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ABSTRACT

The crystallization of ferroelectric (Hf,Zr)O, thin films is achieved by playing on the deposition pressure during reactive magnetron sput-
tering from a Hf/Zr metallic target. Postdeposition annealing was tried at different temperatures in order to optimize the quality of the
samples. Structural characterizations are performed by transmission electron microscopy (TEM) and electrical characterizations are carried
out. TEM analyses reveal that the samples deposited at a low working pressure show no orthorhombic phase, and thus are not ferro-
electric, whereas the samples deposited at higher working pressure show the orthorhombic ferroelectric phase. The maximum remnant
polarization is 6 4C/cm® and is obtained for the sample annealed at 600 °C. The maximum cycles to breakdown is higher than 2 x 10"
cycles and is reached for the sample annealed at 400 °C. These results are discussed in the matter of phase transition and oxygen vacancies
redistribution.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5110894

. INTRODUCTION

The discovery of ferroelectricity in Si-doped HfO, has been
published in 2011 by Béscke et al.' Meanwhile, many publications
have been written on the subject. In their 2018 review, Park et al’
presented a figure showing the impressively growing number of arti-
cles dealing with this subject. The reason for this success is due to the
fact that ferroelectricity, in this family of materials, has the advan-
tage to be theoretically optimized for a film thickness of 10 nm. It
makes it suitable for a wide variety of applications such as ferro-
electric random-access memories (FRAM), ferroelectric field-effect

transistors (FeFETs), ferroelectric tunneling junctions (FTJ), steep-
slope devices, and synaptic devices.

Many dopants have been used since 2011. Among them,
Zr dopant is probably the most addressed since it allows
the use of the lowest temperatures of all dopants, and both
HfO, and ZrO, are used in Si CMOS’ and/or DRAM mass
production.”

However, most publications are focused on atomic layer depo-
sition (ALD) as it has been previously mentioned by Bouaziz
et al.” in order to deposit the (Hf, Zr)O, layer. Despite many
advantages such as layer by layer growth and covering large areas,
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the ALD rate is low compared to the physical vapor deposi-
tion (PVD) processes. Moreover, electrodes are often deposited
by PVD because it could enhance ferroelectricity, at least if the
top electrode is deposited by PVD.’ Consequently, it could be
interesting to have an operational process with a rapid deposition
rate.

Indeed, we investigate the (Hf, Zr)O, layers capped between
two TiN electrodes deposited by reactive magnetron sputtering. All
depositions are performed at room temperature in the same sput-
tering chamber. The (Hf, Zr)O; solid solution is deposited from
a Hf/Zr target with O, as the reactive gas. Chemical and struc-
tural characterizations are led by transmission electron microscopy
(TEM). Electrical characterizations are carried out in order to com-
pare with literature the change of the remnant polarization P: as
a function of the number of applied electrical field cycling. This
change is characterized by the wake-up effect, the fatigue, and the
breakdown.

Il. EXPERIMENTAL DETAILS
A. Fabrication

Before deposition, the Si (100) oriented substrate is cleaned in
acetone and ethanol, and then the native oxide layer is removed
by buffered oxide etch (BOE) process. All depositions are carried
out with a magnetron sputtering machine at room temperature: an
AC-450 sputtering machine by Alliance Concept. TiN thin films are
deposited by radio frequency (RF) magnetron reactive sputtering
using a high purity Ti target in a mixture of argon and nitrogen gas.
The bottom electrode (BE) is 100 nm-thick, and the top electrode
(TE) is 50 nm-thick.

10 nm-thick (Hf, Zr)O, thin films were deposited onto the TiN
BE using two different pressures, 5 x 1072 mbar and 5 x 10~ mbar,

TABLE I. Film growth conditions.

scitation.org/journal/apm

in order to obtain different microstructures. UV photolithogra-
phy is used to obtain a top contact: 100 nm-thick Pt for elec-
trical and mechanical contacts. Finally, the samples are annealed
at three different temperatures in a rapid thermal annealing
(RTA) furnace. Table I describes the fabrication settings for TiN
and (Hf, Zr)O,.

Characterizations are performed on annealed samples. Si/TiN/
(Hf, Zr)O,/TiN/Pt structures are called LP (for “Low Pressure”) pro-
cess when it refers to samples fabricated at 5 x 10> mbar and HP
(for “High Pressure”) process when it refers to samples fabricated at
5 x 107 mbar.

B. Characterization

The microstructural investigations of the specimens were per-
formed by transmission analytical electron microscopy (TEM) using
a JEM ARM 200F high resolution electron microscope operated
at 200 kV. The samples were analyzed in the microscope in con-
ventional (diffraction contrast imaging) and high resolution modes,
with fixed and parallel beams (TEM/HRTEM). Cross-section TEM
specimens have been prepared from the samples by mechani-
cally polishing down to ca. 30 um, followed by ion milling in a
Gatan PIPS machine at 4 KV accelerating voltage and 7° inci-
dence angle. Low-voltage (2 kV) milling was used as the final
ion polishing stage in order to reduce the amorphous surface
layer enveloping the specimen. Structural phases were identified
using selected area electron diffraction (SAED) and filtered Fourier
transformation (FFT).

All electrical measurements were performed on 20 ym diam-
eter capacitors using a probe station and a setup consisting in
an arbitrary waveform generator (Nippon Factory WF1966), a
transimpedance current amplifier (Keithley 428), and a 12 bits
digital storage oscilloscope (Nicolet Integra 40). The transimpedance

Sputtering
Target-substrate distance 8cm
Base pressure <5 x 1077 mbar
Ignition pressure 5x 10 > mbar
Deposited elements TiN (Hf, Zr)O,
Substrate Si(100) Si(100)/TiN
Target Ti (99.995%) Hf/Zr (99.9%)
Target RF power 300 W 100 W
Holder DC bias voltage 60V None

Ar = 50 sccm;

Gas N; =3 sccm
Working pressure 5 x 10> mbar
Deposition speed 5.0 nm/min

Ar =50 sccm;

0O, =10 sccm
5x 102 mbar or 5 x 10~ ® mbar
~0.83 nm/min for 5 x 10~ 2 mbar
~1.0 nm/min for 5 x 10> mbar

Rapid thermal annealing (RTA) conditions

Temperature variation 400/500/600 °C
Atmosphere N,
Time 30s

APL Mater. 7, 081109 (2019); doi: 10.1063/1.5110894
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FIG. 1. HRTEM images showing the interfaces between the TiN and Si substrate
and between the TiN layers and (Hf, Zr)O, thin film on a LP sample annealed at
500°C.

amplifier is used to create a virtual ground with a feedback resistor
to measure the current. After acquisition, the charge is obtained by
numerical integration and normalization.

P-E curves were obtained using the 5 pulses PUND train: a
negative setting pulse followed by two positive ones (P and U) and
finally two negative ones (N and D). PUND pulses had a triangular
shape, with an amplitude of 3.5 V and a rising/falling time of 100 us

scitation.org/journal/apm

[which corresponds to a frequency of 2500 Hz = 1/(4 x 100 us) as
reported on commercial testers].

To test their endurance, the capacitors were cycled, usually
until breakdown. To eventually evidence an initial rapid change of
properties, tests were started with 10 PUND loops (cycles 1-10).
Then, bipolar square pulses of 3.5 V amplitude were applied with
the frequency set either to 2.5 kHz or to 1 MHz.

I1l. RESULTS AND DISCUSSIONS
A. TEM Structural Characterization

The samples have been analyzed by TEM with low magni-
fication, HRTEM and SAED. Six samples have been analyzed by
TEM, three for each LP and HP processes. These three samples were
annealed by RTA at 400 °C, 500 °C, and 600 °C. Results are shown
in Figs. 1-3.

Figure 1 shows the HRTEM images of the LP sample annealed
at 500 °C. Two interfacial layers (IL) can be seen. The first interfacial
layer is located between the TiN BE and the Si substrate. Therefore,
we consider this layer to be SiOx. The other IL is located between
TiN BE and (Hf,Zr)O,. We assume this layer should be TiOxNy
according to the process described by Esaka et al.” This interfa-
cial layer could also play an important role since the distribution
of oxygen vacancies in ferroelectric (Hf,Zr)O, is critical during the
cycling process.” '’ Although Fig. 1 shows the results for the LP sam-
ple annealed at 500 °C, the same ILs have been observed on every
sample.

Figure 2 shows the results for LP process at different temper-
atures. TEM images confirm the thicknesses of the BE and TE. The
(Hf, Zr)O; layers are actually 12 nm thick. No orthorhombic phase
(o-phase), which characterized ferroelectricity in this material, can
be seen. Only the monoclinic phase (m-phase) is observed. Conse-
quently, at 5 x 1077 mbar, it seems impossible with our equipment
to grow the o-phase.

Figure 3 shows the results for the HP samples. The thicknesses
of the TiN BE is found to be around 110 nm for the three samples

FIG. 2. HRTEM images showing LP
(b) TiN/(Hf, Zr)O,/TiN layers and the corre-

sponding diffraction patterns for the sam-
ples annealed at (a) 400 °C, (b) 500 °C,
and (c) 600 °C.
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FIG. 3. TEM, HRTEM, and SAED images showing HP TiN/(Hf, Zr)O,/TiN layers and the corresponding FFT patterns for samples annealed at (a) 400 °C, (b) 500 °C, and (c)

600°C.

and is around 60 nm for the TE—except for the sample annealed
at 600 °C, where the thickness was found to be 72 nm. The thick-
ness of the (Hf, Zr)O; layers is between 9 nm and 10 nm for each
sample. In Fig. 3(a), we can notice a complex SAED pattern cor-
responding to the sample annealed at 400 °C. In this pattern, the
main rings, the most intense and well defined, belong to the TiN
layer and these rings can also be observed in the FFT pattern in
Figs. 3(b) and 3(c) corresponding to the samples annealed at 500 °C
and 600 °C. These rings were not pointed out in order to simplify
the figures. The HZO spots are very fine and less intense due to the
layer thickness and grain width. The monoclinic and orthorhom-
bic phases of HZO were indicated in SAED and FFT patterns as a
result of the measurements; the distance between the shown spot
and the central spot was measured and the corresponding inter-
planar distance calculated. In order to determine the correct phase
and space group of the material, the obtained result is compared
with the database. The main difference between the monoclinic and
orthorhombic phase is made by the m(11-1) (with d = 3.14 A) and
o(111) (with d = 2.96 A) lines. The difference between these lines
(0.18 A) can be easily evidenced in SAED and FFT patterns and con-
fusion between these phases cannot be made. The presence of the
o-phase is confirmed for each HP sample. The presence of the mono-
clinic phase is also confirmed on the 400 °C and 600 °C samples. No
monoclinic phase has been seen on the sample annealed at 500 °C.
However, in our previous work,’ samples were fabricated with the
exact same process. XRD measurements actually showed monoclinic
peaks for HP samples annealed at 500 °C and 600 °C. Therefore,
it is believed that the monoclinic phase is still present on the HP

sample annealed at 500 °C, even if not shown in the HRTEM images
[Fig. 3(b)]. Indeed, HRTEM measurements is very local unlike
the XRD measurement which gives information on a large sample
area (5 mm x 5 mm).

To conclude on TEM characterizations, the presence or absence
of the o-phase in the thin (Hf, Zr)O, films seems to be highly related
to working pressures. The different working pressures are assumed
to cause a difference in the energy of the incident atoms during
deposition. This energy is supposed to be lower in the case of a depo-
sition at 5 x 102 mbar which could make the sample closer to the
amorphous phase observed in ALD just after deposition and could
explain why the sample shows o-phase after RTA.

B. Electrical Characterizations

Electrical characterizations were performed on the HP samples.
Figure 4 presents the polarization P vs the electrical field E for the
sample annealed at 600 °C after different number of cycles according
to the sequence described in the experimental section. The classical
wake-up effect'' is observed. The remnant polarization P, reaches
6 uC/cm? after 10° cycles and just before the breakdown happens.
As it has been previously discussed, the low value of P, is assumed
to be due to stoichiometry issues.” However, one can note that P,
value has increased compared to our previous work. It is due to
the change in the stress sequence that will be discussed in the next
paragraphs.

The coercive electrical field E, starts at 2.7 MV/cm? and reaches
1.2-1.3 MV/cm? after 10° cycles. The change of E. values with
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FIG. 4. P-E curve for the HP sample deposited and annealed at 600 °C for different
number of cycles.

the number of cycles is symmetrical on almost every electrode.
However, some articles show an increase of E. from pristine to
wake-up.'' E. change seems to be not clearly identified in litera-
ture. For instance, in the article written by Park et al. in 2016,
the change of E. seems to increase at the beginning and then
is decreasing. As a consequence, the change in E. is not clearly
understood.

Figure 5 compares the behaviors of the sum of the absolute
values of the remnant positive polarization Pr, and the remnant
negative polarization P,_ vs the number of cycles for the three sam-
ples. Note that after 10 cycles, there is a break in the slope of |Pr.|
+ |Pr—| vs the number of cycles because only the PUND sequence
was used during the first ten cycles. Then, the sequence with bipolar
square pulses is used to stress the sample with the same amplitude
and PUND sequence is used to measure. All symbols of the curve

112)<101 MR BELELALLLY BELELRLLLL BELELALLLL BELELALLLS BELELALLLL BELELL LA I

—a—600°C
—e—500°C
1,0x10" 4 —a—400°C
E 8,0x10° - -® E
13)
= 6,0x10° -
a
% 4,0x10° .
o
2,0x10° e
0,0

10" 10° 10" 10* 10° 10* 10° 10° 10" 10° 10°
cycles (1)
FIG. 5. Change of the remnant positive and negative polarization sum vs the num-

ber of cycles for HP samples annealed at three different temperatures. Stressing
is carried out at 2.5 kHz with bipolar square pulses.
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are extracted from the PUND sequence. Consequently, the fact that
the stress sequence is used only after the first ten cycles explains the
break in the slope.

P, values increase more rapidly with RTA temperatures. It
seems consistent with what has been previously observed.'”"*

In ferroelectric HfO,-based materials, 3 different stages cor-
responding to different states of the material can be distin-
guished by increasing the number of cycles: pristine, woken-up,
and fatigued.” It corresponds to a first stage where there is an
increase of Pr, a short stable stage where P, is nearly constant
and a decrease of P, as a function of the number of cycles. This
change is attributed to phase change”'”'® and oxygen vacancies
displacements.”” "’

Here, the samples have systematically reached the breakdown
before the P, decreasing except in one case [cf. Fig. 7(b)]. The
fatigued stage is consequently nearly never observed.

The samples annealed at 500 °C and 600 °C have reached the
stable stage before breaking down.

In our previous work,’ the fact that an identical sample as the
one annealed at 400 °C was not ferroelectric was mentioned. How-
ever, the stress sequence was performed with the same triangle as
the one in PUND. It has been actually shown that the period (fre-
quency) of the stress sequence strongly influences P, and the num-
ber of cycles to breakdown.'"'”*" Bipolar square pulses are more
stressful than the triangle ones. Indeed, at a given period and fre-
quency, the time at maximum voltage is much longer with squares
than it is with triangles. Moreover, cycling beyond 10°~107 cycles
becomes unreasonably time consuming to be carried out with this
former sequence. For both reasons, the transition from nonferro-
electric to ferroelectric state was never reached with this former
sequernce.

Consequently, in our previous work,” it was thought that the
sample annealed at 400 °C was not ferroelectric. In fact, Fig. 6(a)
shows what was observed in these conditions. This behavior is typi-
cal of a dielectric and nonferroelectric capacitor and was previously
observed until 10° cycles.

Using our new sequence of stress (with bipolar square pulses),
it was possible to make the observation [Figs. 6(b) and 6(c)], respec-
tively, after 10° cycles and just before the breakdown. As one can see,
the sample, which was not ferroelectric during the first cycles, begins
to present a switching current after ~10° cycles. This switching
current is typical of ferroelectricity.

To go a step further, electrical characterizations were carried
out with bipolar square pulses using a higher frequency (1 MHz).
Indeed, previous works'"'"* predict the fact that the breakdown
will happen at a higher number of cycles with a lower P;.

Figure 7(a) is a zoomed in detailed view of Fig. 5 for the sam-
ple annealed at 400 °C, where the results are shown for 3 different
electrodes. Figure 7(b) shows the result for a period of 1 ps. It corre-
sponds to 1 MHz, which is the conventional frequency in microelec-
tronics. It can be observed that the breakdown is reached between
1 x 10 and 5 x 10'° cycles using three different electrodes at differ-
ent locations on the sample. 10'° cycles is more than what is required
for industrial applications. The same process has been tested at
500 °C and 600 °C. The same tendency is observed: the breakdown
has appeared at higher cycling step, but they have reached only
107-10% cycles before breaking down. Moreover, P, is decreasing
when using higher frequency.
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FIG. 6. P,U and P-U signal currents vs time of the HP sample annealed at 400 °C for (a) 1 cycle, (b) 10° cycles, and (c) just before breakdown.

A similar behavior was reported by Walters et al’' for a several clues on the behavior of ferroelectric HfO,-based materi-
5 nm HZO film grown by ALD and annealed at 500 °C. The film als. For instance, as-deposited ferroelectric HfO,-based materials
initially showed no polarization. However, electric field cycling are supposed to be nonferroelectric and need an annealing step.
was able to induce a polarization. This behavior could give The sample annealed at 400°C does not show ferroelectriclike
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FIG. 7. Change of |P:+| + |P—| vs the number of cycles for the HP sample annealed at 400 °C tested on three different electrodes and using a period of (a) 400 us (2.5 kHz)
and (b) 1 us (1 MHz).
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behavior until 10°-10° cycles depending on the frequency used.
It could help in the understanding of the formation of the o-
phase—which is generally admitted to correspond to the ferroelec-
tric phase—during the annealing step. It could also help in the
understanding of the wake-up, fatigue, and endurance mechanisms
since they are assumed to be all related to phase transition” ' and
oxygen vacancies redistribution.”” " These 3 phenomena are prob-
ably the biggest current issues preventing industrial applications to
appear in the market.

IV. CONCLUSION

The structural characterization of (Hf,Zr)O, solid solutions
have been performed by TEM. TEM measurements show the pres-
ence of IL not only between Si and TiN but also between TiN bottom
electrode and (Hf, Zr)O,. This last IL could play a role in the redis-
tribution of oxygen vacancies during the pristine, woken-up, and
fatigued state of the sample. The LP samples neither show o-phase
nor ferroelectricity, whereas the HP samples show both properties.
Electrical characterization revealed that the biggest P; is reached for
the sample annealed at 600 °C and is around 6 4C/cm?. The sample
annealed at 400 °C shows a surprising and an interesting behavior
since it is not ferroelectric at the beginning of the cycle sequence,
and it is needed to stress the sample to reach ferroelectric prop-
erties. Stressing the sample with lower frequency increases P;, but
the breakdown appears sooner. Hence, using bipolar square pulses
with a shorter period of 1 ys (1 MHz) as stress, it has been pos-
sible to trigger ferroelectricity for the sample annealed at 400°C
and to reach a maximum of 5 x 10" cycles before breakdown. This
behavior is of crucial significance for further investigations dealing
with phase change and oxygen vacancies redistribution in HfO,-
based materials. Their understanding is indeed the last challenge to
overcome.
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