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Abstract
Gd2O3 and Gd-doped HfO2 films were deposited on p-type silicon substrates in a reducing
atmosphere. Gd 4f photoexcitation peaks at roughly 7 and 5 eV below the valence band
maximum have been identified using the resonant photoemission of Gd2O3 and Gd-doped HfO2

films, respectively. In the case of Gd2O3, strong hybridization with the O 2p band is
demonstrated, and there is evidence that the Gd 4f weighted band exhibits dispersion in the bulk
band structure. The rectifying (diode-like) properties of Gd-doped HfO2–silicon and
Gd2O3–silicon heterojunctions are demonstrated.

1. Introduction

The position of the 4f Gd states and the extent of
their hybridization is an issue for compound 4f and 5f
semiconductors. In the more localized rare earth compounds,
Olson et al [1] found evidence for 4f delocalization in CeSb2,
in the form of dispersing Bloch states, while 4f dispersion
has been observed in other Ce [2, 3] and Yb [4] compounds.
Of course f shell delocalization in metallic systems can also
occur, but is more expected for the 5f levels, and Joyce and
Durakiewicz, and their colleagues [5–9] and others [10] also
found clear evidence of dispersion in the uranium 5f levels in
uranium and uranium compounds. In the Gd3+ and mixed
valence systems, Gd 4f hybridization with nearest neighbor
atoms is expected [11, 12] and observed. In ErAs(100), strong
4f hybridization is implicated, and a direct confirmation of an
occupied 4f band structure might be inferred from the data but
could not established [13, 14].

We have compared the occupied density of states for
Gd-doped HfO2 for various levels of Gd doping, observing
changes that could be attributed to either increasing Gd

concentration or the monoclinic to cubic structural phase
change that also accompanies increased doping levels [12]. To
better assess the Gd 4f interaction with the oxygen nearest
neighbors, it is essential to compare the n-type Gd-doped
HfO2 with n-type Gd2O3, as both are in the monoclinic phase
when grown on Si(100) by pulsed laser deposition. Although
Gd is expected to be a p-type dopant in HfO2, one can
fabricate a heterojunction diode of n-type Gd-doped HfO2 with
silicon by overcompensating the Gd acceptor states by donor
states introduced by oxygen vacancies at the lower Gd doping
levels [12, 15]. This formation of donor states should more
easily accomplished with Gd2O3.

2. Experimental details

The Gd-doped (3 at.%) HfO2 films were deposited on single
crystal silicon (100) p-type (and n-type) substrates using
pulsed laser deposition (PLD) at a growth rate of about
0.15 Å s−1. (Here, x% Gd means the nominal composition
Hf1−x GdxO2−0.5x .) The Gd-HfO2 target was prepared by
standard ceramic techniques using HfO2 and Gd2O3 powders,
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as described elsewhere [15, 16]. The Gd2O3 was grown on
Si(100) using a pure Gd2O3 target. Before the deposition, the
Si(100) substrates were cleaned with diluted HF acid, rinsed
with acetone, and then immediately put in vacuum chamber.
Before deposition, the surface of the Si wafer was sputter
cleaned in a plasma of H2 (8%) and Ar (92%) mixture created
by a DC sputtering gun operating in the reverse bias mode. The
films were deposited at a substrate temperature of 500 ◦C. The
chamber was pumped to a base pressure of 3 × 10−7 Torr and
the deposition was carried out in a mixture of H2 and Ar (8%
H2) to introduce the necessary oxygen vacancies. The vacuum
was maintained at 10−5 Torr during the deposition. The
doping level was determined from the target composition, with
companion measurements using near edge x-ray absorption
spectroscopy (NEXAFS), and on separate samples by x-ray
emission spectroscopy (XES or EDAX) on similarly prepared
samples. The complementary spectroscopies show that the
films and the target have essentially the same composition.

We fabricated several diodes to illustrate the n-type band
offset of the Gd2O3 and 3% Gd-doped HfO2 relative to p-
type silicon. The heterojunction of Gd2O3 and Gd-doped
HfO2 with p-type silicon forms an excellent diode, as shown
in figure 1. While these data do not conclusively show
the dominant carrier, they suggest that oxygen vacancies can
overcompensate the Gd acceptor states in 3% Gd-doped HfO2

without completely destroying the semiconductor properties,
consistent with the photoemission [12, 15]. On n-type silicon,
the heterojunctions do not show clear diode rectification and
the I (V ) characteristics are more representative of a resistor,
consistent with the picture of oxygen vacancies.

To determine the placement of the Fermi level, angle-
resolved photoemission experiments were performed using
the 3 m toroidal grating monochromator (3 m TGM) beam
line [17] in a UHV chamber previously described [13, 14, 17].
The Fermi level (EF) was established from a gold film in
electrical contact with the sample and measurements were
carried out at ambient temperatures.

3. The structure of the films

Both x-ray diffraction and extended x-ray adsorption fine
structure spectroscopy show that 3% Gd-doped HfO2 films
and Gd2O3 films grown on Si(100) are highly textured. As
noted elsewhere [12, 15], the x-ray diffraction patterns show
that the resulting approximately 250 nm thick 3% Gd-doped
HfO2 films are in a single monoclinic phase with strong texture
growth, with about 3% strain compared with the undoped
HfO2 (figure 2). From the largest peak near 28◦ (2θ ), it is
estimated that the lattice spacing for 〈1̄11〉 is increased by
d = 0.0030 nm, from 0.3147(1) nm for the undoped HfO2

films to 0.3177(1) nm for Gd-doped samples (figure 2). The
peak is shifted to lower angles by 0.338◦.

Gd L3 edge x-ray adsorption near edge structure
(XANES) and extended x-ray absorption fine structure
(EXAFS) spectra of 3% doped sample were collected at
the DCM beamline at the Center for Microstructures and
Devices (CAMD). Monochromatic light was obtained by using
a double crystal monochromator of Lemonnier type [18],

Figure 1. Current voltage characteristics for heterojunction diodes
constructed from Gd-doped HfO2 on p-type silicon (a), and from
monoclinic Gd2O3 on p-type silicon (b), as a function of
temperature. These data demonstrate the diode characteristics over a
range of temperatures.

equipped with a Ge(220) crystal pair. The energy resolution
was approximately 2 eV and spectra were acquired in the
fluorescent yield mode, using a Ge detector (Canberra).
Magnitude and imaginary part of the Fourier transformed (FT)
kχ(k) of the Gd L3 edge for 3% samples is shown in figure 3.
While the magnitude of the Fourier transformed kχ(k) is not
precisely the pair radial distribution function, this does provide
an indication of the radial spacing of atoms in the vicinity of
Gd. The first peak at ∼0.8–2.5 Å corresponds to the single-
scattering contribution of Gd–O pairs. A multi-peak structure
at ∼2.5–5.2 Å is due to combined contributions of Gd–O,
and Gd–Hf single-scattering paths as well as several multiple-
scattering paths, as summarized in figure 4. In other words,
we find that Gd occupies the Hf site in HfO2, consistent with
expectations [12, 15].

For Gd2O3, the x-ray diffraction is consistent with highly
textured monoclinic Gd2O3, not the more expected cubic
structure [19, 20]. But the substrate has a strong influence on
the texture and crystal structure of the Gd2O3 film [21, 22], as
is clearly the case here. The textured structure is such that the
〈4̄02〉 planes mostly lie along the surface of the film. Some
(401) and (202) planes are also found to orient parallel to the
surface of the film. Only the (h0l) planes (planes parallel to the
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Figure 2. Part of the XRD pattern of the film is shown in figure. X-ray diffraction patterns of PLD grown Gd2O3 (upper panel) and 3%
Gd-doped HfO2 (lower panel). The bar diagrams included in each panel are the standards of monoclinic Gd2O3 and HfO2, respectively. For
3% Gd-doped HfO2 (lower panel), the XRD is consistent with that of HfO2 in a simple monoclinic structure. From the largest peak near 28◦
(2θ), shown here, we estimated that the lattice spacing for 〈1̄11〉 is increased by d = 0.0030(1) nm. The peak is shifted to lower angles
by 0.338◦.

(This figure is in colour only in the electronic version)

Figure 3. The kχ(k) of 3% Gd-doped HfO2 extracted from the
Gd L3-edge EXAFS spectra.

b axis) are grown parallel to the surface. The lattice spacing
along the 〈4̄02〉 direction is about 0.2965 nm and the lattice
spacing for 〈401〉 and 〈202〉 is 0.3033 nm and 0.3402 nm,
respectively. The Gd2O3 unit cell is large with inequivalent
Gd (three) and oxygen atoms (in a number of inequivalent
sites) as schematically shown in figure 5. The repeat along the
surface normal is eight times the 〈4̄02〉 layer spacing or about
2.372 nm.

4. The occupied density of states

From figure 6, it is clear that the valence band edge is placed
well away from the Fermi level for both 3% Gd-doped and
undoped HfO2 films. As reported previously [12, 15], the Hf

Figure 4. The Fourier transform (FT) of 3% Gd-doped HfO2 EXAFS
data. The oscillating curve (dashed lines) is the imaginary part of the
Fourier transform of the data. The envelope (solid lines) are the
magnitudes of the Fourier transform. The 3% data are transformed
with a square window between 2.8 and 9.4 Å

−1
. The peak

assignment is based on HfO2.

4f binding energies and valence band edge are similar [23]
or slightly larger than those reported elsewhere [24–26]. The
shoulder on the broad photoemission peak is at the binding
energy of 9–10 eV, which has been already assigned strong Gd
4f weight [12, 15].

The valence band density of states, as determined by
photoemission for Gd2O3, are very similar to that observed
for 3% Gd-doped films, as indicated in figure 7. The major
difference is that for Gd2O3, we require four components at a
minimum to fit the valence band spectra, as also indicated in
figure 7. This might be expected as from the crystal structure
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Figure 5. Structure of Gd2O3, with the packing of the ions in Gd2O3

as viewed along the b-axis. The green and red spheres represent
gadolinium and oxygen atoms respectively. The Gd · · · Gd
interactions are not shown.

Figure 6. Different bands intensities for pristine (open dots) and
Gd-doped films of HfO2 (filled blue dots). The photon energy is
100 eV and the light incidence angle is 45◦. All photoelectrons were
collected along the surface normal at T = 320 ◦C.

as there are differences in the crystal field around oxygen
and gadolinium: there are two very inequivalent oxygen
species, and to a lesser extent true as well of gadolinium, as
indicated in figure 5. In fact the gadolinium atoms occupy
three inequivalent sites as well, but this does not really lead
to a further splitting in the valence band electronic structure
sufficient to explain, as discussed below, the two widely
separated Gd 4f components at a binding energy of about 8.7–

Figure 7. The photoemission spectrum of the valence band
Gd2O3〈4̄02〉. The various components contributing to the valence
band structure are indicated, and major contributions to the
photoemission features indicated. The photon energy is 117 eV and
the light incidence angle is 45◦. All photoelectrons were collected
along the surface normal at T = 240 ◦C.

9.5 eV below the Fermi level and the ‘shoulder’ at a binding
energy of 11–12 eV.

Confirmation that the Gd 4f states contribute to the
shoulder at 9–10 eV on the broad photoemission feature from
5 to 10 eV binding energy is found in resonant photoemission
(i.e. constant initial state spectroscopy) measurements of
Gd-doped HfO2. The results are shown in figure 8. The
photoelectron intensities from Gd-doped HfO2, determined
from the feature at about 9.5 eV binding energy (from the
Fermi level) is strongly enhanced at about 149 eV photon
energy. Similarly for Gd2O3, we see that the components of
the valence band at about 8.7–9.5 eV and the ‘shoulder’ at
11–12 eV binding energies are enhanced at about 152 eV, as
shown in figure 9 and plotted in figure 10. For comparison,
we have plotted this resonant enhancement in the valence
band photoemission spectra, for both Gd2O3 and Gd-doped
HfO2 films for various photon energies in figures 10(a) and (b)
respectively.

It is clear that the resonant enhancements in the
photoemission intensity, from this 9.5 eV binding energy final
state for Gd-doped HfO2 and 8.7–9.5 eV for Gd2O3, occur at
photon energies corresponding to the core threshold binding
energy of the Gd 4d3/2 (147 eV) shallow core although at
somewhat larger photon energy for Gd2O3. This shift of the
photoemission resonance to higher photon energies is expected
because of the increase in binding energy of the 4d core
and decrease in the conduction band edge binding energy (a
placement of the conduction band edge well above the Fermi
level [26]). These are in these nominally dielectric oxides, as
compared to gadolinium metal. Thus the feature, in the region
of 9.5 eV binding energy final state for Gd-doped HfO2 and
8.7–9.5 eV for Gd2O3, has strong Gd weight. The resonant
photoemission process occurs because of an excitation from
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Figure 8. Resonant photoemission spectra for photon energies
through the 4d → 4f resonance for Gd-doped films of HfO2. Light
incidence angle is 45◦. All photoelectrons were collected along the
surface normal.

the 4d cores to a bound state, but with a final state identical
to that resulting from direct photoemission from Gd 4f
states [27–29]. The photoemission resonance, with changing
photon energy, is due to constructive interference between
the direct 5f photoionization and a 4d10 4f7 → 4d9 4f8 →
4d10 4f6 + e− super Coster–Kronig transition [28], leading to
a classic Fano resonance. The classic Fano resonance shape is
very clearly seen for the Gd 4f weighted valence band feature
intensities, as plotted in figure 10(a).

These results are generally in agreement with our
expectations from the calculated band structure and density
of states. The electronic structure of the B-type Gd2O3

(monoclinic) having six formulae units per monoclinic cell has
been calculated using the projected augmented wave method
and the generalized gradient approximation (GGA-PBE) with
Hubbard U correction (GGA + U ) [30] on the Gd 4f energy
levels, as implemented in the VASP package [31]. In the
GGA + U calculations, we used U = 7.5 eV and J =
0.6 eV for the Gd 4f orbitals to take the correlation effects into
account. The value of the Hubbard U used here is very close
to the value used for the Gd 4f energy levels in the molecular
endo-fullerene Gd@C60 [29]. A similar (although somewhat
smaller) value of U = 6.7 eV was found to be appropriate in
the examples of the Gd pnictides GdX (X = N, P, As, and Bi)
compounds [32].

The calculated value of the band gap for the B-type
Gd2O3 (monoclinic) from the GGA + U method is 3.8 eV.
The monoclinic Gd2O3 density of states (DOS), broadened
with a Gaussian width 0.2 eV, is shown in figure 11. The
total density of states has been projected onto each atomic
species (gadolinium and oxygen) showing the strong Gd 4f
character at the DOS peak around E = −6.3 eV and the
major oxygen 2p character over the energy range of −5 to

Figure 9. The resonant photoemission spectra for photon energies
through the 4d → 4f resonance for Gd2O3. Light incidence angle is
45◦. All photoelectrons were collected along the surface normal.

0 eV. This calculation places the occupied Gd 4f levels are a
binding energy slightly greater (by about 0.5–1 eV), relative
to the valence band maximum, than is observed in experiment,
even if only the major Gd 4f component is considered.

There are three different Gd sites Gd(1), Gd(2) and Gd(3)
in monoclinic Gd2O3, with different coordination numbers and
neighboring atoms. To analyze the Gd 4f DOS peak, we
calculated the contributions of crystallographically different
Gd atoms (figure 5) to the DOS, as indicated by Gd(1),
Gd(2), and Gd(3) in the inset of figure 11. While there are
clearly differences between Gd(1) and Gd(3), there are some
similarities. Each Gd atom site has seven oxygen neighbors,
however, for Gd(3), the seventh oxygen neighbor is located
farther away than for Gd(1) and Gd(2), so only six neighbor are
included in the primary coordination shell. The coordination
about Gd(3) is a distorted octahedron with the seventh oxygen
atom along a three-fold axis. For Gd(1) and Gd(2), this is
not the case, and both have the same 2mm symmetry and
seven oxygen neighbors within the primary coordination shell
(figure 5). The six oxygen about Gd(1), or Gd(2), form a
trigonal prism and the seventh lies along a normal to a prism
face. In considering the Gd–Gd distances, Gd(1) and Gd(2)
are again similar, having 10 Gd neighbors at distances ranging
from 3.28 to 3.98 Å and two more Gd atoms placed further
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Figure 10. The resonant photoemission intensities through the
4d → 4f resonance for Gd2O3 (a) and Gd-doped films of HfO2 (b),
abstracted from figures 8 and 9. For Gd2O3, there are seen to be two
Gd 4f components at a binding energy of about 8.7–9.5 eV below the
Fermi level and the ‘shoulder’ at a binding energy of 11–12 eV,
which are assigned as bulk (–•–) and surface (–◦–) components
respectively (see text).

away. On the other hand, Gd(3) has 12 Gd neighbors ranging
from 3.58 to 3.87 Å.

As a result, the Gd 4f DOS peak originates from the three
distinct types of Gd atoms whose corresponding 4f energy
levels are split by as much as ∼0.5 eV due to the spin–orbit
coupling but are rigidly shifted due to their crystallographic
identities. The full linewidth of the Gd 4f DOS peak is
about 1.3 eV.

Since the two components we have identified in
photoemission of Gd2O3〈4̄02〉 as heavily Gd 4f, in weight
or oscillator strength (on the basis of their photon energy
dependence at the 4d10 4f7 → 4d9 4f8 → 4d10 4f6 + e−
super Coster–Kronig transition, shown in figure 10(a)), are
separated by slightly more than 2 eV, we must conclude that
the higher binding energy component is, in fact, a consequence
of the surface-to-bulk shift. The Gd occupied 4f surface-to-
bulk shift is only about 0.4 eV for Gd metal, but is expected
to be much larger with oxidation [33, 34], with the surface
component at the greater binding energy. Both exhibit very
similar resonance It is the larger intensity component, at 8.7–
9.5 eV binding energy, associated with the bulk Gd 4f weighted
bands of Gd2O3, that are of interest in establishing the occupied
Gd 4f band structure.

5. The 4f band structure of gadolinium oxide

Because of the high degree of order and the strong texture
growth along 〈4̄02〉, we have been able to measure the bulk
band structure along 〈4̄02〉. Because the photoelectrons

Figure 11. The calculated density of states for monoclinic (type B)
Gd2O3. The monoclinic Gd2O3 density of states (DOS) has been
broadened with a Gaussian width 0.2 eV. The total density of states
has been projected onto each atomic species (gadolinium and
oxygen) showing the strong Gd 4f character at the DOS peak around
E = −6.3 eV and the major oxygen 2p character hybridized with
Gd 5d orbitals over the energy range of −5 to 0 eV.

Figure 12. The dispersion of the Gd 4f component, with changing
photon energy. The critical points are indicated, assuming no inner
potential and the predicted lattice spacing of 23.7 Å along 〈4̄02〉.

are collected along the surface normal in the sequence of
photon energy dependent photoemission spectra (figure 9), the
binding energy shifts of many of the observed photoemission
features is indicative of band dispersion along the electron
wave vector normal to the surface, k⊥. The value of k⊥ can be
estimated from the photoelectron kinetic energy making some
assumptions about the inner potential Uin:

k⊥ =
√

2m

h̄2
{Ekin(cos(θ))2 + Uin}. (1)

The dispersion of the component we attribute to the
Gd 4f level at 9–9.5 eV binding energies is summarized in
figure 12. The dependence on photon energy shows that the 4f
band critical points repetition, whose spacing in wave vector
suggests a periodicity of about 22 ± 2 Å perpendicular to the
film or along the surface normal, close to the value of 23.72 Å
expected from the crystallography.
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For a dielectric insulator we would expect that the value
of the inner potential to be effectively negligible, as seems to
be the case here. We cannot establish that the inner potential
to be zero, but from our measurements, that establishes the
critical points for the 19th through to the 23rd Brillouin zone,
the inner potential is quite small and is no more than 1–2 eV, at
most. Assuming a value of zero for the inner potential, and a
lattice constant of 23.72 Å, the calculated critical points show
very good agreement with the experimental band structure, as
indicated in figure 12.

What is clear is that we have strong Gd 4f hybridization
with the oxygen in both Gd2O3 and Gd-doped HfO2 films, and
we have a small amount of band dispersion in the band strongly
weighted with a Gd 4f contribution for Gd2O3. The band
dispersion is small (about 500 meV), but evident nonetheless,
as in the case of Ce [2, 3] and Yb [4] compounds. The Gd
4f weighted bands exhibits band structure yet are placed well
away from the Fermi level in the valence band of Gd2O3.

The band width is about 0.5 eV, which is less than
the full Gd 4f linewidth in Gd2O3, but nonetheless about
what is expected from the calculated band width from
projected augmented wave method and the generalized
gradient approximation (GGA-PBE) with a Hubbard U
correction (GGA + U ). What is perhaps surprising is that that
we are able to identify this band structure experimentally even
though there are some 84 gadolinium bands. This implicates
that photoemission selection rules play a role. Such selection
rules are indeed likely.

The unoccupied 4f levels of Gd2O3 also have some band
width. From the width of the resonant intensities due to the
4d10 4f7 → 4d9 4f8 → 4d10 4f6 + e− super Coster–Kronig
transition occurring at about 150–152 eV, we can see that the
width of this resonant enhancement occurs for a far larger
range of photon energies for Gd2O3 than is the case for 3%
Gd-doped HfO2 (figures 10(a) and (b) respectively). Since
Gd2O3 and HfO2 have very similar band gaps (5.4 and 5.7 eV
respectively), the pronounced differences in the position of the
maximum resonance and the width of the resonance suggest
that the unoccupied Gd 4f bands of Gd2O3 have greater band
width than is the case for the unoccupied states of Gd in HfO2.
As was noted for ErAs [13, 14], we expect the unoccupied 4f
levels to exhibit dispersion and contribute to the band width of
the unoccupied states.

6. Conclusion

In summary, we find that superficially there are many
similarities in the valence band electronic structure of
monoclinic Gd-doped HfO2 and monoclinic Gd2O3. We find
that with Gd2O3, there is a surface-to-bulk shift of the Gd 4f
levels in Gd2O3, not seen with Gd-doped HfO2, but treating the
Gd 4f levels as shallow core levels may not be appropriate. We
find that in spite of the high index face adopted by Gd2O3 thin
films on Si(100), and the large unit cell of Gd2O3, Gd 4f band
structure is nonetheless and perhaps surprisingly apparent.
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