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Abstract

An increase in the density of states between the oxygen 2p bands and the Fermi level is seen with increasing Gd
concentrations. In addition, for the Gd-doped HfO, films, the Gd 4f photoexcitation peak at 5.5 eV below the va-
lence band maximum was identified using resonant photoemission. Electrical measurements show pronounced
rectification properties for lightly-doped Gd:HfO, films on p-Si and for heavily-doped Gd:HfO, films on n-Si,
suggesting a crossover from n-type to p-type behavior with increasing doping level. In addition, there is an in-
crease in the reverse bias current with neutron irradiation.

Keywords: oxide dielectric layers, hafnium oxide, Gd doping, resonant photoemission
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1. Introduction

While HfO, has attracted considerable attention as a high-
k dielectric oxide [1—3], the gadolinium doping of a number
of wide band gap semiconductors [4—8] suggests that Gd
doping of HfO, may also lead to a dilute magnetic semicon-
ductor [9, 10]. With increased Gd-doping concentrations
there is a shift from monoclinic phase so that Gd,0,-doping
stabilizes HfO, in the cubic phase [11-14], which may pos-
sibly be a better semiconductor. Moreover, semiconducting
Gd-doped HfO, may provide a promising new class of ma-
terials for neutron detection technologies.

A gadolinium-based semiconductor diode might be
better for neutron detection because of the large ther-
mal neutron absorption cross-section of gadolinium (on
average ~46,000 barns). The '57Gd(n,y) — %8Gd and
155Gd(n,y) — 5°Gd reactions lead to the emission of low-
energy gamma rays and conversion electrons, most of
which are emitted at energies below 220 eV [15—18]. The
creation of conversion electrons is the result of the de-ex-

citation of the 58Gd and 5°Gd nuclei through lower level
nuclear states where internal conversion occurs and con-
version electrons and low-energy X-rays are released. The
appeal of using %7Gd is due to its large thermal neutron
cross-section of 240,000 barns [19, 20]. Although sensi-
tive to gamma radiation, the big advantage of gadolinium
over boron is not only the high neutron capture cross-sec-
tion but that this cross-section extends to higher neutron
energies (200 meV) than in the case for boron. While all
boron carbide neutron detectors have been demonstrated
[21—23], and their potential detection efficiency is much
higher than that of many semiconductor materials (likely
well above 50% for '°B enriched devices), the drawback to
all boron-based devices is the need for a moderator to re-
duce the neutron kinetic energies to 25—-30 meV. Fissile ra-
diation sources like 235U or 239Pu produce 1—2 MeV neu-
trons, so the moderator must be significant.

Since neutron capture by gadolinium leads to produc-
tion of conversion electrons, the pulse height will be smaller
than in the case of neutron capture by boron (104 charges
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versus 10° per neutron capture). Accordingly, it is advan-
tageous to see if a Gd-doped HfO, diode can be fabricated
that can be impedance matched and compatible with a high
gain, low noise amplifier. A heterojunction diode with sili-
con would serve this purpose.

2. Experiment

The Gd-doped HfO, films were deposited on both p-type
and n-type single crystal Si(1 0 0) substrates using pulsed
laser deposition (PLD) at a growth rate of about 0.15 A/
s. The Gd-HfO, target was prepared by standard ceramic
techniques using HfO, and Gd,O, powders, as described
elsewhere [10, 14, 24]. Before the deposition, the Si(1 0 0)
substrates were cleaned with diluted HF acid, rinsed with
acetone, and then immediately put in vacuum chamber. Be-
fore deposition, the surface of Si wafer was sputter cleaned
in a plasma of H, (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 deposition was carried out in a mixture of H, and Ar
(8% H,) to introduce oxygen vacancies, and the vacuum
was maintained at 1075 Torr during the deposition. The
doping level was estimated from the target composition
and confirmed by performing near edge X-ray absorption
spectroscopy (NEXAFS) and by X-ray emission spectros-
copy (XES or EDAX) on separate similarly prepared sam-
ples (Throughout, x% Gd means the nominal composition
Hf,_ Gd O,_, ). The complementary spectroscopies show
that the films and the target have essentially the same com-
position. The NEXAFS and EXAFS data indicate that the
Gd atoms occupy the Hf sites in the Gd-doped HfO,, films.

X-ray diffraction (XRD) patterns show that the HfO,
films with 3% Gd, which are approximately 250 nm thick,
are in the single monoclinic phase with strong texture
growth and about 3% strain compared to the undoped
HfO, [10, 14, 24]. It has been estimated that the spacing
of the (-111) lattice planes increased by d = 0.0030 nm,
from 0.3147(1) nm for 0% Gd to 0.3177(1) nm for 3% Gd
[10, 24]. With increased doping levels, the fcc fluorite phase
becomes dominant over the monoclinic phase, as expected
[11-14] (although the presence of a small amount of the
Gd,Hf,0, pyrochlore phase cannot, a priori, be excluded).
For the 10% Gd-doping level, the film is largely in the new
fluorite phase but retains a minority monoclinic phase com-
ponent. For 15% Gd doping, however, the films are free of
the monoclinic phase, i.e. no minority monoclinic phase is
observed [14].

To determine the position of the Fermi level, angle-re-
solved photoemission experiments were performed using
the 3 m toroidal grating monochromator (3 m TGM) beam
line in a UHV chamber previously described [24, 25]. The
Fermi level (E;) was established from a gold film in electri-
cal contact with the sample and measurements were carried
out at ambient temperatures. Photoemission was under-
taken over a range of temperatures from 100 to 700 K, but
the data presented here was taken at 320 °C, where surface
charging was found to be negligible. Both NEXAF and the
phase diagram [11—13] indicate there is very little change
in the bulk structure at this temperature, as our studies are
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Figure 1. Different bands intensities for: pristine 0% (purple circles),
3% (blue triangles), 15% (green squares) Gd-doped films of HfO,. The

photon energy is 70 eV and the light incidence angle is 45°. All photo-
electrons were collected along the surface normal at T = 320 °C.

taken well below the temperature dependent structural
phase transition (700 °C).

3. The occupied density of states with Gd doping

From Figure 1, it is clear that the nominal valence band
edge is placed well away from the Fermi level for both Gd-
doped and undoped HfO, films. The Hf 4f binding ener-
gies, at 18—21eV binding energy, are substantially larger
than those reported by Renault et al. [26], and Hf 4f bind-
ing energies and valence band edge are slightly larger than
those reported elsewhere [27—29]. Indeed, with Gd doping,
the Hf 4f binding energies increase, as seen in Figure 1. The
increase with Gd doping in the intensity of the photoemis-
sion features in the oxygen 2p region of the valence band,
at 5—10 eV binding energy, relative to the Hf 4f features at
18—21 eV binding energies, suggests that there are Gd 4f
contributions to these largely O 2p dominated lower bind-
ing energy features, as is expected from studies of HfO,-
Y,0, composite films [30]. In Figure 1 and Figure 2, one
can clearly see a shoulder on the broad photoemission peak
at the binding energy of 9—10 eV. In order to assist in the
identification of this feature, we performed resonant photo-
emission (i.e. constant initial state spectroscopy) measure-
ments; the results are shown in Figure 2.

The photoelectron intensity, determined from the fea-
ture at about 9.5 eV binding energy (from the Fermi level),
is strongly enhanced at about 148 eV photon energy. This
resonant enhancement has been plotted for various pho-
ton energies, as shown in the inset to Figure 2. It is clear
that the resonant enhancements in the photoemission in-
tensity, from this 9.5 eV binding energy final state, occur at
photon energies corresponding to the binding energy of the
Gd 4d3 /o (147 eV) shallow core. Thus, this feature at 9.5 eV
binding energy has strong Gd weight, and the resonant
photoemission process occurs because of an excitation from
the 4d cores to a bound state, but with a final state identi-
cal to that resulting from direct photoemission from Gd 4f
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Figure 2. Resonant photoemission for Gd-doped films of HfO,,. Light
incidence angle is 45°. All photoelectrons were collected along the sur-
face normal.
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Figure 3. The increasing contributions to the density of states near to
the Fermi level are illustrated for 0% (black dots), 3% (open triangles),
and 15% (stars) Gd doping levels.

states [31—33], that is to say is due to constructive interfer-
ence between the direct 4f photoionization and a 4d'°4{7 —
4d941% — 4d'°4f° + e~ super Coster-Kronig transition [32],
leading to a classic Fano resonance. From the 4f-hole calcu-
lations [14, 24], we have obtained the Gd-4f binding energy
of about 5.5 eV below the valence band maximum, which is
in excellent agreement with the photoemission data.

With Gd doping, there is also an increase in the small
density of states between 4 eV binding energy and the
Fermi level, as seen in Figure 3. In this region, the density
of states measured by photoemission decrease with increas-
ing yttrium-doping levels [30], but is seen here to increase
with Gd doping. Indeed, the increase in binding energy of
all the major photoemission features seen with Gd doping is

3

not observed for (HfO2)17X(Y203)X samples [30]. The possi-
bility of surface defects or surface states pinning the Fermi
level differently for the two different dopants (Y and Gd)
cannot be excluded and may in fact be likely. Yttrium seg-
regates away from the surface of zirconia [34], and may be-
have similarly with HfO,, while gadolinium, because of its
larger size, should segregate toward the surface; although
for the samples studied here, significant gadolinium surface
segregation was not observed. Thus, even with nominally
similar surface terminations [35], the Fermi level pinning
may be very different for the two dopants. States are added
with increased Gd doping between the O 2p states and the
Fermi energy as indicated in Figure 3. While Gd is expected
to be a p-type dopant in HfO,, the Gd acceptor states can be
overcompensated by donor states introduced by oxygen va-
cancies [14, 24], as we note below.

4. Heterojunction rectification

We fabricated several diodes to illustrate that the overcom-
pensation of the expected Gd acceptor states, by oxygen va-
cancies, as is seen with smaller (3 at.%) Gd doping levels
[24] is not sustained at the higher Gd doping levels [14]. An
n-type band offset of the lightly Gd-doped HfO, relative to
p-type silicon is indicated by the excellent diode rectifica-
tion seen for a heterojunction of 3% Gd-doped HfO, and p-
type silicon, as shown in Figure 4. For the 10% Gd:HfO,/
p-Si heterojunction, no rectification or diode like character-
istics are seen, but for the 10% Gd-doped HfO, to n-type
silicon heterojunction, we do observe rectification or diode
like characteristics, shown in Figure 4. While these data do
not conclusively show the dominant carrier, they suggest
that oxygen vacancies can overcompensate the Gd accep-
tor states without completely destroying the semiconductor
properties for 3% Gd doping levels but not 10% Gd doping
levels or higher.

Even with a heterojunction of 3% Gd-doped HfO, and
p-type silicon, neutron absorption is indeed indicated. As
seen in the upper right (first quadrant) of the diode curves
in panel (a) in Figure 4, the reverse bias current increases
under bright white light illumination and even further un-
der irradiation from the combination of epithermal neu-
trons (600 neutrons/s cm?) and gamma radiation from a
fully moderated PuBe source [21, 22]. This increase in re-
verse bias current is not a demonstration of direct neu-
tron detection, as (as indicated) this is somewhat akin to
increased photoconductivity and not necessary directly re-
lated to either neutron or gamma capture and subsequent
current generation. Nonetheless, given that the Gd doped
hafnium oxide films are very thin, neutron capture is far
more likely to be the origin of the increase in reverse bias
current that gamma capture.

5. Summary

The data does show that such heterojunction devices have
possible promise as neutron detectors. Even if such devices
are successful as neutron detectors, distinguishing gamma
and neutron adsorption will be problematic. A rare-earth
(gadolinium) semiconductor heterostructure diode could
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Figure 4. A heterojunction diodes constructed from Gd-doped HfO,
on silicon, for various Gd-doping concentrations. With oxygen vacan-
cies, the Gd doping generated acceptor states, in 3% Gd-doped HfO,,
are over compensated and doped hafnium oxide forms a rectifying di-
ode on p-type silicon (a). The 10% Gd-doped HfO, is not overcompen-
sated by oxygen vacancies and does not form a rectifying diode on p-
type silicon (b) but does do so on n-type silicon (c). The increase in
reverse bias current (green) for a 3% Gd-doped HfO, rectifying di-
ode on p-type silicon (a), in the first quadrant of the inverted diode
curve(s), illuminated with visible light (red) and with an incident neu-
tron and gamma flux from a PuBe source (blue) is indicated

be formed with a boron rich semiconductor layer (e.g. bo-
ron carbide [21—23] or boron nitride [36]) layer as one side
of the p—n junction and the rare-earth (gadolinium) semi-
conductor as the other side. Such a heterojunction would be
much like the all boron carbide heterostructure [37], a bo-
ron carbide to silicon [38], or boron carbide to SiC hetero-
junction diode [39]. It may be possible, in such heterojunc-
tions, to use the pulse height spectra to distinguish neutron
capture events from other events, such as those resulting
from gamma radiation.

The recognition of the value of a possible gadolinium-
based semiconductor solid state detection of neutrons is
not new: Aoyama et al. [40], and Mireshghi et al. [19], and
many others have tried to incorporate boron and gadolin-
ium in a neutron detector to increase the overall neutron
capture ability of existing devices with varying results. With
the development of a proper gadolinium containing semi-
conductor or even a gadolinium dielectric layer (suitable
for a p—i—n heterojunction structure), one may be able to
succeed, where prior efforts have been rather lack luster.
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