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Ferroelectric Hfg 5Zrg 5O, films with improved
endurance obtained through low temperature
epitaxial growth on seed layersf

Tingfeng Song,? Romain Bachelet, 2 ° Guillaume Saint-Girons, €2 ° Ignasi Fina () *@

and Florencio Sanchez (2 *@

Crystallization temperature is a critical parameter in the stabilization of the metastable ferroelectric phase
of HfO,. The optimal crystallization temperature used for polycrystalline films is too low to grow epitaxial
films. We have developed a new growth strategy, based on the use of an ultrathin seed layer, to obtain
high-quality epitaxial films of orthorhombic HfpsZrg 50, at a lower temperature. The threshold tempera-
ture for epitaxy is reduced from about 750 °C to about 550 °C using a seed layer. Epitaxial films deposited
at low temperatures exhibit highly enhanced endurance, and films grown at 550-600 °C show high polar-
ization, no wake-up effect, and greatly reduced fatigue and improved endurance in comparison with the
films deposited at high temperatures without a seed layer. We propose that the endurance enhancement
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1. Introduction

HfO, films can exhibit robust ferroelectricity at room tempera-
ture, and their compatibility with CMOS processes opens up
new possibilities for memory and other ferroelectric-based
devices.'™ Bulk HfO, under ambient conditions is monoclinic
and paraelectric. Ferroelectricity arises in a metastable ortho-
rhombic phase stabilized in HfO, nanometric films, typically
doped, and prepared under particular conditions. Different
chemical elements (Si, Al, Sr, Y, Zr, etc.) have been used as
dopant atoms, with Hf, 5Zr, 50, (HZO) being the most investi-
gated composition. In the commonly investigated polycrystal-
line films, the orthorhombic phase is formed by thermal
annealing. Annealing at excessively high temperatures®® or for
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20—y maps measured with a 2D detector. Simulation of Laue fringes. XRD 6-26
scans of the HZO films deposited on Si(001). Current-voltage loops measured in
the HZO films deposited on STO(001). Current-voltage and the corresponding
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is due to a positive effect of the defects, which limits the propagation of pinned ferroelectric domains.

an excessively long time® promotes the formation of the stable
monoclinic phase. It is proposed that the stabilization of the
metastable ferroelectric phase is due to a combined effect of
the surface energy contribution and kinetic limitations.”
Before annealing, the quasi-amorphous films would have
small orthorhombic nuclei. During annealing, the nanocrys-
tals transform into a tetragonal phase that is stable at high
temperatures. However, when the crystal grains increase in
size, the lowest energy corresponds to the monoclinic phase.
However, the energy barrier for this phase transformation is
high, and the transformation is kinetically suppressed if
annealing is short and at a moderate temperature. It has also
been reported that the monoclinic phase can be transformed
into tetragonal and orthorhombic phases by very high temp-
erature annealing (1000-1200 °C) in solid phase epitaxy of
Y-doped HfO, films.® Therefore, in the crystallization of quasi-
amorphous films, the annealing temperature is a critical para-
meter to stabilize the metastable orthorhombic phase rather
than the thermodynamically stable monoclinic phase.
Epitaxial growth from a vapor phase radically differs from
crystallization processes by annealing. Diffusion of atoms on a
surface and chemical bonding at specific positions generally
require a high thermal energy, suitable saturation conditions,
and a growth rate low enough to limit crystalline defects. In
particular, the ferroelectric phase of doped HfO, has been
stabilized in epitaxial films, mainly by pulsed laser deposition,
and with a substrate temperature of around 700-800 °C.°™*?
The study of the window for epitaxial growth of ferroelectric
HZO films revealed a severe reduction in crystallinity for temp-
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eratures (substrate heater block) below around 700 °C."* The
possibility of epitaxial growth at a lower temperature would be
desirable due to its impact on the microstructure of the film.
Epitaxial films of ferroelectric HfO, generally present a
mixture of phases and crystal variants. Microstructure, includ-
ing the polymorph ratio, crystal grain size and defects, can be
critical for the ferroelectric properties of HfO,. However, the
high thermal energy required for epitaxy precludes investi-
gation of low-temperature conditions that could influence the
stabilization of the orthorhombic phase and tailor the micro-
structure of the films.

In heteroepitaxial growth, interface energy is an important
factor for the formation of crystal nuclei and for the determi-
nation of the crystal polymorphs that nucleate. We have inves-
tigated a new strategy to grow ferroelectric HfO, films, with the
aim of widening the window for epitaxial growth at a lower
temperature. Films were grown in two steps. In the first step,
an ultra-thin seed layer is grown at the optimal high tempera-
ture (800 °C) for the heteroepitaxial growth of HZO.'*** The
HZO growth then continues (second step) at a lower tempera-
ture on the epitaxial HZO seed layer. Homoepitaxial growth is
expected to be possible at a lower temperature, since there is
no HZO film/HZO seed layer interface energy contribution, in
contrast with the high interface energy at the HZO seed layer/
substrate interface. We will show that the use of the seed layer
allows the stabilization of the orthorhombic phase at a lower
temperature. The films grown at low temperatures
(550-600 °C) show excellent ferroelectric properties: slightly
reduced ferroelectric polarization, the absence of wake-up
effect and greatly enhanced robustness against fatigue.

2. Experimental

Top ferroelectric HZO films and bottom Lage,Sr)33Mn0O;
(LSMO) electrodes were grown on (001)-oriented SrTiO; (STO)
substrates in a single process by pulsed laser deposition (PLD)
using a KrF excimer laser (248 nm wavelength). The LSMO
electrodes, thickness ¢ ~ 25 nm, were grown at Ts = 700 °C and
oxygen pressure Po, = 0.1 mbar. The HZO films were then
grown in two steps. First, an ultra-thin (¢ ~ 2.2 nm) HZO seed
layer was grown at 800 °C and 0.1 mbar of oxygen with 200
laser pulses at a growth rate of 0.11 A per laser pulse. Next, the
seed layer was cooled under 0.1 mbar of oxygen to a tempera-
ture Ts in the 550-750 °C range, and an HZO film (¢t ~ 6.6 nm)
was grown with 600 laser pulses at that temperature and the
same oxygen pressure and growth rate as those of the seed
layer. Another film was grown at 800 °C, in a two-step process
with a dwell time of 18 min after deposition of the first
2.2 nm. At the end of the deposition, samples were cooled
under 0.2 mbar of oxygen partial pressure. Another series of
films was deposited at 650, 700 and 750 °C on Si(001) buffered
with an epitaxial STO layer. Details on the STO growth con-
ditions and structural properties are reported elsewhere.'*>'®
Structural characterization of the HZO films was performed
by X-ray diffraction (XRD) using Cu Ka radiation. Platinum top
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electrodes, 20 nm thick and 20 pm in diameter, were grown by
dc magnetron sputtering through stencil masks for electrical
characterization.  Ferroelectric polarization loops were
measured at 1 kHz using the dynamic leakage current com-
pensation (DLCC) procedure at room temperature in the top-
bottom configuration with the bottom electrode being
grounded."”'® Endurance was measured by cycling the sample
at 100 kHz using bipolar square pulses of amplitude 4.5 V and
measuring polarization loops at 1 kHz.

3. Results

Fig. 1a shows XRD 6-20 scans of the HZO films on STO sub-
strates. The growth temperature (second step) is indicated on
the right. The high intensity peaks at 20 around 23 and 47°
correspond to the (001) and (002) reflections from the STO
substrate. The corresponding reflections from the LSMO elec-
trode lie to the right of the substrate peaks. Furthermore, all
samples exhibit a peak at 26 around 30°, the position of the
(111) reflection of the orthorhombic (o) phase of HZO.
Therefore, HZO crystallizes over the entire investigated Tg
range. The peak is broad, as expected considering that the
HZO total thickness is less than 9 nm. Epitaxial stabilization
of the ferroelectric phase of HZO on LSMO electrodes usually
requires a deposition temperature above around 700 °C."*"'**°
Pole figures (Fig. 1c) and ¢-scans (Fig. 1c) around asymmetri-
cal 0-HZO(—111) reflections confirm that the film grows epi-
taxially, even at Ts = 550 °C (pole figures of the Ts = 650 °C
and 800 °C samples are provided in ESI S1}). The films show
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Fig.1 (a) XRD 6-26 scans of HZO films deposited on STO(001) at the
temperature indicated on the right. Scans are shifted vertically for
clarity. The enlarged 26 region shown in the right panel was scanned
with a longer acquisition time. The dashed vertical line marks the posi-
tion of the peak in the Ts = 800 °C sample. (b) Pole figures and (c) ¢-
scans around the o-HZO(-111) and STO(111) reflections of the Ts =
550 °C sample.
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the epitaxial relationship and four sets of crystal variants
usually observed in the epitaxial growth on LSMO(001)."® The
right panel in Fig. 1a shows a 20 zoomed region around the
0-HZO(111) reflection, measured with a longer acquisition
time. The 0-HZO(111) reflection from all the films is
accompanied by Laue fringes, more pronounced in the films
deposited at a higher temperature, indicating a better crystal-
line quality and flatter interfaces.>*>' XRD measurements with
a 2D detector are shown in ESI S2.1 The 0-HZO(111) reflection
is a bright spot in all the samples, without broadening along
the y angle. There is an additional Bragg spot at around 20 =
28.5° in the Ts = 550 °C film. The 26 position and the elonga-
tion along yindicate that it corresponds to the monoclinic (m)
HZO(-111) reflection.'®'* The m-HZO(—111) spot decreases in
intensity with increasing Ts, and it is not detected in the films
deposited at Ts higher than 650 °C. In the films deposited at
the highest Ts, 750 and 800 °C, the sharp spot at a close posi-
tion is a Laue fringe of the 0-HZO(111) reflection. The total
thickness of the HZO stack (seed layer and film) in each
sample was determined by simulation of the o-HZO(111)
reflection and the Laue fringes (ESI S37). The total HZO thick-
ness in the series of samples ranges from 8.3 to 8.9 nm, in
agreement with the expected HZO growth rate of 0.11 A per
laser pulse. In Fig. 1, a tiny peak around 34.5° is also barely
observed, corresponding to the position of the HZO{002}
reflections of the monoclinic (m) phase. The peak, of a very
low intensity, is observed only in some films, without corre-
lation with Ts. In contrast, the position of the 0-HZO(111) peak
varies monotonically with the deposition temperature. The
dashed vertical line marks the position of the peak for the Tg =
800 °C sample. It can be seen that as Ts decreases, the peak
shifts to a lower angle, indicating that the HZO(111) out-of-
plane lattice distance, d(111), increases. To demonstrate that a
seed layer is also effective for low-temperature epitaxy on Si
(001) substrates, we used epitaxial STO buffer layers, which
allow epitaxial growth of LSMO electrodes and HZO ferroelec-
tric films." The XRD #-26 scans of the three films grown at
550, 600 and 650 °C (ESI S4t) confirm stabilization of the
orthorhombic phase at a low Ts, with a similar d(111) - Ts
dependence to the films on STO(001).

The intensity of the 0-HZO(111) diffraction peak can be
used as an approximation to estimate the orthorhombic phase
content in the films. Fig. 2(a) shows the intensity of the 0-HZO
(111) peak, normalized to the LSMO(002) peak to compensate
for the potential differences in the XRD measurement con-
ditions of the samples, of films grown on seed layers on STO
(red triangles) and Si (blue circles) substrates. The normalized
intensity of the films on STO decreases with lowering the Ts to
700 °C and shows less dependence for Ts between 700 and
550 °C. The intensity-Ts dependence is similar in the three
samples on Si, although the normalized intensity is lower. The
graph also includes the corresponding normalized intensity of
films deposited at various Ts directly on the LSMO/STO(001)
electrode, without a seed layer (black squares), and having the
same total thickness (~8.8 nm)."* The T = 800 °C sample with
a seed layer has a slightly higher normalized intensity than

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

1 3.00

2x10" [ —A-on seed/STO(001) —A—on seed/STO(001)
( ) —@- on seed/STO/Si(001) ( b) ~@— on seed/STO/Si(001)
< —M-on STO(001) 5/ 2.99+ —H-on STO(001)
] /w
S A
g 10" // 2 2%
% /A —Au =
<": A .\ E 297+
g T 2.96 ° a
’:E‘ / g 2.95 \'
u ’ e
I 1 1 294 1 1 1
500 600 700 800 500 600 700 800
Ts (°C) Ts (°C)

Fig. 2 Intensity of the o-(111) reflection, normalized to that of the
LSMO(002) peak (a), and out-of-plane lattice distance corresponding to
the o-(111) reflection (b), as a function of the deposition temperature Ts
for films on STO(001) (red triangles) and Si(001) (blue circles). Black
squares represent data corresponding to the films on STO(001) de-
posited without a seed layer.>®

that of the corresponding film without a seed layer, which
could be due to the 18 min dwell time. The intensity of the
films grown without a seed layer decreases very sharply with Tg
and is very low for Tg below 750 °C. Fig. 2(a) indicates that (i)
the growth of highly crystalline films below 750 °C is only
achieved on seed layers and (ii) for higher temperatures, the
use of a seed layer enhances HZO crystallization.

The variation of the position of the 0-HZO(111) peak with
Ts (Fig. 1) is quantified in Fig. 2(b). The lattice parameter
d(111) increases monotonically with decreasing Ts (red tri-
angles) to about 1.3% and matches that of films grown at the
same temperature without a seed layer (black squares). HZO
(111) on highly mismatched LSMO(001) grows by the domain
matching epitaxy mechanism,*” which results in null or very
small epitaxial strain.>®> However, the unit cell expansion of a
film grown by PLD can be caused by defects that form when
the energy of the PLD plasma is high.>*>® The energy of the
atomic species in the PLD plasma reaching the substrate
depends on the laser fluence, the target-substrate distance
and the gas pressure.”’>° These parameters were kept con-
stant in the preparation of the films discussed here. However,
the number of defects that form in a film depends on the
balance between the growth kinetics and thermodynamics.*®
This balance, as demonstrated recently in the epitaxial growth
of BaTiO; films, can be tailored using the substrate tempera-
ture.”® The damage caused by the energetic PLD plasma is
reduced by the high thermal energy in HZO films grown at
high Ts, while upon lowering the Ts, the thermal energy is
reduced, leading to more defects and d(111) expansion. The
films on Si show the same dependence of d(111) on Tg, but
with a reduced value compared to the equivalent films on STO,
which is a consequence of the tensile stress caused by the mis-
match between the thermal expansion coefficients (TEC) of
HZO and Si. Although TEC mismatch effects are less relevant
if Ty is lower, the two lineal dependences are parallel, probably
because the seed layer is grown in all samples at Ts = 800 °C.

All films are ferroelectric, confirming the stabilization of
the orthorhombic phase throughout the Ts range. The polariz-
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Fig. 3 (a) Ferroelectric polarization loops of HZO films deposited at the temperature indicated at the bottom right. Coercive voltage (b) and rema-

nent polarization (c), as a function of the deposition temperature Ts for films on STO(001) (red triangles) and Si(001) (blue circles). Black squares rep-
resent data corresponding to the films on STO(001) deposited without a seed layer.>®

ation loops of the films on STO(001) (Fig. 3(a), with the corres-
ponding current-voltage loops in ESI S57) are shifted towards
negative voltage values. The positive coercive voltage Vi,
increases with Ts from around 1.8 V to 2.4 V, while the negative
coercive voltage V_ ranges from —2.7 V to —3.0 V. It can be
observed that all the loops are shifted towards the left between
0.40 and 0.87 V. This indicates that in all samples the imprint
electric field is towards the LSMO electrode. The average coer-
cive voltage Ve = (Vi + |Ve-|)/2 is in the range of 2.2-2.7 V,
increasing with Tg (Fig. 3b, red triangles), corresponding to the
coercive electric field E¢ in the 2.5-3.1 MV cm™' range. The
coercive voltage of the three films grown on the Si substrate is
slightly lower and shows a similar Ts dependence (blue
circles). Epitaxial films grown directly on LSMO/STO(001)
without a seed layer exhibit similar V¢ values and Ts depen-
dence (black squares). A high E¢ of about 2.5-3 MV cm™,
which exceeds the usual E of polycrystalline films, is common
in HZO epitaxial films of similar thickness.'*'* The remanent
polarization is plotted against Ts in Fig. 3(c) (red triangles). P,
decreases moderately with decreasing growth temperature,
from 21.2 pC em™? in the Ts = 800 °C film to 14 pC ecm™? in
the Ts = 550 °C film. A similar trend is observed if P, values are
obtained from PUND measurements (ESI S7). The remanent
polarization of the films on Si (polarization loops shown in
ESI S671) is comparable (blue circles). The polarization values
of the films on STO(001) and Si(001) are similar to those of
other epitaxial HZO films with the same thickness of these
substrates.'” In the films deposited without a seed layer, the
polarization is similar to that of the film deposited at 800 °C,
19.6 pC cm™?, but decreases sharply with Ts to around 14 pC
% in the Ts = 650 °C film. The improved P; in films de-
posited at increased Ts is likely due to the larger amount of

cm™

orthorhombic phase. The out-of-plane parameter also varies
with Ts (Fig. 2b), but previous studies of films grown on
different oxide substrates® and the much smaller lattice para-
meter of the films on Si suggest that there is no strong effect
of strain on the ferroelectric polarization.

Fatigue was investigated by cycling the capacitors with
bipolar rectangular pulses of frequency 100 kHz and ampli-
tude 4.5 V, close to the voltage used to obtain saturated loops
(Fig. 3(a)). Endurance measurements are shown in Fig. 4(a-f)
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(see ESI S8+t for polarization loops). There is no wake-up effect
in these epitaxial capacitors. The wake-up effect is usually pro-
nounced in polycrystalline films, and it is proposed to be
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Fig. 4 Endurance, measured with bipolar rectangular pulses of fre-
quency 100 kHz and amplitude 4.5 V, of Ts = 550 °C (a), 600 °C (b),
650 °C (c), 700 °C (d), 750 °C (e), and 800 °C (f) films on STO. (g)
Comparison of endurance (remanent polarization is normalized to the
pristine state value) of the films grown at various Ts on a seed layer
(solid symbols and solid lines) and films grown at various Ts without a
seed layer (empty symbols and dashed lines). Data of films grown
without a seed layer are reported in ref. 35.
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caused by oxygen vacancies redistribution or electric-field
induced phase transformations.>*? Epitaxial films of doped
HfO, typically are wake-up free or have a very low wake-up
effect'®**3* which can be due to the lower amount of defects
in epitaxial films. The Ts = 550 °C film (Fig. 4(a)) has a moder-
ately low 2P, of 13.1 pC cm™? in the pristine state, and there is
no significant fatigue over 10° cycles (2P, = 12.5 pC cm™?). 2P,
drops to 9.5 uC cm™> after 10’ cycles, and after 10° it is only
2.7 uC em™2, More cycles caused an electric breakdown. HZO
films grown at higher temperatures show fatigue from the
beginning, the greater the higher Ts. In the T = 600 °C sample
(Fig. 4(b)) the decrease in 2P; after 10° cycles is low, decreasing
from 16.2 to 12.9 uC cm 2. Thereafter, fatigue is more pro-
nounced and 2P, is 2.9 pC em™? after 10° cycles, before break-
down occurs. In the Ts = 650 and 700 °C samples (Fig. 4(c and
d), respectively), 2P, in the pristine state is greater than 20 pC
cm™?, but high fatigue begins after fewer cycles and, moreover,
breakdown occurs earlier, after 4 x 107 cycles. In the samples
grown at the highest temperatures, 750 and 800 °C (Fig. 4(e
and f), respectively), with a high initial 2P, of more than 30 pC
cm >, the degradation of polarization is more evident, and the
tendency of early breakdown with increased Ts is confirmed,
occurring after 107 cycles in both films. Therefore, the films
deposited at low temperatures, although they have lower polar-
ization in the pristine state, are less affected by fatigue and
more robust against breakdown. The polarization is normal-
ized in Fig. 4(g) to compare the endurance of the films grown
at various Ts on a seed layer (solid symbols and solid lines).
The robustness against fatigue and electrical breakdown at low
Ts is evident. The graph also includes data of the films grown
at various Ts without a seed layer (empty symbols and dashed
lines).?® The films deposited at a low Ts without a seed layer
already showed less fatigue. However, the crystallization and
ferroelectric polarization of films deposited at less than 700 °C
were too low. The use of a seed layer, which enhances crystalli-
zation, allows for epitaxial growth and high polarization at a
lower temperature, with a positive impact on fatigue and resis-
tance against breakdown as shown in Fig. 4(g). Moreover, all
films in the series show excellent retention, with extrapolated
remanent polarization after 10 years above 47% of the initial
value for either positive or negative poling (ESI S9t).

It has been shown here that using an HZO seed layer, in
comparison with films without it, allows enhancement of the
crystalline quality, polarization and resistance against fatigue
of ferroelectric HZO films. Also, it has been shown that lower-
ing the growth temperature results in less polarization but also
less fatigue. The decrease in polarization is a consequence of
the reduced crystallization and the lower amount of ortho-
rhombic phase in films deposited at low Ts. Furthermore,
there is a greater expansion of the out-of-plane lattice para-
meter with decreasing T, indicating a higher density of point
defects. On the other hand, epitaxial HZO on both substrates
have high endurance despite the difference in the lattice para-
meter, therefore also discarding a strong effect on fatigue.?”
Domain pinning at point defects is a possible mechanism of
fatigue, but the lower fatigue in low Ty films suggests that this

This journal is © The Royal Society of Chemistry 2023
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is not a primary fatigue mechanism in epitaxial films. On the
other hand, low Ts films are less crystalline and may have
extended defects. The higher number of point and extended
defects in low-temperature deposited films probably cause the
monotonic increase of leakage current in the pristine state
with decreasing deposition temperature (Fig. 5, inset). Leakage
(see ESI S107 for leakage curves) increases with cycling in all
samples, particularly after 10°-10° cycles, but the increase in
low Ts films is less and, after 10” cycles, the Ts = 550 and
600 °C films have the lowest leakage. This may contribute to
the high robustness of low Ty films against electrical break-
down. Therefore, point and extended defects in films grown at
low temperatures (Fig. 6) do not negatively affect endurance
and, in contrast, may be a major factor for lower fatigue. We
recently showed that the parasitic monoclinic phase has a
positive effect on endurance, with less fatigue in films on STO
substrates with coexisting orthorhombic and monoclinic
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O.ns | \
_ ?’10 . |
C 10218 AN
& b
2 10 2107 | s
;; 550 600 650 700 750 800
> Te (°C)
£ 10%4 —8—550°C T
© ~@-600°C
B R —A—650°C
1073 < —¥—700°C -
/ - 750°C
07] & —4-800°C

10" 10° 10" 10% 10° 10* 10° 10° 107 108 10°
Number of cycles

Fig. 5 Evolution of the current leakage density with the number of
cycles of the films on STO(001) deposited at the temperature indicated
at the bottom right. Inset: pristine state leakage current density of films
on STO(001) as a function of the deposition temperature.
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800 °C
Less defects
More ferroelectric fatigue

Kinetics
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Fig. 6 Schematics of the expected amount of point (red color) and
extended (blue color) defects as a function of the deposition
temperature.
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phases than in almost pure orthorhombic films on scandate
substrates.*® We argued that this is a consequence of the sup-
pression of propagation of pinned domains at the boundaries
with the non-ferroelectric phase. Here, in films grown at a
lower temperature, a greater amount of monoclinic phase,
point and extended defects and more defective grain bound-
aries between the orthorhombic and monoclinic phases could
help suppress the rapid propagation of pinned domains.

4. Conclusions

In conclusion, the use of a seed layer allows the epitaxial
growth of enhanced ferroelectric HZO films on STO(001) and
Si(001) at a significantly lower temperature. The orthorhombic
phase forms over a wide temperature range, with the (111) out-
of-plane lattice parameter decreasing linearly with the depo-
sition temperature by about 1.3%. The crystallization of the
orthorhombic phase is reduced with decreasing substrate
temperature and the polarization is slightly reduced. However,
the films grown at low temperatures are more robust against
ferroelectric fatigue and electrical breakdown. The results
suggest that the pinning of ferroelectric domains at point
defects is not a major mechanism of fatigue. The suppression
of pinned domain propagation at more defective regions and
grain boundaries in low-temperature deposited films is pro-
posed as the reason for the enhancement.
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