically reduced.31 However, since TiTaO shows a low

bandgap energy, around 3.8 eV (between TiO2, �3.3 eV, and

Ta2O5, �4.5 eV) according to Ref. 29, metal electrodes with

a high metal work function, like iridium (5.2 eV), can be also

used, as proposed in Ref. 25. MIM capacitors based on

TiTaO have already been developed and demonstrated in

Refs. 25 and 26. Thus a 23 fF�lm�2 density record has been

obtained with a relative permittivity near 39 and a quality fac-

tor equal to 120 at 1 GHz (Ref. 28) showing that this material

is an interesting high-j material for designing new integrated

devices.

a)Author to whom correspondence should be addressed. Electronic mail:
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All these dielectrics will be used in applications working

at ever higher frequencies, and their behavior depends on

this frequency. So, these dielectric materials need to be

investigated in a wide frequency band, covering low to

microwave frequencies. In this work, the dielectric constant

and loss tangent of integrated TiTaO-based MIM devices are

investigated as a function of thickness, frequency (from a

mHz to a few GHz), and temperature. After the description

of the test devices, the physical characterizations of TiTaO

thin films will be presented. Then, the wideband frequency

characterization procedure will be detailed and applied to

this dielectric in order to clarify the dielectric relaxation

mechanisms.

II. ELABORATION OF TITAOAND DEDICATED TEST
DEVICES

A. Sample realization

TiTaO was deposited by PVD Magnetron of a TiTaO

target (composition: Ti0.6Ta0.4O) on a 200 nm thick alumi-

num bottom electrode. A power of 350 W and a temperature

of 350 �C are used as deposition parameters. Three different

thicknesses are targeted: 50, 100, and 175 nm, using a

growth rate calibrated at 2.8 nm�min�1. The TiTaO layers

are first analyzed with a spectroscopic phase modulated el-

lipsometer UVISEL HORIBA Jobin Yvon. X-ray photoelec-

tron spectroscopy (XPS) are then performed on a customized

Thermo Fisher Scientific Theta 300 spectrometer. Finally, x-

ray diffraction (XRD) is applied to the layers using a diffrac-

tometer, D8 Advanced series II from Bruker. The bottom

electrode was etched for designing the bottom dedicated

devices and sputtered on a 1 lm thick SiO2 layer for isolat-

ing the high frequency measurements from the silicon sub-

strate. After an ion beam etching (IBE) of the TiTaO

dielectric layer with an argon pressure pAr¼ 1.9� 10�4

mbar and a RF power of PRF¼ 500 W, a 300 nm aluminum

top electrode is deposited by sputtering. The complete stack

is described in Fig. 1.

B. Wideband frequency dedicated devices

Dedicated test samples were designed for wideband fre-

quency characterizations, divided into three bands: low, mid-

dle, and high frequency ranges. At low frequencies, i.e.,

from 1 mHz to 1 MHz (called region A), simple one-port

parallel MIM capacitors are used, as shown in Fig. 2(a), and

measured with a Novocontrol dielectric spectrometer. The

ground pad surface is 200� 200 lm2 and the MIM capaci-

tance surface is 100� 100 lm2. At middle frequencies, i.e.,

from 100 kHz to 110 MHz (called region B), one-port paral-

lel MIM capacitors, designed for GSG (ground signal

ground) coplanar probe measurements, are used, as shown in

Fig. 2(b). These measurements are performed using an Agi-

lent 4294 A Impedance-Meter. The dimensions of the pads

are 80� 50 lm2 for ground pads and 75� 75 lm2 for the

MIM capacitor. At high frequencies, i.e., from 40 MHz to

30 GHz (called region C), four micro-strip waveguides

designed with 10 lm or 20 lm widths for the signal line and

with 200 lm or 1 mm lengths are used, as shown in

Fig. 2(c). Specific high frequency de-embedding devices

“Open” and “Thru” are also designed (not shown here). For

all these high frequency dedicated devices, an on-wafer

Short Open Load Thru (SOLT) calibration is first achieved

in order to match the impedance to 50 X. The scattering pa-

rameters Sij of the complete test structures are then measured

using an Anritsu 37397C Vector Network Analyzer (VNA).

TABLE I. Summary table of electrical performances for high-j dielectric materials recently investigated.

Compound Deposition technique Density CS [fF �lm
�2] Permittivity j Leakages J [nA � cm�2] Linearity a [ppm �V�2] Year

AlTiOx oxidation 10 15 10þ9 @ 1 V 2051 2002 (Ref. 15)

AlTaOx oxidation 10 18 3.6� 10þ3 @ 1 V 130 2003 (Ref. 16)

Tb 4%-HfO2 PVD 13.3 21 2� 10þ2 @ 3.3 V 3000 2003 (Ref. 17)

TaZrO PVD 12 14 5 @ 1 V 1236 2006 (Ref. 18)

SrTaO MOCVD 10 20 �10 @ 3 V 300 2006 (Ref. 19)

Sr2Ta2O7�d AVD 5.5 18.6 7 @ 2 V 80 2008 (Ref. 20)

BiTaO MOCVD 10 50 �10 @ 3 V 600 2006 (Ref. 19)

TiSiO4 PVD 8.2 16.5 10 @ 2 V 600 2007 (Ref. 2)

HfAlOx PVD 3.5 19 7.9� 10þ3 @ 2.4 V 143 2009 (Ref. 3)

Zr1-xAlxO2 ALD 32.9 33.4 2 @ 1 V ? 2009 (Ref. 21)

HfTiO IBS/MOCVD 15.5 22.9 3� 10þ3 @ 1 V 3136 2010 (Ref. 4)

ZrTiO4 PVD 29.1 49.4 1.3� 10þ2 @ �2 V 2341 2009 (Ref. 22)

HfSiO Sol-gel 12.1 5 8 @ 5 V ? 2010 (Ref. 23)

ZrSiO Sol-gel 14.3 8.1 7 @ 5 V

HfxZr1-xO ALD — 21 — — 2007 (Ref. 24)

HfZrLaO ALD 50.7 17.2 9.3� 10þ8 @ 1 V ? 2010 (Ref. 25)

TiTaO PVD 23 39 �10þ4 @ 1 V 81 2005 (Ref. 26, 27)

FIG. 1. (Color online) Complete MIM stack integrating TiTaO dielectric

layer.

044110-2 Bertaud et al. J. Appl. Phys. 110, 044110 (2011)

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



By mixing low, middle, and high frequency test devices,

ultra wideband frequency characterization (over 14 decades)

of these MIM devices can be done to extract the complex

permittivity of the inter-metallic insulator. In this paper this

procedure is applied to characterize integrated TiTaO as an

insulator layer in situ.

III. PHYSICAL CHEMISTRY CHARACTERIZATIONS OF
THE TITAO

Ellipsometry measurements performed just after deposi-

tion exhibit thicknesses of 478, 932, and 1570 Å for a refrac-

tive index of 2.3 (at a 632 nm wavelength) and a gap energy

of 3.6 eV, according to a Tauc-Lorentz model.32 The ellipso-

metric results fit quite well to the adjusted thickness during

deposition, with the difference increasing with the deposited

thickness. The refractive index and material bandgap of

TiTaO are between the values for pure TiO2 (nTiO2¼ 2.49

and Eg
TiO2� 3.3 eV)33 and pure Ta2O5 (nTa2O5¼ 1.79 and

Eg
Ta2O5� 4.5 eV).34 The optical behavior and material

bandgap of our layers are much closer to the TiO2 values.

An XPS study is performed on the 100 nm TiTaO thick

sample to analyze the surface state, in terms of chemical

bounding. A high resolution monochromatic Al Ka X-ray

source (1486.6 eV photons) was used at a pass energy of

60 eV. Carbon 1s, oxygen 1s, tantalum 4f, and titanium 2p

core level energy regions are acquired. After the calibration

with the carbon 1s peak (due to surface pollution) at 285 eV,

a numerical procedure for spectra fitting was performed to

extract the peak contributions in the acquired energy regions.

Individual line shapes were simulated with a combination of

Lorentzian and Gaussian functions. Background subtraction

was performed using a Shirley function calculated from a nu-

merical iterative method. First results on the oxygen 1s peaks

(not shown here) give three different bounds: a main peak at

532 eV corresponding to the pure element and two sub-peaks

for higher and lower binding energies corresponding to oxy-

gen linked to tantalum and titanium, respectively. The peak

extraction results for XPS measurements are presented in

Fig. 3.

In Fig. 3(a), the different peaks linked to the tantalum 4f

core level are observed. Ta5þ-O bonds linked to tantalum ox-

ide Ta2O5 are clearly visible at 26 and 28 eV. Similarly, in

Fig. 3(b), the two peaks at 459 and 465 eV are linked to

Ti4þ-O bonds of the titanium oxide TiO2. Then, in each fig-

ure, two sub-peaks are also noticed—close to 24.5 and

26.5 eV in Fig. 3(a), and 457 and 463 eV in Fig. 3(b). These

two peaks can be linked to sub-oxidized tantalum, as reduced

Ta5þ (mixed Ta4þ and Ta3þ, which are not possible to distin-

guish in the peak decomposition), and to titanium, as Ti2þ.

As reported in Ref. 35, the oxygen vacancies replacement in

TiTaO dielectric is made with tantalum or titanium, confirm-

ing that Ti-Ta bonds can be created and can be at the origin

of the reduction of Ta5þ and Ti4þ. The dielectric layer does

not seem to be only a conglomerate of Ta2O5 and TiO2, a

mixed compound is also present.

Then, XRD is performed in a Bragg-Brentano geometry

at the Cu Ka1 x-ray wavelength, selected using a Ge mono-

chromator. The results for two different areas and stacks

including the 175 nm TiTaO layer are shown in Fig. 4. Only

peaks related to silicon or aluminum are observed but no sig-

nal corresponding to TiTaO could be detected. We can con-

clude, as obtained in Ref. 36, that TiTaO is amorphous. The

FIG. 2. (Color online) Wideband frequency dedicated MIM devices inte-

grating TiTaO as insulating layer. (a) Simple one-port parallel MIM capaci-

tor for the low frequency measurements. (b) One-port parallel MIM

capacitor with GSG contact pads for the middle frequency measurements.

(c) A micro-strip line with a length of L¼ 200 lm and a width of W¼ 10

lm for the high frequency measurements with the same GSG tips.

FIG. 3. XPS core level spectra in the Ta 4f (a) and Ti 2p (b) regions. In both

parts measured and calculated curves are compared.
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same results are obtained for the two other thicknesses, 50

nm and 100 nm.

IV. WIDEBAND FREQUENCY CHARACTERIZATION

Dedicated test devices on wafers, described in Fig. 2,

were designed to investigate MIM structures integrating

TiTaO dielectric material in a wide frequency band, by mix-

ing low, middle, and high frequency measurements. In the

low and middle frequency domains (down to 110 MHz, in

regions A and B), one port parallel capacitors present contact

pads without access lines, so only parasitic effects of pads

are de-embedded using dedicated structures. This section

will first present the high frequency characterization proce-

dure before showing results obtained on the TiTaO complex

permittivity as a function of the frequency.

A. High frequency measurements procedure

The de-embedding procedure proposed in Ref. 37 is

improved to match our system and to extract the impedance of

microstrip waveguides, denoted the device under test (DUT),

without any parasitic effects due to contact pads and access

lines. This technique calculates and removes effects of these

two parasitic elements using the electrical equivalent circuit

model presented in Fig. 5. In order to apply this de-embedding

procedure, two additional dedicated devices (Open and Thru),

so called “de-embedding devices,” are needed.

As shown in Fig. 5, the contact pads are modeled by two

admittances, G1 and G2. The electrical coupling between

contact pads is depicted by G3. The impedances Z1 and Z2

describe electrical losses and inductive effects of the access

lines. The admittance Y3 represents the capacitive behavior

and dielectric losses of these access lines. The measurement

planes are located in P and P0 after the preliminary Short-

Open-Load-Thru calibration of the test set (VNA and

prober), which is an automatic and already implemented pro-

cedure. These reference planes are then moved to the DUT

terminations, behind pads and access lines, when the de-

embedding procedure is performed with two dedicated de-

embedding devices.

The “Open” de-embedding device is designed with con-

tact pads alone. The “Thru” device is made with the same

access lines used to connect contact pads to the DUT. In the

first step, the measured S scattering matrix of the “Open” de-

vice is converted into the Y admittance matrix, denoted YOPEN.

In accordance with Fig. 5, an equivalent p-model is proposed

to describe the behavior of the “Open” device, as shown in

Fig. 6(a). So, parasitic elements G1, G2, and G3 are calculated

from the YOPEN admittance matrix using Equation (1):

G1 ¼ Y11OPEN � Y12OPEN G2 ¼ Y22OPEN � Y21OPEN

G3 ¼ �Y21OPEN
(1)

In the second step, the measured S scattering matrix of the

“Thru” device is converted into the Y admittance matrix. An

equivalent electrical model, proposed in Fig. 6(b), allows one

to extract Z1, Z2, and Y3. In this step, the contact pad effects

are subtracted using the knowledge of G1, G2, and G3.

Finally, the Y-matrix obtained from the scattering ma-

trix measured in P and P0 reference planes (Fig. 5) is cor-

rected to give the intrinsic Y-matrix of the DUT, denoted

YDUT, using Equation (2):

YDUT ¼ YPP0 �
G1þG3 �G3

�G3 G1þG3

� �� ��1

�
Z1 0

0 Z2

� �

 !�1

�
Y3=2 0

0 Y3=2

� �

(2)

So, the parasitic effects of elements Gi, Yi, and Zi are totally

removed and the two port micro-strip transmission line

(DUT) is fully characterized.

After this de-embedding procedure, the micro-strip

transmission line is modeled with a complete RLCG (Resist-

ance (R), Inductance (L), Capacitance (C) and Conductance

(G)) distributed circuit (by length unit), shown in Fig. 7.

With the values of the capacitance CDUT, 10/20 lm and

the conductance GDUT, 10/20 lm of the two different micro-

strip line widths (10 and 20 lm), we are able to extract the

relative permittivity j and loss tangent tand of the investi-

gated film, in our case the TiTaO dielectric. The difference

FIG. 4. (Color online) XRD analysis on two different areas. In light color

(green online), TiTaO/SiO2/Si stack is measured, whereas in dark black,

TiTaO/Al/SiO2/Si stack is measured. The different peaks observed are

linked to the corresponding element: Al or Si.

FIG. 5. (Color online) Equivalent electrical model used for the de-embed-

ding procedure to measure intrinsic properties of the DUT.

FIG. 6. Equivalent electrical models for Open (a) and Thru (b) de-embed-

ding devices.
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between these extracted capacitances, CDUT, 10lm and

CDUT, 20lm, allows one to remove edge capacitance effects.

So, the result gives the capacitance of a line of 10 lm width,

which can be modeled as a plane capacitance. The permittiv-

ity value of TiTaO (jTiTaO) is extracted from this plane ca-

pacitance value with Equation (3) where tTiTaO is the

thickness of the film and �0 the vacuum permittivity. The

loss tangent is extracted with the same reasoning, thanks to

relation (4) with GDUT, 10/20lm the conductance of the two

different lines and x the angular frequency.

jTiTaO ¼
CDUT;20 lm � CDUT;10 lm

� �

tTiTaO

e0 � 10� 10�6
(3)

tan d ¼
GDUT;10=20 lm

x� CDUT;10=20 lm
(4)

B. RESULTS AND DISCUSSION

The wideband frequency results, obtained by combining

the three different frequency ranges, are presented in this

section. First of all, the frequency behavior of the relative

permittivity j for the three different thicknesses, 50, 100,

and 175 nm, is given in Fig. 8. The extracted values of the

permittivity of TiTaO layers are summarized in Table II for

the three thicknesses and three frequency points across the

range. First, an excellent agreement is observed between

results obtained at the end of low, A (or middle, B), fre-

quency domain and the beginning of middle, B (or high, C),

frequency domain, making our results relevant. Second, a de-

pendence of the permittivity with both thickness and fre-

quency is clearly pointed out. Between 10 kHz and 10 GHz,

the permittivity values decrease by 65%, 77%, and 82% for

the 50 nm, 100 nm, and 175 nm thick layers, respectively.

The dependence of the permittivity on thickness is dis-

cussed in this section. At low frequency, this difference is

even more underlined and tends to decrease with increasing

frequency, reaching nearly the same value for high frequen-

cies (above 1 GHz). This thickness dependence of the per-

mittivity has already been observed on BaTiO3, SrTiO3, and

(Ba,Sr)TiO3 components.38–43 Many phenomena can explain

the difference of permittivity with thickness: oxygen stoichi-

ometry,39 film composition,40 grain size,41 grain bounda-

ries,42 crystallinity,43 strain,38 or interfaces.38 Because our

dielectric is amorphous, this thickness dependence cannot be

linked to grains or crystallinity. The presence of an interfa-

cial layer, like AlOx, with a relative permittivity between 5

and 7, can reduce the total permittivity of the layer. By rea-

soning with the equivalent oxide thickness (EOT), described

with Equation (5) where jSiO2 is the permittivity value of

SiO2, the thickness tAlOx of the AlOx interface can be

estimated.

EOT ¼
jSiO2

jTiTaO

tTiTaO þ tAlOx
(5)

The deposition process being the same for all samples, the

interfacial layer should be identical for all. As shown in the

inset of Fig. 8, for the two thick layers, an interfacial layer

thickness between 1 and 1.3 nm is calculated by varying

with the permittivity value from 5 to 7. But, the thinnest

layer does not seem to adopt the same behavior of the two

thicker films, proving a difference in the permittivity value.

An explanation could be a difference between “bulk-like”

properties for the 100 and 175 nm layers and “nanoscale-

like” properties for the 50 nm layer. Nevertheless, for this

thinnest thickness, the permittivity values are in agreement

with Ref. 36, i.e., between 35 and 52, depending on the metal

electrodes. The permittivity of TiTaO films seems to be

reduced for thicknesses below 100 nm.

Then, for understanding the dependence of the permit-

tivity on the frequency, we plot in Fig. 9 the loss tangent

tand and the relative permittivity j for the 100 nm thick

TiTaO film. As for the permittivity, the measurements of the

loss tangent are in agreement for the three different techni-

ques. In dielectric materials, four different polarization

mechanisms are possible: electronic, ionic, dipolar, and

space charge or interfacial polarization.44

FIG. 7. Equivalent electrical transmission line model of the DUT as an in-

finitesimal distributed RLCG circuit.

FIG. 8. (Color online) Dependence of the relative permittivity j with both

thickness and frequency. The measurements are done for the three different

thicknesses (50, 100, and 175 nm) and from 1 mHz to 30 GHz. Regions A,

B, and C correspond to the low frequency (from 1 mHz to 1 MHz), middle

frequency (from 100 kHz to 110 MHz), and high frequency (from 40 MHz

to 30 GHz) domains, respectively. The inset shows the EOT as a function of

the TiTaO thickness tTiTaO, at 10 kHz.

TABLE II. Values of permittivity of TiTaO layers as a function of thickness

and frequency.

Frequency/Thickness 50 nm 100 nm 175 nm

10 kHz 37 86 84

10 MHz 23 42 35

10 GHz 13 20 15
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We decide to divide these curves into five frequency

areas, as indicated in Fig. 9. First, the region up to 0.1 Hz is

characterized by a huge constant value of the permittivity,

i.e.,� 650, and a loss tangent that follows a linear behavior

with frequency in a log-log scale. This behavior is linked to

the ionic conduction of charged impurities at very low fre-

quency, such as the migration of oxygen vacancies.45

Second, the region between 0.1 Hz and 5 Hz is charac-

terized by a strong decrease of the permittivity. This phe-

nomenon is representative of a space charge relaxation at

electrode interfaces. Using temperature measurements shown

in Fig. 10, a first activation energy Ea
1 of 0.35 eV is found,

thanks to the Arrhenius46 law of described in Equation (6),

where A is a constant describing the relaxation frequency at

infinite temperature, Ea
(i) is the activation energy of the

dielectric relaxation (i), kB is the Boltzmann constant and T

is the temperature in K.

f ðiÞr ¼ A exp �EðiÞ
a =kBT

� 	

(6)

This behavior in very low frequency domains is well

described by Coelho modeling,47 referred to a Maxwell-

Wagner relaxation due to surface charges pileup at the elec-

trodes-dielectric boundaries. The value obtained is in the

same order of the one obtained by Kim et al.,48 0.90 eV for

SrBi2Ta2O9, and by Lee et al.,44 0.72 eV for BaTiO3. The

relaxation is linked here to the charge carrier of oxygen va-

cancy impurities, considered as the most mobile intrinsic

ionic defect. Baiatu et al.49 also suggested that the oxygen

vacancy plays an important role in the dielectric degradation

of (Ba,Sr)TiO3 films.

The third region, between 10 Hz and 100 kHz, shows

the well-known values of permittivity and losses, i.e., near

90 and 0.03, respectively, at 10 kHz. Besides, the tempera-

ture capacitance coefficient (TCC, aT), which characterizes

the capacitance linearity according to the temperature, is cal-

culated at 10 kHz and a value of 2711 ppm��C�1 is found.

This value is above the 558 ppm��C�1 obtained in Ref. 27,

but there a 17 nm thick layer was investigated.

The fourth region, between 1 MHz and 100 MHz, shows

that a second dielectric relaxation occurs, characterized by

an increase (a “bump”) in the losses and a decrease of the

permittivity, to be discussed in detail below. Finally, in the

fifth region, above 1 GHz, the high frequency behavior of

the dielectric layer is observed and the values of permittivity

or loss tangent are respectively 22 and 0.08 at 10 GHz.

The second dielectric relaxation, which occurs near

10 MHz in the frequency area 4, is now discussed in detail.

In this frequency domain, this relaxation could be explained

by a dipolar relaxation or a Debye-like relaxation due to

space charge interfacials not located at the electrode interfa-

ces but at the grain boundaries,50 or hopping. Hopping is a

polarization due to the ionic motion of defects by jumping

from one site to another.51 We will consider now these three

hypotheses for explaining the relaxation. First, our material

is amorphous; this relaxation cannot be dipolar and linked to

dipoles. Second, it is known that the Maxwell-Wagner relax-

ation occurs in heterogeneous systems in which the dielectric

components have different conductivities. Liu et al.50 report

that the grains and grain boundaries are responsible for

the relaxation arising at their interfaces in this frequency

range near 1 MHz. For explaining this behavior, the tempera-

ture dependence of the permittivity and the loss tangent have

been characterized in middle (results not shown) and high

frequency domains, as presented in Fig. 11.

In the high frequency domain, the temperature has a

strong influence on the dielectric properties. A TCC aT value

of 1490 ppm��C�1 is found at 1 GHz, which is lower than

the one in the low frequency domain, and can be linked to

the Voltage Capacitance Coefficient a (VCC) which

decreases with increasing frequency.52 In Fig. 11(b), the

increase of the loss tangent with temperature is typical for a

semi-conductor material, as proved by the Steinhart-Hart

equation,53 and linked to the decrease of resistivity with the

rising temperature [(refer to Equation (4)]. For explaining

the dielectric relaxation at 10 MHz, the Arrhenius law of

FIG. 9. (Color online) Evolution of the loss tangent tand (open symbols)

and the relative permittivity j (filled symbols) with frequency for a 100 nm

thick TiTaO layer. The blue circles are for region A (low frequency do-

main), the green squares are for region B (middle frequency domain), and

the red triangles are for region C (high frequency domain). The five dis-

cussed regions are marked.

FIG. 10. (Color online) Temperature effect (from room temperature to 150
�C) in the low frequency domain (from 10 mHz to 1 MHz) on the permittiv-

ity of a 100 nm thick TiTaO layer. The inset shows the dependence of the

relaxation frequency fr
1 on temperature.
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Equation (6) is applied as before and an activation energy

Ea
2 of 0.12 eV is extracted, as shown in the inset of

Fig. 11(a). A first conclusion is that this second relaxation is

less impressed than the one at very low frequency, according

to these values. This second dielectric relaxation cannot be

linked only to space charge relaxation at the dielectric grain

boundaries. Thirdly, as mentioned in Ref. 51, the contribu-

tion of hopping is described with the calculation of the

thermal activation of the ac conduction, according to

Equation (7), where B is a constant and Econd is the activa-

tion energy for conduction.

rAC ¼ B exp �Econd=kBTð Þ (7)

The values of the ac conductivity rAC are obtained thanks to

the extracted values of the conductance G and can be linked

to the loss tangent. In the inset of Fig. 11(b), the activation

energies of 0.16 and 0.21 eV are obtained at 40 MHz and

414 MHz. These values are close to the values in Ref. 51:

0.17 eV and also close to the activation energy value for a

Maxwell-Wagner relaxation. Lee et al.44 suggested that if

the relaxation mechanism is governed by hopping, the value

of Ea
2 is expected to be close to, or less than, that of Econd.

To prove a Debye-like relaxation and the presence of TiOx

or TaOx nano-domains responsible for this relaxation at their

boundaries, Cross-Sectional Transmission Electron Micros-

copy (XTEM) studies are necessary to complete this analy-

sis. At this stage, it is not possible to validate one model for

this second relaxation: Debye-like at grain boundaries, or

hopping? In order to avoid such a decrease in permittivity

values, optimization techniques have to be found for keeping

the high permittivity values between the low and high fre-

quency ranges. Post-annealing processes have to be explored

to develop such high-j materials for RF or DRAM applica-

tions. It also has been reported that an oxygen plasma treat-

ment significantly improves the electrical characteristics by

passivating the oxygen vacancies.54

V. CONCLUSION

TiTaO-based MIM structures have been characterized in

an ultra-wideband frequency, from 1 mHz to 30 GHz, thanks

to dedicated test devices for high frequency measurements.

XRD and XPS analysis show that our dielectric is amorphous,

with Ti-O, Ta-O, and Ti-Ta bounds, proving that the system is

not only a conglomerate of Ta2O5 and TiO2. Electrical and

frequency studies demonstrate that the TiTaO permittivity is

dependent on both thickness and frequency. This shows the

requirements to evaluate the permittivity and more generally

the dielectric behavior in the high frequency domain for future

applications in RF devices. Two relaxations in the TiTaO

were evaluated. The first one (closed to 1 Hz) is related to

space charges, such as oxygen vacancies at the electrode inter-

face and with an activation energy of 0.35 eV. The second

one (close to 10 MHz) can be related to a hopping phenom-

enon or a Maxwell-Wagner relaxation, which occurs at the

grain boundaries of our material. This relaxation leads to a

strong diminution of the permittivity values between the kHz

and GHz ranges, from near 90 to 22. Finally, this wideband

frequency methodology can be applied to several other dielec-

trics in order to study the dielectric properties in the high fre-

quency range for the optimization of future RF applications.
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