PHYSICAL REVIEW APPLIED 18, 064084 (2022)

Retention Model and Express Retention Test of Ferroelectric HfO,-Based
Memory

Vitalii Mikheev, Ekaterina Kondratyuk®, and Anastasia Chouprik

Moscow Institute of Physics and Technology, 9 Institutskiy Lane, Dolgoprudny, Moscow Region 141700, Russia

® (Received 13 July 2022; revised 20 October 2022; accepted 2 December 2022; published 27 December 2022)

Ferroelectric hafnium oxide films are one of the most promising functional materials for a new gen-
eration of nonvolatile memory for data storage because of a number of excellent performance features,
including nanosecond speed, high endurance, low power consumption, full scalability, and perfect com-
patibility with Si technology. However, the commercialization of this memory is hindered by its limited
retention time, which still does not meet the 10-year electronics-industry standard. To date, much effort
has been focused on the improvement of retention via material and interface engineering. Meanwhile,
the evaluation and comparison of engineering results have been hampered, since there is still no uni-
fied retention test. Indeed, a specific feature of the retention performance is that it cannot be measured
directly, because 10 years is required to measure the actual polarization loss. In this paper, we present
a physical model that predicts the retention loss in HfO,-based memory during long-term information
storage. The time-dependent polarization loss originates from the phenomenon of polarization imprint,
which consists in the temporal development of a preferential polarization state in a poled ferroelectric. For
high reliability of the retention calculation, the model takes into account the specific features of imprint
evolution in the ferroelectric material HfO,. Among these is the origin of the imprint in this material,
which consists in the interplay of two physical mechanisms, specifically, charge injection into interface
traps and migration of mobile charged defects across the functional layer. The second property of HfO,
taken into account is the different rates of imprint evolution in two types of HfO, film that exist within
each memory cell. These two types of film originate from two populations of domains that appear during
crystallization of the HfO, and persist during the whole lifetime of the memory cell. The high accuracy
of the retention model makes it possible to implement an express retention test, i.e., to predict the reten-
tion time in record short time (1 h) for any particular sample, whereas usually a retention test takes at
least several days. For Hfj sZry 50,-based capacitors, the retention model shows excellent agreement with
experimental results. The proposed model can serve not only for the implementation of this express reten-
tion test, but also as a tool for intelligent material engineering in the field of nonvolatile ferroelectric

memory.
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I. INTRODUCTION

The discovery of ferroelectric properties in HfO, thin
films [1] has opened up an opportunity to implement
complementary-metal-oxide-semiconductor-compatible
ferroelectric random access memory (FRAM) that offers
attractive performance features such as excellent scalabil-
ity, nanosecond speed, low power consumption, and record
endurance. However, the commercialization of this type of
memory has been hampered, mainly due to limited reten-
tion time. A developed memory can be implemented by
the electronics industry only if it exhibits a standard reten-
tion time of 10 years at temperatures in the industrial range
from —40 to 85 °C.
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The retention time is determined by the phenomenon of
ferroelectric aging [2], which manifests itself in hafnium
oxide in a change of the coercive voltage with time due to
a gradual increase in the internal bias field across the fer-
roelectric layer. The accompanying effect of a gradual shift
of the P-V hysteresis along the V axis is called the imprint.
Because of an increase in the imprint over time, the ampli-
tude of a predefined readout voltage pulse may turn out
to be close to the mean coercive voltage. This causes a
decrease in the fraction of switched ferroelectric domains
and thus a possible readout failure.

The retention issues are the most challenging and
most urgent tasks from the point of view of microelec-
tronic applications of ferroelectric hafnium oxide. Specif-
ically, two main challenges need to be addressed for the
successful implementation and commercialization of
HfO,-based FRAM. First, a material stack that meets all
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industry requirements (including good retention time) must
be designed by means of material and interface engineer-
ing. Second, a reliable method of long-term prediction of
the polarization readout over the storage time needs to be
developed. Until then, it will be difficult to evaluate the
results of the design of the materials. A specific feature
of the retention performance is that it cannot be measured
directly, because it would take 10 years to measure the
actual retention loss. The usual way to predict polariza-
tion loss in HfO,-based memory devices consists in linear
interpolation of the experimental dependence of the read
polarization on the logarithm of the storage time to a time
of 10 years [3—6]. However, this approach has no physical
basis.

A prediction method can be reliable only when it
is physically grounded, i.e., the method must take into
account the physical mechanisms of ferroelectric aging.
Several physical mechanisms have been proposed for per-
ovskite ferroelectrics: (i) alignment of dipolar defects in
the bulk of the ferroelectric [7,8], (ii) thickening of an
interface nonferroelectric dead layer due to oxidation of
the electrodes and a local phase transformation to a nonfer-
roelectric phase [9], (iii) migration of charged defects due
to drift or diffusion [10,11], and (iv) charge injection and
subsequent charge trapping by interface traps [12—14]. The
mechanism associated with the injection of charge into the
ferroelectric layer underlies a retention model that shows
good agreement with experiment for Pb(Zr, Ti)O; (PZT)
ferroelectric capacitors [13]. Hafnium oxide has a number
of specific properties, which must be taken into account
for accurate calculation of the retention loss. For example,
due to the relatively high mobility of oxygen vacancies in
hafnium oxide [15], the ferroelectric aging of this material
is associated with the interplay of two phenomena—charge
injection into defect traps (followed by charge trapping)
and spatial redistribution of mobile charged defects inside
the ferroelectric layer [16]. Another important feature is
the existence of two types of HfO, film within a mem-
ory device structure, which originate from two populations
of domains that appear during crystallization of the HfO,
and persist in the memory cell during its lifetime [8]. The
rate of ferroelectric aging differs for these two types of
film, which needs to be taken into account for accurate
prediction of the retention loss.

In this paper, we present a retention model that predicts
the loss of polarization readout during long-term infor-
mation storage. Because it takes into account the specific
properties of the material, this prediction method is highly
accurate and thus allows one to implement a fast retention
test. Specifically, the method allows one to obtain infor-
mation about the retention time for any particular sample
in approximately 1 h, whereas usually a retention test takes
several days. For Hf} 5Zr( 50,-based capacitors with small
leakage, the retention model shows excellent agreement
with experimental results.

II. RETENTION MODEL

The proposed method is developed and tested using
Si/W /TiN/Hf sZry s0,(10 nm)/TiN/Al capacitors. W(40
nm)/TiN(10 nm) bottom and TiN(20 nm)/Al(150 nm)
top electrode films are grown by magnetron sputtering
and electron-beam evaporation. A HfjsZr;s0, (HZO)
film is grown via thermal atomic layer deposition at a
280 °C substrate temperature, using HffN(CHj3) (C,Hs) 14,
Zr[N(CH3)(C,Hs)]4, and H,O as precursors and N, as a
carrier and purging gas. Crystallization of the HZO film
into the ferroelectric structural phase occurs during post-
metallization rapid thermal annealing for 30 s at 600°C
in Ar. To wake up the as-prepared Hfys5Zry 50, film, the
ferroelectric capacitors are cycled 10° times by apply-
ing trapezoidal pulses with an amplitude of 3.5 V and a
duration of 30 us.

Since ferroelectric aging is a thermally induced effect,
and thus the retention state deteriorates with an increase in
temperature, the verification of the retention test is done at
the upper limit of the industrial range (85 °C). In this way,
we obtain information about the worst retention time under
the worst conditions among those of practical interest.

A. Components of the polarization loss

Generally, the polarization loss during readout after
some time of storage may originate from either thermal
depolarization or the imprint effect, or both. Thermal depo-
larization is a reverse polarization switching driven by the
depolarization field occurring in a poled ferroelectric film
capacitor. This contribution may be significant or even
dominant in PZT [17]. An effect of thermal depolarization
was reported for Al-doped HfO, as well [18]. In contrast,
in a HZO film, thermal depolarization is minuscule, and the
polarization loss is determined only by the imprint effect
[16].

The imprint effect produces several components of
polarization loss. Precisely, during aging, four charge
components modify the initial switchable polarization P
acquired during readout before the beginning of aging.
Specifically, the minimum readout polarization Ppe,q i
equal to Py — Q1 — Q> + O3 — Qy. In this expression, the
charge components are taken with their absolute values,
and thus a minus sign before a charge component means
that it decreases the switchable polarization during read-
out, while the plus sign before the component Q5 indicates
that it increases the readout polarization. Let us consider
the origin of the charge components.

Thermal conditioning of the HZO capacitor in the down-
ward polarization state causes a shift of the switching /-V
curve towards positive voltages [Fig. 1(a)]. As a result,
the polarization current peak may occur partially beyond
the amplitude of the readout voltage pulse [e.g., 3 V in
Fig. 1(a)]. This means that the coercive voltage of some
part of the domains exceeds the readout voltage, and these
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FIG. 1.

(a) Switching /-V curves of a capacitor in downward polarization state before and after conditioning the sample at elevated

temperature. Transient currents during application of either (b) trapezoidal or (c) triangular switching pulses to the aged capacitor.

domains will not switch during readout. The area under
the 7-V curve denoted by Q; corresponds to the polar-
ization reversal charge of these domains. This component
decreases the switchable polarization and, therefore, is
taken with a minus sign in the expression for Pye,q. Obvi-
ously, the charge loss Q; strongly depends on the ampli-
tude of the readout pulse and decreases with an increase in
the pulse amplitude. However, a small read voltage ampli-
tude is preferable, to minimize power consumption and
maximize endurance.

The second component of the polarization loss (Q») is
associated with the backswitching of a part of the polariza-
tion. During the readout pulse, in some part of the domains
the polarization switches twice. In these domains, during
the front tail of the pulse, the polarization switches to a
direction determined by the polarity of the readout volt-
age and then, during the back tail, it switches to the initial
direction. The charge O, flowing during backswitching has
the opposite sign to Py and thus is subtracted from Py and
suppresses the switchable polarization. For this reason, the
absolute value of O, is taken with a minus sign in the
expression for Pre,q.

In the case of triangular read pulses, the retention loss is
determined mainly by the contributions Q; and O,. How-
ever, the retention of FRAM has historically been tested
with trapezoidal pulses. It is worth noting that the pulses
used in memory chips are neither triangular nor trape-
zoidal, but have an irregular shape [6]. However, during
the design of functional stacks with the required retention
performance, any pulse shape will do. In order to be able
to compare the results with those of other groups, we fol-
low the generally accepted approach and use trapezoidal
pulses.

Trapezoidal readout pulses induce an additional
contribution (Qs) to the polarization readout. In transient

currents corresponding to a trapezoidal pulse, one can
observe a nonzero current flowing during the flat part of
the voltage pulse [Fig. 1(c)], although the displacement
current due to the linear capacitance is zero here. The
charge Q5 corresponds to an additional switching of polar-
ization compared with a triangular pulse. This additional
switching originates from the limited speed of polarization
reversal at low field in the ferroelectric layer. A decrease
in the switching speed with a decrease in the amplitude of
the switching pulse and/or its duration is a fundamental
property of the polarization-switching kinetics of poly-
crystalline ferroelectric films [19]. Meanwhile, the inter-
nal built-in field across the ferroelectric film, Ey;, which
develops with aging, is aligned opposite to the applied
switching field, E,pp1. Thus, the total electric field in the
ferroelectric layer, Eqy, is smaller than the applied switch-
ing field (E¢; = Eqpp + Ep;) and decreases with time. As
a result, for a predefined readout pulse, the switching
speed decreases with time [20], and the contribution of
the additional “kinetics” switching, O3, becomes larger and
larger. Since this component is an additional switching of
polarization during the readout procedure, it increases the
readout polarization and, therefore, is taken with a plus
sign in the expression for Preyq.

The fourth component of the polarization loss (Q4) is
also associated with the internal built-in field and the lim-
ited switching speed at small voltages. After the passage
of the switching voltage pulse, the internal built-in field
Ey; persists in the ferroelectric, and E, = Ep;. The built-
in field causes further backswitching of the polarization,
which, with a zero applied field, lasts for some time. The
reason for including this component (Q4) with a minus
sign in the expression for Pp.,q is explained in Sec. II D.
It is noteworthy that due to the relatively small magni-
tude of Ep; and the polarization-switching-kinetics law,
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FIG. 2. Voltage pulse sequences used for same-state (SS), new-same-state (NSS), and opposite-state (OS) retention tests. The read
polarization corresponds to integrated current responses, as notated. Integration of the current response is done during the complete

transient range of the trapezoidal pulse.

this process could take quite a long time (approximately
10 ps) compared with the time delays in real memory
chips.

Obviously, the components Q3 and Q4 do not manifest
themselves in the /-V curves, and can be detected only in
transient currents.

B. Experimental dataset for the retention test

In 2010, voltage pulse sequences for characterization of
the retention time of PZT-based FRAM were developed
[21]. These sequences were later utilized for retention tests
of Si-doped HfO, [22]. The sequences are universal, i.e.,
they were designed to measure retention loss due to both
thermal depolarization and the imprint effect. Since the
retention loss in HZO is caused solely by the imprint effect,
we simplify the voltage pulse sequence.

We use two sequences with opposite polarity to get
retention data for readout pulses of different polarity
(Fig. 2). For each experimental point for the polarization
readout after storage, we take a fresh structure. After the
wake-up procedure, we apply the sequence SEQ1 or SEQ2
and simultaneously measure the current response (MEAS
I). The last pulse of this sequence serves as a set pulse,

e., it switches the capacitor to either an upward or a
downward polarization state. After some delay Zgeray cor-
responding to the storage time, we repeat the sequence
and once again measure the current response (MEAS II).
Since the history of the applied voltage and of the delays
between pulses strongly modifies the rate of the aging pro-
cess [16], we accurately maintain definite pulse durations
and time delays. The delay between the cycling procedure
and MEAS 1 is equal to the duration of the pulse tails, the
flat part of the pulses, and the delay between pulses in the
sequence (10 us in the work presented here).

Full information about the current responses MEAS 1
and MEAS II during the retention test allows one to con-
trol the reliability of the retention test, which, due to the
impact of history, depends on the repeatability of particular
measurements. /-V curves reconstructed from the current
transients are used for calculation of the retention loss.

It should be noted that baking can be carried out under
either closed- or open-circuit conditions, i.e., while keep-
ing the capacitor electrodes either connected or discon-
nected from the power supply. Previously, we studied the
impact of this issue in detail and found that it does not
affect the rate of aging [16]. The experimental data in the
present work are obtained after baking under closed-circuit
if the delay time is 1 min or less. For longer delay times,
we carry out baking under open-circuit conditions.

C. Dynamics of the imprint

Since ferroelectric aging causes temporal evolution of
the imprint, the rate of change of the coercive voltage is the
basis for calculation of the polarization loss. Typically, the
position of the current peak in the 7-V curve is taken as the
coercive voltage [13,16]. However, the coercive voltage
obtained in this way is too approximate for reliable pre-
diction of the retention loss. We propose a more accurate
approach to measuring the coercive voltage.

1. Dynamics of the imprint within two types of HZO film
originating from two populations of domains in
as-prepared film

Comparing the /-V curves before and after baking, one
can notice that the /-V curve not only shifts along the V" axis
but also changes its shape [Figs. 1(a) and 3(a)]. The current
peak seems to be composed of two smaller current peaks
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that shift independently of each other. When the positions
of the small peaks are close to each other, the total peak
looks like a single one. When the positions of the peaks
are farther apart from each other, splitting of the /-V curve
is clearly observed. Splitting of the /-7 curve is a specific
feature of as-prepared HZO capacitors, and it apparently
disappears during the wake-up procedure.

The shape of the /-V curves is associated with the statis-
tical distribution of the coercive voltage, and the splitting
of the /-V curves is usually attributed to the existence of
two opposite internal built-in fields. Each of these fields
is specific to one of two types of HZO film, which are
associated with two populations of domains that appear
during the crystallization of the HZO. Grains, formed dur-
ing crystallization, span the whole thickness of the HZO
film [23-25], and so the domain structure is single-layered
[Fig. 3(c)]. It has been experimentally shown that in an as-
prepared HZO film, half of the film area has an upward
polarization across the whole film thickness, while the
other half has a negative downward polarization [23].
Immediately after preparation of the film, it begins to
undergo unintentional ferroelectric aging, with the aging
aggravating over time. Technological routines performed
at elevated temperatures (e.g., lithographic patterning of
the top electrodes) additionally accelerate the aging. As a
result, internal bias fields build up in the HZO, and the
direction of the local field is defined by the orientation
of the polarization vector in that particular place in the
film. Therefore, two populations of domains, with upward
and downward polarizations, produce two opposite inter-
nal bias fields in the as-prepared film, which manifest
themselves in splitting of the /-V curves.

During the first several thousand operating cycles of a
HfO,-based capacitor (the so-called wake-up process), the
internal bias fields gradually reduce, possibly due to field-
induced spatial redistribution of charged defects and/or
release of injected charge by traps [10,14,23]. Note that
this wake-up is the reverse effect to aging [26]. Although
the initial internal fields disappear during wake-up, the two
types of HZO film related to the initial domain structure
persist [Fig. 3(c)]. In other words, the HZO film “remem-
bers” its initial domain structure during the whole lifetime
of the memory cell. One more indication of this “memory”
phenomenon comes from the splitting of the /- curve of
cycled HZO that is observed during heating of the sample,
as reported, e.g., in Ref. [27]. A number of hypotheses can
explain the “memory” phenomenon; for example, the ori-
gin may be dead layers of slightly different thicknesses in
the two types of domains formed in the as-prepared film.
Meanwhile, one could imagine that after the formation of
the initial domain structure during crystallization, different
dead layers could be formed due to different rates of elec-
trochemical redox reactions of the HZO with the electrode
material in areas with a positive or negative interface polar-
ization charge. In this case, the aging rates would differ

between these areas, as follows from the models described
in this paper and in Refs. [12,13]. These models indicate
that a thickness difference equal to or even less than one
lattice constant is sufficient for significantly different aging
rates [20]. Because of the different aging rates, the peaks
shift along the V axis at different rates, and the total peak
broadens and then splits. The effect of the deformation
of the /-V curve needs to be taken into account in the
prediction of the retention loss.

To reconstruct the /-V curve after the required storage
time (e.g., 10 years), we determine the imprint rate for
both types of HZO film. We acquire a series of /-7 curves
after different delays f4c1ay and fit separately their positive
and negative branches by sums of two Gaussian distribu-
tions [Fig. 3(b)]. The positions of the Gaussian peaks, their
amplitudes, and their widths are the arguments of the fit-
discrepancy function. During the evolution of the imprint,
the positions of the Gaussian current peaks change, while
their amplitude and width should remain constant, because
the proportion of each type of film is defined by the crystal-
lization of the HZO and does not change over time. From
the experimental points and their fitting in Fig. 3(b), it is
evident that the imprint rate is indeed different for the two
distributions of coercive voltage. Let us discuss the fitting
function for the experimental coercive voltage.

2. Impact of both charge injection and migration of
charged defects on the temporal evolution of the imprint

The time dependence of the voltage offset has been
described theoretically by a nonlinear imprint model,
which is based on charge injection through an interfa-
cial layer [13]. The concept employed in this scenario
suggests that in the ferroelectric film, the readout polar-
ization gradually decreases due to the existence of an
interfacial dielectric region located between the ferroelec-
tric film and the metal electrode [Fig. 4(a)] [12,13]. In
the poled state, this layer is exposed to a very high elec-
tric field that provokes charge injection into defect traps
at the dielectric/ferroelectric interface [12,13], and this
trapped charge causes the voltage offset observed during
reversal of the polarization in the ferroelectric material.
In the band diagram [Fig. 4(c)], it is evident how the
polarization charge produces a potential well at the dielec-
tric/ferroelectric interface. As mentioned above, the grains
span the whole thickness of the film, and the domain
structure is single-layered. Therefore, no additional fac-
tors affecting the potential energy profile in the HZO layer
are expected. Figure 4(b) illustrates how the spatial dis-
tribution of the injected charge and the potential well
evolve with time within the frame of the nonlinear imprint
model. The effect of charge injection produces a logarith-
mic dependence of the voltage offset on time, V. ofet =
Volog(1 4+ t/ty), where Vy and ¢, are fitting parameters that
characterize the rate and the moment that the voltage starts
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Dynamics of the imprint in two types of HZO film. (a) Decomposition of the current response into two Gaussian functions.

(b) Experimental points for the offset of the coercive voltage for the two types of HZO film, and fitting of the experimental dependence
by the function ¥, omec = Vo log?(1 + #/5). On careful inspection, one can note that several (almost overlapping) experimental points
are plotted for each storage time. In fact, the offset of the coercive voltage is acquired and plotted for four capacitors. (c) Cross section
of ferroelectric HZO-based capacitor and the domain structure at different stages of capacitor operation.

to offset [13]. It is noteworthy that this formula works
in the case of current transport described by an expo-
nential dependence on voltage, e.g., thermionic emission
with a Schottky contribution, the Poole-Frenkel mecha-
nism, or cold field emission. However, the approximation
of the experimental points in Fig. 3(b) by a simple logarith-
mic function V. oget = Vo log(1 4 ¢/#y) does not give very
good agreement (not shown in this paper). Specifically, the
experimental voltage offset increases faster than what is
given by a simple logarithmic function that is produced
solely by the effect of charge injection. A much better
fit is given by the steeper quadratic logarithmic function
Ve ofiset = Vo log?(1 + t/ty) [Fig. 3(b)]. This indicates that
on the time scale considered, some second physical mech-
anism [7,9—11,14] contributes additionally to the imprint
effect and accelerates it.

Earlier, it was reported that the ferroelectric aging of
HZO is caused by the interplay of two effects—trapping
of injected charge by interface traps and migration of
mobile charged defects towards the metal electrode [16].
The charged defects are usually attributed to positively
charged oxygen vacancies Vg because they form at inter-
faces of HfO,-based devices with metals due to a redox
reaction with the electrode material [15,23,26,28]. Oxygen
vacancies in hafnium oxide have a relatively high mobility
[15,29] and drift across the film following electric fields

[10,30], in particular, the electric field of the polarization
charge that non-ideally screened by charges in electrodes.
On the other hand, oxygen vacancies are charged traps
that can trap the injected charge, becoming electrically
neutral and thus stopping their movement. Therefore, the
injected charge, which falls into the potential well formed
by the polarization charge, is captured by charged oxy-
gen vacancies that are mostly located near the interface
and move slowly under the action of the electric field.
Because of the smaller thickness and lower dielectric per-
mittivity of the interfacial dielectric layer, the field across
the dielectric is larger than the field in the ferroelec-
tric [Fig. 4(c)]. Therefore, one should expect that oxygen
vacancies move towards the metal electrode, and thus
the effective thickness of the interfacial dielectric layer
decreases. As a result, the injected charge could be local-
ized not only strictly at the dielectric/ferroelectric interface
but also nearby.

To simulate the evolution of the voltage offset caused by
both injection of charge and migration of charged-defect
traps, we numerically solve the following electrostatic
and charge-transport equations for a ferroelectric capac-
itor with a thin passive dielectric layer located near the
electrode [12,13]:

Eqdg + Erdy =0, (1)
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(a) Sketch of structure consisting of interfacial dielectric and ferroelectric layers. (b) Spatial distribution of charge and

corresponding profile of energy (bottom of the conduction band and top of the valence band in the dielectric and ferroelectric layers) in
the frame of the model of pure charge injection. (c) Band diagram of the structure under closed-circuit conditions, and Fermi function
aligned with the band diagram; f* is the average number of electrons in a single-particle state. (d) Expected and simulated spatial
distributions of charge, and corresponding profile of the energy (bottom of the conduction band and top of the valence band in the
dielectric and ferroelectric layers) in the frame of the model of charge injection and charged-trap migration. (e) Dependence of the
built-in electric field V. ot On time: simulated in the frame of the model of charge injection and charged-defect migration, fitting of
the simulated dependence with the formulas V. et = Vo log(1 + t/1y) and V. omset = Vo log2(1 + t/ty), and experimental points for
one type of HZO film. In (b),(d), the black arrows indicate the evolution of the charge and potential-energy well over the storage time.

P+ o
Eqeq + Erer = - lf, (2)
0

where Ey, Ef, dg, dr, €4, and & are the electric fields
across the dielectric and ferroelectric layers, the thick-
nesses of the dielectric and ferroelectric layers, and the
dielectric permittivities of the dielectric and ferroelectric
layers, respectively; & is the vacuum permittivity, P is the
polarization charge, and oj¢ is the charge density injected
into the interface traps. The injected charge is defined as

o = / J(Ey) dt. 3)
0

We consider the situation where the charge transport
through the dielectric layer is described by the Richardson-
Dushman equation with a Schottky contribution (though,
due to physical reasons, the Poole-Frenkel formula gives a
very similar result):

J(Eg) = AT exp (—Z—) , 4)

¢ =dy (Ed_\/%): (5)

where Af = (4mekpmer)/ h? is the Richardson constant, kg
is the Boltzmann constant, % is the Planck constant, e is
the elementary charge, m.g is the effective mass, T is the
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temperature, epgp is the potential barrier, and 7 is the optical
dielectric permittivity of the dielectric layer.

The model of nonlinear imprint implies that the spatial
position of the injected charge is constant, i.e., the spa-
tial distribution of charge is described by a delta function
[Fig. 4(b)]. If charged-defect traps migrate following the
electric field across the dielectric layer towards the metal
electrode and stop their movement after capture of the
injected charge, the instantaneous spatial distribution of
the injected charge can be qualitatively described as shown
in Fig. 4(d). To simplify this situation and introduce it into
the model equations, we assume that the displacement of
the center of mass of the charge distribution is described by
a velocity v equal to wE,., where u is the mobility of pos-
itively charged oxygen vacancies. Thus, d; = dii“it —t,
where d" is the initial thickness of the interfacial dielec-
tric layer and dj; is its instantaneous effective thickness.
We assume that dy = d — d;, where d = 10 nm is the total
thickness of the HZO.

The instantaneous built-in field Ey;(¢) produced by the
injected charge ojs is equal to

Evi() = Er (1) — Ef (0). (6)

where Ef () is the instantaneous real field in the ferroelec-
tric. It can be calculated by means of numerical solution
of the system of Egs. (1)+4), and it can also be expressed
using them:

(P+oi)dr dg

E = T4 4
1T eosady — sogrdady

0

where oif, dg, and dy are time-dependent variables. At t =
0,04=0and d; = dg‘“. The injected charge ojr is deter-
mined by Eq. (3), which includes the time-dependent field
across the dielectric layer,

P+oipd
E; = %_ 8)
808ddf — &o&f dd

From the model of the interplay of charge injection and
migration of charged defects, we obtain the simulated
numerical dependence of the internal built-in field [blue
line in Fig. 4(e)] with the following fixed parameters:
T=85°C, g =30 [23], mey = 0.11m, [31], and p =
1072 cm? V= ' s7! [29]. Some parameters are free and are
found by searching for the best agreement between the
simulated dependence and the experimental data for the
coercive-voltage offset: ¢; = 16, epg = 1.1 eV, n =17.1,
and dgﬁt = 0.6 nm. The values obtained are physically fea-
sible for HZO [20,24,32], although they do not help to
clarify the origin of the dead layer. Indeed, the value of ¢,
obtained is equal to the dielectric permittivity of one of the
polymorphs of hafnium oxide, specifically, the paraelectric
monoclinic structural phase, which varies in the range from

16 to 20 [24]. In addition, this value is lower than &7, which
is in agreement with the model of charge injection [12,13].
Meanwhile, it was shown previously that a HfO, film
could include an interlayer formed by the nonferroelectric
tetragonal phase, which has a larger dielectric permittiv-
ity. One of the possible explanations is that our HZO film
does not contain a tetragonal interlayer, but the dead layer
is simply an oxidized electrode interlayer or even a screen-
ing layer inside the electrode. This is indicated by the very
small thickness of the dead layer, which is given by the cal-
culations (2 lattice constants). In Fig. 4(e), we also show an
attempt to fit the simulated dependence by two functions,
Ve ofiset = Vo log(l + t/t()) and Ve oftset = Vo 10g2(1 + t/t())-
It is evident that the simulated numerical dependence is
poorly approximated by the simple logarithmic law, and it
is well (though not ideally) approximated by the quadratic
logarithmic law.

Returning to the full experimental dataset in Fig. 3(b),
we can see that the experimental points are in very good
agreement with the function V. omet = Vo 10g2(1 + t/ty).
This function is used for separate fitting of the coercive-
voltage dynamics in the two types of film, which are
defined by the two populations of domains in the as-
prepared HZO. The parameters of both fittings are used
further to predict future coercive voltages in the two types
of film. Because of the good fitting, we assume that for
HZO this semiempirical function is more accurate than a
simple logarithm for the calculation of the retention loss.
It should be noted that experimental data on coercive volt-
ages are usually obtained after some hundreds or thousands
of minutes of baking, if one counts from the starting point
of the development of the imprint. Points measured after
such long baking times can indeed be fitted by a sim-
ple logarithm (of course, with other V; and f, values), as
proposed by Tagantsev et al. [13]. Indeed, far from zero
time, a simple and a quadratic logarithmic function are
similar, or, specifically, a quadratic logarithmic function
looks like a straight line on V-log ¢ axes, whereas a simple
logarithmic function is just a straight line.

The high accuracy of fitting the experimental depen-
dence of V. offset(fdelay) NOW available allows us to sig-
nificantly shorten the baking times and propose a fast
(“express”) retention test. Using /-7 curves acquired by
means of the voltage sequence MEAS II after very short
delays, we can accurately predict the offset of the coercive
voltage, V, offset-

D. Pulsed P-V curve for calculation of polarization
switching

Let us consider two ways to calculate the retention
loss on the basis of the dynamics of the imprint. The
first way is based on the reconstruction of the future 7-V
curve that would actually occur after the required storage
time. The reconstruction of the positive current peak is
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done by summing Gaussian peaks for both types of film,
with new positions V. = Vi init + Vel oset and Ve =
Vez init + Ve offset, Where Vep init and Ve jnie are the initial
coercive voltages, while the offset voltages are predicted
by the dependences V.1 ofet = Vo1 logz(l + t/to1y) and
Ve ofset = Vo) log> (1 + t/to)). Here, Vo, Vo), to),
and #y(y) are the parameters of fitting functions. The voltage
parameters V(1) and Vo) are associated with the slope of
the fitting curve and thus characterize the rate of increase
of the imprint, while the time parameters #(;) and #(2) are
related to the starting moment of the development of the
imprint.

The charge (Py — Q1) is calculated by integration of
the reconstructed positive current response in the voltage
range from 0 to Vieadout, While the charge Q, is calculated
by integration of the negative current response in the volt-
age range from Vieadout to 0 [Fig. 1(a)]. The total readout
polarization is equal to Praq = Pg — Q1 — Q. Note that
all charges are taken with absolute values.

For triangular pulses, the results of this calculation are
in good agreement with the experimental points (as shown
in Sec. III). However, for trapezoidal pulses it is neces-
sary to additionally calculate the charge Qs using some
polarization-switching-kinetics model, which is outside
the scope of this paper.

The second method is designed to avoid a computation
of the “kinetics” charge O5. To calculate the polarization
loss, we use the pulsed P-V curve measured at 85°C in
the following way. We take a fresh structure and start with
electrical cycling with 10® bipolar pulses. The last pulse
in the cycling sequence serves as a preset of the capaci-
tor [Fig. 5(a)]. Then we apply a pulse with an amplitude
equal to Vieadout (3.5 V in the present work) and integrate
the current flowing during this pulse. The measured charge
is the maximum charge that corresponds to a complete
polarization reversal. The maximum charge is equated to 1
relative unit (r.u.). In Fig. 5(b), it is used for normalization
of other points of the P-V curve. To measure the next point,
we refresh the structure with 100 bipolar pulses, apply a
pulse with an amplitude smaller than Vieadout by some AV,
and measure the switched polarization. This procedure is
repeated for a number of amplitudes in the range from
Vieadout t0 0. For better statistics, we repeat the measure-
ment of the whole dataset on another fresh structure and
average the two datasets. The other branch of the pulsed
P-V curve [Fig. 5(b)] is acquired in a similar way from
two other fresh structures.

In general, the shape of the pulses can be arbitrary;
e.g., it may imitate the shape of the readout pulse in real
memory chips [6]. In the present work, we use trapezoidal
switching pulses with a duration of the flat part of 10 us,
whereas the duration of the tails is varied to maintain a con-
stant voltage rate dV/dt = 3.5 V/10 us. The pulse with
an amplitude of 3.5 V is exactly the same as the pulses
used in the retention test. The delay between the preset

AT
3.5V 0-3.5V

N cycles t

(b)
1.0
Polarization
S 08
= i At
5 o6
N 0.4
3
o -
o 0.2 Vreal_ Vappl_ Vimp
0.0 W |
-3 -2 -1 O 1 2 3
Amplitude of voltage pulse (V)
FIG. 5. (a) Voltage pulses used for pulsed-P-V-curve mea-

surements. The two time intervals for current integration during
the pulse shown by the bold line are highlighted in yellow and
gray. (b) Pulsed P-V curve measured at 85°C with the pulse
train shown in (a), representing the switching polarization as a
function of the voltage amplitude of the switching pulse.

pulse and the switching pulse is chosen as 10 s in order
to avoid any contribution from the imprint. In fact, the
imprint begins to develop 107> s after the preset [as is
evident from Fig. 3(b)], and therefore this time value deter-
mines the maximum acceptable delay. In the absence of
the imprint, the real field in the ferroelectric Vi, is equal
to the applied field V1, whereas after a delay of 107> s
the imprint develops and thus an offset voltage appears.
As a result, the real field in the ferroelectric decreases:
Vieal = Vappl — Vofrset-

Since the two types of HZO film have different imprint
rates, the effective offset of the coercive voltage is taken as

A A

Ve offset = Ve offset 114 + Ve, offset 114

®
where Ve, ofier and Ve, ofier are the offsets of the coercive
voltages of the two types of film, and 4, and A, are the
amplitudes of the Gaussian distributions of coercive volt-
ages. Thus, we take into account the fact that a Gaussian
distribution with a larger amplitude affects the effective
coercive voltage more strongly. It should be noted that the
effective offset of the measured coercive voltage is equal
to the offset of any voltage applied to the ferroelectric
capacitor, i.e., Vofrset = Ve offset-

The pulsed P-V curve is used to convert Vi, into
the readout polarization. In the first step, we find the
charge loss (O; — O3). For this purpose, we calculate the
real voltage in the HZO during the passage of the read-
out VOItage Plﬂse, Vieal = Vappl — Vottset = Vieadout — Votfset-
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Then, using the “conversion” P-V curve, we acquire the
charge loss (O — 03), marked as the “polarization loss”
in Fig. 5(b). In the second step, we find the component
04 in the same way. Let us refine the origin and role of
this component. Polarization backswitching by the charge
0, takes place after the passage of the first (SS) pulse in
the sequence MEAS 11, i.e., at zero voltage (Fig. 2). That
is, during the delay between the SS and OS pulses, the
polarization switches slightly towards the state that would
be induced by the OS pulse, and this decreases the read-
out of the polarization by the OS pulse. The component
04 is equal to the “polarization loss” of the conversion
P-V curve at zero Vyyl, i.€., at a real voltage equal to
Vieal = —Voffiset-

It is noteworthy that the “polarization loss” found with
the conversion P-V curve at Vieadour does not include the
backswitching component Q,, which is related to the polar-
ization backswitching during the back tail of the readout
pulse. Indeed, the curve is measured in such a way as to
avoid any contribution of the imprint, i.e., with Vi, =
Vapp. For calculation of the latter component (), another
method is employed. Specifically, it is calculated using the
reconstructed future /-7 curve in the way described above
for the first method.

Let us summarize how to calculate the polarization read-
out for the same state and the opposite state using four
polarization loss components. During the passage of the
first (SS) pulse in the sequence MEAS II (Fig. 2), the
polarization readout is equal to Pss =Py — Q1 — O +
;. After the passage of the SS pulse, additional back-
switching by Q4 takes place at zero voltage. That is, during
the delay between the SS and OS pulses, the polarization
switches slightly towards the state that would be induced
by the OS pulse. Therefore, during the passage of the
second (OS) pulse, the polarization readout is equal to
Pos =Py — Q1 — 0y + 03 — Q4 = Pss — Q4.

The general algorithms for the retention tests are sum-
marized in Fig. 6. One can note that the second prediction
method requires the use of the first method to obtain the
component (,, while the first method can be used alone.
However, the first method does not allow one to obtain the
05 and Q4 components. Therefore, the second method is
more accurate but requires more effort. The second predic-
tion method was proposed in outline by Tagantsev et al.
[13], while we adapt it here for HZO-based FRAM taking
into account the specific properties of this material, and
develop an express retention test.

It should be noted that the pulsed P-V curve does
not show ideal saturation at large voltage amplitudes
[Fig. 5(b)], though good saturation is typical for stoi-
chiometric HZO capacitors under standard ambient con-
ditions. This effect is caused by the leakage current, which
increases with temperature due to both thermionic emis-
sion and Poole-Frenkel mechanisms of current transport.
Since the current is integrated during the full switching

pulse, the displacement current due to the linear capac-
itance is subtracted from itself, because it is positive in
the rising pulse tail and negative in the falling tail. Mean-
while, the leakage current is the same in both tails and is
nonzero in the flat part of the pulse. During integration,
it is summed and contributes to the charge readout. We
believe that the use of a P-V curve with a leakage con-
tribution is the most feasible method if it is necessary to
characterize the retention time under practical conditions
of memory-chip applications, i.e., at the upper limit of the
industrial temperature range. Indeed, at elevated operat-
ing temperatures, leakage contributes to the polarization
charge readout in the way described above. However, if
one needs to obtain the saturated P-V curve, one could
remove the leakage-current contribution. For this purpose,
one can divide the integration time interval into two inter-
vals as shown in Fig. 5(a). The charge obtained in the
first interval consists of three components—a switched
polarization, a positive linear displacement charge, and a
leakage charge—while the charge in the second interval
consists of a negative linear displacement charge and a
leakage charge. The difference of these charges is equal
to the switched polarization with a constant linear dis-
placement contribution, while the sum is the switched
polarization with the leakage contribution. This method of
measurement of the switching polarization using two time
intervals can be useful for an advanced measurement of the
polarization-switching kinetics that could be an alternative
to the classical method [19,20].

II1. VERIFICATION OF THE RETENTION MODEL

First, we examine the first retention test, which is based
solely on the reconstruction of a future /-7 curve, which
would be expected after some storage time, and the sub-
sequent calculation of the read polarization Preyq = Py —
01 — O,. We obtain confirmation of the large impact of
the “kinetics” charge O3 on the read polarization. Indeed,
in the case of trapezoidal pulses, when the polarization
switching continues by Qs during the flat part of the pulse,
we have a large discrepancy between the experimental data
and the calculated Pye,q [Fig. 7(a)]. In the case of triangu-
lar read pulses (when Q3 = 0), the result of the calculation
is in good agreement with the experiment. It is notewor-
thy that the experimental read polarization is smaller in the
case of triangular pulses, which indicates that the effect of
the limited speed of polarization switching plays an impor-
tant role in the polarization readout, and that this effect
manifests itself even more during long storage and thus for
a large built-in field.

Further, we examine the second (main) retention test,
which is based on both the conversion P-V curve and the
reconstructed /-V curve. For this purpose, we examine
which physical mechanism causes retention loss—charge
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Extraction of parameters of Gaussian distributions of 1.2 Measurement of the pulsed P-V curve for 2
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FIG. 6. Algorithms for two methods to calculate the polarization loss, including the express retention test. The numbers 1 and 2
denote the steps required for method 1 (for triangular pulses) and method 2 (for triangular and trapezoidal pulses), respectively.

injection solely, or the interplay of injection and charged-
defect migration. As was shown by Tagantsev ef al. [13],
charge injection on its own produces a simple logarithmic
dependence of the coercive voltage on time, whereas the
two mechanisms cause a dependence that can be empir-
ically described by a quadratic logarithmic dependence.
For the final (third) verification of the impact of the inter-
play of the two mechanisms, we investigate the results
of calculation of the polarization readout using the fit-
ting of three experimental voltage offsets by the functions
Ve ottt = Vo log(1 + 1/19) and Ve oer = Vo log? (1 + 1/10).
From Fig. 7(b), it can be seen that fitting by the simple
logarithmic function predicts different readout polariza-
tions after a storage time of 10 years, depending on which
dataset of storage times is selected. In contrast, when
fitted with the quadratic logarithmic function, all three
datasets give the same prediction of the retention loss. This
result indicates that this function describes well the imprint
dynamics over a wide time scale. Indeed, the quadratic
logarithmic function works well from 107% to 10° min
if we take into account the data in Fig. 3(b). Therefore,
on this time scale the imprint dynamics is related to both
charge injection and migration of charged-defect traps. It
should be noted that with a longer storage time one of

these mechanisms may begin to prevail, and the dynam-
ics of the imprint may change. More studies are required
to resolve this issue. Until then, the quadratic logarithmic
function provides an upper estimate of the polarization loss
corresponding to the worst case.

Because of the high accuracy of the fitting of the imprint
dynamics, one can use measurements at short storage times
and thus implement an express retention test. Results of
the express retention test for OS and SS states are shown
in Fig. 7(c). For storage times of 0.1, 1, and 10 min,
we acquire current responses using the voltage sequences
shown in Fig. 2 and use them to calculate the depen-
dence of the voltage offset on the storage time and thus to
calculate the polarization loss over time. The results of cal-
culation for the OS and SS states are presented in Fig. 7(c)
as solid lines. In order to compare the results of the calcu-
lation with the experimental polarization loss, the readout
polarization for storage times of 10, 102, 10%, and 10* min
is experimentally measured, and the experimental points
are plotted on the same graph as the calculated curve. For
better statistics, for each of these storage times the exper-
imental readout polarization is measured on four separate
capacitors, and all acquired experimental points are plot-
ted in Fig. 7(c). One can conclude that the results of the
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(a) Result of retention test based on reconstruction of the /-7 curve expected after some storage time and further calculation

of the read polarization Pr,qg = Py — Q1 — Q> (first method of calculation of the retention loss). (b) Results of fitting of three different
experimental offset points by the functions V. oset = Vo log(1 + #/1y) and V. ofiset = Vo logz(l + t/ty), and comparison of these results.
The insets show the sets of storage times whose current responses MEAS I and MEAS II are used to obtain the /-V curves, calculate
the voltage offsets, and thus calculate the polarization loss. (c) Result of the express retention test; storage times 0.1, 1, 10 min. The
solid lines are calculated curves; the points are the experimental readout polarization. The experimental points are not used to calculate
retention losses; they are given only for comparison of the experimental and calculation results.

calculation are in good agreement with the experimental
data on the readout polarization.

To statistically characterize the predicted readout polar-
ization for a 10-year storage time, we use the following
method. For each of the three values of Zgeray (0.1, 1, 10
min) in the voltage sequences in Fig. 2, we measure the
current responses MEAS 1 and MEAS II on four separate
capacitors. From the current responses, for each #4elay, We
obtain four values of the initial coercive voltage V. iy and
four values of the coercive voltage after storage, V.. For
each particular #4clay, we take randomly one of the V. i
and one of the ¥, and calculate a coercive-voltage offset
Ve ofiset for this random pair. In this way, one could obtain
4* values of V, ofiser fOr €ach fgclay, and thus 16° combina-
tions for three storage times #gelay. We take 10 000 random

combinations of V. oset, approximate each of them by the
quadratic logarithmic function V. et = Vo log2(1 + t/ty),
and calculate the retention loss 10 000 times. In Fig. 7(c)
[and in Fig. 7(b) as well], 10000 calculated numerical
dependences of the polarization readout on the storage
time are plotted for both OS and SS states. In the same
figure, one can see the cumulative distribution functions of
the readout polarization in different states after 10 years.
To determine the 99.7% confidence interval (which is
analogous to 3o for the normal distribution) for the read-
out polarization and thus for the retention time of the
logical state, we interpolate the discrete cumulative distri-
bution functions to probability levels of 0.997 and 0.003.
The numerical results are summarized in Fig. 7(c). For
example, one can see that for the OS+ state, half of the
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predicted readout polarization values are above 0.632P
and half are below it, and the 99.7% values of the read-
out polarization fall in the range from (0.632 — 0.006)P,
to (0.632 4 0.006)Py.

IV. CONCLUSIONS

In this paper, we present a retention model that predicts
the loss of polarization readout in HfO,-based FRAM dur-
ing long-term storage. In this model, we take into account
the specific properties of ferroelectric HfO,. Among them
is the different rates of imprint evolution in the two types
of film that appear during the crystallization of the HfO,
film and correspond to two populations of domains in the
as-prepared film. The rates are obtained for the two types
of film separately, and then an effective coercive voltage is
predicted over the storage time. The second feature of fer-
roelectric HfO, underlying the proposed retention test is
the interplay of two physical phenomena behind the reten-
tion loss, specifically, charge injection into interface traps
and migration of charged traps across the functional layer.
Because it takes into account the specific properties of
ferroelectric HfO,, the model has high accuracy and thus
allows one to predict the retention time for any particular
sample in record short time (approximately 1 h, including
the time required for computing), whereas usually such
prediction takes at least several days. For HfysZry50,-
based capacitors with small leakage, the retention model
shows excellent agreement with experimental results. The
approach presented gives a reliable instrument that could
help to overcome the main obstacle to commercialization
of HfO,-based memory—the limited retention time.
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