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Depolarization field in metal-ferroelectric-insulator-semiconductor (MFIS) capacitors with a
ferroelectric-electrode interface layer was derived theoretically in this work. The polarization relaxation
characteristics were investigated in details based on Lou’s polarization retention model. It is found that
the retention time of ferroelectric field-effect transistors (FETs) can be affected significantly by the dielec-
tric constant and the thickness of ferroelectric thin film, and by the interface layer thickness. The results
may provide some insights into the design and the retention property improvement of MFIS-FET as nonvol-
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1. Introduction

Single-transistor ferroelectric-gate field effect transistor (FeFET)
has been widely studied as a candidate for nonvolatile memory in
the past decades [1-5] due to its attractive properties such as non-
destructive readout operation, low power consumption, and high
switching speed. However, the commercialization of FeFET as non-
volatile memory has not been realized yet because of the short
retention time of FeFET. The relatively short retention time is attrib-
uted to two major causes: gate leakage current and depolarization
field [6,7]. It is known that the gate leakage current and the trapping
of carriers in gate dielectric stack can lead to local charge compensa-
tion in ferroelectric, and gradually diminish the polarization [8]. On
the other hand, the depolarization field induced by imperfect
screening at the electrode-film interface causes polarization loss
via backswitching [9]. Recently, the effect of depolarization field
on ferroelectric polarization has been widely investigated using
experimental methods. For example, Black et al. [10] successfully
controlled the strength of the depolarization field in ferroelectric
by systematically adjusting the amount of charge available to com-
pensate the polarization. Kimetal. [11] and Jo et al. [12] determined
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the depolarization field from an applied external field to stop the
polarization relaxation and demonstrated that a large E; inside the
ultrathin ferroelectric layer could cause severe polarization relaxa-
tion. Some other research groups have focused on the problem of
retention loss at different time scales and have fitted their data using
different empirical functions, such as linear-log [13-15], power-law
[11,12,16], and a stretched exponential relation [14,15,17,18]. How-
ever, the microscopic mechanism that dominates the problem of
retention loss at both short and long time scales in ferroelectric thin
film is still poorly understood. The customary way to obtain the
retention properties of a ferroelectric capacitor in the literature is
to empirically extrapolate the data measured over a shorter period
of time (up to 10° s) to 10 years without any physical justifications.
In this paper, by theoretically deriving the depolarization field in the
MFIS capacitor (shown in Fig. 1a), we investigated the dependences
of polarization retention loss on some critical physical parameters,
including the linear ferroelectric dielectric constant, the thicknesses
of the ferroelectric and metal-ferroelectric interface layer, as well as
the remnant polarization.

2. Device model and theoretical calculation

As shown in Fig. 1b, the gate stack of the MFIS field-effect tran-
sistor with a ferroelectric-electrode interface layer (or a dead
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Fig. 1. (a) Schematic MFIS structure in which the ferroelectric layer is polarized and
the incomplete charge compensation gives rise to the depolarization filed. (b) Gate
stack of the MFIS transistor is modeled by a ferroelectric capacitance Cr in series
with an interface layer capacitance Cj; and a semiconductor capacitance Cis, where
Cis represents the series combination of an insulating buffer layer on the top of the
semiconductor. A gate voltage Vinduces a polarization P, a voltage Vj; across C;; and
a voltage Vjs across Cis.

layer) was modeled by a ferroelectric capacitance (Cr) in series
with an interface layer capacitance (Cy;), an insulator layer capaci-
tance (C;), and a semiconductor capacitance (Cs). For convenience,
we use Cjs to represent the series combination of the insulating
buffer layer on the top of the semiconductor. A given gate voltage
V could induce a polarization P and a voltage drop of Vi across the
ferroelectric such that

CrCisV (Cp +Cis)P

Vi= CuCis + CuCr + CrCis  CuCis + CuCr + CrCis M
when V goes to zero, we have
V=V +Vr+Vs=0 (2)
this is to say
(cz_,ILL“LQFcFP %—I’SS:O (3)
Solving Eq. (3) yields to
Q= CiCis +CéLILCgFP + CeCis @
The depolarization field can be written as
_ P(CiCr + CeCis)
4= £0&r(CiCrs + Ci.Cr + CeCs) ®)

where ¢ is the relative dielectric constant of the ferroelectric thin
film, Cy;, Cr, and Cjs are unit-area capacitances of the interface layer,
ferroelectric layer and series combination of the insulating buffer
layer, and are defined as egey[tyr, eoer/tr and egeges/(ties + tsep), respec-
tively. We then assume that backswitching causes the polarization
loss with time via polarization switching driven purely by a time-
dependent depolarization field represented by

P(t)(Ci.Cr + CeCys)
Eq(t) = 6
a(t) &0&r(CiCis + Cy Cr + CrCis) ©

Now let us call Lou’s model and consider a fully poled ferroelec-
tric capacitor in which the total surface area is divided uniformly
into My (Mp > 1, an integer) parts. It is assumed that the capacitor
backswitches in a part-by-part or region-by-region manner due to
the hindering effects of grain boundaries [19], defect planes/dislo-
cations, and/or 90° domain walls [20], which is consistent with the
observation found in the ferroelectric thin film [19-21]. In other
words, the backswitch occurs via nucleation of opposite domain,
followed by relatively quick forward and sideways growth of do-
main until it reaches the boundary of this part. This means that
the domain wall motion is only allowed within each part/region
in our current model. Note that both P(t) and E4(t) relax with time
(see Eq. (6)), which indicates a feedback mechanism for E4(t) is in-
cluded in our model. Indeed we will consider a feedback loop of the
depolarization field corrected by the updated retained polarization
at each time point, where one more part has just switched.

We further assume a fully poled ferroelectric capacitor with re-
tained polarization Py at t=ty=0-10""3s (the period of soft
mode) when the external field is just removed. This is followed
by the assumption that 1/{(ty) ({ > 1) is the backswitching proba-
bility for one of the retained parts after t. from the time point
where the Nth part has just backswitched. Let ty denotes the time
interval that the Nth part takes to backswitch. Note that t. is a char-
acteristic time and can be chosen arbitrarily as long as it ensures 1/
{(tn) < 1 for any ty. Therefore, the probability that one part will re-
tain its polarization after t. from time t, can be written as [1 — 1/
{(to)]. The probability that this part will survive from backswitch-
ing after t;(t; > t.) from time to is [1 — 1/¢(to)]"/*. According to
the definition of t;, the time interval that the first part takes to
switch, the total number of the parts that survive from backswitch-
ing after t; can be written as

1 ty/te
M0—1:M0<1—m) (7)
Rearrangement yields to
_ t1/'55
My -1 _(1- 1 8)
Mo {(to)

Taking natural logarithm on both sides of Eq. (8), we have

Mo—-1_ 1t L S W 58 IR SRS O B R R
Mo *rc'“(l :(a)))a[ (o) 2<c2(ro)>+ ]
©)

Because {(tp) > 1, all the higher-order terms can be neglected.
Thus we obtain

My -1 < t )
—exp (-1 10
Mo P\ Tl (19

Consider Merz’s law [22], which has been used to fit the switch-
ing data in both bulk and thin-film ferroelectrics [22-25]

fow =t X EXP (+%) (11)

In

where t,, and t,, are the switching time for E and an infinite field,
respectively. o is the activation field for switching and is dependent
on temperature T and film thickness d [22,23]. The value of o was
reported ranging from 200 to 800 kV/cm for ferroelectric thin films
in the literature [24-26]. Recalling the meaning of 1/{(t,) defined
above, we have

1 tc te o
() fwlto) o P (‘ Ed<to))' (12)
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