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Abstract— In this paper, we explore new metal elec-
trodes for ferroelectric capacitors based on Al-doped HfO2.
We find that Ti/Pd, Ti/Au, and W top electrodes can
induce much higher remanent polarization as compared
to the traditional TiN top electrode. The endurance of the
capacitors with Ti/Pd electrodes is also much better than
that with TiN and W electrodes. These results indicate
that Ti/Pd is a very promising candidate for ferroelectric
Al-doped HfO2. In addition, we find that the remanent
polarization reaches maximum when the annealing tem-
perature is around 900 ◦C–950 ◦C. At a given annealing
temperature, the optimal Hf-to-Al cycle ratio correspond-
ing to the highest remanent polarization is around 23:1.
With optimized process conditions, we demonstrate high-
performance Ti/Pd gated ferroelectric Al-doped HfO2 capac-
itors with remanent polarization up to 20 µC/cm2, endurance
higher than 108 cycles, and retention over ten years at room
temperature. Another interesting feature of the ferroelec-
tric capacitors with Ti/Pd electrodes is high tunability of
polarization by external pulses, which will be important for
neurosynaptic computing applications.

Index Terms— Ferroelectric devices, ferroelectric films,
ferroelectric materials.

I. INTRODUCTION

DOPED HfO2 has emerged as a new class of ferroelectric
material in recent years. As compared to the traditional

perovskite ferroelectric materials, HfO2-based ferroelectrics
have several advantages, including excellent scalability, high
coercive field, and full compatibility with CMOS processes
[1]–[4]. Several dopants have been reported to be able to
induce ferroelectricity in HfO2, including silicon (Si) [5], [6],
aluminum (Al) [7], gadolinium (Gd) [8], yttrium (Y) [9],
strontium (Sr) [10], barium (Ba) [11], and lanthanum (La) [2].
Among these dopants, aluminum has attracted significant
research interest, because Al2O3 is a commonly used high-k
dielectric and ALD Al2O3 tools are widely available in many
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Fig. 1. (a) Cross-sectional TEM image of the Al-doped HfO2 capacitor
with Ti/Pd electrode on Si substrate annealed at 950 ◦C. (b) A close-up of
the cross-sectional TEM image clearly showing that the Al-doped HfO2
layer is crystallized.

industry and research institutes. It has been reported that
Al-doped HfO2 undergoes a phase transformation from the
initial state (tetragonal, t-phase or monoclinic phase, and m-
phase) to noncentrosymmetric orthorhombic phase (o-phase)
upon applying an electric field or thermal annealing [12], [13].
In the ferroelectric phase transition, capping electrodes and
bottom substrates play important roles [12], [14], [15]. It has
been found that, with a TiN capping layer, the silicon-doped
HfO2 transformed into the orthorhombic ferroelectric phase
after annealing, while without TiN capping layer confinement,
a monoclinic/tetragonal phase mixture was formed [5]. There-
fore, TiN electrodes were widely used in many research works
related to ferroelectric HfO2. Besides TiN, Pt electrodes on
Zr-doped HfO2 were reported to reduce the degradation
of the polarization during forming gas annealing [16]. For
Gd-doped HfO2, it is found that TaN can enhance the sta-
bilization of the ferroelectric phase as compared to TiN elec-
trodes [17]. Ir, however, was found to lower the polarization as
compared to TiN [18]. For Al-doped HfO2, to the best of our
knowledge only TiN electrode has been investigated so far, and
remanent polarization is in the range of 5 to 15 μC/cm2 for
planar device structure [3], [7], [19]–[21]. To further enhance
the ferroelectricity, a systematic study to explore new metal
electrodes is needed. In this paper, we investigated ferroelectric
capacitors based on Al-doped HfO2 with various metal elec-
trodes including Ti/Pd, Ti/Au, W, and TiN. Based on these
metal electrodes, we studied the impact of Al composition,
annealing temperatures, and substrate on the ferroelectricity,
leakage current, endurance, and retention of the ferroelectric
capacitors.

II. EXPERIMENTS

Planar metal–insulator–semiconductor (MIS) capacitors
were fabricated on highly doped (100) p-type Si substrates.
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Fig. 2. (a) Illustration of pulse sequence in the PUND measurement.
The amplitudes of the preset and the PUND pulses are 10 V. The pulse
width is 0.1 µs. The rise time (tr), fall time (tf), and delay time between
pulses (tdelay) are 1 µs. The preset pulse and the PUND pulses are in
two separate test programs. The wait time between the preset and the
PUND pulses is typically a couple of seconds. (b) P–V loops of Al-doped
HfO2 capacitors with various top electrodes (Ti/Pd, Ti/Au, W, and TiN).
The thicknesses of Ti/Pd, Ti/Au, and W electrodes are 40–50 nm, while
the thickness of TiN is 100 nm. (c) Statistics of the remanent polarization
of the Al-doped HfO2 capacitors with various top electrodes. For each
wafer, we measured three to five capacitors. (d) Polarization as a function
voltage for Al-doped HfO2 with 100 and 50 nm TiN.

The resistivity of the silicon wafer is 0.001–0.005 �·cm.
Al-doped HfO2 films of 20 nm thickness were deposited
using a Cambridge Nanotech Atomic Layer Deposition (ALD)
system at a 200 ◦C substrate temperature. The Al concentration
in the film was varied by tuning the cycle ratio between the Hf
precursor [tetrakis (ethylmethylamino) hafnium (TEMAH)]
and Al precursor [trimethylaluminium (TMA)]. The Ti/Pd and
Ti/Au electrodes were deposited by Temescal E-beam evapo-
rator, while TiN and W electrodes were deposited by Lesker
dual-gun sputtering system and AJA Orion 3 sputter tool,
respectively. The encapsulated HfO2 films were then annealed
in a rapid thermal annealing (RTA) system. The annealing was
performed for 1–2 s at various temperatures from 800 ◦C to
1000 ◦C. The N2 atmosphere was used for the RTA process.
The capacitor area is 45 μm × 45 μm. Fig. 1(a) shows a
cross-sectional TEM image of Al-doped HfO2 with Ti/Pd top
electrode on silicon substrate annealed at 950 ◦C. The close-
up TEM image of the Al-doped HfO2 layer in Fig. 1(b) shows
that the doped HfO2 film is crystallized after annealing.

III. RESULTS AND DISCUSSION

A. Impact of Top Electrodes on the Ferroelectricity
of Al-Doped HfO2

We explored various metal materials as the top electrodes
including Ti/Pd, Ti/Au, W, and TiN. The polarization of the
capacitors was measured using the positive-up-negative-down
(PUND) method [22]. Fig. 2(a) illustrates the waveform of the
PUND measurement. The polarization versus voltage (P–V)
loops for Al-doped HfO2 capacitors with these electrodes are
shown in Fig. 2(b), and the statistics of remanent polarization,

Fig. 3. (a) Leakage current density as a function of gate voltage and
(b) statistics of the leakage current density at 5 V of Al-doped HfO2
capacitors with various top electrodes. For each wafer, we measured
three to five capacitors.

Pr, are shown in Fig. 2(c). Among these four electrodes, the
Ti/Pd electrode gives the highest remanent polarization value
in the ferroelectric capacitors. At 10 V, the remanent polar-
ization in Al-doped HfO2 capacitor with Ti/Pd electrode
can reach 20 μC/cm2. We speculate that the internal strain
induced by Ti/Pd favors the formation of ferroelectric phase in
Al-doped HfO2. Note that in the PUND measurement, the pre-
set and PUND read pulses are located in two separate test
programs. It typically takes a few seconds for the parameter
analyzer to close the preset test program and start the PUND
test program. This time delay between the preset pulse and the
PUND pulses is one of the main causes of the gaps between
the start and end part of the hysteresis loops. The displacement
of the polarization hysteresis loop along the electric field
axis may originate from the asymmetric structure of the MIS
capacitor, the nonswitching layer between the ferroelectric
layer and the silicon substrate, and/or interface trapped charges
at the silicon interfaces [23]–[27]. The coercive voltages in
the capacitors with TiN electrodes are higher than that with
Ti/Au, Ti/Pd and W, which is probably due to the high resis-
tivity of the TiN film. For the capacitors shown in Fig. 2(a),
the thicknesses of the Ti/Pd, Ti/Au, and W electrodes are
40–50 nm, while the thickness of TiN is 100 nm. The process
condition of TiN is based on the previous report [21]. In order
to evaluate the impact of the TiN thickness on the remanent
polarization, we fabricated the Al-doped HfO2 capacitors with
two different TiN thicknesses. Fig. 2(d) shows the P–V loop
measured on the capacitors with 50 and 100 nm TiN. The
capacitor with 100 nm TiN shows much higher remanent
polarization than that with the 50 nm TiN. These results
indicate that if the electrode thicknesses are comparable,
the remanent polarization in capacitors with Ti/Pd will be even
larger than that with TiN.

In addition to the remanent polarization, the leakage current
density is also impacted by the top electrodes. As shown in
Fig. 3(a) and (b), the leakage current density for capacitors
with Ti/Pd electrode is much lower than that with Ti/Au
electrode and is comparable to that with W electrode. This
result can be attributed to the fact that different metals
have different resistivity, thermal stability, work function,
mechanical strain, surface roughness, and density of interface
states at the metal/ferroelectric interface, which can lead to
different leakage current density. In particular, the resistivity
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Fig. 4. (a) Endurance of Al-doped HfO2 capacitors with various
top electrodes. The amplitude of the cycling pulses is 7 V and the
amplitude of the PUND read pulses is 10 V. (b) Endurance of Al-doped
HfO2 capacitors with Ti/Pd electrode measured at two different cycling
voltages: ±7 and ±10 V. The amplitudes of the PUND read pulses in both
tests are 10 V. The timings for both cycling pulses and PUND pulses are
the same. The pulse width is 100 ns. The rise/fall time is 1 µs and the
delay between two pulses is 1 µs.

of these TiN films is higher than that of the other three metal
electrodes, which can result in lower leakage current in TiN
capacitors. The thermal stability of Au is worse than the other
three electrodes, which can lead to higher leakage current
in Au capacitors. Here we limited our dc IV measurements
to 5 V, since we noticed that the devices are more prone
to break down when the voltage is in dc mode instead of
short pules. This trend was also observed in BiFeO3, which
was attributed to the local joule heating under dc bias [28].
It is worth mentioning that PUND measurement is effective to
eliminate the influence of the leakage current on the extraction
of polarization charges [29], [30]. In PUND measurement,
the polarization is extracted from the subtraction of the charges
collected from two consecutive pulses, the contribution from
the nonferroelectric polarization and the leakage current are
eliminated. Therefore, for ultrathin ferroelectric film with high
leakage current, the PUND measurement is more accurate than
direct hysteresis measurement with single triangular voltage
pulse. Note that the leakage current density of these samples
is higher than that reported in [7], [20], and [21].

Considering both remanent polarization and leakage current
density, Ti/Pd is the most promising electrode among these
metals. To the best of our knowledge, this is the first report
of Ti/Pd as a gate electrode for ferroelectric HfO2.

The metal materials in the top electrode can also impact
the endurance of the ferroelectric capacitors. Fig. 4(a) shows
the endurance of the capacitors with various top electrode
materials (TiN, Ti/Pd, and W). The amplitude of the cycling
pulses is 7 V and the amplitude of the PUND read pulses
is 10 V. The endurance of the capacitors with Ti/Pd is
much better than that with TiN and W electrodes. After
108 cycles, 63.5% of initial polarization is maintained for the
Ti/Pd capacitor, 41.1% of initial polarization is left for the
TiN capacitor, while only 10.9% is left for the W capacitor.
The endurance characteristics also depend on the operating
voltage, as depicted in Fig. 4(b). At the ±7 V cycling voltage
(3.5 MV/cm at 20 nm), the ferroelectric Al-doped HfO2 shows
the characteristic fatigue behavior of ferroelectric materials,
while at ±10 V cycling voltage, hard breakdown becomes the
limiting factor for the endurance.

Fig. 5. Retention of Al-doped HfO2. (a) and (b) Illustrations of the
waveforms of the retention tests with positive and negative write pulses,
respectively. The amplitudes of both the write pulses and the read pulses
are 7 V. (c) Retention of MIS Al-doped HfO2 capacitors with Ti/Pd and W
top electrodes. (d) Illustrations of an MIS and an MIM capacitor with
ferroelectric HfO2. (e) P–V loops of an MIM and MIS capacitor. The
top electrodes for both MIM and MIS capacitors are Ti/Pd. The bottom
electrode for the MIM capacitor is TiN. The substrate for the MIS capacitor
is silicon. (f) Retention of MIS and MIM Al-doped HfO2 capacitors with
Ti/Pd top electrodes. The retention is tested at room temperature.

Similar to endurance, the retention of the ferroelectric
capacitors also depends on the top electrodes. The waveforms
of the retention tests are illustrated in Fig. 5(a) and (b).
Each test consists of a preset, a write and two read pulses.
The amplitudes of both the write pulses and the read pulses
are 7 V. The retention of MIS capacitors with Ti/Pd and W
electrodes is shown in Fig. 5(c). We can see that the retention
of the capacitors with Ti/Pd is much longer than that with W.
After 104 second, 81% polarization remains for the Ti/Pd
capacitor while only 72% remains for the W capacitor. For
these capacitors, the substrate is highly doped silicon. Due to
the incomplete charge compensation at the silicon interface,
a depolarization field can be formed, which degrades the
retention of the polarization in HfO2. To further improve
the retention time, metal-insulator-metal (MIM) capacitors
were also fabricated. Fig. 5(d) illustrates the MIS and MIM
structures. For MIM capacitors, the TiN film was deposited
on Si substrate by sputtering. The thickness of the bottom TiN
is 12 nm. Fig. 5(e) shows the P–V loops measured on MIS
and MIM capacitors. The remanent polarization of the MIS
structure is higher than that of the MIM structure. We suspect
that the low remanent polarization of the MIM capacitor is due
to the surface roughness of the bottom TiN. Fig. 5(f) shows
the retention of the MIM capacitor and MIS capacitor with the
same top electrode Ti/Pd. We can see that the retention of the
MIM capacitor is much better than that of the MIS capacitor.
For the MIM capacitor, 98.5% polarization remains after 104 s,
and it can be extrapolated that over 90% polarization remains
after ten years.
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Fig. 6. Impact of annealing temperature on the properties of the Al-doped HfO2 film. (a)–(e) P–V loops of Al-doped HfO2 annealed at various
temperatures from 800 ◦C to 1000 ◦C. The top electrodes are Ti/Pd. The amplitude of the PUND read pulses is 10 V. (f) Remnant polarization as a
function of annealing temperature for Al-doped HfO2 capacitors with Ti/Pd, Ti/Au and W electrodes. The amplitude of the PUND read pulses is 7 V.
(g) 2 Vc as a function of annealing temperature for Al-doped HfO2 capacitors with Ti/Pd electrode. The inset illustrates the definition of 2 Vc: the
difference between positive and negative coercive voltage in the P–V loop. (h) P–V loops of Al-doped HfO2 annealed at 800 ◦C before and after
cycling 104 pulses. The amplitude of the cycling pulses is 10 V. (i) Leakage current density at 5 V as a function of annealing temperature of the
Al-doped HfO2 capacitor with various electrodes.

B. Impact of Annealing Condition and Composition Ratio
on the Ferroelectricity of Al-Doped HfO2

In addition to electrodes, annealing temperature also can
affect the ferroelectricity significantly. The P–V loops of
Al-doped HfO2 annealed at various temperatures are shown
in Fig. 6(a)–(e). As the annealing temperature increases,
the pinched hysteresis loop disappears and the remanent polar-
ization increases, indicating that a larger portion of the film is
transforming to ferroelectric phase. Fig. 6(f) shows the 2Pr as
a function of annealing temperature for Al-doped HfO2 with
various top electrodes. We can see that the 2Pr value reaches
its maximum around 900 ◦C – 950 ◦C. When temperature is
above 950 °C, the 2Pr value starts to decrease with increasing
temperature. The decrement of remanent polarization at high
temperatures may be due to the formation of interfacial
silicon oxide between silicon substrate and HfO2 layer, or
the formation of non-ferroelectric phase, such as monoclinic
phase in the Al-doped HfO2 layer. This nonferroelectric layer
(also known as a “dead layer”) will reduce the effective
electric field dropped on the ferroelectric HfO2, which will
decrease the measured polarization at a given gate voltage
[17], [22], [23]. In addition, this nonferroelectric layer will
induce a depolarization field, which may reduce the retention
time of the ferroelectric devices. Therefore, annealing the film
at an optimal temperature is critical for the device performance
and reliability. The coercive field of the ferroelectric HfO2 is
also influenced by the annealing temperature. Here, we define
the difference between positive and negative coercive voltage
as 2Vc, illustrated in the inset of Fig. 6(g). The 2Vc as a
function of annealing temperature is shown in Fig. 6(g). When
the temperature is above 900 ◦C, 2 Vc increases monotonically
with increasing annealing temperature. This increment of
coercive voltage is due to the formation of non-ferroelectric

layer and the increasing voltage drop on the nonferroelectric
layer. Note, for the capacitors annealing at low tempera-
ture (800 ◦C), there is a kink in the P–V loop, shown in
Fig. 6(a). We found that after cycling 104 pulses, the kink
disappeared and the 2Pr value increased slightly, shown in
Fig. 6(h). This behavior was also observed in PZT sam-
ples, where the constricted hysteresis was attributed to the
domains with different internal bias fields [26]. The field
cycling can either cause the redistribution of the dopant
ions or neutralization of the inhomogeneously distributed
centers by the space charges, which leads to a relaxed, open
hysteresis [26], [31].

The annealing temperature can also impact the leakage
current, as shown in Fig. 6(i). When the annealing tem-
perature is below 900 ◦C, the leakage current increases
dramatically with increasing temperature. This is because,
as the temperature increases, a larger portion of the amor-
phous HfO2 film crystallizes into poly-crystalline film. As
a result, the leakage current related to the grain boundaries
increases with temperature [32]. When the annealing temper-
ature is above 900 ◦C, the leakage current increment slows
down. This is consistent with previous observation of the
interfacial layer growth in the HfO2/Si capacitors when they
were annealed at high temperatures [32].

In addition to the annealing temperature, the Hf-to-Al ratio
is also a critical parameter in determining the ferroelectricity
of the film. We varied the Al concentration in the HfO2
by tuning the cycle ratio between the Hf precursor and Al
precursor. Fig. 7 shows the remanent polarization of the
capacitors as a function of the cycle ratio between Hf and Al.
Regardless of the top electrode material we used, all devices
show nonmonotonic dependence of the remanent polarization
on the cycle ratio, and an optimal Hf-to-Al ratio is in the range
of 21:1 to 25:1.
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Fig. 7. Remanent polarization as a function of Hf-to-Al cycle ratio for
20-nm Al-doped HfO2 capacitors with (a) Ti/Pd electrodes and (b) TiN
electrodes. The amplitude of the PUND read pulse is 7 V for the Ti/Pd
capacitors, while it is 10 V for the TiN capacitors.

Fig. 8. (a) Illustration of the pulse sequence for variable write polarization
measurement. (b) Switching polarization (Psw) as a function of pulse
width at various pulse voltages for 20-nm Al-doped HfO2 with Ti/Pd
electrode on silicon substrate. (c) Switching polarization (Psw) as a
function of pulse width at various pulse voltages for 20-nm Al-doped
HfO2 with W electrode on silicon substrate.

C. Switching Dynamics of Al-Doped HfO2-Based Devices

The polarization in ferroelectric HfO2 is not only deter-
mined by the process conditions but also tunable by the
operating conditions. We carried out the variable-write mea-
surement on the Al-doped HfO2 with Ti/Pd and W electrodes.
Fig. 8(a) illustrates the pulse sequence for variable write
measurement. Following a positive preset pulse, a variable
negative write pulse was applied to the capacitor. The charge
switched by the variable write pulse was then evaluated by
the comparison of two consecutive positive sensing pulses,
recording the polarization reversal and the linear contribution
of the capacitor. Fig. 8(b) shows the measured switching polar-
ization as a function of write pulse width with various pulse
amplitudes for 20-nm Al-doped HfO2 with Ti/Pd electrode.
A steep increase in switching polarization can be observed for
high voltages, whereas for pulses with low amplitude, only
slow polarization reversal occurs. The general trend toward
higher switching speeds with increasing voltage shows that
polarization reversal is a statistical process strongly accelerated
when exceeding certain activation fields. This result also
indicates that the amount of ferroelectric polarization can be
continuously tuned by external pulses, which will be very
important for ferroelectric synapsis applications. Note that
the capacitor with Ti/Pd electrode shows higher remanent
polarization and greater tunability than that with W electrode,
shown in Fig. 8(c). The result indicates that the Ti/Pd capacitor

with wider design window is more promising for neurosynap-
tic computing applications as compared to the W electrode.

IV. CONCLUSION

In summary, we explored three new metal materials as top
electrodes for Al-doped HfO2: Ti/Pd, Ti/Au, and W. First,
we found that the ferroelectric Al-doped HfO2 capacitors with
Ti/Pd electrodes have much higher remanent polarization and
better endurance as compared to those with TiN, W, and Ti/Au
electrodes. The retention of the capacitors with Ti/Pd electrode
is also longer than that with W electrode. These results
indicate that Ti/Pd is a very promising electrode candidate
for ferroelectric Al-doped HfO2. The remanent polarization
reaches maximum around 900 ◦C – 950 ◦C. When the anneal-
ing temperature is above 950 ◦C, the remanent polarization
starts to decrease and the coercive field starts to increase due
to the formation of nonferroelectric layer. Third, we found
that the optimal Hf-to-Al cycle ratio is around 23:1, regardless
the metal electrode material. Based on the optimized process
conditions, we demonstrated high-performance ferroelectric
Al-doped HfO2 with remanent polarization up to 20 μC/cm2

at 10 V and endurance higher than 108 cycles. For the
MIM capacitor based on Al-doped HfO2, we can extrapolate
that more than 90% of the original polarization will remain
after 10 years. This study demonstrated the feasibility of high-
performance ferroelectric Al-doped HfO2. We envision that
ferroelectric Al-doped HfO2 will have broad applications in
ferroelectric random access memories, ferroelectric tunneling
junctions, and piezoelectric devices.
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