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We demonstrate ferroelectric switching in CeO2-doped Hfo5Zr0502 (HZCO) thin films and
their applications for back-end-of-line (BEOL) compatible embedded memories. At low
cerium oxide doping concentrations (2.0 - 5.6 mol%), the ferroelectric orthorhombic phase is
stabilized after annealing at temperatures below 400 °C. HZCO ferroelectrics show reliable
switching characteristics beyond 10* cycles in TiN/HZCO/TiN (MFM) capacitors, several
orders magnitude higher than the identically processed Hfo5Zros02 (HZO) capacitors, without
sacrificing polarization and retention.Internal photoemission and photoconductivity
experiments show that CeO»-doping introduces in-gap states in HZCO that are nearly aligned
with TiN Fermi level, facilitating the electron injection through these states. The enhanced
background conductivity, which may lead to more uniform thermal dissipation in the HZCO
films, delays the irreversible degradation that leads to the device failures.

1. Introduction

The observation of ferroelectricity inHfO>-based metal oxide thin filmsoriginates from the
formation of the metastable, non-centrosymmetric polar orthorhombic Pca2; (O) phase of
HfO,. Since the discovery of ferroelectricity in doped HfO2 in 20111, many dopants
including Sitt, A2l YBI and Lal*! have been studied to promote formation of the polar O-
phase of HfO>. In addition, ferroelectric binary alloys of HfO2 and ZrO2 (HZO) that exhibit a
full range of solid solubility are of particular interest, as the O-phase can be stabilized over a
wide range of composition®land forms from initially-amorphous as-deposited material after

crystallization anneals performed at relatively low temperaturest®l.
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HZO based ferroelectric (FE) materials are promising for semiconductor memory applications
such as 1T1C FE random-access-memories(FeRAMSs) and nonvolatile FE field-effect-
transistors (FeFETS) due to their ability to scale down to ultra-thin films and very small
device dimensions, and their compatibility with silicon complementary metal oxide
semiconductorback-end-of-line (BEOL) processing temperaturest” 8. Limited cycling
endurance of the polarization is amajor challenge for implementation of HZO in commercial
products developed for embedded memories. High endurance is essential for memory devices
utilized in novel memory architectures designed forhigh throughput and energy efficiency,
such as near-memory or in-memory computing architectures where memory is integrated with
logic on the same chip . For metal-ferroelectric-metal (MFM) capacitor structures, anti-
ferroelectric (AFE) HZO!*® and FE La-doped HZO™! have been demonstrated to enhance the
endurance to 10'°— 10%* cycles. However, for FeFET structures where the ferroelectrics are
inserted into the metal-ferroelectric-insulator-semiconductor (MFIS) gate stack, the cyclic
endurance is further limited, as the SiO; or SION interfacial layers can exhibit early failures
during FE polarization switchingdue to the high electricfieldsdeveloped across these dielectric
layers. Metal oxide-channel FeFETs[®! and back-gated FeFETs!*? are proposed to solve the
problem by eliminating the interfacial layers, but direct implementation of top-gated FeFETs

on siliconchannelsremains a key challenge.

Discovery of new compositions is one approachto improveferroelectric properties and
reliability of HfO,-based materialsi**l. Doping HfO, with ceriumoxide (CeO,), another
fluorite-structure metal oxide,has been utilized to enhance the dielectric constant ofhigh-«
dielectrics [*31%1, CeO,-HfO, films were crystallized after annealing at 900°C and were
identified as tetragonal-(T) or cubic-(C) phase® 4. Recently, ferroelectricity has also been
demonstrated in CeO,-doped HfO due to the stabilization of the O-phase!*®l. However, CeO>
doping ofHZO solid solution to form HZCO ternary alloys and their reliability have not been
explored. In HZCO solid solutions, non-ferroelectric tetragonal-(T) and monoclinic-(M)
phases co-exist at high temperatures 1500°C across a fairly broad range of compositions(*].
The metastable ferroelectric O-phase, which is a structural distortion of the T-phase, may be
promotedat low temperatures in HZCO thin films, as a result ofthe competition between the
stable T- and M- phases.In addition to the ~6 eV energy gap between continuum states that is
typically observed in transition metal oxides, CeO: also exhibit a smaller energy gap ~3.3 eV

between the valence band and Ce 4f states!*® ¥l which is typically considered as the band gap
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of Ce0,?*?21, The smaller band gap of CeO, compared to HfO and ZrO,, and the
contribution of 4f electrons to its electronic structure, also provides opportunities for tuning
the functional properties of HZCO alloys.

In this work, we report the first experimental investigation of ferroelectricity in HZCO thin
films. High polarization and very reliable switching characteristics are achieved beyond 10*
cycles in MFM capacitors. High endurance (>10% cycles) is also demonstrated in MFIS gate
stacks for FeFET applications. Polarization cycling characteristicsare systematically studied
usingstress-induced leakage current (SILC) analysis, indicating thatCeO, doping delays
irreversibledegradation of the FE layers that is a precursor of dielectric breakdown.
Mechanisms responsible for the observed CeO> doping effects are probed using
photoconductivity (PC) and internal photoemission (IPE) measurements, indicating the
importance of electronic conduction through in-gap states contributed by Ce ion doping of the
HZCO. Considering the bulk electronic structure of CeO,, these states are likely
predominantly 4f in character.

2. Results and Discussions

2.1. Material Characterizations
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A scanning transmission electron microscopy (STEM) image of a 3.8% CeO, HZCO MFM
structure in Figure 1a clearly shows crystalline grains across the film thickness, indicating

= (&

full crystallization of HZCO films after RTA at 400 °C. Elemental mapping using energy
dispersive X-ray spectroscopy (EDS) reveals uniform detection of Hf, Zr, and Ce across the
film without evidence of local CeO2 segregation, as shown in Figure 1b. Figure 1c depicts
the grazing incidence X-ray diffraction (Gi-XRD) of HZO and HZCO films crystallized at
400 °C. All films show a main peak around Q = 2.13 A1, which matches the (111)
orthorhombic peak!3]. The dominant O-phase is consistent with the observation
offerroelectric polarization switching shown in later sections, for the investigated range of
CeO2 doping (2.0% - 5.6%).

Figure 1: (a) Scanning transmission electron microscopy - low-angle annular dark field
(STEM-LAADF) image and (b) EDS elemental mappings of TiN/HZCO/TiN stack,
indicating CeO- is uniformly doped across HZO without segregation. (¢) Gi-XRD of HZO and
HZCO 9 nm films after RTA at 400 °C, consistent with a dominant O-phase which is

responsible for observed ferroelectricity.

2.2.HZCO MFM Characteristics

2.2.1. Polarization and Memory Characteristics

Figure 2a depicts the polarization-voltage (P-V) hysteresis curves of TIN/HZCO 9 nm/TiN
capacitors synthesized by RTA at 400 °C. CeO, doping modulates the polarization, showing a
decreasing trend of polarization as CeO- concentration increases from 0 to 5.6%. HZCO
capacitors exhibiteda polarizationretention >10% seconds at 85 °C, as depicted in Figure 2b,
where only <8% of the initial polarization was lost by the end of the measurement for all
doping concentrations. A significant improvement of endurance as a result CeO, doping of
otherwise identically processed HZO films is shown in Figure 2c. Identically processed HZO

capacitors fail after 2x108 polarizationswitching cycles due to hard dielectric breakdown.
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With CeO doping, the maximum number of switching cycles increases with increasing
doping concentration over the range of compositions studied. The 3.8% and 5.6% HZCO
capacitors are switchable beyond 10! cycles without breakdown, i.e., three orders of
magnitude higher than HZO. All the HZO and HZCO capacitors exhibit a gradual increase of
polarization at the beginning stage of the field cycling, followed by a gradual decrease of the
polarization after a certain number of cycles, commonly called “wake-up” and “fatigue”,
respectively. With slight “wake-up” and “fatigue”, the HZCO 3.8% capacitors maintain

polarization higher than 17 pC/cm? throughout cycling, as shown in Figure 2c.

) ) )

Figure 2: (a) P-V hysteresis after 10° wake-up cycles, (b) retention at 85 °C, and (c)
endurance of TIN/HZCO/TIN capacitors with various CeO> doping. The stacks were
annealed post deposition at 400 °C for 30s. The HZCO 3.8% capacitor switched using + 3 V
100 ns pulses still functionsafter 10! cycles with Psy> 17uC/cm?.

2.2.2 Leakage Current and Conduction Mechanism in HZCO

In contrast to the suggestion that high switching endurance may be correlated with low defect
density, and thus to low leakage current!?l, the HZCO capacitors generally exhibit greater
electronic conductionthan the identically processed HZO devices, as shown in Figure 3a.
Interestingly, the breakdown voltage (Vep) is greatly increased by CeO> doping (Figure 3b).
The bias asymmetry of the positive and negative current densitiesand Vgp is due to the
asymmetry of the top and bottom TiN electrodes. Although the deposition method of the top
and bottom TiN is the same, the bottom TiN is oxidized under oxygen plasma exposure
during PE-ALD (see O elemental mapping in Figure 1b), producing a TiOx—containing layer
at the bottom interface. A higher conductivity and Vgp of the films may be correlated with the

better endurance properties.
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Figure 3: (a) Leakage current of HZCO capacitors before cycling, indicating higher leakage
conduction induced by CeO- doping. Before I-V measurements, a pre-poling was applied on
the device by £3 V bias. (b) Breakdown voltages of HZCO 9 nm films. CeO2 doping greatly

increases the breakdown voltage of HZO films.

Enhanced electronic conduction associated with CeO2 doping may be explained by
incorporation of Ce-related in-gap states enabling electron injection into the ferroelectric layer
that is less damaging to the “host” HZO matrix/??l, Indeed, the results of PC measurements
illustrated in Figure 4a and Figure 4b indicate that while both HZO and HZCO exhibit an
energy gap of 5.5 eV, the CeO»-doping results in appearance of an additional PC threshold at
3.5 eV indicating Ce-related states in the HZO gap. In bulk CeO>, the lowest unoccupied
states stem from the localized atomic-like Ce 4f states, energetically positioned 3 eV above
the O-2p derived valence band (VB) top!*® 1%, |f the additional PC threshold at 3.5 eV results
from optically excited electronic transitions from the VB top to these empty Ce 4f in-gap
states within the 5.5-eV wide HZO band gap; Therefore these states appear to be ~ 2 eV
below the HZO conduction band (CB) minimum. This energy position is nearly aligned with
the Fermi level of the TiN electrode, as indicated by the corresponding 2.2eV electron
photoemission threshold from TiN into undoped HZO film Figure 4a. This would facilitate
selective electron injection into these Ce-derived states as illustrated in Figure 4c, possibly
suppressing injection-induced degradation of the HZO matrix by preventing electron injection
into the Hf- and Zr-derived CB states. The alternative possibility that the PC threshold at 3.5
eV originates from electron transition from some in-gap states to the CB minimum, placing

the hypothetical occupied states 3.5 eV below the CB minimum is unlikely since CeO>
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insulators deposited on semiconductors, e.g. Ge [see ref. below] exhibit low interface trap
density despite considerable leakage currents indicative of low CB offset [20].

Ref:

Brunco, DP (Brunco, D. P.) Dimoulas, A (Dimoulas, A.) Boukos, N (Boukos, N.) Houssa,
M (Houssa, M.) Conard, T (Conard, T.) Martens, K (Martens, K.) Zhao, C (Zhao,

C.) Bellenger, F (Bellenger, F.) Caymax, M (Caymax, M.) Meuris, M (Meuris, M.) Heyns,
MM (Heyns, M. M.), J. Appl. Phys. 2007 vol. 102 (2) 024104.
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Figure 4: Photocurrent quantum yield plots in Y Y2 — hvcoordinates illustrating determination
of the spectral thresholds for 10 nm Au/9 nm HZO/10 nm TiN (a) and Au/9 nm HZCO/10 nm
TiN (b) structures, where Au is deposited after post-metal RTA and top TiN removal by wet
etch. Vertical arrows indicate the inferred spectral thresholds of electron photoemission from
TiN into HZO and the PC onsets corresponding to the bandgap of HZO (in the inset) and
Ce0s..(c) Schematic diagram of PC and IPE processes at HZCO/TiN BE interface, showing

that the Ce-related in-gap states are nearly aligned with the TiN Fermi level.

One concern related to leakage conduction in ferroelectrics is that mobile charges in the bulk
of the ferroelectric layer can internally screen the polarization and thus give poor retention
characteristics. However, the retention of the capacitors is not sacrificedas a result of CeO-
doping, as shown in Figure 2b. All the HZCO capacitors exhibited polarization retention
greater than10* seconds at 85 °C with very minor polarization loss at the end of the
measurements. In addition, for applications in ferroelectric non-volatile memories, the devices
are normally not under bias. Therefore, higher steady state leakage currents in HZCO
compared to HZO should not contribute significantly to power dissipation or loss of the

memory window as a function of time.
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2.2.3. Stress-Induced Leakage Current (SILC)

To understand the observed effect of CeO. doping on bipolar voltage cycling behavior, SILC
IS monitored to characterize the leakage evolution with a 0.4 V/sec ramp rate DC |-V
measurement (Figure 5). The occurrence of polarization fatigue and dielectric breakdown in
HZO samples is accompanied by an increase in SILC (Figure 6), where the steep degradation
detected after 10° cycles (i.e. 2x SILC increase) maybe associated with a thermal runaway
phenomena®!, HZCO MFM capacitors exhibited 10x better endurance based on a 2x SILC
criteria and more than 1000x better endurance before dielectric breakdown occurs. In addition,
the rate of SILC increase is also suppressed by increasing the CeO2 doping.

This suggests the prevention of localized heating, which may result from the higher
conductivity of HZCO being caused by different transport mechanisms, such as polaron
hopping in Ce in-gap states[?®l. Localized enhancement of electronic conduction in
semiconducting and insulating metal oxides mediated by locally-varying defect populations is
common and can lead to localized breakdown events, which can be either hard?”-?°! or soft, as
in RRAM filament formation%. Increasing the average bulk conductivity by CeO. doping
will tend to reduce the impact of such local sources of incipient breakdown events by

reducing the current carried along these paths.

(d)2 (Ipjee

Figure 5: SILC spectrum upon £ 3V 500 ns endurance in HZO (a) and 3.8% HZCO (b).

Obvious SILC phenomenon is shown in HZO before 5x10’-cycle, leading to dielectric hard
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breakdown. The reduced contributionof HK shallow traps tothe HZCO SILC spectrum

coincides with less than 10x SILC increase after108polarization switching cycles.

Figure 6: SILC as a function of cycle number in (a) HZO and (b) HZCO capacitors under
+3V 500ns switching. HZCO exhibited a 10x improvement in endurance based on a 2x SILC
criterionand a smallerSILC degradation rate forincreasing CeO.mol%. The apparent
suppression of local thermal runaway provides > 10*°-cycle endurance forHZCO.

2.2.4. Low Temperature Crystallizationof O-HZCO

Low crystallization temperatures enable a broader range of applications of ferroelectrics in
on-chip electronics. For example, novel back-end-of-line compatible nonvolatile memory
devices such as metal oxide-channel FeFETSs require low processing temperatures to prevent
the channel oxide degradation. The RTA temperature to stabilize the O-phase HZCO can be
further reduced to 350 °C by increasing the RTA time. Figure 7a and Figure 7b depict the
PV hysteresis and Gi-XRD showing phase evolution of 350°C annealed HZCO capacitors as a
function of RTA time. High polarization (>40uC/cm?) is achieved after an RTA ofonly 300
second duration at 350 °C. The (111)orthorhombic peak intensity increases ~ 9 times from 30
seconds to 300 seconds, indicating greater crystallinity as the annealing time increases,

consistent with the increasing trend of polarization.

Ok &
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Figure 7: (a) P-V hysteresis and (b) GI-XRD of HZCO 3.8% capacitors annealed at 350 °C
for various duration. The (111)orthorhombic peak intensity increases about 9 times from 30

seconds to 300 seconds,indicating higher crystallinity as the annealing time increases.

2.3.HZCO MFIS Switching Endurance

Among the various on-chip ferroelectric memory structures, FeFETsare of great interest due
to their non-destructive read operation and simple, highly-scalable cell structure (1T)[ 31,
HfO.-based ferroelectric materials in metal-ferroelectric-insulator-semiconductor (MFIS) gate
stacks often have unnecessarily high polarizationt®> %1 setting up ahigh electric field across
the interfacial insulator layer during polarization switching, and thus leading to early device
failure®*-361. Miiller et al®®? reported from simulations that a spontaneous polarization
between 5 — 10 uC/cm?is optimized for maintaining a memory window > 1 V while keeping
low electric field across the interfacial layers. Therefore, we utilized HZCO films of 7 nm
thickness inserted inMFIS gate stacks to satisfy the condition forsufficient, but not
excessive,polarization for threshold voltage switching of a FeFET device*? %I, Figure 8a is a
representative cross-sectional TEM image ofa HZCO 3.8% MFIS stack. The HZCO thin film
deposited on a Si (100) substrate, with a SiO- interfacial layer of 1.7 nm thickness present
after RTA. The pristine state polarization of the 7 nm HZCO 3.8% MFIS gate stack is less
than that of an otherwise identicalHZO stack, but it endures 10 switching cycles before
breakdown, 10°x higher than the similarlyprocessed and tested HZO MFIS, as shown in
Figure 8b. The HZCO MFIS gate stack displays a slight polarization “wake-up” followed by
“fatigue”, but the switching polarization remains less than 10uC/cm? throughout endurance
testing. This is preferred for MFIS gate stacks to alleviate the high polarization bound charge
density at the semiconductor channel and the high electric field across the SiOxinterlayer®? %I,
The steady state leakage current follows a trend similar to the MFM structures, where the
HZCO stack exhibits higher conductance than the HZO stack during the early stages of
polarization switching. The sudden increase in current observed for HZO gate stacks
isdelayed from 10*to 108 switching cycles,and the rate of current increase is greatly
suppressed in HZCO, as shown inFigure 8b. The lower polarization and higher bulk
conductivity of HZCO together may lead to a delay of hard breakdown compared to HZO,

and hence shows promise for FeFET applications.
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Figure 8: (a) STEM-LAADF image of TIN/HZCO/SiOx«/Si gate stack. The interlayer SiOxis
~1.7 nm. (b) Endurance and (c) SILC of MFIS stacks with 7 nm HZO and HZCO 3.8%,
annealed post deposition at 600°C for 30s and cycled by £4 V 500 ns pulses. The HZCO 3.8%

MFIS capacitor displays endurance >10'° cycles with preferred low polarization.

3. Conclusion

In this work, we demonstrate ferroelectric switching in CeO2-doped HZO with high
endurance and high retention. CeO2-doping introduces extra in-gap states in HZCO that are
closelyaligned with the TiN Fermi level, facilitating electron injection through these states,
and thus suppressing injection-induced damages in the ferroelectric layers. Although the
leakage currents in HZCO arehigher than thosein HZO under identical experimental
conditions prior to polarization cycling, the stress-induced-leakage-current increase due to
cycling degradation is delayed, and the rate of current increase is also suppressed compared to
HZO, enabling reliable operation beyond 10! cycles of polarization switching. By applying
HZCO with reduced thickness and low but sufficient polarization in the MFIS structures, high
endurance beyond 10 cycles can be achieved, showing a promising route to reliable FeFET
operation.

4. Experimental Section

Device Fabrication:

12
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TIN/HZCO/TIN (MFM) capacitors: The HZCO thin films were deposited by plasma
enhanced — atomic layer deposition (PE-ALD) with intermittent pulses of Hf, Zr, and Ce
precursors and oxygen plasma as the co-reactant. Each ALD super cycle contained one HfO»,
one ZrO», and “n” CeOz cycles, where the Ce content was controlled by varying the number
of CeOz cycles. The HZCO thin film was sandwiched between TiN top and bottom electrodes
deposited by sputtering. A post-metal rapid thermal anneal (RTA) is performed at 350 -
400 °C to crystallize the HZCO. For electrical measurements, Pt top contacts were deposited
by e-beam evaporation and patterned by photolithography. Top TiN was then selectively wet

etched by SC1 solution with Pt pads as masks.

TiN/HZCO/SiOx/p+ Si (MFM) capacitors: p+ Si wafers were cleaned by RCA process (SC1-
SC2-HF). Immediately after, HZCO 7 nm were deposited on Si, followed by TiN 10 nm
deposition by sputtering. A post-metal rapid thermal anneal (RTA) is performed at 600 °C to
crystallize the HZCO. The process to pattern the metal contacts was the same as that of the
MFM capacitors.

Characterizations:

The electrical measurements in this work are performed using HP 4156C and Keithley 4200-
SCS Parameter Analyzers. The polarization during field cycling was read by positive-up-
negative-down (PUND) measurements with the same waveform as the cycling pulses.The Gi-
XRD measurements were performed at beamline 2-1 of the Stanford Synchrotron Radiation
Lightsource (SSRL), SLAC National Accelerator Laboratory.
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