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We have investigated the reduction of unwanted interfacial SiO2 layer at HfO2/Si interface brought
about by the deposition of thin Hf metal buffer layer on Si substrate prior to the deposition of HfO2
thin films for possible direct contact between HfO2 thin film and Si substrate, necessary for the
future generation devices based on high-j HfO2 gate dielectrics. Reactive rf magnetron sputtering
system along with the attached in-situ spectroscopic ellipsometry (SE) was used to predeposit Hf
metal buffer layer as well as to grow HfO2 thin films and also to undertake the in-situ characterization of the high-j HfO2 thin films deposited on n-type h100i crystalline silicon substrate. The formation of the unwanted interfacial SiO2 layer and its reduction due to the predeposited Hf metal
buffer layer as well as the depth profiling and also structure of HfO2 thin films were investigated by
in-situ SE, Fourier Transform Infrared spectroscopy, and Grazing Incidence X-ray Diffraction. The
study demonstrates that the predeposited Hf metal buffer layer has played a crucial role in eliminating the formation of unwanted interfacial layer and that the deposited high-j HfO2 thin films are
C 2014 AIP Publishing LLC.
crystalline although they were deposited at room temperature. V
[http://dx.doi.org/10.1063/1.4893708]

I. INTRODUCTION

The demand for more integrated circuit functionality
and performance at lower cost has driven the semiconductor
industries to have increased circuit density which, in turn,
have resulted in the rapid shrinking of the channel length and
gate dielectric thickness of the transistors. This rapid reduction in the dimension of the devices has led to the phenomenal growth of semiconductor industries. However, when the
thickness of the silicon dioxide layer, used as the gate dielectric, is less than 1.4 nm, the leakage current due to direct tunneling becomes too large, thus increasing the power
dissipation to an unacceptable value and also considerably
decreasing the reliability of such thin SiO2 films against the
electrical breakdown.1–5
Accordingly, to solve the leakage current problem, films
of new materials of physically larger thickness with higher
dielectric constant are required to replace such thin SiO2
films as the gate dielectric. Since silicon nitride (j ¼ 7)6 and
silicon oxynitride (in the range between j ¼ 4 and j ¼ 7)7
have slightly higher dielectric j than that of silicon dioxide
(j ¼ 3.9)3 and are also compatible with the well established
silicon technology, they were studied initially8 but are less
preferred now as gate dielectric, for having too low dielectric
constant as compared with high-j metal oxides.
Although most of the metal oxides offer the possibility as
high-j gate dielectric, thermodynamic stability, i.e., metal
oxides must not react with underlying silicon, restricts them
to a few metal oxides, such as SrO, CaO, BaO, Al2O3, ZrO2,
HfO2, Y2O3, La2O3, etc.3,9–13 The group II oxides like SrO,
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etc., are not favored as they react with water, the metal oxides,
such as Al2O3 and Y2O3, are not preferred due to their relatively lower dielectric constant, and the oxides like La2O3,
etc., are not entertained for being more hygroscopic.13–15
Clearly ZrO2 and HfO2 appear promising as high-k gate
dielectrics but subsequent findings have shown that ZrO2 is
slightly reactive with silicon9,11,16 and also has higher leakage
current compared with HfO2.17,18 Because of its high enough
j value, desired energy band offset, and thermodynamic stability with silicon,3 HfO2 has emerged as the most promising
high-j gate dielectric (j ¼ 25).9,19 Furthermore, HfO2 also
appears alluring as an important optical material due to its
high enough refractive index and broadband transparency.20,21
Although the interfacial properties of oxide films play a
very crucial role in the performance of the devices, and it is
also well known that HfO2 does not form a perfect interface
with silicon, like SiO2/Si interface, HfO2 is the most preferred high-j gate dielectric because of its remarkable properties. Formation of unwanted and unavoidable interfacial
SiO2 layer between HfO2 and silicon due to the diffusion of
oxygen through Si has been reported in the literature.22–24 In
order to prevent the formation of this interfacial layer, some
preliminary studies, such as the deposition of Hf metal buffer
layer before HfO2 deposition23 and also the nitridation of silicon substrate,22 have been made. Furthermore, in spite of
the importance of HfO2 films as an optical material, very
few studies20,21 and almost no in-situ study on the optical
properties of HfO2 have been reported in the literature.
In order to better understand the evolution of optical and
interfacial properties of high-j HfO2 films, we have undertaken
a detailed in-situ spectroscopic ellipsometry (SE) and structural
studies using Fourier Transform Infrared (FTIR) spectroscopy
and Grazing Incidence X-ray Diffraction (GIXRD) of the
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HfO2 films deposited by rf magnetron sputtering on the Hf
metal buffer layer predeposited on silicon substrate.

II. EXPERIMENTAL DETAILS

The rf magnetron sputtering setup along with the
attached SE used for the deposition as well as in-situ and after growth characterization of the studied films is shown in
Fig. 1. n-type h100i crystalline silicon (c-Si) having resistivity 5–8 ohm cm was used as the substrate. The substrates
were cleaned using RCA procedure to remove the organic
residues25 and were then dipped into 1% diluted hydrofluoric
(HF) acid for 30 s to remove the native oxides. After these
cleaning steps, the substrates were rinsed in de-ionized water
and dried with pure N2 gas before mounting onto the substrate holder. The substrate holder was situated at a distance
of 7.4 cm from the target of rf magnetron sputtering system.
In order to grow the desired oxide films, the deposition was
carried out at room temperature. A 2 in. diameter hafnium
metal having 99.9% purity was used as the target material.
In spite of its high purity, Hf target was presputtered for
60 s with argon gas flow to prevent the possible surface contamination of the target. The deposition system was evacuated to a base pressure of about 106 Torr by a Turbo
Molecular Pump (TMP). The working pressure and rf sputtering power were maintained at 2.44  103 Torr and 42 W,
respectively, during the deposition of HfO2 films at room
temperature. Furthermore, to eliminate the formation of
unwanted interfacial layer between HfO2 film and silicon
substrate, prior to the deposition of HfO2 film, a 7 nm thin Hf
metal buffer layer was deposited onto the silicon substrate
by maintaining the argon flow at 30 sccm (denotes cubic centimeter per minute at STP). After the deposition of Hf metal
buffer layer, oxygen gas was introduced at 3 sccm and HfO2
films were deposited in a mixed oxygen and argon atmosphere maintaining the oxygen to argon flow ratio at 0.1.
While the deposition of thin films continued, simultaneous
in-situ optical measurements in the 300–850 nm wavelength
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range of the growing film were carried out with repeated measurements at 20 s time steps by an in-situ spectroscopic ellipsometry (Sentech SE801). The spectroscopic ellipsometer
attached at a fixed angle of 70 to the deposition chamber is
shown in Fig. 1. PSI (W) and DELTA (D), the most desired SE
parameters of the films, were measured by the phase sensitive
detector of rotating analyzer. These SE parameters were
modeled and fitted to extract the optical constants i.e., n and k,
thickness, d, dielectric constant, e, transmission coefficient, T,
and reflection coefficient, R, of the studied thin films.
After the completion of HfO2 deposition, the grown
films were further investigated by FTIR and GIXRD techniques for the structural characterization. IR absorbance measurements between 400 and 1200 cm1 were carried out by a
FTIR Bruker Equinox 55 type spectrophotometer having resolution of 0.5 cm1 to study the bonding configurations of
the films. The crystalline structure of the films was studied
by Panalytical X’ Pert Pro MRD type thin film XRD system
which was made to operate in grazing incidence mode using
1.5422 A wavelength of CuKa line having step size and step
time of 0.03 and 0.6 s, respectively. The GIXRD patterns
were analyzed by X’ Pert Highscore software program. The
peak matching process was carried out on the observed peak
positions by using the specific 2h values as well as the relative intensity of the peaks.

III. SPECTROSCOPIC ELLIPSOMETRIC
MEASUREMENTS OF HfO2 THIN FILMS
A. Theory of spectroscopic ellipsometry

Spectroscopic ellipsometry for being comprehensive,
non-contact, non-destructive, and also offering the possibility of in-situ characterization has become an effective
surface probe20,21,26–28 for the optical characterization of
thin films of interest. The SE spectra were denoted by
the parameters W and D. RHO (q) represents the amplitude ratio of rp and rs, the reflection coefficients of the
polarized light corresponding to parallel and perpendicular to the incident plane, respectively, while W denotes
the amplitude ratio (tan(W) ¼ jrpj/jrsj) and D represents
the phase shift between p and s components, respectively. The ellipsometry parameters W and D are related
to q through the relation
q ¼ tan WeiD ¼

FIG. 1. The schematic representation of a reactive RF sputter growth chamber combined with an in-situ spectroscopic ellipsometer.

rp
:
rs

(1)

Since spectroscopic ellipsometry is an indirect technique, the desired physical quantities, such as the optical
constants, n and k, and the thickness, d, of the films, were
derived through a data inversion procedure that requires to
build a proper model. The fitting procedure allows to extract
the complex dielectric function, e (hence n and k), transmission coefficient, T, and reflection coefficient, R, which are
determined through the following equations:
"

2 #
1

q
2
; (2)
e ¼ e1 þ ie2 ¼ ðn þ ikÞ ¼ sin2 / 1 þ tan2 /
1þq
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ðn2  n1 Þ2 þ ðk2  k1 Þ
2
ðn2 þ n1 Þ2 þ ðk2 þ k1 Þ
 2

4 n1 þ k12
n2
T¼
;
n1 ðn1 þ n2 Þ2 þ ðk1 þ k2 Þ2

C. Data analysis of spectroscopic ellipsometry

R¼

(3)

where n, k, /, e1, and e2 are the refractive index, extinction
coefficient, incident angle, real, and imaginary parts of the
dielectric constant, respectively.29 Since the refractive indices n1 ¼ 1 for air, n2 for the transparent HfO2 film, and the
extinction coefficients k1 ¼ 0 for air, k2 ¼ 0 for transparent
HfO2 film in 300–850 nm spectral range,30 the above equation (3) reduces to the following equation28,31,32 as given
below:
R¼

ðn2  1Þ2
ðn2 þ 1Þ

2

T¼

4n2
ð1 þ n2 Þ2

:

(4)

B. Cauchy model for spectroscopic ellipsometry
of HfO2 layer

The optical model to fit SE data is composed of three
layers on the substrate, i.e., Air/HfO2/SiO2/c-Sih100i which
is shown in Fig. 2. The optical constants of HfO2 film were
simulated from Cauchy model. The Cauchy model is a polynomial function33 which is widely used for dielectrics and
semiconductors in spectral regions where they are transparent.28,30,33–35 It is well known28 that Cauchy model is an approximate function of Sellmeier model which, in turn,
corresponds to a region where e2  0 in the Lorentz model.
The equations for the Cauchy model36 are
nðkÞ ¼ A0 þ

A1 A2
þ þ   ;
k2 k4

kðkÞ ¼ 0;

(5)

Incidence angle of light used for the measurements was
70 , for the measured spectral range of 300–850 nm. Since
HfO2 is transparent in the spectral range of interest, Cauchy
dispersion relation has been used as the model to obtain the
optical functions of the studied films in the measured spectral
region. The use of Cauchy model to study HfO2 films has
also been reported in the literature.30,37
The optical constants of the crystalline silicon (Si) substrate and the silicon dioxide (SiO2), i.e., n ¼ 1.46 for stoichiometric SiO2 were obtained from the literature.38,39 The
parameters, such as thickness and optical constants (n and k)
of HfO2 thin film, were left as variables. Furthermore, since
the formation of SiO2 layer, which depends on the deposition
conditions of the studied films, is likely between HfO2 and
Si substrate, thickness of the SiO2 over layer was also considered as variable.
The dielectric function of the studied films was
derived through data analysis using the said optical model.
To get the best estimate, the generated W and D are fitted
to the corresponding experimental data by varying the
model parameters. The best fits are achieved by minimizing the mean square error (MSE). The MSE function
defines the quality of fit and is given by Eq. (7). MSE
determines the curve difference between measured and fitted SE data and the lowest value of it is desired to be
obtained in terms of perfect accuracy between measured
and fitted data29,40
MSE ¼

1
2N  M
2
!3
!
exp 2
exp 2
N
mod
mod
X
Di  Di
4 wi  wi
5; (7)
þ

exp
exp
r
rD;i
w;i
i¼1

(6)

where n, k, k are refractive index, extinction coefficient, and
wavelength, respectively. The wavelength, k, is in nanometers, and A0, A1, and A2 are numbers to be fitted with
respect to wavelength.

where N is the total number of data points taken, r is experimental error, and M is the number of fitted parameters.
IV. RESULTS AND DISCUSSION
A. Spectroscopic ellipsometry study

FIG. 2. Film stack used in the modeling and fitting steps of spectroscopic ellipsometer measurements.

Figure 3 displays the measured W of the HfO2 film deposited at time steps of 20, 60, 100, 160, 220, and 280 s.
Measured and fitted curves corresponding to the time step of
220 s are shown in the inset of Fig. 3 as a representative
example. Similarly, the measured D of HfO2 film deposited
at time steps of 20, 60, 100, 160, 220 and 280 s is shown in
Fig. 4, while the measured and the fitted curves pertaining to
the time step of 220 s are displayed as a representative example in the inset of Fig. 4. The MSE values both for W and D
are found to be small which is about 1.42. This seems to
imply good quality of fit for W as well as for D of the studied
films.
Figure 5 exhibits the thickness evolution of the growing
HfO2 film as a function of deposition time, and the thickness
variation of SiO2 with deposition time is shown in the inset
of Fig. 5. Since the possible natural oxide (SiO2) formation
on silicon substrate is likely when exposed to air, the very
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FIG. 3. Ellipsometric measured PSI (W) spectra of the thin HfO2 layer deposited at the time steps of 20, 60, 100, 160, 220, and 280 s, while inset plot
shows the measured and fitted curves corresponding to the time step of
220 s.

FIG. 4. Ellipsometric measured DELTA (D) spectra of the thin HfO2 layer
deposited at the time steps of 20, 60, 100, 160, 220, and 280 s, while inset
plot shows the measured and fitted curves pertaining to the time step of
220 s.
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first measurement of SiO2 thickness was undertaken immediately after fixing the substrate on the substrate holder of the
deposition system and was measured to be 1.62 nm which
was found to decrease rapidly during the deposition of Hf
metal. It is observed from Fig. 5 that thickness of SiO2
reduces to zero even before completion of Hf metal deposition and continues to remain zero even after completion of
HfO2 deposition process. The in-situ SE study clearly demonstrates the absence of SiO2 and/or SiOx suboxide interfacial layer for the films reported in the present paper.
Only after Hf metal buffer layer deposition, oxygen gas
was introduced into the chamber for the deposition of HfO2
film. However, even before deposition of HfO2 film, HfO2
thickness measurement was started during the deposition of
Hf metal buffer layer (at 20 s) and was continued with time
intervals of 20 s till the completion of the deposition of HfO2
thin film. It can be seen from Fig. 5 that thickness of HfO2
increases with the increment in deposition time. The deposition rate was measured to be 3.63 nm/min during Hf metal
buffer layer deposition and decreases to 2.11 nm/min during
HfO2 film deposition. During Hf metal deposition process,
highly reactive sputtered Hf atoms are produced due to argon
bombardment, which consume some of the oxygen of SiO2
to produce HfO2 films. It is well known26,41 that oxygen radicals oxidize the Hf metal more selectively than silicon substrate which, in turn, results in the observed decrease in SiO2
thickness as shown in the inset of Fig. 5. It is also known
that the deposition rate is influenced by the energy as well as
the rate of impinging particles. When oxygen gas along with
argon is introduced to the deposition chamber for the purpose of HfO2 film formation, energy is required both for the
molecular motion and the dissociation of O2 molecules
which is taken from the discharge plasma. This energy loss
leads to a reduction in the ionization process42 which results
in the decrease in the deposition rate to 2.11 nm/min with the
introduction of oxygen gas into the deposition chamber.
The transmission coefficient, T, reflection coefficient, R,
corresponding to the final stage of HfO2 film as a function of
wavelength are shown in Figs. 6(a) and 6(b), respectively.
The variation of transmission coefficient with wavelength
clearly reveals that HfO2 film is transparent to the light of
wavelength greater than 400 nm, thus justifying to the
Cauchy model usage for the studied films. The variation of
refractive index, n, of the film with wavelength is displayed
in Fig. 7. Since the value of n at the wavelength of 632.8 nm
is found to be 2.01 which is very close to the value of bulk
HfO2 (n ¼ 2.11),43 this implies that the grown HfO2 film has
a compact structure.
B. FTIR study

FIG. 5. Thickness profile of HfO2 layer is shown with respect to the deposition time of the film measured simultaneously during and after the film growth
process, while inset plot shows the thickness profile of interfacial SiO2 layer
as a function of deposition time during and after film growth process.

The bonding configurations of the grown film studied by
FTIR spectra are shown in Fig. 8. The FTIR measurement
has been taken in 400–1200 cm1 range since the lower
wavenumber region (<1300 cm1) contains the significant
modes of HfO2 and SiO2. The peak located near 670 cm1 is
related to C-O mode present in the background. The band
near 610 cm1 has been assigned to the absorbance of strong
Si phonon44,45 which is of no interest to the present study.
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FIG. 8. Absorbance spectra of the grown film obtained from FTIR measurement. The deconvolution of the peak from 1050 to 1150 cm1 is shown in
the inset.

FIG. 6. For the grown HfO2 film (a) transmission coefficient vs wavelength
and (b) reflection coefficient vs wavelength.

Several modes associated with HfO2 are observed near
420, 513, and 735 cm1. The position of these modes is in
agreement with that of the monoclinic HfO2 crystals.45,46
Basa et al. have reported that the SiO2 stretch modes are
peaked near 1070 cm1, while the suboxide SiOx (x < 2)

FIG. 7. Refractive index versus wavelength is given for the surface layer of
grown film. Note that the refractive index of bulk HfO2 is 2.11 at 632 nm
wavelength.

stretch modes are located in the region from about 989 to
1057 cm1.47 It is obvious from Fig. 8 that the region from
989 to 1057 cm1 does not contain any peaks corresponding
to SiOx suboxide. Moreover, the observed peak was deconvoluted in the region from 1050 to 1150 cm1 by fitting with
the Gaussian curves pertaining to SiO2 and SiOx peaks.
The best fit of the observed peak, shown in the inset of
Fig. 8, was obtained with two peaks centered near 1107 cm1
and 1079 cm1 with “r-square” as 0.9987 and “reduced chi
square” as 2.42  107. The closer the fit is to the data points,
the closer will be the value of “r-square” and “reduced chi
square” to 1 and 0, respectively. Therefore, our obtained fit
result is extremely good. The vanishingly small intensity of
the peak near 1079 cm1 which corresponds to Si-O-Hf
bonds seems to indicate the almost near absence of these in
the interfacial region of the studied films since this peak is
due to the formation of HfSixOy interface.45 The clear absence of peak near 1070 cm1 and/or below has established
conclusively that SiO2 and/or SiOx stretch modes are absent
in the studied films but has revealed the presence of the peak
near 1107 cm1 due to SiO4.45 These results are in agreement
with the in-situ SE analysis.

FIG. 9. XRD spectra of the grown film, measured with grazing incidence
mode with an incidence angle of 0.5 .
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C. XRD study

Figure 9 displays XRD spectra of the grown film. The
film has a very low intensity peak at 2h of 28 corresponding
to h111i reflection plane of monoclinic structure of HfO2.48
The observed peaks near 52.7 and 54.4 have reasonable intensity and are attributed to h220i49 and h202i48,50 reflection
planes of monoclinic HfO2 structure. The monoclinic structure as revealed by XRD is also in agreement with our FTIR
results. Formation of crystalline phase even for the room
temperature deposited HfO2 films may be attributed to the
very low crystallization temperature of amorphous HfO2
films45 as well as to the possible reduction of the crystallization temperature due to metal induced crystallization.
V. CONCLUSIONS

Reactive rf magnetron sputtering system along with the
attached in-situ spectroscopic ellipsometer was used to grow
and characterize high-j HfO2 films deposited on n-type
h100i crystalline silicon substrate. Before HfO2 film growth
was realized, Hf metal buffer layer was deposited on Si substrate in order to study the possible elimination of unwanted
interfacial layer formation, if any, between HfO2 film and
silicon substrate. The grown films were characterized by
FTIR and GIXRD in addition to spectroscopic ellipsometric
analysis. The important conclusions of this study are
(i)

(ii)

The depth profile was probed optically by in-situ SE
measurements at defined time intervals. It reveals that
Hf metal buffer layer has consumed some oxygen of
natural SiO2 and has resulted in the formation of
HfO2 layer even before starting of the reactive oxidation by involving O2, necessary for the formation of
HfO2 film. Furthermore, in-situ SE measurements
have also demonstrated the prevention of SiO2 formation and/or suboxide SiOx interfacial layer, which is
found to be in agreement with our FTIR results. Thus,
the predeposited Hf metal buffer layer is shown to
play an important role in eliminating the formation of
unwanted interfacial layer.
The monoclinic crystal structure, also consistent with
FTIR results, is established for the studied HfO2 films
by GIXRD in spite of the film deposition being carried out at room temperature.
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