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The discovery of ferroelectricity in hafnium oxide has revived the interest in ferroelectric memories as a
viable option for low power non-volatile memories. However, due to the high coercive field of ferro-
electric hafnium oxide, instabilities in the field cycling process are commonly observed and explained by
the defect movement, defect generation and field induced phase transitions. In this work, the optical and
transport experiments are combined with ab-initio simulations and transport modeling to validate that

the defects which act as charge traps in ferroelectric active layers are oxygen vacancies. A new oxygen
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vacancy generation leads to a fast growth of leakage currents and a consequent degradation of the
ferroelectric response in Hfps5Zrps0, films. Two possible pathways of the HfpsZrg50;, ferroelectric
property degradation are discussed.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Semiconductor memories are an important ingredient in today's
and future electronic systems. The trend of having electronics in-
tegrated into almost every object called Internet of Things will
require to have a non-volatile memory in nearly every device.
Additionally, in today's computing systems, both energy efficiency
and performance are strongly limited by the memory access via the
so called von Neumann bottleneck. Moreover, DRAM memories
have almost reached its scaling limit and traditional floating gate-
based memory cells are becoming very difficult and therefore
expensive to be integrated in 28 nm CMOS processes and beyond.
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Consequently, the pull for introducing new memory concepts has
strongly intensified for the last decade. Different types of memories
are used in state of the art computing systems. The processing unit
needs to access the code and some data in a random fashion. This is
currently realized by SRAM and DRAM memories. The former have
a very large area and, therefore, cost much, while the later have
reached their scaling limits. Therefore, an alternative technology
for both of them is highly desirable. On the other end of the hier-
archy are the storage devices currently realized by the NAND Flash.
These are now fabricated in the 3D technology stacking as many as
96 cells on top of each other and storing up to 4 bits in every cell.
Since the random access speed of these type of memories is of a
very slow (in the 100 us) range, there is a huge gap in the random
access speed between the RAM and the storage device. The storage
class memory having a specification in-between RAM and NAND
Flash has, therefore, become an important object of research and
development. Besides the standalone memories mentioned before,
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the demand for having embedded non-volatile memories in CMOS
processes is growing rapidly since mobile devices always need a
certain amount of local memory. In this arena different flavors of
NOR Flash memories based on a floating gate or the charge trapping
technology have been used down to the 40 nm node. However, for
28 nm and beyond, the high-«x metal gate, FD-SOI, FinFET and other
innovations are introduced, the integration challenge of these de-
vices is drastically increasing, and simpler solutions are highly
desirable. To fulfill the demands described above, several ap-
proaches to alternative memories have been intensively researched
for the last 20 years. The most important are, e.g., Phase Change
Memory, Magnetoresistive Random Access Memory, Resistive
Random Access Memory (RRAM) and Ferroelectric Memories
(FRAM).

In this paper we will focus on an important issue of ferroelectric
memories. The first 1T-1C based conventional FRAM devices were
commercialized in as early as 1990 [1]. However, due to the com-
plications of integrating a complex oxide, like lead zirconium tita-
nate (PZT) or strontium-bismuth tantalate (SBT), in a CMOS process
[2], the scaling was much slower compared to competing tech-
nologies and it completely stopped at the point where a 3D
capacitor would have to be introduced to get enough charge out of
the ferroelectric switching for a reliable sensing [3]. In 2011, a
ferroelectric effect in doped hafnium oxide films of a thickness
~6—10 nm was reported for the first time. Since hafnium oxide is a
material already integrated in sub 40 nm CMOS technologies, this
event has resumed the interest in ferroelectric memories as a
promising memory technology [4—6]. The easiest way to stabilize
the ferroelectric phase in HfO, requires doping with various ele-
ments, like Si, Al, Y, Gd, La and others, followed by high-
temperature annealing (~ 1000 °C). Of particular interest is the
fact that ferroelectric properties have also been demonstrated in
the thin solid solution Hfys5Zrg50, films, for which the required
annealing temperature is relatively low [6—10]. This makes this
material compatible with the back-end of the line process. The
ferroelectric effect in hafnia-based materials is associated with the
possibility of stabilizing the nonequilibrium noncentral-symmetric
orthorhombic phase Pbc2; in them [6,11]. Different flavors of
implementation ranging from 1T FeFET [12] over 1T1C FRAM [13]
up to 1T1R concepts relying on ferroelectric tunnel junctions [11]
are under intensive research.

Using doped hafnium oxide, currently, an endurance of about
1010 cycles has been reported on the capacitor level [14]. Since the
RAM type of memories would require unlimited endurance, much
work has been put into understanding and optimizing the endur-
ance on the material level [15—17]. It is well understood that the
generation and redistribution of defects in the hafnium oxide has a
strong contribution to this degradation [15,16]. The defects are
speculated to be related to oxygen vacancies. However, no clear
evidence for this speculation could be given yet. The purpose of this
study is to close this gap by identifying the transport mechanisms,
as well as to determine the nature (atomic and electronic structure)
of the traps responsible for the charge transport in orthorhombic
ferroelectric Hfy 5Zrp 50 , and, therefore, to come one step closer to
clarifying their role in the field cycling.

2. Experimental methods
2.1. Preparation of test structures

Metal-insulator-metal TiN/Hfg 5Zrg 502 /TiN and TiN/Hfy 5Zrg 50,
/Pt structures were prepared for optical and transport experiments.
A 15-nm-thick TiN layer was deposited on the oxidized Si (100)
substrate using the atomic layer deposition (ALD) technique. Then
the Hfg5Zrp50, films were deposited at 240 °C from TEMAH and

TEMAZ precursors using HO as an oxygen source. The TEMAH and
TEMAZ precursors were mixed in a single-cocktail balloon before
the ALD process. After that the samples were annealed at 400 °C in
the Ny environment for 30s by rapid thermal annealing (RTA).
Laser ellipsometry and Rutherford backscattering spectroscopy
confirmed the thickness d and the stoichiometry of deposited
Hfy5Zr 50, films. The crystalline structures of annealed films were
examined by symmetrical X-Ray diffraction using the ARL X'TRA
tool (Thermo Scientific) utilizing the CuK« radiation.

The endurance and transport measurements were performed
for the test structures with the 10-nm-thick Hfy5Zrg50, film. On
the 10-nm-thick Hfg5Zrg50; films the TiN top layer (10-nm-thick)
was deposited using the ALD technique. For the transport mea-
surements, round (area = 7.854 x 103 um?) electrodes were
formed by a photolithography process.

‘Thick’ 20-nm Hfy 5Zrg 50, films were fabricated for optical ex-
periments. On the ‘thick’ (d = 20 nm) Hfy5Zrg50, films a 30-nm-
thick Pt top layer was deposited by the electron beam evaporation
through a shadow mask. The Pt contacts were used for the
Hf5Zrp 50, film ferroelectric property confirmation only. The op-
tical measurements were carried out on the Hfys5Zrg50, surface
between Pt plaques.

The contact to bottom TiN electrode was made by the Ar" ion
etching.

2.2. Characterization of test structures

The presence of HfpsZrps0, film ferroelectric properties is
confirmed by observing the hysteresis in the polarization-voltage
characteristics for TiN/Hfy 5Zr¢ 502 /Pt (See Supplementary Fig. S1)
and TiN/Hfp 5Zr 50, [TiN (Fig. 1(b)) structures. To provide a wake-
up of ferroelectric response in thick Hfp5Zrp502 (20 nm) films, 10
consecutive switching patterns are required. The presence of hys-
teresis indicates that the ferroelectric phase is also present in the
‘thick’ films. It should be noted that the photoluminescence signal
of the 10-nm-thick films is very week and cannot be separated from
noise even at LN, temperatures. That is why we used 20-nm-thick
samples for the optical measurements to investigate the electronic
structures of the defects in HfO,-based materials.

2.3. Ferroelectric switch cycling

The set/reset cycling (endurance) measurements were per-
formed by the successive pulses of the applied voltage +2.5 V to
avoid early breakdown. The pulse increase/decrease duration was
8 ns, the pulse shelf duration was 5 us. The gap between pulses was
5 us to avoid local heating during cycling and to prevent structure
puncturing by probe needles due to thermal expansion. The total
write/erase cycle time of =20 us accords to the frequency of
50 kHz. In the Supplementary Fig. S2(a) the pulse forms and char-
acteristics are represented in detail.

2.4. Polarization- and current-voltage measurements

Instead of some set/reset cycles (see supplementary S2 section),
the polarization-voltage (P-V) and current-voltage (I-V) de-
pendencies were measured by the modified PUND (Positive-Up-
Negative-Down) technique at room temperature using a voltage
sweep of about 0.05 Hz by an Agilent B1500A Semiconductor De-
vice Parameter Analyzer. The first ‘P’ and the third ‘N’ triangle im-
pulses aligned the dipoles in the ferroelectric films (set and reset,
respectively), and they were used in measuring polarization, while,
during the second ‘U’ and the forth ‘D’ impulses, the leakage cur-
rents were measured. The pulse amplitude was 2.5V, the sweep
step was 0.05V with the duration of 5.4 us, 1000 measurements



D.R. Islamov et al. / Acta Materialia 166 (2019) 47—55 49

15

-
o

]

Polarization (uC/cm?)
o

-5
-10
-15
15
% 10
2 3
£ 2 5L
z c
o S
3 8 oof  Mw
[ i
(o] [e]
Dy 4 L g
_|0.1 E_f o
3 G0 F
S 4
0.01 dE . 1 . 1 . 1 15 Il il il il v s sl
0.5 1.0 2.0 25 10° 10" 10% _10® 10* 10° 10° 107 10°

1.5
Voltage (V)

Set/reset cycles

Fig. 1. Evolution of the TiN/Hfy 5Zro 502 (10 nm)/TiN transport and ferroelectric properties during the set/reset cycling (endurance). (a) Current-voltage characteristics in the ‘P’ and
‘N’ parts of ‘PUND’ measurements. (b) Polarization-voltage hysteresis. The cross-points are shown with arrows. (c) The leakage current-voltage dependencies extracted from the ‘U’
and ‘D’ parts of ‘PUND’ measurements. (d) Evolution of the residual polarization and memory window.

were made during one triangle pulse (totally, 4000 measurements
were made during the full PUND cycle for 21.6s). In the
Supplementary Fig. S2(b), the pulse forms and characteristics are
shown in detail.

The leakage currents were extracted from the current responses
by removing the displacement currents by averaging the forward
(0—+V) and reverse (+V — 0) strokes of the voltage sweep:

1
Rakage (V) = 5 (16 v (V) + 1% ~o(V)),

1
Ratage(V) =5 (I8 v (V) + Py o(V)).

Supplementary Fig. S3 schematically represents this procedure.
The control DC measurements demonstrated that the leakage
currents did not depend on the sweep rate in the used range.

2.5. Optical measurements

The DDS400 deuterium lamp and the primary double-prism
monochromator DMR-4 were used for the photoluminescence
(PL) excitation. The PL spectra were recorded using a secondary
DMR-4 double-prism monochromator and a Hamamatsu R6358-10
type photomultiplier tube. The PL excitation (PLE) spectra were
normalized to the equal number of photons incident on the sample
using a yellow lumogen — a luminophore with the known energy
quantum Yyield over the studied spectral range. The PL emission

spectra were not corrected for the spectral sensitivity of the
registration system.

The cathodoluminescence (CL) spectra were studied at the
electron energy of 2 keV (penetration depth is 80 nm) and the
current of 10 nA.

2.6. Ab-initio simulations

The electronic structure of oxygen vacancy in orthorhombic o-
Hfy5Zr950, was investigated within the spin polarized density
functional theory (DFT) using the ab initio simulation code Quan-
tum ESPRESSO with the B3LYP hybrid exchange-correlation func-
tional [18,19]. The oxygen vacancy was generated by the removal of
an O atom, followed by the relaxation of all remaining atoms in a
96-atom supercell. The structure was obtained by replacing half of
the Hf atom by Zr in the orthorhombic HfO, cell [20]. The atom
selection for the replacement was carried out on the minimal total
energy basis. Three oxygen vacancy types of were investigated: one
with the fourfold (2 Hf and 2 Zr, named ‘HHZZ') and two with the
threefold coordination (2 Hf and 1 Zr, named ‘HHZ’, as well as 1 Hf
and 2 Zr, named ‘HZZ'). The Bloch functions of electrons in the
crystal were represented by the plane-wave expansions with the
cutoff energy of 55 Ry. The atomic arrangement was optimized with
the force convergence threshold of 0.04 eV/A performed within the
standard DFT.

The optical properties of HfypsZrps50, were calculated at a
random phase approximation for the cubic phase. The choice of the



50 D.R. Islamov et al. / Acta Materialia 166 (2019) 47—55

cubic phase is justified according to the simplicity of its structure
and of the corresponding computational efforts. For the simulation,
96-atom c-Hfp 5Zrp 50, supercells were used.

The thermal and optical trap ionization energy values were
calculated using the approach described in Ref. [21]:

q _ g9+l _ga -1 _ g0
Eopt = Ed(q) — Ed(q) T Ep — Ep (1)
9 _ g9 q q q q
Eth - EOPt Erelax EOPt - [Ed(q—l) - Ed(q)]' (2)
Here E, © and Ep ~ are the total energies of a neutral and nega-

tively charged (with one additional electron) defect-free supercell.

is the total energy of the supercell with an oxygen vacancy
w1tqh charge ¢ = — 2, -1, 0 and +1 with relaxed geometry; Eq“) is
the total energy of the supercell with the oxygen vacancy Wlth
charge (q+ 1), but with the geometry corresponding to a vacancy
with charge q. Erelax is the relaxation energy of the supercell with
the oxygen vacancy with charge q.

3. Theory
3.1. Extracting the trap density from leakage currents

The trap density was extracted from the I-V dependencies of the
leakage currents within a model of phonon-assisted tunneling
between traps (PATT). Recently, it has been demonstrated, that this
transport model adequately describes the leakages in both amor-
phous and ferroelectric Hfy5Zrg50, [22,23]. For the first time, the
multiphonon-assisted trap ionization model was proposed by
Makram-Ebeid and Lannoo [24]. This model described the charge
transport in excellent agreement with the experimental data in
case of isolated traps in dielectrics. So, the distance between
neighbor traps is long enough to suppress the charge-carrier hop-
pings between traps [25,26]. In case of close neighbor traps, an
additional transport channel, due to quantum tunneling effects,
should be taken into account [27]. In the stationary case with an
arbitrary trap distribution, the transport equation can be written as
in Ref. [28].

av(nt (1 —%)P) :%V], 3)

where a is the (local) distance between neighbor traps, V is the del
operator representing the divergence here, n; is the local charged
trap density, N is the local total trap density, e is the elementary
charge, J is the current density, P is the rate of the tunnel junction
between neighboring traps proposed by Nasyrov and Gritsenko
[27]:

_ e (Q — Q) — (Q — eFa/Qy)*
P= J m*aZkTQoeXp< 2KT

e>0

4 V2m* (83/2 (e~ eFa)3/2) )dQ

3 eFn

e=Qp(Q— Qo) +Wopt, Qo =/2(Wopt — W), (4)
where 7 is the Planck constant, m* is the charge carrier (electron or
hole) effective mass, k is the Boltzmann constant, T is temperature,
Q is the configuration coordinate of a trapped-electron-with-
phonons system, F is the local electric field. The Lorenz correc-
tions for polarized dielectrics Pr/3¢q are not used because this term

does not change the electron potential energy difference between
neighboring traps eFa. Here and below, P; is the residual polariza-
tion, g is the electric constant. Therefore, to simplify the calcula-
tions, we considered the field as F = V/d. Here ‘ — ¢’ represents the
energy (below conduction band bottom E. ) of trapped electron
interacted with phonons, and Q is the configuration coordinate
characterizing the electron-phonon interaction.

In case of uniform trap distribution N = a3, Eq. (3) can be
solved as

_ &M q N
=gy (-§)P )
where @® has the dimension of a trap cross-section, n /N repre-

sents a part of filled traps and (1 — n¢ /N) is the part of empty traps.
In case of low electric fields eFa<W; , Eq. (4) can be simplified to

_2/mW Wopt — Wt
B m*azQO\/lﬁexp( ST ) ) exp(
2a/2mWe \ . eFa

Here, the pre-exponential factor is the attempt-to-escape fre-
quency, the first exponent represents the thermal ionization with
the activation energy of (Wopt — Wt )/2, the next exponent is the
tunneling factor and the last term indicates the activation energy
decreasing due to the external electric field. Using Egs. (5) and (6)
one can extract the largest distance between neighboring traps
from the slope of experimentally measured currents in the
log(J)-vs-F plate.

The analysis shows that, in moderate and strong electric fields
(eFa;}th ), Eq. (6) gives a significant deviation, and Eq. (4) should
be used. In this case, the slope of J-F curves in the semilog plot
corresponds to the largest distance between neighboring traps. The
I-V plot can be converted to the J-F one for the analysis by dividing I
by the sample area and V by the film thickness.

4. Results and discussion
4.1. General analysis

The evolution of transport and ferroelectric properties
measured for TiN/Hfg5Zrg50, (10 nm)/TiN structures during the
set/reset cycling (endurance) is shown in Fig. 1. The pristine and
stressed films exhibit a single peak in the current-voltage charac-
teristics (see Fig. 1(a)) in the ‘P’ and ‘N’ parts of ‘PUND’ measure-
ments and a hysteresis loop in the polarization—voltage plate (see
Fig. 1(b)). It is interesting to note that all hysteresis exhibit two
cross-points (arrows in Fig. 1(b)), where the polarization at a spe-
cific voltage (and electric field) does not depend on set/reset cycles.
The same phenomenon was observed, but not discussed, in ferro-
electric HfO,:Si [29]. The nature of this effect requires a special
research and is still under investigation.

The leakage currents extracted from ‘U’ and ‘D’ parts of ‘PUND’
measurements exhibit their exponential dependence on the
applied voltage, as shown in Fig. 1(c). The leakage currents slightly
decrease during 10°-10* set/reset cycles, but they increase
dramatically after 10* of the cycles. This increase correlates with
the decrease of the memory window (MW), which is a difference
between positive and negative residual polarities

i/[\/J J see Fig. 1(d)). Before 10* cycles, in the operation
mode is reduced by no more than 3% per decade. After 10%
cycles, in the fatigue mode, the MW reduction is about 20%/decade.
Similar results were reported for ferroelectric HfO,:Sr [15,30],
Gd:HfO, [17], Y:HfO, [31,32]. Therein, they were interpreted as a
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defects redistribution in the wake-up phase and the generation of
additional defects leading to a leakage current increase in the fa-
tigue phase. However, the underlying defects nature was not
identified in Ref. [15].

4.2. Defect nature identification by optical methods

The photoluminescence spectrum of the ‘thick’ ferroelectric f-
Hfo.5Zrg 50, film under the 5.2 eV ultraviolet excitation is shown in
Fig. 2(a). The dominant blue luminescence peak with the maximum
at 2.7 eV is observed. In the photoluminescence excitation spec-
trum of the band with the energy of 2.7eV, the maxima are
observed at the energies of 3.7eV, 4.5eV and 5.2 eV (arrows in
Fig. 2(b)). In the cathodoluminescence spectrum, the peak at 2.6 eV
is observed, as shown in Fig. 2(c).

The calculated optical absorption spectrum of the oxygen va-
cancies of different configurations in Hfys5Zrgs50, exhibits its
maximum at the energy of 5.1 eV (Fig. 2(d)). The position of the
theoretically calculated optical absorption maximum of 5.1 eV is in
a good agreement with the position of the experimentally deter-
mined 5.2 eV PLE peak in ferroelectric Hfg 5Zrg 502 films. This result
indicates that the peak with the energy of 5.2 eV in the excitation
spectrum of the blue 2.7 eV luminescence band f-Hfg 5Zr¢ 505 is due
to the oxygen vacancy. The photons with the energy of 5.2 eV excite
a blue luminescence band with the energy of 2.7 eV. Therefore, the
blue luminescence in f-Hfy 5Zr¢ 50> is due to the optical transitions
in oxygen vacancies.

51

(@)

Energy (eV)
52

EPLE

Generalized coordinate

Fig. 3. Configuration coordination energy diagrams: (a) transitions on the neutral
oxygen vacancy in HfgsZros0, , (b) trap ionization on the negatively charged oxygen
vacancy in Hfg5Zros0- .

The empirical configuration diagram of optical transitions to the
oxygen vacancies in f-Hfg 5Zrp 50, is shown in Fig. 3(a). The lower
term corresponds to the ground occupied state. The upper term
corresponds to an empty excited state. The vertical transition with
the energy of 5.2 eV corresponds to the luminescence excitation.
The vertical transition with the energy of 2.7 eV corresponds to the
radiative transition, blue luminescence. The polaron energy is equal
to half of the Stokes shift of the luminescence due to oxygen va-
cancy Wp = (5.2 — 2.7)/2 = 1.25 eV. The polaron energy coincides
with the thermal energy W, = Wy = 1.25 eV for the trap which is
responsible for the charge transport in Hfy5Zrg 50, . Consequently,
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Fig. 2. Hfy5Zro50, spectra: (a) photoluminescence spectrum of f-HfysZros0, under excitation 5.2 eV, (b) excitation spectrum of 2.7 eV photoluminescence band, (c) cath-
odoluminescence spectra of amorphous and ferroelectric Hfp5Zro 50, , (d) simulated optical absorption spectrum for the oxygen vacancy in f-Hfg 5Zro 50, .
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oxygen vacancies can act as traps responsible for the charge
transport in Hfy5Zrgs0, . The charge transport in Hfy5Zrgs0; is
discussed below.

The general empirical configuration diagram of electronic
transitions on a negatively charged trap (detrapping) in Hfp 5Zrg 50>
is shown in Fig. 3(b). The lower term corresponds to the ground
occupied state. The upper term corresponds to the empty excited
state. The vertical transition from the minimum of the ground state
corresponds to optical trap energy Wopt . The difference between
the minima of the ground and excited states corresponds to ther-
mal trap energy W; . To provide equality Wope = 2W¢, the parab-
olas intersect at the minimum of the excited state.

The thermal and optical trap energies equality in the ferro-
electric f-Hfp 5Zrg 50, film, corresponding to the values obtained for
the amorphous a-Hfy 5Zrg 50, films, indicates the traps related na-
ture in different phases [22,23]. Moreover, the obtained trap energy
parameter values coincide with the corresponding parameters of a-
HfyZr1_xOy films synthesized by other methods (for example, by
physical vapor deposition with the target heating by an electron
beam) [22]. The identical nature of the traps in f-Hfg 5Zr¢ 50, and a-
Hfy5Zrg50, , also indicates the coincidence of the cath-
odoluminescence maximum energy of these films in Fig. 2(c).

4.3. Defect nature identification by ab-initio simulations

The position of the defect levels (Kohn-Sham single-electron
states) related to the edges of the conduction and valence bands
in a neutral, single and double negatively and positively charged
oxygen vacancy with a different coordination in Pbc2; o-
Hfy5Zrp 502 is shown in Fig. 4. With the addition of one/two elec-
trons in the bandgap, a second localized single-filled/double-filled
state is formed approximately 1eV below E.. A positively single-
charged oxygen vacancy also forms an additional (unfilled) state
below the conduction band bottom. The oxygen vacancy in o-
Hfy 5Zrg 50, charged by one electron, as well as by one hole, is a
magnetic defect, which is indicated by the splitting of the
completely filled lower level into two spin states. A double posi-
tively and negatively charged vacancy in o0-Hfps5Zrps02 is a
nonmagnetic defect. A vacancy with two holes gives one empty
state in the bandgap. With two additional electrons the oxygen
vacancy gives two filled states in the bandgap.

The presented data indicate that the oxygen vacancy in o-
Hfp.5Zrg 50, can act as a localization center for both electrons and
holes. This is confirmed by the estimates of the trap thermal and
optical ionization energy values calculated using equations (1) and
(2). The positive Eqpe values shown in Table 1 indicate that the
capture of both electron and hole on any type of oxygen vacancies
in 0-Hfyp5Zrg50, is energetically favorable. Thus, the oxygen va-
cancy in o-Hfps5Zrp50; is an amphoteric defect for the charge

(a) HHZZ (b) HHZ (c) HzZ
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Fig. 4. The defect energy levels position in the bandgap of o-Hfy 5Zr¢ 50, caused by the
oxygen vacancies in coordination HHZZ (a), HHZ (b) and HZZ (c) in charge states q = —
2, -1,0,+1, +2.

Table 1

Optical Eqpt and thermal Ey, trap ionization energy values for the oxygen vacancy in
0-Hfg 5Zr9 50, in the coordination of HHZZ, HHZ and HZZ and in different charge
states q calculated using Eqs. (1) and (2).

Coord. q=-2 q=-1 q=0 q=+1
Eopt (€V) HHZZ 0.46 0.69 2.46 2.75
HHZ 0.90 0.72 2.64 2.57
Hzz 0.96 0.80 2.61 2.52
Ey, (eV) HHZZ 0.37 0.47 1.88 1.85
HHZ 0.61 0.45 1.55 1.77
Hzz 0.64 0.51 1.48 1.74

localization. In other words, it can act as an electron and hole trap
and participate in the charge transport.

The obtained charge localization energy values and defect level
positions can be compared to the experimental electron trap
thermal energy value of Wy = 1.25 eV and Wypr = 2.5 eV [22,23].
One can see that there is a good agreement between the calculation
and the experiment for the optical trap energy and a satisfactory
agreement for the thermal trap energy for neutral oxygen vacancy.
These results show that the PATT model, based on neutral defects, is
adequate to describe the transport.

The fact that the additional electron or hole is localized in the
oxygen vacancy region is indicated by small peak width values
(~ 0.1 eV) in the total density of states spectrum from the corre-
sponding defective states in the bandgap. The fact of localization is
also confirmed by the picture of the spatial distribution of the
electron density difference with the up and down spin in a super-
cell of o-Hfy5Zrg50, with an oxygen vacancy, as shown in Fig. 5.
One can see that, when the excess charge is added to the defective
structure, its localization takes place in the vacancy area and its first
coordination sphere. The positive charge is distributed approxi-
mately uniformly between the nearest metal atoms to the vacancy.
A negative charge is also distributed between the nearest neigh-
bors, but only a pair of Hf-Zr atoms are bound. This feature is the
subject of a further research.

4.4. Leakage current simulations

The leakage current depends exponentially on the voltage and
can be described by the phonon-assisted tunneling between traps

(c) HZZ+e

Fig. 5. Isosurfaces of equal magnitude of the charge density for the o-Hfys5Zros02
supercell with single-negatively charged (a), (b), (c) and positive d, (e), (f) oxygen
vacancies in a different coordination.
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model [27] and the approach described in section 3.1. A good
qualitative and quantitative agreement between the experimental
dependencies and calculated ones is reached with the following
parameter values: thermal trap energy W; = 1.25 eV, optical trap
energy Wopr = 2.5 eV, effective mass m* = 0.37my, part of filled
traps ny /N = 0.5. Here my is the free electron mass. The obtained
trap energies are related to the oxygen vacancy in Hfy5Zrg50,
[22,23,33]. Recently, it has been demonstrated that the well-known
Frenkel model can describe the charge transport in Hfp5Zrg50;
using inadequate parameter values [22,23]. Indeed, the dynamic
permittivity e, of the dielectric medium is included in the slope of
the I-V curves on the log(I)-F1/2 plate. The slope decrease means
that the e, value increases. This unphysical phenomenon proves
that the Frenkel model cannot be used in the analysis of evolu-
tionary leakage current-voltage dependencies.

The leakage current evolution, compared to MW during
endurance tests, is shown in Fig. 6(a). The slope of the initial I-V
curves on the semilog plot (Fig. 1(c)) corresponds to the largest
distance between the nearest traps a = 2.17 nm (in case of a uni-
form distribution trap, a is the mean distance between traps, and
the trap density is N = 9.7 x 1019cm~3). After 10# set/reset cycles,
the current increases spasmodically, and the log(I)-V curves slope
corresponds to a=2.15 nm (and N = 1x 102°cm~3). During
further cycles the current rises at a particular voltage on the test
structure (Fig. 6(a)). After 108 cycles, the leakage current is
described by the phonon-assisted tunneling between the traps
witha = 1.6 nm (N = 2.4 x 1029cm3). The evolution of the mean
distance between traps and the trap density during the endurance
tests is shown in Fig. 6(b) by rounds and diamonds, respectively.
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Fig. 6. (a) Evolution of the ferroelectric memory window (black rounds) with the
leakage currents (red boxes) measured on the TiN/HfysZros0, [TiN structure, (b)
extracted mean distance between traps (blue rounds), as well as the defect concen-
tration in case of uniform distribution (green diamonds). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of
this article.)

4.5. Extended physical picture of field cycling degradation

Recently, it has been shown that the oxygen vacancies in
hafnium oxide and zirconium oxide act as traps responsible for
charge transport [28,34,35]. Moreover, the thermal and optical trap
energies in HfO, and ZrO, are equal to W; =1.25 eV and
Wopt = 2.5 eV, respectively. Taking into account the proximity of
the oxygen vacancies electronic structure in HfO, [35—37] and ZrO,
[38] (namely, the solid solution of these oxides is the studied
Hfg 5Zrp 50, films) and the equality of the trap energy parameters
for HfO, ZrO; and Hfy5Zrg 50, , it is not surprising that the oxygen
vacancies act as the traps responsible for the charge transport in
these dielectrics. Thus, it is very likely that the leakage currents in
ferroelectric f-Hfy5Zrg50, films correspond to intrinsic defects,
namely oxygen vacancies.

According to the PATT model, the leakage current is limited by
the region with the largest distance between traps. The distance
between the traps, extracted from the leakage current simulations,
in the operation mode (less than 10 cycles) increases from 2.17 nm
to 2.24 nm. On the one hand, this can be interpreted as the anni-
hilation of a small number of traps (oxygen vacancies). On the other
hand, this can indicate that some defects are moving during the
cycling, and the largest distance between the neighboring traps
increases. Indeed, the occurrence of ferroelectric polarization in
Hfp 5Zrp 50> is due to the oxygen atom moving in the orthorhombic
Pbc2; structure [39]. Thus, the ferroelectric switching can be
accompanied by the oxygen atom-oxygen vacancy exchange be-
tween crystal cells, as well as by the annihilation of an interstitial-
vacancy pair. No new oxygen vacancies are generated during the
operation mode, as shown by the blue symbols in Fig. 7. A similar
model of the oxygen vacancy moving before the fatigue was already
proposed by Pesic et al. [15].

After 10% cycles, in the fatigue mode, the maximum distance
between the traps decreased to 1.6 nm. This indicates that new
oxygen vacancies are being generated, and SILC is getting domi-
nant. Further, two possible events can occur. The first one is sche-
matically depicted in Fig. 8. Yellow balls indicate the nearly-perfect-
fluorite oxygen atom positions that would correspond to a zero
ferroelectric polarization, blue balls indicate the oxygen positions

Distance between traps (nm)
223 203 188 177 168 1.61

Fatigue

Memory window ( uC/cm?)
o

9 12

I15I .18I I21I I24
Trap density (x10'® cm™)

Fig. 7. Memory window dependencies on the extracted mean distance between the
traps and trap density in Hfps5Zro 50, . The operation mode is highlighted in blue; the
fatigue mode is colored in red. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)



54 D.R. Islamov et al. / Acta Materialia 166 (2019) 47—55

- “0”
e @ - O-positions corresponding to *+* FE polarization
i °- =

- O-vacancy

Fatigue

Fig. 8. A model of HfysZro50, degradation (fatigue) due to the oxygen vacancy gen-
eration. The positions of oxygen atoms and vacancies, and their role in the ferroelectric
response are described in the inset.

that would correspond to non-zero (e.g., positive) ferroelectric
polarization, and red balls indicate the positions that would
correspond to non-zero negative ferroelectric polarization. White
spectre dashed-contoured balls symbolize oxygen vacancies. New
oxygen vacancies generation decreases the number of oxygen
atoms that can create a support for the ferroelectric polarization of
the active medium by their movement (blue and red ball positions
in Fig. 8). A new oxygen vacancy ‘kills’ the ferroelectricity in f-
Hfp5Zrg 502 , as shown in Fig. 8 by the spectre balls because the
number of movable oxygen atoms is decreased. According to the
main hypothesis of the ferroelectric switch mechanism in HfO,-
based films, the oxygen atom relocate in the Pbc2; lattice due to
external electric field [39]. The periodical atom displacement in
strong electric fields can lead to the heating and oxygen migration
from the “correct” place in the lattice to an interstitial with a new
Frenkel defect formation. Further electric fields cycling can lead to
the Frenkel defect transformation into the Schottky-type defect, i.e.
an oxygen vacancy generation. Recently, it has been found that the
most probable positions of new defects (oxygen vacancies) are
concentrated near an existing one [40]. This means that the more
defects there are, the more new ones are generated. It is interesting
to note that the total reduction of MW (=24/9) is the same as the
total increase of the trap density, as shown in Fig. 7. However, a
more detailed quantitative analysis of the relationship between the
amount of oxygen vacancies and ferroelectric polarization is still
the subject of an ongoing research.

The second possible consequence of the increased oxygen va-
cancy density was suggested in Ref. [15] and it consists in pinning
ferroelectric dipoles (or whole domains) by a trapped charge. This
leads to a local shift of the coercive fields. Indeed, the oxygen va-
cancy in 0-Hfy 5Zrg 50, exhibits the amphoteric trapping nature and
can localize both electrons and holes. Thus, the new traps genera-
tion leads to an increase of the localized charge in the dielectric
bulk which can pin dipoles. Since both possible consequences of the
increased vacancy concentration are probable, a combination of
both effects is also very likely. The memory window reduction with
the trap density increase (or distance between neighboring traps
decrease) is indicated in Fig. 7 with the red symbols.

5. Conclusion

In conclusion, the nature of the traps responsible for the
degradation mechanism of ferroelectric Hfps5Zrg50, during the

electric field cycling was studied. It has been proven that the oxy-
gen vacancy in HfysZrgs0, act as a charge localization center.
Further, it was demonstrated that the leakage currents in thin
ferroelectric HfpsZrgs0, films are described by the phonon-
assisted tunneling between traps; the trap energy parameters are
determined.

Using the phonon-assisted tunneling model developed by
Nasyrov and Gritsenko, it is possible to determine the distance
between traps and the trap density in Hfp 5Zrg 50, from the slope of
the current-voltage characteristics. Despite the fact that the trap
density was extracted under the assumption of a uniform trap
distribution over the whole film, the extracted values of the dis-
tance between traps mean the largest distance between the nearest
traps in case of an arbitrary trap distribution. This leads to some
distribution of a part of filled traps and does not contradict the
dynamic charge trapping/detrapping due to a predominant traps
generation, e.g. in the interface region.

Finally, it was demonstrated, that the oxygen vacancies are the
traps responsible for the charge transport in Hfp5Zrg50; . Conse-
quently, it should be possible to reduce the conductivity and, hence,
leakage currents by decreasing the trap density. Possible changes in
the technological process of Hfg 5Zr( 50 film synthesis, could be, for
example, the post-treatment annealing step in the oxygen atmo-
sphere or using other precursors, e.g., oxygen O, [41] or ozone O3
[42] as an oxidizing agent.
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