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From Doping to Dilution: Local Chemistry and Collective

Interactions of La in HfO,

Thomas Szyjka, Lutz Baumgarten,* Oliver Rehm, Claudia Richter, Yury Matveyev,
Christoph Schlueter, Thomas Mikolajick, Uwe Schroeder, and Martina Miiller

Lanthanum (La) doping is considered as a promising route to overcome reliability
issues of switchable ferroelectric HfO,-based devices. This study links the local
chemistry at the La lattice sites with local and collective electronic properties of
the La:HfO, matrix using hard X-ray photoelectron spectroscopy. The satellite
structure of the La 3d core level, the plasmonic excitation energies, and core-level
rigid binding energy shifts are investigated for La:HfO, samples with a wide
range of La doping, ranging from 3.5% to 33%, i.e., from the doping to dilution
level. The emerging chemical phases and electronic properties are discussed as a
function of La content. From the evolution of the plasmon excitation energies and
rigid binding energy shifts, it is concluded that electronic charge compensation by

oxygen vacancies occurs for increasing La content.

1. Introduction

HfO,-based thin films bear huge potential for the next generation
of nonvolatile memory applications. They provide the functional
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part of numerous device concepts like, e.g.,
resistive random access memory (RRAM),
switchable ferroelectrics (FE) of metal-FE—
metal capacitor stacks in FE random access
memory (FeRAM),"" or metal-FE-semicon-
ductor stacks in FE field-effect transistors
(FeFET).>® However, the application of
HfO,-based thin films as active ferroelectrics
in FeRAM or FeFET devices is still impaired
by reliability issues like wake-up, imprint,
and fatigue, which compromise a durable
FE switching behavior.

Since the unexpected formation of a
ferroelectric phase of HfO, was observed
by Boescke et al.,) HfO,-based compounds
are under intense investigation. The struc-
tural stabilization of FE HfO, is mainly real-
ized by controlled lattice strain, which, for example, can be achieved
by introducing a certain amount of intrinsic defects like oxygen
vacancies (OVs).”) The role of OV is, however, twofold: on the
one hand, OVs stabilize the FE phase, but on the other hand, they
weaken the ferroelectric behavior by causing FE domain pinning or
charge trapping causing leakage currents. Another route to create
controlled lattice strain is by stabilizing the ferroelectric HfO, phase
by extrinsic ion doping.®®” Both anion and cation doping is cur-
rently explored to stabilize the ferroelectric phase of HfO, and to
improve the switchability of FE devices.®® The latter effect may be
achieved either by a reduction of the OV density itself or by an elec-
tronic compensation of the vacancy charges and states.

A variety of cation dopants were investigated experimentally and
theoretically, i.e., Si, Al, Sr, La, Gd, Y, and Sc.” Among those, lan-
thanum turned out to be the most promising candidate for a CMOS
compatible stabilization of the FE phase of HfO, with large FE
polarization. In particular, La doping permits for applying rather
low annealing temperatures (400 °C) required for recrystallization,
which are essential for CMOS device processing. In this way, large
and homogeneous doping concentrations are realized for La at
rather low preparation temperatures in contrast to other dopants.

Due to its larger ionic radius compared to Hf, La distorts the
HfO, lattice and can stabilize the ferroelectric phase.
Theoretically, lanthanum is predicted to structurally stabilize the
ferroelectric phase for doping concentrations up to 6%.%*!
Experimentally, FE properties were observed for a wide range
of doping concentrations between 6% and 16%, with a maximum
FE polarization at a La concentration of about 11%.1% For La con-
centrations above 15%, the FE polarization decreases and
vanishes at about 20%, which is related to the formation of
the cubic phase.”) Perevalov et al. concluded from a shape
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analysis of X-ray photoelectron spectroscopy (XPS) spectra on the
formation of a La,O3 phase, which shall intermix with HfO, at a
La content of 10%.!" Structural investigations by Smirnova et al.
revealed a pyrochlore La,Hf,0; phase formation above 18%
La content,” which is in agreement with observations by
Schroeder et al.”) The XPS spectra of La,Hf,0, showed a similar
shape of the La 3d core level as La,0s.

Direct insights into the chemical and electronic properties of
solids are gained by photoelectron spectroscopy (PES) techniques
by recording core levels and valence states element selectively.
Hard X-ray photoelectron spectroscopy (HAXPES) gives access
to the properties of buried interfaces due to an enhanced infor-
mation depth!’®!”) and thus enables the characterization of
real-world devices."®'”! For semiconductors and insulators,
the so-called rigid binding energy (BE) shifts of the core levels
can be directly assigned to changes of the Fermi-level position
within the bandgap. In particular, these rigid BE shifts can be
related to charged states, which may be created by doping or
defects, and hence yield a direct signature of otherwise
“invisible” defects. Moreover, the core-level PES spectra of
rare-earth compounds like La are often dominated by satellites,
which arise from many-body interactions of the core hole with
the strongly localized but partially filled 4f levels. These pro-
nounced satellite structures reflect the local chemical and elec-
tronic surrounding at the La lattice sites.

Here, we report on a HAXPES experiment of La-doped HfO,
thin films with very different La contents (3.5%, 5%, 9%, and
33%), which refer to particular La:Hf layer stacking ratios applied
during the atomic layer deposition (ALD) process (see Figure 1).
These particular La:Hf ratios lead to ferroelectric polarizations
around the maximum value as observed by Schroeder et all!
The general sample layout is depicted in Figure 1 as well.

In order to conclude on the chemical state of La:HfO, samples as
a function of La concentration, we correlate the La 3d core-level spec-
tral features to reference compounds of La,05 and La,Hf,0; phases
as reported in the literature. From this HAXPES data, we finally
conclude on a compensation of the La hole doping by vacancies.

2. Results and Discussion

Doping HfO, by La cations results in a rather complex
modification of the electronic structure: As a group III dopant,
La creates holes in the valence band, which shift the Fermi level
toward the valence band maximum. At a certain hole doping
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level, this energy shift favors the creation of additional OVs,
which compensate these holes by supplying electrons. In this
case, no additional Fermi-level shift can be achieved anymore
because all additional holes are compensated by electrons
provided by OVs. This situation is well known as the doping limit
in semiconductors. In the case of La doping, Materlik et al. found
that such electronic hole compensation by OV favors the ferro-
electric phase compared to the monoclinic one.'? In addition,
the tetragonal and cubic phases were also favored by this
interaction, which obviously contradicts experimental X-ray dif-
fraction results. As pointed out by Materlik et al., this does not
necessarily exclude the importance of hole-OV interactions.
Furthermore, according to Liu et al.,?% an interaction of holes
with intrinsic OV may passivate the influence of these defects
on the performance instabilities of the FE devices. As the FE
phase of HfO, is typically stabilized at La concentrations between
5% and 15%, even the lowest concentration of 3.5% La investi-
gated in this study is far above a typical doping concentration of
electronic devices. Thus, a doping limit by the creation of
additional vacancies or the interaction with intrinsic ones has
to be taken into account for discussing the electronic structure
of La-doped HfO,.”" We note that the abovementioned
pyrochlore La,Hf;0; phase formally can be treated as a 50%
La doping, which is electronically completely compensated by
an OV (one missing oxygen per formal unit).

On the spectroscopic side, the most prominent electronic
structure appears in the La 3d core levels as satellite peaks.
Figure 2 shows the La 3d core-level spectra for all samples with
different La content in HfO,. We find a spin—orbit split 3ds,, and
3ds), multiplet located at about 834 and 851 eV BE, respectively.
Each component is accompanied by a pronounced satellite peak
located at about 5 eV larger BE. These satellites are related to an
interaction of partially filled 4f orbitals with the core hole in the
PES final state. At first glance, such an interaction shall be
excluded in La, which has an unfilled 4f shell. However, the addi-
tional potential Uy of the PES core hole shifts the unoccupied 4f
levels down and below the Fermi level into the valence band. The
latter mainly consists of the neighboring oxygen ligand orbitals.
This process enables an occupation of the unfilled 4f° state by the
oxygen ligands, creating an occupied 4f" state. In the early exper-
imental and theoretical works,”>* these features have been
considered as a double peak structure, which consists of the
bonding and antibonding superposition of f* and f* contribution
in the PES final state”) Due to improved experimental
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Figure 1. Schematics of the ferroelectric TiN/La:HfO,/TiN sample stacks, investigated both by HAXPES and electric field cycling experiments.
HAXPES was performed on areas between the top electrodes. The nominal La concentration is labeled according to the as-deposited La:Hf layer stacking

ratio via ALD.
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Figure 2. La 3d core-level spectra of four different La:HfO, concentrations

taken at a photon energy of 6 keV. Spectra are normalized to the same Hf

4ps; intensity. Dotted lines denote plasmon excitations and dashed lines

indicate the La 3d f' satellite peaks, shifted toward higher BE from the
main 3d f° peaks.

techniques, in particular with regard to the energy resolution,
nowadays, the detail of the satellite structure can be resolved.?”!
The satellite peaks themselves consist of a multiplet structure
originating from a coupling of spin and orbital angular moments
of the f' state.”®*”] Although this multiplet coupling has to be
taken into account for a detailed line shape analysis of the core-
level spectra, the basic physical mechanisms and parameters
leading to the satellite splitting, as given by Kotani et al.,*¥
remain valid and may be used for a qualitative understanding.

Figure 3 shows a peak fitting analysis of the La 3ds;, compo-
nent for two different La:Hf ratios of the HfO, film (33% and
5%). The multiplet structure is simulated by three spectral
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Figure 3. Peak fitting analysis of the La 3ds, core level for two different La
concentrations. f0 and f1 label the two different PES final states with

mainly no or one f-electron occupation, respectively. Binding energies
and intensity ratios are listed in Table 1.
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features: The components set at 834 and 839 eV are related to
the f° and f* contribution, as described by Kotani et al. The
broader component between them simulates additional states
of the complex multiplet structure.?2]

As the 4f occupation originates from the neighboring ligand
orbitals, the satellite structure of the La core levels is a direct fin-
gerprint of its local chemical surrounding. The f* intensity and
energy splitting from the main f° state reflects the overlap with
and character of the ligand orbitals, respectively. The energy split-
ting was interpreted in terms of the character of the ligand
orbital.?>* According to theoretical calculations by Kotani et al.,**
the energy splitting mainly depends on the hybridization between
the La 4f PES final states with the oxygen ligand valence orbitals. The
stronger the hybridization, the larger is the energy splitting
between f° and f". The intensity ratio between the f* and f' PE
final state, however, depends on the 4f hybridization with the
valence orbitals in the final as well as in the initial state. Moreover,
it depends on the Coulomb interaction between the 4f states. The
energy splitting and intensity ratios are thus not directly correlated.

Following this hybridization approach, we analyze the satellite
structure of the La 3d spectra depending on the La content in
HfO,. We consider the energy splitting and intensity ratios of
the two main peaks in the La 3ds;, spectrum labeled as f°
and f* in Figure 3. We note that this labeling—in general—is
not justified because the final state has to be treated as a
hybridized f°-f* state, with f° and f* being its bonding and anti-
bonding parts. In the case of La oxides, however, such labeling is
valid due to the almost pure f° initial state.[**]

Furthermore, we determined the plasmon energy from the La
3d (and Hf 4ps);) core level as depicted in Figure 2 (see also
Supporting Information). Whereas satellite structures reflect
local bonding characteristics to neighboring ligands, the plasmon
excitation energy is a fingerprint of collective behavior of the
valence band electrons. The VB electron density n and hence
the plasmon energy may be modified by La doping concentra-
tion. Plasmon features are observed for all core-level spectra
as a characteristic loss peak at the same loss energy E,. In a
simple approximation, E, is given by

[ 1002
ne
EP = fl(UP =h migo (1)

with w,, being the plasmon frequency, ¢, the dielectric constant, e
the electron charge, and m the electron mass.

La oxides mostly appear as La,O; or La,(OH)s, whereby
La,(OH)j; is the more stable compound in particular in the pres-
ence of water or hydroxyl. Both compounds have been investi-
gated via XPS by Sunding et al.*®! The energy splitting Af
between the f° and f' satellites were determined as 3.9 eV for
La,(OH); and 4.9eV for La,0s3, whereas a plasmon energy of
12.3 and 12.5eV was found, respectively. We will compare
our results to this data in the following.

In order to compare the different La:HfO,-doped systems, the
relevant La 3ds, binding energies, energy splittings, and inten-
sity ratios obtained by a peak fit analysis and labeled in Figure 3
are listed in Table 1. The La 3ds,; and La 3d;,, components are
fitted simultaneously with the same intensity ratios and splitting
parameters. The spin-orbit splitting was determined as 16.86 eV
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Table 1. Peak fit parameters of the La 3d satellite feature dependent on the
nominal La:HfO, concentration. The intensity ratio is determined from the
integrated peak areas. The plasmon loss energy is given as a mean value
obtained from the La 3d and Hf 4p excitation. In addition, the chemical
shift of f° is listed.

La content of La:HfO, samples 3.5% 5% 9% 33%

La 3ds, f° binding energy 833.80eV  833.85eV  834.12eV  834.57eV
La Af splitting 5.39eV 5.40eV 5.14eV 4.85eV
La 3ds, f'/La 3ds), ratio 0.24 0.26 0.29 0.31
Plasmon energy fim, 15.44 eV 15.43 eV 15.20eV 14.97 eV
Hf 4ps;, binding energy 382.36eV  382.32eV  382.44eV  382.48eV

Chemical shift of f° - 0.10eV 0.25eV 0.66 eV

in all cases. In addition, the Hf 4p;, binding energies and the
plasmon energies are listed.

The BE of Hf 4p;, increases with increasing La content. This
rigid BE shift originates from a change of the Fermi-level posi-
tion and is observed for all core levels related to the La:HfO,
layer. The observed shift of the La 3ds, f° BE is larger than that
of Hf 4p;, and indicates an additional chemical shift. This
chemical shift is determined by subtracting the rigid BE shift
of Hf 4p;), from the total f° BE shift, and is listed in Table 1.
The f' component does not show a significant additional
chemical shift.

We observe systematic changes of the spectral parameters
dependent on the La:HfO, concentration. The La 3ds;, f'/La
3ds), satellite intensity ratio increases, while the Af splitting
decreases with increasing La content. For low La concentrations
of 3.5% and 5%, we expect mostly similar values of the La Af
splitting because the La cations arrange as isolated defects within
the HfO, lattice. Surprisingly, the observed change of the La Af
splitting occurs due to a shift of the f° component only. The
small shift of the f* component reflects the rigid shift as also
observed in the Hf 4p;,, level. The plasmon energy w, decreases
with increasing La concentration, indicative for a decreasing
valence band electron density n. The @, for La concentrations
of 3.5% and 5% of 15.44 and 15.43 eV are close to the reported
values of about 15.5-16eV for pure Hf0,.*”) However, the
plasmon energy for 33% La is far above the reported value of
12.5 eV for La,0;. The plasmon energies were determined from
the La 3d and Hf 4p core-level regions, and yield similar values
(see Supporting Information).

According to calculations by Materlik et al.l'? and X-ray dif-
fraction analysis by Schroeder et al.,! the La doping of HfO,
was considered as pure hole doping. In this model, each La cat-
ion creates a hole in the valence band, without any compensation
by OV charges. Taking into account the broad range of doping
concentrations investigated in this study, it should result in a
considerable change of the Fermi level. However, the observed
rigid core-level shift, which is equivalent to such a Fermi-level
shift, is negligible. Even the reduction of the electron density
in the valence band deduced from the plasmon energy seems
to be far too small for a La concentration up to 33%. Thus,
the hole charge in the valence band created by La doping seems
to be compensated, and OV should be taken into account.!**"!
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A central question is whether such an interaction occurs from
intrinsic OV or whether additional ones must have been created.
Intrinsic OVs in HfO, are typically in a 2+ state and emerge in
the form of Hf*" signatures. Thus, an exchange of Hf* " by La**
would barely change the electronic structure. However, any Hf*"
signatures observed in HAXPES spectra should be reduced. In
contrast, Hamouda et al. observed an increase of the Hf*" sig-
nature in the Hf 3d spectra of HZO for La concentrations
between 1% and 3%.°°) However, these values are far below
the La concentrations considered in this study, and HZO itself
might reveal different electronic properties at the Fermi level.*!

Our observed energy splitting and intensity ratio of the La 3d
satellite structure can be compared to calculations by Kotani et al.
and previously published experimental La 3d spectra. With
regard to La,0; and La,(OH);, our observed spectral parameter
for the La 3ds, peak significantly differs from these values, indi-
cating a different local chemical surrounding. Excluding the 33%
sample, all Af energy splittings are significantly larger than the
splittings reported in the literature for La,O; and Lay(OH)3.1%”)
According to Kotani, the decrease of the Afsplitting with increas-
ing La concentration indicates a decreasing hybridization
between La 4f states and the oxygen valence band of HfO,.
This is in accordance with the observed small increase of the sat-
ellite intensity ratio. The observed splitting for the 33% sample,
however, is comparable to the La,Os literature values, but our
observed satellite intensity is significantly lower. The reported
La 3d spectra of the pyrochlore La,Hf,0, phase!™ compares well
in terms of splitting as well as intensity ratio. Furthermore, our
observed plasmon energy is significantly larger than determined
by Sunding et al. for La,05 and La,(OH);, which reveals a higher
electron density in the valence band. As already mentioned
above, the La,Hf,0; phase may be electronically considered as
a 50% doping, which is completely compensated by a vacancy.

Finally, we consider the La 4s spectrum. The s-spectra of tran-
sition metals are usually treated as the simplest example of the
interaction of a PE core hole with an open shell due to its
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Figure 4. Peak fit analysis of the background-corrected La 4s core level.
The area ratio of both peaks is 1:3. The two different PE final states belong
to none or one f-electron occupation, respectively.
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vanishing orbital momentum. Figure 4 shows the background-
corrected La 4s PES spectrum from the sample with 33% La.
In analogy to the La 3d spectra, the low BE peak might be related
to the f° component, whereas the peak on the high BE side might
represent the f! component. However, it is worth mentioning that
the 4s-level spectrum can also be understood without considering
a 4f° component, just as a final state coupling of the 4s core hole
with the 4f" state, as considered for 3d and other 4f elements. The
multiplet splitting in the s-level PE spectra in this model consists of
two components related to the two possibilities of the core hole
spin s, to couple to the felectron spin s, e,
S=s+s. or S=s;—s. The intensity ratio of the two peaks
should be given by the multiplicity of the two states. Assuming
a single occupied flevel, a ratio of 3/1 is expected, which nearly
perfectly fits the observed ratio. The observed energy splitting
related to the 4s—4f exchange coupling amounts to 4.25 eV.

3. Conclusion

From a HAXPES analysis of La 3d and Hf 4f core-level spectra,
we concluded on the electronic incorporation of La dopants into
the HfO, lattice, covering La doping concentration from 3.5% to
33%. We analyzed the La 3d satellite structure in terms of hybrid-
ization between La 4f states with the O 2p valence states, which
gives insights into the local chemical surrounding of the La lat-
tice sites. Moreover, the rigid core-level BE shift and the plasmon
excitation energies allow to conclude on the collective electronic
properties of La doping.

We applied the widely accepted model by Kotanti et a
which relates core-level multiplet structures of La compounds to
hybridized 4f and valence orbitals as a PE final state effect.
Core-level doublet structures are interpreted as bonding and anti-
bonding states of this hybridization. Accordingly, we explain the
observed decreasing satellite splitting with increasing La content
to a decreasing hybridization between La 4f and O 2p valence
band orbitals. In turn, the La-O bond length should increase
because the orbital overlap decreases. From the difference
between our observed intensity ratios between f° and f' and
the already published spectra of La,O3 and Lay(OH)3,*! we
conclude on a different chemical surrounding of the La ions,
although the f°—f* splitting in case of 33% La content is compa-
rable to La,0;. A charge transfer from interface charges cannot
be excluded but, if present, it is expected to be the same for all La
doping concentrations. The observed change in the band align-
ment is small compared to the satellite splitting and thus a
charge transfer has not been taken into account.

In accordance with theoretical calculations on the stabilization
of the ferroelectric phase™®?? we suggest the structural
incorporation of La into the HfO, lattice by a substitution of Hf
by La at the Hf site, at least up to a La concentration of about 10%.
For higher La concentrations, the formation of a pyrochlore
La,Hf,0, phase as reported by Smirnova et al.**!is in accordance
with our HAXPES results. However, we cannot confirm the exis-
tence of a La,0; phase in HfO,. For the collective effects like
Fermi-level shift and plasmon excitation, we observe only small
changes that do not reflect the broad range of La doping concen-
trations as investigated. Here, we assume that the so-called
doping limit is reached for large La concentrations. In this case,

1. [24.26)
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the valence band holes, which are created by the La3t doping, are
compensated by OV electrons. Whether these vacancies are
intrinsic or additionally created ones remains an open question.

Our analysis of the local chemistry and collective electronic
properties by HAXPES confirms the theoretical predictions of
La doping on the stabilization of the ferroelectric phase of
HfO,. In addition, the spectroscopically observed electronic com-
pensation of vacancy charges shall decrease the detrimental
influence of OVs on the ferroelectic properties. In general, this
beneficial combination of both structural and electronic compen-
sation of OVs by La doping strongly suggests a significant
improvement of La:HfO,-based ferroelectric devices in terms
of durability.

4. Experimental Section

Lanthanum-doped HfO, thin films of d =12 — 15 nm were grown
by ALD using tetrakis(ethylmethylamino)hafnium (Hf[N(CH3)(C2Hs)]4)
and tris(isopropyl-cyclopentadienyl)lanthanum (La-(iPrCp)s) as metal
precursors. In both cases, water was used as reactant. Different doping
concentrations were achieved by adjusting the layer stacking ratio between
Hf and La. We investigated samples with a stacking ratio of one La layer
versus 2, 10, 18, or 28 HfO, layers. These ratios are equivalent to nominal
La concentrations of about 33%, 9%, 5%, and 3.5%.

The nominally expected La concentrations were compared with the
observed intensity ratios of the La 3d and Hf 4s core-level spectral weights
as observed by HAXPES. Both ratios should differ only by a constant factor,
which reflects the different photoelectric cross sections of the La 3d and Hf
4s core levels. Only small differences without any systematic deviations
were observed, thus confirming the nominal La concentration.

TiN bottom and top electrodes were grown by physical vapor deposi-
tion (PVD) in a separate deposition chamber.

HAXPES was performed at the P22 beamline of PETRA Il (DESY,
Hamburg)®? to investigate element-selective chemical properties.
Spectra of Hf 4f, La 3d and 4s, Ti 2p, and O 2p core levels were recorded
using linearly polarized light at a photon energy of 6 keV. HAXPES thereby
provides the large information depth of about 20 nm to probe the HfO,
layer together with the top electrode of the capacitor stack. A SPECS
PHOIBOS electron analyzer was used at an emission angle of 10° and
a pass energy of 30 eV, resulting in an overall energy resolution of about
300 meV.
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