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Atomic layer deposition of ZrxTiyOz thin films using titanium isopropoxide and zirconium
chloride as precursors in a temperature range of 200-300 °C was studied. Instead of using
water or other compounds as a separate oxygen source, titanium isopropoxide served as
both an oxygen and a metal source. At 300 °C the growth rate was 1.2 Å/cycle. The
permittivity of the ZrxTiyOz films was 45-65, and the leakage current was 10-4 A/cm2 at 0.2
MV/cm. The films were studied by means of spectrophotometry, X-ray diffraction, energy-
dispersive X-ray spectroscopy, ion beam analysis, and electrical measurements.

Introduction

The dimensions of the microelectronic devices are
shrinking fast according to Moore’s law.1 Soon we will
be accessing device sizes where the materials used
earlier are approaching their fundamental limits.2-4 The
key component of a modern microprocessor is a metal
oxide semiconductor field effect transistor (MOSFET).
The scaling of a MOSFET puts more and more demands
especially on the properties of the gate oxide. So far the
gate oxides have been based on silicon dioxide (SiO2).
The thickness of the SiO2 gate oxide is projected to be
scaled down to 1 nm around 2010.2,4 This oxide thick-
ness would correspond to about four atom layers of SiO2.
When the gate oxide is so thin, it does not work anymore
as an insulator because the tunneling current through
it is significant. An obvious solution to this problem is
to use materials with a higher permittivity than SiO2.
Then it is possible to use a thicker oxide layer and still
have the same unit area capacitance for the gate
insulator:

where ε0 is the permittivity of the vacuum and εr is the
relative permittivity of the insulator, A is the area of
the capacitor, and d is the thickness of the insulator.

If the gate oxide is composed of more than one layer,
each layer forms a capacitor in series with the other
layers. Then the overall capacitance of the gate oxide
stack can be obtained from

where Ci is the capacitance of each capacitor in series.

Therefore, the high-permittivity material should be
deposited on silicon in a way that only one or two atomic
layers of SiO2 are formed at the interface. With thicker
SiO2 layers, the effective capacitance of the capacitor
becomes much lower than when only the high-permit-
tivity material would be present. Interfacial SiO2 may
be formed by two mechanisms: (i) a reaction between
silicon and high-permittivity oxide and (ii) oxidation of
the silicon surface during the oxide deposition.5 The first
mechanism is avoided by choosing materials that are
thermodynamically stable in contact with silicon. From
this point of view, the most promising materials are
zirconium dioxide (ZrO2) and aluminum oxide (Al2O3).6
The second mechanism is avoided when the silicon
surface is not exposed to a strong oxidizer at the
beginning of the growth of the high-permittivity mate-
rial.

The uniformity of the gate oxide is a very important
issue. Variations in the thickness and electrical proper-
ties of the films should be as small as possible. One
interesting method for depositing ultrathin gate oxides
is atomic layer deposition (ALD), also called atomic layer
epitaxy (ALE).7-12 ALD is based on sequential surface
reactions which are accomplished by leading the reac-
tant vapors into the reactor in a cyclic manner, one at
a time, separated by purging periods. When the process
conditions are properly chosen, all of the surface reac-
tions are saturative, making the film growth self-
limiting. This offers specific practical advantages, such
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as excellent conformality, accurate and simple thickness
control, and large area uniformity.12-14

Usually the oxygen source in ALD is water (H2O),
alcohol (ROH), nitrous oxide (N2O), ozone (O3), oxygen
(O2) or hydrogen peroxide (H2O2).11 These oxygen sources
can easily form a thin SiO2 layer on the silicon surface
during the growth. This layer can decrease the total
capacitance of the gate oxide as discussed above. For
example, when ZrO2 is deposited from ZrCl4 and water
by ALD on HF-etched silicon, an interfacial silicon oxide
or zirconium silicate layer is formed.15,16 Recently, a new
method for growing oxide thin films by ALD without
strong oxidizers was introduced.5,17 In this method a
metal alkoxide serves as both the oxygen and metal
source. With this novel method Al2O3 was deposited on
silicon without an interfacial SiO2 layer.5 On the other
hand, recent results15,18 have shown that, by contrast
to ZrO2,15,16 Al2O3 can be deposited on silicon without
an interfacial SiO2 layer also with the conventional ALD
process using Al(CH3)3 and water as precursors.

ZrO2 thin films are possible candidates for gate
oxides.19,20 ZrO2 has many important properties such
as a relatively high permittivity and a reasonably low
leakage current. The permittivities for monoclinic and
stabilized tetragonal ZrO2 thin films were about 2020,21

and 28-40,22,23 respectively. The leakage current for
monoclinic ZrO2 was 5 × 10-6 A/cm2 at 1.5 MV/cm.20

ZrO2 thin films have been grown by ALD from ZrCl4
and water.15,16,24,25 The chlorine content of the films was
below 0.5 atomic %. The refractive index was 2.2 at the
wavelength of 580 nm. Zirconium alkoxides have also
been examined as precursors in ALD, but the main
problem was the thermal instability.26

TiO2 thin films grown by ALD have a high refractive
index (n(580 nm) ≈ 2.6),27-30 but they suffer from low
resistivity which is apparently due to oxygen deficiency
and is characteristic of TiO2 films prepared also by other

methods. TiO2 thin films have been grown by ALD from
TiCl4,27 TiI4,31,32 Ti(OCH(CH3)2)4,29 and Ti(OC2H5)4.30

The oxygen source has usually been water, but H2O2
has been used too. When the metal precursor was Ti-
(OCH(CH3)2)4, the growth rate was 0.3 Å/cycle at the
temperature range of 250-325 °C. At temperatures
above 350 °C, the growth is no more self-limiting but
occurs mainly by decomposition of Ti(OCH(CH3)2)4. Ti-
(OCH(CH3)2)4 decomposes also at lower temperatures
but in lesser extents. At 250 °C the effect of thermal
decomposition on the total growth rate is only about
3%.29

ZrTiO4 thin films have been deposited with many
different methods such as radio frequency33-36 and
direct-current magnetron sputtering37 and sol-gel.38,39

To our knowledge, no papers on chemical vapor deposi-
tion (CVD) or ALD of ZrTiO4 thin films have been
published. ZrTiO4 thin films have a reasonably high
permittivity of about 40 within a frequency range from
kilohertz to a few gigahertz.33,37 The temperature
dependence of the permittivity is small, and the dielec-
tric losses are also usually low (0.017-0.038 at 100
kHz).37 Tin doping improves significantly the ZrTiO4
film dc resistivity and breakdown characteristics, while
having only a marginal effect on the permittivity.33,40

The purpose of this study is to grow ZrxTiyOz thin
films by a water-free ALD process. The combination of
TiO2 and ZrO2 is hoped to produce an insulator which
has high permittivity and a reasonably low leakage
current.

Experimental Section

Experiments were made in a hot-wall flow-type ALD F-120
reactor manufactured by ASM Microchemistry.41 The pressure
in the reactor during the growth was about 10 mbar. Nitrogen
(99.9995%) obtained from a Schmidlin NG 3000 nitrogen
generator was used as a carrier and purging gas. The films
were grown on two 5 × 5 cm2 bare and Al2O3-covered soda
lime glass substrates that were located 2 mm apart from each
other, forming a narrow flow channel in between. The sub-
strates were cleaned ultrasonically in ethanol and distilled
water before use. The substrates were blown dry with nitrogen.
Some samples were deposited also on HF (1%)-etched p-type
silicon. ZrCl4 (Aldrich, 97%) and Ti(OCH(CH3)2)4 (Aldrich, 97%)
were used as precursors. The source temperatures were 170
and 40 °C, respectively. The reaction temperature was varied
between 200 and 300 °C.

Film thicknesses and refractive indexes were determined
by fitting measured reflectance or transmittance spectra with
a Thin film program.42 The spectra were measured in the range
of 380-1100 nm by a Hitachi U-2000 spectrophotometer.

The crystallinity of the films was measured with a Bruker
D8 Advance powder X-ray diffractometer (XRD) in grazing
incidence mode with an angle of incidence of 1° using Cu KR
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radiation. The chemical composition of the films was examined
by a Link ISIS energy-dispersive X-ray spectrometer (EDX)
with an acceleration voltage of 20 kV. The composition depth
profiling of the films was carried out by ion beam analysis
utilizing time-of-flight elastic recoil detection analysis (TOF-
ERDA) using a 34 MeV I6+ ion beam produced by a 5 MV EPG-
10-II tandem accelerator.43,44 The detection limit was about
0.1 atomic %. The depth resolution was 10-15 nm in the
surface and 50 nm in the interface between the film and
substrate. The elements in this study had such different atomic
weights that there was no problem distinguishing them. The
sample degradation was not a problem with the films analyzed
in this study. Hydrogen was also analyzed with the same
experimental setup, but because the sensitivity of the flight
time port is not the same for hydrogen as it is for other
elements, the values were corrected using previously measured
correction values. A more detailed description of the TOF-
ERDA method is given in ref 44.

To measure the electrical properties of the films, soda lime
glasses covered with an Al2O3 ion barrier layer and patterned
In2O3:Sn (ITO) electrodes were used as substrates. An array
of evaporated aluminum was used as the upper electrodes. The
effective area of a single electrode was 12 mm2. The films were
not heat-treated after the deposition. Some samples were
deposited also on silicon and measured from a Pt-oxide-Si-
Al capacitor structure where platinum is the top electrode and
aluminum the backmetallization of the silicon wafer. This
structure was heat-treated at 300 °C for 30 min in nitrogen
in order to improve the adhesion of the platinum electrodes.
The heat treatment temperature was the same as the growth
temperature, and therefore it should not effect the electrical
properties of the oxide. The capacitances were measured using
a HP4275A LCR meter. Current-voltage characteristics were
recorded using a Keithley 2400 source meter. The electrical
measurements were carried out at room temperature.

Results and Discussion

The reactions between metal halides and alkoxides
into oxides and alkyl halides are known from nonhy-
drolytic sol-gel processes.45,46 Similarly, the overall
reaction in ALD of ZrTiO4 from Ti(OCH(CH3)2)4 and
ZrCl4 can be suggested:

At 200 °C no film growth occurred. At 250 °C the
growth rate was constant and the refractive index of
the films was in the range of 2.27-2.35 when the Ti-
(OCH(CH3)2)4 pulse length was longer than 0.5 s (Figure
1). The refractive index is quite close to the bulk values
of ZrTiO4 (n(550) ) 2.37).47 The values obtained from
thin films were slightly smaller (n(550) ) 2.22-
2.37).34,35 The ZrxTiyOz films were more uniform when
they were grown on the Al2O3-coated glass substrates
as compared to the bare soda lime glass substrates.
Therefore, most of the films were grown on the Al2O3-
coated substrates.

When the ZrCl4 pulse length was 0.2 s, the films were
more uniform than with longer ZrCl4 pulses and thus
the ZrCl4 pulse length should be kept as short as

possible. With short (0.2 s) ZrCl4 pulses, the thickness
variation over the substrates was only about 5%. The
thickness uniformity is comparable to the TiO2

29,30 and
ZrO2

25 films grown by the conventional ALD processes
using water as the oxygen source.

According to the EDX measurements, the chlorine
content of the films deposited at 250 °C was quite high
over 9 atomic % and was not affected by the Ti(OCH-
(CH3)2)4 pulse length. This suggests that this temper-
ature is too low to complete the surface reactions.

At 300 °C the growth rates and refractive indexes of
the films were constant when the Ti(OCH(CH3)2)4 pulse
length was above 1.0 s (Figure 2). According to the EDX
measurements, all of the films had a uniform Zr/(Zr +
Ti) ratio and chlorine content when the Ti(OCH(CH3)2)4
pulse length was above 0.2 s. The exact metal ratios
were determined with TOF-ERDA, and they were 0.62
and 0.58 with Ti(OCH(CH3)2)4 pulse lengths of 0.2 and
1.0 s, respectively (Figure 3). This ratio is higher than
that (Zr/(Zr + Ti) ) 0.50) which would be obtained if
the film would grow strictly according to reaction (3).
ZrCl4 is a very reactive precursor, so it is possible that
zirconium replaces titanium during the ZrCl4 pulse
according to the thermodynamically possible exchange
reaction
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Ti(OCH(CH3)2)4(g) + ZrCl4(g) f

ZrTiO4(s) + 4(CH3)2CHCl(g) (3)

Figure 1. Effect of the Ti(OCH(CH3)2)4 pulse length at 250
°C on the growth rate (boxes) and refractive indexes (circles).
The films were grown on bare soda lime glass. The ZrCl4 pulse
time was 1.0 s, and the purge time was 0.5 s.

Figure 2. Effect of the Ti(OCH(CH3)2)4 pulse length at 300
°C on the growth rate (boxes) and refractive indexes (circles).
The films were grown on Al2O3-coated glass. The ZrCl4 pulse
length was 0.2 s, and the purge time was 0.5 s.

ZrCl4(g) + TiO2(s) f ZrO2(s) + TiCl4(g);
∆G(300 °C) ) -4.8 kJ/mol (4)

1530 Chem. Mater., Vol. 13, No. 5, 2001 Rahtu et al.



The depth profiling of the films showed that the metal
and oxygen contents were constant through the whole
film thickness (Figure 3). The carbon and hydrogen
impurity contents were small, below 0.5 atomic %, in
the films grown at 300 °C (Figure 3b). The carbon and
hydrogen impurity contents were higher at the surface,
but this is most probably due to a contamination of the
film surface after the growth. When the Ti(OCH(CH3)2)4
pulse length was increased from 0.2 to 1.0 s, the chloride
content decreased from 1.0 to 0.2 atomic %. However,
this had no effect on the Zr/(Zr + Ti) ratio. The chloride
content of the ZrO2 films grown from water and ZrCl424,25

was below the detection limit of Rutherford backscat-
tering spectrometry (RBS) measurement, i.e., in that
study below 0.5 atomic %.

When the optically measured physical film thickness
and the areal density of atoms measured with TOF-
ERDA are combined, a density of about 4.7 g/cm3 was
estimated for the films. The density is between that of
TiO2 (anatase, 3.84 g/cm3) and ZrO2 (monoclinic, 5.6
g/cm3).48 The density of the orthorhombic ZrTiO4 is 5.1
g/cm3

.
49

According to the XRD measurements, the ZrxTiyOz
films were amorphous when grown at 250 °C. The films

made at 300 °C were slightly crystallized (Figure 4).
According to the peak positions, the crystalline phase
was the orthorhombic ZrTiO4.49 In addition, there was
a small shoulder at 25.2 °C which could be due to a
small amount of TiO2 (anatase). For the gate oxide
applications, amorphous films are usually preferred
because in crystalline films grain boundaries increase
the leakage current and the probability for electrical
breakdown.

The permittivities of the films, measured in the ITO-
oxide-Al capacitors, were rather high (εr ) 45-65 at
10 kHz) but decreased as a function of frequency (Figure

(48) CRC Handbook of Chemistry and Physics, 73rd ed.; CRC
Press: Boca Raton, FL, 1992-1993; pp 4-108 and 4-113.

(49) Joint Committee on Powder Diffraction Standards, Card 34-
0415, JCPDS, International Center for Diffraction Data, Newton
Square, PA.

(50) Joshi, P. C.; Desu, S. B. J. Appl. Phys. 1996, 80, 2349.
(51) Feldman, C. J. Appl. Phys. 1989, 65, 872.

Figure 3. Depth profiles of (a) the main components and (b)
impurities as measured by TOF-ERDA. The films were grown
on top of Al2O3-coated glass at 300 °C. The film thickness was
268 nm. The Ti(OCH(CH3)2)4 and ZrCl4 pulse lengths were 1.0
and 0.2 s, respectively.

Figure 4. XRD patterns of ZrxTiyOz films grown at 300 °C.
The Ti(OCH(CH3)2)4 and ZrCl4 pulse lengths were 1.0 and 0.2
s, respectively. For comparison, the positions and relative
intensities of the reflections given for the reference ZrTiO4

49

are marked with bars.

Figure 5. Frequency dependence of the permittivity and
dissipation factor of ZrTiO4 films grown at 300 °C. The sign of
the electric field expresses the voltage applied to the Al
electrodes in the ITO-oxide-Al capacitor structures.
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5a). The permittivity was higher in the thicker film.
Therefore, it seems that the growth is started with a
less crystalline layer and later more crystalline material
develops. This thickness dependence has been observed
for ZrTiO4 earlier in both metal-insulator-metal (MIM)
and metal-insulator-silicon (MIS) structures.33 In the
MIS structure, the permittivity showed a quite strong
dependence on the ZrTiO4 thickness, which was sug-
gested to be mostly due to a SiO2 interface layer.33 Also
in the MIM structure, the permittivity decreased when
the film thickness was below 100 nm, but to a lesser
extent.33 Similar connections between the dielectric
layer thickness and electrical properties have been
observed also for other materials.50,51

Another important parameter of the capacitor is the
dissipation factor D:

where f is the frequency, C is the capacitance, and R is
the parallel film resistance. The value of D increases
with the conductance of the capacitor material, being
thus directly related to the dielectric losses. The D value
was rather high and increased from 0.1 to 0.5 as the
frequency was increased from 100 Hz to 50 kHz (Figure
5b). When the frequency was still increased, the permit-
tivity decreased and the dissipation factor increased.
This is most probably due to a resonance frequency
which is caused by the intrinsic frequency dependence
of the material, any interfacial barrier, or the effects
due to electrodes and wires. This same effect has been
observed earlier in ZrTiO4

37 and Bi4Ti3O12
50 thin films,

for example. As is typical for the high-permittivity
materials, which have relatively small band gaps and
often also show a tendency toward oxygen deficiency,
the dc leakage currents were also here quite high
(Figure 6). In MOSFET high leakage currents increase
power consumption and generate heat, which can
deteriorate the device. When the oxide was grown on
silicon, it had a lower permittivity (εr ) 34 at 10 kHz),
but the frequency dependence was also decreased
(Figure 7). The hysteresis in the C-V curve was also
quite small (Figure 7).

One possibility for the permittivity difference between
the ZrxTiyOz films grown on silicon and ITO could be
that a low-permittivity layer is formed on silicon during
the growth. If this layer was SiO2, the observed decrease
in the total capacitance on silicon as compared with ITO
would correspond to a 2.5 nm thick SiO2 layer which
appears rather thick. More probably an amorphous low-
permittivity ZrxSiyOz layer is formed at the interface
between the oxide and silicon. This layer itself has a
lower permittivity than ZrxTiyOz and therefore reduces
the total capacitance. Furthermore, this amorphous
layer can also reduce the crystallinity and therefore also
the permittivity of the ZrxTiyOz growing on top of it.

Conclusions

The ALD of ZrxTiyOz using titanium isopropoxide and
zirconium chloride as precursors was carried out. At 250
°C the chloride content was high, above 9 atomic %. The
upper limit for this process is 350 °C, where the Ti(OCH-
(CH3)2)4 precursor starts to decompose extensively,
affecting the film properties. Therefore, the most suit-
able growth temperature is around 300 °C. At 300 °C
the growth rate was 1.2 Å/cycle. The carbon and
hydrogen contents were below 0.5 atomic %. The films
contained 0.2-1 atomic % chlorine. The films grown at
250 °C were amorphous, but those made at 300 °C were
partially crystallized. The permittivity of the films
grown on ITO at 300 °C was rather high (εr ) 45-65 at
10 kHz), but the leakage current was also high (10-4

A/cm2 at 0.2 MV/cm). The permittivity of the film grown
on silicon was somewhat lower (εr ) 35 at 10 kHz).
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Figure 6. Leakage current density versus electric field of the
ZrTiO4 films grown at 300 °C. The sign of electric field
expresses the voltage applied to the Al and Pt top electrodes
in the ITO-oxide-Al and Al-Si-oxide-Pt capacitor struc-
tures. The calculated permittivity values are given also.

D ) 1/2πfCR (5)

Figure 7. Capacitance versus voltage curves of ZrTiO4 films
grown at 300 °C. The sign of the electric field expresses the
voltage applied to Pt electrodes in the Al-Si-oxide-Pt capaci-
tor structures. The voltage was scanned from negative to
positive and back.
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