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Abstract. Leakage currents through Al/ZrO2/SiO2/n-Si metal-insulator-semiconductor (MIS) capacitors
were studied. Thin SiO2 films were chemically grown on monocrystalline phosphorous doped silicon wafers.
Zirconia films with thicknesses of 15 and 50 nm were deposited by radio frequency (rf) magnetron sputtering
and, then, annealed in oxygen ambient at 850 ◦C, for 1 h. The dielectric constant of the sputtered and
annealed ZrO2 layer was of about 17.8. The equivalent oxide thickness (EOT) of the stack 15 nm and
50 nm-ZrO2/SiO2 structure was estimated to be 3.2 nm and 10.7 nm, respectively. The temperature
dependence of the leakage currents was explained by Poole-Frenkel (PF) conduction mechanism. Shallow
trap levels in the studied structure of about 0.2 eV and 0.46 eV were calculated. The existence of A and
D-defects, due to the sputtering and high temperature annealing in oxygen, was suggested.

PACS. 72.20.-i Conductivity phenomena in semiconductors and insulators – 73.40.Qv Metal-insulator-
semiconductor structures (including semiconductor-to-insulator)

1 Introduction

Gate dielectric stacks of high-k materials have been pro-
posed to enable the reduction of effective gate oxide thick-
ness of MOSFETs (metal-oxide-semiconductor field effect
transistors) below 2 nm which is necessary to allow further
device scaling. Several high-k materials as alternative gate
dielectrics – Si3N4, Al2O3, Ta2O5, HfO2, ZrO2 and etc.,
have been discussed in the literature [1–5]. Among the var-
ious high-k dielectrics, ZrO2 has received a great attention
due to its high dielectric constant (15–24), large band gap
(5–7 eV) and high breakdown field (15–20 MV/cm) [6–8].

The quality of sputtered ZrO2 films strongly depends
on the deposition conditions – target power, gas pressure,
deposition temperature, target composition, contamina-
tions, thermal treatments, annealing, etc. The degree of
crystallinity, interface roughness, chemical homogeneity,
charge trapping phenomena and stoichiometry has a direct
effect on the dielectric properties and the leakage currents
across the dielectric layers. Post-deposition treatments
also affect the electric and dielectric properties of zirco-
nia [6,9]. High temperature treatments lead to formation
of SiOx and/or Zr-silicate interfacial layers between the
zirconia film and the silicon substrate [10]. Moreover, dur-
ing the high temperature annealing in oxygen ambient, the
thickness of the interfacial (SiOx or Si-O-Zr) layers could
be increased, because of possible oxygen diffusion through
ZrO2 [11].

For the low-temperature monoclinic phase (<1200 ◦C)
of ZrO2 it was proven that there is a strong dynamic
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charge transfer along Zr-O bond as the bond length varies,
indicating a mixed ionic-covalent nature of the Zr-O bond.
Such an anomaly reflects on the relatively delocalized
structure of the electronic charge distributions. It is quite
common effect in other weakly ionic oxides such as ferro-
electric perovskites [12].

Apart from the thermodynamic stability, interface
quality and reliability, the dielectric permittivity and the
barrier height are of essential importance as they influ-
ence the gate oxide leakage currents. The leakage cur-
rent is a critical property for the quality and reliabil-
ity of MOSFETs. Electrical characteristics of ZrO2 and
Zr-silicate thin layers, demonstrating low leakage currents
have been reported in many papers [6,13].

Several types of conduction mechanisms includ-
ing Poole-Frenkel emission, space-charge limited current
(SCLC) and Schottky barrier limited conduction in ZrO2

have been discussed in the literature [6,10,14,15]. Leakage
currents through RTCVD (rapid thermal chemical vapor
deposition), microwave PECVD (plasma enhanced chem-
ical vapor deposition) and rf sputter deposited thin ZrO2

layers, including the effect of image-force barrier lower-
ing, have been studied. The tunneling currents have been
modeled by Schottky barrier limited and Poole-Frenkel
bulk limited emission. In these papers, the conduction
mechanism through zirconia layer was interpreted as two
field-dependent leakage current components – Schottky
emission at low fields and Poole-Frenkel emission at high
electric fields [6,10]. Through MOCVD (metal-organic
chemical vapor deposition) deposited ZrO2 thin films,
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a strong trap-assisted tunneling conduction, due to high
trap concentration, was identified [15].

This paper reports about the results obtained
on the voltage and temperature dependence of the
leakage currents in Al/ZrO2/SiO2/n-Si metal-insulator-
semiconductor (MIS) structures. The zirconia films were
deposited by rf sputtering and annealed in oxygen-
ambient at temperature of 850 ◦C, for 1 h. The electron
tunneling through the stack structure complies with the
Poole-Frenkel conduction mechanism.

2 Experiment

ZrO2 capacitors were fabricated on n-type (100) sili-
con wafers with donor doping of about 1 × 1015 cm−3.
Chemical SiO2 layer was grown on the silicon wafers in
H2SO4:H2O2 (3:1) mixture for 20 min at temperature of
40 ◦C. Zirconia thin films with thicknesses 15 nm and
50 nm were deposited by rf magnetron sputtering from
Zr target (LeskerCo. with purity 99.7%). The sputter gas
was Ar/O2 (90/10) mixture at a pressure 0.5×10−2 mbar.
The samples were annealed at 850 ◦C in dry oxygen for
1 h. Top Al contacts were thermally evaporated and ca-
pacitors with area of 10−4 cm2 were obtained. Finally, the
samples were annealed at 425 ◦C for 30 min in a forming
gas.

The Al/ZrO2/SiO2/n-Si capacitors were electrically
characterized using a Keithley 617 programmable elec-
trometer to obtain current-voltage (I − V ) curves.
Capacitance-voltage (C − V ) measurements were per-
formed by PAR 410 CV Plotter.

3 Experimental results and discussion

High frequency (1 MHz) C − V measurements on the
Al/ZrO2/SiO2/n-Si structures were performed. The di-
electric permittivity of zirconia films of 17.8 was calcu-
lated. For the both thicknesses of ZrO2 – 15 nm and
50 nm, the equivalent oxide thickness (EOT) of 3.2 nm
and 10.7 nm was obtained, respectively.

The leakage currents at different temperatures and po-
larities of the applied voltage were performed. The leakage
currents were measured at voltages applied from 0 V to
+10 V and to −10 V with voltage step of 0.1 V, and time
delay of 1 s.

Direct tunneling conduction through the thin SiO2 film
is suggested because of the small thickness of the layer.
Thus, this conduction mechanism plays an unimportant
role in the net conduction through the stack structure.

Two field-dependent leakage current components are
distinguished from the leakage characteristics. At low elec-
tric fields, the density of traps, trap levels in the forbidden
gap, oxide thickness and mobility of carriers determines
the leakage currents. The electrical conduction and leak-
age currents at low electric fields will be examined in a
future paper.

The high field region complies with either Poole-
Frenkel or Schottky conduction mechanisms. At high fields

two dominant mechanisms lead to rapid increase of the
leakage current density – Schottky and Poole-Frenkel con-
duction. Schottky conduction is an electrode-limited emis-
sion and Poole-Frenkel conduction is a bulk-limited emis-
sion. In the both cases, the barrier height is decreased as
a result of the applied field.

At Schottky conduction, carrier emission from the
metal electrode into the conduction band of insulator, due
to the barrier lowering, is observed. The energy of free car-
riers in the metal electrode and in the conduction band
is equilibrated, and the Schottky barrier results from the
created image forces.

In the case of Poole-Frenkel (PF) emission, the con-
duction is realized through charged traps in the bulk of
insulator. The PF conduction mechanism dominates in in-
sulators with high trap concentration [16]. Electron emis-
sion from the Coulombic donor-like centers is observed.
Coulombic interaction between the emitted carriers (elec-
trons) and the charged states (positively charged ions) ap-
pears. This field-dependent emission of carriers from the
trap levels in the forbidden gap is used in order to be de-
termined the charge state of the traps. The concentration
and sign of the defects ionized after the emission could be
determined. The sign of the ionized defects is opposite to
that of the emitted carriers.

Usually, in any given insulator, the both conduction
mechanisms are presented. The important issue is to be
defined the dominated mechanism. The both conduction
mechanisms show a current exponential function versus
square root of the applied voltage which is described by
the following equations:

J = A∗T 2 exp {βScV
1/2} exp { − qΦB/kBT } (1)

for Schottky effect and

J = (CV/L) exp {βPF V 1/2} exp { − qΦT /kBT } (2)

for Poole-Frenkel effect,
where J is the current density, V is the applied voltage,
A∗ is the effective Richardson constant, ΦB is the Schot-
tky barrier height, ΦT is the ionization energy of the trap
levels, kB is the boltzman constant, T is the temperature,
C is a constant related to the density of ionized traps and
carrier mobility. βSc and βPF are barrier lowering coef-
ficients for the Schottky and Poole-Frenkel emission, re-
spectively. Usually, βPF is two times higher than βSc. The
coefficients βSc and βPF depend on the dielectric constant
and the inter-electrode distance L according to

2βSc = βPF = (q/kBT )(q/πε0εoxL)1/2 (3)

where ε0 is the dielectric permittivity in vacuum, εox is
the static dielectric constant.

The calculated values of βSc and βPF are: βSc =
3.86 eV cm1/2/V 1/2 and βPF = 7.72 eV cm1/2/V 1/2 for
15 nm thick ZrO2 film; βSc = 1.56 eV cm1/2/V 1/2 and
βPF = 3.11 eV cm1/2/V 1/2 for 50 nm thick ZrO2 film.
The experimental values, determined from ln(J/V ) versus
V 1/2 plots, are closer to the calculated βPF values. There-
fore, the dominant conduction mechanism in the studied
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Fig. 1. Leakage currents measured on Al/15 nm
ZrO2/SiO2/n-Si structure vs. temperature.

Fig. 2. Poole-Frenkel plot – ln(J/V ) vs. V 1/2.

structure is the Poole-Frenkel emission. This result im-
plies the presence of high density of structural defects in
the bulk of insulator. Thus, the trap levels, due to the
structural defects, will determine the conduction mecha-
nism [17].

The temperature dependence of the leakage currents
through 15 nm thick ZrO2 film, at negative and positive
bias, is presented in Figure 1.

The following method is used to extract the values of
ΦT and βPF : (i) βPF is defined from the slope of ln(J/V )
versus V 1/2 plot; (ii) then, the value of βitPF is taken
with the slope of ln(J/V ) versus 1/T curve in order to
extract ΦT value. The measured leakage characteristics at
303 K, 333 K, 353 K and 373 K coincide very well with
the exponential trace of curves.

In case of 15 nm thick ZrO2 film, at positive and ap-
plied voltages, the PF ln(J/V ) versus V 1/2 plot is shown
in Figure 2. The leakage current density plotted as a func-
tion of temperature at a constant voltage is presented in
Figure 3. The slope of the ln(J/V ) versus V 1/2 plot co-
incides with the slope of the measured I − V characteris-
tics at positive and negative voltages. At positive applied

Fig. 3. Poole-Frenkel plot – ln(J/V ) vs. 1/T .

Fig. 4. Leakage currents measured on Al/50 nm
ZrO2/SiO2/n-Si structure vs. temperature.

voltages, the βPF coefficient and energy of trap level ΦT

of about 20.83 eV cm1/2/V 1/2 and 0.28 eV is extracted,
respectively. In the case of negative applied voltages, the
βPF coefficient is about 7.22 eV cm1/2/V 1/2 and the trap
level ΦT is about 0.22 eV.

The temperature dependence of leakage currents,
through 50 nm thick ZrO2 film at negative and posi-
tive voltage ramps, is presented in Figure 4. The current-
voltage characteristics were measured at the following
temperatures 303 K, 333 K, 353 K and 373 K.

The calculated barrier lowering coefficient and trap
level value, in case of negative voltage ramps, is about
3.02 eV cm1/2/V 1/2 and 0.18 eV, respectively. At positive
voltage ramps, the following values are extracted βPF =
7.65 eV cm1/2/V 1/2 and ΦT = 0.46 eV. The experimen-
tal ln(J/V ) versus V 1/2 and ln(J/V ) versus 1/T plots are
shown in Figures 5 and 6, respectively.

In cases of positive and negative voltage polarities, the
voltage values, at which the leakage current suddenly in-
creases, are different. When negative voltage is applied on
the metal electrode, the metal represents the cathode and
the carriers are injected into ZrO2. Under positive voltage,
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Fig. 5. Poole-Frenkel plot – ln(J/V ) vs. V1/2.

Fig. 6. Poole-Frenkel plot – ln(J/V ) vs. 1/T .

the silicon substrate injects electrons into the insulator.
The energy band diagrams of the structure, at positive
and negative applied voltage, are given in Figure 7.

The obtained results show that, at positive voltages,
the experimental βPF value is about 2.5 times higher than
the βPF value at negative voltages. This corresponds to
the sharply increase of the leakage current at positive volt-
ages in comparison to the leakage characteristic at nega-
tive voltages. Houssa have reported [18] that the proba-
bility for electron tunneling under substrate injection is
larger than that at gate injection. It is due to the asym-
metry of the energy band diagram of the MIS structure
(Fig. 15).

The extracted ionization energy level at substrate in-
jection is higher than the calculated energy level at gate
injection. In case of substrate injection, trap energy lev-
els of about 0.28 eV and 0.46 eV were calculated. In case
of gate injection, trap energy levels of about 0.22 eV and
0.18 eV were extracted.

In some papers about the PF emission through ZrO2

thin films, trap levels in range of 0.78–0.86 eV have been
published [14,19], but in these papers, the ZrO2 lay-

Fig. 7. Energy band diagrams at substrate and gate injection.

ers were obtained by PECVD and UHV-ozone oxidation
techniques. The trap level of 0.8 eV below the conduc-
tion band corresponds to D-defects. The D-defect is the
first ionization level of the oxygen vacancy deep double
donor [20,21]. Probably, the deeper level of 0.46 eV cor-
responds to D-defects.

The calculated trap level of 0.2 eV could be related
with A-defects [21]. The A-defect is a donor level with
energy of about 0.2 eV below the conduction band. The
A-defects show up in metal-oxide insulators on Si after
high temperature annealing. The defects are related to
the oxygen vacancies and Si contaminations, and represent
Si/O-vacancy complex single donor. Obviously, the origin
of the trap level is due to the presence of oxygen defects
and interstitials at the ZrO2/SiO2 and SiO2/Si interfaces.
Similar defect levels have been found in Ta2O5 thin layers,
deposited by LP-MOCVD technique [21]. Moreover, it has
been reported for HfO2 [22], TiO2 [23], SnO2 [24] that
oxygen vacancies induce electronic states in the band gap.
The influence of oxygen vacancies seems to be general for
metal oxides.

During high temperature treatments, most of the sin-
gle acceptors are ionized and become negatively charged,
and most of the deep oxygen vacancy double donors are
ionized, and become positively charged. Moreover, at high
temperatures, atoms can move relatively easily, especially
in ionic insulator, where, the movement is not strongly re-
stricted by rigid covalent bonds. Thus, the charged states
related to the oxygen vacancies and the negatively charged
oxygen atoms, located near to the ZrO2/SiO2 and SiO2/Si
interfaces, will be increased.

An important issue of the quality of zirconia depends
on the oxygen stoihiometry and formation of oxygen de-
fects. The defects formed by an interstitial oxygen atom
can form three different charge states – neutral oxygen
interstitials, positively charged oxygen interstitials and
negatively charged oxygen interstitials [25]. For instance,
when an electron is added to a neutral oxygen intersti-
tial, the interstitial undergoes large displacement form-
ing a negatively charged interstitial. Additionally, in ZrO2

thin films there are three type oxygen vacancies – neutral
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vacancy, positively charged vacancy and negatively
charged vacancy. Ionization of the neutral vacancies re-
sults in the creation of positively charged defects. Trap-
ping of an additional electron at a neutral vacancy leads
to creation of a negatively charged vacancy. These defects
are important at the interface with silicon and may serve
as an electron source. The oxygen interstitials and vacan-
cies can capture electrons from the conduction band of the
metal and/or silicon.

Finally, it must be noted that there is no clear dis-
tinction between the bulk limited and electrode limited
conduction processes, because each plays a part in the
conduction mechanism. For example, the density of free
carriers is electrode limited, while the mobility, which de-
termines the velocity, is a bulk limited property etc. In this
study, the bulk limited conduction (Poole-Frenkel emis-
sion) through sputtered and annealed at high temperature
in oxygen ambient zirconia thin layers was observed.

4 Conclusion

The electrical properties of the Al/ZrO2/SiO2/n-Si struc-
tures at different temperatures and voltage polarities were
studied. The dominant conduction mechanism in the stud-
ied structures is Poole-Frenkel emission. This result deter-
mines the presence of high density of structural defects in
the bulk of insulator.

On the base on the experimental data and the theo-
retical background, it could be concluded:

(i) During the positive voltage scan, the electron tunnel-
ing is determined by deeper trap levels about 0.46 eV.

(ii) During the negative voltage scan, the conduction is
realized through trap levels about 0.20 eV.

(iii) The extracted trap levels could be related with A
and D-defects representing Si/O-vacancy complex sin-
gle donor and the first ionization level of oxygen va-
cancy deep double donor. The presence of such defects
is due to the deposition conditions and the high tem-
perature oxygen annealing.
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