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ABSTRACT The corresponding energy landscape and surface potential are deduced from the exper-
imental ferroelectricity of HfZrO, (HZO) for low-power steep-slope transistor applications. The
anti-ferroelectric (AFE) in annealed 600°C HZO extracted electrostatic potential gain from the mea-
sured polarization hysteresis loop and calculated subthreshold swing 33 mV/dec over six decades of Ips.
A feasible concept of coupling the AFE HZO is experimentally established with the validity of negative
capacitance and beneficial for steep-slope FET development in future generation.

INDEX TERMS Ferroelectric (FE), subthreshold swing (SS), negative capacitance (NC).

I. INTRODUCTION
Integrated ferroelectric (FE) hafnium-based field-effect
transistors (FETs) as dielectric with negative capaci-
tance (NC) effect is compatible with CMOS process
and provides a feasible and synergistic concept. For
NC-FETs, the polymer FE was studied and integrated
for a <60 mV/decade swing [1], [2]. BTO (BaTiO3) and
PZT (PbZrTiO3) were used for demonstrating steep-slope
MOSFET and TFET [3], [4]. To benefit scaling down and
process compatibility, the monoclinic HfO, with suitable
dopants for FE transition attracted lots of attention, such
as tetragonal ZrO, [5]-[7], cubic Y:HfO, [8], tetragonal
Si:HfO, [9], and tetragonal ALI:HfO, [10]. The traces of
dopants made the precise control difficult except ZrO,:HfO,,
which was a nearly equal mixture of ZrO, and HfO, [5]-
[7]. To accomplish NC effect for steep-slope FET (SS-FET),
the antiferroelectric (AFE) characteristics for gate stack were
required [3].

In this work, the HfZrO, (HZO) was deposited and
deduced the corresponding energy landscape from the

ferroelectricity to understand the surface -electrostatic
potential of FET with subthreshold operation. The feasible
concept of coupling the AFE polarization HZO was applied,
which were experimentally established with the validity of
the negative capacitance concept.

Il. EXPERIMENTAL

A standard 6-inch MOS (metal-oxide-semiconductor) based
line was employed in this study. First, a 200-nm-thick TiN
was deposited on the Si substrate by sputtering. Thin films
of HZO were grown by remote plasma atomic layer deposi-
tion on TiN/Si substrate. The HZO films with a Hf:Zr ratio
of 0.5:0.5 consisted of one cycle of HfO, and one cycle
of ZrO,. The thickness of HZO films was controlled by
about 9.5 nm, as confirmed by the spectroscopic ellipsometry
at A = 633 nm and HR-TEM (high-resolution transmis-
sion electron microscopy) as shown in Fig. 1(a). Then, the
40-nm-thick TiN was covered on the prior insulator layer by
a sputtering system sequentially. The diode area was then
defined by photolithography and etched by RIE to form the
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FIGURE 1. (a) Cross-sectional TEM of TiN/HZO/TiN. The HZO thickness
~9.5 nm and the lattice image are observed. Note that the PVD TiN leads
interface rough due to column structure. (b) GI-XRD of as-deposited and
annealed HZO with capping TiN electrode.

MESA structure. The annealing process for the crystalliza-
tion of HZO was performed by RTA in an N, ambient for
30 sec.

1Il. RESULTS AND DISCUSSION
The Hf-based oxide is validated ferroelectricity with metal
/insulator/metal structure, i.e., TIN/HZO/TiN in this work

and shows the structure in Fig. 1(a). ALD is utilized for
preparing HZO thin films on TiN, which is confirmed
from the element composition by EDX. The thickness
and lattice image of HZO are observed by HR-TEM in
Fig. 1(a). To determine the phase of HZO, the GI-XRD
(grazing-incident X-ray diffraction) is performed in Fig. 1(b),
and crystallized HZO films after RTA with capping TiN
top electrode and the polycrystalline nature are confirmed.
An amorphous and crystalline structure is observed for
as-deposited and annealed HZO, respectively. The crystal
structure appears to be a mixture of monoclinic and tetrag-
onal/orthorhombic/cubic phase. Note that the later three
phases are difficult to distinguish due to peak positions
being too close. The improvement in the FE character-
istics of the HZO film after annealing at 600°C does
not attribute from the increased intensity of the peaks of
monoclinic phase because the ferroelectricity is believed
to be a result of the formation of non-centrosymmetric
orthorhombic phase [5], [8], [10].

For the ferroelectricity of HZO, we have to validate with
close hysteretic loop for the polarization rather than dielectric
loss due to leakage conductance of charge injection [11]. The
hysteresis loops of P-E (polarization vs. E-field) show the
phase transition from the as-deposited to 800°C in Fig. 2. The
amorphous as-deposited HZO is a dielectric layer of capaci-
tance with small leakage current and shows paraelectric type
for a linear polarization. The polarization of crystalline HZO
with 450°C and 600°C annealing exhibits FE and AFE type,
respectively. With 800°C annealing, it becomes a resistance
due to high leakage current along the grain boundary as
shown in Fig. 4(d). Moreover, the I-V and C-V of the MFM
diode are performed to validate the ferrroelectricity [12]. The
current response to a triangular voltage excitation reveals
the polarization switching in Fig. 3. Note that the triangu-
lar waves are used in this work for polarization extraction,
due to low background conductive and capacitance current
to accurately determine the spontaneous polarization [13].
Two peaks of current response for each triangular volt-
age peak are observed, indicating the AFE type for 600°C
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FIGURE 2. Hysteresis loops of polarization versus E-field (P-E) for HZO with (a) as-deposited, (b) 450 °C, (c) 600 °C, and (d) 800 °C. A gradual transition is
observed. The amorphous HZO is a dielectric layer of capacitance and shows paraelectric type for a linear polarization. The polarization of crystalline HZO
with 450 °C and 600 °C annealing exhibits FE and AFE type, respectively. With 800 °C annealing, it becomes a resistance due to high-leakage current.
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FIGURE 3. Current response to a triangular voltage for HZO with (a) as-deposited, (b) 450 °C, (c) 600 °C, and (d) 800 °C. The fast measurement of
response current is done by Agilent B1530A. The current integration is to obtain polarized charge for Fig. 6. Two peaks of response current for each
triangular voltage peak is observed, indicating the AFE type for annealed 600 °C HZO.
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FIGURE 4. Schematic of (a) paraelectric, (b) ferroelectric,
() antiferroelectric, and (d) ferroelectric with electrons leakage path.

annealing HZO. The small remanent polarization (P,), coer-
cive field (E,), and high dielectric constant (~ 43) of AFE
type (600°C) are obtained due to reduced monoclinic phase
fraction, and it is beneficial for integrated gate stacks for
CMOS applications.

Gibb’s free energy (U-P) of HZO with steady state, as
shown in Fig. 5, is extracted from the measured P-E (Fig. 2)
and based on Landau-Khalatnikov (LK) equation [14]

U=aP*+BP*+yP° —E.P (1)
E = 2aP + 48P + 6y P’ )

where U, P, and E are energy, polarization, and electric field,
respectively. The fitting parameters of «, 8, and y are listed
in Table 1. The amorphous as-deposited HZO shows a typical
U-shape as the ordinary linear dielectric, and 8 = y = 0. The
dielectric constant is inversely proportional to «; therefore,
the decreasing « indicates enhanced dielectric constant. The
dU/dP of AFE HZO (600°C) exhibits the localized negative
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FIGURE 5. Energy landscape (U-P) and its derivative (dU/dP) of HZO

with (a) as-deposited, (b) 450 °C, and (c) 600 °C. Note that the free energy
is extracted from the measured P-E (Fig. 2) and based on
Landau-Khalatnikov (LK) equations. The dU/dP of AFE HZO (600 °C)
exhibits the localized negative slope and indicates existence of the NC
component.

TABLE 1. Summary of the parameters in Landau-Khalatnikov (LK) equa-
tion. Note that the dielectric constant is inverse proportional to «, and
B = y = 0 for a ordinary linear dielectric is the as-deposited HZO.

as dep. |450 °C (FE)|600 °C (AFE)
a (cm/F) +7.3x101° | +5.3x1010 +4x101°
B (cm5/F/coul?) 0 -2.2x10% -3.2x10"°
y (cm¥F/coul4) 0 +5.7x107 | +1.2x1028

slope in Fig. 5(c) and indicates the existence of the NC
component.

The steady-state surface potential (W) is calculated
according [15], [16] with the free energies.

Ve = (1+a) ¥+ a¥ +aW] 3)

where a1 = 2aCituzo, az = 4BC3tuzo, a3 = 6y Cdtuzo.
Cs, and fgzp are semiconductor capacitance and HZO
thickness, respectively. The non-linear behavior in surface
potential of both FE and AFE HZO (450°C and 600°C)
is extracted by the free energies as shown in Fig. 6(a).
The surface potential gain (d¥;/dV,) shows more than
one with voltage amplification to AFE type in Fig. 6(b).
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FIGURE 6. (a) Surface potential (¥s) of HZO with 450 °C and 600 °C. They
are calculated [15], [16] according to the free energy and obtain the
non-linear region in both FE and AFE HZO. The detailed parameters are
shown in Table 1. (b) Surface potential gain (d¥s/dVg) of HZO with 450 °C
and 600 °C. It shows more than one (2.76 x) voltage amplification for AFE
type. However, it is smaller than unity (0.89x) for FE.
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FIGURE 7. Calculated transfer characteristics I4Vg with the FE and AFE
HZO according to Fig. 6. The subthreshold swing (SS) has been improved to
33 mV/dec for AFE HZO, but 63 mV/dec for FE HZO.

However, it is smaller than unity for FE. This means AFE
type of HZO is beneficial for NC effects by integrating
FETs. The simulated transfer characteristics 1;V, of HZO
with FE and AFE to validate the surface potential gain
> 1 beneficial for SS<60 mV/dec. According to the surface
potential gains, it shows the steep slope (swing = 33 mV/dec)
in subthreshold region for AFE (600°C) in Fig. 7. Note
that the swing approximately agrees proportional to that
60 mV/dec divide to inverse of d¥;/dV, (peak value of
gain is around 2-3). However, there is no improvement for
FE (450°C) due to d¥;/dV, < 1. This indicates only range
~ 0.3 V from OFF (10~'°A/um) to ON (107°A/um) state
of AFE HZO MOSFET. The small turn-on operation voltage
may satisfy low-power electronics application. Similar results
also obtained in measurement with steep turn-on of NFET
connecting AFE HZO [12]. The surface potential gain is
amplified with negative capacitance effect by MFM on FET
gate. This indicates that the AFE type HZO is beneficial for
NC effects and CMOS application, FE HZO for memory
application.

The comparison with previous studies on Hf-based oxide
shows the features of the crystalline HZO with AFE type,
as shown in Table 2, and exhibits electrostatic potential
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TABLE 2. Comparison with previous studies on Hf-based oxide ferroelec-
tricity. The AFE type are demonstrated as SS < 60 mV/dec for steep slope
FET application. A feasible concept of coupling the AFE HZO is beneficial
for CMOS.

HfZrO (Hf:Zr=1:1) other Hf-based oxide
el | wiswork | Rot 3 met 1] SR | VHER S | aon
Temperature 600°C | 500°C | 600°C 1000°C 600°C 1000°C
P, (1Cl/cm?) 10 17 15 7 25 6
E. (MV/cm) 1.2 1 1.7 0.8 1.2 0.8
Thi (nm) 9.5 9 10 8.5 10 16.2
Type AFE FE FE FE/AFE FE FE/AFE

gain with energy landscape by ferroelectricity of HZO for
low-power transistors application. The advantage of HfZrOx
(Hf:Zr = 1:1) is beneficial for thickness scaling down due
to cycle process of ALD with traces of dopants. The small
remanent polarization and coercive field when compared
with [5] and [6] is due to AFE type. A feasible concept
of coupling the AFE HZO is beneficial for CMOS.

IV. CONCLUSION

The corresponding energy landscape and surface poten-
tial (¥;) are deduced from the ferroelectricity of HZO,
demonstrating AFE in annealed 600°C HZO with volt-
age amplification for calculating subthreshold swing (SS)
33 mV/dec over six decades of Ips. The impact of the HZO
development is compatible with the current CMOS process,
as compared with conventional ferroelectric materials, such
as PZT, BST,...etc. The advantage of HfZrOx (Hf:Zr = 1:1)
is beneficial for thickness scaling down due to cycle process
of ALD with traces of dopants. The fundamental physics dis-
cussion is essential and necessary for negative capacitance
effect on MOSFET. The comparison with previous studies
on Hf-based oxide shows the features of the crystalline HZO
with AFE type, and exhibits electrostatic potential gain with
energy landscape by ferroelectricity of HZO for low-power
transistors application. A feasible concept of coupling the
AFE HZO is experimentally established with the validity
of NC and beneficial for SS-FET development in future
generation.
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