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Analysis of Performance Instabilities of Hafnia-Based
Ferroelectrics Using Modulus Spectroscopy and Thermally

Stimulated Depolarization Currents

Franz P. G. Fengler, Robin Nigon, Paul Muralt, Everett D. Grimley, Xiahan Sang,
Violetta Sessi, Rico Hentschel, James M. LeBeau, Thomas Mikolajick,

and Uwe Schroeder*

The discovery of the ferroelectric orthorhombic phase in doped hafnia films has
sparked immense research efforts. Presently, a major obstacle for hafnia’s use in
high-endurance memory applications like nonvolatile random-access memories
is its unstable ferroelectric response during field cycling. Different mechanisms
are proposed to explain this instability including field-induced phase change,
electron trapping, and oxygen vacancy diffusion. However, none of these is able
to fully explain the complete behavior and interdependencies of these phe-
nomena. Up to now, no complete root cause for fatigue, wake-up, and imprint
effects is presented. In this study, the first evidence for the presence of singly and
doubly positively charged oxygen vacancies in hafhia—zirconia films using ther-
mally stimulated currents and impedance spectroscopy is presented. Moreover,
it is shown that interaction of these defects with electrons at the interfaces to the
electrodes may cause the observed instability of the ferroelectric performance.

solutions. Similar to a dynamic random-
access memory (DRAM), the memory
cell of an FeRAM consists of a dielectric
sandwiched between two metal electrodes.
However, unlike the dielectric in a DRAM
cell which loses its polarization after
removal of an electric field, the ferroelec-
tric in the FeRAM cell preserves a bistable
polarization orientation following field
removal. These two bistable states can
be switched from one to the other within
nanoseconds by application of an elec-
tric field above the coercive field.l'! Com-
mercial ferroelectric memories possess
endurances of up to 10'* cyclesl? while
allowing for a low-power write consump-

1. Introduction

The recent discovery of ferroelectricity in thin doped hafnia
films might enable ferroelectric random-access memory
(FeRAM) to become one viable candidate for future memory
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tion, which is unachievable with any other

nonvolatile memory technology so far.l¥
The most common ferroelectrics are perovskites like lead zir-
conate titanate (PZT). Traditional perovskite ferroelectrics often
suffer from integration issues which hinder further downs-
caling and are only meaningful in niche applications where the
low write energy is essential or as embedded memory in logic
large-scale integration circuits.’! In contrast, hafnium oxide
has been a standard material in complementary metal oxide
semiconductor (CMOS) production for around a decade.l The
recent discovery of ferroelectricity in thin doped hafnia films
is poised to solve the scaling issues of conventional perovskite-
based FeRAM. Various dopants, e.g., Si,’! Gd,1° La,”] St,[® A1l%)
and Y!% are known to stabilize the orthorhombic polar Pca2;
phase in hafnia.l'y! Of all compositions so far, a mixture of
equal parts of hafnia and zirconia enables the widest known
process window within this family of ferroelectrics. This com-
position maintains full process compatibility with the CMOS
technology.'?l Both oxides are already used in high-k metal
gate! and DRAM™! processes and can be deposited by the
well-developed atomic layer deposition (ALD) technique. This
allows conformal depositions onto 3D structures for state-of-
the-art technology nodes.['

The technological breakthrough of HfO,-based FeRAM, how-
ever, is hindered by its high coercive field which requires a high
operation voltage and by its unstable ferroelectric performance.
During electric field cycling, an initial increase of the rem-
nant polarization—the so-called wake-up behavior—is often
observed. This is connected to the reduction of an internal field
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Figure 1. a) Grazing incidence X-ray diffraction results for a 10 nm thick polycrystalline Hfy 5Zry 5O, thin film capacitor and b) magnification of peak at
30.5° including reference patterns. The abbreviations refer to the observed polarization behavior: PE: paraelectric, FE: ferroelectric.

caused by an inhomogeneous charge distribution within the
sample.["”] These charges can lead to multiple peaks in the cur-
rent-voltage (I-V) characteristics, which merge during cycling.
With further cycling, a reduction of ferroelectric response
(fatigue) is observed.*l In many cases, dielectric breakdown is
then the final limiting factor in the device lifetime. An addi-
tional detrimental effect is the shift of the polarization—voltage
(P-V) hysteresis along the voltage axis after a capacitor is
exposed to elevated temperatures.'”] This so-called imprint
effect might cause a readout failure in memory devices due to a
drastically reduced ferroelectric response. All three effects have
been thought to relate to oxygen vacancy diffusion,!'”! but also
electronic contributions!'® and effects of phase change have
been discussed.”20 However, some of the evidence is indirect
and remains to be clarified.

In this study, we analyze the relaxation processes within
Hfy5Zry 50, films in a thickness range of 10-30 nm and
compare them to hafnia films containing other dopants and
to PZT films. These hafnia thicknesses provide sufficient
ferroelectric responses with negligible leakage currents. We
analyze the structural and electrical properties of the hafnia—
zirconia films and present a field dependence of its fatigue
and wake-up, which provides further evidence for the con-
tribution of charges to these effects. Using impedance spec-
troscopy at various temperatures, we show that defect hop-
ping in a Maxwell-Wagner relaxation process occurs. This
hints that at least two distinct layers with different conduc-
tivities are present in the film. Consequently, piling up of
electrons at low frequency can be expected. Charges in the
film are hopping between defect sites. With thermally stimu-
lated depolarization currents (TSDC), we prove the presence
of singly and doubly charged oxygen vacancies and calculate
the quantity of these mobile defects. Vacancies are mostly
caused by consumption of oxygen by the electrodes at the
interfacel?!] between the electrode and film as determined
by thickness-dependent TSDC measurements. Addition-
ally, we show that electric field cycling generates additional
charged mobile oxygen vacancies in the film. During fatigue,
these vacancies act as trapping centers that lead to domain
pinning and a reduction of the ferroelectric response. The
trapping of electrons at oxygen vacancy sites is therefore one
very likely cause for the cycling instability observed in fer-
roelectric hafnia.

2

2. Results and Discussion

To analyze the structure of a standard capacitor using a
10 nm thick Hfy5Zr, 5O, ferroelectric layer, a grazing incidence
X-ray diffraction (GIXRD) measurement was conducted. The
resulting diffractogram in Figure 1a shows clear peaks, which
hints at high crystallinity of the film. A comparison of the peaks
between 27° and 33° with the reference spectra in Figure 1b
reveals a high fraction of the orthorhombic phase with a minor
fraction of the monoclinic phase portion.

High-angle annular dark-field (HAADF) scanning transmis-
sion electron microscopy (STEM) reveals additional details, as
seen in Figure 2a. The films are polycrystalline and contain dif-
ferent polymorphs that are distinguishable by their symmetry
and lattice spacing. These changes in structure can be high-
lighted by fitting the positions of the atom columns and map-
ping distances to neighboring columns, as shown in Figure 2b.

Increased Spacing

Figure 2. a) HAADF STEM cross section of a 10 nm thick polycrystalline
Hfo5ZrgsO; thin film capacitor exhibiting monoclinic and orthorhombic
phases, where the {111} (white lines) rotate slightly between the
orthorhombic and monoclinic phases. b) Lattice spacing measurements
(colored lines) reveal additional subtle changes in the orthorhombic
region across a 90° domain wall in the orthorhombic phase.
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In Figure 2a, an orthorhombic phase region viewed down the
[110], zone axis spans the thickness of the film, and forms a 90°
domain wall with a neighboring orthorhombic region that
is aligned to the[101], zone axis (see region boundaries and
changes in lattice spacing in Figure 2b). In Figure 2b, arrows
lie parallel to (020), planes which change to (002), planes across
the domain boundary. This rotation in the structure results in
a change in plane spacing which is visible in the lattice spacing
measurements. Both orthorhombic portions also border a mon-
oclinic region that is aligned to the[011],,, zone axis. This mono-
clinic region has distinct symmetry and spacing compared to the
other regions. The {111}-type planes slightly misalign between
the orthorhombic and monoclinic phase regions, as indicated
Dby the lines in Figure 2a. The presence of coherent monoclinic/
orthorhombic interphase boundaries and 90° orthorhombic
domains in Hfy5Zr,50, is consistent with findings of micro-
structure in Gd-doped hafnia thin films,?? which suggests they
possess similar microstructure features.['12%22l HAADF STEM
additionally reveals that the ferroelectric/electrode interface is
smoother for the bottom interface than for the top interface,
which is consistent with findings for Gd-doped hafnia.?")

During the ALD deposition process, oxygen from the hafnia
film likely reacts with the TiN electrode to form an interfacial
TiO.N region.”?!l This causes an asymmetry in the stack with
a higher concentration of defects at the top than at the bottom
interface.’’] Annealing at higher temperatures initiates the
generation of oxygen vacancies due to diffusion of oxygen into
the TiN electrode. In parallel, these vacancies are redistributed
within the whole HfO, layer, which is consistent with a reduced
wake-up behavior of samples annealed at higher annealing
temperatures.?)l Inhomogeneously distributed oxygen vacan-
cies either near the electrode interface or at phase/domain
boundaries, as depicted in Figure 2, are also suspected to be
connected to the internal bias field within the sample, which
decreases during electric field cycling and causes the wake-up
phenomenon. %]

To further probe this hypothesis of charge-related effects
during field cycling, a 15 nm thick Hf5Zr, 5O, layer in a metal—
ferroelectric-metal (MFM) capacitor stack was cycled with trape-
zoidal pulses with 10 us for each voltage ramp time and plateau
time, which yields a cycling frequency of 16.7 kHz. Different
electric fields ranging from 2 to 3.3 MV cm™! (see Figure 3)
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cycles [1]

were used. In between cycling, polarization—voltage curves were
measured using trapezoidal pulses with the same electric field
and frequency as used for the cycling pulses. An increase in the
memory window 2P, = (|P,” — P;Y)) is evident for voltages lower
than 4.5 V which equals electric fields lower than 3 MV cm™.
With increasing field strength, the number of cycles needed to
reach the maximum polarization is strongly reduced. This is not
caused by a leakage current contribution, because the polariza-
tion—voltage curves show no sign of leakage (see Figure 3). Star-
schich et al. have previously shown that similar samples can
be woken up with just a single pulse, attributing their result to
oxygen vacancy diffusion.?l A similar mechanism could explain
the absence of wake-up for fields higher than 3 MV cm™.

The fatigue behavior of these films is a second phenomenon
that is strongly influenced by the strength of the applied elec-
tric field. The loss of switchable polarization during cycling is
strongly reduced with the increasing electric field. This likewise
could implicate charge carriers in the film as a reason for the
fatigue behavior. Fengler at al.l'”] suggested that these charges
are most likely pinning domain walls at their seeds (seed inhi-
bition), and that the interfacial layer between ferroelectric and
electrode plays a crucial role for this effect.

To further characterize the structure of the pristine 15 nm
thick film, impedance spectroscopy measurements at room
temperature were performed using an AC signal of 75 mV,
an average of 30 measurements, and frequencies ranging
from 1 MHz down to 2 Hz (see Figure 4). An equivalent
circuit was chosen to fit the measurement data, and it
consisted of (1) an a resistor in parallel to a capacitor (RC),
(2) an element consisting of a constant phase element (CPE)
and a resistor in parallel (RCPE), and (3) a simple resistor
in series with an RC element (see the inset in Figure 4 and
Table 1). The RC element represents the bulk properties of
the ferroelectric. The second relaxation is represented by the
RCPE; thus, an imperfect capacitor has its origin in hopping
conduction through the interfacial layer between TiN and
the ferroelectric bulk. Such an element is also related to the
so-called universal dielectric relaxation, and the Cole—Cole
relaxation type, depending on the involved time constants
and the considered frequency range.[?! The simple resistor
in series with the last RC element represents the imperfect
TiN electrode and the contact resistance.2%

electric field [MV/cm]

=2
—

polarization [uC/cm?]

voltage [V]

Figure 3. a) Evolution of the memory window of a 15 nm thick Hfy sZry 5O, film with field cycling. The cycling and measurement was performed with
different voltages ranging from 3 to 5 V. b) Polarization-voltage curves after the maximum number of cycles as shown in panel (a).
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Figure 4. Logarithmic Bode plots generated from the impedance spec-
troscopy measurements of a 15 nm thick TiN-Hf; sZro sO,-TiN capacitor.

Similar results to Grimley et al. were achieved.? The value
close to 1 for the constant phase parameter n (see Table 1) indi-
cates quite homogeneous properties of this layer.?! The presence
of the RCPE relaxation reveals an additional component in the
film with different properties compared to the bulk of the mate-
rial. In literature, where other material systems and thicker layers
are investigated, this is often interpreted as the difference between
grains and grain boundaries.””) However, our very thin hafnia
thin films consist of mainly columnar grains??? with a high frac-
tion of oriented grain boundaries'”! strongly decreasing the grain
boundary contribution. The significantly more likely possibility is
therefore the presence of an interfacial layer as was previously pro-
posed in.2% This layer could likely contain an increased number
of oxygen vacancies compared to the bulk of the material.['”)

Impedance spectroscopy measurements were conducted at
elevated temperatures ranging from 275 to 400 °C. To reduce
leakage current contributions within the frequency spectrum,
30 nm thick films were utilized. The real and the imaginary
components of the dielectric constant, ¢ and €”, were calculated
using the relation

1)

where C, denotes the geometric capacitance of the cell (which
is the capacitance the cell would have if the dielectric was

Table 1. Parameters used to fit the impedance spectrum in Figure 4.

Physical interpretation Abbreviation and unit Value
Contact resistance R1[Q] 1.24 %102
Electrodes R2 [Q] 4.90
C2[F 6.30x107°
Ferroelectric R3 [Q] 9.00 x 10'3
C3[F] 2.10x107°
Interfacial layer R4 [Q) 1.00%x 10"
CPE (")[€] n 9.58 x 107!
T 1.40% 107

4

replaced by vacuum), Z* the complex impedance, o the angular
frequency, and &* the complex permittivity. The real and the
imaginary parts of the impedance were plotted as a function of
the temperature (see Figure 5). At low temperatures, both com-
ponents are nearly constant. This behavior is well described in
literature as nearly constant loss behavior caused by localized
motions of dipoles in a double well potential.l?!l However, the
dielectric constant depends increasingly on the frequency as
temperature increases. This is quite likely caused by the uni-
versal dielectric response or a Maxwell-Wagner relaxation. As
shown by impedance spectroscopy, two components with dif-
ferent conductivities exist within the film. This can cause a
piling-up of charge carriers in the low-conductive layer which
causes the additional polarization for low frequencies,?’! sim-
ilar to a Maxwell-Wagner relaxation.

The impedance loss at low temperatures shows the expected
constant enhancement with decreasing frequency caused by the
RC component (see Figure 6a). At temperatures above 300 °C,
however, an additional hump is visible in the analyzed fre-
quency range. This hump is likely connected to the observed
Maxwell-Wagner-type relaxation or universal dielectric response
and the connected space charges, with the modification that one
of the capacitors is a CPE. This contribution shifts to higher
frequencies with increasing temperature, which shows that the
electrical response is thermally activated. However, the signal of
this relaxation strongly overlaps with the constant enhancement
of the RC component such that no clear peak can be identified.

For this reason, the complex modulus M* was analyzed next.
The complex modulus M*is defined as

M'= M+ jM"= jo C,Z" =i (2)
€

where M’ and M” are the real and imaginary parts of the mod-
ulus, respectively.

The modulus approach emphasizes relaxations with small
capacitance values.””! Those contributions can then be more
easily analyzed since overlapping relaxations with high capaci-
tance values like bulk responses are suppressed. Peaks in the
spectrum of the imaginary part of the modulus (loss) charac-
terize the relaxation frequency of the observed relaxation. The
resulting spectra are shown in Figure 6b. No peak can be seen
in the investigated frequency regime at room temperature, but
starting at 300 °C a single modulus peak can be observed which
shifts toward higher frequencies with increasing temperature.

To enable deeper analysis, the peaks are normalized by
their maximum value and their peak frequency. The resulting
so-called master modulus plot shows that the observed relaxa-
tion does not change its distribution with increasing tempera-
ture (see Figure 6¢). Thus, only one relaxation process with a
single activation energy exists within the studied frequency and
temperature regime. Furthermore, the peak is broader than
expected for a Debye relaxation driven by a simple RC relaxa-
tion, where a value of 1.14 decades for the full width at half
maximum of the peak would be expected. It is therefore quite
likely that a defect relaxation is causal for this observed peak,
and that it is related to the CPE involving charge hopping.

The resonance frequency of the modulus loss peak against
temperature shows a clear Arrhenius dependence. The activation
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Figure 5. a) Real and b) imaginary parts of the complex permittivity taken from the impedance spectroscopy measurement at different temperatures

in the range between 25 and 400 °C.

energy was determined as 1.37 + 0.01 eV (see Figure 6d). This
can be the characteristic for different processes within the hafnia.
Defect processes with similar activation energies in hafnia
include the hopping of oxygen vacancies,?” electron hopping
between singly negatively charged oxygen vacancies and the
neutral state,3!l and between the doubly positively charged
oxygen vacancies and the neutral state.3!] In PZT, the reso-
nance frequency of the domain wall motion has been observed
for high frequencies up to the high megahertz range.??! Similar
frequencies can be expected for hafnia films. However, domain
wall contributions as cause for the observed modulus peak
cannot easily be ruled out.
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To further examine the possible connection between the
relaxation in the modulus spectrum and oxygen vacancies,
hafnia films with different dopants (3.5 cat% Gd, 1.5 cat% Al,
and 2.5 cat% Si), pure HfO,, pure ZrO,, and Hf;sZr, 50, were
tested. Samples were chosen in a similar thickness range of
about 30 nm with sufficient ferroelectric properties and high
bulk resistances to allow analysis of the RCPE relaxation. Addi-
tionally, three 100 nm thick Pb(Zr,3Tiy,)O; films were ana-
lyzed that were undoped, doped with 2% neodymium, or doped
with 2% iron (see Figure 7 and Table 2). For the PZT, a decrease
of oxygen vacancy concentration was expected with the tran-
sition from Fe doping to undoped to Nd doping of the PZT
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Figure 6. Imaginary part of a) the impedance and b) the modulus at various temperatures between 25 and 400 °C. ¢) Master modulus plot and

d) Arrhenius plot of the shift of the modulus peak.
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Figure 7. Arrhenius plots of the shift of the modulus peak frequency for
various samples.

film due to the different dopant valance and site occupancy in
the PZT crystal. While Nd** occupies the A-site and reduces
the amount of oxygen vacancies, Fe** occupies the B-site and
increases the oxygen vacancy content of PZT film.[203334 For
hafnia films, an increase in oxygen vacancy concentration is
expected with decreasing valence. A shift of the modulus peak
toward lower frequencies with increasing valence of the dopant
was observed for all material systems. This strongly suggests a
relation between the charge hopping process observed in the
modulus spectrum and the oxygen vacancy concentration in
the film. Since the presence of a loss peak is also observed for
nonpolar HfO, (see Figure 7), domain wall contributions can
be neglected. Point defects such as electrons at oxygen vacancy
sites are most likely the cause.

To identify the responsible charge carriers for the relaxation
in the impedance spectrum, thermally stimulated depolariza-
tion current measurements were conducted on a 10 nm thick
Hfj 571,50, film. As a first step, the samples were polarized for
800 s at 380 °C with an applied voltage ranging from 0.5 to 1.5 V.
This step is followed by rapid cooling while still applying
the same electric field to freeze possible diffused charges in
their local and energetic positions. Additionally, poling with
3.0 V was conducted at 25 °C. By slowly heating up the sample
with 0.2 K s7!, the depolarization current was measured

Table 2. Extracted activation energies with standard error for the linear
fits of Figure 7.

Dopant valence Ep[eV] Standard error

HfO:Al 3 132 +0.04
HfO,:Gd 3 1.22 +0.01
Zr0, 4 133 £0.01
HosZros02 4 1.37 +0.01
HfO, 4 1.28 £0.07
HfO,:Si 4 (1.62)

PZT:Fe 3 1.14 +0.01
PZT 1.12 +0.01
PZT:Nd 3 1.28 +0.01

(see Figure 8). No peaks were seen for poling at room tem-
perature. In contrast to room temperature, two overlapping
peaks were observed with maxima around 220 and 350 °C
after poling at 380 °C.

To separate the peaks, the thermal cleaning method was used.
The peak at 350 °C was measured solely by poling the sample at
320 °C and relaxing the charges with lower activation energy by
holding the temperature at 250 °C for 800 s without an applied
field before cooling down to room temperature (see Figure 9a).
The lower-temperature peak was separated by reducing the poling
temperature to 200 °C (see Figure 9b), which does not allow
charges with high diffusion activation energies to move signifi-
cantly. By using the slopes of the peaks (initial rise method),*®l
activation energies were extracted ranging from 0.52 to 0.62 eV
for the low-temperature peak (see Figure 9c) and ranging from
1.04 to 1.24 eV for the high-temperature peak (see Figure 9d)
depending on the applied poling field strength. These values
are in agreement with reported calculated values for the diffu-
sion of singly (1.2 eV)B% and doubly charged oxygen vacancies
(0.7 eV).13%37] Additionally, it can be seen that no significant dif-
fusion of these charged vacancies occurs at temperatures below
100 °C and the applied voltages up to 1.5 V (see Figure 8).
Atroom temperature with an applied voltage of 3V (see Figure 8),
which is the lower limit of the switching field used for endur-
ance tests, no oxygen vacancy diffusion was detected. It there-
fore seems unlikely that oxygen vacancy diffusion contributes
in a major way to wake-up phenomenon (see Figure 3) or the
imprint effect,'”] which both occur at lower temperatures.

By using the activation energy E,, the heating ramp rate g,
and the temperature T, at which the maximum current for the
diffusion process was observed, an equivalent frequency can
be calculated at which the hopping process under an AC field
should occurl!
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Figure 8. Thermally stimulated depolarization current measurement
of 10 nm thick TiN-HfysZrysO,~TiN capacitors using a ramp rate of
0.2 K's™" after poling with voltages between 0.5 and 1.5 V in steps of 0.25 V
for 800 s at 380 °C and with 3.0 V for 800 s at 25 °C. The different colors
indicate the different polling voltages.
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Figure 9. Thermally stimulated depolarization current measurement of 10 nm thick TiN-Hf, sZrosO,~TiN capacitors using a ramp rate of 0.2 K s™":
a) after poling with voltages between 0.5 and 1.5 V in steps of 0.25 V for 800 s at 320 °C and thermal cleaning at 250 °C for 800 s, and
b) after poling with voltages between 0.5 and 1.5 V in steps of 0.25 V for 800 s at 200 °C and Arrhenius plots of the initial slope of the TSDC peaks

with extracted activation energies using thermal rise method.

For both TSDC peaks, the corresponding hopping frequency
of oxygen vacancies in the modulus spectrum would be therefore
expected in the low millihertz range. However, the frequency
range in impedance spectroscopy is from 2 Hz to 1 MHz. There-
fore, the observed modulus peaks in impedance spectroscopy
are more likely caused by electron hopping between defect states
than by ion hopping itself.

The amount of diffused charges Qrspc was calculated
by integration of the current peaks. It was not possible to
measure the complete high-temperature peak within the
observed temperature regime, and the low-temperature peak
showed small distortions above 260 °C (possibly due to some
residual doubly charged oxygen vacancies). For these rea-
sons, the depolarization current peaks were assumed to be
symmetric, and the charge was calculated by doubling the
integral of the peak area from the low-temperature side of
the peak maximum for all voltages. The earlier calculated
activation energies and low equivalent frequencies strongly
point to the existence and the diffusion of charged oxygen
vacancies as the origin of the two TSDC peaks. The voltage
dependence of the amount of diffused charges Qrspc should
therefore follow!3%]

qa Vi,
2 kB Tb

Qrspc = Qo sinh 4

where Qrspc is identical to the integrated charges of the TSDC
peak, Qp is the total amount of mobile charged ions present,

7

q is the ionic charge, a is the hopping distance, Vj, is the applied
bias voltage, kg is the Boltzmann constant, and T, is the tem-
perature at which the TSDC peak was observed. By fitting the
measured data to the simplified function
Qrspc = Qpsinh B 5)
the quantity of mobile charge carriers per volume was extracted
for both peaks (see Figure 10a, b and Table 3). Since the
observed dependence shows a nonlinear sinh dependence die-
lectric polarization as possible cause of the depolarization cur-
rents can be excluded.[?

The most likely positions of the vacancies within the
orthorhombic hafnia lattice are the three-coordinate O-sites
(03).37:4041] The amount of oxygen vacancies Qy was calculated
for the absolute number of O3 sites within the film by

Qo

QV - AdNoza

(0)

where A denotes the capacitor area, Qy the amount of mobile
charges, d the film thickness, N, the number of three-
coordinate O-sites per centimeter of 2.956 x 10?2 cm~3. within the
orthorhombic hafnia crystal structure, and a the valency of the ion.

The amount of singly and doubly charged oxygen vacancies
was calculated as 0.26% and 0.10% of the O sites within the
film. This amount is surprisingly low, but is similar in order
of magnitude to calculated values of defects in Sr-doped Hft*!
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Figure 10. Charges extracted from the depolarization current measurements of 10 nm thick TiN-HfysZr;sO,~TiN capacitors using a ramp rate of
0.2 K's7": a) after poling with voltages between 0.5 and 1.5 V in steps of 0.25 V for 800 s at 320 °C and thermal cleaning at 250 °C for 800 s; b) after poling
with voltages between 0.5 and 1.5 V in steps of 0.25 V for 800 s at 200 °C; c) extracted number of singly and doubly positively charged oxygen vacan-
cies of 10, 15, and 30 nm thick TiN-Hfy sZrq sO,~TiN capacitors; and d) extracted maximum current in the thermally stimulated depolarization current
measurement after thermal cleaning and poling with 0.5 V of the corresponding charged oxygen vacancies V" at about 250 °C and V" at about 320 °C

and might be reasonable if, as suggested by Fengler et al.,['/]
seed inhibition is dominating imprint and possibly the wake-
up mechanism. Additionally, it must be noted that only mobile
charged defects can be measured with the TSDC method,
whereas neutral and immobile defects remain undetected.
Neutral vacancies are known to also cause domain wall pin-
ning in PZT films.*? Therefore, the real total amount of
defects in the film might be higher. For seed inhibition as a
working mechanism, the oxygen vacancies would have to be
mainly present close to the electrode/ferroelectric interface as

Table 3. Parameters used to fit the dependency of the integrated charges on
the poling voltage, as shown in Figures 10 and 11, and the standard error.

Qo Standard error B Standard error

220 °C peak

10 nm 2.94x10°° 0.75x107° 211 0.18
15 nm 2.96x107° 0.60x 10°° 1.77 0.14
30 nm 0.75x107° 0.56 x107° 2.02 0.05
30 nm cycled 1.66x 107 0.22x107° 1.65 0.09
350 °C peak

10 nm 3.67x107° 0.42x107° 1.93 0.08
15 nm 3.15x107° 0.51x107° 2.21 0.11
30nm 2.09%10°° 0.39%x107° 2.93 0.13
30 nm cycled 7.08 x107° 0.55x107° 2.19 0.06

8

trapping sites. To test this hypothesis, the dependence of the
oxygen vacancy concentration on the film thickness was ana-
lyzed (see Figure 10c).

A clear reduction of the charged oxygen vacancies with
increasing thickness can be observed. This shows, that the
observed TSDC peak is not induced by a simple electrode
polarization, which would be thickness independent. The
thickness dependence of the maximum current at the TSDC
peak (see Figure 10d) also proves that electrons are not the
cause for the TSDC peaks. The observed peak height increases
with enhanced film thickness, which is characteristic for ions
instead of staying constant as it would be the case for electrons.
On the other hand, it might hint at a higher concentration of
these defects at the interface as suggested in ref. [43] However,
a higher portion of monoclinic phase for higher thicknesses!*4
could cause another defect composition and defect mobility
within the film, which might influence this result. In addition,
it is possible that even though the oxygen vacancies are caused
Dby the reaction of the electrode with the film, they might diffuse
through the film during the high-temperature processing step.
A similar thickness dependence would be the result. Hence, the
exact position of the defects before poling cannot be unambigu-
ously deduced.

To analyze the influence of electric field cycling on the
defect concentration, precycled 30 nm thick samples were
measured. The capacitor structures were cycled with 10° trap-
ezoidal pulses of 2.7 MV cm™! with 10 ps for each voltage
ramp time and plateau time, which corresponds to the chosen
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frequency of 16.7 kHz (see Figure 11a). The larger film thick-
ness and lower electric fields were necessary to reduce leakage
currents and to decrease the risk of dielectric breakdown
during TSDC measurements.
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Figure 11. Charges extracted from thermal depolarization current meas-
urements on 30 nm thick TiN-HfysZr;sO,~TiN capacitors using a ramp
rate of 0.2 K s™' before and after cycling as shown in a) with 2.7 MV cm™
at 16.7 kHz.: b) after poling with voltages between 0.5 and 1.5 V in steps
of 0.25 V for 800 s at 200 °C and c) after poling with voltages between 0.5
and 1.5 Vin steps of 0.25 V for 800 s at 320 °C and subsequent thermal
cleaning at 250 °C for 800 s.
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Using the same TSDC procedure as described before, the
concentrations of singly and doubly charged oxygen vacancies
were calculated and compared with those of uncycled capaci-
tors of the same film (see Figure 11b,c and Table 3). The doubly
positively charged oxygen vacancy concentration increased from
0.009% in the initial state to 0.019% after wake-up by electric
field cycling. A similar trend can be observed for the singly posi-
tively charged oxygen vacancy concentration which increases
from 0.049% to 0.166%. The increased number of positively
charged oxygen vacancies also increases the chance of elec-
tron trapping within the film, which might lead to domain wall
pinning.

Overall, it was shown that a combination of impedance
spectroscopy in conjunction with TSDC is very useful to
characterize the charge movement during field cycling and to
distinguish between electron hopping between different defect
states and the related diffusion of oxygen vacancies.

3. Conclusion

Ferroelectric Hf sZ1, 5O, films were cycled with different electric
fields. During this electric cycling, a strong dependence of
wake-up and fatigue on electric field strength was observed,
and the influence of internal charges was suspected as cause.
Impedance spectroscopy analysis and previous works hint at
the presence of an interfacial layer between electrodes and
ferroelectric. Modulus spectroscopy measurements at dif-
ferent temperatures reveal that a Maxwell-Wagner relaxation
due to space charges most likely occurs in the interfacial layer.
The obtained activation energy for the shift of the modulus
loss peak of 1.37 eV and its dependence on the valence of
the dopant in the hafnia system suggest oxygen vacancies as
trapping sites. Thermally stimulated depolarization current
measurements were conducted showing two distinct relaxa-
tion current peaks. The extracted activation energies for the
diffusion of the causal charge carriers were 0.52-0.62 and
1.04-1.24 eV depending on the applied poling field. These
values are in good agreement with reported activation ener-
gies for diffusion of singly and doubly charged oxygen vacan-
cies of 1.2 and 0.7 eV, respectively. Additionally, it was shown
that no diffusion of charged oxygen vacancies was observed
under the measurement conditions at room temperature.
Diffusion of oxygen vacancies as the cause for the imprint
phenomenon is therefore unlikely. For the wake-up effect, it
cannot fully be excluded since the diffusion of charged oxygen
vacancies under an applied field strength as used in ferro-
electric switching is possible in general and well established
in resistive switching applications.*>*% However, diffusion
of charged oxygen vacancies as sole cause is unlikely since
the applied field during cycling is rather low and alternating.
Moreover, in contrast to resistive switching, we do not deal
with rather high density of localized current leading to addi-
tional Joule heating that can significantly enhance diffusion
processes. Using the poling field dependence, the concentra-
tion of singly and doubly charged oxygen vacancies was calcu-
lated to be in the subpercent range of the O3 sites. Therefore,
most of the present oxygen defects might be in a neutral state
or immobile under the investigated fields and temperatures.
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Films of different thickness were measured, and a reduction
of charged defect concentration with increasing thickness was
found. This hints at a higher defect concentration at the inter-
face between film and electrode. Finally, the influence of elec-
tric field cycling was analyzed, and a strong increase of singly
and doubly charged oxygen vacancies was found after field
cycling. These can cause an increased trapping of electrons in
the ferroelectric and pinning of domain walls, which seems to
Dbe the cause of the performance instabilities of hafnia. Possible
solutions for future devices might be a reduction of oxygen
vacancies at the interface by, e.g., oxide electrodes. Alterna-
tively, a sequential detrapping approach by a pulse with high
electric field, or heating the sample to allow charge diffusion,
might lead to future performance improvements.

4. Experimental Section

PlanarMFM capacitorstackswere prepared onsilicon substrates. 100nm
thick 2% Fe-doped 30/70 PZT samples were fabricated by chemical
solution deposition processing of a butanol-based precursor solution
which was synthesized according to a route published elsewhere.[*l Iron
acetyl acetonate was used as a source for the iron doping and added to
the other educts for solution synthesis. The 0.3 mol L' coating solution
was applied to the platinized silicon substrate at room temperature by
spin-coating at 3000 rpm for 30 s. Subsequently, the as-deposited layer
was pyrolyzed at 350 °C for 2.5 min on a hot plate. After one repetition
of this sequence the two-layer stack was crystallized at 700 °C by rapid
thermal annealing for 5 min, which caused crystallization and a preferred
(111) orientation of the film (GIXRD). Pt top electrodes were deposited
by sputtering and lift-off patterning.l'”]

Then, 10-30 nm thick HfysZrysO, films were grown in an Oxford
Instruments OpAL ALD tool using Hf- and Zr-metalorganic precursors
similar to the ones used in previous publications.l*”) Under the given
ALD conditions, HZO films with an Hf:Zr ratio of 0.5:0.5 were deposited
applying an HfO,:ZrO, ALD cycle ratio of 1:1 and using H,O as the
oxygen source. As reported before, TiN electrodes were deposited before
and after dielectric deposition. In order to stabilize the orthorhombic
phase, the samples were annealed slightly above the HfysZrysO,
crystallization temperature of 400 °C after the deposition of the top
electrode in an AST rapid thermal processing tool under N, atmosphere.

Then, 30 nm thick HfO, doped with Si was deposited in an
ALD reactor using tetrakis[ethylmethylaminolhafnium (TEMAHS,
Hf(N(CHs)(CHs))s),  N,N,N’,N’-tetraethylsilanediamine ~ (SAM.24,
H,Si[N(C;Hs),];), and H,O as the oxygen source similar to ref. [48].
TiN electrodes were deposited before and after dielectric deposition.
The stack was annealed in an AST rapid thermal processing tool under
N, atmosphere at 550 °C after the deposition of the top electrode for
10 min to crystallize the film.

30 nm thick HfO, doped with 3.5 cat% Gd was deposited in an ALD
process as described in refs. [6] and .[49] TiN electrodes were deposited
before and after deposition. The capacitor stack was annealed at
450 °C for 10 min in an AST rapid thermal processing tool under N,
atmosphere.

The 30 nm thick HfO, doped with Al was deposited with a cycle ratio
of 24:1 in an ALD process at 200 °C using TEMAHT, Hf(N(CH3) (C;Hs))4)
and trimethylaluminum, and water as the oxygen source. The capacitor
stack was annealed at 800 °C for 30 s.

The gracing incidence X-ray measurement was conducted using a
Bruker D8 Discover X-ray diffraction tool with Cu Kot radiation of 0.154 nm
wavelength and a fixed incidence angle of 0.5° for the 2Theta scan.

The STEM lamella was prepared using an FEI Helios Nanolab 600i
dual beam. HAADF STEM was performed using a probe aberration-
corrected Nion UltraSTEM 100 operated at 100 kV with a probe
semiconvergence angle of 31 mrad and a detector inner semiangle

10

of =86 mrad. Atom column indexing and lattice analysis were
facilitated by Gaussian peak fitting and matrix indexing as described
previously.[>%

Electrical characterization was performed on a Cascade Microtech
RF Probe Station with an aixACCT TF Analyzer 3000 and a Keithley
4200 Semiconductor Characterization System. TSDC measurements
were performed on a Micromanipulator 8065 Probe Station with
a Stanford Research Systems PTC 10 Programmable Temperature
Controller and an Agilent 4156 B. Impedance and modulus spectroscopy
was performed on a Micromanipulator 8065 Probe Station using a
Solartron 1260 Impedance/Gain-Phase Analyzer and a 1296A dielectric
interface system including a 12961 reference module.
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