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We present a joint experimental and theoretical study of ultrathin hafnia films grown on Si �001� by atomic
layer deposition for applications as a gate dielectric of a field-effect transistor. The structural analysis by means
of high-resolution transmission electron microscopy, electron diffraction, and x-ray diffractometry indicates
films with thickness of 4 nm or less to be polycrystalline, predominantly monoclinic and textured, with the

texture axis being the normal to the �211̄�, �112̄�, and their equivalent planes. Films with thickness around 10
nm consist of a mixture of monoclinic and tetragonal phases more or less randomly oriented. Films thicker than

25 nm are purely monoclinic with �1̄11� and �111� textures. Using density-functional theory we investigate
surface energies of monoclinic and tetragonal hafnia films in search for thermodynamic means of controlling
the film microstructure. We report the atomic and electronic structures of these films including the surface
energy, work function, and electron affinity.
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I. INTRODUCTION

Hafnia-based dielectric films have replaced silica as a gate
dielectric in the current generation of field-effect transistors
�FETs�.1,2 Hafnia is used due to its thermodynamic stability
against Si,3,4 wide band gap, and high dielectric constant �k
=20–25�.5 The high dielectric constant �or high k� of hafnia
allows maintaining the gate capacitance and therefore the
drain-source saturation current without reducing the oxide
thickness. Thus the use of high-k dielectrics enables continu-
ous scaling of the complimentary metal oxide semiconductor
�CMOS� technology known as Moore’s law. There are a va-
riety of methods of hafnia film deposition on different sub-
strates, including atomic layer deposition �ALD�,6 pulse laser
deposition �PLD�,7 and chemical vapor deposition �CVD�.8
Thin hafnia films are typically amorphous as deposited and
polycrystalline after a postdeposition annealing; some are
mixed phase and textured. Hafnia films deposited at 300 °C
by ALD are reported to be polycrystalline, mixed phased,

predominantly monoclinic with �1̄11� texture.9,10 Other stud-
ies report hafnia films consisting of predominantly mono-
clinic grains preferring �001� and �111� growth directions.11

The structure-property relation of thin hafnia films is not
completely clear. Because different phases, orientations, and
terminations of surfaces may lead to nonuniformity in the
electrical properties of the film, a deeper understanding of
the microscopic nature of these films is critically important
to the further scaling of the CMOS technology.

The difficulty in controlling the structure and properties of
hafnia films is rooted in the complexity of transition-metal
oxides such as HfO2. In recent years the bulk properties of
hafnia, such as structure, electronic spectrum, and dielectric
constant, have been studied theoretically.5 However, thin
hafnia films behave differently from bulk hafnia, in particu-
lar, phase transitions occur at much lower temperature.7 In
addition, the properties of hafnia surface may play a role
in the gate dielectric film due to its high surface area to

volume ratio. In this paper we report a joint experimental
and theoretical study of hafnia films of different thicknesses
deposited by ALD and characterized by transmission elec-
tron microscopy �TEM�, electron diffraction �ED�, x-ray
diffractometry �XRD�, and density-functional theory �DFT�
to provide more insights into hafnia films. In particular,
using first-principles calculations we study theoretically the
hafnia surface. Previous theoretical studies of hafnia
surface12,13 are limited to stoichiometric surfaces of the
monoclinic phase. However, experiment indicates that hafnia
films are polycrystalline with more than one phase
present.6–8 Thus a systematic study of hafnia surface includ-
ing monoclinic and tetragonal phases for both stoichiometric
and nonstoichiometric terminations is of interest. The rest of
the paper is organized as follows. In Sec. II we describe the
atomic layer deposition of thin hafnia films. The structural
characterizations by means of high-resolution transmission
electron microscopy �HRTEM� and XRD are reported in Sec.
III. In Sec. IV we present a systematic theoretical study of
surfaces of monoclinic and tetragonal hafnia.

II. ATOMIC LAYER DEPOSITION OF THIN FILMS
OF HAFNIA

Among many explored deposition techniques for gate di-
electrics, atomic layer deposition2,10,14 poses many advan-
tages such as excellent thickness control, conformality, and
low-temperature deposition.15 The first study on ALD HfO2
for gate dielectric applications was performed on films de-
posited using hafnium tetrachloride HfCl4 and water H2O.16

Since then, many reports on film growth and properties of
HfCl4-based HfO2 have been published.10,14,17,18 Excellent
metal oxide semiconductor field-effect transistor �MOSFET�
characteristics have been reported.19 HfCl4 has advantages of
�1� being carbon free, �2� being relatively small in size �less
steric hindrance�, �3� being inexpensive, and �4� having a
wide ALD window �up to 750 °C�.
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In this study, the HfO2 films are formed via ALD using
hafnium tetrachloride and water at 300 °C as reported
previously.10,14 The HfO2 film thickness is controlled by the
number of cycles deposited. One deposition cycle consists of
a water pulse, a nitrogen purge �to remove unreacted water�,
a HfCl4 pulse, and a nitrogen purge. As received silicon wa-
fers are cleaned using a solution of de-ionized water, hydro-
gen peroxide, and hydrochloric acid with a ratio of 40:2:1 at
35 °C for 10 min. This so-called “SC2 clean” grows a thin
chemical oxide layer on the silicon substrate. HfO2 is depos-
ited on chemical oxide starting surfaces. After deposition,
hafnia films are either not annealed at all or annealed in
oxygen for 60 s at 500 °C.

III. STRUCTURAL ANALYSIS

A. Transmission electron microscopy

Electron-diffraction analysis is done on thin HfO2 films
��200 Å thick� deposited by ALD at 300 °C and subject to
a postdeposition annealing at 500 °C for 60 s. The hafnia
and interfacial layer thicknesses are determined by cross-
section TEM. A Philips CM200 FEG TEM operating at an
accelerating potential of 200 kV is used for the imaging and
electron diffraction.

A cross-section image of the thinnest film studied is
shown in Fig. 1. The HfO2 film is 40 Å in thickness with a
9 Å interface layer. The crystalline nature of the film can be
seen from the lattice fringes visible in the film. A few lattice
spacings could be measured in the film �indicated on the
image� but not sufficient to determine either a crystallo-
graphic structure or possible texturing. In order to character-
ize the crystalline structure of the films, diffraction patterns
from plan-view TEM samples are analyzed.

To prepare the plan-view samples, the substrate silicon is
removed from the back side of the wafer by mechanical pol-
ishing, with a final thinning done using an Ar ion mill. In
most areas of the sample, some thin Si is still covering the
HfO2 film. The silicon diffraction spots from these areas are
used to calibrate the camera length for the HfO2 diffraction
analysis. Diffraction patterns are taken with the beam at nor-
mal incidence to the plane of the HfO2 film and also with the
sample tilted by 40° from this orientation to give information
about texturing of the hafnia grains. For all of the films down
to 73 Å in thickness, the diffraction pattern does not change
on tilting of the sample, indicating a lack of texturing of the

hafnia grains. For the 40 Å film, however, the continuous
diffraction rings broke up into arcs, indicating texturing in
this film as seen in Fig. 2.

To determine both the crystalline structure and texturing
present in the films, line profiles are taken in a radial direc-
tion from the centers of the patterns. The diffraction patterns
used for this analysis are those taken with the incident beam
normal to the plane of the HfO2 films. The camera length is
carefully calibrated using the silicon diffraction spots, and
the radii of the various diffraction rings are determined by
multiple-peak fitting to the line profiles. Figure 3 shows the
fitted diffraction peaks superimposed on a section of the dif-
fraction pattern line profiles for both the 99 and 40 Å hafnia
films. All of the thicker films have diffraction patterns similar
to the 99 Å film shown here. It is only the 40 Å film that
shows any variation from the thicker films.

The monoclinic phase of hafnia is present in both films,
though some of the diffraction peaks are missing, or at least
weak, in the 40 Å film because of texturing in this film. The
thicker films all contain a second phase which gives a strong
diffraction peak corresponding to a d spacing of 2.94 Å. The
structure of this second phase is not totally clear but we
assign it to the tetragonal phase for the following reason.

The expected positions of the strongest diffraction peaks,
calculated from the lattice parameters given in the JCPDF
powder-diffraction database,20,21 are indicated in Fig. 3 for
both the cubic and tetragonal phases. The position of the
peak from the second phase lies much closer to the cubic 111
peak �lattice spacing=2.94 Å� than for the tetragonal 111
peak �lattice spacing=2.99 Å�. This tetragonal 111 peak is
not indexed, even though it is listed as a strong peak in the
powder-diffraction database20 because it is forbidden in the
space group assigned to the structure �space-group No. 137:
P42 /nmc�. This space group is likely not correct for two
reasons. It does not agree with the given diffraction data and
the tetragonal HfO2 structure is expected to be similar to the

ZrO2 structure, which has a space group of P4̄m2 �space-
group No. 115�. Assigning this space group to the structure is
consistent with the given diffraction data, and in particular,

FIG. 1. Cross-section TEM image of the 40 Å HfO2 film. The
film thickness, measured from this image, is 40 Å with a 9 Å
interface layer between the HfO2 film and the substrate. Measure-
ments of a few lattice fringe spacings in the HfO2 are indicated on
this image �the arrow, in each case, is normal to the lattice fringes�.

FIG. 2. Electron-diffraction pattern from the 40-Å-thick hafnia
film with the film tilted 40° to the incident electron beam. The
presence of arcs after tilting the film, rather than continuous rings,
is an indication of the texturing in this film.
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the strongest reflection, 111, is no longer forbidden. The
powder-diffraction database does not indicate the tempera-
ture at which the lattice parameters were measured, but simi-
lar values for the lattice parameters, reported in Ref. 22, are
measured at temperatures above 1700 °C. At room tempera-
ture, the lattice parameters will be smaller, causing the dif-
fraction peak to shift to a higher value of 1 /d. We could not
find published values of the room-temperature lattice param-
eters for the tetragonal phase, but considering this shift to a
higher d spacing, assigning the tetragonal 111 diffraction
peak to the second phase seen in Fig. 3, is more reasonable
than the cubic 111 peak.

The tetragonal structure is a high-temperature structure,
normally existing only above 1700 °C, and which cannot be
quenched to room temperature.7 The tetragonal phase can
exist at room temperature only below a critical grain size,
which is reported to be between 40 and 100 Å under strain-
free conditions.7 Since in the films as thin as those being
studied there are expected to be grains sufficiently small to
sustain the tetragonal phase at room temperature, it is not
unreasonable for some tetragonal phase to coexist with the
monoclinic phase. The cubic structure is an even higher-
temperature phase ��2800 °C� and so is even less likely to
be seen at room temperature. We have therefore assigned the
tetragonal phase as the second phase in these films.

By an analysis of the missing diffraction peaks in the
40 Å film, we can determine that the only possible low in-

dexed texture axes normal to the film are the �211̄� and �112̄�
crystal axes. The presence of grains with a �1,2,1� texture

axis could not be ruled out, although this grain orientation
would not contribute to the observed intensity in the 011 and
110 diffraction peaks. The other orientations that cannot be

ruled out are the �1̄11� and �1,1,1� axes reported in Refs.
9–11. These, however, do not contribute to the 111 diffrac-
tion intensity which is the strongest observed diffraction
peak, so these orientations cannot be a major constituent of
the film.

B. X-ray diffraction

XRD is used to identify phases and characterize texture of
HfO2 films deposited to thicknesses of 200–230 Å. Scan
data are acquired with coupled in-plane �-2� geometry
�powder mode� using Cu K� radiation from a rotating anode
�50 kV and 180 mA�. The x-ray beam is conditioned with a
1° divergence slit �producing a planar wave� and a diffracted
beam monochromator. Scan rate is 0.1° /s, and step size is
0.05°. Scans are taken with the sample tilted slightly off axis
to dissatisfy the Bragg condition for the single-crystal sub-
strate, thus reducing background counts from the substrate.
Data are analyzed principally by reference to powder-
diffraction files for tetragonal and monoclinic HfO2. These
are in the ICDD database.

Samples analyzed by XRD include one as deposited and
two subjected to postdeposition annealings at 900 or
1000 °C for 60 s in flowing N2. Figure 4 shows scan data for
as-deposited and 900 °C-annealed films, overlaid together
on the same plot. Both as-deposited and annealed films are
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FIG. 3. �Color online� Electron-diffraction pattern line profiles for two HfO2 films �40 and 99 Å thick�. The red dots represent the
measured line profiles. The blue curve superimposed on the data is the fitted profile using a multiple-peak fitting routine. The individual red
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polycrystalline material. The as-deposited film has mixed
monoclinic and tetragonal phases. The annealed film appears

entirely monoclinic with �1̄11� and �111� textures. Line as-
signments are made with reference to powder-diffraction
files �monoclinic HfO2� �Ref. 21� and �tetragonal HfO2�.20

The �111� line at 30° 2� probably indicates tetragonal phase
if one assigns the space-group P-4m2 �space-group No. 115�
to this structure. XRD analysis for the HfO2 film annealed at
1000 °C for 60 s revealed almost no difference in phase and
texture compared to the 900 °C-annealed film.

C. Structure

Thicker HfO2 films are analyzed by x-ray diffraction. Af-
ter annealing at 900–1000 °C, these are determined to con-

sist of the monoclinic phase with �1,1,1� and �1̄11� texturing.
Films that are thinner than 200 Å do not provide good x-ray
diffraction data, and so these are analyzed using electron
diffraction. Films with thicknesses between 70 and 100 Å
show no texturing after a 500 °C annealing and are found to
consist of a mixture of monoclinic and tetragonal phases.
The thinner 40 Å film, after the same annealing, shows only

the monoclinic phase, which is textured along the �211̄� and

�112̄� axes.

IV. THEORETICAL ANALYSIS

DFT calculations are carried out using the Vienna ab ini-
tio simulation package �VASP�.23 We use the PW91 general-
ized gradient approximation �GGA�.24,25 Vanderbilt-type ul-
trasoft pseudopotentials are employed.26 For Hf atoms 5d
and 6s electrons are included; for oxygen atoms 2s and 2p
electrons are included. The Brillouin-zone integration is per-
formed with a Monkhorst-Pack method. The kinetic-energy
cutoff of 800 eV is found to be sufficient �the total energy is
converged to 10−6 eV /cell and forces are converged to
10−3 eV /Å�. For bulk calculations we use a relatively coarse
4�4�4 grid size for the initial relaxation of the structure,
which is followed by an accurate calculation with an 8�8

�8 grid to determine the final structure. For the surface cal-
culations discussed below we use the 4�4�1 and 8�8
�1 grids. Table I shows the structural parameters for three
fully relaxed HfO2 polymorphs; all are in good agreement
with our and published data28,29 and with previous
calculations.5,27 Our total-energy calculations reproduce the
correct energetic ordering of hafnia phases: cubic to tetrago-
nal to monoclinic going from the highest to the lowest en-
ergy phase.

To simulate the surface we employ slab geometry and
symmetric slabs. In the direction normal to the surface, a
15-Å-thick vacuum layer is added to eliminate spurious slab-
slab interactions. We use the conjugate-gradient algorithm to
optimize the atomic structure for various surface termina-
tions of hafnia polymorphs. The surface energy of a vacuum-
cleaved surface is then estimated using the zero-temperature
“grand canonical” thermodynamic potential,30

Es =
1

2A
�Eslab − NO2

�O2
− NO2

EO2
− NHf�Hf − NHfEHf� .

�1�

Here the energy is given per surface unit cell, and the factor
of 1/2 is due to having two interfaces in the supercell. The
chemical potentials of Hf and O2 are related by the equilib-
rium condition �Hf+�O2

=−EHfO2
. Here EHfO2

is the forma-
tion energy of hafnia; the chemical potential of HfO2 is set to
zero since we are in equilibrium with the bulk. Therefore the
surface-free energy is a function of one chemical potential
only. We choose the chemical potential of oxygen, and it is
set to change in the energy window from zero �equilibrium
with oxygen supply� to negative energy of formation of
hafnia EHfO2

�below this value Hf metal will start forming on
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FIG. 4. XRD analysis for as-deposited thick HfO2, showing a
mixture of orthorhombic and monoclinic phases, and 900 °C post-
deposition annealed HfO2 showing only monoclinic phase material.

TABLE I. The crystal structure parameters for the three relaxed
HfO2 polymorphs.

Present GGA Previous LDAa Expt.b

Cubic

V �A3� 32.774 32.0 32.77

a �Å� 5.08 5.04 5.08

Tetragonal

V �A3� 33.28 32.5

a �Å� 3.58 3.56

c �Å� 5.19 5.11

dz �Å� 0.043 0.042

Monoclinic

V �A3� 34.76 33.92 34.58

A �Å� 5.135 5.08 5.117

B �Å� 5.184 5.19 5.175

C �Å� 5.302 5.22 5.291

B �deg� 99.48 99.77 99.22

aReference 27.
bReference 28.
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the surface�. For hydrogen-passivated surfaces Eq. �1� needs
to be modified,31

Es =
1

2A
�Eslab − NO2

�O2
− NO2

EO2
− NHf�Hf − NHfEHf

− NH2
EH2

− NH2
�H2

� . �2�

Note that the chemical potential of hydrogen is given with
respect to H2 molecule and can be written as function of
pressure and temperature as follows:

�H2
= kT�ln� pVQ

kT
� − ln Zrot − ln Zvib� ,

where p is the hydrogen partial pressure, T is temperature,
and Zrot and Zvib are the rotational and vibrational partition
functions, respectively. We now discuss several surfaces of
monoclinic and tetragonal phases in more details with the
emphasis on the former since the dominant phase in the
ALD-grown hafnia thin films is monoclinic.

A. Monoclinic

Because of low symmetry of the monoclinic phase, cut-
ting a surface from a monoclinic crystal theoretically is not a
trivial task. The slabs thus generated are not unique. We con-
struct several structures with different orientations and sto-
ichiometries. Then we relax them using VASP and use the
total energies of optimized structures to calculate the surface
energy of each termination as a function of chemical poten-
tial according to Eq. �1�. In Fig. 5�a� we plot the surface
energy for different orientations for the monoclinic phase as
a function of the oxygen chemical potential, the zero value of
which indicates equilibrium with the oxygen supply and thus
describes the oxygen-rich environment. As seen in Fig. 5�a�
all stoichiometric surfaces have surface energies independent
of the chemical potential. For the stoichiometric surfaces our
calculations agree well with those presented in Refs. 12 and
13. We compare our results to those in Ref. 12 in Table II.
The order and values of surface energy for the relaxed stoi-
chiometric surfaces are in good agreement. In addition, we
consider several nonstoichiometric and H-passivated sur-
faces as shown in Fig. 5�a�. Two surfaces with the lowest
surface energy among the non-H-passivated surfaces are the

stoichiometric �111̄� and oxygen-rich �112̄�. Under extreme
oxygen-rich conditions the oxygen-terminated �001� surface

becomes comparable to �111̄� in energy. The stoichiometric

�111̄� surface has the lowest surface energy in most of the
allowed range of the chemical potential �with the exception
of the extreme oxygen-rich regime�. This might explain why
thin hafnia films in our experiments �as well as in reports by
others9� favor the texture axis normal to �111̄� planes. How-
ever, under certain conditions,11 hafnia films may favor �001�
as the growth direction. Taking into account that the HfCl4
precursor requires water cycle during the film deposition, the
effect of surface hydroxylation needs to be considered. In
general, the amount of hydrogen on the surface of a growing
film depends on the density of undercoordinated oxygen at-
oms, and on the details of purging and temperature, and thus

is specific to the growth process. We calculate the surface
energy of hydrogen-passivated surfaces using Eq. �2�. A
comprehensive account of this study will be presented else-
where. For the present argument it is sufficient to note that
the presence of hydrogen on stoichiometric and Hf-
terminated surfaces does not change the surface energy and
geometry drastically. However, the hydroxylation has a
rather big impact on O-terminated surfaces, such as the
oxygen-terminated �001� surface. As seen in Fig. 5�a� the
surface energy of hydroxylated �001� oxygen-terminated sur-
face is reduced by 3200 mJ /m2 relative to the original sur-
face. A similar effect has been previously reported by us for
the crystalline SiO2 surfaces.31 This might explain the stabi-
lization of �001� surface for monoclinic hafnia reported by

other workers. Also, oxygen-terminated �112̄� surfaces are
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FIG. 5. �Color online� �a� Surface energy of several surfaces of
monoclinic HfO2 as a function of the oxygen chemical potential.
Labels ending in ”Oxy,” “Hf,” and “Stoi” refer to oxygen, hafnia,
and stoichiometric terminations, respectively. Labels ending in “H”
refer to hydrogen passivation. In the case of two oxygen-terminated

�112̄� surfaces, the termination with less oxygen is marked with an
asterisk. �b� Surface energy of several surfaces of tetragonal HfO2

with different termination and orientation. Labels indicate the ori-
entation and termination of a particular surface.
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stabilized under either oxygen-poor or oxygen-rich condi-
tions. We now shall focus on the most stable hydrogen-free
surfaces of the monoclinic phase and compare their atomic
and electronic structures.

As we have discussed in Sec. III A, for the 40 Å hafnia

film the �112̄� direction is consistent with the texture axes
normal to the film surface. According to our thermodynamic
analysis this termination is stable under oxygen-rich condi-
tions. Therefore we consider one stoichiometric and one
oxygen-terminated surface with the �112̄� orientation 	shown
in Figs. 6�a� and 6�b�, respectively
. The stoichiometric
model referred to as slab I 	Fig. 6�a�
 contains 32 oxygen and
16 hafnia atoms and is 9.6 Å thick. The oxygen-terminated
model referred to as slab II 	Fig. 6�b�
 contains 40 oxygen
and 16 hafnia atoms and is 11.2 Å thick. The top and bottom
surface atomic configurations of the slab are essentially the
same, albeit rotated with respect to one another, in both
cases. The lateral lattice constants of slabs I and II are listed
in Table III. The structures of slabs I and II shown in Figs.
6�a� and 6�b� are fully relaxed. The most obvious difference
between the two is that the latter structure has several peroxy
bonds between pairs of oxygen atoms on the surface and the
former has no such bonds. Peroxy bonds are known in metal
oxides31 but have not been reported for hafnia; they appear in
this structure because there are not enough hafnium atoms to
be bonded to oxygen on the surface; this is the energy low-
ering mechanism of the oxygen-rich surface. The presence of
peroxy bonds affects the electronic structure of the surface,
as we shall discuss in detail below.

The theoretical GGA band gap of HfO2 is only 4.1 eV 	the
local-density approximation �LDA� gap is 3.8 eV and experi-
mentally it is 5.8 eV
. The top of the valence band is com-
prised predominantly of the oxygen p state and the bottom of
the conduction band is mainly hafnium d states.27 In Fig.
7�a� we show the total density of states for the slab with the

oxygen-rich �112̄� surface discussed above. The Fermi level
is pinned by a state 3.8 eV above the valence-band top. The
level is a filled state of the peroxy bond. In Fig. 7�b� we
show partial density of states �PDOS� projected onto several
oxygen atoms labeled in Fig. 6�b�. Atoms 3 and 4 of the
second peroxy bond contribute to this peak. The state 2.7 eV
below the Fermi level corresponds to the first peroxy bond.
We can also see the “proper” surface states �atom 5� 0.2 eV
above the valence-band top. The valence-band top is 3.8 eV

below the Fermi level as can be seen from the lowest panel
in Fig. 7�b�. It is useful to project the PDOS onto oxygen
atoms across the slab and plot the l=1 component �p state�
layer by layer as in Fig. 7�c�. We can see that the surface
states coming from the peroxy bonds are rapidly decaying as
we move deeper into the slab. Yet the proper surface state
right at the band edge decays with a slower rate. Clearly the
behavior of these surface states is quite different and can be
understood with the complex band structure. The complex
band structure of the monoclinic phase suggests that the de-

TABLE II. Surface energy of monoclinic hafnia with stoichio-
metric termination.

Stoichiometric
surface

Surface energy in �J /m2�
from Ref. 12

Surface energy in �J /m2�
from this workUnrelaxed Relaxed

�1̄11� 1.46 0.993 1.04

�111� 1.562 1.199 1.25

�001� 2.169 1.416 1.45

�112̄� 1.71

�100� 2.165 1.667 1.79

Hf O

Peroxy bond I

Atom 1

Atom 2Atom 4 Atom 3

Atom 5

Atom 6

BulkAtom

Peroxy bond II

(b)

(a)

FIG. 6. �Color online� �a� The relaxed structure of the stoichio-

metric �112̄� slab of monoclinic hafnia with 32 oxygen atoms and
16 hafnia atoms. �b� The relaxed structure of the oxygen-rich

oxygen-terminated �112̄� monoclinic slab with 36 oxygen atoms
and 16 hafnia atoms.

TABLE III. The simulation cell parameters used to calculate the

slab of the �112̄� surface of monoclinic hafnia.

a b � 	 


8.49 Å 7.30 Å 90° 90° 94.78°
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cay length of both evanescent states corresponding to the
peroxy bonds should be about 2 Å, while the gap states
close to the band edge decay much slower.32 Figure 8 shows
the electron-density distribution corresponding to the peroxy
states. In Fig. 8�a� we show the contour plot �in the surface
plane� of the electron density corresponding to the lower-
energy peroxy state. It looks like an antibonding pp� orbital
of the peroxy dimer. In Fig. 8�b� we show the contour plot in
the subsurface plane of the electron density corresponding to
the surface state at the Fermi level. It is clearly an antibond-
ing pp� orbital of the other peroxy bond II. Note that the
valence-band top does not show any bending across the film.
This is because the peroxy state pins the Fermi level approxi-

mately midgap. Peroxy bonds on oxide surfaces are well
documented.33–35 They play important role in surface cataly-
sis. However we are unaware of studies focused specifically
on hafnia. Currently we are investigating surface vibrational
properties of hafnia; the results may be used to identify per-
oxy bonds by Raman spectroscopy. We hope our work will
inspire further experimental effort.

B. Tetragonal

When compared with the monoclinic phase, the structure
of tetragonal hafnia has higher symmetry. Thus the number
of possible surface terminations of the tetragonal phase is
limited. Most surfaces of tetragonal hafnia are either oxygen
terminated or hafnia terminated, with the exception of the
�100� surface that can only be cut stoichiometric.

In Fig. 5�b� we plot the surface energy for different ori-
entations of the tetragonal phase as a function of the oxygen
chemical potential. The plots with a positive slope corre-
spond to hafnium-terminated surfaces and those with a nega-
tive slope correspond to oxygen-terminated surfaces. The
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FIG. 7. �Color online� �a� The total density of states of �112̄�
oxygen-rich monoclinic hafnia plotted in the energy window from
−12.0 to 4.0 eV. �b� The partial density of states projected on the
oxygen atoms labeled in Fig. 6�b�. �c� The oxygen-projected density
of states plotted layer by layer along the z axis of the oxygen-
terminated slab.

(b)

(a)

FIG. 8. �Color online� �a� The partial electron-density distribu-
tion coming from the localized states 2.7 eV below the Fermi level

for the oxygen-rich �112̄� monoclinic surface 	see Fig. 6�b�
. Dots
represent oxygen atoms at the surface. �b� The partial electron-
density distribution coming from the states right at the Fermi level

of the oxygen-rich �112̄� monoclinic surface.
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surface energy of stoichiometric surfaces does not depend on
the chemical potential. Among the nonstoichiometric sur-
faces the �111� family has lowest surface energy. However,
the stoichiometric �100� surface is the most stable termina-
tion of tetragonal hafnia. This is in contrast to tetragonal
zirconia where the most stable surface is �111�.36 We should
note that the surface described as �111� in Ref. 36 is actually

stoichiometric �112̄�. The real �111� surface of both t hafnia

and t zirconia is built of �112̄� facets 	see Figs. 9�a� and
9�b�
. We have considered both oxygen and hafnium termi-
nated �111� as well as a stoichiometric termination. Surpris-

ingly, in terms of surface energy the stoichiometric �112̄� and
�111� terminations are indistinguishable 	see Fig. 5�b�
.

In Fig. 10 we analyze the average potential plot for the
slab with the �111� surface for the oxygen and hafnium ter-
minations. Figure 10�a� shows a combined plot of the plane-
averaged electrostatic potential and its macroscopic average
for hafnia-terminated �111� surface across the thickness of
the slab along with the plane by plane projected oxygen den-
sity of states. Oxygen is chosen since the top of the valence
band in hafnia is predominantly the oxygen p state. The
Fermi level is pinned by the midgap surface state. The state
is mostly a dangling hafnia d orbital but is obviously hybrid-
ized with the oxygen p orbital. The surface state results in a
double layer that lowers the bulk potential by about 0.2 eV.
The work function can be estimated as a difference between
the Fermi level and the value of the potential in the vacuum
region. We also estimate the electron affinity, but for that we
use the bulk value of the reference potential. In the bulk the
valence-band top is 2.4 eV higher than the average electro-
static potential. Using the experimental value of the HfO2
band gap of 5.7 eV, we estimate the electron affinity to be
1.95 eV. If we now apply a GW correction of 0.57 eV 	cal-

culated for the top of the valence band at the  point of bulk
m-HfO2 �Ref. 37�
, we arrive at the value of 2.52 eV similar
to that measured in recent experiments.38 Figure 10�b� shows
similar data for the oxygen-terminated �111� t-HfO2 surface.
Here the highest-occupied surface state is located 0.4 eV
above the top of the valence band and is oxygen related. The
results for the work function and electron affinity of different
terminations of tetragonal and monoclinic phases are sum-
marized in Table IV.

C. Role of surface energy in the m-t transformation

The phase composition of a thin film is important in view
of the uniformity requirements since the electrical properties
may change significantly between different polymorphs.5,31

In the case of very thin films the difference in the surface
energy of different polymorphs may stabilize higher-energy
phases. Experimentally, in zirconia the stabilization of tetrag-
onal grains below the critical size of Rc=150 Å has been
reported39 and discussed from the theory point of view by

HfO

)211(

)211(

)111(

(b)

(a)

FIG. 9. �Color online� �a� The relaxed �112̄� structure of the
tetragonal hafnia stoichiometric slab with 32 oxygen atoms and 16
hafnia atoms. �b� The relaxed �111� structure of the tetragonal stoi-
chiometric hafnia slab with 32 oxygen atoms and 16 hafnia atoms.
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FIG. 10. �Color online� �a� A composite graph of the plane-
averaged electrostatic potential used as the energy reference, its
macroscopic average, and the plane by plane projected oxygen den-
sity of states for the Hf-terminated �111� surface of t-HfO2. The
surface state which is actually a dangling Hf d orbital is clearly seen
pinning the Fermi level. �b� Same as �a� for the O-terminated �111�
surface of t-HfO2
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Christensen and Carter.36 In hafnia a similar effect has been
also observed.7 As we have shown the lowest surface energy
for tetragonal hafnia is achieved for the �001� orientation.
This is 500 mJ /m2 lower than the most stable �111̄� stoichi-
ometric termination of monoclinic hafnia; the difference is
much larger than that reported for zirconia.36 Thus in a very
thin film one may hope to suppress the tetragonal to mono-
clinic transition. Ignoring the small difference in molar vol-
umes of tetragonal and monoclinic hafnia and the entropic
effects, the critical size can be roughly estimated as follows.
In a uniform hafnia film of thickness R and area A, the phase
equilibrium equation defines the critical thickness,

A
t + ARcEt = A
m + ARcEm,

where 
t and 
m are the lowest surface energies for the te-
tragonal and monoclinic phases, respectively. Et and Em are
the bulk energy densities for the two phases, and Rc is the
critical thickness. Thus the critical thickness Rc is given by

Rc =

m − 
t

Et − Em
.

Using our calculated bulk energies and surface energies cal-

culated for the stoichiometric �111̄� surface of monoclinic
hafnia and �100� stoichiometric surface of tetragonal hafnia,
we estimate that for films thinner than 15 Å the presence of
tetragonal phase may be expected. If a spherical grain is
considered the critical radius is 45 Å. Experimentally, how-
ever, we observe the presence of the tetragonal phase only in
99-Å-thick films. This might suggest the presence of small-
size crystallites in these films and not in the thicker or thin-
ner ones. Clearly, other mechanisms such as the presence of
hydrogen and point defects �i.e., oxygen vacancies� could be
responsible for the stabilization of a high-symmetry phase. In
addition, we have not considered the energy of grain bound-
aries which might be more appropriate than surface energies
for this case. Therefore we view our findings as consistent
with the surface-energy-driven suppression of the phase tran-
sition rather than as proving it.

V. CONCLUSIONS

We analyze the properties of ultrathin hafnia films grown
by ALD using hafnium tetrachloride and water at 300 °C.
Films thicker than 200 Å after annealing at 900–1000 °C
are determined to consist of the monoclinic phase with

�1,1,1� and �1̄11� texturing. Surprisingly, films of the inter-

mediate thicknesses �between 70 and 100 Å� are found to
consist of a mixture of monoclinic and tetragonal phases
�and show no texturing after a 500 °C annealing�. The thin-
ner 40 Å film after the 500 °C annealing is phase uniform,
monoclinic, and textured along the �211̄� and �112̄� axes.
The first-principles calculations of the surface phase diagram
for monoclinic and tetragonal hafnia reveal that in the ab-
sence of hydrogen, �111� and �1̄11� are the lowest-energy
surface terminations of monoclinic hafnia under a wide
range of chemical environment, consistent with texturing of
thick hafnia films. Due to the use of tetrachloride precursor,
the ALD is performed on the oxidized surface of a Si wafer.
Since the thin SiO2 layer is amorphous, the crystallographic
effect of the substrate is minimal. Therefore one could expect
that either the growth kinetics or thermodynamics dominate
the film growth. Our results suggest that thermodynamics
plays a role �or that the lowest-energy surface is also the
fastest growing one�. In addition, the calculations suggest
that in the presence of hydrogen the �112̄� termination can be
stabilized both under oxygen-rich and oxygen-poor condi-
tions, which might explain the peculiar texturing of very thin
monoclinic films. The most intriguing result is the quenching
of the tetragonal phase at room temperature for intermediate
film thicknesses. It is possible that extremely small grains of
tetragonal hafnia are stabilized owing to the lower surface
energy of that phase. According to our calculations, in
vacuum the critical thickness necessary to stabilize tetrago-
nal hafnia is between 1 and 40 Å. This is consistent with the
large width of the electron-diffraction peaks attributed to the
tetragonal phase. The presence of multiple phases in hafnia
films may have important device implications. It has been
shown that electronic properties such as the dielectric
constant5 and the charge neutrality level32 vary significantly
from one polymorph to another, thus causing fluctuations of
such important parameters as the threshold voltage. In addi-
tion, we have examined the work function and electron af-
finity for several surfaces of monoclinic and tetragonal
hafnia. In the case of the tetragonal phase we find a large
variation in electron affinity depending on the surface termi-
nation. For the oxygen-terminated �111� surface of the tetrag-
onal hafnia the electron affinity is estimated to be 2.52 eV
when a quasiparticle correction is included. For the mono-
clinic phase the electron affinity shows much less variation
and is about 1.7 eV for the most stable �111� oriented stoi-
chiometric surface, in good agreement with experiment.
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