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Capacitance-voltage (C–V) and capacitance-frequency (C–f) measurements are performed on

atomic layer deposited TiO2 thin films with top and bottom Au and Pt electrodes, respectively, over

a large temperature and frequency range. A sharp capacitance peak/discontinuity (C–V anomalous)

is observed in the C–V characteristics at various temperatures and voltages. It is demonstrated that

this phenomenon is directly associated with oxygen vacancies. The C–V peak irreversibility and

dissymmetry at the reversal dc voltage are attributed to difference between the Schottky contacts at

the metal/TiO2 interfaces. Dielectric analyses reveal two relaxation processes with degeneration of

the activation energy. The low trap level of 0.60–0.65 eV is associated with the first ionized oxygen

vacancy at low temperature, while the deep trap level of 1.05 eV is associated to the second ionized

oxygen vacancy at high temperature. The DC conductivity of the films exhibits a transition

temperature at 200 �C, suggesting a transition from a conduction regime governed by ionized

oxygen vacancies to one governed by interstitial Ti3þ ions. Both the C–V anomalous and relaxation

processes in TiO2 arise from oxygen vacancies, while the conduction mechanism at high

temperature is governed by interstitial titanium ions. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4917531]

I. INTRODUCTION

Owing to its remarkable optical and electronic proper-

ties, titanium dioxide (TiO2) has extensively studied for

numerous applications.1,2 In particular, TiO2 thin films are

highly attractive for capacitor and microelectronic applica-

tions because of their high dielectric constant, with reported

values ranging from 18 to 80.3 Its variability is generally

explained by the dependence of the permittivity on the crys-

talline phase, deposition method and process parameters of

the TiO2. Various techniques such as thermal4 or anodic

oxidation,5 electron beam evaporation,6 chemical vapor

deposition (CVD),7 plasma-enhanced chemical vapor depo-

sition,8 sol-gel methods,9 reactive sputtering methods,10,11

and atomic layer deposition (ALD)12–14 have been reported

for TiO2 thin film fabrication. Among them, ALD seems

highly suitable for obtaining conformal films with uniform

thickness even at low temperatures,15,16 allowing the manu-

facturing of insulator films with desired and reproducible

properties. ALD growth proceeds layer by layer without gas

phase reaction, permitting control of film thickness at the

atomic scale. A crucial issue is the unwanted incorporation

of impurities into the film, especially in the case of chemical

deposition processes such as ALD and CVD. Indeed,

unreacted ligands may remain, causing, for instance, residual

carbon and hydrogen impurities when using titanium alkox-

ide and halides (e.g., Cl�) when using titanium halide (e.g.,

TiCl4) precursors. Such impurities induce additional lattice

defects to the common ones, leading to lattice distortion,

degradation of crystallinity, and insertion of additional trap

states into the dielectric.12 The reduction or oxidation of Ti

ions represents another impurity source. The appearance of

different stable oxidation states of Ti such as Ti3þ and Ti4þ

is commonly observed and these act as electron donors and

high leakage paths.17

In the present work, the defect levels, capacitance–volt-

age (C–V) anomalous behaviour, and dielectric properties of

ALD TiO2 thin film used in metal-insulator-metal (MIM)

structures are reported. The influence of defects on the relax-

ation and conductivity mechanisms is discussed and the

observed anomalous C–V behavior explained.

II. EXPERIMENTAL

After standard cleaning of the Pt/Ti/SiO2/Si substrates,

46 nm-thick amorphous TiO2 film was deposited on the Pt

electrode by ALD. The deposition was carried out at 200 �C
in a home-made reactor working in exposure mode using

titanium isopropoxide and acetic acid as the metal and oxy-

gen source, respectively. The full experimental details can

be found in Ref. 18. A top gold electrode of 2 mm in diame-

ter was then deposited on the sample by sputtering.

The dielectric properties and capacitance-voltage char-

acteristics of the film were measured using a Novocontrol

BDS 20 over a wide temperature and frequency range at
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several applied dc voltages. A low alternating voltage signal

of 100 mV was used for the dielectric and electrical

measurements.

III. RESULTS AND DISCUSSION

As previously reported for binary oxides, with the

exception of SiO2 which exhibits a negative parabolic

form,19,20 the C–V characteristics of ALD TiO2 at low tem-

perature (Fig. 1(a)) displayed a positive parabolic form with

a shape independent of the voltage sweep direction. The non-

linearity of the MIM capacitor increased with progressively

rising voltage at each measurement temperature. In Fig. 1(b),

the C–V characteristics of the film changed abruptly as the

temperature was increased, especially from �25 �C, with

appearance of a peak that progressively rose and shifted to

higher voltage. Peak saturation was reached between 60 �C
and 75 �C and was followed by a drop in intensity and slow

shift to lower voltage at higher temperature (Fig. 1(c)). A

decrease in the C–V curves at positive voltage was also

observed with increase temperature. Negative capacitance

values were obtained above 100 �C and at voltage <�2.5 V,

as visible in Fig. 1(c).

The C-V values also increased with temperature up to

�50 �C in the whole investigated voltage range, while at

higher temperature, starting from �25 �C, only the negative

voltage part was impacted by a capacitance increase, the

capacitance remaining almost constant in positive voltage

region. From 62.5 �C, the capacitance began to decrease in

both the negative and positive voltage range, even though

the positive curve was less dependent on voltage and temper-

ature than the negative one. This can be attributed to pres-

ence of dominating positive charges. Binary oxides are

known to be dielectric materials with oxygen defects in their

structure, so positive oxygen vacancies may be the origin of

the observed capacitance anomaly. Indeed, nonlinearities

noted in MIM capacitors have already been attributed to film

oxygen content and oxygen vacancies.21

The reversibility of the TiO2-based MIM capacitor was

investigated, and the results are illustrated in Fig. 2. At low

temperatures up to �50 �C, the clearly parabolic C-V charac-

teristics were reversible, while from �25 �C irreversibility

occurred owing to the appearance of a capacitance peak.

With increasing temperature, two capacitance peaks appeared

during the voltage sweep from positive to negative voltage

(Figs. 2(c)–2(e)), whereas only one was observed during the

opposite sweep (Figs. 2(c) and 2(d)). This irreversibility

FIG. 1. Capacitance-voltage characteristics from �4 to 4 V of Au/TiO2/Pt/Ti/SiO2/Si structure at 100 kHz and different temperatures: (a) �100, �75 and

�50 �C, (b) from �25 to 62.5 �C, and (c) from 62.5 to 150 �C.

154101-2 Kahouli et al. J. Appl. Phys. 117, 154101 (2015)
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phenomenon may result from a dissymmetry in the nature of

the electrodes of the MIM capacitor caused by differences in

their work functions and the chemistry of the electrode/insu-

lator interface. The appearance of the observed capacitance

peaks may relate to the nature of space charges injected from

one electrode to another. Indeed, when bias was applied to

the Au electrode, one peak was generated, while two

appeared when the voltage sweep was reversed (from 4 to

�4 V) and bias was applied to the Pt electrode. Peak 1

highlighted in Fig. 2(c) shifted progressively with tempera-

ture to lower voltage until its disappearance at 100 �C.

To obtain more insight into the unusual C–V behavior,

dielectric measurements were performed on the same MIM

capacitor structure. Fig. 3(a) shows the frequency depend-

ence of capacitance at temperatures ranging from �150 �C
to 160 �C. A plateau, i.e., saturation, independent of the fre-

quency was visible at low frequencies. Its value began to

decrease above 80 �C, which may have been related to the

FIG. 2. Reversibility of capacitance-voltage characteristics of Au/TiO2/Pt/Ti/SiO2/Si structure at 100 kHz and different temperatures: (a) �100 �C, (b) �25 �C,

(c) 25 �C, (d) 50 �C, and (e) 100 �C.

154101-3 Kahouli et al. J. Appl. Phys. 117, 154101 (2015)
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vanishing of peak 1 in the C–V characteristics (see Fig. 2(e)).

For better understanding of its origin, the dissipation factor

is plotted as a function of the frequency in Fig. 3(b). The in-

tensity of the relaxation peak clearly changed at a threshold

temperature of 90 �C, in good agreement with the tempera-

ture at which the capacitance plateau decreased and peak 1

disappeared in the C-V characteristics.

The Arrhenius plot shown in Fig. 4 indicates an activa-

tion energy Ea of 0.65 eV, associated with the relaxation pro-

cess correlated to the TiO2 dissipation factor. Various reports

have investigated the dominant defect structure in TiO2�x

(where x denotes the non-stoichiometry parameter). At

1000 K, in an x range of 0–0.008 TiO2�x maintains its rutile,

anatase, or brookite phase structure.22 Outside this x range,

the major defects that arise are titanium interstitials (Tii) and

oxygen vacancies (VO).23–26 Both defect types can explain

oxygen-deficient non-stoichiometric TiO2�x. The calculated

activation energy of 0.65 eV matches that of the first ioniza-

tion energy of oxygen vacancies (V�O),27–29 and the ALD

TiO2 relaxation process is mainly attributed to first ionized

V�O. This result is in good agreement with other studies that

have provided evidence of oxygen vacancies being the major

defect type in TiO2.30

The frequency dependence of the imaginary part of the

electrical modulus (M00) is depicted Fig. 5 to overcome the

masking of the relaxation processes that might take place at

low frequency by dc conductivity effects. Indeed, this

phenomenon cannot be observed using permittivity complex

formalism. The appearance of a first relaxation peak at

�50 �C was clearly seen at low frequency (Fig. 5(a)). A peak

shift to higher frequencies and slight increase in amplitude

occurred with increasing temperature to 80 �C. The first peak

in the M00 curve (Fig. 5(a)) appeared at the same temperature

as that where the first capacitance peak appeared in the nega-

tive C–V range.

From 80 �C, a second relaxation peak (peak 2) appeared

and a loss of its symmetrical shape was observed as the tem-

perature was increased owing to the high dc conductivity

effect masking the relaxation phenomenon. The temperature

range of the second peak in the M00 curve (Fig. 5(b)) is in

concordance with that of the observed decrease in the inten-

sity of peak 1 of the capacitance (Fig 1(c)). The relaxation

processes are thus well correlated to the capacitance

peak/discontinuity (C–V anomaly).

Furthermore, the Arrhenius plots in Fig. 6 demonstrate

that both relaxation peaks (peak 1 and peak 2) obey the

Arrhenius law and represent activation energies of 0.6 eV

and 1.05 eV, respectively.

Two distinct linear regions are identified in Fig. 7, which

presents the dc conductivity of the sample as a function of the

inverse temperature at 0.1 Hz. Transition between the regions

occurred near 200 �C, and Ea increased from 0.74 eV (low

temperature region) to 1.24 eV (high temperature region).

According to the work of Peng,31 based on first-

principle pseudopotential calculations, V��O may convert to in-

terstitial titanium, Tii, following the reaction:

mTiO2 þ 2nV��O ! ðm� nÞTiO2 þ nTii:

For consistency, point defects are represented using Kroger-

Vink notation.32 It should be pointed out that six Ti–O bonds

must be broken to free a titanium atom, while only three are

FIG. 3. Frequency dependence of (a) capacitance and (b) dissipation factor at different temperatures.

FIG. 4. Arrhenius plot of relaxation process observed in Au/TiO2/Pt/Ti/

SiO2/Si MIM capacitors.

154101-4 Kahouli et al. J. Appl. Phys. 117, 154101 (2015)
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required to free an oxygen atom. Moreover, the number of

possible V��O sites is double that of Tii. From a kinetics point

of view, formation of V��O is thus more favorable than that of

Tii, given the same formation energy. The formation ener-

gies of V��O and Tii are very close indeed. Lee et al.33 reported

a more complex defect chemistry for TiO2 than for other

wide band gap oxides such as SrTiO3, ZrO2, and CeO2. This

mainly arises from similar concentrations of two mobile

defects, i.e., V��O and Tii
3þ, even though some works claim ei-

ther Tii (Refs. 25, 34, and 35) or V��O (Refs. 36 and 37) as

major defects. The formation mechanisms of such defects

may be represented by the following equations.

Interstitial titanium formation is given by

ðTiTiÞ� þ 2OO
�
�Ti����i þ 4e0 þ O2ðgÞ:

Oxygen vacancy creation is given by

OO
�
�V��O þ 2e0 þ 1=2O2ðgÞ:

Reoxidation of titanium cations is given by

2ðTi���i � VO � Ti���i Þ þ O2 ! 2ðTi����i � O� Ti����i Þ:

Although a few theoretical attempts have previously

been made to support experimental results, the origin of the

contribution of each defect to the conduction mechanism is

discussed here. Comparison with the experimental results is

done based on the reports of Cronemeyer27 and Ghosh

et al.28 as well as on recent theoretical results on the energy

levels of defect states associated with VO and Tii.
29

According to the literature, oxygen vacancies form two

energy levels, at 0.75 eV and 1.18 eV below the conduction

band edge, corresponding, respectively, to singly (V�O) and

doubly ionized (V��O) oxygen vacancies. A narrow band at ei-

ther 1.47–1.56 eV (experimental) or 1.23 eV (theoretical)

below the conduction band is also reported. The presence of

this band has been tentatively assigned to interstitial Tii
3þ

ions. Strunk et al.38 reported the reoxidation of Tii
3þ in Tii

4þ

at 200 �C. As previously mentioned, the first (peak 1) and

second (peak 2) relaxation peaks can be attributed to the first

(V�O) and second (V��O) ionized oxygen vacancies, respec-

tively. On the other hand, at low temperature, TiO2 shows a

conduction regime governed by electrons from the first ion-

ized oxygen vacancy (V�O) according to the equation: Ox !
V�Oþ 1=2 O2þ 1 e0. From 200 �C, the Tii

3þ reoxidation tem-

perature,38 a regime transition occurs and the conduction

mechanism can be attributed to interstitial Tii
3þ ions.

FIG. 5. Imaginary part of the electrical modulus for (a) peak 1 and (b) peak 2 as a function of frequency at different temperatures.

FIG. 6. Arrhenius plots of relaxation processes of TiO2 obtained from M00. FIG. 7. Arrhenius plots of dc conduction in TiO2.

154101-5 Kahouli et al. J. Appl. Phys. 117, 154101 (2015)
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IV. CONCLUSION

The correlation between the dielectric and electrical

properties of ALD TiO2 thin films in MIM structures have

been investigated to understand their anomalous C–V
response and trap defects. Using electrical correlation,

detailed information was obtained about defect levels, anom-

alous capacitance, and their effects on the dielectric material

response of the films. The anomalous C–V characteristics,

observed from �25 �C to high temperature, can be attributed

to both defect state dissymmetry at the electrode/dielectric

interfaces and ionized oxygen vacancies. Moreover, the two

main relaxation processes observed in the M00 plot were asso-

ciated to the first and second ionized oxygen vacancies,

which exhibited corresponding activation energies of 0.60

and 1.05 eV. In contrast, a dc regime transition was found to

occur around 200 �C that may be correlated to reoxidation of

interstitial Ti3þ ions. Indeed, an activation energy transition

from 0.74 eV (low temperature region) to 1.24 eV (high tem-

perature region) was observed.

As concluded above, traps seem to govern/strongly

influence the C–V response in these materials. In future

work, it will thus be necessary to focus on the best protocol

that allows us to control the dynamic of charges and traps.

Particularly, scans from high temperatures and/or high dc

voltages may modify the C–V response.
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