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Abstract

The negative capacitance operation of a ferroelectric material is not only an intriguing material science
topic, but also a property with important technological applications in nanoscale electron devices. Despite the
growing interest for possible applications, the very existence of negative capacitance is still actively debated,
even because experimental results for ferroelectric capacitors with or without a metal interlayer led to quite
contradicting indications. Here we present a comprehensive analysis of the NC operation in ferroelectric
capacitors and provide new insights about the discrepancies observed in experiments. Our models duly account
for the three-dimensional nature of the problem and show a good agreement with several aspects of recent
experiments. Our results also demonstrate that traps at the ferroelectric-dielectric interface play an important
role in the feasibility of a stable negative capacitance operation in ferroelectric capacitors.

1 Introduction

The basic idea behind the use of ferroelectric materials in nanoscale transistors stems from the fact that, thanks to
the negative capacitance (NC) operation, the voltage swing necessary to operate the transistors can be reduced,'
thus enabling improved energy efficiency for CMOS circuits.*> An industrial level demonstration of the NC
operation in CMOS transistors was recently reported for a 14-nm FinFET technology,® with an analysis of the
device and circuit level advantages further discussed in.” Moreover, several papers have started addressing diverse
design aspects related to NC field effect transistors.®1°

Despite some encouraging experimental results, however, the stable NC operation of the ferroelectric is still
quite controversial.!! In fact, recent studies in Metal-Ferroelectric-Insulator-Metal (MFIM) capacitors reported a
hysteresis free, direct measurement of the negative capacitance branch of a thin ferroelectric layer.'> !> However,
in similarly recent publications focused on Metal-Ferroelectric-Metal-Insulator-Metal (MFMIM) systems or on
ferroelectric capacitors externally connected to a MOSFET authors either negated any evidence of the NC oper-
ation,'* or affirmed that the measured steep slope transistor operation was due to domain switching and, as such,
invariably accompanied by hysteresis.!>~17

The discrepancy between experiments in MFIM and MFMIM systems is not entirely unexpected, in fact a
recent theoretical investigation suggests that MEMIM capacitors are inherently more prone than MFIM systems
to domain nucleation.'® The analysis in,'® however, was restricted to a one-dimensional, rigidly periodic system
and, moreover, conclusions were drawn by inspecting the free energy landscapes, instead of examining the actual
ferroelectric dynamic equations of the MFIM and MFMIM systems.

In this paper we present a comprehensive analysis of the dynamics and possible stabilisation of a ferroelectric
layer inserted either in a MFIM or in a MFMIM structure, which is a broadly extended version of the concise
contribution reported in.!® To this purpose we have developed a model for the depolarisation energy that fully
accounts for the three-dimensional nature of the electrostatics in a realistic device. Then we use the multi-domain
Landau-Ginzburg—Devonshire theory (LGD) and derive analytical or quasi-analytical conditions for a stable NC
operation, that explain the different behavior of a MFIM compared to a MFMIM capacitor. Our models are vali-
dated by a good agreement with several aspects of recent experiments.'>!? Finally we investigate the influence of
possible traps at the ferroelectric-dielectric interface, and argue that traps not only help explain some experimental
features, but also discriminate between a quasi-static and a dynamic NC operation.
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Figure 1: Ferroelectric capacitors and related symbols. a. Metal-Ferroelectric-Insulator-Metal (MFIM) and reference coordinate
system. b. Metal-Ferroelectric-Metal-Insulator-Metal (MFIMIM) system. ¢. Metal-Ferroelectric-Metal (MFM) structure. The top metal
contact is not shown for clarity. 77 and tp denote respectively the ferroelectric and dielectric thickness, d is the domain side of a square
domain of area d?, and Vr is the externally applied voltage. Vp(F) is the electrostatic potential at the oxide interface (i.e. at z=0), that
depends on 7=(x,y) in a MFIM system, whereas it is independent of 7 in a MFMIM capacitor. d. Sketch of the ferroelectric domain i and
its nearest neighbors domains 7 in the x-y plane. The shaded area illustrates the domain-wall region, where w denotes the width, and the
dashed blue line delimits the region used to compute the domain wall energy uy ; in Eq.4.

2 Free energy and dynamic equations

In the analysis of the ferroelectric capacitors sketched in Fig.1 we assume that the spontaneous polarisation P lies
along the z direction, and we write the free energy per unit volume of the ferroelectric by following'®

)
up = OcP2+[3P4+yP6+k\gradP]2+%EF (1)

where a, B and 7 are the ferroelectric anisotropy constants, & is the vacuum permittivity, Er, € are respectively
the electric field and relative background permittivity of the ferroelectric, while & is the coupling constant gov-
erning the domain wall energy and gradP denotes the gradient of P. The total polarisation in the ferroelectric is
thus given by Pr = P+ (¢p — 1)&EF and the electric displacement is D = P+ ereoEp. 20 We will assume that the
ferroelectric has a second-order phase transition with o < 0, B > 0. When we consider the ferroelectric capacitors
of Fig.1 the overall electrostatic energy consists of the three contributions?!

14 & o PV (F
Ur = TT/ASOSFEF,T(i_”)dF, Up = —Vr d? Z Pj +A808FEF,T(f)df , Up= Z‘/D %(r)df [J] )
Jj=1 j=17Dj

namely the ferroelectric self-energy, %, the %y related to the external battery, and the electrostatic energy,
Yp, due to the dielectric region, which is zero in a MFM structure. Denoting by 75 the ferroelectric thickness,
EFT( )=EF Z(r —tr) in Eq.2 is the electric field at the top metal interface and np is the number of domains. When
we sum %, %g, %p and normalise to the domain area d> we obtain

V;

T 1
TE/SOEFEFT( )dl”—VT ZP —|—d2 Z/

PVD

Ugr = — dr [J/m?] 3)
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As for the domain wall energy, the polarisation is assumed to be essentially constant within each domam 50 lthoat
\EW rticle Online

grad P in Eq.1 is non null only in the domain wall region of Fig.1(d). The contribution uy; tocthe domainrwation
energy can thus be written as

P-P,\?
“in=2k< - ) @

where w is the domain wall width shown in Fig.1(d), which we assume to be small enough to justify the discretized
form of grad P in Eq.4 and, in particular, much smaller than d. We can now integrate uy ; over the domain wall
region inside the blue line in Fig.1(d) and along t, and then normalise to the domain area d?, so as to obtain the
domain wall energy per unit area

k

=% |5 L,

The difference between the MFM, MFIM and MFMIM systems is in the Ugr defined in Eq.3. In the MFM
case the last term in Eq.3 is zero and Epr=Vr /tF, so that Ugr=—Vr Z;’Ql Pi—(npCr VTz)/Z with Cp=gp€r /1r.
For the MFMIM structure the metal interlayer results in a one-dimensional electrostatics, so that Er7 and Vp
are independent of 7 and given by Epr=(CpVr—Pay)/(trCy), Vp=(CrVr+Pay)/Co,'® where Py = (X2, Pj)/np
is the average polarisation, Cp=gy€p/tp (Where fp denotes the dlelectrlc thickness) and Co=(Cp+Cr). For the
MFIM system, instead, the calculation of the ferroelectic and dielectric field is a three-dimensional problem that
demands a numerical evaluation. We show in Supplementary Section S1 that for both the MFMIM and the MFIM
system the electrostatic energy reads

(P~ By } /) )

CsV?
Ugr = Udep ZP -2 T (6)
where Cs=(CrCp)/(Cr +Cp). Here Uy, denotes the depolarisation energy defined as
np Py, 1 & PP,
MFMIM: Uy, = MFIM: Uy, = = - 7
dep 2C() dep ) jﬁZZI Cj,h ( )

where the capacitances C; j are defined in Eq.S4 of Supplementary Section S1, they obey the sum rules in Eq.S7,
and all 1/C;, tend to zero when #p tends to zero. As it can be seen, the depolarisation energy Uy, vanishes when
the dielectric thickness 7p tends to zero.

For all the systems in Fig.1 the overall free energy is Ur=Y", (anz +BP! + }/Pjé) +Uw+Ugr and the cor-
responding dynamic equations read
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MFM: 200P,+ 40 P; P Ytp——)Y —(P.—P,
trp—- dt ~op = —(2aP+ABF +6YR )i — ;W( )+Vr(t) (8a)
=dUrGp
dP, 1 Cp
MFMIM: tgpp— =0 e — 8b
FP— Urep oC Z ]+C Vr(t) (8b)
dP, 1211 1 Cp
MFIM: trp— = JU, - = — 4+ — | Pi+—=—Vr(¢ 8
P LGD 2; |:Ci,j + Cj-,i:| i+ o (1) (8c)

where p is the resistivity governing the ferroelectric domain dynamics. It is straightforward to verify that, when

the dielectric thickness 7p tends to zero, 1/Cy and 1/C; ; tend to zero while [Cp/Cy| tends to one, so that Eq.8b
and Eq.8c simplify to Eq.8a. Moreover for np=1 Eq.8b and Eq.8c are identical, in fact the MFMIM and MFIM
systems are equivalent, the domain wall energy is zero and Eq.8b, Eq.8c simplify to the well known single domain
equation.'®
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Throughout this paper we employ a definition of the NC operation consisting in the polarization P, of all domains
being zero at zero external voltage Vr, which ensures a hysteresis-free behavior also in the multi-domain picture.
If the ferroelectric is stabilized in a region where P; is not zero for most domains but 9°G(P;)/d*P; is negative
(with G(P)=(0;P? + B:P}* + ¥:P?), an NC operation can still be claimed, albeit in the presence of hysteresis. The
stable NC operation can be evaluated by inspecting the eigenvalues of the Jacobian matrices', J, of the dynamic
systems in Eqs.8a, 8b and 8c evaluated for P=0 in all domains. Here it should be noticed that analysing the
stability of the equilibrium at P, = 0 and V;=0 is not restrictive. In fact, as we show in the Supplementary Section
S4, stability in this case implies stability of the equilibrium for any other constant value of Vy. The Jacobian
matrices read

1 trk

- |2an1- Tty 9
Jurm e [ atpl—— ] (9a)

1 lpk Odep
= — | 2atp]——L - —= 9b
Jyrmim PIF[ ot T 5Co (9b)

1 trk

= | 2a1-TL 9
Jurim pir [ otpl——r dp:| (9¢)

where 1 is the np by np identity matrix, while L is the Laplacian matrix?. The matrix Oy, p» has all entries equal
to one, whereas Cy,), is defined as
1{1 1
Cien(i,j) == | =—+— 10
dep(lvj> D) [Ci,j + Cj,i:| ( )
The matrices Oy, and Cg, stem from the depolarisation energy Uy, in Eq.7, and are very different for a MFMIM
and a MFIM system. The eigenvalues of the symmetric J matrices in Eq.9 are real valued and, for a stable
NC operation, it is required that the largest eigenvalue G, (J) of the Jacobian matrix evaluated for all =0 be
negative.?? This results in the equivalent stability conditions

k
MFM: — Opin (L 2l 11
= Guin(L) > 2ot (11a)

trk (0]
MEMIM: Gy | S L 4 —eP
dw npCo

] > 2t tr (11b)

trk

MFIM: Onin {
dw

L—l—Cdep] >2|a|ty (11c)
where 0,,;,(M) denotes the smallest eigenvalue of the matrix M.

We now recall that the eigenvalues of L are known analytically in our case (since we are dealing with a
rectangular grid) and the smallest and second smallest eigenvalue are 6y(L)=0 and 6| (L)=[2sin(/(2,/np))]>.2
This implies that, as expected, the MFM system is always unstable for all £=0.

For the MFMIM system we show in Supplementary Section S2 that, due to the peculiar form of the matrix
Oyep, one can derive the analytical (necessary and sufficient) condition for a stable NC operation given by

1tk 2
mins — , — [2sin(7w/(2v/np))]” ¢ > 2|a|tr (12)
C() dw
Eq.12 shows that in the MFMIM system the effect of the depolarisation energy is very limited, in fact Oy, can
only eliminate the influence of op(L)=0 but not the influence of o;(L). Eq.12 also affirms that the condition
(1/Co)>2|a|tF is necessary for the stability of the MFMIM system. Moreover, for a relatively large number of

domains such that sin(7/(2\/np)~n/(2/np), Eq.12 suggests that a stable NC operation for the MFMIM system
requires k/w values that increase proportionally to np, hence to the device area.

I'The Jacobian matrix of the system of dynamic equations d P;/dt=f;(P},- -+ P,p) is defined component-wise as J(i, j)=0 f;/ I P;.
2L is defined component-wise as L(i, j)=—1 if domain j is a neighbour of domain i and L(i, j)=0 otherwise (see Fig.1(d)), and

L(i,i)=— Y ;4 L(i, ).
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For the MFIM structure it is not possible to derive analytical eigenvalues and stability conditions from E
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but a numerical analysis shows that Cy,,, has a much larger influence on NC stabilisation thandOy johas dierotheoa
MFMIM system. Moreover we show in Supplementary Section S3 that even for the MFIM system the inequality
(1/Co)>2|atr is still a necessary condition for a stable NC operation. It is interesting to notice that this is the

stability condition previously derived for a single domain system.

Ferroelectric materials may have domain to domain statistical variations of the ferroelectric anisotropy con-
stants, whose influence on the stable NC operation is addressed in Supplementary Section S5.
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Figure 2: Eigenvalues of the Jacobian matrix and design space for stable NC operation: a. Largest eigenvalue 0,4, of the Jacobian
matrix for all =0 versus the domain wall coupling factor k for either a MFIM (numerically calculated) or a MFMIM structure. Capacitor
area is A=2500nm? and results are shown for different combinations of d and np. Stable NC operation corresponds to Gyux <0. b.
Minimum coupling factor k£ necessary for a stable NC operation versus the capacitor area for either a MFMIM or a MFIM structure.

For the MFIM structure results have been calculated numerically from the condition G4y <0, while for the MFMIM structure results

stem from Eq.12. Domain size is d=5nm, thus Area=d”np. Please notice the large areas corresponding to recent experiments in.

13-16

¢. Maximum eigenvalue ¢ versus coupling factor k obtained from numerical simulations for a MFIM structure having different TayOs
thicknesses 7. Ferroelectric thickness, domain number np and domain area d? area set to fp=11.6nm, np=100 and d?=25nm?. d. Regions
for stable NC operation for a MFIM structure in the p versus k plane and for different 77 values. Filled circles correspond to fp=11.6nm.
For larger tf values the minimum 7p required for stability increases, as predicted by the necessary condition (1/Cp)>2|a|tr. Area is
A=2500nm? and np=100. The star, square and triangle symbols identify the 75 and k values corresponding to some of the simulations in
Fig.3, and are discussed discussed in the text.

4 Physical insight and design space

All the simulation results reported in this work were obtained for €x=33, ep=23.5, tp=11.6 nm, fp=13.5 nm,
a=—4.6-108 m/F, $=9.8-10° m>/C?/F and y = 0, if not otherwise stated, namely the material parameters that

have been reported for the Hfy 5Zry sO, —TayOs MFIM system in.13

Fig.2(a) reports the maximum eigenvalue G, of the Jacobian for all =0 versus the coupling factor k for
either MFMIM or MFIM structures with an area A=2500nm?, and for different combinations of np and d. As it can
be seen the MFIM capacitor can achieve NC stabilisation for smaller k values compared to the MEMIM system,
and it has a much weaker sensitivity to the increase of np. The substantial difference in the NC stabilisation of
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Figure 3: Ferroelectric domain patterns for MFIM and MFMIM capacitors. Steady-state domain configuration at Vr=0V. a. MFIM
system: small #p and high k value that do not correspond to a stable NC operation, see triangle in Fig.2(b). b. MFIM system: large 7p
and small & value that do not correspond to a stable NC operation, see star in Fig.2(b). ¢. MFIM system with 7p=13.5nm, 7=11.6nm and
k=2x10"2 m3/F, which correspond to a stable NC operation, see square in Fig.2(b). d. MEMIM capacitor having the same material and
device parameters as the MFIM in c.

MFMIM and MFIM systems for large np is better illustrated by Fig.2(b), showing that for the MFMIM system the
k value required for NC stabilisation increases proportionally to np and thus to the device areas. This makes NC
stabilisation practically impossible for MFMIM systems having areas as those used in recent experiments.!4-16

Fig.2(c)(d) focus on the MFIM system and report respectively the numerically calculated 6,,,, of the Jacobian
matrix (for all £=0) for different #p and at fixed #r, and the design regions for a stable NC operation of a MFIM
structure in the #p—k plane and for np=100. As it can be seen the NC operation is not possible for too thin oxides,
because the necessary condition (1/Cy)>2 ||t is not fulfilled and, for any 7 satisfying the above condition, we
have a minimum k value necessary for stabilisation. For #p larger than about 10 nm the k for NC stabilisation
becomes independent of 7. This occurs because, while at small ¢ the potential Vp, at the ferroelectric-dielectric
interface and the depolarisation energy Uy,, decrease by scaling #p, at large 7 the Uy, becomes insensitive to 7p.

According to the empirical formula for the NC stable operation of a one-dimensional and periodic MFIM
system proposed in Eq.15 of,'® the 7p independent k value necessary for NC operation is k = 1.2 - 10° [m’/F] for
tp=11.6 nm, and k = 2.1 - 10° [m>3/F] for t=20 nm. These k values are about two times larger than the values in
Fig.2(d) obtained for the two-dimensional ferroelectric domain arrangement studied in this work. In more general
terms we found that, while the qualitative trends obtained from our 3D analysis are similar to those predicted by
the Eq.15 of,'8 the regions for NC stabilization identified by our results are larger. For example our 3D results
suggest that, for a given couple (¢p, fr), a smaller k is sufficient for stabilization and, for a given (¢p, k), the system
is NC stable up to larger t¢ values.

While Fig.2 illustrates the design space for a stable NC operation, it is also insightful to inspect the steady-state
configuration of domains obtained by solving the LGD dynamic equations. In this respect, Fig.3(a) reports the
steady-state domain configuration at V=0 for a MFIM system corresponding to the triangle symbol in Fig.2(d),
namely to a system where the condition (1/Cp)>2|o|tr necessary for NC stabilisation is not fulfilled. As it
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can be seen the MFIM evolves so as to minimise the domain wall energy, whose minimum value is acvl‘leiﬂfscclleg -
having all the domains with a positive polarisation. This steady-state polarisation pattern reseniblesthespatternoofoa
a MFM system, which the MFIM capacitor in fact approximates when 7p and U, become very small. Fig.3(b),
instead, illustrates the case corresponding to the star symbol in Fig.2(d), namely to a system where the condition
(1/Co)>2|a|tF is fulfilled, but the domain wall constant k is too small for the NC stabilisation. In this case
the system tends to minimise the depolarisation energy by having domains with different polarisations, even if
this implies a larger domain wall energy compared to the pattern in Fig.3(a). Fig.3(c),(d) illustrate the steady-
state domain configuration at Vy=0 for a MFIM with k=2 - 10~ m?/F (square symbol in Fig.2(d)), and for the
counterpart MFMIM. Consistently with Fig.2(d), the steady-state condition for the MFIM system corresponds to
all P=0. The MFMIM, instead, is not stable for all P,=0, and therefore it evolves to a configuration corresponding
to PAV:(Z:’Z] P,)/nDZO

Fig.3(c) and (d) demonstrate that the crucial difference between MFMIM and MFIM systems is that the
depolarisation energy of the MFMIM system at Vr=0 is zero if P4y is zero (see Eq.7). Hence if the MFMIM is
initialised with all P;=0, it gets destabilised along trajectories having Pyy~0 and thus Uy, ,~0, which is confirmed
by the steady-state configuration in Fig.3(d). The same trajectories are precluded in the MFIM system because
the corresponding Uy, in Eq.7 is not at all zero, hence it is the form of the Uy,, which makes the NC stabilisation
possible in MFIM capacitors.

The analysis developed in this paper and the results presented in this section assumed that the leakage current
through the oxides is small enough to not influence the NC stabilization. As already recognized in,>*?° in a
MEMIM structure the presence of a non negligible leakage essentially precludes the NC stabilization.

S Comparison with experimental results

As a validation of our modelling approach we now illustrate a systematic comparison with recent experiments re-
ported for an Hfy 5Zry 50O, based MFIM structure.'? '3 The simulations account for the presence of a fixed charge
Opr=0.15 C/cm? at the interface between Hf, sZry sO> and Ta,Os, which results in the fact that the ferroelectric
is biased in the negative polarisation branch for V7=0 V.!? Simulations correspond to a domain size of d=5nm and
a domain number np=100, and we verified that results are insensitive to any further np increase. The pulse width
of the trapezoidal input waveform Vr(7) is set to 1us (if not otherwise stated), which is small enough to make the
ferroelectric time constants practically negligible for the small resistivity value p=0.5 mQ-m employed in these
simulations.

Fig.4(a) reports the charge Q=P+¢&p&Er+Qpr versus the top value V., of the trapezoidal voltage wave-
form applied across the Hfy sZrg 50,—Ta;Os capacitor, and shows a good agreement between simulations and
experiments. Fig.4(b) illustrates the simulated waveforms for the ferroelectric field, Er, and the total ferroelectric
polarizarion, Pr=P+€r €&y Er, produced by trapezoidal input V7 and for three V7 amplitudes. By using the Er and
Pr values observed in Fig.4(b), we obtained the charge versus ferroelectric field curves reported in Fig.4(c)(d)
respectively for the Hfy sZrg 50, —TayOs and Hfy 5Zry sO>—Al, O3 capacitor. As it can be seen simulations nicely
reproduce the fact that, for the experimental conditions at study, the ferroelectric layer can be operated in the NC
operation region, which is the physical origin of the change of slope in the Q versus V,,,, plot of Fig.4(b). We also
verified that, as long as the NC stabilization is guaranteed, different ¢, values still result in the same Py versus Ep
curves for the quasi-static NC operation explored in this work.

From the charge versus V7 plots as in Fig.4(a) we numerically calculated the capacitance Cy=(dQ/dVr) in
the NC stabilized region and compared to results the simple analytical expression Cr=Cp - [|Cr0|/(|Cro| — Cp)],
with Cro=[1/(2 atr)+€r /tr] being the zero field ferroelectric capacitance. This analysis showed that, while the
numerically calculated Cr is quite bias dependent even inside the NC region, the analytical expression is in very
close agreement with the maximum Cr. Because the term [|Cr|/(|Cro| —Cp)] can be seen as an enhancement
factor of Cr with respect to Cp, the analytical expression allows one to easily estimate the capacitance enhance-
ment from the dielectric and ferroelectric parameters €p, tp, Q, Ef, tF.

We also developed a model to study the influence of traps at the ferroelectric-dielectric interface, according
to a simple kinetic equation for the trap occupation that we solved self-consistently with the LGD equations,
as discussed in detail in the Supplementary Section S6. Fig.4(e) illustrates that traps are assumed to exchange
electrons via tunneling with the bottom metal contact. While the bias independent rate e, could be described
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https://doi.org/10.1039/c9nr09470a

Published on 17 February 2020. Downloaded by Technische Universiteit Delft on 2/17/2020 8:21:24 PM.

Nanoscale Page 8 of 11

26.27 such a quantitative descript@on of the

by models similar to those used for border traps in MOS transistors, on of the
emission rates goes beyond the scope of the present work, where we investigate only the qualitative/deatasesoa
induced by traps and, to this purpose, we consider e,y as a free parameter in the comparison to experiments.
In this respect, Fig.4(f) illustrates experiments and simulations for the charge versus ferroelectric field obtained
for different pulse widths of the trapezoidal input waveform, where simulations correspond to a uniform density
Nr=7.5x10'? eV~lem~2 of acceptor type traps. As it can be seen, by using e,0=5.0-10* s~! the simulations can
reproduce quite well the influence of the pulse width on the Q versus Er curves observed in experiments. The
influence of traps on the stability conditions of a MFIM system is further addressed in the Supplementary Section

S6.

In summary, we presented a methodology to investigate a possible stable NC operation in ferroelectric capac-
itors based on the LGD dynamic equations and duly accounting for the three-dimensional nature of the problem.
From the Jacobian matrix of the LGD equations we derived analytical or semi-analytical stability conditions,
that clarified important differences between a MFIM and a MFMIM system. Our analysis is consistent with the
fact that a stable NC operation has been observed in MFIM systems but not in MEMIM systems, and suggests
MFMIM capacitors or capacitors externally connected to a MOSFET are inherently unsuitable to study the stable
NC operation.

A systematic comparison with recent experiments in MFIM capacitors provides convincing evidence that the
NC operation of the ferroelectric Hfy 5Zry 5O, can nicely explain experimental data. The critical role of interface
traps emphasizes the importance of the quality of the ferroelectric-dielectric interface in the NC operation of
ferroelectric capacitors and transistors.

We conclude by remarking that, while in a robustly NC stabilized system domains tend to move together
thus resulting in a fairly 1D electrostatics, we verified that the electrostatics becomes strongly 3D when domain
nucleation occurs and the system becomes hysteretic. The methodology for the dynamics of ferroelectric domain
developed in this paper is thus expected to be important also for the analysis of a transient and possibly hysteretic
NC operation, as well as for the investigation of Ferroelectric Tunnelling Junctions to be used either as non volatile
memories or as memristors for neuromorphic computing applications.”®
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Figure 4: Comparison between simulations and experiments. Measurements (symbols) and simulations (lines) for the MFIM
structures in.!2 13 For the Hfy5Zrys0,—Ta,Os capacitor the simulation parameters are £r=33, £5=23.48, 1p=11.6nm, 1p=13.5nm,
a=—4.6 - 103m/F, B=9.8- 10°m>/C2/F, while for the HfysZry50,—Al,03 system the parameters are €p=8, tr=7.7nm, tp=4nm,
0=—9.45-103m/F and B=2.25-10'"%m>/C?/F;'%13 for both capacitors we used p=0.5 mQ-m and k=2-10~° m3>/F m. a. Reversibly
stored and released charge, Q, versus the top value Vyy4x of the trapezoidal voltage waveform across the capacitor. b. Simulated ferro-
electric field and charge versus time produced by a trapezoidal input V7 with a pulse width of 1us and for different V7 amplitudes. c.
Polarisation versus ferroelectric electric field for the Hfy 5Zrg 50, —TayO5 MFIM capacitor. d. Polarisation versus ferroelectric electric
field for the Hf(y 5Zry 50,—Al,O3 capacitor. e. Sketch of the band structure of the MFIM device with representation of the emission
and capture mechanisms. f. Simulated charge versus ferroelectric Er curves for different pulse widths of the input signal and fixed den-
sity Np=7.512 eV ~lem™2 of acceptor type interface traps with a uniform energy distribution. In these simulations the emission rate is
€n0=5x10% s~ the metal gate work-function is ®=4.05eV, and the electron affinity is yr=2.2¢V for Hfy sZry 50, and yp=3.2eV for
Ta205.29
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