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The temperature dependence of ultrathin ZrO2 films on clean �2�1�-reconstructed Si�100� was studied by
means of x-ray photoelectron spectroscopy and photoelectron diffraction �XPD�. ZrO2 films with a thickness of
approximately 11 Å were grown by electron-beam evaporation. At temperatures of 650 °C and above it was
found that the zirconia �ZrO2� films were transformed into ZrSi2. The temperature region of structural trans-
formation could be narrowed to the range from 650 to 725 °C. During the formation of ZrSi2 all oxygen was
removed from the sample surface. After annealing at 725 °C neither zirconia nor silicon oxide could be
verified on the sample. Scanning electron microscopy �SEM� measurements showed the ZrSi2 being arranged
in islands on the surface after annealing. From the combined spectroscopy, SEM, and XPD analysis a model
for the internal structure of ZrSi2 is proposed.
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I. INTRODUCTION

Following Moore’s law electronic devices undergo a con-
tinuous downscaling where their size is reduced from one
processor generation to the next. This miniaturization be-
comes problematic if the SiO2 gate dielectric thickness is
reduced below �2 nm. It is well known that semiconductor
devices with insulating SiO2 layers below �2 nm loose their
efficiency due to an increased tunneling current.1 One way to
keep the so-called leakage current low is the growth of a
sufficient thick gate dielectric on the semiconductor in order
to suppress tunneling. On the other hand a thin gate dielectric
is desired for a high gate capacitance of the metal oxide
semiconductor field-effect transistor �MOSFET�. An in-
creased capacitance as well as a significant reduction in the
tunnel leakage current can be achieved by substituting the
presently used SiO2 by materials with higher dielectric con-
stants. During the last years many research activities were
performed in order to investigate possible alternatives. Be-
cause of their high dielectric constant the compounds are
often referred to as high-k materials.2 Some promising can-
didates which probably could substitute SiO2 are HfO2 and
ZrO2.3 Presently, the thermal stability of ultrathin zirconia
films on Si surfaces is not clear. During the production pro-
cess of SiO2 based MOSFET semiconductor devices tem-
peratures of approximately 1050 °C are required for dopant
activation,1 while the ZrO2 film already collapses at much
lower temperatures.

Because of its importance to future applications we stud-
ied ultrathin zirconia films on a Si�100� surface. In situ x-ray
photoelectron spectroscopy �XPS� measurements were per-
formed and the system’s evolution during annealing at in-
creased temperatures was analyzed. The temperature range
of the structure transition from ZrO2 to ZrSi2 was determined
by a stepwise annealing process. As a result we report the
transition occurring between 650 to 725 °C.

Scanning electron microscopy �SEM� measurements
showed that due to the annealing process ZrSi2 islands are
generated on the sample’s surface.4 In order to determine the
internal structure of the ZrSi2 islands x-ray photoelectron

diffraction �XPD� patterns were recorded and compared to
model simulations. We present a first structure model for the
ZrSi2 islands obtained from the combined analysis of the
photoelectron diffraction patterns, SEM, and spectroscopy
data. The knowledge of the internal structure of these islands
is necessary in order to understand their electronic properties
and the driving forces of island growth.

II. EXPERIMENT

Sample preparation, XPS, and XPD measurements were
performed in situ in an UHV chamber at beamline 11 of the
synchrotron radiation facility DELTA �TU Dortmund, Ger-
many�. During all experiments and preparation processes the
base pressure was below 5�10−11 mbar. The chamber is
equipped with an electron analyzer, a low-energy electron
diffraction �LEED� system, an electron-beam evaporator
�EBE�, and a manipulator which allows sample annealing
and movement under UHV conditions. The Si�100� samples
were annealed by direct current. For the in situ film prepara-
tion the samples were flashed at approximately 1050 °C in
order remove the covering native oxide layer. A slow tem-
perature decrease over a time period of about 10 min resulted
in a �2�1� reconstructed Si�100� surface. The surface recon-
struction was checked by LEED and the absence of surface
impurities was verified by means of XPS. Thin ZrO2 films
were evaporated by EBE on the surface directly after sample
cleaning.

The ZrO2 evaporation material is contaminated by re-
sidual Hf since Hf and Zr are difficult to separate due to their
similar chemical properties.5 The amount of HfO2 in the ap-
plied ZrO2 is about 2–4 % according to the manufacturer’s
datasheet.6 In addition, a very small amount of yttrium could
be verified on the sample after evaporation which was not
mentioned by the manufacturer,6 since Y is often used to
stabilize the ZrO2.5

All XPS spectra and the XPD patterns were recorded at a
photon energy of h�=320 eV. This energy was chosen in
order to obtain a high surface sensitivity and to separate
Zr 3d signals from the Si�LVV�-Auger intensities.7 A Shirley
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background8 was removed from all photoelectron spectra and
their intensity was normalized to the synchrotron’s photon
flux.

The XPD patterns display the electron intensity modula-
tion in the half space above the sample due to the electron
diffraction at near neighbor atoms around the emitter. The
electron diffraction patterns provide information about the
emitters local environment.9–12

A direct surface structure determination from the recorded
XPD patterns is not possible because the electron’s phase
information is lost during the measurement. Thus a model
structure was used for comparison to simulated diffraction
patterns.13,14 The calculations were performed using the
MSPHD package which was developed for simulations of dif-
fraction patterns at low kinetic electron energies.15 For the
comparison of the experimental and the simulated patterns a
reliability-factor16 �R-Factor� was introduced as a numeric
measure. The R-Factor is defined as

R = �
�,�

��exp��,�� − �calc��,���2

��exp
2 ��,�� + �calc

2 ��,���
�1�

resulting in an interval 0�R�2, where ��� ,�� is the inten-
sity modulation caused due to the diffraction of the electrons.

SEM pictures from the sample surface were recorded after
annealing at temperatures of 800 °C. The measurements
were conducted ex situ at the Institute for Analytical
Sciences17 �ISAS�. The samples were studied by recording
secondary electrons with an Everhart-Thornley detector.18

The primary energy of the scanning electrons was set to 15
keV.

III. RESULTS

ZrO2 was evaporated onto the silicon wafer within a total
time of �75 min. The evaporation process was interrupted
every 15 min in order to record XPS spectra of the Si 2p and
Zr 3d intensities. The photoelectron spectra are presented in
Figs. 1�a� and 1�b�. In Fig. 1�a� a shift of �Ekin approxi-
mately −0.2 eV of the Si 2p signal is observed during
evaporation. The shift depends on the film thickness and is
caused due to the loss of band gap states associated with the
�2�1�-reconstructed surface.19 In addition, a decrease in the
Si 2p intensity as a function of the accumulated evaporation
time is displayed in Fig. 1�a�. The intensity decrease is
caused by the inelastic damping of electrons in the covering
ZrO2 film. The growth of the ZrO2 film itself is displayed in
Fig. 1�b� represented by the growing Zr 3d intensity. In the
Zr 3d signal an energy shift as a function of film thickness is
observed, too. For the first deposition with a deposition time
of 15 min the signal is to weak for a reliable determination of
the kinetic energy of the Zr 3d signal. Thus the Zr 3d signal
position observed after 30 min deposition time was used for
reference for observing the energy shift as a function of film
thickness. We found an energy shift of �Ekin=−0.43 eV for
the Zr 3d signal in the spectrum recorded after 75 min. For
even thicker Zr films energy shifts up to 0.6 eV were re-
ported in literature previously.20

The Zr-film thickness was calculated from the inelastic
damping of the Si 2p signal with respect to the gain of the

Zr 3d intensity.21 After 75 min of accumulated evaporation
time the deposited ZrO2 reached a thickness of approxi-
mately 11 Å. Thus we estimate a growth rate of �2–3 Å
per evaporation cycle of 15 min. This rather low evaporation
rate is a direct consequence of the low ZrO2 vapor pressure
even at elevated temperatures. After 30 min of ZrO2 evapo-
ration time the LEED pattern of the Si�2�1� reconstruction
disappears. The amorphous zirconia overlayer is indicated by
the absence of any diffraction spots. At this point the thick-
ness of the zirconia film has reached �5 Å.

Figure 2 displays the Zr 3d intensity after the total evapo-
ration time of 75 min, together with a curve resolution of the
recorded signal into its components. The spectrum shows the
signal being broadened to its high kinetic-energy side,
clearly indicating the formation of suboxides during evapo-
ration. Besides ZrO2�Zr4+� the suboxides Zr2O3�Zr3+�, ZrO
�Zr2+�, and Zr2O�Zr1+� can be verified in the spectrum. In the
curve resolution the known binding energy separation of the
Zr 3d doublet22 of 2.39 eV and the intensity ratio23 of 2

3 was
set constant. Furthermore, the chemical shifts of the Zr2O3
and the Zr2O signal with respect to the ZrO2 binding energy

FIG. 1. Photoemission spectra recorded during subsequent ZrO2

deposition. The indicated time refers to the total evaporation time.
�a� The Si 2p signal decreases while �b� the Zr 3d intensity in-
creases as a function of the total evaporation time.
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were set to 1.3 and 3.4 eV, respectively.24 Free parameters
for the curve resolution were the shift of Zr2+ with respect to
the position of ZrO2 and the intensities of the four different
zirconium oxides. Additionally the formation of Si oxides
was observed, too.

ZrO2 films were studied as a function of temperature in a
temperature range from 500 to 750 °C. Therefore samples
were annealed for 10 min at the respective temperature, fol-
lowed by a cooling period of �45 min. Subsequently Si 2p
and the Zr 3d spectra were recorded. Figure 3�a� shows the
evolution of the Si 2p intensity for an annealing series from
500 to 750 °C. For temperatures below 600 °C the spectrum
remains unchanged. At a temperature of 650 °C a new com-
ponent arises in the spectra indicated by a broadening in the
Si 2p signal. Its intensity shift with respect to the bulk signal
is approximately �Ekin=+0.5 eV which could be referred to
the formation of ZrSi2 on the sample.

As a further experimental observation the Si 2p signal
remains nearly constant below 650 °C, whereas an increase
in the signal is displayed for higher annealing temperatures.
The steady increase in the Si 2p intensity was observed with
every heating cycle above 650 °C up to the highest applied
temperature of 750 °C. In the last spectrum recorded after
annealing at 750 °C the integrated Si 2p signal has almost
reached the same intensity as observed for the clean Si�100�
sample displayed in Fig. 1�a�. Also, a LEED pattern denoting
the Si�2�1� surface reconstruction is reappearing at the
same time. The newly formed ZrSi2 component remains on
the sample after annealing at 750 °C, but it is superposed by
the dominant Si 2p bulk intensity.

The Zr 3d spectra presented in Fig. 3�b� show a strong
binding energy shift of �Ekin=+3.7 eV as a function of an-
nealing temperature. For annealing temperatures below
650 °C the Zr 3d spectrum remains unchanged. For elevated
temperatures above 650 °C the Zr 3d intensity assigned to
ZrO2 decreases and a new component arises at higher kinetic
energies. At temperatures of 725 and 750 °C the photoelec-

tron signal of ZrO2 vanishes completely while the chemically
shifted ZrSi2 component remains in the spectra.

Figure 4 displays overview spectra of the sample surface
after annealing at 600 and 750 °C, recorded with an energy
of h�=1486.6 eV. After annealing at 650 °C oxygen is
completely desorbed from the surface while the Zr signal is
reduced by a small amount only. Furthermore, a closer in-
spection shows that the Zr 3s, Zr 3p, and Zr 3d intensities
were shifted to higher kinetic energies due to the formation
of ZrSi2 at the surface. A possible formation of ZrSiO4 as a
result of the annealing process can be excluded since no
oxygen could be detected in the spectrum in Fig. 4.

The clear increase in the Si XPS signal compared to the
Zr signal accompanied by the formation of a sharp �2�1�
LEED pattern can be explained by the assumption that at
least parts of the Si substrate are free of any adsorbate layers
and that these regions of the Si surface contribute to the

FIG. 2. Curve resolution of the ZrO2 photoelectron signal into
components. The spectrum was recorded from a sample with 75
min of accumulated evaporation time. The signal broadening at the
higher kinetic-energy side is caused by the formation of Zr subox-
ides on the sample surface.

FIG. 3. �a� Si 2p and �b� Zr 3d intensities after annealing at
different temperatures. In the Si 2p spectra a shoulder arises at the
high kinetic-energy side due to the formation of ZrSi2. For heating
cycles above 650 °C the intensity associated with the ZrO2 3d level
decreases. At temperatures above 725 °C no oxygen is left on the
sample and the ZrO2 3d intensity vanishes completely. Simulta-
neously the ZrSi2 component is formed on the sample surface
chemically shifted by �E=3.7 eV to higher kinetic energies �b�.
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�2�1� LEED diffraction pattern. A possible mechanism for
this observation could either be a zirconium diffusion into
the substrate or an island formation of zirconium at the sur-
face revealing the former underlying silicon. The LEED pat-
tern observed after annealing at 750 °C indicates the same
surface periodicity as recorded for a clean Si surface. Thus
the �2�1� reconstruction of the Zr film can be excluded due
to the lattice mismatch of Zr and Si.25,26

Figure 5�a� shows the curve resolution of the Si 2p inten-
sity after annealing at 675 °C. Preset parameters for the
curve resolution were the intensity ratio of the
Si 2p3/2 /Si 2p1/2 doublet and its energy separation which
were set to 1

2 and 0.6 eV, respectively.23,27 Furthermore, the
silicon oxide positions of Si1+, Si2+, Si3+, and Si4+ with re-
spect to the Si bulk signal were preset according to literature
values.28,29 For the newly formed ZrSi2 component an energy
shift of �Ekin=+0.5 eV with respect to the silicon bulk sig-
nal was determined. This energy shift agrees well with
�Ekin=+0.6 eV as reported in literature30 previously. Thus
the curve resolution indicates that ZrSi2 is formed at the
sample’s surface.

In Fig. 5�b� the curve resolution of the Zr 3d intensity
after annealing at 675 °C is presented. Within the fitting pro-
cedure the intensity ratio of the Zr 3d5/2 and the Zr 3d3/2
signals and their energy separation was set to 3

4 and 2.39 eV,
respectively.22,23 The experimentally determined binding en-
ergy of the Zr 3d5/2 signal is Ebin=179.2 eV which is in
excellent agreement with the binding energy of Ebin
=179.1 eV for ZrSi2.30,31 The ZrSi2 component appearing
during annealing is shifted by �Ekin=+3.7 eV with respect
to the position of the ZrO2. Both the Si 2p and the Zr 3d
separation presented in Figs. 5�a� and 5�b� strongly support a
newly formed ZrSi2 compound on the surface which starts to
grow for temperatures of 650° and above.

A similar observation of the temperature dependence of
ZrO2 was reported for studies of ZrO2 films prepared by
pulsed laser deposition.32 However, the transformation tem-

perature from ZrO2 to ZrSi2 was reported at �850 °C being
slightly higher than the transformation temperature found in
our work. Further, a ZrO2 film grown by pulsed laser depo-
sition leads to the formation of a SiO2 interlayer. The film
thickness of SiO2 and ZrO2 were determined being nearly the
same.32,33 It was reported that this system is stable for tem-
peratures up to 880 °C.32,33 The presence of a SiO2 inter-
layer could be a possible explanation for the reported ZrO2
film stability up to 880 °C. A SiO2 film on Si is stable for
temperatures up to approximately 850 °C. In our investiga-
tion the formation of SiO2 on Si is negligible, since no oxy-
gen was detected at the surface �cf. Fig. 4�

The full width at half maximum of the ZrSi2 photoelec-
tron signal is smaller than that of the ZrO2 signal. This indi-
cates a metallic character of the newly formed component.32

The broad feature labeled “Sub” in Fig. 5�b� may be com-
posed of several subcomponents lying energetically between
ZrO2 and ZrSi2. A detailed investigation of this component is
not possible due to its low intensity compared to the ZrO2
and ZrSi2 intensities.

FIG. 4. Overview spectra after annealing at 600 and 750 °C.
The spectra were recorded with a photon energy of h�
=1486.6 eV. For temperatures above 725 °C the O 1s component
vanishes completely.

FIG. 5. The curve resolution of the Si 2p �a� and Zr 3d �b�
intensity after annealing at 675 and 650 °C, respectively. �a� The
broadening is caused by the formation of ZrSi2, which is shifted by
�E=0.5 eV to higher kinetic energies within the Si 2p spectra. �b�
The newly formed ZrSi2 component is shifted by �E=3.7 eV to
higher kinetic energies within the Zr 3d spectra.
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As a complementary surface sensitive method we re-
corded SEM pictures from the annealed surfaces. The SEM
pictures were recorded in order to clarify the question of
island formation at the sample surface. Figure 6 displays a
SEM picture of the ZrO2 film showing ZrSi2 islands after
annealing at 800 °C. Most of the islands are of round shape
with a diameter of �50–70 nm. Between the island regions
bare Si substrate surface areas are displayed. The SEM ob-
servation nicely supports the previous discussion based on
LEED and XPS data.

In order to investigate the internal structure of the ZrSi2
islands XPD patterns were recorded. Within the simulation
the atoms’ position were varied and the improvement in the
correlation to the experimental pattern was measured by the
R-Factor. The model structure modification leading to an im-
proved R-Factor is controlled within a genetic algorithm.

The experimental diffraction patterns presented in Fig. 7
were recorded with a photon energy of h�=320 eV. Within

the analysis it is important to identify new diffraction effects
due to the Zr film and to distinguish those from the diffrac-
tion signature of the underlying Si substrate. Figures 7�a� and
7�b� show the experimental and simulated diffraction pattern
of the Zr 3d signal, respectively. The experimental pattern
was recorded after ZrO2 evaporation and sample annealing at
760°.

In order to simulate the island formation at the surface a
model structure had to be generated. ZrSi2 crystallizes in the
base-centered orthorhombic C49 structure, which is also re-
ferred to as the zirconium silicide structure.26 The lattice pa-
rameters of the unit cell are a=3.69 Å, b=14.7 Å, and c
=3.66 Å. The unit cell of the C49 structure consists of two
equivalent stacks which are shifted against each other by a
vector of �a	

2 . Each of this stacks consists of three Si layers
and two Zr layers. Due to the stacking order every second Si
layer in the crystal is actually a doublelayer. The lattice mis-
match between the C49 structure along its �011� direction
and the Si�100� substrate is �4.5%. Within the first simula-
tions it became clear that it is not possible to describe the
ZrSi2 islands structure on the silicon surface within a C49
structure. A relaxation of the original C49 structure reduced
the R-Factor to a value of R=0.14. Thus a modification of
the Si atoms within the double layer was applied. This varia-
tion lead to a modified C49 structure consisting of alternating
stacks of Zr doublelayers and three Si layers in between. The
surface of this modified structure is terminated by a single
layer of Zr atoms. As a consequence of the structure varia-
tion the R-Factor was reduced to a value of R=0.12.

In order to improve the agreement between experimental
and simulated diffraction pattern a further adjustment on the
structure model was introduced. The basic idea of this sec-
ond structure modification of the ZrSi2 film on Si�100� was
already applied within a structure search of HfSi2 on
Si�100�34 previously. Thus, as a second step of structure
modification a Si doublelayer was introduced terminating the
ZrSi2 doublelayer �cf. Fig. 9�. Within the simulation the po-
sition of the atoms were modified and a lowest R-Factor of
R=0.062 was found. Figures 7�a� and 7�b� compare the ex-
perimental and simulated results, respectively. The excellent

FIG. 6. SEM picture showing the sample surface after annealing
at 800 °C. The bright areas indicate ZrSi2 islands formed on the
sample surface.

FIG. 7. �a� Experimental and �b� simulated diffraction pattern of
a ZrSi2 covered Si surface. �b� The experimental pattern was re-
corded after evaporation of approximately 11 Å ZrO2 and anneal-
ing at 760 °C. The R-Factor between the two pattern has value of
R=0.11.

FIG. 8. R-Factor dependence regarding the volume of the clus-
ter. The cluster is scaled in x, y, and z directions by �8%.
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agreement between the two patterns is expressed by the po-
sition of all diffraction maxima, observed at their respective
emission directions. Examples are the elongated maxima
“A” close to the center and the bright spots at grazing emis-
sion directions “B” and “C.” Also, the fine intensity modu-
lation between the prominent intensities is very well repro-
duced. The origin of the diffraction pattern termed “D” is
presently unclear. This feature is displayed in the simulated
pattern and is not shown in the experimental data. A possible
explanation could be, that this diffraction maximum origi-
nates from scattering mainly within the ZrSi2 film parallel to
the surface, at grazing emission directions. In the experiment
these emission directions are difficult to record, since the
spectrometer’s accepted area of the sample’s surface extends
the sample’s width. Also, the synchrotron’s light spot is dis-
tributed over the sample’s width due to the grazing inci-
dence.

As a result of the structure search we obtained a model
cluster of the ZrSi2 film on Si�100� which consists of 49
atoms and has a diameter of �16 Å �cf. Fig. 9�. The cluster
is terminated by a Si doublelayer located �0.63 Å above the
ZrSi2 film and the interdouble layer distance of �2.1 Å be-
tween the Si atoms.

As a test the Si double layer was replaced by a single Si
layer terminating the ZrSi2 cluster. In this case the lowest
R-Factor obtained was R=0.14, being significantly larger
than the previous value of R=0.062 of the Si double layer
termination.

In Fig. 8 the dependence of the R-factor on the cluster
size is presented. Clearly, an increased R-Factor is obtained
for an increased cluster volume, while the number of atoms
contained in the cluster is kept constant. A cluster size varia-
tion only 1–2 % already leads to an increased R-Factor of
around 10%.

A common way for an estimate of the uncertainty in XPD
data is the determination of parameter intervals leading to a

10% increase in the R-Factor.35 For the 10% estimate we find
for the Si doublelayer distance, the Si-Zr distance, and the
Zr-Si distance values of 2.09�0.04, 0.63�0.01, and
2.34�0.05 Å, respectively �cf. Table I�.

IV. CONCLUSIONS

We investigated the temperature stability of thin amor-
phous ZrO2 films on Si�100��2�1� at temperatures ranging
from 500 to 750 °C. The total thickness of the investigated
films was approximately 11 Å after 75 min of accumulated
evaporation time. Annealing of the samples at temperatures
higher than 600 °C resulted in the dissociation of ZrO2 and a
simultaneous formation of ZrSi2. After annealing at 725 °C
no oxygen remained on the sample and the transformation to
ZrSi2 was completed. The formation of ZrSiO4 can be ex-
cluded due to the absence of O on the sample. Curve reso-
lutions of the recorded spectra show the formation of ZrSi2
with chemical shifts of �Ekin=+0.5 and +3.7 eV in the Si 2p
and the Zr 3d signal, respectively. The presumed formation
of ZrSi2 islands during annealing was confirmed with SEM
pictures. Additionally, the reappearance of the �2�1� recon-
struction as observed by LEED indicates that areas of clean
Si are terminating the surface. A structure model of the ZrSi2
film is proposed, based on a modified C49 structure. The
structure model was obtained from a comprehensive photo-
electron diffraction analysis. Within the analysis, a minimum
R-Factor of R=0.062 reflects excellent agreement between
simulated and experimental diffraction data. Further, we pro-
pose a Si double layer surface termination of the ZrSi2 is-
lands on the Si�100� surface.
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