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ABSTRACT Metal-Ferroelectric-Metal (MFM) devices possessing high remanent polarizations (2P,) of
84 and 73 /LC/sz are demonstrated with nearly epitaxially grown Hfy 5Zrp 50, (HZO) films on (001)
nt-Si(3E19/cm?) and nT-Ge(3E20/cm?) substrates, respectively, which are higher than MFM devices with
HZO films grown on amorphous SiO; and partially crystallized TiN underlayers/substrates. The HZO super-
lattice films by sequential ZrO,/HfO; plasma-enhanced atomic layer deposition (PEALD) process show high
crystallinity in TEM images of all devices; however, the measured 2P, values are quite different, ranging
from 84 to 33 C/cm?. The high-resolution scanning transmission electron microscopy (HR-STEM) images
of HZO films on n*-Si and n™-Ge show the polarization axis of o-phase is well-aligned with the growth
direction which is consistent with observed high 2P, values. Much lower interfacial energy at o-phase/Si(Ge)
interfaces than m-(t-)phase/Si(Ge) by density functional theory (DFT) calculations indicates that o-phase is
greatly stabilized in the HZO films on n*-Si(Ge) substrates. Strong 2P, of 51 and 47 uC/cm? are measured
after 1E9 and 1E11 endurance cycles for HZO films on n*-Si and n*-Ge substrates, respectively. This study
shows epitaxial ferroelectric HZO films could be achieved by using small misfit substrates with the thermal
budget as low as 450°C.

INDEX TERMS Hf(5Zr950,, HZO, epitaxial growth, HR-STEM, PEALD, interfacial energy, density
functional theory.

I. INTRODUCTION

Hafnium zirconium oxide (Hfy 5Zry50,, HZO) is an exten-
sively studied material nowadays for its potential applications
in ferroelectric RAM (FeRAM), ferroelectric field-effect
transistor (FeFET), and ferroelectric tunneling junction (FTJ)
due to its great ferroelectricity even under ultrathin condition
(~2nm) [1], and also good scalability plus compatibility
with complementary metal-oxide-semiconductor (CMOS)
process [2], [3]. To maximize the ferroelectricity, highly crys-
talized uniform HZO film with its spontaneous polarization
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along the growth direction is demanded. Because the fer-
roelectric orthorhombic phase (o-phase) is not the ground
state of bulk HZO, using proper substrate with low interfacial
energy to stabilize ferroelectric HZO films at the low temper-
ature (~450°C) is a desired pathway. Previously measured
2P, ranging from 42 to 72uClecm? [4], [5], [6], [7], [8],
[9], [10], [11], [12], [13], [14], [28], [29], [30] is much less
than the theoretical values of o-phase [15], [16] probably
due to the low content and not well-aligned polarization axis
of o-phase among grains in HZO films. Grazing-incidence
X-ray diffraction alone could not distinguish between t- and
o-phases in ultrathin HZO [17], whereas P-V and HR-STEM
can confirm the o-phase.

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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FIGURE 1. (a) Schematic of MFM using n*-Si or n*-Ge substrates with
low crystallinity TiN top electrode. The corresponding HAADF images in

(b) and (c) clearly show Z(dark)/H(bright) superlattice structures in HZO
layers. (d) Process flow of Pt/TiN/Hfg 5Zrg 50,/n*-Si (n*-Ge).

Post metallization
annealing at 450 °C

In this work, nearly epitaxial growth of HZO films on
nt-Si and n*-Ge substrates is investigated to improve
the content and polarization axis alignment of o-phase
in HZO film. It is observed that the measured 2P, val-
ues are 84 and 73 wC/cm? for HZO films grown on
nt-Si and n*-Ge substrates, respectively, which are much
stronger than measured 2P, values for HZO films on «-SiO,
and TiN underlayers. The Radiant Precision Premier II
is used to measure P-V with 1kHz. Agilent Technolo-
gies B1500A is used to measure endurance with 200ns
pulse width. Meanwhile, the polarization axis of HZO
films on n™-Si and n*-Ge are also well-aligned along
the growth direction as shown in high-resolution STEM
(HR-STEM) images, which demonstrates nearly single crys-
talline o-phase HZO can be epitaxially grown on n™-Si and
n™-Ge substrates. The first stacked nanosheet FeFET without
amorphous interfacial layer is demonstrated based on this
work [21]. Density functional theory (DFT) calculations also
reveal that o-phase is highly favored in HZO film grown on
Si substrate compared to the monoclinic phase (m-phase) and
tetragonal phase (t-phase) to greatly enhance the ferroelec-
tricity of HZO film.

Il. DEVICE FABRICATION

In this study, five types of devices are fabricated using
different underlayers/substrates namely n*-Si, n'-Ge,
a-SiO/n*-Si, and in-situ TiN with low and high crystallinity.
The n™-Si and n™-Ge substrates were used as starting
substrates and bottom electrodes after dipping with dilute
hydrofluoric acid (DHF) to remove the native oxides. The
a-SiOy/n™-Si substrate was also used to make a comparison
of devices with and without DHF dipping treatment. In addi-
tion, devices using in-situ TiN bottom electrodes prepared
by plasma-enhanced atomic layer deposition (PEALD) were
also included in comparison to have a better comprehension
of the results from the previous three devices. By controlling
the TiN thickness, bottom TiN electrodes manifest low (thin)
or high (thick) crystallinity. Then HZO superlattice films and
in-situ TiN top electrodes were deposited by PEALD on five
underlayers/substrates with O, gas (exposure time of 10 s)
and forming gas (50%N;+50%H>) at 250°C, respectively.
The precursors used for ZrO,, HfO,, and TiN are TDMAZ,
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FIGURE 2. TEM of the Hfy 5Zrg 505 on (a) n*-Si, (b) n*-Ge,

(¢) «-Si0,/n*-Si, (d) 5%, and (e) 70% crystalline TiN
underlayer/substrate. No interfacial layer (IL) is observed at (a) HZO/Si
and (b) HZO/Ge interface. In (c), «-SiO, IL is clear under TEM.

TEMAH, and TDMAT, respectively. 7 periods (70 cycles) of
Z5HS5 (ZrO; first) PEALD process made of 5 cycles ZrO;
and 5 cycles HfO, were applied for the growth of HZO
superlattice film. The Pt passivation layer was sputtered after
the TiN deposition on top of HZO to avoid oxidation on
top TiN electrode surface and then patterned by the lift-off
process. Post metallization annealing (PMA) at 450°C in
the forming gas (90% N;+10%H>) for 1min was applied to
enhance the crystallization in the HZO films during the final
process. Fig. 1 (a) shows the schematic of the MFM device
using n-Si or n-Ge substrate. Fig. 1 (b) and (c) show the
high-angle annular dark-field (HAADF) images of devices
using nT-Si and n*-Ge substrates, which exhibit clear
superlattice structures in HZO films. The HZO superlattice
structure was demonstrated to be able to enhance the ferro-
electricity of HZO compared to HZO alloy films [1], [5], [17].
In this study, the HZO superlattice structure is applied to all
devices. Fig. 1 (d) illustrates the process for fabricating MFM
devices.

The HZO films in five MFM devices all have high crys-
tallinity as shown in the TEM images of Fig. 2. The moiré
fringes presented in the regions of HZO films indicate that
HZO films are well crystallized; however, no atomic details
could be defined in these TEM images to identify the crystal
phase in each HZO film. Compared to devices using n*-Si
and n"-Ge substrates, the TEM image of the n™-Si substrate
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FIGURE 3. Interfacial energies of ZrO, phases on (a) Si, (b) Ge, (c) «-Si0,,
and (d) TiN(110) substrate/underlayer by DFT calculations.
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FIGURE 4. Atomic interfaces between ZrO, m-, o-, t-phase and
underlayers. Larger number of bonds represent lower interfacial energies.
Si-0 has larger bonding energy than Ge-O.

without DHF dipping treatment has a clear «-SiO» interlayer
(IL) between the HZO layer and n™-Si substrate (Fig 2 (c)).

lll. SIMULATION

To theoretically understand how the using of different sub-
strates can affect the phase contents in HZO films, atomistic
simulations were performed by using Vienna Ab initio
Simulation Package (VASP) with density functional theory
(DFT) method [18], [19]. The valence electrons of were
expanded in plane waves with 500 eV energy cutoff. Elec-
tron exchange-correlation energies were estimated based on
Perdew—Burke—Ernzerhof generalized gradient approxima-
tion (PBE-GGA) functionals. Pseudopotentials constructed
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TABLE 1. The lattice constants of o-phase and t-phase for Zr0, /Hf0,, Si,
Ge, and TiN crystals. The misfits are calculated using the in-plane lattice
constants which are defined as vab.

ZrOyHf0, | a (A) b (A) c(A)
o-phase | 5.32/5.26 | 5.10/5.04 | 5.13/5.07
t-phase | 5.28/5.20 | 5.12/5.07 | 5.12/5.07

( A) Misfit to o-phase | Misfit to t—phase
a ZrO,/HfO, ZrO,/HfO,

Si | 5.43 4.2%/5.4% 4.4%/5.7%

Ge | 5.66 8.4%/9.9% 8.6%/10.2%
TiN | 4.24 | -18.6%/-17.7% | -18.5/-17.5%
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FIGURE 5. The P-V curves of MFM capacitors on (a) n*-Si, (b) n*-Ge,
(c) «-Si0,/n*-Si, and (d) 5% and (e) 70% crystalline TiN substrate.
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FIGURE 6. (a) The P-V curves of MFM capacitors with additional series
connected resistance by Radiant Precision Premier Il. (b) The I-V of HZO
on nt-Ge.

by the projected augmented wave method are used to present
potential of core electrons. Only I' point of K-grid was
applied for extended simulation systems in calculations
of interfacial energies. However, only Si (001), Ge (001),
«-Si0y, and TiN (110) surfaces are considered for the
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FIGURE 8. (a) The positions of Hf atoms in HfO, o-phase in simulation
when looking into (110) plane. The HR-STEM images of cross-section view
for HZO films grown on n*-Si (b) and n*-Ge (c) substrates.

convenience of computational modeling. The doping in Si
and Ge substrates were hence neglected in atomistic mod-
els. Since the first deposited layer is ZrOy in the PEALD
of superlattice HZO film, interfacial energies of ZrO, on
Si, Ge, «-SiO3, and TiN were calculated (Fig. 3). For the
7r0,/Si(Ge) interface, the Si (001) and Ge (001) substrates
were constructed with 3 times replicas in two in-plane direc-
tions and 8 atomic layers in the z-direction (144 atoms).
The ZrO; (001) films were constructed with 3 times repli-
cas in two in-plane directions and 4 Zr atomic layers in
the z-direction (216 atoms). Since Si and Ge are thick sub-
strates in experiments, the in-plane lattice constants were
fixed at Si and Ge lattice constants for modeling ZrO,/Si(Ge)
interfaces. The o-phase formation is stabilized due to much
lower interfacial energies of o-phase/Si(Ge) interfaces than
m (t-)phase/Si(Ge). The large number of bonds at the inter-
face can represent relative low interfacial energy for the
same underlayer (Fig. 4). Note that due to the 3D DFT
simulation, not all the bonds can be seen in the 2D plane.
The o-phase has twice bonds than the m-(t-)phase on both
Si and Ge. Moreover, the o-phase has twice bonds on Si
and Ge than on «-SiO,. The n-Si has stronger effects on
stabilizing the o-phase than n*-Ge due to stronger Si-O
bonds.
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FIGURE 9. TEM images of (a) thinner (7nm) and (b) thicker (20nm) TiN
substrates. (c) Crystallinity of TiN decreases with thickness due to
decreasing surface energy.

IV. RESULT AND DISCUSSION

The P-V curves of five MFM devices are shown in Fig. 5.
The measured 2P, values are 84, 73, 58, 51, and 33;LC/Cm2
for HZO films grown on n*-Si, n™-Ge, a-SiO»/n™-Si, and
in-situ TiN with low and high crystallinity at room tempera-
ture, respectively. The high 2P, confirms the HZO o-phase.
However, these measured 2P, values are all smaller than
the theoretical values of HZO o-phase ranging from 100 to
136 ,uC/cm2 [15], [16]. Compared to the P-V curves of MFM
devices using TiN substrates, the P-V curves of devices using
nt-Si, n7-Ge and «-SiO,/nt-Si substrates are more rounded
may be because of the additional series connected resistance
caused by the low doping in n™-Si and n*-Ge substrates. The
coercive voltages of MFM capacitors increase with increas-
ing resistance (Fig. 6 (a)). The ferroelectric switching current
of HZO on n™-Ge is clear (Fig. 6 (b)).

Since the HZO o-phase is generally recognized as the
source of ferroelectricity in HZO film [20], [21], [22],
to reach the theoretical 2P, value needs very high o-phase
content in HZO film and also well-aligned polarization axis
with the growth direction, that is the normal of under-
layer/substrate. According to the measured 2P, using n™-Si
substrate seems the best one to enhance HZO o-phase content
and to make the HZO o-phase polarization axis along the
growth direction.

To achieve good alignment of the polarization axis,
the HZO film better near epitaxially grows on the sub-
strate. Hence low misfit between HZO o-phase and under-
layer/substrate should be one of the important factors to be
addressed. Among Si, Ge, and TiN cubic phases, the Si crystal
has the smallest misfit with ZrO, o-phase, next Ge, and then
TiN as shown in Table 1. On the other hand, the misfits of
Si and Ge with ZrO, t-phase are slightly larger than with
ZrO; o-phase, which would result in the o-phase is more
favored than the t-phase for HZO film on n™-Si and n*-Ge
substrates.
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FIGURE 10. Phase percentage estimation of HZO film grown on (a) Si,
(b) Ge, (c) «-Si0,, and (d) TiN (110) underlayer/substrate at temperature
of 450°C with [Vo] = 1%.

Because oxides naturally grow on Si and Ge wafers under
ambient conditions, DHF dipping treatment was applied to
remove oxides before the HZO superlattice PEALD process
for the first two MFM devices to ensure the clean crystalline
surface of n™-Si and n*-Ge substrates. These two devices
show pretty large 2P, values of 84 and 73.4C/cm?. In addi-
tion, after 1E9 and 1E11 endurance cycles, still strong 2P, of
51 and 47 £C/cm? are measured, respectively (Fig.7). The
2P, increases for the first ~100 cycles may be due to the
wake-up effect [31]. On the other hand, with an additional
interfacial «-SiO; layer, HZO film grown on «-SiO»/n™-Si
substrate has smaller 2P, value of 584C/cm? compared to
HZO on n*-Si and n-Ge substrates (Fig. 5(a)-(c)).

Recently, S. S. Cheema et al. showed that HZO superlattice
grown on «-S10,/Si substrate exhibits strong ferroelectricity
even down to 2nm HZO thickness [1]. According to our
previous theoretical study, the amorphous underlayer like
a-Si0; can enhance the o-phase content for lower interfacial
energy than m-phase and t-phase [23]. However, the not
uniform surface of «-SiO, also increases the variation of
different crystal orientations among HZO grains to result in
not uniform alignments of the polarization axis and reduce
measured 2P;..

To confirm the o-phase and alignments of the polariza-
tion axis in HZO films on n*-Si and nt-Ge substrates,
the HR-STEM images of HZO films in cross-section view
(growth direction pointing up) of these two devices are
compared with the simulated Hf positions in HfO, o-phase
crystal looking into (110) plane as shown in Fig. 8. The
polarization axis is along o-phase c-axis. Since HR-STEM
is more sensitive to heavy atoms like Hf and Zr, the white
spots in Fig. 8 (b) and (c) present the positions of Hf or Zr
atoms while O atoms are not visible. The HR-STEM images
in Fig. 8 (b) and (c) exhibit high similarity with the sim-
ulated o-phase Hf positions in Fig. 8 (a), which indicate
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FIGURE 11. Benchmarks of 2P,. HZO with nt-Si substrate shows a record
high 2P, of 84,.C/cm2.

the crystalline o-phase in HZO films grown on n™-Si and
nt-Ge substrates. Meanwhile, these HR-STEM images also
provide clear evidence that the polarization axis of o-phase
in HZO films on n™-Si and n™-Ge substrates are well
aligned.

With respected to the MFM devices using TiN substrates,
the measured 2P, values are all smaller than those of the
previous three devices. In addition, HZO film grown on the
TiN substrate with 70% high crystallinity has a lower 2P,
value than the HZO film grown on the TiN substrate with
much lower 5% crystallinity (Fig. 5 (d) and (e)). To be
noted, the crystallinity of a TiN substrate is calculated by
counting the crystalline area in the TEM images of TiN sub-
strates (Fig. 9 (a) and (b)). The crystallinity of TiN substrate
will decrease with decreasing thickness for the decreas-
ing surface energy [25]. For TiN substrates, the interface
with higher amorphous conditions shows a higher 2P, value
due to the large lattice misfit between HZO o-phase and
cubic TiN.

Based on our experimental results, it is intuitively clear
that when the misfit between o-phase and substrate is small,
the epitaxial growth of HZO film is likely to happen with
greatly enhanced crystallinity and well alignment of polar-
ization axis of HZO film. On the other hand, if the misfit
between the o-phase and substrate is large, the amorphous
interface condition could reduce the incompatibility between
HZO phases and the crystalline grains in the substrate. The
o-phase content could be enhanced if the o-phase is more
stabilized by the interfacial energy at the amorphous interface
while the alignment of the polarization axis between grains
will not be assured.

According to the calculated interfacial energies (Fig. 3),
ZrO, o-phase is more stabilized on Si, Ge, «-SiO,, and
TiN (110) underlayers/substrates relative to m-phase and
t-phase for lower interfacial energies. However, the rela-
tive differences among interfacial energies of three ZrO;
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phases are not similar for different underlayers/substrates.
Si substrate has the largest differences, Ge substrate is next,
then «-SiO, underlayer, and then TiN (110) substrate has
the smallest differences. The calculated interfacial energies
indicate that Si substrate possesses the greatest ability to
stabilize ZrO, o-phase among four theoretically modeled
underlayers/substrates.

In experiments, the HZO films usually are polycrystalline
with grain size roughly proportional to the HZO film thick-
ness [26]. To estimate the o-phase content in HZO films
grown on different underlayers/substrates with respected
to HZO thickness, the phase percentages are calculated at
450 °C. Fig. 10 presents the estimation of phase percent-
age with 8nm HZO thickness. For HZO film on Si and Ge
substrate, the content of o-phase is much higher than t- and
m-phase (Fig. 10 (a) and (b)). Both Si and Ge substrates
can have very high o-phase content at very thin conditions
because of extremely suppressed m-phase and t-phase con-
tents. On the other hand, HZO o-phase content is not the
major phase on «-SiO> and TiN underlayer (Fig. 10 (c)
and (d)). It is because the m- and t-phase is not extremely
suppressed for HZO on the TiN and «-SiO; underlayer.

Fig. 11 shows the benchmarks of 2P, values observed in
this work and several previous works. If the o-phase is 100%
percentage with well-aligned c-axis, the 2P, will reach the
theoretical value. Ultra-high polarization of 108 uC/cm? in
nanometer-scaled size (95 nm x 85 nm) was observed by
F. Huang et al. by using Mo electrodes [27], which meets
the theoretical 2P, values of bulk HfO, and ZrO, indicated
by the purple and orange dashed lines in Fig. 9 (102.6 and
120.6 C/ecm?, respectively, by our calculations). The ultra-
high 2P, measured by F. Huang et al. resulted from a single
o-phase grain in a very thin HZO film with a very small area
size. Except for that special record, others were measured
with device sizes larger than 1 pum? and are all smaller
than the theoretical 2P, values. The largest 2P, value is
84 uC/cm? for MFM using nt-Si substrate in this work.
The factor like polycrystalline nature of HZO film could be
the main reason for the smaller 2P, measured in this work
compared to theoretical values, since the alignments of the
polarization axis are well parallel to the growth direction as
demonstrated in HR-TEM (Fig. 8).

By simply using the theoretical average 2P, (111.6,C/cm?)
could convert the o-phase content in Fig. 11 to 2P, value at
different HZO thickness for different underlayers/substrates.
The predicted o-phase content is 74% for HZO on Si substrate
at HZO thickness of 8nm, which corresponds to a 2P, value,
82.6 C/cm?, very close to the experimental value in this
work. For HZO on Ge substrate, the predicted o-phase content
and 2P, are 55% and 61.4 £ C/cm? which are also not too far
from the experimental value in this work. For HZO on «-SiO»
underlayer, the predicted o-phase content and 2P, are 27%
and 30.1 uC/cm? which are smaller than the experimental
observation. For HZO on TiN(110) substrate, the predicted
o-phase content and 2P, are 24% and 26.7 1C/cm? which are
smaller than the experimental value by using low crystallinity
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TiN substrate but close to the data by using high crystallinity
TiN substrate. In general, the theoretical predictions of mod-
els using crystalline substrates are close to our experimental
data, but the result of using an amorphous underlayer like
«-Si0; is underestimated. The not well-matched results for
the case of HZO on «-SiO, underlayer are reasonable since
our «-Si0; slab model could not fully represent the ergodic
surface conditions of true «-SiO, surface. After all, the
trend of theoretical prediction is still consistent with the
experimental observation in this work.

V. CONCLUSION

The strategy to grow single crystalline ferroelectric HZO film
is demonstrated by the nearly epitaxial growth of o-phase
HZO on small misfit Si and Ge substrates. The measured
2P, values of the corresponding MFM devices reach high
records of 84 and 73 uC/cm?, respectively. The correspond-
ing HR-TEM images clearly manifest the polarization axis of
these two HZO films are well aligned with growth direction.
Theoretical calculations show Si and Ge substrates greatly
favor the HZO o-phase compared to «-SiO, underlayer and
TiN substrate.
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