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Abstract: Ferroelectric HfO, with excellent scaling capability and good complementary-metal-oxide-semiconductor
(CMOS) technology compatibility has triggered the interest in nonvolatile memories. Here, (HfO,—ZrO,)3/mAl,Os/
(HfO2—Zr0,)3 (m donate the Al,O3 (AO) thickness) nanolaminates with different AO thicknesses were fabricated using
atomic layer deposition method. Ferroelectricity and reliability were investigated by varying AO thickness in the
deposition process. The highest remnant polarization (P;) of 23.87 uC/cm? is obtained in (HZO)3/1AO/(HZO);
nanolaminate with 1 nm-thick AO dielectric layer. The leakage current can be decreased by 2—3 orders of magnitude
with the increase of AO thickness. The performance enhancement is ascribed to the interfacial polarization because of
the dielectric mismatch between AO and HfO,—ZrO, (HZO) and high breakdown strength of AO. The insertion of
lower-permittivity AO can effectively modulate the distribution of electric field in nanolaminates and achieves a
significant improvement in reliability. Improved ferroelectricity and reliability in ferroelectric/dielectric/ferroelectric
structure pave a new way for the designation of HfO»-based ferroelectric memories with broader thickness range.
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materials, such as environmental problems and
scaling problems [3—5]. Various methods had been
employed to stabilize ferroelectric orthorhombic
phase in HfO,-based film, such as chemical

1 Introduction

With the development of the Internet of Things,

big data, artificial intelligence, non-volatile memory
devices with large storage capability, high operation
speed and long service life are highly demanded.
Ferroelectric materials are strong competitors due
to their bi-stable polarization characteristics when
the external electric field is removed away [1].
The discovery of ferroelectricity in Si:HfO,
films has attracted great interest due to simple
composition, ultrathin thickness and CMOS
compatibility [2]. Numerous investigations on
ferroelectric HfO»-based films have been reported
in performance inducement and modulation,
structural exploration and probable applications,
which breaks the shackles of traditional perovskite

doping [6,7], stress clamping [8,9] and surface
energy effect [4,10—12]. Though great progress
has been achieved, the reliability problem is still
an unresolved issue and the enhancement of
ferroelectricity is also a common concern of
researchers. It has been proven that HfO, [13]
and ZrO, [14-16] as seed layers can effectively
improve the ferroelectric properties of HfO»-
based film. Furthermore, the comprehensive

investigations have been performed on the
dependence of various parameters including
deposition temperatures, individual HfO,/ZrO,

layer thickness and deposition sequence of
individual layer on the electrical properties of HfO»/
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ZrO> nanolaminates [17—19]. In addition, the
introduction of AlOs; with low permittivity as a
buffer layer between ferroelectrics and electrodes in
Hfo5Zr9 50, films has been reported, which proved
that Al,O; is beneficial to improving the reliability
of the capacitors [20—22]. Al,O; film is recognized
to behave as the capping layer or blocking layer for
electron passing and grain growth, which can
finally influence the electrical properties of
Hfy 5Zro 50, solid solutions.

The above studies are mainly focused on the
effect of ferroelectrics/dielectrics (FE/DE) structure
on ferroelectric properties. In addition, JAKSCHIK
et al [23] reported that 1 nm-thick ALLO; (AO)
insertion layer between adjacent Hfy5Zro 50O, films
could block the growth of grains and reduce
leakage current. SULZBACH et al [24] investigated
the contribution of polarization reversal and
conducting filaments controlled by grain boundaries
on resistive switching, and found that ultrathin
crystalline SrTiOs; or amorphous AlO; capping
layers could improve the operation window of
HfO,-based tunnel device through blocking of the
ionic channel. A considerable number of reports
have been focused on HfZrO4 solid solutions and
HfO,—ZrO, superlattices, but few reports have
involved in HfO,—ZrO, (HZO) nanolaminates.

In this work, the (HZO)3;/mAO/(HZO); nano-
laminates were fabricated using atomic layer
deposition (ALD) technique through varying the
deposition cycling numbers of AO film (m is the
AO thickness). In addition, the crystal structure,
ferroelectric response and electric field distribution
were also investigated. Interfaces and AO
interlayers can be adopted to inhibit the growth of
nanocrystals and block the development of
electrons in HZO nanolaminates, which can
promote the enhancement of ferroelectricity and
decrease the leakage current. The main purpose
of this study is to design a structure of
ferroelectric/dielectric/ferroelectric  nanolaminates
with strong ferroelectricity and low leakage, and
develop an understanding of possible reasons for

Hai-yan CHEN, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3113—-3121

the performance variety.
2 Experimental

2.1 Films deposition

Si substrates were cleaned carefully by
reliability change analysis (RCA) cleaning process
before using. Bottom electrodes and top electrodes
were fabricated through direct-current reactive
sputtering technique in the mixture atmosphere of
Ar and N,. Au hard layer was prepared by DC
sputtering using a hard mask with a diameter of
300 um. HZO and Al,Os films were deposited by
atomic layer deposition (ALD) method. The complete
schematic diagram of preparation sequence in the
HZO/AO/HZO nano-laminates is shown in Fig. 1.
HZO layer was formed by depositing metal
organic precursors tetrakis-ethylmethylamino-hafnium
(TEMAH) and tetrakis-ethylmethylamino-zirconium
(TEMAZ) at 250 °C alternately. Each layer of HZO
consists of 12 cycles HfO, and 12 cycles ZrO..
Al,O3 was deposited using trimethylaluminium
(TMA) at 150°C in chamber. In the whole
preparation process, H>O was used as an oxidizer.
All HZO/AO/HZO nanolaminates were annealed in
a nitrogen atmosphere at 450 °C for 30 s by a rapid
thermal annealing (RTA) treatment.

2.2 Materials characterization

The thickness of all films was calculated
according to the growth rate of HfO,, ZrO, and
Al,O3, which were measured to be 0.094, 0.086
and 0.100 nm per cycle by an ellipsometer [19],
respectively. The polarization—electric field strength
(P-E) loops, current—electric field strength (/—F)
loops and leakage current (J—E) curves were
performed on an Aix ACCT Systems TF Analyzer
2000. Polarization remnant (P;) and coercive field
(E.) can be obtained by P—E loops. The crystal
structure was investigated using grazing incidence
X-ray diffraction (GI-XRD) on a Bruker DS
Advanced system (Cu K, radiation, 4=0.154 nm)
with an incident angle of 1.5° and an integration

{ TMA H,O Ocycle ;0nm ?l; ﬁ; ?1;1 | 3 HZO \
{ TMA H,0 10cyclesi1nm e N/ LTEMAH  H,0 12 cycles /s

) HZQ > 3 cycles
{ TMA H,O 20cycles|2nm iy ( )

' p-Si (100) i{ TEMAH H,O 12 cyclesi

{ TMA H,O 30cyclesi3nm

Fig. 1 Schematic diagram of HZO/AO/HZO nanolaminates
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time of 2s per step. The influence of AlO;
thickness on the distribution of electric field in
HZO/AQO/ HZO nanolaminates was carried out by
ANSYS. The piezoelectric response of HZO/AO/
HZO nanolaminates was studied by piezoelectric
force microscope (PFM, NanoMan, Veeco). The
internal structures were performed to verify the
existence of polar o-phase by transmission emission
microscopy (TEM, Titan G2 60—300, FEI Co., USA)
and HRTEM measurement.

3 Results and discussion

3.1 Structure of nanolaminates

Figure 2 shows the GI-XRD pattern of
HZO/mAO/HZO nanolaminates from 25° to 50°
with different AO thickness (0—3 nm). According to
the standard PDF card, the diffraction peaks of
o(111), #001) and m(111) are located at 29.863°,
30.063° and 31.669°, respectively. The main peak at
30.5° indicates the coexistence of ferroelectric
orthorhombic phase (o-phase), tetragonal phase
(t-phase) and monoclinic phase (m-phase) due to
their similar lattice parameters [18]. With increasing
the thickness of Al>O3, the diffraction peak near 30°
gradually becomes wide, which can be ascribed to
the ultrathin thickness and amorphous characteristic
of AO. KATZ et al [25,26] previously reported that
ultrathin AlO; film is amorphous below 6 nm due
to its lower surface energy for the less stable
non-crystalline phase. Meanwhile, low deposition
temperature (150 °C) and annealing temperature
(450 °C) make AO difficult to crystallize [23]. The
m-phase with peaks located at 28.3° and 31.7°
appears with increasing the thickness of HZO layer.

(1|1).)|/(|01), TiN

o0, o0, 1| @100,
I

TiN
m=3 nm

‘ lm;phase| \

o-phase |

| . . _t-phase
25 30 35 40 45 50
26/(°)
Fig. 2 GI-XRD pattern of (HZO)3/mAO/(HZO); nano-
laminates

Grain sizes can be largely increased with film
thickness based on previous investigations [19,27].
Larger grain size for thicker films contributes to the
growth of m-phase because of its lower surface
energy. TiN diffraction peaks at 36° and 42° display
the good crystallization of electrodes, which can
provide large clamping stress for the formation of
o-phase and promise the good growth quality of
ferroelectric films [28,29].

3.2 Ferroelectric performance

Figures 3(a—d) show the polarization—electric
field strength (P—FE) loops and current—electric field
strength (/—F) loops of (HZO)3/mAO/(HZO); nano-
laminates as a function of AO thickness of 0—3 nm
at the applied electric field of 6 MV/cm. The
polarization hysteresis displays good rectangularity,
indicating their superior ferroelectricity due to
domain switching under high electric field. The
corresponding /—F loops also show significant
current peaks. The detailed P: values are as shown
in Fig. 3(e). Interestingly, with the insertion of AO
layer in the middle layer of HZO, the P: value
increases significantly from 4.99 to 23.87 uC/cm?
when AO thickness varies from 0 to 1 nm. However,
P; value reduces to 15.49 pC/cm? with AO thickness
increasing to 3 nm. The large ferroelectricity of the
nanolaminate can even be comparable to that in
Hfo 571950, solid solutions [9,30].

The improvement of P: is attributed to the
interfacial polarization and the blocking growth of
grain size due to the insertion of lower-permittivity
AO compared to HZO [21,31,32]. P values are
large, which are still much lower than the calculated
value (50-53 uC/cm?) by the ionic distance
between Hf*" and O> in o-phase due to the
polycrystalline characteristics [33,34]. As shown
in Fig.3(f), E. shows a decreasing trend
monotonously with increasing AO thickness. Large
amount of applied electric field can be consumed
by AO due to its dielectric characteristic and lower-
permittivity (~9) value, which reduces the practical
electric field applied on ferroelectric HZO. Thus,
larger electric field should be applied on
nanolaminates to induce the domain switching.

3.3 Reliability

To further investigate the dependence of AO
thickness on the reliability of nanolaminates, the
leakage current behaviors are measured, as shown
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in Fig. 4(a). The leakage current increases with the
increase of applied voltage. The leakage current
reduces from 3.13x1072 to 8.67x107 A/em? for
(HZO)3/mAO/(HZO);  nanolaminates
increasing from 0 to 1 nm. AO insertion layer can
inhibit the growth of electric tree from HZO films
because of its large band width, which avoids the
soft or hard breakdown of ferroelectric films [35].
Meanwhile, AO layer can block the continuous
grain growth in HZO films and decrease the
formation of m-phase, which can be effective in

with m
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Fig. 3 P—E loops of (HZO)3/mAO/(HZO); nanolaminates with corresponding /—FE loops for different AO thickness of
m=0 nm (a), m=1 nm (b), m=2 nm (c), and m=3 nm (d), and correlation between P; (e) and E. (f) with AO thickness at
applied electric field of 6 MV/cm

improving the ferroelectric properties of HZO
films [36]. The fatigue performance of (HZO)s/
mAQO/(HZO); nanolaminates with different AO
thickness is also characterized at 4 MV/cm, as
shown in Fig. 4(b). P: values decrease continuously
with increasing cycles of electric field, which is
reported to be caused by the generation of new
defects during the process [37]. Slight enhancement
of P: values with AO thickness of 1 nm can be
induced by the interfacial polarization, and
decreasing fatigue magnitude can be attributed
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to its lower electronic carriers in films. When AO
thickness is up to 3 nm, the increase of
depolarization electric field can exacerbate the
instability of nanolaminates and decrease the
fatigue performance.

3.4 Simulation

In order to have a deeper understanding on
the reliability performance, the electric field
distribution of (HZO)3/mAO/(HZO); nanolaminates
is analyzed via finite element simulation, as shown
in Fig. 5. The permittivities of HfO,, ZrO,, and

Current density/(A+cm™)

Electric field strength/(MV+cm™)
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AlLOs are set to be 30, 27 and 10, respectively. The
color scale bars indicate the magnitude of the local
electric field strength. With the increase of AO
thickness, the effective electric field applied on
HZO films can be significantly reduced due
to the sharing of electric field by lower-k AO
films. Much larger effective electric field in AO
layer (14.7 MV/cm with m=1nm) is due to the
permittivity difference from HZO Ilayer. From
above results, the insertion of AO film can share
most of the applied electric field and decrease the
practical field in HZO nanolaminates, and finally
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Fig.4 J—E curves under applied voltage of 0—5MV/cm (a) and fatigue performance of (HZO):/mAO/(HZO)3

nanolaminates
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decrease the leakage current in multilayered films.
Thus, larger electric field should be applied to
making ferroelectric switching, which leads to the
increase of coercive fields. These results can well
explain the decrease of leakage current with an AO
insertion layer, as shown in Fig. 4(a). The applied
electric field on each film can be decreased with the
increase of its permittivity according to the equal
charge quantity in series capacitors [38]. Therefore,
under the same electric field, the insertion of the
Al O3 layer can effectively reduce the possibility of
breakdown and failure of the HZO layer, which
contributes to the better reliability.

3.5 Phase structure of (HZO)3:/1AO0/(HZO);
Figure 6(a) shows the PFM images with
obvious “box-in-box” pattern under the sample bias
of 8V, which can clarify the origins of ferro-
electricity in (HZO)3/1AO/(HZO); nanolaminates.
The center area of 3.6 um x 3.6 um was polarized
by a positive tip bias of +8 V, and then a smaller
square of 1.8 um x 1.8 pm was polarized negatively
by a tip bias of —8 V. The outer area of 6 um X 6 pm
was obtained without sample bias. The significant
contrasts of unpolarized, positively polarized and
negatively polarized regions are clearly displayed
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under different directional sample bias, which
indicates the nature of piezoelectric response in
ferroelectric films through domain switching [39].
Figures 6(b, ¢) show the local amplitude loops with
corresponding phase hysteresis loops of (HZO)s/
1AO/(HZO)3 nanolaminates under the sample bias
of 8 V. Typical butterfly curves can be seen and the
maximum amplitude can reach 33.2 mV. And nearly
180° phase difference reveals the internal ferro-
electricity of nanolaminates. The slightly different
positive and negative coercive voltage during PFM
tests is attributed to the built-in field, which is
caused by the different interfacial conditions.

The cross-sectional image of (HZO):/1AO/
HZO; nanolaminates is characterized by TEM, as
shown in Fig. 6(d). The interfacial layer between
TiN electrode and the film can be significantly
displayed due to the oxidation of TiN with its
exposure to atmosphere [40]. The high-resolution
transmission emission microscopy (HRTEM) is
performed on the film to further verify the internal
structures, as shown in Figs. 6(e, f). The significant
polycrystalline characteristics are shown with the
coexistence of m-phase, 7-phase and polar o-phase
from the lattice fringes. The d-spacings of
(111),, (200), and (022), are 2.99, 2.70 and 1.84 A,
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Fig. 6 PFM image with “box-in-box” pattern under DC biases of 8 V (a); Local amplitude loops (b) and phase
hysteresis loops (c) for (HZO)3/1AO/(HZO); nanolaminates; Cross-sectional image of TiN/(HZO)s/1AO/(HZO)3/TiN
sample (d); Interface 1 between TiN bottom electrode and HZO nanolaminates (e), and Interface 2 between TiN top

electrode and HZO nanolaminates (f)
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respectively, which match well with the GIXRD
results as shown in Fig. 2(b) and previous reports.
The calculated crystal orientations represent the
asymmetric structures of the sample. The insertion
of 1 nm-thick Al:O; middle layer cannot influence
the basic structure of (HZO);/1AO/(HZO); nano-
laminates [21,41,42]. The lattice fringes near top
electrode can be clearer compared to that near
bottom electrode, which is attributed to the
clamping stress by TiN top electrode.

4 Conclusions

(1) (HZO)3/mAO/(HZO); nanolaminates with
robust ferroelectricity and excellent reliability were
successfully fabricated using ALD method.

(2) The ferroelectricity is optimized by
adjusting both HZO deposition cycle and AlO;
thickness. Large P, of 23.87 uC/cm? is obtained in
(HZO)3/1AO/(HZO); nanolaminates. The leakage
current can be effectively decreased by one order of
magnitude when the insertion thickness of AO is
1 nm at the electric field of 1 MV/cm.

(3) The distribution of electric field is
simulated by ANSYS, which indicates the
successful sharing of the applied electric field. This
work unfolds the flexibility of the ferroelectric/
dielectric/ferroelectric ~ structure to adjust the
ferroelectric properties, which provides a feasible
method for the designing and fabrication of relevant
ferroelectric devices.
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