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HfO,/Si interface is among the most studied heterostructure materials due to the use of HfO, in the
mainstream Si microelectronic technology. Following the discovery of new functionalities in HfO, such as
ferroelectric and reversible resistance-switching properties, we study ultrathin HfO, films grown on highly doped
(p* and n™) Si by means of synchrotron-based soft-x-ray spectroscopy techniques, such as x-ray photoelectron
spectrosopy (XPS) and angle resolved photoelectron spectroscopy (ARPES). With angular resolution, we
directly obtain the electronic dispersions E (k) of the single-crystalline Si substrate in contact with the HfO,
overlayer, depending on the Si doping and heat treatment, and determine the k-resolved band offset at the
interface. Analysis of the Hf and Si core-level energies and line shapes as a function of photon energy yields
band bending in HfO, and Si. The evolution of the Hf 4f linewidth upon annealing points to development of
a potential distribution across HfO, due to charged defects at the surface and interface with Si. The effect of
intense x-ray beam on the Hf O, /Si interfaces, distorting their pristine electronic structure, is evaluated from the
time evolution of line shape and position under irradiation. We propose a model explaining the effects of both
heat treatment and x-ray irradiation on the Hf O, /Si electronic structure in terms of oxygen vacancies generated
at the surface of HfO, and its interface to Si, where the released O atoms react with Si to form SiO, at the
interface. The knowledge of the irradiation-dependent band bending is essential for precise determination of the
k-dependent band offset locally at the Hf O, /Si interface.
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I. INTRODUCTION

Over the last two decades, thin-film HfO, has been one
of the most studied transition-metal oxides. HfO, combines a
large band gap E, of 5.6-5.8 eV, high dielectric permittivity
knfo, = 16-25, high thermal stability (melting point Tpner ~
2780°C), high thermodynamic stability in contact with Si, and
high energy barriers for electrons and holes with respect to
Si 2.0 and 2.5 eV, respectively (see Ref. [1] and references
therein). In the early 2000s, high-« HfO, was identified as
the best gate dielectric material to substitute SiON in com-
plementary metal-oxide-semiconductor (CMOS) field-effect
transistors (FETs) [2]. The subsequent discovery of ferro-
electric properties in doped or alloyed HfO, [3] ignited an
explosive interest in this material due to the prospects of
development of CMOS-compatible nonvolatile memory de-
vices, such as ferroelectric FETs [4,5] or ferroelectric tunnel
junction employing Si as a (bottom) electrode [6-8]. Alter-
natively, ultrathin ferroelectric HfO, exhibiting a negative
capacitance effect can be utilized in ultralow-power FETs [9].
In addition, HfO, has been found a promising candidate for
the nonvolatile resistive random access memory [10,11]. Fur-
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thermore, this material may replace Si oxide in flash memory
devices [12].

However, despite numerous theoretical and experimen-
tal studies of the chemical and electronic structure of the
HfO,/Si interface (e.g., Refs. [13-18]), which is at the core of
the modern metal-oxide-semiconductor field-effect transistor
technology and plays a crucial role in emerging ferroelectric
memory and logic device concepts, there are still issues worth
to be addressed. In particular, to the best of our knowledge, the
electron momentum k-resolved electronic band structure E (k)
of doped monocrystalline Si in contact with thin-film HfO,
has so far not been experimentally observed. Also, charged
defects in HfO,, predominantly oxygen vacancies (Vo) often
generated at the interface with Si, should affect the interfacial
band offset. Furthermore, the evolution of electronic structure
of HfO,/Si interface as a function of Si doping and heat
treatment still stays largely unknown. The whole body of such
a detailed information would be highly useful for the imple-
mentation of emerging electronic devices employing thin-film
HfO, on Si as their functional basis.

(Angle-integrated) x-ray photoelectron spectroscopy
(XPS) is a classical technique to elucidate the chemical
properties in a subsurface layer. It has also been often
used to gain information on the band offset at the
dielectric/semiconductor interface [19] which is instrumental
to predict and model the electrical properties in the devices
based on MOS structures. Previously, most XPS analyses
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of the HfO,/Si junctions [16,20-24] were performed with
laboratory setups, where the photon energy (hv) was fixed,
and the x-ray brightness on the sample was limited by x-ray
tubes and focusing optics.

Nevertheless, even with such relatively low flux, various
authors reported irradiation-induced shifts of the spectral fea-
tures, which led to discrepancies in the measured band offsets
(see, e.g., Ref. [20] and references therein). This phenomenon
was interpreted based on the so-called “differential charging
model.” According to this model, during the x-ray irradiation
the photoelectrons emitted from the oxide dielectric can-
not be compensated by electrons from the grounded sample
holder so that it would rather discharge into the semicon-
ductor underlayer. As a result, the induced positive charges
give rise to the electrical field causing a band bending at
the oxide/semiconductor interface. Consequently, in order to
get consistent values of the valence-band (VB) offsets, such
intrinsic charging effects in the dielectric/semiconductor stack
have to be taken into account [20,21]. However, over the years
a wealth of observations has built up that such phenomena
caused by the escape of the photoelectrons cannot explain the
whole complex physicochemical processes at the interface.
In particular, the radiation induces oxidation of Si in contact
with HfO, followed by the formation and charging of oxygen
vacancies. These effects of intense x-ray irradiation required
further comprehensive studies.

Modern synchrotron-based XPS instruments deliver a sev-
eral orders of magnitude higher x-ray brightness on the sample
as well as a 3—4 times better energy resolution compared to
the laboratory setups. Although such parameters are certainly
a big advantage in terms of sensitivity, energy resolution,
and data acquiring time, the irradiation effects in the dielec-
tric/semiconductor samples are expected to become much
stronger.

Angle-resolved photoelectron spectroscopy (ARPES) is
a unique experimental technique to directly determine k-
resolved band structure of crystalline solids E (k) [25]. The
use of synchrotron radiation adds, besides high x-ray bright-
ness and energy resolution, variable photon energies allowing
precise navigation in three-dimensional k-space and tun-
ability of the probing depth determined by kinetic energy
of photoelectrons. Pushing the ARPES experiment into the
soft-x-ray photon-energy range (SX-ARPES) increases the
probing depth by a factor of 3—5 compared to the conventional
experiments in the vacuum ultraviolet (VUV) range, allow-
ing thereby access to buried interfaces and heterostructures
which are in the heart of electronic devices [26,27]. Such ap-
plications of SX-ARPES have previously been demonstrated
for various semiconductor, oxide, and hybrid heterostructures
(see, e.g., Refs. [26,28-32].

In this work, we use SX-ARPES for a detailed study of the
interface between ultrathin HfO, films, grown by atomic layer
deposition (ALD) technique, and highly doped Si(001) sub-
strates. We directly measure E (k) of the Si substrates aligned
with the HfO, overlayer for HfO,/p™Si and HfO,/n*Si in-
terfaces as well as evaluate band bending in HfO, and Si. We
elucidate not only the role of the doping of Si on the interfacial
band structure, but also the effect of (in sifu) annealing of
HfO,/Si samples. Furthermore, we determine the effects of
high-intensity soft x-ray radiation on the local electric fields

at the interface as reflected by the time evolution of the
core-level spectra under irradiation. These irradiation effects
were used as an additional tool to elucidate the distribution of
(charged) defects in HfO, in contact with the highly doped
Si. The observed temporal evolution of the Hf 4f spectral
features in HfO, is explained in terms of the generation and
charging of oxygen vacancies in HfO, and concomitant ox-
idation of Si at the HfO,/p*(n")Si interface. The revealed
fundamental electronic properties of the HfO,/Si interfaces
will serve as a solid ground for development of advanced
electronic devices based on these materials.

II. EXPERIMENT PROCEDURE

Amorphous HfO, layers of 3 nm in thickness were grown
by the ALD technique (ALD reactor Sunale R-100 Picosun
0Y) at T = 240°C using Hf[N(CH3)(C,Hs)]; and H,O as
precursors and N, as carrier and purging gas on the highly
doped p*Si and n'Si substrates (o = 0.0052 cm, Np ~
10%°cm~3). At such a doping level Si exhibits a metallic
behavior in a wide temperature range [33]. Native SiO, layer
was removed using standard cleaning procedure (in a 10% HF
(hydrofluoric acid) solution for 15 s), its absence prior to the
HfO, ALD growth confirmed by in situ laboratory XPS anal-
ysis coupled with the reactor (Fig. S1 in Ref. [34]). As-grown
HfO,/Si samples were immediately put in the desiccator un-
der vacuum and opened before loading to the sample holder
at the synchrotron. Annealing of the samples was performed
in situ at a temperature of T = 400°C.

The experiments were performed at the SX-ARPES end-
station [27] of the ADvanced RESonant Spectroscopies
(ADRESS) beamline [26] of the Swiss Light Source. The
use of SX-ARPES with larger probing depth compared to
the conventional VUV range was critical for the analysis of
the buried HfO,/Si interface. A high photon flux of about
10'3 photons/s/(0.01%BW)~! was essential for our experi-
ments in the soft x-ray range with hv = 280-1500¢eV, where
the photoexcitation cross section of the valence states be-
comes extremely small [35]. The photon beam was focused
to a spot of ~30 x 75 um? on the sample surface. In order to
maximize the coherent spectral fraction, reduced by the ther-
mal atomic motion [36], the measurements were performed
at T = 12 K. The combined (beamline and analyzer) energy
resolution varied from 60 meV for v = 350 to 270 meV for
hv = 1400 eV, and the analyzer angular resolution was ~0.1°.
The experiment geometry and other relevant details of our
SX-ARPES experiment have been reported elsewhere [29].

III. RESULTS AND DISCUSSION

A. ARPES data on the k-dependent band offset

We will now analyze the ARPES data on HfO,/Si as a
function of v, which controls the out-of-plane electron mo-
mentum k, in the crystalline Si (the conversion formulas for
our experimental geometry, including the photon-momentum
correction, are compiled in Ref. [27]). These data for the
HfO,/n™"Si sample, rendered into an out-of-plane iso-Eg map
in (ky, k;) coordinates in the XI'W plane of the bulk Brillouin
zone (BZ) of Si [Fig. 1(a)] with an inner potential V; of 10 eV,
are displayed in Fig. 1(b). The white dashed line correspond-
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FIG. 1. (a) Bulk BZ of Si. (b) hv-dependent ARPES data for the HfO,/n"Si sample rendered into out-of-plane iso-Eg maps in the
XT'X plane of the bulk BZ of Si at Eg = 1.0eV below the VB maximum (VBM) measured for hv = 1070-1170eV. The white dashed
line corresponds to hv = 1120 eV. ARPES dispersions for the HfO,/p*Si (¢) and HfO, /n*Si (d) as-grown samples along the I'-X directions
of the bulk BZ (hv = 1120eV). The observed band dispersions were insensitive to the annealing. (e), (f) EDC spectra around the I'; point
extracted from (c) and (d), respectively. (g), (h) Enlarged ARPES dispersions taken from the region around I"; as marked by rectangles in (c)
and (d). (i) Valence-band EDC spectra extracted from (c), (d) at the I'; point marked by the white arrow, for the as-grown (a.g.) and annealed
(ann.) HfO,/p*Si and HfO, /n ™ Si samples. VBMs for HfO, are marked with arrows.

ing to hv = 1120 eV crosses the VB maximum (VBM) of the
3D band structure of Si in the I' point. All ARPES data in
Figs. 1(c)-1(i) are measured at this photon energy. The photo-
electron inelastic mean-free path (IMFP) Apg for this energy,
calculated with the well-established predictive Tanuma, and
Powell and Penn (TPP-2M) equation [37], is about 26.8 A.
Consequently, the intrinsic resolution in k., which is expressed
by Ak, = 1/pg [38], is approximately equal to 0.04 A. This
value, corresponding to ~3.4% of the BZ, is sharp enough that
we neglect its effect in the present study.

The ARPES images Ipg(Eg, k) of the Si band structure
for the as-grown HfO,/p*Si and HfO,/n"Si samples are
shown in Figs. 1(c) and 1(d), respectively. For all spectra, the
nondispersive spectral fraction is suppressed by subtracting
angle-integrated spectral intensity, which overwhelms the raw
spectra, see Fig. S2 in Ref. [34]. Figures 1(e) and 1(f) show
the energy distribution curve (EDC) spectra for k, at the T’

point obtained from Figs. 1(c) and 1(d), and Figs. 1(g), (h)
zoom in the ARPES images near this point. The spectra are
referred to the Fermi level (Ef) of the golden foil in electrical
contact with the sample. The broad nondispersive band in a
binding energy (Eg) interval of —4——10 eV corresponds to
the O 2p and Hf 5d states in HfO,’s VB. In the HfO, band gap
at Eg = —0- — 4 eV, one can discern dispersive states coming
from the buried Si, where the heavy and light/spin-orbit split
hole bands can be readily identified. The spectral weight of
the Si bands in the HfO,/p™Si sample is much lower com-
pared to the HfO,/n*Si one. Tentatively, this difference can
trace back to the strong band bending in Si in the former
(for more details see Supplemental Material [34], Sec. I).
The ARPES spectra measured after the sample annealing (not
shown here for brevity) did not show any notable changes
in the band dispersions but only energy shifts discussed
below.
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TABLE I. VB offsets locally at the HfO,/p*(n")Si interfaces before and after corrections for band bending as well as for the irradiation

effect.

After band-bending

After correction of the After correction of the

Sample Before correction correction temporal effect: Bulk temporal effect: Interface
As-grown HfO,/p*Si 3.39 +£0.09 3.44 +£0.09 3.09 +0.09 3.00 £ 0.15
Annealed HfO,/p*Si 3.55+0.09 3.56 £0.09 3.00 £ 0.09 3.68 £0.14
As-grown HfO, /n*Si 3.32+£0.07 3.33 £0.07 3.78 £ 0.09 2.67 £0.11
Annealed HfO, /n* Si 3.40 £ 0.07 3.48 +£0.07 3.82 £0.07 321£0.11

In order to quantitatively determine the band alignment
of the VB states of HfO, with respect to those of Si, in
Fig. 1(i) we plot the EDC spectra I(Ep) derived from the above
Ipe(Eg, k) corresponding to VBM of Si in the I" point at the
in-plane momentum kj; = 0 (white arrows in Figs. 1(c) and
1(d)). This plot includes data for both as-grown and annealed
samples. The small peak, corresponding to the top of the VBM
of Si, is located near Ef, while the upper edge of HfO,s VB
is at Eg ~ —4eV. At this point we stress that the correct
determination of the VB offsets must invoke the VBM of Si
in the I point of its three-dimensional band structure, which is
achieved only: (1) at particular photon energies, correspond-
ing to k; = 0, and such experiments require therefore tunable
synchrotron radiation; and (2) using the k-resolved coher-
ent spectral fraction rather than the k-averaged one, which
rapidly builds up with temperature and represents essentially
the density of states [36]. Such experiments require cooling
down the samples to temperatures below few tens of K. Our
methodological approach is more accurate than the common
determination of the VBM from the spectral leading edge, in
particular because the latter varies with kv due to varying k|
and photoexcitation matrix elements.

Using the methodology illustrated in Fig. S3 in Ref. [34],
we can derive the VB offsets between HfO, and Si locally
at their interface for both as-grown and annealed HfO,/p*Si
and HfO, /n* Si samples by comparing the leading edge of the
nondispersive HfO, states with the VBM of the dispersive Si
states in the I" point. The obtained VB offsets given in Table I
(Ieft column) look close for HfO,/n*Si and HfO,/p™*Si in-
terfaces. Since the Fermi levels p™Si and n*Si substrates are
shifted by ~1 eV, so are the VB edges of both Si and HfO, for
both as-grown and annealed samples [Fig. 1(i)]. We note that
these values are “averaged” in the sense that they are obtained
without taking into account the band bending, which will be
further considered below.

B. Core-level spectra: Band bending in HfO, and Si

Figure 2 displays Si 2p [Fig. 2(a)] and Hf 4f [Fig. 2(b)]
core-level spectra for the as-grown and in situ annealed
HfO,/p*Si and HfO,/n*Si samples. The Si 2p spectrum is
a doublet with the spin-orbit splitting AEg =~ 0.62eV. The
depth of the dip between the two components of the doublet
[Fig. 2(a), inset)] qualitatively informs about their energy
broadening. It decreases when going from the HfO,/p*Si
sample to the HfO,/n"Si one and with annealing of the
samples. The broadening becomes more pronounced for lower
photon energies implying smaller probing depth (as described
in more detail in the Supplemental Material [34], Fig. S4 and

the related discussion in Sec. I), where Si 2p doublet cannot
even be resolved [see Fig. S4(a), left panel]. In addition,
these spectra contain a small broad peak at Eg ~ —101.5¢€V,
revealing the presence of SiO, presumably formed at the
HfO,/Si interface. As shown below, this oxidized Si emerges
upon annealing and/or under x-ray irradiation. The observed
broadening of Si 2p peak, particularly strong for the as-grown
ptSi sample, is the direct evidence of the band bending in
Si (the “formally” derived Si 2p and Hf 4f linewidths are
compiled in Table S1). We argue that the root cause for such
band bending are charged defects on the HfO, side as will be
discussed below.

Moreover, from Fig. 2(b), inset and Table S1 one can see
that the broadening of the Hf 4f core-level spectra behaves
oppositely to the Si 2p ones, i.e., the decrease of the Si 2p
linewidth across the sample series is accompanied by the
increase of that of the Hf 4f line. This observation points
to an increase of the potential difference across HfO, layer
presumably due to the generation and build-up of charged
defects at the surface and/or the Hf O, /Si interface. The gener-
ation of defects, their charging, and the redistribution of these
charges in HfO, gives rise to the change in the electronic band
alignment at the interface linked to the band bending in Si
manifested in the Si 2p core-level evolution discussed above.
We note that, unlike the Si 2p spectra, the Hf 4 f ones show
no or negligible Av dependence (see Fig. S4(b) in Ref. [34]).
We also acquired the O 1s spectra (Fig. S5 in Ref. [34]) for all
samples, and they have exhibited the same features as those
observed for the Hf 4 f and Hf 5d ones.

Our fitting procedure included the whole set of the exper-
imental Hf 4f and Si 2p spectra [the details are described
in the Supplemental Material [34], Sec. II and illustrated in
Figs. 2(c) and 2(d)]. As the baselines for the core-level spec-
tra, we chose the narrowest spectra which are the as-grown
(a.g.) HfO,/p™Si spectrum for Hf 4 f and the annealed (ann.)
HfO,/n™Si one for Si 2p. By fitting them with a superposition
of the lines attributed to the series of sublayers, it is possible
to reconstruct the potential profile V (z) across the HfO,/Si
interface. The interfacial band alignment as well as the band
bending in HfO, and Si are defined by charges in the het-
erostructure, and that should be taken into account to find an
appropriate model for V (z). For HfO, in contact with Si, it
is well established [1,14,15] that oxygen vacancies (Vps) can
be formed in HfO;. As it was shown previously by Robertson
[39], the generation of Vps in HfO; is strongly favored by its
interfacing to Si, when the energy released from the reaction
between the unbound O ions and Si atoms at the interface to
form SiO, can effectively promote further formation of Vgs.
The electric dipole at the interface is formed when negatively
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FIG. 2. (a) Si 2p core-level spectra for the annealed and as-grown HfO,/p™Si and HfO,/n*Si samples. (b) Hf 41 spectra for the same
samples. In order to follow the peak broadening, the spectra are aligned at the peak maxima. The insets on both panels show dip between peaks
in enlarged scale. (c), (d) An example of the potential profile-fitting procedure: (c) the measured Si 2p peak from a.g. HfFO,/p™Si sample (dots)
and the fitted profile (red), the prediction bounds (red dots) and the reference spectrum for the ann. HfO, /n* Si sample (gray); (d) the same for
the Hf 4 f peak with the reference spectrum for the a.g. HfO,/p*Si sample (gray).

charged O ions are transferred across the interface from HfO,
to SiO,, leaving positively charged O vacancies in HfO,.
Vos can be also generated at the surface of HfO,, especially
during ultrahigh-vacuum annealing, ultimately leading to the
effective “metallization” of the HfO, surface at the atomic
scale [40].

Therefore, assuming that charges in the ultrathin HfO,
layer are located at its surface and/or interface with Si, we
can adopt a linear dependence for V (z) across the layer. In the
doped Si, the charged centers (dopant atoms) are uniformly
distributed through the depth. Therefore, V(z) in Si in the
vicinity of its interface with HfO, can be approximated by
a parabolic function [41]. The full V(z) through the HfO,/Si
heterostructure will then be given by

V() =Vy"%z/a, —a<z<0
for HfO,,

Vi@ — 2. 0<z<z
Ve = {0, 2272

for Si, where VOSi is the electrostatic potential at the Si
interface relative to the bulk and VoHfoz =V (0) — V(—a) (po-
tential drop), a(= 3 nm) the thickness of the HfO, layer, and

0=,/ zj]i,—‘D&’VOSi the width of the depletion layer. To connect

this V(z) with our experimental data, we modeled the Si
2p and Hf 4f lines within the approach previously used in
Ref. [7], where the photoemission intensity was described as

—z
Ipe(Eg) =) e MEIQIE —V(z)],

where i enumerates the atomic layers; Apg is the IMFP calcu-
lated using the TTP-2M software [37]. The fitting parameters
in this model were VOHfOZ, Vi, and Eg (the latter had to be
adjusted since hv values in our experiment were not exactly
calibrated). A value &s; = 30 of the permittivity, which is a
constant parameter in the formula for zy, is consistent with the
&si vs Np dependence for the doped Si [42]. As the reference
spectrum for fitting Si 2p data we use the narrowest spectrum
found for the annealed HfO,/n*Si sample (gray) and for Hf
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FIG. 3. Reconstructed band diagrams for different HfO,/Si interfaces, at the beginning of x-ray irradiation (green) and upon saturation

(black).

4f data we use that for the as-grown HfO,/p*Si. For more
details see Supplemental Material [34], Sec. L.

The resulting quantitative band diagrams across the
HfO,/Si stack for both n- and p doping as well as for
as-grown vs annealed samples are given in Fig. 3. The shifts
of the Hf 4/ and Si 2p spectral lines with respect to their flat-
band positions, obtained from the fitting, were used to correct
the above VB offset values between the I' point in Si and
the VBM of HfO, from Table I for the band bending. These
corrected offsets directly at the interface are also included in
Table 1.

C. Time evolution under x-ray irradiation

It should be noted that intense x-ray irradiation signifi-
cantly changes the electronic structure of Hf O, /Si interfaces,
which is manifested by energy shifts and broadening of both
core-level and VB spectra. Whereas all spectra discussed
above have been acquired after x-ray irradiation long enough
to achieve saturation, here we will analyze time evolution of
the VB, Si 2p, and Hf 5p spectral lines under irradiation.
This will allow us to better understand the interplay of the
radiation-induced defects with charge-redistribution phenom-
ena at the HfO,/Si interfaces, because the energy position
and the linewidth of the Hf 4f and Si 2p peaks reflect the
band bending on the HfO, and Si sides, respectively. The
time-evolution data were acquired with the same beamline

settings as used for the previous measurements in saturation,
namely, delivering a photon density of ~ 10'° photons/s/um?
for the VB and Si 2p measurements, and ~4 x 10° for
Hf 5p.

As an example, Figs. 4(a)—4(c) show representative spectra
for the as-grown and annealed HfO,/p*Si samples measured
at an irradiation time of almost zero, “pristine” state, and upon
1600 s. (The actual acquisition time for a pristine spectrum
is 15 s.) In general, the spectra undergo significant evolu-
tion towards 800 s (for brevity not included in the figure)
and then virtually saturate. Importantly, for all samples the
annealing greatly reduces their irradiation sensitivity. A par-
ticularly dramatic time evolution can be seen in the Si 2p line
of the as-grown HfO,/p™Si sample [Fig. 4(c)]: Whereas for
the pristine spectrum the broadening of this line, induced by
the band bending due to the interfacial charge, is so significant
that the doublet cannot even be resolved, the line markedly
sharpens under the irradiation, manifesting that the band bend-
ing in Si flattens.

An important observation for a.g. HfO,/p*Si samples is
that while the pristine Si 2p spectrum has only a marginal
spectral weight at Eg & —101.5eV attributed to different Si
oxides, this weight scales up upon x-ray irradiation for ~25
min until it saturates [see Fig. 4(c) and Fig. S6(b) in Ref. [34],
respectively). In line with the idea that the creation of Vgs in
HfO, is favored by its proximity to Si [39], we conjecture
that in our case x rays generate the Vps in HfO, near its
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FIG. 4. Time evolution of the XPS spectra (photon energies in-
dicated): (a) VB for the a.g. and ann. HfO,/p™Si samples. The inset
shows a zoom in of the band-gap region of the spectra shifted in
energy to match at the VB leading edge. (b) Hf 5p and (c) Si 2p
spectra for the a.g. HfO,/p*Si and HfO,/n™Si sample. (d)—(f) Time
evolution of the VB leading edge, Hf 5p and Si 2p peak energies for
different samples.

interface with Si, and the released O ions react with Si to
form SiO, at the interface. As mentioned above, this process
affects the charge distribution and eventually the band offset
at the HfO,/Si interface. From the peak areas attributed to
Si** and Si” in the Si 2p spectra, using the standard procedure
which takes into account the IMFP of photoelectrons in Si and
Si0, [37,43], we evaluated the thickness of the SiO, layer to
be ~0.4 nm and up to ~1 nm for the as-grown and annealed
samples in the saturated state, respectively.

Another interesting observation is the increase of the spec-
tral weight in the range Eg = —0——3 eV upon irradiation
[Fig. 4(a), insets] suggests generation of in-gap states in HfO,
parallel to the generation of the Vps. Following the general
trend that the annealing greatly reduces the irradiation sen-
sitivity of the samples, the evolution of the in-gap spectral
weight is more pronounced for the as-grown samples than for
the annealed ones.

Figures 4(d)—4(f) compile energies of the VB, Si 2p, and
Hf 5p spectral structures as a function of irradiation time for
all studied samples. We note that in our measurements each
15-s-long acquisition was followed by 5 s to set up the next
one; assuming a linear change of the spectrum during the ac-
quisition time, the first spectrum corresponds to an irradiation
time of 7.5 s, the next one to 27.5 s, etc. The VB and Hf
5p structures show monotonous downward energy shifts for
all investigated samples, except for the annealed HfO,/p*Si
one exhibiting a more complex behavior. The Si 2p spectra

show a small downward shift for both HfO, /n*Si samples, an
upward shift for the as-grown HfO,/p*Si sample, and again
a nonmonotonous behavior upon annealing of the latter. As
we discuss below, such nonmonotonous time dependence may
indicate involvement of two competing processes, shifting the
spectral peaks in opposite directions.

Finally, we note that the set of our experimental observa-
tions cannot entirely reconcile with the so-called “differential
charging model” [20]. Firstly, the band bending in our
HfO,/p*Si reduces under x-ray irradiation, whereas that
model implies its buildup upon irradiation [20]. Secondly, we
also observe that the Si 2p spectra of HfO,/p™Si strongly
shift under irradiation. Moreover, there are nonmonotonic
shifts of the Hf and Si core levels, which cannot be explained
only by the charging. We conclude that the additional mech-
anism should be involved here, namely, the generation of
(charged) oxygen vacancies in HfO, discussed below. It is in-
triguing to note that although the synchrotron x-ray radiation
in our experiments delivered a photon density several orders
of magnitude higher comparted to the x-ray tubes used in
previous works, we have observed a similar timescale (several
tens of minutes) of the electronic structure evolution. Such
a hardness of our samples to x-ray irradiation might be con-
nected with differences in the sample fabrication procedure or
with low sample temperature in our experiments affecting the
irradiation-induced physical process discussed below.

D. Role of Vgs in the irradiation-induced effects

The generation of Vps under soft x-ray irradiation was
previously observed and comprehensively studied for SrTiO3
[44,45] and LaAlO3/SrTiOj3 interfaces [46,47]. It was found
that Vos may generate via the Ti 3p core-hole Auger decay,
and are located in close proximity of the SrTiO; surface
(within ~0.5 nm). Similar processes should occur under x-ray
irradiation of HfO,/Si. We conjecture that two processes are
taking place: (1) the generation of Vgs at the surface of HfO,
and at the interface with Si. Whereas the O atoms released at
the surface escape to the vacuum, those at the interface, as we
have seen above, react with Si to form SiO;; and (2) charging
of the created Vps, which changes the V(z) across HfO, and
electronic band alignment at the HfO,/Si interface. We note
that while considering the redistribution of charges in HfO,
under x-ray irradiation, we rule out either drift or diffusion of
ions in HfO; since all measurements were performed at T =
12 K when any atomic motion is basically frozen. In any case,
however, the electrons and holes in highly doped n*(p™)Si
remain mobile, i.e., exhibit the metallic behavior [33].

The observed irradiation-induced downward shift of the
VB and Hf 5p peak for HfO, [Figs. 4(a), 4(b), 4(d), and
4(e)] for the as-grown HfO,/Si samples is suggestive of the
generation of the Vgs in HfO, adjacent to Si in these samples
and sample surface. At the same time, the diffusion and/or
electromigration of charged Vps from the interface into the
bulk of HfO, can be ruled out owing to low temperature.
The generation of the interfacial Vgs is consistent with the
decrease of the band bending in Si evidenced by the sharpen-
ing of the Si 2p peak under irradiation. It is worth to note
that the fitting of the spectra does not require a nonlinear
potential distribution across HfO,, which is another argument
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supporting the conclusion that the charges are distributed only
at its interfaces and not in its bulk.

The annealing of the HfO,/p*Si sample results in some
oxidation of Si close to the interface and thus a lower Vg-
generation rate under x-ray irradiation. However, Vpos on the
HfO, surface may keep forming and charging, leading to a
buildup of the potential drop across and band bending in the
HfO; layer, as seen in the change of the shift of the HfO}s VB
and Hf 5p peak under irradiation from downward to upward
[Figs. 4(d) and 4(e)]. At the same time, the band bending in
Si decreases, as indicated in the narrowing of the Si 2p spec-
trum under irradiation [Fig. 4(c)]. The nonmonotonic shifts
of the spectra [Figs. 4(d)—4(f)] may allow us to differentiate
between the processes of (1) generation of Vs on the HfO,
surface, and (2) charging of the Vps in HfO, at its surface
and interface with Si, with the two processes having different
rates. We conjecture that the process (1) comes first with
x-ray irradiation, building the electric-dipole field in HfO,,
and driving the HfO,s VB and Hf 5p peak downwards. Under
further irradiation, the process (2) becomes dominant, shifting
these spectral structures upwards. We can roughly estimate
the characteristic time of V(J; generation under irradiation and
subsequent recharging as several minutes and several tens of
minutes, respectively.

Returning to HfO,/n"Si, the upward band bending in
Fig. 3(c) should indicate negatively charged Vos (V) at
the surface of HfO,. The excess of electrons would make
the HfO, surface more susceptible to the x-ray irradiation,
and in Figs. 4(d) and 4(e) we indeed observe a stronger
time evolution of the VB and Hf 5p spectra compared to
HfO,/p*Si. At the same time, neither the linewidth of the
Si 2p doublet nor its Eg changes with time, indicating that
the generation and charging of the surface Vs do not af-
fect the near-interface region of n*Si. Upon annealing, the
spectral features shift significantly less under x-ray irradiation
[Fig. 3(d) and Figs. 4(c)—4(e)] for the same reasons as for the
HfO,/p™*Si.

E. Reconstruction of the band bending and built-in charges
in pristine HfO, /Si

Importantly, our time-evolution data have allowed us to
quantify the extrinsic energy shifts of the VB and core-level
spectral peaks caused by the x-ray irradiation, and correct the
saturated offset values from Table I back to the intrinsic ones
in the pristine samples. These true offset values for all studied
samples are also included in Table I. The corresponding band
diagrams are shown in Fig. 3 (green dashed lines) on top of
those for the saturated state (black solid lines). For the HfO,
region, this diagram was obtained by correcting the saturated-
state potential with the observed temporal shift of the Hf 5p
peak. For the Si region, we refitted the time-dependent Si 2p
peaks in order to take into account their energy shifts due
to band bending. We deem our experimental values of the
band offsets locally at the HfO,/Si interface to have a better
accuracy compared to the previous works [20,21] where either
the k-dispersion effects, band bending in both HfO, and Si, or
the effects of x-ray irradiation were not taken into account.

In order to determine the exact values for the charges built
up at both the HfO,/Si interface and the HfO, surface, we

further fit the derived band diagrams with the electrostatic
model for the potential distribution across our HfO,/n*Si
and HfO,/p*Si heterostructures using BSU BAND DIAGRAM
program [48]. The results of the modeling shown in Fig.
S7 in Ref. [34] perfectly match the experimentally derived
band offset including the band bending and the width of the
depletion regions in Si. The derived values for the surface and
interface charges are also given in Fig. S7. In particular, the
maximal surface charge we derived is o = 450 uC/cm? for
the in sifu annealed HfO, /p™* Si sample. The interface charges
are much smaller, on the order of several uC/ cm?, and for the
as-grown HfO,/n"Si sample there was no interfacial charge
at all within the accuracy of our fitting procedure.

It is worth noting that the modeling with BSU has required
adjustment of the electron affinity of HfO, as a parameter
in order to match the experimental results. This implies that
the band gap in HfO, effectively varies depending on the
type of the interface and heat treatment. These variations
can be explained in terms of the defects generated in HfO,,
with the corresponding in-gap states lying within 1-1.5 eV
below the conduction-band minimum. If the amount of such
defects is large enough to form a continuous subband, the
band gap effectively reduces. The electron affinity values
used in the modeling ranged from E., = 1.1eV for the an-
nealed HfO,/p*Si sample to E., = 3.35¢V for the as-grown
HfO,/n™"Si one (see Fig. S5 in Ref. [34] for all values). These
values correspond to the HfO, band gap E, = 5.4eV with
the defect energy levels 1.5-2 eV below the conduction-band
minimum [15,49].

IV. CONCLUSIONS

The electronic structure of ultrathin as-grown and in situ
annealed HfO, films interfaced to highly doped (p* and n™)
Si has been studied using synchrotron-based x-ray photo-
electron spectroscopy. Using angle-resolved measurements,
k-resolved electronic structure E (k) of the VB has been deter-
mined for the single-crystal Si substrate in contact with HfO,
including the band offsets at the I" point for both HfO, /n*Si
and HfO,/p*Si interfaces. Furthermore, XPS of the Hf 4f
and Si 2p core levels has allowed reconstruction of the band
bending into Hf and Si from photon-energy dependent ener-
gies and line shapes of these spectral structures. Linear band
bending in HfO, has indicated charges accumulated only at
its surface and interface with Si. While the band bending into
Si has been found almost flat for the HfO,/n* Si interfaces, it
has been much stronger for the HfO,/p*Si ones. The effect
of intense x-ray irradiation, used as a probe in our study, was
evaluated from the time evolution of the experimental core-
level and VB spectra. We have proposed a model explaining
the observed evolution of the HfO,/Si electronic structure
under x-ray irradiation and heat treatment through release of
O atoms and formation of Vps at its surface and interface with
Si. With the surface O atoms escaping into the vacuum and the
interfacial ones reacting with Si to form a few monolayer thick
SiO, layer at the interface, the Vps left behind act as fixed
surface and interface charges. Finally, the knowledge of the
irradiation-dependent band bending at the HfO,/Si interface
has allowed most precise determination of the k-dependent
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band offset locally at the HfO,/Si interface in its pristine
state.
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