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Abstract—The atomic structure of amorphous and crystalline zirconium dioxide (ZrO,) films was studied
using X-ray diffraction and extended X-ray absorption fine structure techniques. The electron structure of ZrO,
was experimentally determined using X-ray and UV photoel ectron spectroscopy, and the electron energy band
structure was theoretically calculated using electron density functional method. According to these data, the
valence band of ZrO, consists of three subbands separated by an ionic gap. The upper subband isformed by the
O2p states and Zr 4d states; the medium subband is formed by the O2s states; and the narrow lower subband is
formed predominantly by the Zr 4p states. The bandgap width in amorphous ZrO,, as determined using the el ec-
tron energy |oss spectroscopy data, amounts to 4.7 eV. The electron band structure cal culations performed for
acubic ZrO, phase point to the existence of both light (0.3mp) and heavy (3.5m) holes, where my is the free
electron mass. The effective masses of band electronsin ZrO, fall within (0.6-2.0)my.
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1. INTRODUCTION

In silicon field-effect transistors, a reduction of the
channel length to about 600 A is accompanied by scal-
ing-related decreasein the SiO, gateinsulator thickness
downto 12 A. Asaresult, the tunneling current through
such a thin SIO, layer increases to unacceptable level
that leads to excess power dissipation. The main
approach to solution of this problem consistsin replac-
ing SIO, by so-called alternative insulators with higher
values of the dielectric constant, which are also referred
to as high-k gate dielectrics [1-3]. Another important
application of these high-k materials is related to their
use as insulators in capacitors of dynamic random
access memories [2, 3]. The third use of aternative
dielectricsis in top insulators of FLASH memory ele-
ments[4, 5].

At present, materials extensively studied as alterna-
tive gate diel ectricsinclude hafnium dioxide (HfO,, € =
25), zirconium dioxide (ZrO,, € = 25), yttrium oxide
(Y,04, € = 15), and aluminum oxide (Al,Os, € = 10).
Among these, one of the most promising is ZrO, that
possesses a broad bandgap and exhibits high barriers
for electron and hole injection at the Si/ZrO, interface
[2, 3]. While the atomic and electron structures of SiO,
and Si;N,—the two key dielectrics used in modern

semiconductor devices—have been studied in much
detail [6, 7], profound investigations of the atomic and
electron structures of the aforementioned aternative
dielectrics, including ZrO,, have just started.

At atmospheric pressure, zirconium dioxide exists
in an amorphous state and in three crystalline polymor-
phous modifications [8]. In the low-temperature range

(T < 1400 K), the most stable is the monoclinic C,
polymorph (space group, P2,/c); at elevated tempera-

tures (14002600 K), the tetragonal Dj; polymorph
(space group, P4,/nmc); and above 2600 K, the cubic

Oﬁ polymorph (space group, Fm3m). In the cubic and
tetragonal phases, the coordination number of oxygen
and zirconium atoms are 4 and 8, respectively. In the
monoclinic phase, there are oxygen atoms of the two
types with the coordination numbers 3 and 4, and the
coordination number of zirconiumis7.

Under norma conditions (room temperature and
atmospheric pressure), crystaline ZrO, exists in the
monoclinic modification. The cubic phase can be stabi-
lized at low temperatures by adding impurities such as
Ca, Mg, and Y [9]. It was reported [10-13] that cubic
modifications were formed in thin (100- to
500-A-thick) ZrO, and HfO, films at temperatures
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about 200°C. At 300-600°C, these films adopted tet-
ragonal modifications with the parameters that were
significantly different from those of the corresponding
high-temperature volume phases. The formation of a
stable monoclinic phase was observed in films with
thicknesses above 500 A.

One of the most important problems related to
metal—oxide-silicon (MOS) structures is the excess
leakage current at the Si/dielectric interface. At room
temperature, the injection of carriers at such interfaces
with barriers within 1.5-4.0 eV proceeds according to
the Fowler—Nordheim mechanism, whereby the tunnel -
ing injection current is exponentially dependent on the
effective mass (m*) of charge carriers in the dielectric
[14, 15]. According to the results of energy band calcu-
lations and experimental datafor SIO, and si;N,, these
dielectrics contain “light” electrons with effective

masses m; = (0.3-1.4)m,, where myisthefree electron

mass [15-19]. At the same time, the holes in these
materials are “heavy,” possessing effective masses

within m} = (2.5-10)m, [16-18]. The presence of such

heavy holes is related to a narrowband of nonbonding
O2p,, orbitals in SIO, and N2p,, orbitals in Su;0,. To
our knowledge, the effective masses of electrons and
holesin ZrO, have not been theoretically or experimen-
tally studied so far.

The aims of the present investigation was to charac-
terize the atomic and electron structures of ZrO, using
experimental and theoretical methods and evaluate the
effective masses of electrons and holesin this dielectric.

2. EXPERIMENTAL METHODS

ZrO, filmswith thicknessesin the range from 200 to
600 A were deposited by sputtering a metallic zirco-
nium target (99% Zr) in an argon—-oxygen mixturein a
plasma deposition setup of the ARC-12M type. The
films were deposited at 150° onto [100C}-oriented n-Si
single crystal substrates with aresistivity of about 20 Q
cm. Prior to deposition, the substrates were subjected to
the standard chemical treatment. Then, the vacuum
chamber was evacuated to a residual pressure of
1078 Torr and an argon—oxygen mixture was admitted
to the chamber at acomponent flux ratio of 2 : 23. Dur-
ing the deposition of ZrO, films, the dynamic pressure
in the chamber was maintained on alevel of 107 Torr.
In order to obtain crystalline ZrO, films, a fraction of
the samples were annealed at 800°C for 30minin air at
atmospheric pressure.

The sample film structure was studied by X-ray dif-
fraction using synchrotron radiation with a wavelength
of A = 1.5406 A. The diffraction patterns were obtained
on a high-resolution diffractometer at the Budker Insti-
tute of Nuclear Physics (Siberian Division of the Rus-
sian Academy of Sciences, Novosibirsk). The measure-
ments were performed using agrazing incidence geom-
etry (6 = 4°) with asampl e rotated around the normal to
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the film surface. The diffractograms were recorded by
scanning the angular interval 206 = 20-70° with a step
of A(20) = 0.05°.

The measurements of extended X-ray absorption
fine structure (EXAFS) of ZrK radiation in ZrO, films
were performed in the Budker Institute of Nuclear
Physics (Novosibirsk), using synchrotron radiation
from a VEPP-3 storage ring operating at an electron
energy of 2 GeV and a beam current of 50-100 mA.
The radiation was monochromated by two-crysta
monochromator based on a monoblock cut [111[5ori-
ented silicon single crystal and detected using an ion-
ization chamber filled with an Ar/H mixture. The
EXAFS spectrawere recorder using a surface-sensitive
fluorescence technique for determining the X-ray
absorption coefficient. Thistechnique is based on mea
surements of the intensity of the secondary (fluores-
cent) emission generated upon decay of an excited hole
state of an atom with a vacancy on a core level, which
appears as aresult of the absorption of an X-ray quan-
tum. The intensity of such processesis proportional to
the frequency of hole production and, hence, to the
X-ray absorption coefficient. In order to eliminate the
influence of the monochromatic synchrotron radiation
reflected from the substrate, a table holding the sample
was rotated at a frequency of 10-15 Hz. The EXAFS
data were processed using EXCURV 92 program pack-
age [20]. The phase and amplitude characteristics were
calculated in the Xa-DW approximation using special
procedures stipulated by this program package. The
local atomic environment was analyzed using a proce-
dure of the Fourier-filtered data fitting with the weight
kx(K), where k isthe wavevector and X(K) isthe normal-
ized oscillating part of the absorption coefficient. The
fitting was performed in the interval of photoelectron
wavevectors from 3to 12 AL

The X-ray (XPS) and UV (UPS) photoelectron
spectra were measured on an ESCALAB 220i-XL
spectrometer (Vacuum Generators, England) using
monochromated AlK, radiation with a quantum energy
of E=1.486.6 €V and helium plasmawith E=21.2 eV
(Hel) and 40.8 eV (Hell).

The electron energy loss spectroscopy (EELS) mea-
surements were performed using a LAS-3000 Auger
electron spectrometer (Riber, France) with an electron
energy analyzer of the cylindrical mirror type with a
0.25% resolution. The EELS spectra were recorded
using the primary electron beam with an energy varied
within E = 200-500 eV. The el ectron beam wasincident
on the sample surface at an angle of 90°, and the
reflected electrons were detected at an angle of 43°.

MOS (Al-ZrO,—Si) structures for the electric mea-
surements were prepared by depositing ZrO, films onto
[100Horiented n- and p-Si single crystal substrateswith
aresistivity of about 10 Q cm. The thickness of aZrO,
layer was determined by ellipsometry using He—Ne
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Fig. 1. Review XPS spectrum of an amorphous ZrO, film.

laser radiation with A = 6328 A. The metal contact with
an area of 5 x 10~ cm? was formed by depositing alu-
minum in vacuum via a mask.
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3. ATOMIC STRUCTURE OF ZrO, FILMS
BY X-RAY DIFFRACTION AND EXAFS DATA

Figure 1 presents a review XPS spectrum of an
amorphous ZrO, film. An analysis of the relative inten-
sitiesof Zr3d and O 1s photoel ectron peaks showed that
the chemical composition of deposited amorphous zir-
conium dioxide coincides to within 5% with the sto-
ichiometric formula of ZrO,.

According to the X-ray diffraction data, the vac-
uum-annealed crystalline ZnO, films had a cubic struc-
ture with a lattice parameter of a = 5.07 A. Figure 2
showsthetypical X-ray diffractogramsof ZrO, filmsin
the as-deposited and annealed (800°C, 30 min) statesin
comparison to the diffractogram of a powdered cubic
ZrO,. Theformation of a high-temperature cubic struc-
ture as a result of the anneadling at 800°C can be
explained by the existence of a thermodynamically
nonequilibrium amorphous modification of ZrO, in the
initial (as-deposited) state. Apparently, a stable mono-
clinic modification can be obtained using more pro-
longed annealing, since the high-temperature structure
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Fig. 2. X-ray diffractograms of (a) ZrO, filmsin (1) freshly deposited and (2) annealed (800°C, 30 min) states and (b) cubic ZrO,

powder.
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Fig. 3. Radid distribution function by EXAFS of ZrK radi-
ation for ZrO, films in (1) freshly deposited and
(2) annealed (800°C, 30 min) states.
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Fig. 4. UPS spectra of an amorphous ZrO, film and Au
excited by Hel radiation (E = 21.2 €V).

exhibits areverse transition to the monoclinic structure
at temperatures below 1050°C.

Figure 3 shows the moduli of the Fourier transform
of the k?x(k) function in the EXAFS spectrum of ZrK
radiation (radial structure functions without phase cor-
rections) for ZrO, films before and after vacuum
annealing. As can be seen, theinitia filmis completely
amorphous (the peaks corresponding to Zr—Zr dis
tances are absent). The annealing leads to a growth in
the amplitude of the Zr-O peak (ordering in the first
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coordination sphere of metal atoms) and to the appear-
ance of a Zr—Zr peak and the peaks corresponding to
ordered oxygen atoms in the subsequent coordination
spheres of zirconium.

4. ELECTRON STRUCTURE
OF AMORPHOUS ZrO, BY UPS, XPS,
AND EELS DATA

Figure 4 presents the UPS spectrum (excited by Hel
radiation with E = 21.2 eV) of the valence band of
amorphous ZrO, in comparison to the (calibration)
spectrum of gold. The low-energy part of the UPS spec-
trum provides information about the position of the
valence band top in amorphous ZrO,. The work func-
tion (i.e., the Fermi level position relative to the vacuum
level) ingoldis5.1 eV. According to the UPS spectrum,
the top of the valence band of amorphous ZrO, is
shifted by 2.5 eV toward higher binding energies rela
tive to the Fermi level in gold. Therefore, the top of the
valence band (E,) in amorphous ZrO, occurs at 7.6 €V
relative to the vacuum electron level. Asis known, the
Fermi level of gold coincides with E, (Si), the energy
position of the valence band top in silicon. Thus, abar-
rier for theinjection of holesfrom silicon to amorphous
ZrQ, isabout 2.5 eV. The estimate of the hole barrier at
the Si/ZrO, interface obtained in our study is close to
the value (2.3 €V) obtained from the results of internal
photoemission and photoconductivity measurements
[21]. In [22], the barrier for holes at the SiI/ZrO, inter-
face was evaluated as 3.15 eV.

The bandgap width for amorphous ZrO, was evalu-
ated using the results of EELS measurements at a pri-
mary electron beam energy of 200 eV (Fig. 5). In this
spectrum, the zero energy indicates the position of the
peak of elastically reflected electrons, while negative
energies correspond to inelastically reflected electrons.
The bandgap width in amorphous ZrO, estimated as
depicted in Fig. SisE; = 4.7 + 0.4 eV. For the compar-
ison, E, values reported for ZrO, in the literature
amount to 5.4 eV (photoconductivity data) [21], 4.52—
4.67 eV (fundamental optical absorption edge) [22],
and 5.5 eV (EELS) [23].

Figure 6 shows the XPS spectrum of the valence
band of amorphous ZrO, (excited by X-ray quantawith
E = 1486.6 V). As can be seen, the valence band of
ZrO, consists of three subbands with approximately
equal halfwidths (FWHM) of about 5 eV. The dominat-
ing contribution to this spectrum isfrom the O2p states
and Zr 4d states [24]. The UPS spectrum excited by
Hell radiation with E = 40.8 eV (Fig. 7) confirms that
the dominating contribution to this energy band is due
to the O2p states and Zr4d states.

Figure 8 presents the second derivative of the elec-
tron energy loss spectrum measured at a primary elec-
tron beam energy of 500 eV. In this experiment, the
peaks due to electron energy losses are observed at
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Fig. 5. Electron energy loss spectrum of an amorphous
ZrO, film (zero loss energy corresponds to the peak of elas-
tically reflected electrons).

14.0, 7.4, and 3.0 eV. The first two peaks observed at
energies exceeding the bandgap width of ZrO, should
be assigned to the interband electron transitions from
the valence to conduction band. The energy of the third
peak (3 eV) is lower than the bandgap width, which
probably implies that this peak is due to the excitation
of electron transitions involving levels related to the
structural defectsin ZrO,. Foster et al. [25, 26] studied
the intrinsic point defects in ZrO, and established that
the levels of oxygen vacancies are situated at about
3.3 eV. Thus, thetransition at 3.0 eV is probably due to
the excitation of localized states related to the presence
of oxygen vacancies in the ZrO, structure.

5. CHARGE TRANSFER
IN Si—-ZrO,~Al STRUCTURES

The barrier ®¢for electrons at the Si/dielectric inter-
face typicaly falswithin 1.0-4.0 eV. In particular, the
barrier heights are 2.0 eV for Si/HfO, and Si/Al,O,
interfaces. According to Afanas'ev et al. [21], the bar-
rier height for Si/ZrO, isalso ®°= 2.0 eV. The effective
masses of charge carriers in dielectrics such as SIO,,
SisN,, HfO,, AlL,O3, and La,0Os typicaly fall within
m; =m} =(0.15-0.5)m,[15, 19, 27]. At room temper-
ature, the injection of electrons from a semiconductor
(or metal) through the barrier with aheight of 2.0eV pro-
ceeds according to the Fowler—Nordheim mechanism
and the corresponding current can be expressed as [14]

5= e’F? oo m* &5
16m8hd O 3heF [T

where F isthe electric field strength, m* isthe effective
mass of carriers, and ® isthe barrier height.
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Fig. 6. XPS spectrum of an amorphous ZrO, film excited by
AlK, X-ray radiation (E = 1486.6 eV).

Figure 9 shows the experimental J-U curvesfor the
Si—ZrO,~Al structure measured for two bias voltage
polarities. In both cases, the measurements were per-
formed in the regime of enrichment for the silicon sub-
strate. For the comparison, solid curvesin Fig. 9 show
the current—voltage characteristics calculated using the
Fowler—Nordheim model for the effective tunneling

masses of electrons and holes m; = m; = 0.5m,. In
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Fig. 7. UPS spectra of an amorphous ZrO, film excited by
Hell radiation (E = 40.8 eV).
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Fig. 8. The second derivative of the electron energy loss
spectrum of an amorphous ZrO, film measured at a primary

electron beam energy of 500 V.
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Fig. 9. Current-voltage characteristics of the n—p structure
Si—ZrO,—Al measured in the regime of enrichment for two

bias voltage polarities (with plus and minus on Al electrode.
Points present the experimental data; solid and dashed
curves show the results of calculations using the Fowler—

Nordheim mode! for m§ = mf =05mgand m§ = m} =
0.0005my, respectively. The insets illustrate the model of
carrier injection vialocalized states (traps).

calculations for a barrier height of 2.0 eV, the current
density J = 10" A/cm? corresponds to the electric field
strength F = 0.8 x 10° V/cm (referred to below as
threshold). In experiment, the threshold field strength
amounts to 5 x 10* V/cm that implies an anomalously
high level of electron and hole injection from silicon
and aluminum into ZrO,. Dashed linesin Fig. 9 present

the current—voltage characteristics calculated for ®¢ =
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2.0 eV and the effective mass selected so as to provide
agreement with experiment. The agreement was
obtained only for an anomalously small effective elec-

tron mass in ZrO,: m; = 0.0005m,. As will be seen

below from the results of electron energy band structure
calculationsfor cubic ZnO,, the theory does not predict
the existence of such anomaloudly light electrons. It
should be noted that minimal effective electron masses
reported for well-known crystalline semiconductors
amount to 0.01my, [28].

Thus, Si/ZrO, and Al/ZrO, interfaces feature an
anomalously high level of electron injection. It should
be noted that anomalously high leakage currents are
generally typical of alternative gate dielectrics. In par-
ticular, anomalously large currents (manifested by the
absence of athreshold on the current—voltage charac-
teristics) were observed in ZrO, [29], Ta,05[30], Y ,04,
Gd,0O5 [31], Pr,05 [32], La,0; [33], Sm,05 [34], TiO,
[35], and Bay 5Sr5T1O5 [36].

In this context, the following circumstances have to
be noted:

(i) The currents are measured in the electric fields,
which are insufficient for the injection by tunneling
from the contact. This fact suggests that electrons are
injected from the contacts to certain localized states
(traps), rather than directly to the conduction band.
Such amodel was previously considered in [30, 37].

(ii) The energy of localized states in a dielectric
according to this model must be close to the Fermi
energy in the contact (see theinset to Fig. 9). In partic-
ular, for the Al/ZrO, interface, the energy of traps for
the electron injection must be about 2.0 eV.

(iii) The values of electric field strengths corre-
sponding to the observed leakage currents are insuffi-
cient to provide electron injection to the conduction
band, which implies that electrons are transferred via
localized states by anal ogy with the mechanism of hop-
ping transport [38].

Jeon and Hwang [39] studied the current—voltage
characteristics of ultrathin (=50 A) ZrO, films and
showed that the annealing of samples in a humid oxy-
gen atmosphere |eads to a considerable decrease in the
level of injection currents. At the same time, the photo-
electron spectra of annealed samples showed a signifi-
cant decrease in the intensity of signals corresponding
to metallic zirconium. Thisfact isindicative of asignif-
icant decrease in the concentration of oxygen vacancies
in the annedled films. Foster et al. [25] studied the
defects (oxygen vacancies) in ZrO, and established that
these defects may act as electron traps. These results
confirm the above hypothesis that the charge transport
in ZrO, proceeds via localized states. More detailed
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Fig. 10. Schematic diagrams of (a) face-centered cubic and (b) primitive rhombohedral cells of ZrO,.

investigation into the mechanism of conductivity in
ZrO, is outside of the scope of this paper.

6. ELECTRON STRUCTURE
OF CUBIC ZrO.:
ENERGY BAND CALCULATIONS
AND COMPARISON WITH EXPERIMENT

The energy band structure calculations for ZrO,
were previously performed in [25, 26, 40, 41]. How-
ever, no data were reported on the calculation of effec-
tive masses of electrons and holes, while the cal culated
bandgap widths have proved to be significantly lower
than experimental values. For this reason, we carried
out energy band calculations in order to evaluate the
effective masses of charge carriers and refine the band-
gap width. The calculations were performed for the
cubic modification (c-ZrO,) containing the minimum
number of atoms in the unit cell and, hence, requiring
minimum computational facilities. Some papers [10,
11] reported on the predominant formation of a high-
temperature cubic phase in thin ZrO, films grown at
temperatures about 200°C under the conditions of oxy-
gen depletion.

In the cubic ZrO, modification, zirconium atoms
form a face-centered cubic structure with a lattice
parameter of 4.9 A (Fig. 10a), while oxygen atoms
occupy the tetrahedral positions in this lattice. The
primitive rhombohedral cell has an edge length of
3.47 A and contains three atoms with the following
coordinatesin the crystal coordinate system (Fig. 10by):
Zr (0, 0, 0); O1 (0.25, 0.25, 0.25); and O2 (0.75, 0.75,
0.75). All Zr—O distances are equal and amount to
2.1 A. Figure 11 showsthe Brillouin zone and indicates
the special points for the primitive rhombohedral cell
of ZrO,.

The electron energy band structure calculations
were performed using the density functional approxi-
mation with a nonlocal exchange-correlation potential
and gradient corrections in the Perdew—Burke—Ernzer-
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hof (PBE) parametrization [42] asredlized in the quan-
tum-chemical program packages v-ESPRESSO [43]
and ADF-BAND [44-46]. The vaence band contained
the 4s, 4p, 4d, and 5s electron levels of zirconium and
2sand 2p electron levels of oxygen. The core electrons
were taken into account in terms of the ultrasoft
pseudo-potentials in the v-ESPRESSO program pack-
age and in the approximation of frozen orbitals in the
ADF-BAND program package. The former package
employed a flat wave basis set [47], while the latter
package used a basis set in the form of Slater functions
and numerical atomic orbitals calculated using the Her-
man—-Skilmann program. The flat wave basis set func-
tions were truncated at an energy of 30 Ry. Both pack-
ages give qualitatively similar and quantitatively close
results. Below we present the data obtained using the v-
ESPRESSO program package.

Fig. 11. Schematic diagram of the Brillouin zone and spe-
cia points of the primitive rhombohedral cell of ZrO,.
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Fig. 12. Theoretical dispersion E(k) along the special points
of the Brillouin zone of ZrO,.

Figure 12 present the pattern of theoretical disper-
sion constructed along the special points of the Bril-
louin zone of ZrO, (see Fig. 11). The bottom of the con-
duction band is at point I', while the top of the valence
band isat point X. Thus, the cubic maodification of ZrO,
is anondirect-band dielectric.

The bandgap width E, estimated as an energy differ-
ence between the valence band top and the conduction
band bottom is about 3.2 eV, which is substantialy
lower than the experimental values (by various data,
4.7-55¢eV).

Alternatively, E, can be evaluated as a difference of
the excitation energies for electrons at the conduction

band bottom (Eg“) and at the valence band top (E;°):
E, = Eo —EJ°.

In order to estimate E. and EJ*°, we calculated the

total energy of the neutral cell (Ey) and the cells con-
taining additional electron (E,) and hole (E;) [48]:

ESC = E.—E,, EJ° = Ey,—E,,
E, = E.+ E,—2E,.

The total energies of the cells containing additional
electron and hole were calculated by introducing a

Tablel. Effectiveelectron massesat point ™ of the Brillouin
zone

Directionin the

Brillouin zone (Mg ),/mg (mg),/my
X 2.01 0.58
r—L 0.78 0.78
r-K 1.25 0.64

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 102

SHAPOSHNIKOV et al.

compensating charge smeared over the cell. The cell
with additional electron or hole becomesametallic sys-
tem that may require a greater number of k-points for
the correct calculation. In order to estimate the error
related to this circumstance, we calculated the total
energies Ey, E,, and E, on the 24 x 24 x 24
(256 k-paints) and 16 x 16 x 16 (145 k-points). The dif-
ference of the corresponding total energies was below
10 Ry. The resulting estimate for the bandgap width
was E, = 5.2 eV, which is close to the experimental
value (4.7 £ 0.5 eV) obtained in this study for amor-
phous ZrO, films. In calculating E4 according to the
procedure described above, we used the following sim-
plifying assumptions. (i) the Coulomb interaction
between electron and hole wasignored and (ii) the total
energy of a charged cell was calculated assuming that
the additional charge (electron or hole) is localized
within the unit cell.

Figure 13ashowsthe dispersion E(k) for electrons at
the bottom of the conduction band. Point I representsa
doubly degenerate state, which splits in the '-X and
N-K directions and remains degenerate in the I'-L

direction. The effective electron masses m; corre-
sponding to this law of dispersion were calculated as

m* = A_kz

¢ 2AF’
where AE is the energy difference between point I and
the point occurring at a distance of Ak in the corre-
sponding direction in the reciprocal space. The effec-

tive electron masses determined using this method are
presented in Table 1. The results of calculations show

that the m; values for various directions in the Bril-

louin zone fall within (0.6-2.0)m, (see Table 1). Thus,
the assumption concerning the existence of anoma-

lously light electronswith m; = (10%4-103)m,in ZrO,,

which was made for the interpretation of data on the
conductivity, is not confirmed by the results of band
calculations.

Figure 13b showsthedispersion E(K) for holesin the
vicinity of point X. Table 2 givesthe effective masses of
holes calculated using a method analogous to that
described above for electrons. The results of these cal-

culations show that ZrO, contains both heavy (m; =
3.5m) and light (mj; = 0.3my) holes.

Figure 14 presents the calculated partial densities of
states for the 4p and 4d levels of zirconium and the 2s
and 2p levels of oxygen, as well as the total density of
states. Here, the energies are measured from the top of
the valence band. In these calculations, we took into
account the Gaussian broadening (with a width of
025 eV). The results of these calculations show that the
contributions from 4s, 5s, and 5p states of zirconium to
all three valence subbands are negligibly small (these
partial contributions to the density of states are not
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Fig. 13. The laws of dispersion E(k) for (a) electronsin the vicinity of point I' and (b) holesin the vicinity of points X.

depicted in Fig. 14). According to these results, the
lower subband is formed virtually completely by the
Zr4p states, while the middle subband is formed by the
O2s states with a small admixture of the Zr4d states
(only the 4d functionswith xy, Xz, and yz symmetry make
these contributions). The upper subband isformed by the
O2p states, also with an admixture of the Zr4d states (xy,
Xz, yz, x? —y?, and > functions), and the conduction band
isformed predominantly by the Zr4d states.

The charge transfer along the Zr—O bond, as esti-
mated from the analysis of populations according to
Levdin, amountsto 0.1e. Accordingly, zirconium atom
bears a positive charge Agq = 0.8e, oxygen atom has a
negative charge Aq = —0.4e, and the Zr—O bond has an
ionic—covalent character.

A comparison of the total density of states with the
valence-band photoel ectron spectrum obtained for E =
1486.6 eV shows a good qualitative agreement (cf.
Figs. 6 and 14). As can be seen, there are three sub-
bands separated by the ionic gap. However, this com-
parison revealsadifferencein the widths of peaksinthe
total density of states, where the two low-energy peaks
are with FWHM ~ 1.5 and 2.5 eV), in contrast to the
peaksin the experimental spectra (with FWHM ~5eV).
This discrepancy can be related to a finite lifetime of
holes on the core levels, which leads to the broadening
of experimental peaks. The adequate analysis of factors
(in particular, Auger processes) responsible for the
broadening of peaks requires a more complicated
model and is outside of the scope of this paper.

7. DISCUSSION OF RESULTS

The vacuum annealing of as-deposited amorphous
ZrO, films at 800°C leads to the formation of a high-
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temperature cubic phase. According to the published
data, the equilibrium temperature of c-ZrO, formation
is2600 K. Thus, thin films admit the formation of non-
equilibrium crystalline phases, and this circumstance
can significantly influence the characteristics of dielec-
tric films.

The results of our EELS measurements show the
presence of a peak at an energy of 3.0 eV, which is
below the bandgap width (~4.7 eV) in ZrO,. The
energy losses of about 3.0 eV can berelated to the exci-
tation of electron transitions involving the structural
defectsin ZrO,, most probably, oxygen vacancies. This
conclusion is confirmed by the published theoretical
results [25, 26] and by our calculations for the oxygen
vacanciesin ZrO,.

The results of conductivity measurements for the
ZrO, films in S—ZrO,~Al structures showed evidence
for an anomalously high level of electron injection at
the Si/ZrO, and Al/ZrO, interfaces. It should be noted
that high leakage currents are typical of most aterna-
tive gate dielectrics, rather than of particular samples.
In order to interpret the anomalously high conductivity
within the framework of a simple model of electron
injection from a semiconductor (or metal) by tunneling

Table 2. Effective hole masses at point X of the Brillouin
zone

Direction in the Brillouin zone mi/mg
XTI 0.32
X-U 2.64
X-W 3.05
No. 5 2006
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Fig. 14. Cdculated partial densities of Zr (4p and 4d) and O
(2s and 2p) states and the total density of states (bottom
curve).

according to the Fowler—Nordheim mechanism via the
barrier with a height of about 2.0 eV, it is necessary to
assume the existence of carriers with a nonphysically

small effective mass of m; = 0.0005my,, which is not

confirmed by the results of band calculations. In order
to explain the observed anomal ous conductivity, we put
forward a hypothesis, whereby the electrons are trans-
ferred via localized states by a mechanism similar to
that of hopping conductivity [38].

The energy band structure calculations performed
using the density functional method for a cubic ZrO,
phase yield a valence band structure qualitatively coin-
ciding with the experimental data provided by photo-
electron spectroscopy. The theoretically calculated
bandgap width (5.2 €V) is close to the experimental
value (4.7 eV).

We have theoretically calculated for the first time
the effective masses of electrons and holesfor the cubic
ZrO, phase. The effective masses of electrons for vari-
ous directions in the Brillouin zone fall within
(0.6—2.0)m,. Therefore, the assumption concerning the

existence of anomalously light electrons with m} =

(104-10"3)m, (that was necessary for the interpretation
of conductivity data within the framework of the con-
ventional model) is not conformed by the band struc-
ture calculations. Our calculations showed that both
heavy (m} = 3.5my) and light (m} = 0.3m,) holes exist
in ZrO,, depending on the direction in the Brillouin
zone. The substantial anisotropy of the effective elec-
tron and hole masses in ZrO, can be used to suppress
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the injection of carriers in silicon by growing ZrO,
films with the corresponding orientation.
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