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Magnetron sputtered HfO2 layers formed on a heated Si substrate were studied by spectroscopic
ellipsometer �SE�, x-ray diffraction �XRD�, Fourier transform infrared �FTIR�, and x-ray
photoelectron spectroscopy �XPS� depth profiling techniques. The results show that the formation of
a SiOx suboxide layer at the HfO2 /Si interface is unavoidable. The HfO2 thickness and suboxide
formation are highly affected by the growth parameters such as sputtering power, O2 /Ar gas ratio
during sputtering, sputtering time, and substrate temperature. XRD spectra show that the deposited
film has �111� monoclinic phase of HfO2, which is also supported by FTIR spectra. The atomic
concentration and chemical environment of Si, Hf, and O have been measured as a function of depth
starting from the surface of the sample by XPS technique. It shows that HfO2 layers of a few
nanometers are formed at the top surface. Below this thin layer, Si–Si bonds are detected just before
the Si suboxide layer, and then the Si substrate is reached during the depth profiling by XPS. It is
clearly understood that the highly reactive sputtered Hf atoms consume some of the oxygen atoms
from the underlying SiO2 to form HfO2, leaving Si–Si bonds behind. © 2009 American Institute of
Physics. �DOI: 10.1063/1.3153953�

I. INTRODUCTION

In order to overcome the scaling limit of conventional
Si-based insulators due to high tunneling currents and reli-
ability concerns, high-permittivity �high-�� materials, such
as single metal oxides and their silicates as well as ferroelec-
trics, are being developed as alternative dielectrics. Among
the high-� materials, such as TiO2, Y2O3, Ta2O5, ZrO2, and
HfO2 metal oxides, having high-� values at around 25 and
being thermodynamically stable when grown on Si, HfO2 is
considered to be the most promising candidate to replace
SiO2.1 Important film properties such as the dielectric con-
stant and refractive index of the grown film depend on the
growth parameters as well as the initial thin film constitution.
Moreover, the interface properties of the film play a crucial
role in the electrical properties of the devices. It is, then, of
interest to analyze this type of a film as a function of depth
by chemical-structural diagnostic techniques such as x-ray
photoelectron spectroscopy �XPS�.

Even though Gibbs free energy predicts a stable layer for
the formation of HfO2 on Si,2,3 an interfacial layer formation
between HfO2 and Si has been shown by various experimen-
tal work.2,4,5 In order to minimize the effects of this unavoid-
able interfacial layer, different methods have been proposed
by various groups. Tan et al.6 predeposited about 1 nm Hf
metal layer before depositing HfO2. They showed that after a
30 s deposition of the Hf metal on a Si substrate, the equiva-
lent thickness of the silicate layer was reduced from
�3.5 nm to a value of about 1.9 nm. They concluded that Hf
radicals reduced SiO2 to metallic Si to form HfO2 and partly
HfSix.

Similarly, Hayashi et al.4 deposited 0, 1.3, 2.6, and 3.9

nm thick Hf metals on Si, followed by HfO2 growth on this
thin Hf metal layer. They showed from cross-section trans-
mission electron microscopy images of oxidized HfO2 layers
with a thin Hf metal on top of a Si substrate that the thick-
ness of the interfacial layer decreased with an increment in
Hf metal layer thickness, i.e., a 2.8 nm interfacial layer with
1.6 nm hafnium oxide without any thin Hf metal while a 0.5
nm interfacial layer with 7.0 nm hafnium oxide for 3.9 nm
Hf metal on a Si substrate. They concluded that a thin de-
posited Hf metal interacted with the introduced oxygen in-
side the oxidation chamber, and therefore, the introduced
thin Hf metal had a role to inhibit oxygen diffusion into the
Si substrate. They summarized their results that oxygen spe-
cies react primarily with the Hf metal covering the Si surface
to result in HfO2, and therefore, Si oxidation was suppressed.

In order to get rid of the unintentional growth of this
interfacial layer, Kirsch et al.2 tried the method of nitridation
of a Si substrate before the oxidization process. They first
etched the native oxide on p-Si�100� wafers by dipping in a
1% hydrofluoric acid solution for 1 min and then nitrided it
at 700 °C in 1 atm NH3 for 30 s. Afterwards, Hf oxidation
and rapid thermal annealing �RTA� densification processes
were realized. XPS results’ comparisons corresponding to
O 1s, Si 2p and N 1s regions for the HfO2 /Si interface of
un-nitrided and nitrided samples after HfO2 deposition and
densification processes showed that although nonstoichio-
metric hafnium silicate �HfSixOy� forms at both types of sub-
strates, i.e., HfO2 /Si and HfO2 /SiNx, silicate feature ap-
peared at 532.1 eV had 15% larger intensity on the un-
nitrided substrate than that of the nitrided substrate.
Additionally, Si 2p spectra had 102.8 eV feature correspond-
ing to HfSixOy for both samples, nevertheless, it is larger by
a factor of 2 for the un-nitrided substrate. Their results, there-a�Electronic mail: gulnuraygun@iyte.edu.tr.
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fore, showed that SiNx minimizes the interfacial HfSixOy for-
mation by limiting the available Si amount for the possible
interaction with the HfO2 layer.

A number of compatible methods have been developed
to fabricate high-� materials such as thermal oxidation,4 a
variety of chemical vapor deposition techniques,7 ion beam
deposition,8 atomic layer deposition,9,10 pulsed laser
deposition,11 laser oxidation,12 remote plasma oxidation,13

and dc and rf sputtering.4,5 Since each method has some
advantages and disadvantages, it is not yet clear which one
would be the best choice for device applications.

Because the native oxide of Si, namely, SiO2, is a perfect
insulator than any other material, this layer, in this work, was
kept on the p-Si�100� substrate and after chemical cleaning,
a HfO2 layer was grown by dc reactive sputtering of a Hf
target on native oxide. This paper presents a depth profile
analysis of a reactively grown HfO2 thin film by a dc sput-
tering technique on a p-Si�100� substrate having native ox-
ide. The interface structure is studied in a more detailed man-
ner to understand the kinetics of different material
formations taking place at the interface region.

II. EXPERIMENTAL PROCEDURE

HfO2 thin film was grown on a Si substrate by a reactive
dc magnetron sputtering technique in high vacuum. A p-type
Si�100� substrate with resistivity of 7–17 � cm was chemi-
cally cleaned in boiling trichloroethylene and acetone to-
gether with an ultrasonic bath of ultrapure water. After the
cleaning process, it was dried with pure N2 gas and mounted
onto the substrate holder, which has a 7.4 cm distance to the
target of the magnetosputtering deposition chamber vacu-
umed with a turbomolecular pump. In spite of the high purity
of the Hf target, 3 min presputtering with Ar gas flow was
done to prevent a possible surface contamination of the tar-
get. A 12 SCCM �SCCM denotes cubic centimeter per
minute at STP� O2 and 30 SCCM Ar �O2 /Ar=0.4� gas mix-
ture and a 2 in. diameter and 0.250 in. thick 99.9% pure
hafnium target were used. The base pressure of the sputtering
chamber was below 2�10−6 Torr, while the working pres-
sure during the sputtering was 0.44�10−3 Torr. Prior to, as
well as during deposition, the substrate was heated by a halo-
gen lamp and the substrate’s temperature was adjusted by a
temperature controller. As can be seen in Fig. 1, the thin film
deposition rate can be controlled by both the dc source and
the gas flow level of reactive O2 and the Ar gas mixture. The
substrate temperature and the dc power were kept at 200 °C
and 30 W, respectively, for a 5 min sputtering time duration
for this growth process.

A Fourier transform infrared �FTIR� spectrometer
�Bruker Equinox 55� was used to obtain information on both
the chemical composition and the structure of the film. The
crystallinity of the film was examined by taking an x-ray
diffraction �XRD� pattern �Rigaku Miniflex system equipped
with Cu K� radiation of an average wavelength of 1.541 Å�.
The XRD pattern was analyzed by a computer software and
an ICDD �the International Centre for Diffraction Data� da-
tabase, which includes the diffraction patterns of well known

structures. The peak matching process was carried out based
on the observed peak positions at specific 2� values and
relative intensities of the peaks.

A spectroscopic ellipsometer �SE� measurement of thin
HfO2 film on p-Si�100� was made in the wavelength range of
300–850 nm using Sentech SE-801. The SE measurement at
a 70° incident light beam on the sample surface was done in
the surrounding of air at room temperature to obtain DELTA
��� and PSI ���. SPECTRARAY program was used for the
modeling and fitting processes of the SE data, i.e., � and �,
to the measured ones. The outcomes of the modeling and
fitting processes were refractive index �n�, thickness �d�, and
transmission and absorption ��� of the medium.

XPS measurements were done at a vacuum level of 7.5
�10−10 Torr with a SPECS EA200 �Electron Spectroscopy
for Chemical Analysis� system equipped with a hemispheri-
cal electron analyzer at a takeoff angle of 90°. The excitation
source was a monochromatic Al K� line with a power of 490
W. The film surface was sputtered by Ar+ ions having an
energy of 2000 eV with a total of 19 cycles �etched layer
numbers� each taking 3 min to obtain the depth profiles with
respect to Si, O, Hf, and C atoms. XPS measurements were
done with a 96 eV pass energy and a 0.1 eV step size. Bind-
ing energies were corrected with respect to an elemental
Si 2p peak at 99.3 eV for depth layers, while a C 1s peak at
284.6 eV was used for the surface. Background correction
and peak fit features were performed to the data using
CASA XPS software.

III. RESULTS AND DISCUSSION

A. FTIR spectra of dc sputtered HfO2 films

Figure 2 shows the FTIR spectrum of the Hf-oxide layer
grown at 200 °C for 5 min at 30 W of dc sputtering power.
The spectra were taken between 400 and 4000 cm−1, but

WWW

� �S

+ +

+
+

+
+ ++

Gas Flow PipeDC Source

Sample Holder

+
+
+

+
+
+

Halogen Lamp

Substrate

HF Target

Cooling System

Thermo-couple

7.4 cm

Magnet

FIG. 1. Cross sectional inside view of the sputtering chamber with sample
holder used for dc sputtering method.
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since the low wavenumber region �	1100 cm−1� is more
important for the detection of hafnium-oxide-related bonds,
only the region of 400–1200 cm−1 is presented in the
figure. Since OH peaks �around 3300–3400 cm−1� cannot be
detected in the spectrum, this region is not shown. The ab-
sence of these signals, on the other side, suggests that the
film is moisture free. Moreover, no hydrocarbon absorption
peaks are detected at around 3000–1600 cm−1, which indi-
cates a negligible organic residue present in the as deposited
films.

As can be clearly visualized from the figure, the ob-
served broad and very intense absorption band standing be-
tween 950 and 1120 cm−1 can be decomposed into two in-
tensive peaks located in the vicinity of 1060 and 1020 cm−1

corresponding to the Si–O stretching vibration mode and
hafnium silicate �HfSixOy�, respectively.14 The peak intensity
reflects the film thickness so that there is a very thick
hafnium silicate layer. However, having a close location but
not around the exact position of the natural oxide of SiO2

�1075 cm−1� implies that this interfacial oxide layer is in the
form of a suboxide of Si instead of the natural oxide form,
i.e., SiOx with x	2.7

The main peaks at around 595, 550, 527, and 506 cm−1

are due to the Hf–O chemical bonds, and so is the 720 cm−1

one.15,16 It can be concluded that the presence of sharp HfO2

phonon bonds in the low wavenumber region �600
−400 cm−1� is the result of the crystalline structure of the
grown film.9 However, the most intensive features of HfO2

are reported in the 100–500 cm−1 region, most of which
extend outside of our measurement range �lower than
400 cm−1�.16 Since FTIR measurement was done in air, as a
result, the C–O vibration mode is detected at its expected
position at around 670 cm−1.17

B. XRD structural properties

XRD was performed for 2
 being in the range of 10–
65° at room temperature for HfO2 film grown on p-type
Si�100� with natural SiO2 oxide. It is clearly observed that
there is a peak at around 28° of 2
 attributed to the �111�
monoclinic phase of HfO2 �Fig. 3�.16,18–20

Having a low peak intensity and a high full width at half
maximum value, it can be inferred that the microcrystalline
structure has just started to form. This is supposed to be the
result of the film grown at the elevated substrate temperature
of 200 °C but would not be the case for the film grown at
room temperature. Pereira et al.18 studied the sputter grown
HfO2 thin film’s structural analysis using XRD with respect
to substrate temperature changes from the room temperature
to 200 °C during growth. They also recognized a peak at 2

being around 28° when the substrate temperature was in-
creased to 200 °C, even though an amorphous structure was
detected at the room temperature growth process. The other
two intensive peaks at around 33.3° and 62.1° in Fig. 3 are
the signals coming from the Si�100� substrate of thin
hafnium-oxide film. This microcrystalline structure of HfO2

film can also be predicted from the sharpness of the phonon
spectrum in the 400–600 cm−1 region of the FTIR spectrum,
as seen in Fig. 2.9

C. SE

An ellipsometer works on the basis of the change in
polarization state during reflection off of a light from a film
surface at an oblique angle of incidence, PHI ���. Detailed
theoretical calculations for obtaining the equations of an el-
lipsometer can be easily found in the literature.21,22 Matching
the electric and magnetic fields at the interface between dif-
ferent materials, the complex reflection ratio, RHO ���, is
obtained as

� = tan �ei�, �1�

where �, �, and � are the parameters of the ellipsometer,
and there is a relation between the optical and electrical pa-
rameters of bulk materials:

 = 1 + i2 = sin2 ��1 + tan2 ��1 − �

1 + �
�2	 . �2�

After obtaining the � and � of the grown film with respect
to wavelength in the range of 300–850 nm by means of SE,
the sputter grown HfO2 film on the p-Si�100� substrate was
modeled as air/HfO2 film/SiO2 /c-Si�100� �Fig. 4�. The thick-
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FIG. 2. Absorption spectra obtained from FTIR spectroscopy.
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ness of the SiO2 film was also left variable as a fitting pa-
rameter since growing Si-oxide film at the interface between
the grown HfO2 film and Si substrate during dc sputtering at
a 200 °C substrate temperature may also be possible. Other
parameters of the fitting were the thickness and refractive
index of the HfO2 thin film. Then, the constructed model was
fitted for the HfO2 thin film using the Cauchy dispersion
relation since HfO2 is transparent in the spectral range of
interest, i.e., ��350 nm. The equations for the Cauchy dis-
persion model are

n��� = n0 + C0
n1

�2 + C1
n2

�4 , �3�

k��� = k0 + C0
k1

�2 + C1
k2

�4 , �4�

where C0=102 and C1=107, � is in nanometers, and n0, n1,
n2, k0, k1, and k2 are numbers to be fitted with respect to
wavelength.

The measured SE data, namely, � and �, with the 70°
incidence angle of light over the used spectral range, i.e.,
300–850 nm, from the HfO2 film on c-Si�100� with respect
to wavelength and corresponding energy scale are shown in
Fig. 5. It is also apparent from absorption and transmission
versus wavelength plots that the grown HfO2 film is trans-
parent to the light in the range of ��350 nm �Fig. 6�. As a
result of the fit to the measured data by means of the Cauchy
dispersion relation, the thickness of the hafnium-oxide me-
dium is 7.3 nm while the refractive index is found to be 1.98
at 632 nm �Fig. 7�. When compared to the thickness of the
HfO2 layer, however, a very thick SiOx interfacial layer, 20.8
nm, is formed between the Si substrate and the HfO2 film.

D. XPS spectroscopy

1. Si depth profile of the film

The XPS depth profile of the Si 2p signals of the reac-
tively sputtered Hf-oxide film on the p-type �100� silicon
substrate with native oxide is given in Figs. 8�a�–8�c�. It is
well known that the Si 2p spectra can be decomposed into
five contributions: one is from the elemental Si �Si0�, three
suboxides, i.e., Si2O �Si1+�, SiO �Si2+�, and Si2O3 �Si3+�, and
the native oxide SiO2 �Si4+�.23 The signals obtained at around
99.3 eV are the result of elemental �metallic� Si �Si0�, while
the higher binding energies until around 104 eV correspond

to the oxidation states of Si; the lower binding energy ones
�suboxides� are closer to the metallic Si, and the highest
energy one corresponds to Si4+.24

It is clearly seen in Fig. 8�b� that the elemental Si0 is
started to be seen at the very surface layers, i.e., starting from
the fourth etching cycle and continuing until the depth of the
oxide. It is clear that the intensity of elemental Si at these
layers is at a very detectable level. However, its intensity
through the depth of the oxide is decreased, but after some
level of depth, it started to increase, gradually reaching the
same intensity levels of the oxide form of Si, i.e., SiOx �Fig.
8�c�� and being the dominant mode in a few etching cycles,
i.e., after the 12th cycle �Fig. 8�a��. Therefore, it can be in-
ferred from the XPS depth profiling, as well as confirmed
with the ellipsometric analysis, that there is a very broad
interfacial oxide region since the substrate is reached after
the 17th etching cycle with XPS.

Figure 8�c� shows the oxide form of the Si 2p signal. It
corresponds to the native oxide form of Si at around 104 eV,
namely, SiO2 �Si4+� close to the surface layer. However, the
peak positions shift to lower energy levels ranging between
102.7 and 103 eV ��3.4–3.7 eV far from the region of the
elemental Si signal� corresponding to the suboxide form of
Si �SiOx� and hafnium silicate �HfSixOy� when the deeper
layers are reached.25–28

Silicon VIS+NIR n=3.65, k=0.0028

70o

7.3 nm Cau-HfOx n=1.96

20.8 nm Cau-SiO2 n=1.46

Air n=1

FIG. 4. Ellipsometric modeling and fit results of grown thin HfO2 film.
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The chemical shift for Si3+, i.e., the difference in the
binding energy of the component and that of elemental Si, is
generally obtained at about 2.48–2.65 eV far from the posi-
tion of elemental Si, i.e., 99.3 eV.26 This chemical shift was,
however, obtained �3.4–3.7 eV for deeper layers of the
oxide. Since this shift is equal to that of neither Si4+ nor S3+,
and being very close to that of Si4+, this can be inferred as
the oxide containing Hf–O–Si, i.e., Hf silicate

�HfSixOy�.
26–28 The existence of this thick layer was also

supported from the FTIR absorption spectrum �Fig. 2�.
It was also realized by other research groups that highly

active Hf atoms react with SiO2 to obtain its oxygen, leaving
either Si suboxide or elemental Si behind and forming Hf
oxide instead.6

2. O 1s spectrum

Figure 9 shows the depth profile evolution of the O 1s
spectrum. The lower energy state centered at about 530 eV
for the very surface layer, i.e., zeroth to third cycle, is attrib-
uted to oxygen bonds in HfO2.7 The C peak exists only at the
first layer. At deeper layers, the main peak is shifted to higher
binding energy levels to �531.5 eV, which is explained as
the detection of O bonds in nonstoichiometric HfSixOy.

7,29 O
1s spectrum has a distinct peak located at �532.9 eV for
SiO2.2 After the very surface layer, i.e., at the fourth and fifth
etching cycles, the main peak is decomposed into two sub-
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FIG. 8. �Color online� Si 2p spectra.
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peaks, centered at about 531.5 and 533 eV corresponding to
Hf silicates �HfSixOy� and SiOx. Simultaneously, the peaks
are shifted to 533 eV corresponding to Si oxide until the 12th
etching cycle. Then, there is a shift to lower binding energies
corresponding to silicate formation, i.e., HfSixOy, before the
Si substrate is reached, i.e., from the 12th to the 17th etching
cycles. The oxide after this etching level corresponds to the
substrate and, therefore, does not contain oxygen.

3. Hf 4f peak

The depth profile of the Hf 4f spectrum is given in Fig.
10. We see in Fig. 10�a� that all levels containing hafnium
oxide can be decomposed into two contributions. Fang et al.7

showed that Hf 4f has a spin-orbit splitting of 1.6 eV at
16.90 and 18.50 eV for Hf 4f7/2 and 4f5/2, respectively, for
HfO2. However, these peaks shift to higher binding energies
in the vicinity of Si, i.e., to 17–17.5 eV, for Hf 4f7/2, which
can be attributed to HfSixOy.

Figure 10 shows that the peaks for the first round of
etching cycles belong to the HfO2 mode; however, the peaks
shift to the higher binding energy side when the sixth etching
cycle was reached. Therefore, it is clear and also supported
by the FTIR spectra �Fig. 2� that the HfSixOy mode is effec-
tive for a thick layer until the tenth cycle. Then, the peaks
again start to be shown in the position of the HfO2 mode and
last until the substrate is reached. It is also clear from this
figure that there is no indication of the presence of HfSix.

The XPS depth profiling analysis for quantification was
performed on HfO2 /SiO2 /Si stacks, as shown in Fig. 11. The
HfO2 top layer is very thin compared to the interface layer
constituted mainly from SiOx and SiO2. The surface layer
contains also carbon, i.e., C, as well as, Hf and O contribu-
tions. It can be seen from the figure that the areas calculated
for the surface layer spectrum are given as 67% for O, 26%
for Hf, and 7% for C. Therefore, the possible formation can
be given as �26% Hf+52% O� for HfO2, and the rest is
�7% C+15% O� with CO2.1.

It is clear that the broad interfacial layer is formed
mainly from the 5th to the 12th etching cycle, and the sub-
strate is reached at the 17th etching cycle. Elemental Si is
detected at a level very close to the top layer, namely, third
and fourth cycles even before the SiO2 dominant layers.
Then, its quantity gets diminished in the interfacial region
even though it exists in small amounts almost all over the
depth. This behavior of having a reasonable amount of el-
emental Si very close to the top layer of HfO2 gives the idea
of causing elementally active Hf radicals to decompose the
native SiO2 to form elemental Si explicitly and use the oxy-
gen gained from these SiO2 to form HfO2. This process can
be roughly given by the following chemical reactions:

Hf + SiO2 → HfO2 + Si �5�

Si + O2 → SiOx �6�

SiOx + HfOx	2 + O2 → HfSixOy �7�

IV. CONCLUSION

A HfO2 /SiO2 / p-Si�100� stack was studied by means of
FTIR, SE, XRD, and XPS depth profiling analyses. The re-
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sults show that there is an extremely thin HfO2 layer on top
of a respectively broad interfacial layer formed mainly from
Si suboxide and Hf silicate. Having elemental Si in the top
layer and closer to the Hf-oxide layer side of the interfacial
layer, it is concluded that Hf radicals consume the oxygen of
native SiO2 film to form Hf oxide by leaving elemental Si
behind. This subsequent reactive deposition of HfO2 on the
native SiO2 / p-Si�100� stack leads to an interface with Si rich
silicates with the very top thin HfO2 layer.

It is clearly explained with the XPS depth spectra that
the formation of HfSix was eliminated since there is no direct
contact of sputtered Hf with Si substrate. It was also shown
that there exists a very thin perfect Hf-oxide layer, later Si–Si
bonds are detected even before a Si suboxide layer is
reached, and then Si substrate is reached. Since Si–Si bonds
were measured just before Si oxide is reached, it can be
realized that highly reactive sputtered Hf atoms consume
some of the oxygen atoms from the underlying SiO2 to form
hafnium oxide by leaving Si–Si bonds behind, which sup-
ports what Yamamoto et al.13 revealed with their experiment
that the oxygen radicals oxidize the Hf metal more selec-
tively than Si substrate. In this work, we showed, addition-
ally, that Hf radicals even ionize SiO2 to use its oxygen to
form HfO2, just leaving either elemental Si or Si suboxide
behind.

The FTIR spectrum gives a result parallel to what was
obtained with the XPS depth profile that there exists a very
dominant and thick Si suboxide layer when compared to the
extremely thin HfO2 layer at the very surface of the grown
film. This reality was also proved with the ellipsometric mea-
surement of the grown film �Fig. 4�. XRD measurement
shows that the microcrystallinity has just started to form,
having the �111� monoclinic phase of HfO2, which is also
supported by the FTIR absorption spectra.
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