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Crystallization annealing is a crucial process for the formation of the ferroelectric phase in HfO,-based ferroelectric
thin films. Here, we systematically investigate the impact of the annealing process, with temperature varied from 350 °C
to 550 °C, on the electricity, ferroelectricity and reliability of a Hfy 5Zrg 50, (HZO; 7.5 nm) film capacitor. It was found
that HZO film annealed at a low temperature of 400 °C can effectively suppress the formation of the monoclinic phase and
reduce the leakage current. HZO film annealed at 400 °C also exhibits better ferroelectric properties than those annealed
at 350 °C and 550 °C. Specifically, the 400 °C-annealed HZO film shows an outstanding 2P, value of 54.6 uC-cm~2 at
+3.0 MV-cm™!, which is relatively high compared with previously reported values for HZO film under the same electric
field and annealing temperature. When the applied electric field increases to 5.0 MV-cm™!, the 2P; value can reach a
maximum of 69.6 pC-cm~2. In addition, the HZO films annealed at 400 °C and 550 °C can endure up to bout 2.3x 108 cy-
cles under a cycling field of 2.0 MV-cm ™! before the occurrence of breakdown. In the 400 °C-annealed HZO film, 72.1% of
the initial polarization is maintained while only 44.9% is maintained in the 550 °C-annealed HZO film. Our work demon-
strates that HZO film with a low crystallization temperature (400 °C) has quite a high ferroelectric polarization, which is of

significant importance in applications in ferroelectric memory and negative capacitance transistors.

Keywords: Hfj 5Zry 50, thin film, annealing temperature, ferroelectric polarization, endurance

PACS: 77.84.—s, 85.50.Gk, 77.55.D—, 77.55.fp

1. Introduction

Recently, HfO,-based ferroelectric thin films, especially
Hfy 571950, (HZO) film, have attracted much attention for
application in non-volatile ferroelectric memory, ultralow-
power logic devices and neuromorphic computing.!'=>! Such
films have the advantages of a large bandgap (5.2-5.8 eV),
excellent compatibility with the complementary metal—
oxide—semiconductor (CMOS) process and high scalabil-
ity compared with traditional perovskite-structure ferroelec-
tric materials.l'3] Generally, the spontaneous polarization
in HfO,-based ferroelectric materials originates from a non-
centrosymmetric orthorhombic phase (o-phase; Pca2;).['=]
The formation and stability of the ferroelectric o-phase in films
are affected by various factors, such as large tensile strain and
a proper annealing process.!!! The annealing temperature of
HZO ferroelectric thin film is reported to vary between 300 °C
and 800 °C.[52%) To improve the ferroelectric properties, most
researchers have adopted high-temperature (> 500 °C) treat-
ment methods for generating stresses in the film.[%~14]

This high thermal budget process not only degrades the
qualities of HZO film but also restricts its integration in the
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back end of line (BEOL) circuits in CMOS technology.!!5-21]
Therefore, it is necessary for HZO-based devices to achieve
reasonable ferroelectric properties via a low-temperature an-
nealing process so that they can be used in the above
technologies.!'”) However, when HZO film crystallizes in a
low-temperature (e.g., 300 °C—450 °C) annealing process or
without any heat treatment it exhibits relatively low remnant
polarization (initial 2P, = 5-40 uC-cm~2),[15-211 which is un-
acceptable for various practical applications.

The ferroelectricity of HZO thin film can significantly de-
crease as the annealing temperature goes down to 400 °C or

[16.17.191 which is ascribed to the non-ferroelectric phase

lower,
or amorphous phase becoming dominant and the formation
of the o-phase being strongly suppressed.['®!7] It has been
reported that the generation and stability of the o-phase are
closely related to the mechanical clamping strain exerted by
the capping layers (or top electrodes), whereas the magnitude
of the strain depends on the difference in the thermal expan-
sion coefficient (TEC) between the top and bottom electrodes
or between the electrodes and ferroelectric films.[?>>3] There-

fore, to effectively stabilize the ferroelectric o-phase of HZO
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film and maintain a low thermal budget, it is necessary to se-
lect metal capping electrodes with a relatively low TEC to en-
hance the in-plane tensile strain on the HZO film. [!>:16:18.221 1¢
is noteworthy that tungsten (W) electrode has excellent chem-
ical stability and a lower TEC (4.5x107% K~1),[2223] which
can produce a high in-plane tensile strain and suppress inter-
face defects. This could not only stabilize the ferroelectric o-
phase but also reduce the leakage current.[*62”] Therefore, W
electrode is expected to induce large in-plane tensile strain un-
der a low thermal budget, resulting in the formation of a high
o-phase content and improving the reliability of the HZO film.

In this paper, we carried out a systematic study on the
electrical, ferroelectric and fatigue properties of HZO film de-
posited on a W electrode with different annealing temperatures
(350 °C-=550 °C). It is observed that the 400 °C-annealed HZO
film exhibits outstanding ferroelectricity with a 2P, value of
54.6 uC-cm~2 at £3.0 MV-cm~!, which is larger than pre-
viously reported values for HZO film. These results indicate
that annealing at temperatures as low as 400 °C could result
in the crystallization of HZO film showing superior ferroelec-
tric properties, which is of great significance for applications
in memory devices and negative capacitance transistors.

2. Experimental methods

A schematic diagram of a metal-ferroelectric—metal ca-
pacitor is shown in the inset of Fig. 1(a). First, a ~ 50-nm thick
W bottom electrode (BE) was deposited on top of the Si/SiO;
(100) substrate by sputtering. Next, a ~ 7.5-nm thick HZO
thin film was deposited on the W BE using thermal atomic
layer deposition (ALD) at 280 °C with a Hf:Zr=1:1 cycle ra-
tio. Hf[N(CH3);14, Zr[N(CH3),]4 and O3 were used as the Hf
precursor, Zr precursor and oxygen source, respectively. For
the electrical characterization, a ~ 50-nm thick W top elec-
trode (TE) was deposited by sputtering through a shadow mask
to create circular contact pads of diameter 100 pm. Finally, the
W/HZO/W capacitor was annealed by rapid thermal anneal-
ing (RTA) at 350 °C, 400 °C and 550 °C in a N, atmosphere
for 30 s. X-ray reflectivity (XRR) and grazing incidence x-
ray diffraction (GIXRD) measurements were carried out with
a PANalytical X’Pert Pro diffractometer for analysis of thick-
ness and structural phase of the HZO film. Electrical measure-
ments, such as the polarization—voltage (P-V'), capacitance—
voltage (C-V) and current—voltage (I-V) characteristics, were
measured using a ferroelectric tester (Radiant Technology,
Precision LC II), an impedance analyzer (Keysight, E4990A)
and a semiconductor parameter analyzer (Agilent, B1500A),
respectively.

3. Results and discussion

The XRR spectrum of an as-grown HZO film is presented
in Fig. 1(a), and its thickness is determined to be about 7.5 nm.

It is well known that doped HfO; film is composed of a mon-
oclinic phase (m-phase), a tetragonal-phase (t-phase) and an
o-phase.l'>1 Among these phases, the o-phase is considered
to be the prime reason for the ferroelectricity in HZO film.3-!
Generally, the m-phase for HZO film is located at around 26
values of 28.5° and 31.5° whereas the o-phase and t-phase
are located at around 30.5°.13) The GIXRD technique was
also adopted for understanding the crystal structures of HZO
film at various annealing temperatures, as shown in Fig. 1(b).
As-deposited HZO film was mostly amorphous or contained
only a small portion of very fine crystalline nuclei with a size
of about 2 nm.[”?8] No peak was observed in the 350 °C-
annealed HZO film, indicating its amorphous state or weak
crystallinity.[?”) When the RTA temperature was 400 °C, the
two peaks at 20 = 28.5° and 31.5°, corresponding respectively
to m(-111) and m(111) planes, were not shown in the pat-
terns, while the main peak of the o/t(111) phase at 26 = 30.5°
was observed, indicating that the major crystalline phases of
the 400 °C-annealed HZO films was the o/t mixed phase. 36!
This is because the tiny nuclei (~ 2 nm radius) formed in situ
during the ALD process will most probably have the t-phase
structure, which will serve as the crystallization seed for the
entire film into the t-phase during RTA.!%28 The supposed
transition to the m-phase at the achieved grain size would be
suppressed by the high activation barrier, and retained t-phase
would be changed to the desired o-phase during cooling. %3]
With temperature further increasing to 550 °C or above, the
intensity of the diffraction peak at 28.5° is slightly enhanced,
which corresponds to the increase in the relative fraction of the
m(-111) phase, resulting in a decrease in the P, value.[?:%??]
This is because the transition to the m-phase was kinetically
enhanced at high temperature while the stability of the m-
phase decreases thermodynamically at high temperature. !
Thus, there is a transition from the o-phase to the m-phase in
the HZO films with increase in the RTA temperature, and the
proportion of m-phase increases with increase in the annealing

temperature. 9.28]
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Fig. 1. (a) XRR spectrum of as-deposited HZO film. (b) GIXRD patterns of
HZO film annealed at different temperatures (350 °C, 400 °C and 550 °C).
The inset shows a schematic diagram of a W/HZO/W capacitor.

Figures 2(a)-2(c) present the polarization—electric field
(P-E) characteristics of a W/HZO/W capacitor annealed at
350 °C, 400 °C and 550 °C, respectively. In Fig. 2(a), the
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350 °C-annealed HZO film exhibits a linear dielectric behav-
ior without ferroelectric properties, which is due to the exis-
tence of the amorphous state.'®2°1 The 400 °C- and 550 °C-
annealed HZO films display hysteresis loops in the P—E curves
and a characteristic transformation from a linear response be-
havior to a well saturated ferroelectric hysteresis when the
sweeping field is gradually increased from £1.0 MV-cm™! to
+5.0 MV-cm™! (see Figs. 2(b) and 2(c)). Clearly, the break-
down field of P-E loops for 400 °C-annealed HZO film is
higher (5.0 MV-cm™!) than that of 550 °C-annealed HZO film
(4.0 MV-cm™1!). The saturation polarization (P;), 2P; and co-
ercive field (2E.) values for HZO film annealed at the three
temperatures were extracted from P—FE hysteresis loops, re-

it can be clearly observed that the P and 2P; values of 400 °C-
annealed HZO film are slightly higher over the entire field
range than those of 550 °C-annealed HZO film. This is be-
cause the 400 °C-annealed HZO film forms more o/t-phases
than those annealed at 550 °C and 350 °C, as already con-
firmed by GIXRD (see Fig. 1(b)). In addition, the 400 °C-
annealed HZO film shows an extremely high 2P value of
~ 60.5 uC-cm~2 at +4.0 MV-cm™~!, and its maximum value
can reach 69.6 pLC~cm_2 at +£5 MV.cm~!. From Fig. 2(f),
the 2E. of 400 °C-annealed HZO film is larger than those of
the 350 °C- and 550 °C-annealed HZO films.

lent ferroelectric properties are beneficial in various practical

These excel-

spectively, as shown in Figs. 2(d)-2(f). In Figs. 2(d) and 2(e), applications.
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Fig. 2. Polarization—electric field (P-E) hysteresis loops of HZO film annealed at 350 °C (a), 400 °C (b) and 550 °C (c). Comparison of (d) P,

2P (e) and (f) 2E. of these HZO samples.
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Fig. 3. Comparison of ferroelectric polarization between this work and
previous HfO,-based capacitors (note: data were obtained from the ref-
erences and plotted by the authors).

The 2P, values at +3.0 MV-cm™! for the doped-HfO, fer-

roelectric thin films as a function of annealing temperature are
summarized in Fig. 3. The HZO films commonly showed a
high 2P, value in the low annealing temperature range of 300—
800 °C,[2%1 while the data for La-,3% Si-, B!} Al-3233] and
Y-doped**1 HfO, films were located above 600 °C. This is
deemed to be related to the formation temperature of ferro-
electric o-phase. The annealing temperature of doped HfO,
film is high, which can be attributed to the crystallization tem-
perature of LayO3, SiO,, Al,O3 and Y,03 being higher than
that of Zr0,.135-% In addition, it was observed that the 2P;
value of HZO film exhibited large fluctuations with increase
in annealing temperature, suggesting that a difference in the
volume fraction of the ferroelectric o-phase occurs. It is clear
that the crystallization temperatures of our HZO film are re-
flected in a lower annealing temperature of 400 °C while main-
taining a superior 2P, value of 54.6 uC-cm™2. This 2P, value
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is the largest of any previously reported for HZO ferroelec-
tric film.[°-2!1 This implies that HZO-based ferroelectric cir-
cuits with a low thermal budget can now be integrated into the
BEOL for multi-functional memory devices or used for next-
generation flexible and wearable products.!16-1%]

To investigate the effects of various annealing tempera-
tures on the electrical properties of HZO films, current and ca-
pacitance measurements were performed. Figure 4(a) shows
the leakage current density—electric field (J—E) properties ob-
tained from W/HZO/W capacitors with several annealing tem-
peratures. The 350 °C-annealed HZO film displays a remark-
ably low J value compared with those for HZO films annealed
at 400 °C and 550 °C, which is attributed to its amorphous
state (confirmed by the GIXRD results) or no grain bound-
aries. Additionally, a slightly higher J value was observed in
the 550 °C-annealed HZO film than in the 400 °C-annealed
HZO film. The breakdown field of the HZO film capaci-
tor gradually decreased from 5.5 MV-cm™! to 4.0 MV-cm™!
with a further increase in annealing temperature. There are a
number of reasons for this. First, the leakage current gener-
ally passed through the grain boundaries of crystalline HZO
films. 1038411 Therefore, the increase in J value is due to the
grain boundaries being more clearly formed with increasing
annealing temperature. Second, the parasitic oxidized inter-
face between the electrode and dielectric layer is mainly at-
tributed to oxygen scavenging by the electrode from the fer-
roelectric layer during the annealing treatment.!”) The oxy-
gen scavenging effect is enhanced with increasing annealing
temperature, which leads to an increase in the thickness of
the interfacial layer.[*>*3] However, the interfacial layer can
contain a high defect density (e.g., Vo) and the charges may
be easily injected, which can cause charge trapping at defect
sites or even generate additional defects.!”! Accordingly, these
charges can affect the leakage current.[**! Therefore, it could
be conjectured that the thickness of the WO, interfacial layer
formed and the accumulation of oxygen vacancies at an an-
nealing temperature of 550 °C are higher than those for an-
nealing at 350 °C and 400 °C, resulting in a high leakage cur-
rent. Figure 4(b) shows the dielectric constant versus electric
field (g—FE) curves of HZO film with different annealing tem-
peratures, extracted from the capacitance measurements. It
can be observed that the 350 °C-annealed HZO film does not
exhibit the typical &—FE butterfly shape, corresponding to the
suppression of ferroelectric properties.>”) On the other hand,
the &—E curves of the 400 °C- and 550 °C-annealed HZO
film present the butterfly-like shape which is a typical ferro-
electric characteristic.[!'®! The &, values of 350 °C-, 400 °C-
and 550 °C-annealed HZO films at —3.0 MV-cm ™! are 20, 31
and 30, respectively. Given that the relative permittivity of the
o-phase is typically higher than those of m- and amorphous-

45]

phases, ! it is expected that the o-phase would be more dom-

inant relative to the other phases in the HZO film annealed at
400 °C.

0
10 =507 ST
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10-10 154~ - -
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Fig. 4. (a) The J-E curves and (b) &—E curves of HZO film annealed
at different temperatures.

In order to give a full picture of the fatigue properties, cy-
cling endurance tests with 400 °C- and 550 °C-annealed HZO
films were performed with different field amplitudes, and the
results are presented in Figs. 5(a) and 5(b). The amplitude of
cycling field/PUND read pulses was set at 1.33/2.0 MV-cm ™!,
2.0/20 MV-em™! and 2.67/2.67 MV-cm™!, respectively.
When a low cycle field of 1.33 MV-cm™! was applied, the
400 °C- and 550 °C-annealed HZO films demonstrated en-
durance performance up to 5.2x10° cycles and 3.7x10° cy-
cles without breakdown. This is attributed to the fact that fa-
tigue is a subcycling process, and there is partial of the ferro-
electric dipoles were incompletely polarization switching. [46]
It is well known that the fatigue characteristics also depend on
the cycling electric field.[*’! At a cycling field of 2.0 MV-cm™!
the ferroelectric HZO film shows the characteristic fatigue
behavior of ferroelectric materials. Both the 400 °C- and
550 °C-annealed HZO films can endure up to ~ 2.3 x 10%
For 400 °C-annealed HZO film
72.1% of the initial polarization is maintained, while only
44.9% is maintained for the 550 °C-annealed HZO film. For
a high field strength of 2.67 MV-cm™!, both the 400 °C- and
550 °C-annealed HZO films suffered from early breakdown at
~ 10° cycles, but their fatigue rates were different. Therefore,

cycles before breakdown.

the fatigue properties of the 400 °C-annealed HZO film are
better than those of the 550 °C-annealed HZO film. The rea-
sons for the difference in fatigue properties between 400 °C-
and 550 °C-annealed HZO films are as follows. First, the
breakdown and fatigue in ferroelectric films are closely related
to the leakage current, because the leakage current induces
cumulative Joule heating and charge trapping effects during

48491 Therefore, it can be an-

the repeated endurance cycles. !
ticipated that the better performance of the 400 °C-annealed
HZO film against breakdown and fatigue might be due to the
decreased leakage current, as indeed confirmed by Fig. 4(a).
Secondly, the hard breakdown is a primary failure mecha-
nism of doped HfO,, and is strongly influenced by the dif-
fusion and accumulation of oxygen vacancies.*>!l The low

concentration of oxygen vacancies should be beneficial for
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achieving a large electric field cycle number and slow fatigue
rates until breakdown.['?] Therefore, crystallization at a lower
temperature of 400 °C can be more effective in achieving a
lower concentration of oxygen vacancies in the pristine state.
Thirdly, high annealing temperatures can result in the forma-
tion of the partial m-phase, which can also affect the ferro-
electric properties and endurance.’>?! This is because the m-
phase can work as a dead layer in ferroelectrics leading to the
loss of the switching electric field across the m-phase, and
an even higher field is necessary to induce sufficient electri-
cal switching,’?! resulting in a degradation of both the ferro-
electric properties and the endurance of the HZO capacitors.
To the best of our knowledge, most studies have reported that
the endurance of doped HfO, ferroelectric films reaches 108—

102 cycles at a cycling field of 2.0-3.5 MV-cm ™!, [1,28:53-36]
Our fatigue results show some disadvantages compared with
existing reports, and therefore further research is needed. Fig-
ure 5(c) shows the results of retention measurement for HZO
film with write/read pulses of 2.5 MV-cm™! and a 1 ms pulse
width. Both samples showed similar trends of strong reten-
tion characteristics between 10° s and 10% s. After 1.3x10% s,
the amount of polarization remaining in the 400 °C-annealed
HZO film capacitor is 86%, which is slightly better than for
the 550 °C-annealed HZO films capacitor (84%). These re-
sults infer that the WO, interface layer between the HZO film
and W electrode is easier to form at an elevated temperature up
to 550 °C, resulting in the existence of a depolarization field
in the HZO filmP7-8) which degrades the long-term retention.

~ 11 o~ 1 g,; 1 oo (c)
é ——1.33/2.0 MV /cr (a) g 3 o
~ —0-2.0/2.0 MV /cm < = <
O —A—2.67/2.67 MV /c O ) . =
= 01 f=100 kHz S ) Pl 2 od ™ ggg g ol

- T=1400 °C - = z . —o— 550 ° |
& A T=550 °C A i

_ ) g !

g 5 S ] aeaasaraeaeadid
Z 1 Z _1

10-1 103 107 1011 101 10° 10! 10% 103 10* 10°

Cycles

Time (s)

Fig. 5. Reliability measurement results of the HZO films annealed at various temperatures: fatigue characteristics of (a) 400 °C- and (b)
550 °C-annealed HZO films were recorded with different write/read pulses: 1.33/2.0 MV-em™!, 2.0/2.0 MV-cm™! and 2.67/2.67 MV-cm™ !,

respectively. (c) Retention properties.

4. Conclusions

In this work, the crystalline phase, ferroelectricity and re-
liability of HZO thin films annealed at several temperatures
are systematically investigated. It is found that the 400 °C-
annealed HZO film shows superior ferroelectric characteris-
tics featuring a large switching polarization compared with
the 350 °C- and 550 °C-annealed HZO films. An excellent
2P, value of 54.6 uC-cm™2 at 3.0 MV-cm™! is observed for
400 °C-annealed HZO film, which is larger than previously re-
ported values for HZO film under the same electric field and
heat treatment temperature. According to the GIXRD anal-
ysis and & value, this may be due to the formation of o/t-
phases without the paraelectric m-phase of 400 °C-annealed
HZO film. In addition, when a cycling field of 2.0 MV-cm™!
was applied, the 400 °C-annealed HZO film can endure up to
~ 2.3 x 108 cycles and maintain 72.1% of its initial polariza-
tion before the occurrence of breakdown. Our fatigue results
show some disadvantages compared with the fatigue proper-
ties of the currently reported doped HfO; films, and need to
be further improved. This work demonstrated that annealing
at temperatures as low as 400 °C could result in crystalliza-
tion of HZO films showing sufficient ferroelectric polarization
switching, which will contribute to their future applications in

ferroelectric memory and negative capacitance transistors.
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