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Abstract— In this paper potential strategies to overcome the
endurance limitations of hafnium oxide based ferroelectric field
effect transistors are discussed. These pathways are based on the
assumption that the high interfacial field stress and the
accompanying charge injection in the metal-ferroelectric-
insulator-semiconductor gate stack are the dominant degradation
mechanisms during program and erase operation. Three
different approaches capable of lowering or eliminating the
interfacial field stress are being assessed - lowering the electrical
field stress induced by polarization reversal; utilizing low voltage
sub-loop operation; altering the capacitive divider within the gate
stack.
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I INTRODUCTION

With the appearance of ferroelectric hafnium oxide (FE-
HfO,) the ferroelectric field effect transistor (FeFET) has
experienced a renaissance in terms of scalability and CMOS-
compatibility and has become a serious contender for an
embedded memory solution in 2X nm HKMG technologies
and beyond ([1] and Ref. therein). However, at this stage of
development and device implementation the FeFET faces
some trade-off between endurance and retention, as well as
between scalability and memory window (MW). In particular,
the key feature of the FE-HfO, based FeFET - a high coervice
field (E.) in combination with an ultra-thin SiO(N) interface -
has proven ambivalent in nature. On the one hand the high E.
is the key enabler for device scaling and retention, on the other
hand it challenges the cycling endurance of the novel FeFET
device [2]. The degradation of the SiO(N) interface driven by
cyclic charge trapping during program (PGM) and erase
(ERS) operation was identified as the root cause for this
endurance degradation [3]. According to these findings new
strategies need to be derived to overcome this endurance
limitation. Based on experimental data and theoretical
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considerations this paper will review and assess different
strategies to overcome this dilemma towards a higher
endurance FE-HfO, based FeFET. The following strategies to
reduce or eliminate the high interfacial field stress during
PGM and ERS operation in FE-HfO, based FeFET will be
examined: In section II — the tailoring of the polarization of
FE-HfO, will be examined. In section III — the possibilities of
ferroelectric sub-loop operation will be analyzed. Finally in
section IV — the engineering of the capacitive voltage divider
of the gate stack utilizing higher-k interfaces or direct growth
of FE-HfO, on silicon as well as the separate area scaling of
the ferroelectric and the insulator capacitance in metal-
ferroelectric-metal-insulator-semiconductor (MFMIS) gate
structures will be discussed.
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Figure 1. Schematic cross-section and gate stack parameters of the FE-HfO,-
based FeFET used for modelling and obtaining the experimental results
discussed in this paper.

The numerical simulation results shown in this paper are
based on the FeFET description given by Miller and
McWorther [4]. The polarization hysteresis is simulated
according to a Preisach [5] behavior, including sub-loop
operation. The parameters of the FE-HfO, based FeFET device
used as a reference are given in Fig. 1., with P, and Ps
representing the remanent and spontaneous polarization and
enfo2 and g the dielectric constants and fy; and #r the
thickness of HfO, and the interfacial layer respectively. N4



represents the doping concentration of the p-Si, whereas the
work function of the TiN metal gate is represented by @,,.

II.  TAILORING THE FERROELECTRIC POLARIZATION

In order to assess the potential use to be expected from a
tunable polarization, its role during polarization switching in
the FeFET has to be examined. In Fig. 2 the electrical field
hysteresis in the HfO, (a) as well as in the interfacial layer (b)
for both a ferroelectric and a dielectric gate stack are shown.
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Figure 2. Simulated electrical field strength hysteresis for a ferroelectric
(blue solid lines, parameters according to Fig. 1) and a dielectric (red dashed
lines, same stack, but without polarization) gate stack for a ¥ excitation
voltage oscillating from +10V to zero. In (a) the electrical field in the hafnium
oxide is given, whereas in (b) the electrical field in the interfacial layer (here
Si0,) is given.

The bipolar gate voltage excitation (V) is decreasing from
+10V to zero. The simulation with HfO, possessing
ferroelectric properties was performed according to the
parameters given in Fig. 1, whereas the simulation for
dielectric HfO, was performed with a similar stack but
excluding polarization.
In Fig. 3a the electrical field in the HfO, (En2) and in the
interface (Ej.) were extracted assuming a program operation at
Ve =5V. In Fig 2 and 3a it is readily observed that the trends
in electric field distribution for the two stacks, ferroelectric
and dielectric, are inverted. For the ferroelectric stack, the
polarization reversal from the negative polarization state to the
positive polarization state leads on the one hand to a reduced
electrical field in the HfO, and on the other hand to an even
further increased interfacial field strength.
Due to the fact that charge injection was not considered in this
simulation, this behavior can simply be explained by
conservation of the electric displacement field

1

D= SoE + P = EOEHfOZEHfOZ + PS g‘gOgIFEIFs (1)
where D is the electric displacement field and & the vacuum
permittivity. Accordingly, simply judging from the analytical
description of the electric displacement field it becomes clear

that Py is both responsible for the increase in Ejr as well as for
the decrease in Epp;. Unfortunately, this is disadvantageous
for device operation since it increases the gate voltage
required for saturated polarization switching and also affects
device reliability due to the fact that Ejr is increased.
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Figure 3. Simulated electrical field strength for a ferroelectric (parameters
according to Fig. 1) and dielectric (same stack, but without polarization) gate
stack at 5 V applied gate bias. In (a) the electrical field in the hafnium oxide
and the interfacial layer were extracted. The striped blue bars illustrate results
for the ferroelectric stack and the blank red bars for the stack containing
dielectric HfO, only. Below, (b) compares the band diagram of both stacks at
5V applied gate voltage (blue dashed: ferroelectric; red solid: dielectric).

This increase in Ejr is additionally illustrated in the band
diagram in Fig. 3b. In the example given here the ferroelectric
stack already enables Fowler-Nordheim tunneling, whereas
the dielectric stack remains in a direct tunneling regime for Vg
=5V.
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Figure 4. Simulated memory window AV (primary y-axis) and interfacial
field stress Ejr (secondary y-axis) of a ferroelectric gate stack as a function of
the spontaneous polarization Ps (remaining parameters according to Fig. 1).
The data were extracted for a V; excitation of £5V.



In order to analyze the impact of Ps on FeFET device
operation in more detail, additional simulations were
performed in which Ps was varied and its impact on both
memory window (MW) and interfacial field stress Ej was
analyzed (see Fig. 4).

For a fixed gate voltage of £5 V, varying the spontaneous
polarization from 0 to 50 pC/cm? yields a maximum memory
window of around 1.3 V for a spontaneous polarization
between 5 — 10 uC/cm?. Below 5 pC/cm? the memory window
drops dramatically and above 10 uC/cm? the memory window
decreases gradually. Even though the memory window should
be rather independent of Ps due to the fact that MW ~ 2 - E¢ -
tnpo2[6], the behavior can reasonably be explained as follows:
For Ps values smaller than 5 pC/cm? the channel surface
charge density induced by the spontaneous polarization is not
sufficient for the given parameterization of the simulation (this
does however not imply that small Py values cannot induce
large memory windows [7]). Moreover, for Ps values larger
than 10 pC/cm? and for 5 V fixed gate voltage the ferroelectric
is more and more operated in a sub-loop state (Ps reduces
Enpz Fig. 2-3), which effectively decreases the memory
window. Hence, the expected saturation of the memory
window for larger spontaneous polarization even turns into a
degradation of MW,

Besides these observations, Fig. 4 shows that the interfacial
field stress monotonically increases with larger Ps values and
gradually saturates. The increase of Ejr with increasing Ps can
be explained by equation 1 whereas the saturating behavior is
caused by the inability of 5 V gate bias to fully polarize
ferroelectric films with a higher Ps. Saturating the MW at high
Pg values requires large switching voltages and lead to a
further increase of Ejr.

In total, these simulations show that besides being in general
detrimental to data retention [8], a large spontaneous
polarization and the accompanying large E;» might be one of
the possible origins for the interface degradation of
nonvolatile FE-HfO, based FeFETs [3].

Accordingly, the possibilities for reducing the spontaneous
polarization need to be discussed. Due to the fact that the
value of the spontaneous polarization is intrinsically connected
to the ions and crystal structure of the ferroelectric, it is highly
challenging to influence the basic value of Ps. For ferroelectric
hafnium oxide, the theoretical value for spontaneous
polarization was recently predicted to be around 51 pC/cm?
and showed only minor response to different dopants [9].
Referring back to the statements of the last paragraphs, such a
high spontaneous polarization would exert significant
electrical field stress on the interface between FE-HfO, and
silicon bulk when switched into saturation. Assuming it is not
possible to influence the intrinsic value of Ps, the only
possibility to reduce the spontaneous polarization is by
orientation control of the polarization axis with respect to the
axis of the electrical field being applied (see Error!
Reference source not found.).

However, even in case it would be possible to control the
polarization axis (texture control or epitaxial growth would be
required), there is an obvious drawback connected to rotated

polarization axis: The reduction of the projected polarization
onto the field axis is accompanied by a reduced projection of
the electrical field onto the polarization axis. Accordingly, a
higher gate voltage needs to be applied to switch polarization
states which again increases the interfacial field stress due to
the overall increased gate voltage.
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Figure 5. Orientation control of polarization axis to reduce effective value of
spontaneous polarization. In (a) a FeFET transistor with homogenously tilted
polarization axis is shown. The magnification shows the mutual projections of
polarization and electrical field axis (whereas || and L represent the parallel
and perpendicular projections). In (b) the impact of the polarization axis
orientation on the electric field in the interface E;r during saturated
polarization switching at Epp, = 2E. is illustrated as a function of
spontaneous polarization Ps (parameters according to Fig. 1). The tilt is
defined with respect to the surface normal of the channel.

This trade-off is illustrated in Fig. 5b assuming a tilted
polarization axis with respect to the surface normal of the
channel. Nevertheless, for Ps values above 10 pC/cm? a
reduced Ej can be observed for saturated polarization
switching at Ery = 2F.. Hence, the control of polarization
orientation is limited for reducing interfacial field stress but it
represents one possible approach to improve FeFET
endurance. The first experimental work on controlling
polarization axis alignment for FE-HfO, are currently being
performed by research groups in Japan [10][11][12] and
represent important contributions to further enhance FeFET
performance.



III.  UTILIZING SUB-LOOP OPERATION

A viable solution to suppress charge trapping and to achieve
endurance cycles of more than 10'? (limited by testing time)
has been experimentally demonstrated for large area, pm-sized
FE-HfO, based FeFET devices utilizing low voltage operation
in combination with an about 3 nm thick SiO; interface [13],
[14]. A possible explanation for this improved endurance
performance was given in [2]. It is assumed that due to the
non-saturated polarization and E. of the ferroelectric sub-
loops, which are accessed at low voltage, the MW remains
small, but also the electric field stress on the rather thick
interface can be minimized yielding significantly less charge
trapping and therewith higher endurance.

This assumption is further supported by the simulation
results given in Figure 6a. Here the programming slope of the
memory window and the corresponding interfacial field stress
Erfor different interfacial layer thicknesses #» of a FE-HfO,-
based FeFET are shown. In the saturated memory window
regime the system is bound by constant field scaling, meaning
that in order to obtain a saturating switching field in the
ferroelectric the PGM/ERS voltage has to be increased with
increasing interfacial layer thickness #, whereas the maximum
electric field stress in the interface Ej for saturated polarization
switching remains largely independent of #.
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Figure 6. Simulated memory window AVr (primary y-axis) and interfacial
field stress Ej- (secondary y-axis) of a ferroelectric gate stack (parameters
according to Fig. 1) are shown as a function of the PGM/ERS voltage. Part (a)
of the figure shows a variation of the thickness of the interfacial layer #y,
whereas part (b) shows a variation of the dielectric constant of the interfacial
layer &r. Alternatively, the variation of &r can be interpreted as a variation of
the area ratio between the interfacial layer A4, and the ferroelectric HfO, layer
Apgo; within the gate stack.

However, when considering the ability of ferroelectrics to
access minor hysteresis loops it is possible to define operating
conditions below the saturated polarization switching and
therewith below the maximum field stress in the interfacial
layer. The existence of this sub-loop behavior in FE-HfO,-
based systems has been directly observed in the polarization
hysteresis of metal-insulator-metal capacitors as well as in the
programming slope of long channel FeFETs [15]. Since the
simulation results shown here are based on a sub-loop
containing Preisach description of the ferroelectric
polarization hysteresis, this programing slope is also reflected

in the memory window evolutions shown in Fig. 6a.
Especially for larger # this slope extends over a broad voltage
range offering a stable operating range at reduced memory
window.

In contrast to the constant field scaling in the saturated
polarization regime described above, the increase of interfacial
layer thickness in the non-saturated regime may now offer a
true benefit. The possibility to significantly reduce E;r by low
voltage operation allows for PGM/ERS conditions that are no
longer dominated by Fowler-Nordheim tunneling [2]. The
remaining charge injection into the conduction band of the
hafnium oxide may now rely on direct tunneling alone, which
in turn is strongly suppressed with increasing #r.
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Figure 7. Simulated memory window AVr (primary y-axis) and interfacial
field stress E;r (secondary y-axis) of a ferroelectric gate stack as a function of
the spontaneous polarization Ps (remaining parameters according to Fig. 1).
The data were extracted for a Vg excitation of £5V.

Even though this high endurance strategy jeopardizes long
time retention due to the low stability of unsaturated
polarization loops, it suggests a possible pathway to a 1T
DRAM application of the FE-HfO, based FeFET. However,
since the minor hysteresis loop behavior of FE-HfO, forms the
core of this high endurance strategy its physical origin and
scalability needs to be considered.

The existence of sub-loops in the polarization hysteresis of a
ferroelectric is a cumulative phenomenon relying on a multi-
grain, multi-domain state and a statistical distribution of
ferroelectric switching events. When shrinking the device size
to the dimensions of the grains or even single domains a
different situation arises, that was recently investigated by
Mulaosmanovic et al. [16] using highly scaled FE-HfO, based
FeFETs. In this context Fig. 7 shows experimentally obtained
programming slopes for differently sized FE-HfO, based
FeFETs (fabrication described elsewhere [16]) measured on
the same wafer. For the W:500 nm L: 500 nm device the
gradual programming slope due to sub-loop switching with a
memory window saturation above 5V can be observed. This
behavior is in accordance with the simulation results shown in
Fig. 6 assuming a Preisach like polarization reversal.
However, when further scaling device size to W: 80 nm L: 30



nm a programming slope is no longer present. Instead the
devices are characterized by an abrupt switching process with
no intermediate polarization states. The onset voltage of this
abrupt switching is statistically distributed as illustrated by the
five DUTs of similar dimension. From these experimental
findings it can be deduced that large area devices may be
viewed as a superposition of this statistical fluctuation of
discrete switching voltages observed in devices scaled to the
ferroelectric domain size.

As a consequence of this size-induced transition from an
“analog” to a more or less “digital” device behavior, the
utilization of sub-loop operation to overcome the endurance
limitations of FE-HfO, based FeFETs has to be viewed with
caution. Based on these results the sizing of the memory
window and the related interfacial field stress is no longer
possible. Nevertheless, when considering the possibility of
future improvements in the microscopic homogeneity of the
material, the domains, which are responsible for the low
voltage onset of switching in large array devices, may be
homogenously stabilized in highly scaled devices. However,
the impact of the full polarization switching in these devices
and the possibility that a reduced switching voltage is
correlated with a higher impact of polarization on the
interfacial field stress (discussion of polarization axis in
section II) needs to be investigated in detail. Furthermore it
should be noted that based on the assumption of a
superposition of different switching voltages in large area
devices, the local polarization impact of early switching grains
on the interfacial field stress remains unclear and is not
covered by the simulation results, which assume a continuous
system and therewith an overall lowered polarization within
the sub-loop regime.

Beyond the scope of this paper it is interesting to note that
the “digital” switching behavior of highly scaled device does
no longer support the application space of neuromorphic
functionality, for which the FeFET is believed to be a suitable
candidate [17].

IV. TAILORING THE CAPACITIVE DIVIDER

In order to switch the ferroelectric polarization of a FeFET, a
voltage drop across the ferroelectric layer exceeding the
coercive voltage needs to be realized. The distribution of the
applied gate voltage within the gate stack of a MFIS based
FeFET is determined by the capacitive voltage divider between
the capacitance of the ferroelectric layer, the capacitance of the
interfacial layer and the semiconductor capacitance. Hence, the
reduction of the gate voltage required for switching and the
minimization of unnecessary voltage drops across the interface
and the semiconductor can be influenced by the capacitive
divider of the gate stack. However, simply altering the
capacitive divider by scaling the layer thicknesses (see section
I and Fig. 6a) will result in constant field scaling and
therewith fails to reduce the interfacial field stress which is
responsible for the endurance degradation in FE-HfO, based
FeFETs. Additionally, it can be noted that during PGM and
ERS operation the FeFET is either in strong inversion or in
strong accumulation, thus reducing the impact of the
semiconductor capacitance to a minimum. Hence, the only
remaining means to influence the interfacial field stress Ejr

during saturated polarization switching (Exp, =~ 2E.) are the
maximization of the dielectric constant ratio &/Enp: or
alternatively the maximization of the area ratio A;7/Axmw2, where
Apyo: represents the area of the ferroelectric HfO, layer and A4;»
the area of the interfacial layer, which is in direct contact with
the semiconductor channel material.
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Figure 8. Band diagrams of HfO,-based FeFETs during program operation.
A saturated polarization switching with Eyp,=2E.. is achieved at (a) V=7.5V
for the reference device according to Fig.1; (b) V¢=3.9V for the reference
device with & enhanced to 16 or A;/A 0, enhanced to 4; (c) V¢=2.7V for the
reference device configured as an MFS-FET.

Since the dielectric constant and the ferroelectric properties of
a material are rather intrinsic, only & remains as a material
parameter capable of changing the capacitive divider towards
lower interfacial field stress Ej». The simulation results
depicted in Fig. 6b clearly illustrate the reduced switching
voltage and interfacial field stress to be expected when
increasing &r beyond the dielectric constant of SiO,. The
improved band bending with increasing &r for a FE-HfO,
based FeFET during program operation is further illustrated in
Fig. 8b. The increased & suppresses the Fowlwer-Nordheim
tunneling, which most likely dominates the program operation
of the reference device illustrated in Fig. 8a. A further increase
of &7 would ultimately require modified FN tunneling through
the HfO to reach its conduction band. Charge trapping would
be reduced to direct tunneling into energetically available trap
sites close to the interface.



However, the replacement of SiO, by a higher-k interfacial
layer poses a severe technological challenge that was
extensively investigated during the introduction of high-k
metal gate transistor technologies [18]. Proven concepts such
as increasing the nitrogen content in SiON or the use of SiN
instead of SiO, only offer a minor increase of & and may
result in a reliability trade-off due to a higher interfacial trap
density [19], [20]. Ultimately the replacement of SiO, by a
high-k material with & above 8 will require the direct growth
of a CMOS compatible metal oxide with a sufficiently large
band offset and thermal stability in direct contact with silicon
[18][21]. This significantly narrows down the choice of
material to a few metal oxides, amongst which HfO, itself can
be found. This means that if technological challenges such as
the regrowth of a SiO interfacial layer after thermal treatment
or the availability of manufacturing ready direct growth
techniques of metal oxides on silicon can be overcome, the
more logical choice appears to be the direct transition to a
metal-ferroelectric-semiconductor-FET ~ (MFS-FET).  The
moderate band bending experienced by such a FE-HfO, based
MFS-FET structure during PGM operation is displayed in Fig.
8c. Depending on the interface quality endurance values
similar to the best results (>10%) obtained for saturated
polarization switching in metal-ferroelectric-metal capacitors
might be expected [22].

Considering first indications of an orthorhombic phase in
HfO, directly grown on silicon [23], [24] and the significant
progress in the interface-less growth of FE-HfO, on Ge [25],
first feasibility studies on actual MFS-FET devices might soon
be available.

Finally the rather straight forward approach to alter the
capacitive divider within the gate stack of a FeFET by
influencing the area ratio A;7/App: will be discussed. The
separate scaling of the individual capacitor areas requires the
utilization of a MFMIS gate structure, whose feasibility for
FeFET devices has already been demonstrated [26]. In terms
of a reduction of Ejr changing the area ratio A;7/Agmw:> is
equivalent to changing the ratio of the dielectric constants
Eir/€ppor. For this reason the improved electric field
distribution within the gate stack for A;/App> = 2 and
Aj/Ano2 = 4 can be observed in Fig 6b. The improved band
bending for A;/Anp>= 4 is illustrated in Fig 8b. Considering
the ability of the floating gate (FG) to store electrical charge,
achieving a large area ratio to suppress charge trapping
appears mandatory for the functionality of the MFMIS-FET
gate stack.

Different pathways to realize such a structure in
contemporary technologies are illustrated in Fig. 9. In a gate
first technology the enlargement of the interfacial area with
respect to the ferroelectric area might simply be achieved by
separately patterning the dielectric and the ferroelectric part of
the gate stack using the FG as an etch stop (Fig. 9a).
Alternatively, shrinking of the control gate (CG) alone may
suffice. As a major drawback the enhanced complexity of the
gate stack and the reduced scalability with increasing area ratio
has to be accepted.

When utilizing a high-k first metal last process technology as
a starting point for the conformal deposition of FE-HfO,, area
scaling of the MFMIS-FET will occur naturally (Fig. 9b).
However, the sizing of the CG plug responsible for this area
scaling depends on the gate length and the thickness of the FE-
HfO,. This imposes a restriction on the available area ratios.
Achieving a large area ratio, while simultaneously maintaining
the lateral footprint of the device may be achieved by using a
recess gate approach as depicted in Fig. 9c. The depth of the
recess defines the size of the dielectric capacitor, whereas the
buried CG contact defines the area of the ferroelectric
capacitor. Restrictions for the achievable area ratio are given
by the technological limits of the recess and the decreasing on-
current of the FeFET with increasing channel length.

(a) planar gate-first

planar gate-last

(© recess-gate

[: floating gate / control gate

- ferroelectric HfO, layer
- dielectric layer (e.g. SiON)

Figure 9. Schematic FeFET device cross sections illustrating different
pathways towards a reduction of interfacial field stress in HfO,-based FeFETs
by separately scaling the area of the ferroelectric and the dielectric capacitor
within a MFMIS-FET gate stack. (a) lithographically sizing the capacitor
areas in a gate first technology; (b) utilizing the intrinsic size reduction of the
gate plug in replacement gate; (c) sizing of the gate contact in a recess gate.

V. CONCLUSION

In conclusion, we assessed different strategies to cope with the
high interfacial field strength present during program and
erase operation in hafnium oxide based MFIS-FETs. It was
found that besides the high external biasing required to reach
the coercive field strength of the FE-HfO,, additionally the
polarization reversal itself significantly contributes to the
interfacial field stress. When accepting the polarization as an



intrinsic material property, the technological challenge to
homogenously tilt the polarization axis remains as the only
viable option to reduce the polarization contribution. Although
the accompanying increase of switching voltage with
increasing tilt angle results in a trade-off, a lower interfacial
field strength is still to be expected for polarization values
above 10 uC/cm?.

A simultaneous decrease of the switching voltage and
polarization contribution to the interfacial field stress may be
expected when operating the FeFET in a sub-loop regime,
accessing intermediate memory window states below
saturation. However, as was proven experimentally in this
paper, this sub-loop behavior observed in large area devices
most likely originates from the statistical superposition of
individual switching voltages and grain orientations and
therewith vanishes with decreasing device size or in single
crystal FeFETs. It should be noted that based on these findings
the Preisach description of polarization hysteresis becomes
inadequate for highly scaled devices and should be substituted
by a Landau based model in future simulation work.

Finally, the feasibility of altering the capacitive divider of the
gate stack by increasing the dielectric constant or the area of
the interfacial layer with respect to the ferroelectric layer has
been discussed. It was concluded that if the technological
challenges to replace SiO, with an interface-less high-k
material can be overcome the direct transition to a MFS
structure appears to be the more likely pathway. In the case of
an improved field distribution within the gate stack by a
simple capacitor area sizing in an MFMIS structure, the
increased integration complexity and scaling penalties would
need careful evaluation.
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