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Ferroelectric HfO, has attracted much attention owing to its superior ferroelectricity at an ultra-thin thickness and
good compatibility with Si-based complementary metal-oxide—semiconductor (CMOS) technology. However, the crys-
tallization of polar orthorhombic phase (o-phase) HfO; is less competitive, which greatly limits the ferroelectricity of the
as-obtained ferroelectric HfO, thin films. Fortunately, the crystallization of o-phase HfO, can be thermodynamically mod-
ulated via interfacial stress engineering. In this paper, the growth of improved ferroelectric Al doped HfO, (HfO,:Al)
thin films on (111)-oriented Si substrate has been reported. Structural analysis has suggested that nonpolar monoclinic
HfO,:Al grown on (111)-oriented Si substrate suffered from a strong compressive strain, which promoted the crystalliza-
tion of (111)-oriented o-phase HfO; in the as-grown HfO;:Al thin films. In addition, the in-plane lattice of (111)-oriented
Si substrate matches well with that of (111)-oriented o-phase HfO,, which further thermally stabilizes the o-phase HfO,.
Accordingly, an improved ferroelectricity with a remnant polarization (2P;) of 26.7 uC/cm? has been obtained. The results
shown in this work provide a simple way toward the preparation of improved ferroelectric HfO, thin films.

Keywords: improved ferroelectricity, interfacial stress engineering, compressive strain, HfO,
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1. Introduction

Recently, ferroelectric hafnia (HfO,) has been an im-
portant research subject due to its competitive advantages
in ferroelectricity, such as superior ferroelectric properties
at an ultra-thin thickness and large conceive electric field.[!]
Meanwhile, the fabrication of ferroelectric HfO, thin films
is well compatible with Si-based complementary metal—
oxide—semiconductor (CMOS) technology, which makes them
promising candidates for nonvolatile ferroelectric random-
access memory and Moore-beyond ferroelectric field effect
transistor devices.!> It has been widely shown that the fer-
roelectricity in HfO; thin films is closely associated with the
formation of polar orthorhombic phase (o-phase) HfO,, which
has been achieved by doping elements in combination with a

(2:5-9 However,

post-rapid thermal annealing (RTA) treatment.
the crystallization of polar o-phase HfO, is less competitive,
which greatly limits the ferroelectricity. Generally, the growth
of improved ferroelectric HfO, thin films needs careful con-
trol of the oxygen vacancy (Vo) defects in HfO, thin films.
As reported, HfO, prefers to crystallize into either nonpolar
monoclinic phase (m-phase) or tetragonal phase (t-phase),®!
which can structurally transform to polar o-phase with the as-
sistance of Vo.!1%121 However, the facile migration of Vg in
turn deteriorates the ferroelectricity.['>~151 Although great ef-
forts focusing on the modulation of Vg have been made in re-

cent years, [16-1°] additional strategies still need to be explored
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to further improve the ferroelectricity of the as-grown HfO,
thin films.

It has been noticed that the ferroelectricity was substan-
tially enhanced when capping a layer onto HfO, thin films,
which promoted the structural transition to polar o-phase HfO,
owing to interfacial stresses induced by lattice and thermal-
expansion coefficient mismatches between HfO, and the cap-
ping layer.[%-20-22
mation of polar o-phase have been theoretically studied.!

] Recently, the effects of strains on the for-
23-27]
It is suggested that nonpolar t-phase can structurally trans-
formed to polar Pnm2; phase when the HfO, suffers from

[25] In addition, the structural transition

in-plane-shear strains.
from nonpolar m-phase to polar o-phase occurs when com-
pressive stress is imposed on HfO,.[2420] Furthermore, the
o-phase should be further thermally stabilized by appropri-
ate stresses. However, efforts involving interfacial stress engi-
neering have seldom been made in the synthesis of ferroelec-
tric HfO, thin films so far.[?®?] The preliminary results sug-
gested that the HfO, thin films grown on different substrates
showed distinct crystallization behaviors. Typically, HfO, thin
films were mainly crystallized into nonpolar m-phase on re-
laxed and compressively strained Lag ¢7Sr9 33MnO3 (LSMO)
layers, whereas they were crystalized into polar o-phase on
tensile strained LSMO layers.[?8! Consequently, we herein ex-
plore the synthesis of ferroelectric Al doped HfO, (HfO;:Al)

thin films on various oriented Si substrates. It is shown that m-
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phase HfO, grown on (111)-oriented Si suffered from highly
compressive strains, promoting the crystallization of o-phase
HfO, and resulting in improved ferroelectricity with a remnant
polarization (2P;) as high as 26.7 uC/cm?.

2. Experiments

The HfO;:Al thin films with a 5.0 mol% Al doping and a
thickness of 13.4 nm were grown on (100), (110), and (111)-
oriented low resistivity (< 0.001 ©-cm) p-type Si substrates
using atomic layer deposition (ALD) method. Briefly, the
Si substrates were cleaned with HF acid to remove the nat-
ural oxide layer, then by acetone, alcohol, and deionized wa-
ter in sequence. To avoid batch-to-batch variations, the (100),
(110), and (111)-oriented Si substrates were placed closely to-
gether in the ALD growth chamber. Tetrakis (dimethylamino)
hafnium (IV), trimethyl aluminum, and water were used as Hf,
Al and O sources, respectively. The 5.0 mol% Al doping was
realized by setting the cycle ratio of Hf and Al source pulses
as 19:1. The growth temperature is 250 °C. Crystallization of
HfO,:Al thin films was realized by a post-RTA treatment at
950 °C for 60 s in N, with a quartz tube furnace. In detail,
the 950 °C was first reached before the annealing, the samples
were then transferred to the furnace via a magnetic conveyor.
Finally, the samples were pulled out from the furnace after
60 s.

The surface roughness of Si substrates and HfO,:Al thin
films were investigated by atomic force microscope (AFM,
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MFP-3D). The structural properties of HfO,:Al thin films
were studied by grazing incidence x-ray diffraction (GIXRD,
BrukerD8 Advance). The ferroelectricity of HfO;:Al thin
films was characterized by polarization—electric field (P-E)
hysteresis loop measurements at a frequency of 1000 Hz (TF
Analyzer 2000).

3. Results and discussion

We first show the surface roughness of HfO,:Al thin
films. Figures 1(d)-1(f) show the AFM images of RTA-treated
HfO,:Al thin films prepared on differently-oriented Si sub-
strates. The results seem to suggest that the growth of HfO;,:Al
thin films smooth the surface of Si substrates (Figs. 1(a)—
1(c)). Notably, the HfO,:Al thin films exhibit distinct surface
roughness. As illustrated, the HfO;:Al thin films grown on
(100) and (111)-oriented Si substrates exhibit a smooth sur-
face with a root-mean-square (RMS) roughness of 0.46 nm
and 0.25 nm, respectively (Figs. 1(d)-1(e)). A smooth sur-
face is critical for the growth of ferroelectric HfO, thin films
at an ultra-thin thickness and the subsequent fabrication of
Moore-beyond ferroelectric HfO; thin films-based devices. In
contrast, the HfO,:Al thin films synthesized on (110)-oriented
Si substrate show a rough surface with a RMS roughness of
0.63 nm (Fig. 1(f)). As discussed below, the reduced sur-
face roughness of HfO;:Al thin films grown on (111)-oriented
Si substrate is attributed to the low lattice mismatch between
(111)-oriented o-phase HfO; and (111)-oriented Si substrate.
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A

o B 2.10m ® 1.0nm

¥ -1.8 nm

eight sensor 600.0 nm
(f) HfO2:Alon (111)-Si
CRVES: 0,25 ot '

8 894.4 om

21nm 3 1 -813.3 pm

1.0 pm Height sensor 1.0 pm

Fig. 1. Surface roughness of Si substrates and HfO,:Al thin films. AFM images of (a)—(c) Si substrates and (d)—(f) HfO,:Al thin films.

Figure 2(a) illustrates the GIXRD patterns of HfO,:Al
thin films prepared on (100), (110), and (111)-oriented Si sub-
strates. As shown, the GIXRD peaks are observed at around
24.97°, 28.91°, 30.96°, 35.73°, and 41.55°, which could be

ascribed to (110)y,, (-111)p, (111)y, (200)y, and (-211)y
planes, respectively, where the subscripts denote the lattice
structure of HfO,. The emergence of (111), peak may suggest
the formation of (111)-oriented polar o-phase HfO, within
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the HfO,:Al thin films, which is mainly attributed to the Al
doping.!"?! Notably, theoretical studies suggested that polar o-
phase HfO» at its optimal equilibrium strains is thermodynam-
ically more stable than the m-phase HfO, in (111)-oriented
thin films.[** In addition, o-phase HfO, adopts the (111)-
orientation may display a large remnant polarization.[®-3]
However, the 30.96° peak may also be assigned as (011);,
which implies the formation of nonpolar t-phase HfO,. In
fact, it is difficult to distinguish the o-phase and t-phase from
GIXRD patterns, since the GIXRD peaks are too broad to re-
solve the (011), (30.06°) and (111), (29.86°) accurately.*!]
Importantly, theoretical calculations have suggested that non-
polar m-phase facilely transformed to polar o-phase when
HfO; thin films suffered from compressive strains (as verified
from GIXRD, shown below).[2* As a result, the chances of
crystallization of nonpolar t-phase should be low, especially
in the HfO;:Al thin films grown on (100) and (111)-oriented
Si substrates.

(a) (-111)w/(011),
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a0 N A" @i
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Fig. 2. GIXRD patterns of HfO,:Al thin films. Data shown in (b) were
extracted from (a). The dashed black line in (b) shows the position of
XRD peak of (110), according to PDF card: 43-1017.

Further studies show that the GIXRD patterns of these
HfO,:Al thin films shift to a high angel side compared to
the standard PDF card, which is due to Al doping and
HfO,/Si interfacial stress induced by the lattice and thermal-
expansion coefficient mismatches between HfO, and Si sub-
strates (Table 1). Typically, Fig. 2(b) shows the (110)y
GIXRD peak of HfO,:Al thin films synthesized on (100),

(110), and (111)-oriented Si substrates, showing that m-phase
HfO,:Al thin films suffer from compressive strains. Accord-
ing to Refs. [24,26] where the compressive stress promoted
the nonpolar m-phase to polar o-phase transition, it seems that
m-phase HfO;:Al films grown on (100), (110), and (111)-
oriented Si substrates have a chance to crystallize into polar
o-phase. However, the m-phase HfO;:Al thin films synthe-
sized on (100), (110), and (111)-oriented Si substrates show
distinct degrees of compressive strain. As shown, the m-phase
HfO,:Al thin films suffer from a strong compressive strain on
(111)-oriented Si substrate, but a weak one on (110)-oriented
Si substrate. As a result, a promoted crystallization of polar
o-phase HfO, and an enhanced ferroelectricity in the HfO,:Al
thin films synthesized on (111)-oriented Si substrate can be

expected.
e, 100)-Si
(a) p 's%( )-Si
i, e 2y
n‘fﬂ& kns.un.u'f /h‘lbp.
> a Q3
.‘é . 9(u£%92110) Si
5] & oba, o” =
R - S
Soq (111)Si
b \a
Yy, ©
rercsommeottmenos® T tea |
27 28 29 30 31 32 33
20 (°)
5.0
(b)
o 4.5f o
&
= 4.0r
T 3.5f
g
= 3.0f
~
= 251
) o
=~ 2.0t \
o
1.5 ; p N .
(100)-Si (110)-Si (111)-Si
Sample

Fig. 3. Crystallization behaviors of HfO,:Al thin films. (a) Fitting of
GIXRD patterns. The square hollows and colorful lines are raw and fit-
ting data, respectively. The data were extracted from Fig. 2(a). (b) Rel-
ative intensity of (111), peak of HfO;:Al thin films.

However, remarkable nonpolar m-phase HfO; is ob-
served within the HfO;:Al thin films (Fig. 2(a)), which should
lower the ferroelectricity. This might be attributed to the limi-
tations of ALD method in the elements doping process, where
the mother materials (Hf and O) and dopant (Al) were alter-
nately pumped into the growth chamber. Notably, the GIXRD
patterns have further suggested that HfO;:Al thin films grown
on differently-oriented Si substrates exhibit distinct crystal-
lization behaviors. In brief, the content of polar o-phase HfO,
in the HfO;:Al thin films on differently-oriented Si substrates
varies (Fig. 3). Herein, the content of polar o-phase HfO, was
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analyzed from relative intensity of (111), GIXRD peak, i.e.,
I(0111)/I(m_11) ratio, where the I(0111) and I(m_;1) are the
integrated intensities of (111), and (—111), GIXRD peaks, re-
spectively. To obtain the /(0111) and /(m_11;) values accu-
rately, the GIXRD peaks were fitted by Gaussian multi-peaks-
fitting method,?! and the results are depicted in Fig. 3(a).
The relative intensities of (111), GIXRD peak of HfO;:Al
thin films grown on differently-oriented Si substrates are il-
lustrated in Fig. 3(b). The HfO,:Al thin films grown on (111)-
oriented Si substrate show the strongest relative intensity of
(111), GIXRD peak, implying the highest content of o-phase
in the HfO,:Al thin films.
lization of polar o-phase HfO; is promoted when HfO, were

This suggests that the crystal-

grown on (111)-oriented Si substrate. However, the relative
intensity of (111), GIXRD peak is decreased in HfO,:Al thin
films grown on (110)-oriented Si substrate, suggesting the sup-
pressed crystallization of polar o-phase HfO,. It is supposed
that the HfO,:Al thin films grown on (110)-oriented Si sub-
strate mainly crystallized into t-phase according to the P—E
results shown below, which may be understood as follows: the
HfO,:Al thin films on (110)-oriented Si substrates suffer from
a weak compressive strain (as shown in Fig. 2(b)), which may
be unable to support the structural transition from m-phase to

30 :
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o-phase. Instead, structural transition from m-phase to t-phase
has occurred, which is attributed to the increased surface en-

33361 and improved thermal stabilities of t-

ergy of m-phasel
phase in ultra-thin films. 3337 It is worth noting that the pro-
moted crystallization of polar o-phase concluded from Fig. 3
are well consistent with the shifts of GIXRD peaks shown in
Fig. 2(b), provided that the structural transition from m-phase
to o-phase is attributed to both the compressive strain imposed
on m-phase HfO, thin films and the generation of V.[?+38]

Figures 4(a) and 4(b) illustrate the P-E and correspond-
ing current—electric field (I-E) curves of HfO,:Al thin films
grown on differently-oriented Si substrates. As depicted, the
HfO,:Al thin films grown on differently-oriented Si substrates
exhibit distinct ferroelectricity. In detail, typical ferroelec-
tric hysteresis loop (Fig. 4(a)) and remarkable current peaks
(Fig. 4(b)) induced by the polarization switching have been
observed in the HfO;:Al thin films grown on (100) and (111)-
oriented Si substrates, showing that these HfO,:Al thin films
are ferroelectric. Furthermore, the preliminary results show
that the HfO,:Al thin films grown on (111)-oriented Si sub-
strate show improved ferroelectricity with a remanent polar-
ization (2P;) of 29.7 uC/cm?, which is higher than those grown
on (100)-oriented Si substrate (19.4 uC/cmz) (Fig. 4(a)).

40F — (100)-si (b)
— (110)-Si
ol — (s
x4

Current (pA)
=

—20}

—40 :
-8 —6 -4 -2 0 2 4 6 8
Electric field (MV /cm)

30

(111)Si  (d)

20
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=

L ¥ . B

—30

Fig. 4. Ferroelectricity of HfO,:Al thin films. (a) P-E. (b) I-E. (c) True-remanent and non-remanent hysteresis loops. (d) Traditional (blue
line) and remanent-only (red line) hysteresis loops. The thicknesses of HfO,:Al thin films are 13.4 nm.

However, leakage current was observed in the /-E curves

(Fig. 4(b)), which is caused by the diffusion of Vo under an

[15

applied electric field.!">! This led to unwanted spurious data

in the P-E measurements. Generally, the total polarization
in a P-E hysteresis curve consists of contributions from both

the “true-remanent” and “non-remanent (typically, the leak-
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age component)” components. To eliminate the non-remanent
components, two different series of triangular pulse voltages
were introduced, as depicted in Fig. 4(c). In detail, logic 1
loop includes switched (true-remanent) and unswitched (non-
remanent) polarization (black line), while logic 0 loop only
contains unswitched polarization (blue line). Finally, subtract-
ing logic 0 from logic 1 obtains the true-remnant polarization
(red dashed line). Figure 4(d) illustrates the traditional (blue
line) and remanent-only (red line) hysteresis loops of HfO,:Al
thin films grown on (111)-oriented Si substrates. As shown, a
small difference in the remnant polarization value has been ob-
served, which tends to increase with an increase in the external
electric field.

Figures 5(a) and 5(b) exhibit the corrected P-E and I-E
curves of HfO,:Al thin films grown on differently-oriented Si
substrates. As shown, the remnant polarization is 26.7 uC/cm2
and 17.4 uC/cm? for HfO5:Al thin films prepared on (111)
and (110)-oriented Si substrates, respectively. This shows that

the ferroelectricity of HfO,:Al thin films can be improved by
interfacial stress engineering via employing a selective sub-
strate. This obviously is a simple pathway compared to mod-
ulation of Vg, where the latter widely involved careful control
of the thermodynamical conditions during the growth!!>18.3]
and post-treatments.!%4%] In contrast, the HfO,:Al thin films
grown on (110)-oriented Si substrate are non-ferroelectric.
Figure 5(c) depicts the statistical data of accurate remnant
polarization of HfO;:Al thin films synthesized on (100) and
(111)-oriented Si substrates, where the enhanced ferroelec-
tricity in the HfO,:Al thin films grown on (111)-oriented Si
substrate is confirmed. It is speculated that the enhanced fer-
roelectricity is mainly caused by the promoted crystallization
of o-phase HfO, benefiting from the interfacial compressive
stress, which has been verified from previous reports on fer-
roelectric Hfy sZro 50, thin films grown on tensile strained!??!
and MnO»-terminated*!! LSMO layers.

20 — 007 40.0 50
o~ — Si — (100)-Si (b)
g — EH&%%‘ (2) — Elug-s; ©)
% 10 Z 200 — (110)-Si N’E\ 40
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Fig. 5. Characterizations of ferroelectricity of HfO,:Al thin films. (a) Remanent-only P-E. (b) Remanent-only /-E. (c) Statistics of the remnant polarization.

Table 1. Lattice constants and thermal-expansion coefficient of m/o-phase HfO, and Si.

Materials Lattice constants

Thermal-expansion coefficient
at 950 °C (1076 K1)

a=514A,b=519A,c=5324A

m-phase HfO,

0y =9.34, o =2.98, o, = 13.1142

o =90° B =99.8°, y=90°

a=5.04A,b=507A,
c=5204A, a=B=y=90°
Si a=b=c=54TA a=B=y=90°

o-phase HfO,

/

~ 43343

Finally, the mechanisms of the formation of polar o-
phase HfO, within the HfO,:Al thin films are briefly dis-
cussed. It has been shown that the crystallization of HfO,
occurred during the RTA process,[!?] where the nucleation
of HfO, was preferred at the Si surface owing to the wet-
tability of Si surface. Because of the lattice and coefficient
of thermal-expansion mismatches between the m-phase HfO,
and Si substrate (Table 1), m-phase HfO, suffers from out-
plane compressive strains. As a result, structural transition
from m-phase to o-phase occurs due to the lower free energy of
compressively strained (111)-oriented o-phase than that of m-
phase. ¥ In addition, doping of Al facilitates the formation of
Vo, which further promotes the structural transition.!1%16]

Meanwhile, the stabilities of o-phase may depend on lattice

mismatch between the (111)-oriented o-phase HfO, and Si
substrates, according to previous reports on the preparation
of cubic ZnO™* and hexagonal e-Ga,03.1*! Interestingly,
the in-plane lattice of (111)-oriented o-phase HfO, matches
well with that of (111)-oriented Si substrate (Figs. 6(a) and
6(d)), showing that the polar o-phase can be thermally sta-
bilized by the underneath (111)-oriented Si substrate, which
further promoted the crystallization of o-phase HfO,. In com-
parison, the lattice mismatch between (111)-oriented o-phase
HfO; and (100)-oriented Si substrate is high, but fortunately
it can be reduced when the o-phase HfO, in-plane rotates by
45° (Fig. 6(b)). As a result, o-phase HfO, formed within the
HfO;:Al thin films synthesized on (100)-oriented Si substrate.

However, the lattice mismatch between (111)-oriented o-phase
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HfO, and (110)-oriented Si substrates is high (Fig. 6(c)),
which suppressed the crystallization of o-phase HfO,. Instead,
structural transition from m-phase to t-phase has more chance.
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Fig. 6. In-plane atomic alignments of o-phase HfO, and Si. (a) (111)-
oriented o-phase HfO;, (b) (100)-oriented Si, (c) (110)-oriented Si, and
(d) (111)-oriented Si. The yellow, red, and blue spheres are Hf, O and
Si atoms, respectively.

4. Conclusion and perspectives

Enhanced ferroelectricity of HfO,:Al thin films have been
prepared on (111)-oriented Si substrate. Owing to the lat-
tice and coefficient of thermal-expansion mismatches between
m-phase HfO, and Si substrates, the m-phase HfO;:Al thin
films suffered from compressive strains, which promoted the
structural transition from nonpolar m-phase to polar o-phase
HfO,. Furthermore, the in-plane lattice of (111)-oriented o-
phase HfO, matches with that of (111)-oriented Si, which fur-
ther thermally stabilized the polar o-phase HfO;. As a re-
sult, the crystallization of o-phase HfO, was promoted within
the HfO,:Al thin films grown on (111)-oriented Si substrate,
which resulted in an enhanced ferroelectricity with a remnant

polarization as high as 26.7 uC/cm?

. The results provide a
simple pathway for the synthesis of improved ferroelectric

HfO; thin films in the future.
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