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Polarization-dependent electric potential
distribution across nanoscale ferroelectric
Hf0.5Zr0.5O2 in functional memory capacitors†

Yury Matveyev, *a,b Vitalii Mikheev,b Dmitry Negrov,b Sergei Zarubin,b

Abinash Kumar,c Everett D. Grimley,c James M. LeBeau, c Andrei Gloskovskii, a

Evgeny Y. Tsymbal *d,b and Andrei Zenkevich *b

The emergence of ferroelectricity in nanometer-thick films of doped hafnium oxide (HfO2) makes this

material a promising candidate for use in Si-compatible non-volatile memory devices. The switchable

polarization of ferroelectric HfO2 controls functional properties of these devices through the electric

potential distribution across the capacitor. The experimental characterization of the local electric potential

at the nanoscale has not so far been realized in practice. Here, we develop a new methodology which

allows us, for the first time, to experimentally quantify the polarization-dependent potential profile across

few-nanometer-thick ferroelectric Hf0.5Zr0.5O2 thin films. Using a standing-wave excitation mode in syn-

chrotron based hard X-ray photoemission spectroscopy, we depth-selectively probe TiN/Hf0.5Zr0.5O2/W

prototype memory capacitors and determine the local electrostatic potential by analyzing the core-level

line shifts. We find that the electric potential profile across the Hf0.5Zr0.5O2 layer is non-linear and

changes with in situ polarization switching. Combined with our scanning transmission electron

microscopy data and theoretical modeling, we interpret the observed non-linear potential behavior in

terms of defects in Hf0.5Zr0.5O2, at both interfaces, and their charge state modulated by the ferroelectric

polarization. Our results provide an important insight into the intrinsic electronic properties of HfO2 based

ferroelectric capacitors and are essential for engineering memory devices.

1. Introduction

Fast write speed, high-density and low-power consumption
non-volatile memories, which would allow retaining infor-
mation when the power is switched off, are highly desirable
for modern computing technologies. Among different con-
cepts of such memories, ferroelectric random access memories
(FeRAM) appear to be competitive, where the information is
stored through the direction of remnant polarization. In par-
ticular, in a ferroelectric field-effect transistor (FeFET) memory
device, the polarization direction of a ferroelectric gate affects
the threshold voltage controlling the electric current in the

transistor channel.1,2 In an alternative ferroelectric memory
concept called ferroelectric tunnel junction (FTJ),3–5 an ultra-
thin ferroelectric barrier is sandwiched between two conduct-
ing electrodes with different work functions and/or screening
lengths. The tunnelling current is strongly dependent on ferro-
electric polarization orientation yielding a large tunnel electro-
resistance (TER) ratio due to changes in the electrostatic poten-
tial profile controlling the tunnelling current. Both memory
concepts allow for a non-destructive readout, and the combi-
nation of functional characteristics potentially makes such fer-
roelectric devices promising candidates for “universal”
memory combining high speed, non-volatility, and scalability
down to the nanometer range. Indeed, the implementation of
both FeFETs [e.g., ref. 6–8] and FTJs has been reported pre-
viously [e.g., ref. 9–13] and showed their potential as memory
devices. Unfortunately, commercialization of these devices is
hindered by the problems arising from the use of conventional
perovskite ferroelectrics due to their poor compatibility with
the Si-based CMOS technology.

Recently, ferroelectricity has been discovered in doped or
alloyed HfO2 thin films.14 The advantage of this class of ferro-
electric materials over perovskites is their perfect compatibility
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with the modern CMOS technology. The ferroelectric pro-
perties of HfO2 have been assigned to the non-centro-
symmetric orthorhombic phase (space group Pca21).

14,15 This
structural phase is metastable and crystallizes upon high-
temperature annealing in thin films with thicknesses on the
order of nanometers to tens of nanometers depending on the
type of dopants and their concentration, film thickness, con-
ditions of thermal treatment and the type of electrodes.15–18

Following the discovery of ferroelectricity in HfO2, its applica-
bility as a functional gate oxide in nanoscale FeFET memory
devices has been successfully demonstrated.7,8,19 It should be
noted that the temperature required for HZO to crystallize in
the ferroelectric phase (T ∼ 400 °C) is significantly lower com-
pared to the other types of doped HfO2. This feature makes
HZO films advantageous for the back-end-of-line fabrication of
nonvolatile memory devices. Indeed, the realization of the first
CMOS-compatible FTJs based on a ferroelectric HZO barrier
layer has recently been reported.20 However, the functional
properties of both HfO2 based FeFET and FTJ prototypic
memory devices obtained so far still need significant improve-
ment in order to have chances for their commercialization.

An important role in the performance of both types of ferro-
electric memory devices is played by the electrostatic potential,
which dynamically changes in the process of memory operation.
The potential profile is controlled by ferroelectric polarization
as well as by electronic and structural properties of the ferroelec-
tric layer and boundary conditions at the interfaces with metal
electrodes. By proper engineering of the electrostatic potential
profile across a ferroelectric HfO2 layer it is feasible to enhance
the memory performance. To this end, it is critical to develop a
methodology for the quantitative characterization of the electro-
static potential in the nanoscale ferroelectric devices.

Previously, X-ray photoemission spectroscopy (XPS) was
used to derive the electronic band alignment at the metal/fer-
roelectric interfaces of BaTiO3

13 and HZO20 layers for a fixed
polarization orientation intrinsically acquired by the ferroelec-
tric. At the same time, it was shown that the laboratory XPS
analysis can be employed to monitor the effect of polarization
reversal in bulk BaTiO3 following in situ deposition of a metal
overlayer.21 By combining the spectroscopic measurements
with in situ electrical biasing, the study of polarization and
electric-field induced effects on the electronic structure of the
interface between metal and bulk ferroelectric PMN-PT was
performed.22 Recently, we used synchrotron-based hard X-ray
photoemission spectroscopy (HAXPES) in operando to quantify
polarization dependent conduction band offsets at interfaces
in ferroelectric TiN/HZO/TiN capacitors.23 With a tunable
energy range of 5–12 keV, this technique enables probing
layers down to about 20 nm beneath the surface. This
approach allows for a non-destructive characterization of the
interface properties in the functional ferroelectric capacitors.
In addition, by using a so-called X-ray standing-wave (SW)
excited mode in HAXPES,24 the elemental depth profile, inter-
face properties, and the polarization-induced built-in electric
potentials at interfaces, particularly, in the LCO/STO superlat-
tices, were recently determined.25

In this paper, we report on the application of SW-HAXPES
technique to study in operando the prototype of memory
devices. Since such devices usually comprise polycrystalline
rather than epitaxial layers with characteristic thicknesses in
∼10 nm range, the use of “classic” X-rays standing wave,
excited by the interference of Braggs reflections from single
crystals, is limited. Therefore, we have implemented the so-
called near-total reflection (NTR) X-ray standing wave exci-
tation mode, where the SWs are formed by the interference of
X-rays incident at a glancing angle and reflected from the
engineered bottom layer comprising heavy atoms. This tech-
nique was previously used to determine the depth resolved
charge accumulation at the ferroelectric layer (BiFeO3) in
contact with a doped Mott insulator (Ca1−xCexMnO3).

26

Using NTR-SW HAXPES we depth-selectively probe the local
electrostatic potential across nanoscale ferroelectric HZO layer in
functional TiN/HZO/W prototype memory capacitors by measur-
ing the kinetic energy of photoelectrons and subsequent core-
line shifts of HZO constituents. Furthermore, in situ electric
biasing of the sample allows us to directly monitor the effect of
ferroelectric polarization switching on the potential profile. The
experimentally determined non-linear polarization-dependent
potential across ferroelectric HZO reveals the presence of space
charges in a sub-nm-thick layer close to both interfaces, which
effectively screen the depolarizing electric field. Based on our
electrostatic modelling with realistic parameters, we attribute
charges at the top interface to oxygen vacancies in hafnia orig-
inating from the redox reaction at the TiN/HZO interface, in
agreement with the angular-dependent photoemission spectra
analysis. HAADF STEM is employed to characterize the atomic-
scale structure of the HZO layer in the TiN/HZO/W capacitors
which reveals structural distortions of HZO at the HZO/W inter-
face, which hints at the origin of the charged defects there.

2. Experimental

The samples were grown on Si chips 1.5 × 1.5 cm2 in size.
Firstly, the 50 nm-thick W layer was deposited by magnetron
sputtering. On top of this layer Hf0.5Zr0.5O2 (HZO) layer 9 nm
in thickness was grown by atomic layer deposition (ALD) on
top. The HZO growth process has been described in detail
previously.23,27 A TiN overlayer was deposited by magnetron
sputtering at the optimized thickness d ∼ 10 nm to ensure
continuous film coverage, sufficient conductivity and reason-
ably high yield of photoelectrons from the buried interfaces.
In order to stabilize the non-centrosymmetric orthorhombic
phase, the as-grown structures were exposed to rapid thermal
annealing at T = 400 °C. Thus formed tri-layers were patterned
into functional ferroelectric capacitor devices with lateral
dimensions 150 × 3000 μm2 chosen to match the X-ray beam
footprint at P09 beamline at DESY. To ensure the ability of
in situ pulsed switching and polarization measurements from
the remote source-meter unit the metal pads ∼0.25 mm2 in
size connected to capacitor electrodes were also fabricated on
the chip. More details are provided in ESI section S1.†
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The ferroelectric properties of the fabricated TiN/
Hf0.5Zr0.5O2/W capacitors were examined upon the growth ex
situ using Cascade Summit 1100 probe station coupled with
Agilent semiconductor device analyzer B1500A and in situ
during HAXPES analysis with Agilent B2912A source-measure
unit. In both cases, the positive-up negative-down (PUND)
technique was utilized (see ESI section S2†).

Operando HAXPES measurements were performed at the
beamline P09 of PETRA III (DESY) with Specs 225 HV analyzer
choosing an excitation energy E = 6 keV with an overall energy
resolution of about 0.2 eV.28 The spectra were acquired in
short-circuit configurations, with both electrodes kept
grounded. The acquisition of spectra always started upon
∼10 min after switching voltage pulses in order to obtain the
true steady-state conditions. The sample angle with respect to
the beam was controlled by monitoring the relative positions of
direct and partially reflected beam with Pilatus 100 K detector
system placed behind the sample. First, four regions of interest
at the incidence angle 3° were acquired: W 4d, Hf 3d5/2, Hf 4f
and Ti 2p. The O 1s spectrum was found consisting of multiple
components originating from the different layers in our struc-
ture (ESI section S5.1†). Later, for each polarization direction,
only Hf 3d5/2, Hf 4f and Ti 2p spectral lines were acquired at 20
different angles in the range from 0.35 to 1.05 degrees.

HAADF-STEM imaging was performed on a FEI Titan G2
60–300 kV equipped with a probe-corrector operated at 200 kV
with a beam current of 60 pA and probe semi-convergence
angle ≈19.6 mrad. The collection inner semi-angle was
77 mrad. Drift and scan-coil distortion correction has been
applied to the atomically resolved images using the RevSTEM
based approach.29 Atom column spacing maps were generated
by fitting the atom columns to 2D Gaussian distributions via a
custom Python script.

3. Results and discussion

In the HAXPES experiment, a standing wave is generated by
interference of the incident monochromatic X-ray beam with

photons reflected from the bottom metal layer close to total
external reflection condition. By changing the incidence angle,
one can shift the position of the standing-wave maximum,
thus allowing a depth-selective scan across the ferroelectric
layer. The electric potential profile is obtained by measuring
the energy spectra of emitted photoelectrons associated with
the core levels of the elements comprising the capacitor.
Changing the incidence angle of the X-ray beam and thus the
position of the standing-wave maximum results in a shift of
the core-level spectrum, which reflects the local potential at
the point corresponding to the maximum intensity of the
standing wave. Thus, by measuring the core-level spectra at
different incidence angles one can reconstruct the electric
potential profile across the ferroelectric layer. We note that the
observed shifts are not related to the dynamic charging effect
of the HZO since no shifts were observed while continuously
measuring at the fixed incidence angle (for details, see ESI
section S4†).

We employ this technique to measure an electric potential
across functional TiN/HZO/W capacitors. Fig. 1a shows the
general experimental layout for the HAXPES standing-wave
measurements. Here an X-ray beam is incident at a glancing
angle on the surface of the ferroelectric capacitor. Depending
on the angle of incidence, the maximum intensity of the stand-
ing wave appears at a different depth within the HZO layer.
This behavior is illustrated in Fig. 1b, where the local X-ray
intensity distribution across a TiN(10 nm)/HZO(9 nm)/W
(50 nm) capacitor as a function of the angle of incidence is
modelled using the parameters of the sample (ESI sections
S5.3–5.5†). The appearance of the maximum standing-wave
intensity at different depths enables selective probing of a
specific region within the sample by measuring the core-level
spectra of emitted photoelectrons.

The remnant polarization of the ferroelectric capacitor
device used in HAXPES analysis is determined in situ by the
pulsed switching technique known as PUND (positive-up nega-
tive-down;30 see ESI section S2†). The typical ferroelectric
response is illustrated by the polarization–voltage curve shown
in Fig. S2,† which yields a remnant polarization P ≈ 16.5 μC

Fig. 1 (a) Schematic view of operando standing-wave HAXPES experiment on TiN/HZO/W FE devices; (b) simulated local X-ray intensity distribution
map across a TiN(10 nm)/Hf0.5Zr0.5O2(10 nm)/W(50 nm) capacitor as a function of incident angle.
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cm−2. HAXPES spectra are acquired upon about 20 polariz-
ation switching cycles to “wake-up” the devices (ESI section
S3†). Fig. 2a–c shows typical photoemission spectra of the Ti
2p, Hf 4f and W 4d5/2 core-level lines, acquired for the particu-
lar incident X-ray angle θ = 3° with respect to the sample
surface and normally emitted photoelectrons. These spectra
demonstrate the possibility of obtaining the required spectro-
scopic information from the whole capacitor stack at the
employed experimental conditions.

Fig. 2d and e show, respectively, the Hf 4f7/2 core-level line
intensity and binding energy as a function of the X-ray inci-
dent angle for two opposite ferroelectric polarization orien-
tations of the HZO layer. The observed changes in the Hf 4f
peak position are due to the varying electric potential23,25

across the HZO layer. In the absence of the electric field result-
ing from the potential variation, the Hf 4f peak position would
be constant independent of the X-ray incidence angle. We find
that the measured angular-dependent Hf 4f7/2 binding energy
values cannot be satisfactory modeled assuming a linear
potential distribution across the HZO layer, which would
appear in case of a uniform depolarizing field due to incom-
plete screening of polarization charges at the two interfaces.
We therefore apply a model based on a three-segment piece-
wise linear potential, where the breakpoints are considered as
fitting parameters (details of the model and the fitting pro-

cedure as well as the error analysis are described in ESI sec-
tions S5.3–S5.5). In Fig. 2e, we show by solid lines the resulting
fit of the Hf 4f7/2 core-level binding energy, indicating an excel-
lent agreement with the experimental data.

The associated electrostatic potential distribution across
the HZO layer for two opposite polarization orientations is pre-
sented in Fig. 3a.

This plot takes into account the conduction band offsets at
the TiN/HZO and HZO/W interfaces which are determined
using the well-known method.31,32 According to this method,
the conduction band offset (CBO) at a given interface is deter-
mined by:23,31

CBO ¼ Eg � ððBEHf 4fÞint � ðBEHf 4f � VBMÞrefÞ;

where it is assumed that both capacitor electrodes are
grounded. Here (BEHf 4f )int is the Hf 4f7/2 core-level binding
energy with respect to the Fermi level at the corresponding
interface in the capacitor, (BEHf 4f − VBM)ref is the energy sep-
aration between the Hf 4f7/2 core-level line and the valence
band maximum in the reference “bulk” HZO, and Eg ≈ 5.0 eV
(ref. 27) is the band gap of the HZO. Since the exact position of
the Hf 4f core-level peak at both top and bottom interfaces is
known from our experimental data for both polarization orien-
tations, the band offset determination is straightforward. The

Fig. 2 The Hf 4f (a), Ti 2p (b) and W4 d5/2 (c) core-level lines collected at the X-ray incidence angle θ = 3 grad (each spectrum is represented by
several components, Ar 2p peak arises from the residual Ar in magnetron sputtered TiN and W layers). The Hf 4f7/2 line intensity (d) and position (e)
as a function of X-ray beam incident angle: circles – experimental points, lines – fit; blue – polarization “up”, red – polarization “down”.
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derived electronic band structure across the TiN/HZO/W
capacitor for both polarization orientations is summarized in
Fig. 3c and ESI Table S3.†

The obtained potential profile across the ferroelectric HZO
layer demonstrates that the depolarizing electric field is largely
screened near the interfaces, and in the interior region of
HZO, it nearly vanishes irrespective of polarization orientation.
This observation indicates the presence of space charges in
the interfacial regions of HZO, which effectively screen the
depolarizing field. This behavior points to the presence of
defects and other imperfections in the HZO layer accumulating
the polarization-dependent space charge.

To elucidate possible correlations between the established
electronic properties and structural distortions within the HZO
layer, we have performed STEM analysis of the cycled TiN/
HZO/W/Si samples used in HAXPES (Fig. 4). As is evident from
Fig. 4a and b, there is an oxidized WOx layer at the HZO/W
interface, and this interface appears to be rougher than the
TiN/HZO interface. We note that the WOx layer is formed at
the HZO/W interface upon exposure of the W film surface to
atmospheric air prior to the HZO layer growth. The atomic
resolution STEM analysis (Fig. 4c and d) reveals that the domi-
nant structural phase of the grown HZO layer is the ortho-

rhombic Pca21 phase, which is capable of supporting switch-
able ferroelectric polarization. The detailed description of the
TEM based phase identification methodology can be found in
ref. 15, 33 and 34. There are, however, grains of the non-ferro-
electric monoclinic HZO phase at the bottom interface, which
coexist with ferroelectric orthorhombic bulk grains within the
film and can be distinguished based on the projected atom
arrangement. Fig. 4c and d show that a monoclinic region is
separated by an interphase boundary from an orthorhombic
region, similar to those previously reported for polycrystalline
hafnia and epitaxial zirconia ferroelectrics.34,35 HAADF STEM
additionally reveals the presence of several unit cells of
strained/distorted HZO regions at the interface with the W
electrode, as seen from Fig. 4c and d. These regions may form
during the growth of the HZO layer on the rough surface of oxi-
dized W due to misfit strain. They may serve as sinks for non-
ferroelectric space charges as they dynamically respond to
polarization reversal by screening the depolarizing field at the
HZO/W interface.

At the top TiN/HZO interface, the likely origin of the space
charge in HZO is evident from our analysis of the Ti 2p core-
level line acquired by HAXPES. We find that, in addition to the
metallic component, the Ti 2p spectra contain features attribu-

Fig. 3 (a) The derived potential distribution (solid) with the confidence regions (semi-transparent) across FE-HZO layer for up (red) and down (blue)
polarization orientations and the results of theoretical modelling (dashed line); (b) schematic representation of the model structure comprising posi-
tively charged oxygen vacancies and negatively charged structural defects in HZO layer at the top and bottom interfaces, respectively. Oxygen
vacancy (EV) and defect (ED) energy levels are indicated by the red and blue dashed lines, respectively. The negative (positive) charges in the TiN (W)
electrodes are due to the difference in the effective work functions of the electrodes (including oxidized interfaces) in contact with HZO, resulting in
the built-in electric field across the HZO layer independent of polarization orientation. The conduction band minimum (CBM) and the valence band
maximum (VBM) are schematically indicated by the dashed lines. (c) Full potential energy profile in TiN/HZO/W ferroelectric capacitor for two oppo-
site polarization directions reconstructed from the experimental data.
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ted to the oxidized TiN, i.e. TiOxNy, and such component is
particularly present in contact with HZO (Fig. 2a and ESI
section S6†). The oxidation of TiN at the interface with HZO
has been observed previously,23 which is corroborated here by
the observation of strain at the interface via HAADF STEM36

and by the occurrence of redox reactions during rapid thermal
annealing at T = 400 °C. Such redox reactions imply the for-
mation of oxygen vacancies in the HZO region adjacent to TiN
(which eventually may give rise to the resistive switching effect
in HZO). It is reasonable to assume that biasing of the device
with voltage pulses U ∼ ±3 V during polarization switching
results in charging/discharging of these oxygen vacancies in a
∼1 nm-thick HZO sublayer close to the TiN interface, thus
yielding a non-linear shape of the potential distribution. Such
interfacial layers with strain/distortion have been observed at
TiN/hafnia interfaces previously,29,33,37 and also occur in our
samples, as seen from Fig. 4c and d.

To support the proposed qualitative explanation of the
polarization-dependent potential shape in terms of the
charged oxygen vacancies and other structural defects, we
develop a quantitative model with realistic parameters. The
schematic representation of the model is shown in Fig. 3(b).
Within this model, we assume that there are several sources of
charges, which contribute to the resulting electrostatic poten-
tial energy profile. First, there are screening charges in the
electrodes, positive in W (including the interfacial WOx layer)
and negative in TiN (including the interfacial TiOxNy layer).
These charges originate from the difference in their effective
work functions and produce a polarization independent electric
field pointing toward the TiN electrode. There are also polariz-
ation charges at both ferroelectric/electrode interfaces (not
shown in Fig. 3(b)), which sign is reversed with ferroelectric
polarization. As is evident from our experimental data
(Fig. 3(a)), however, switching the polarization does not reverse

the electrostatic potential energy (though affects its magnitude
and profile), which remains higher at the top HZO layer.
Therefore, independent of polarization orientation, there is an
electric field in the HZO layer pointing toward the top TiN
electrode.

This residual electric field is further screened by non-ferro-
electric space charges in the ferroelectric originating from the
positively charged oxygen vacancies and negatively charged
structural defects at the top and bottom interfaces, respectively
(Fig. 3(b)). More specifically, we assume that oxygen vacancies
are formed within a thin layer of thickness lV close to the TiN/
HZO interface and have single energy level EV and constant
concentration NV. However, they can be neutral or charged
according to the Fermi–Dirac statistics, depending on their
energy level with respect to the Fermi level at the particular
depth, as described in ESI section S6.† The electric potential
built up by the charged oxygen vacancies in HZO layer
depends on their initial concentration NV and their energy
levels EV in the band gap, which are assumed to be indepen-
dent of the charge state. Alternatively, the electric potential in
a layer of thickness lD at the bottom HZO/W interface is
shaped by chargeable defects generated due to structural
imperfections with the total concentration ND and energy level
ED in the band gap. The boundary conditions for two opposite
ferroelectric polarization orientations are set by the electric
potential values at the Ti/HZO and HZO/W interfaces deter-
mined from our experiment. As the result, the solution of the
Poisson equation is unique and independent of the charges
external to the HZO layer. By fitting the experimentally derived
electric potential profile for both polarization orientations
with this model, where lV, NV, lD, EV, ND, and ED are taken as
fitting parameters, we find their values.

The detailed description of the calculation methodology is
presented in ESI section S7.† The obtained fitting results,

Fig. 4 (a) and (b) HAADF-STEM images indicating film stacks and representative roughness. (c) and (d) HAADF STEM imaging with and without atom
column distances measured across a representative HZO grain from the electrically-cycled sample with expanded insets showing (1) the ortho-
rhombic grain interface with TiN, (2) the orthorhombic grain film bulk, and (3) the interface of the monoclinic grain with the W electrode.
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shown in Fig. 2e, yield oxygen vacancy concentration NV = 7.3
× 1020 cm−3 at the energy level EV ≈ 1.5 eV with respect to the
conduction band edge in the ∼1 nm thick HZO layer adjacent
to the top interface, which lies within the range of theoretically
predicted values.38 The derived concentration of defects in the
∼3 nm-thick layer at the bottom interface is ND = 3 × 1020 cm−3

at the same energy ED ≈ 1.4 eV.
Charged oxygen vacancies in hafnia-zirconia films, particu-

larly at the interface with an electrode, were previously identi-
fied as the cause for the observed instability of ferroelectric
performance.39,40 The overall concentration of charged oxygen
vacancies in the “bulk” of the HZO film ∼1 × 1020 cm−3

derived in that study is in surprisingly good agreement with
the results from our modelling yielding VO

+ concentration at
the interfaces NV+ ≈ 3–7 × 1020 cm−3, depending on the polariz-
ation orientation.

Finally, since we use HAXPES technique to probe properties
of the ferroelectric capacitors, it is worth to discuss possible
detrimental effects of intense synchrotron X-ray radiation on
the device structure as well as the electronic and electrical pro-
perties. Indeed, there have been several reports on the damage
from the X-ray beam in oxides [see ref. 41 and reference
therein], which may lead to changes in stoichiometry and
phase composition. However, careful analysis of leakage cur-
rents and remnant polarization values in the devices under
investigation acquired in situ during HAXPES experiment does
not show noticeable changes of electrical properties following
X-ray illumination (ESI Fig. S3 and S4†). We take this fact as an
evidence of no (or negligible) effect of X-ray beam on the gene-
ration of (electrically active) defects.

In addition, we note that a ferroelectric capacitor in a
FRAM memory array might be used on a different time scale
compared to the HAXPES measurements. The readout oper-
ation in memory devices after a polarization reversal might be
covering a time scale from nanoseconds to years. On the other
hand, due to charge trapping/detrapping in the interfacial
layers, the local electrostatic potential distribution across
nanoscale ferroelectric layer may change on the time scale of
up to tens of hours.42 HAXPES measurements in this work
were taken after ∼10 min upon polarization switching at the
“equilibrium” conditions judging from the electrical character-
istics of the device under investigation.

4. Conclusions

In conclusion, we have developed new methodology to derive
local electrostatic potential distribution across nanoscale
dielectric layers based on the standing-wave hard X-ray photo-
electron spectroscopy and used it to elucidate electric potential
distribution in functional ferroelectric TiN/Hf0.5Zr0.5O2/W
capacitor devices. The performed operando measurements
revealed a non-linear potential profile across the ferroelectric
Hf0.5Zr0.5O2 layer, implying the presence of non-ferroelectric
space charges close to the interfaces, which effectively screen
the depolarizing electric field. The depth-selective chemical

analysis of the TiN electrode pointed at the redox reaction at
the top TiN/Hf0.5Zr0.5O2 interface yielding the formation of
oxygen vacancies in the ferroelectric layer. The atomic-scale
STEM analysis indicated the structural relaxation and local
phase transition at the bottom Hf0.5Zr0.5O2/W interface pre-
sumably accompanied by the formation of defects with energy
levels in the band gap. Verified by our theoretical modelling,
the proposed model explained the observed shape and
changes of the electric potential in terms of polarization and
depth dependent distribution of charged defects across the fer-
roelectric Hf0.5Zr0.5O2 layer. The experimental methodology
presented here may be used to characterize the electric poten-
tial distribution at the nanoscale in real devices. The obtained
quantitative results are important for the understanding of the
functional properties of ferroelectric HfO2 based capacitors
and may be useful for the implementation of novel non-vola-
tile memory devices.
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