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INTRODUCTION

Advances in Si

 

/

 

SiO

 

2

 

-based microchip integration
technologies have almost reached their limit [1, 2]. For
example, at a component size of 90 nm, the gate insula-
tor thickness in planar field-effect transistors is 1.2 nm,
i.e., about five SiO

 

2

 

 monolayers. The key to further
miniaturization of transistors lies in replacing silica by
materials with a larger dielectric constant, so-called
high-

 

k

 

 dielectrics.

To ensure thermodynamic stability of silicon/insula-
tor systems, the gate insulator must be nonreactive with
silicon, and its constituent components when present as
impurities should produce no undesirable levels in the
band gap of the insulator layer. For a composite to be
mechanically stable, its components must adhere well
to one another and be close in thermal expansion.
Moreover, the insulator should undergo no phase tran-
sitions between room temperature and the film growth
temperature. Thermodynamic evaluation, supported by
experimental data on the growth and dielectric proper-
ties of films, suggests that HfO

 

2

 

 is potentially attractive
as a microelectronic material [3, 4]. At the same time,
increasing the number of components in a chemical
system may result in special features that have not been
encountered in the conventional Si

 

/

 

SiO

 

2

 

 technology.

In this paper, we report the chemical and crystal
structures of HfO

 

2

 

 films grown on single-crystal silicon
substrates.

EXPERIMENTAL

HfO

 

2

 

 films 15–50 nm in thickness, with 

 

n

 

 = 1.9–2.0,
were grown by metalorganic chemical vapor deposition
(MOCVD) using hafnium dipivaloylmethanate,
Hf

 

(

 

dpm

 

)

 

4

 

 (dpm = C

 

(

 

CH

 

3

 

)

 

3

 

COCHCO

 

(

 

CH

 

3

 

)

 

3

 

), as the pre-
cursor. The experimental arrangement and growth pro-
cedure were described in detail elsewhere [4].

We studied the chemical structure of two series of
samples. Samples A were prepared on silicon substrates
oxidized in oxygen at 

 

900°ë

 

 to produce an SiO

 

2

 

 layer

 

�

 

20

 

 nm thick. Next, a 30-nm-thick HfO

 

2

 

 layer was
deposited onto the silica. Samples B were produced by
depositing HfO

 

2

 

 onto silicon substrates covered with an
oxide layer 

 

�

 

5

 

 nm thick. The substrate temperature
during film growth was 

 

650°ë

 

. The samples were
annealed at 

 

800°C

 

 for 1 h.
The thickness and refractive index of the films were

determined by ellipsometry (LEF-3M, 

 

λ

 

 = 632.8 nm).
Measurements were made at seven angles of incidence.
The inverse ellipsometric problem was solved in one-,
two-, and three-layer models using the NELM pro-
gram. To determine initial approximations, calculations
were made for the seven pairs of 

 

ψ

 

 and 

 

∆

 

 in a one-layer
nonabsorbing film model using nomogram analysis
with the NOMOGR program.

The chemical structure of the films was probed by
x-ray photoelectron spectroscopy (XPS). XPS spectra
were measured on a VG ESCALAB HP spectrometer,
using an Al 

 

K

 

α

 

 x-ray source (

 

h

 

ν

 

 = 1486.6 eV). As bind-
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Abstract

 

—Ellipsometry, electron microscopy, and x-ray photoelectron spectroscopy data indicate that, during
HfO

 

2

 

 deposition onto silicon, the native oxide reacts with the HfO

 

2

 

 deposit to form an amorphous intermediate
layer which differs in refractive index (

 

�

 

1.6

 

) from both HfO

 

2

 

 (1.9–2.0) and SiO

 

2

 

 (1.46). Thermodynamic anal-
ysis of the Si

 

–

 

SiO

 

2

 

–

 

HfO

 

2

 

–

 

Hf system shows that Si is in equilibrium with Si

 

/

 

HfO

 

2

 

 

 

–

 

 

 

y

 

 only at low oxygen pres-
sures. Starting at a certain oxygen pressure (equivalent to the formation of a native oxide layer), the equilibrium
phase assemblage is Si

 

/

 

HfSiO

 

4

 

/

 

HfO

 

2

 

 

 

–

 

 

 

y

 

.
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ing energy (

 

E

 

b

 

) scale references, we used the Au 

 

4

 

f

 

7/2

 

(84.0 eV) and Cu 

 

2

 

p

 

3/2

 

 (932.67 eV) core levels arising
from the surfaces of gold and copper foils, respectively.
The sample composition in the probed zone (2- to 3-nm
depth) was determined from integrated XPS intensities
using relative sensitivity factors [5]. To gain more
detailed information, the XPS spectra were decom-
posed into individual components. After subtracting the
background by the Shirley method, the experimental
spectrum was decomposed into a number of compo-
nents corresponding to core-electron photoemission
from atoms in different chemical environments. Com-
position–depth profiles were obtained using 3-keV Ar

 

+

 

ion milling at a current density of 

 

�

 

30

 

 

 

µ

 

A/cm

 

2

 

. The
material removal rate was 

 

�

 

1–2

 

 nm/min [5].

X-ray diffraction (XRD) measurements were per-
formed on a DRON-SEIFERT-RM4 diffractometer
(Cu

 

K

 

α

 

 radiation, diffracted-beam graphite monochro-
mator, scintillation detector, multichannel pulse ampli-
tude analyzer). XRD patterns were collected in the
step-scan mode in the 

 

2

 

θ

 

 range 

 

5° 

 

–

 

 60°

 

. Polycrystalline
silicon (

 

a

 

 = 5.4309 

 

Å) was used as an external standard.
Phases were identified using earlier data [6, 7]. The sur-
face morphology of the films was examined by scanning
electron microscopy (SEM) on a JEOL JSM-6700F.
Variations in film structure with depth were investi-
gated by high-resolution transmission electron micros-
copy (HRTEM) on a JEOL JEM-2010 operated at an
accelerating voltage of 200 keV. Cross-sectional speci-
mens were prepared by focused ion beam milling (FEI
FIB-200) [8]. To protect the HfO

 

2

 

 layer during the FIB
milling process, a carbon layer was deposited on the
film surface.

RESULTS AND DISCUSSION

 

Structure of the films

 

. Figure 1 is a surface SEM
image of film B, grown at 

 

650°ë

 

. The film is seen to be
homogeneous and to consist of grains typically several
nanometers to tens of nanometers in size. More detailed
information about the microstructure of the films was
obtained by HRTEM (Fig. 2). The dark-field cross-sec-
tional TEM image in Fig. 2a shows well-resolved crystal-
lites in the HfO

 

2

 

 film, ranging in size from 5 to 20 nm. The
selected area diffraction (SAD) pattern in the inset of
Fig. 2 indicates good crystallinity of the hafnia film.
The bright-field TEM image of the HfO

 

2

 

/

 

Si interface

 

100 nm

 

Fig. 1.

 

 Surface SEM image of an HfO

 

2

 

 film grown at 650

 

°

 

C.

 

(‡) 10 nm20 nm (b)

Si

HfO

 

2

 

Si

HfO

 

2

 

Fig. 2.

 

 (a) Dark- and (b) bright-field cross-sectional TEM images of sample B. Inset: SAD pattern.
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shows a well-defined amorphous layer 

 

�

 

5

 

 nm in thick-
ness (presumably, SiO

 

2

 

 or a hafnium silicate).
According to XRD data, the crystalline phase was

monoclinic HfO

 

2

 

 (Fig. 3). Annealing at 

 

800°ë

 

 for 1 h
caused the XRD peaks of the films to notably narrow,
which may be considered evidence for ordering of the
monoclinic structure (or an increase in crystallite size).

Ellipsometry data also indicated that the HfO

 

2

 

 films
had an inhomogeneous structure. Calculations in a
three-layer model showed that samples A consisted of
three layers with refractive indices of 

 

1.97 (

 

HfO

 

2

 

), 1.62

 

(presumably, Hf

 

x

 

Si

 

y

 

O

 

z

 

), and 

 

1.46 (

 

SiO2). Their thick-
nesses were 30, 2, and 16 nm, respectively. The ellip-
sometry data for sample B are also well represented by
a three-layer model with refractive indices of 1.96,
1.59, and 1.46, and layer thicknesses of 30, 4, and 4 nm,
respectively. Refractive indices of 1.59–1.62 are inter-
mediate between those of HfO2 and SiO2. It is, there-
fore, reasonable to assume that the intermediate layer
either has a nonequilibrium structure and a composition
of HfxSiyOz, which gradually varies from HfO2 to
HfSiO4, or consists of a fine-particle two-phase mix-
ture. Note that the thicknesses of the intermediate layer
evaluated from cross-sectional TEM micrographs and
ellipsometry data agree well.

XPS analysis. The chemical structure of the films
was studied by XPS. An XPS survey scan of the surface
of film A (Fig. 4) showed well-defined Hf, O, and C
peaks. Carbon resided predominantly in the surface
layer: ion milling for just 1 min sharply reduced its con-
centration. Thus, we are led to conclude that the carbon
contamination of the surface resulted from exposure to
the ambient atmosphere.

Figures 5 and 6 show the Hf 4f, Si 2p, and O1s XPS
scans of films A and B, respectively, at different steps
of depth profiling: spectra 1 were measured on the sur-
face of the as-deposited films, and spectra 6 were
obtained after 20 min of ion milling (film–substrate
interface). Spectra 2–5 were obtained after 1, 4, 7, and
10 min of ion milling.

The Hf 4f level is known to be spin–orbit split into
two components: Hf 4f7/2 and Hf 4f5/2. Accordingly, the
Hf 4f spectrum of the as-grown film surface shows two
narrow peaks at 16.6 and 18.3 eV, arising from Hf4+

(Fig. 5a, spectrum 1). The spin–orbital splitting (energy
separation between the Hf 4f7/2 and Hf 4f5/2 levels) is
1.66 eV. The binding energies reported for HfO2 in the
literature lie in the range 16.3–17.1 eV [9–12]. As the
interface is approached, the Hf 4f emission of both sam-
ples gradually shifts to higher binding energies: the
Hf 4f7/2 peak shifts from 16.6 to 18.6 eV. According to
Wilk et al. [13] and Kato et al. [14], the formation of
hafnium silicates may shift the Hf 4f7/2 peak up to 19.7 eV,
depending on stoichiometry. The doublet around 16 eV, in
the Hf 4f7/2 region, corresponds to hafnium in structur-
ally imperfect HfO2, produced by the Ar+ beam during
ion milling. This binding energy is close to that

reported by Suzer et al. [15] for hafnium suboxides.
After 20 min of ion milling, we observed an Hf 4f7/2

doublet around 15 eV, corresponding to hafnium sili-
cide [13].

Figure 5b illustrates the evolution of the Si 2p emis-
sion of sample A. The surface layer of the as-deposited
film, as well as that after milling for 1 and 4 min (spectra
1–3), was free of silicon. Further milling gave rise to a
triplet in the Si 2p region, with maxima at 99.3, 101–102,
and �104 eV. The 99.3-eV emission corresponds to
unoxidized silicon, Si0. The peak centered at �104 eV
is obviously due to the Si4+ (oxidized silicon) in SiO2

[14]. The weak, broad feature at 101–102 eV corre-
sponds to hafnium silicates [14]. With increasing depth
(spectra 4, 5), the Si0 peak becomes stronger, while the
Si4+ peak weakens. Spectrum 6 shows only the 99.3-eV
peak, which corresponds to nearly complete removal of
the film. The Si 2p binding energy in hafnium silicide is
close to that in silicon [9]. It is, therefore, reasonable to

In
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Fig. 3. XRD patterns of (1) monoclinic HfO2 (PDF card
34-104), (2) HfO2 film grown at 650°C, and (3) the same
film after annealing at 800°C for 5 min.
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Fig. 4. Typical XPS survey scan of as-grown film.
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assume that the peak in question is due to the Si0 and
Si4+ in hafnium silicide.

During ion milling, the O 1s peak of sample A shifts
rather sharply from 530 eV (characteristic of oxygen in

HfO2) to higher binding energies (Fig. 5c). In spectra 4
and 5, the O 1s peak of sample A is located at 532.7 eV,
which is characteristic of oxygen in SiO2 [14]. Note that
the corresponding Si 2p spectra show a strong peak near
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Fig. 5. (a) Hf 4f, (b) Si 2p, and (c) O 1s spectra obtained during depth profiling of an HfO2 film grown at 650°C on a preoxidized

(  = 20 nm) silicon substrate.dSiO2
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Fig. 6. (a) Hf 4f, (b) Si 2p, and (c) O 1s spectra obtained during depth profiling of an HfO2 film grown on a silicon substrate with

an oxide layer (  = 5 nm).dSiO2
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104 eV, which is also attributable to SiO2. Therefore,
the silica layer in samples A (  = 20 nm) remains
essentially intact, in good agreement with ellipsometry
data. At the same time, the Si 2p spectrum shows a peak
in the range 101–102 eV (silicon in hafnium silicates).
Consequently, there is an intermediate layer 10–15 nm
thick between the HfO2 film and silicon substrate,
which consists of a hafnium silicate and silica.

On the whole, the XPS spectrum of sample B varies
in a similar manner in the course of ion milling (Fig. 6),
but there are a number of distinctive features. Spectra
1–3 in Fig. 6a (Hf 4f) are similar to those of sample A.
Spectra 4–6 in Fig. 6a show a prominent shoulder on
the low-energy side, attributable to hafnium silicide
[13]. A similar doublet, with an Hf 4f7/2 binding energy
of 14.6 eV, only appeared in the spectrum of sample A
after 20 min of ion milling (spectrum 6). As pointed out
in an earlier study [16], hafnium silicide may form
through hafnium diffusion into the silicon resulting
from oxygen removal during argon ion milling of the
film. The most marked differences were observed
between the Si 2p spectra of samples A and B. In the
spectrum of sample B, the features characteristic of sil-
icon in SiO2 were missing. In particular, the spectrum
taken after 7 min of ion milling showed, in addition to
a sharp peak near 99.3 eV, weak features at 100.3 and
102.7 eV. Their position, however, corresponded to
hafnium silicates [14]. During ion milling, the O 1s bind-
ing energy gradually increased from 530 to 531.5 eV, indi-
cating that the chemical composition of the film gradu-
ally varied from HfO2 on the film surface to HfSixOy at
the HfO2/Si interface. A similar shift of the O 1s peak
was reported for HfxSi1 – xOy samples with ı = 0–1 [14].
Thus, analysis of our XPS, ellipsometry, and electron
microscopy data indicates that, during HfO2 film
growth, the silica layer reacts with the HfO2 deposit.
The Si–O bonds in the thin SiO2 layer convert to Hf–O–
Si bonds, with the formation of an intermediate layer. In
sample A, having a thick (20 nm) pregrown SiO2 layer,
a hafnium silicate layer forms between the silica and
hafnia layers, and only a part of the SiO2 layer converts
to the silicate. In sample B, in which the thickness of
the native oxide layer is �5 nm, an intermediate layer
of a nonstoichiometric hafnium silicate forms.

Thermodynamic analysis. Consider the present
results from the thermodynamic point of view. To this
end, it is convenient to use the isothermal section of the
Si–SiO2–HfO2–Hf phase diagram at the temperature of
hafnia deposition onto silicon (Fig. 7). This section has
not been constructed previously using experimental
data or thermodynamic calculations. To resolve this
problem, we rely on phase-diagram data for the constit-
uent binary systems and experimental data on the phase
equilibria in the Si–Hf–O system. The Si–Hf system is
known to contain the refractory silicides Hf2Si, Hf5Si3
(stable only at high temperatures), Hf3Si2, HfSi, and
HfSi2 [17]. α-Hf, stable at 650°ë, readily absorbs oxy-

dSiO2

gen: the solid-solution range of HfOı extends to
HfO0.206. The low-temperature form of hafnium oxide,
HfO2 – y, exists in a rather broad range of oxygen stoichi-
ometries: from �62 at % O to the stoichiometric com-
position HfO2 [18, 19]. In the Si–O system at  =

0.21 × 105 Pa, SiO2 is the only oxide [19]. In the HfO2–
SiO2 system, only one hafnium silicate has been identi-
fied: HfSiO4 [20].

Using this information, one can construct all possi-
ble phase compatibility diagrams of the system under
consideration, but additional data are needed to identify
the proper diagram. In a number of studies [13, 21–25],
the Si/HfO2 system was concluded to be stable based on
thermodynamic calculations. That conclusion, how-
ever, cannot be considered final because the problem
was not completely defined. Indeed, to identify the
proper phase compatibility diagram among the 28 pos-
sible, one must take into consideration all of the com-
pounds existing in the system. In the calculations in
question, only two intermetallic phases were taken into
account, HfSi and HfSi2, while the other hafnium sili-
cides were left out of consideration. More direct evi-
dence is provided by experimental data on the growth
of HfO2 films on silicon [4, 9, 16], which demonstrate
that the Si/HfO2 system is thermodynamically stable.
This result uniquely defines the phase compatibility
diagram of the Si–SiO2–HfO2–Hf system (Fig. 7). In the
two-phase regions in Fig. 7, the HfOx and HfO2 – y solid
solutions coexist with stoichiometric compounds. The
position of the tie lines in these regions depends on the
oxygen pressure in the system. At low oxygen pres-
sures, the tie line lies within the Si–HfO2 – y region. At a
certain pressure, the HfO2–Si equilibrium gives way to
the HfO2–HfSiO4 equilibrium, and the Si/HfO2 – y sys-
tem becomes unstable. The thermodynamically stable
phase assemblage is then Si/HfSiO4/HfO2 – y. The value
of Û depends on the oxygen partial pressure in the gas
phase in contact with the film–substrate system. The

pO2

SiO2

Si I II III IV Hf

HfOx

HfO2–y

HfO2Q

Fig. 7. Isothermal section of the Si–SiO2–HfO2–Hf phase
diagram at the temperature of HfO2 film growth on silicon
(650°C); Q = HfSiO4, I = Hf2Si, II = Hf3Si2, III = HfSi,
IV = HfSi2; two-phase regions are marked by gray. 
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presence of a thin oxide film on the silicon surface is
equivalent to a local increase in oxygen pressure and
must, therefore, lead to the formation of a hafnium sil-
icate layer.

CONCLUSIONS

The present ellipsometry, electron microscopy, and
XPS data demonstrate that, during HfO2 film growth on
silicon, the native oxide reacts with the HfO2 deposit to
form an amorphous intermediate layer. Its refractive
index of �1.6, and its composition can be represented
by HfxSi1 – xOy.

Thermodynamic analysis of the Si–SiO2–HfO2–Hf
system indicates that Si is in equilibrium with Si/HfO2 – y
only at low oxygen pressures. Starting at a certain oxy-
gen pressure (equivalent to the formation of a native
oxide layer), the equilibrium phase assemblage is
Si/HfSiO4/HfO2 – y. Thus, the conclusions drawn from
thermodynamic analysis are consistent with our exper-
imental data.
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