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ABSTRACT.  

Thin films based on stoichiometric hafnium zirconate doped and co-doped with La, Gd and/or Y 

have been grown by atomic layer deposition on TiN electrodes. The resulting TiN-ferroelectric-

TiN capacitors have shown high endurance up to 1E+11 switching cycles. The simultaneous use 

of two dopants (Y, La) or (Gd, La) in hafnium zirconate increases the amount of orthorhombic and 

tetragonal phases. Fatigue-free capacitors with remnant polarization ≥15 µC/cm2 at 1E+11 
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endurance cycles have been obtained for dopants having an atomic fraction of about 1.2-1.8% and 

showing great promise as active materials for emerging memory applications. 

INTRODUCTION  

Oxides with a non-centrosymmetric fluorite structure have been extensively investigated  in the 

last decade as potential ferroelectrics, since the appearance in 2011 of the first publication on 

ferroelectric Si doped HfO2 
1. However, a relatively high thermal budget  is required to achieve 

ferroelectricity in Si doped HfO2 
2,3. A similar behavior has been found when HfO2 was doped 

with smaller atoms, such as  Al4,5, or larger ones, such as Gd6,7, Sr8,9, Y10,11 and La12,13,  which 

have enabled the stabilization of the ferroelectric phase in HfO2  at low dopant concentrations 

(<10%). On the other hand, the addition of Zr reduces the needed thermal budget to below 

600oC14. Moreover, Zr has the ability to form a continuous solid solution with Hf15,  forming a 

mixed oxide Hf1-xZrxO2
16,17 which makes it a versatile candidate for ferroelectric semiconductor 

devices such as the ferroelectric random access memory (FERAM)18-19 or ferroelectric field-

effect transistor (FEFET)20,21. In the one transistor- one capacitor (1T-1C) FERAM device, data 

is stored in the form of the polarization state of the ferroelectric layer inside the metal-

ferroelectric-metal (MFM) capacitor. The switch between two stable polarization states of the 

active ferroelectric material is achieved by reversing the direction of the applied electric field. To 

achieve a large memory window, a high remnant polarization (2Pr) of the ferroelectric oxide is 

required. Moreover, very high endurance, ≥1E+12 program-erase cycles is needed for RAM 

applications.  The low voltages that are required (below 5 V) as well as the high writing speed19 

for FERAM make this a potentially attractive technology. A substantial increase in the amount of 

publications on ferroelectric Hf1-xZrxO2 MFM capacitors in the recent years by various research 
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groups22,23-24  illustrates the interest in further investigation of doped hafnium zirconate for 

ferroelectric memories, with 1T-1C FERAM being one of the most promising candidates 

amongst the emerging memories due to its very low operating power consumption18.  A low 

physical thickness of the films, below 15 nm, is easily achievable by atomic layer deposition 

(ALD)25.  This method ensures very good uniformity and conformality control of deposition of 

the ferroelectric oxide and the metal electrodes in three-dimensional (3D) capacitors. 

Stoichiometric Hf0.5Zr0.5O2 (referred to as HZO hereafter) grown by ALD requires a relatively 

low thermal budget (400-600oC)24,26,27 to achieve complete crystallization, which makes it a 

suitable candidate for back end of line applications28. It is believed that the ferroelectric behavior 

arises due to the formation of non-centrosymmetric orthorhombic Pca21 phase29,30, where the 

oxygen ions are able to switch between two stable positions, which correspond to two stable 

polarization states 23. The formation of orthorhombic HZO was evidenced by Muller et al.14. It 

has been found to be favored by the post-metallization anneal31,32 which induces sufficient 

strain33 within the HZO to create favorable conditions for the growth of orthorhombic Pca21 

with ferroelectric properties. Similar to HfO2
7, the inclusion of dopants with a size larger or 

smaller than that of Hf and Zr ions, which are responsible for the distortion and internal stress 

within HZO, can have a beneficial effect on the ferroelectric properties, especially on the 

endurance34. A lower leakage current has been observed with La doping35, allowing an 

improvement in the endurance of the ferroelectric oxide up to 1E+11 cycles36. This makes La 

doped HZO a good candidate for non-volatile memory applications37. However, a decrease in the 

remnant polarization with lanthanum dopant concentration has been observed at 1E+11 cycles35. 

Moreover, the beneficial effect of  La doping on the endurance of polycrystalline HZO films24 

may be accompanied by a degradation of the retention, reducing the performance of the device37. 
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Other dopants such as Y were also shown to induce ferroelectricity in HZO38.  However, 

according to a  thorough ab-initio study by Zhao et al39 of different group III- dopants (which 

included La, Y , Al and Gd), La remains the most favorable dopant in terms of stabilizing the 

ferroelectric phase in HZO. Complementary doping with lanthanides or rare earth metals having 

smaller ionic radius than La3+ is expected to influence the lattice strain, the grain size, the 

relative ratio of the phases formed and furthermore the ferroelectric response of co-doped HZO. 

Reduction of monoclinic phase formation with the increase of tetragonal and cubic phases in a 

binary system of zirconia doped with trivalent Y3+, Sr3+, Yb3+ ions has been  previously 

reported40.Very low doping levels (less than ~1-2%) were shown to trigger remarkable responses 

in complex oxides such as the reduction of dielectric loss and inhibition of the grain growth41,42.  

Doping HZO with a combination of two dopants from the group III -dopants has not been 

investigated so far. In this paper we demonstrate that stoichiometric hafnium zirconate 

(Hf0.5Zr0.5O2) co-doped with lanthanides and/or rare earth elements can induce fatigue-free 

endurance of at least 1E+11 cycles.  

EXPERIMENTAL 

In order to co - dope hafnium zirconate with two metals we employed two Pulsar reactor chambers 

connected to the same platform (ASM Microchemistry), which allowed depositions without air-

break. Films with a thickness in the range of 9.5 nm to 12 nm were grown on 10 nm thick ALD 

TiN deposited on p++ doped 300 mm diameter Si wafers, by alternating HZO with the metallic 

dopant oxide (denoted here as X2O3, where X=Gd, La or Y) layers.   In the first reactor, the growth 

of hafnium zirconate was performed at 300oC using HfCl4 and ZrCl4 as metal precursors and H2O 

as oxidant. In the second reactor La2O3, Y2O3 or Gd2O3 were deposited using metalorganic 

precursors and H2O as the oxidant. The La, Y and Gd dopant sources and suppliers were 
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La(EtCp)2(
iPr-AMD), Y(iPrCp)3 and Gd(iPrCp)3 , respectively. The incorporation of La, Y and Gd 

dopants (atoms/cm2) was monitored by Rutherford backscattering spectrometry (RBS) 

measurements43. The optimal metal dopant concentration for enhanced ferroelectric response (best 

remnant polarization-endurance trade-off) was found to be in the range of ~1 to 2 atomic percent 

(at.%), which is equivalent to about 3 ALD cycles of dopant oxide. In Figure 1a we show the 

Rutherford backscattering spectrum of a lanthanum-doped hafnium zirconate thin film deposited 

on a TiN bottom electrode on a silicon substrate, measured with a 3.02 MeV Helium ion beam. 

The signals corresponding to the various constituents are distinguished and allow one to quantify 

the concentrations and the thicknesses. Although the Zr:Hf ratio is close to one, the signal intensity 

of Zr is lower because of the lower scattering cross section. The concentration of lanthanum metal 

ions, La/(Hf+Zr+La), for this specific sample is 1.50 at%. The obtained concentration reflects the 

atomic ratio integrated over the layer and it is conceived that the dopant layer in the sample would 

be diffuse because of the localized roughness (0.5 nm) and near-surface diffusion during the 

deposition process (1 nm). The co-doped HZO films Figure 1 (b) were deposited following the 

general scheme of consecutive layers: HZO/(X2O3/HZO)n/ X2O3/HZO, where n = 0, 1 or 2. For 

co-doping of  HZO, two different X2O3 metal oxides were used, resulting in stacks such as  

HZO/(La2O3/HZO)2/Gd2O3/HZO or HZO/ La2O3/(HZO/Y2O3)2/HZO for instance,  by alternating 

the deposition of the component layers in the two reactors. For simplicity, the samples have been 

denoted as (2La, 1X):HZO, or (1La, 2X):HZO, where X can be either Gd or Y. For reference, 

single doped La:HZO, Y:HZO and Gd:HZO were deposited as well. A schematic of the stack is 

given in Figure 1 (c). The ferroelectric films were grown on 10 nm TiN bottom electrode. The top 

electrode (TE) consisted of 30 nm TiN which was deposited in a two-steps process. First, a 10 nm 

thick TiN layer was deposited, after which the stack was annealed at 550oC for 1 min in N2. The 



 6 

post-metallization anneal has the purpose to increase the amount of polar ferroelectric 

orthorhombic phase by mechanically confined crystallization as previously demonstrated in 

several studies44,30.  Afterwards, an additional 20 nm thick TiN was deposited. All TiN layers were 

grown by atomic layer deposition at 450oC using TiCl4 and NH3 as titanium and nitrogen sources. 

The patterning of TiN ensured the manufacturing of capacitors with a size of 80x60 µm2 (Figure 

1c). 

 (a) (b)   (c) 

Figure 1. Rutherford backscattering spectrum obtained with a 3.020 MeV He+ primary ion beam 

on a lanthanum-doped hafnium-zirconate thin film deposited on TiN on a silicon substrate (a); 

Schematic of the HZO/(X2O3/HZO)n/ X2O3/HZO ferroelectric stack corresponding to doped HZO 

(b); TiN BE/Doped HZO ferroelectric/TiN TE capacitor (c). Here X is either La, Y or Gd. 

 Grazing incidence X-ray diffraction spectra (GIXRD) were acquired with Cu Kα radiation at 0.5o 

in a 2 range between 20 and 65o. We quantified the relative amount of HZO phases present in the 

TiN–HZO–TiN capacitors by Rietveld refinement of the diffraction spectra performed with the 

Material Analysis Using Diffraction (Maud) software45 in combination with crystallographic 

information files for monoclinic, orthorhombic, tetragonal, and cubic phases of ZrO2 and cubic 

TiN following a model similar to the work of Park46 and Mukundan47. The weighted profile R-

factor (Rwp), which indicates the quality of the refinement, lies between 5.96-7.67%, while the 
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goodness of fit () values varies between 0.99- 1.1. The error in phase quantification could amount 

up to 8 % for the tetragonal phase, 5 % for the orthorhombic phase, 3 % for the cubic phase 

and 1 % for the monoclinic phase. 

All electrical measurements were performed on capacitors with a surface area of 4800 μm2. The 

current and polarization (P) measurements as a function of electric field (E) were performed by 

applying bipolar triangular waveform voltage pulses with a frequency of 10 kHz. For endurance 

measurements, devices were cycled by applying bipolar fatigue pulses with a trapezoidal 

waveform where the rise, fall and flat time duration were of 200 ns each. Measurements to 

determine the electric breakdown field (EBD) were performed on capacitors, pre-cycled up to 106 

cycles at 3MV/cm, by applying a unipolar and unidirectional step voltage signal that increased 

from 0 V until breakdown (determined by observing a sharp increase in leakage current) with a 

voltage step increment of 100 mV and a step duration of 5 s (the measured current is averaged 

between 70% and 90% of the step duration).     

RESULTS AND DISCUSSION 

An initial series with 2, 3, 4 and 5 cycles Gd2O3 was used to grow ~12 nm thick Gd doped HZO 

(Gd:HZO) films. The ferroelectric films were completely crystallized as a result of the 550oC 

post-metallization anneal. The Gd:HZO layers contained the equivalent of 0.8 at. %, 1.3 at. %, 

1.8 at. % and 2.4 at. % of Gd.  Phase content was determined by Rietveld refinement of the 

GIXRD patterns (Figure 2a), which showed that gradual doping with Gd resulted in a decrease of 

monoclinic and orthorhombic phase content, while the tetragonal phase content strongly 

increased with more dopant cycles (Figure 2b).  
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  (a)  (b) 

Figure 2. GIXRD patterns and data fit (beige line) (a) and computed phase content of ~12 nm Gd 

doped HZO as a function of the Gd concentration (at. %) and of the initial 2Pr (b).  

P-E measurements up to 1E+7 cycles on multiple capacitors distributed over wafer area were 

shown in the Figure 3. In the case of the lowest Gd dopant concentrations (0.8 at. % and 1.3 at. 

%), a ferroelectric response with open hysteresis loops was clearly observed even for the initial 

switching cycles. The larger Gd dopant concentrations (1.8 and 2.4 at. %) resulted in pinched 

hysteresis loops, which could be due to the pinning of ferroelectric domains or to the presence of 

a predominantly antiferroelectric phase. The gradual opening of the hysteresis loops with 

increasing number of switching cycles, can be attributed to depinning of ferroelectric domains 

manifesting as wake-up behavior (Figure 3a). Larger values of the remnant polarization (2Pr) and 

coercive field (2Ec) were observed for HZO (Figure 3b) with a lower Gd dopant concentration. 

The trend was also maintained for a larger number of switching cycles with a maximum 2Pr of 

~18 µC/cm2   recorded at about 1E+6 cycles for 0.8 at. % Gd, while in the case of 1.3 at. % Gd a 

comparable maximal value of 14.5 µC/cm2   was obtained at about 1E+7 cycles.  
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 (a)  (b) 

Figure 3. Polarization-electric field loops (a) and the extracted 2Pr and 2Ec vs. the number of 

switching cycles (b), as recorded for an applied electric field having a magnitude of 2.2 MV/cm as 

a function of Gd (at. %) content of ~ 12 nm thick films. 

Based on the evolution of the extracted 2Pr with endurance cycling, the 1.3 at. % Gd doped HZO 

appeared to be the most promising layer in the series, as no fatigue was noted, unlike the case of 

0.8 at. % Gd doped HZO containing the largest amount of non-ferroelectric monoclinic phase. 

The coexistence of  monoclinic phase with orthorhombic ferroelectric one, has been previously 

associated with faster fatigue24 and reduction of number of cycles until breakdown48. This 

behavior was seen in polycrystalline La doped Hf rich HZO24 or La doped HfO2
12  with 

randomly oriented grains as grown by ALD, which displayed a large initial remnant polarization 

and reduced wake-up effect. In contrast, Song et al showed that in the case of epitaxially grown 

HZO  by pulse laser deposition49,  a positive effect on endurance was associated to monoclinic 

phase; one order of magnitude increase in endurance was observed when orthorhombic columnar 

grains were completely separated by monoclinic grains, however accompanied by a strong 

decrease in 2Pr below 2.5 µC/cm2. 

 A dopant with ionic radius larger than that of Gd (namely La) and another one with radius 

smaller than that of Gd (namely Y) were also tried as co-dopants. To obtain the co-doping, 
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during the ALD growth one cycle of Gd2O3 deposition was substituted by one cycle of La2O3 

deposition, and the stack was denoted (1La, 2Gd):HZO.  A similar co-doped HZO with 1cycle of 

La2O3 and 2 cycles of Y2O3 was denoted (1La, 2Y):HZO.  The phase content (Figure 4b) was 

also evaluated for the co-doped (1La, 2Gd):HZO and (1La, 2Y): HZO crystalline films, which 

displayed a similar GIXRD pattern to 3Gd:HZO (Figure 4a). The initial 2Pr was larger for (1La, 

2Y):HZO, and reached a maximum remnant polarization of 17.7 µC/cm2 at 3.2E+6 switching 

cycles while (1La, 2Gd):HZO and 3Gd:HZO had lower initial 2Pr values and somewhat delayed 

peak of maximum 2Pr was reached around 1E+7 switching cycles (Figure 4d). 

  (a)  (b) 

 (c)  (d) 

Figure 4. GIXRD pattern and data fit (beige line) (a), phase content extracted by Rietveld 

refinement (b), polarization-electric field loops (c) and 2Pr - switching cycles (d) for an applied 

electrical field magnitude of 2.2 MV/cm of ~12 nm thick films. 

20 25 30 35 40 45 50 55 60 65

0

500

1000

1500

2000

2500

3000

3500

In
te

n
s
it
y
 [

a
.u

.]

2 [degrees]

    TiN

    orthorhombic

    tetragonal

     monoclinic

     cubic

3Gd:HZO

(1La, 2Gd):HZO

(1La,2Y):HZO 

Gd:HZO (1La,2Gd):HZO (1La,2Y):HZO

0

10

20

30

40

50
P

h
a

s
e

 c
o

n
te

n
t 

(%
)

 orthorhombic

 tetragonal

 monoclinic

 cubic

1E+00 1E+02 1E+04 1E+06 1E+08 1E+10 1E+12

5

10

15

 3Gd:HZO

 (1La, 2Gd):HZO

 (1La,2Y):HZO

2
P

r 
[m

C
/c

m
2
]

Switching cycles



 11 

The orthorhombic content of the pristine samples was around 30 % for all three films, somewhat 

on the larger side for the case when Y co-dopant was present in concordance with the larger 

initial 2Pr. The pristine HZO films having (Gd, La)  and (Y, La) as co-dopants showed a larger 

amount of tetragonal phase and a lower amount of cubic phase as compared to Gd doped HZO. 

Y is a rare earth metal whose Y3+ ion has a radius of 1.02 Å in the octahedral coordination. Gd 

and La belong to the lanthanide’s family, with Gd having an ionic radius of 1.05Å and probably 

inducing a similar degree of distortion. The largest degree of lattice distortion is expected for the 

La dopant with a radius of 1.16 Å. A possible explanation for the larger amount of orthorhombic 

phase and consequently larger initial 2Pr in the case of co-doped (1La, 2Y):HZO is attributed to 

the large structural distortion which induces larger internal stress as a result of doping HZO with 

elements that have a large difference in radius. This hypothesis was confirmed by the increase in 

the total amount of tetragonal and orthorhombic phases, while the high symmetry cubic phase 

content was much reduced. A more remarkable decrease in monoclinic phase from ~9% in the 

case of 3Gd:HZO  to ~3% for both (1La, 2Y) and (1La, 2Gd) co-doped HZO led to an 

improvement in the endurance. Lomenzo et al.3 reported a similar behavior in mixed Al and Si 

doped HfO2 and attributed a larger orthorhombic phase content to the increase in the in-plane 

tensile strain due to the smaller Al-doped HfO2 lattice volume compared to the larger Si-doped 

HfO2 lattice volume.  The polarization - electric field measurements showed a peak in 2Pr that 

was achieved for all three samples around ~1E+6 – 1E+7 cycles followed by a decrease of 

polarization (Figure 4d). However, after 1E+9 cycles, the increase of polarization was again 

observed in the case of co-doped HZO films that have better endurance (1E+11 cycles) unlike 

3Gd:HZO, which breaks down at 3.2E+10 cycles after reaching a 2Pr value of 10.6 µC/cm2. 

Larger 2Pr values of 12.5 µC /cm2 for (1La, 2Y):HZO and 14 µC/cm2 for (1La, 2Gd):HZO were 
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obtained at 1E+11 switching cycles. The  increase in 2Pr above 1+E10 switching cycles in the 

case of co-doped HZO could be attributed to a partial transition of the tetragonal phase into the 

orthorhombic phase as demonstrated through cycling in other studies on ferroelectric hafnium 

zirconate50 or on ferroelectric Al and Si doped HfO2
51. The low energy barrier between the 

P42/nmc tetragonal  phase and the polar Pca21 orthorhombic phase is responsible for a 

spontaneous polarization observed in hafnia based systems52. Moreover in the case of ZrO2 it 

was shown that the energy difference between the two phases amounts to only ~1 meV per 

formula unit53, which makes the transition between the metastable tetragonal and the polar 

orthorhombic phase easier under applied electric-field pulses.  

In a subsequent experiment, we scaled down the physical thickness of doped HZO from ~12nm 

to ~9.5 nm while keeping the same number of cycles of dopant. This resulted in slightly higher 

(~0.2 to 0.3 at. %) dopant concentration. Hereby, we demonstrate the effect of gradual 

substitution of La2O3 dopant cycles with Y2O3 dopant cycles for a total of 3 dopant cycles. The 

samples were denoted as 3La, (2La,1Y), (1Y, 2La) and 3Y doped HZO. Their GIXRD 

diffraction spectra were shown in Figure 5a. The phase deconvolution by Rietveld refinement 

was depicted in Figure 5b.  

 (a)   (b) 
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Figure 5. GIXRD patterns and data fit (beige line) (a) and the phase content of ~9.5 nm Y and La 

(co)-doped HZO (b). 

A remarkable effect of downscaling the physical thickness was found to be the suppression of 

monoclinic phase formation, which was accompanied by an improved endurance. High 

endurance, up to 1E+10 cycles was previously reported in the case of 5 nm thick undoped HZO 

films 54. In another study, bilayers of  5 nm antiferroelectric/5 nm ferroelectric HZO crystallized 

only into tetragonal and orthorhombic phase showed  an improved endurance up to 1E+10 cycles 

that was attributed to further tetragonal - to - orthorhombic phase transition55. Generally, it is 

considered that presence of tetragonal phase favored by smaller grain size is a pre-requisite to 

form orthorhombic phase, whereas transition of orthorhombic to monoclinic phase is favored by 

a larger grain size56. Doping is another way to favor formation of tetragonal and orthorhombic 

phases over the monoclinic one, indicated by the absence of the characteristic (-111) and (111) 

monoclinic phase reflections expected at 2 of ~28.5o and ~31.6o, respectively. This behavior 

was also observed by Kozodaev et al. in the case of La doped HZO films displaying high 

endurance  up to 1E+11 cycles36. Doping with trivalent metals like La creates oxygen vacancies 

which favors formation of tetragonal and orthorhombic phases34. Repetitive external stimuli like 

electric field cycling lead eventually  to increased conversion of tetragonal into orthorhombic 

phase57.    

In the case of our 9.5 nm Y and La doped and co-doped HZO films, the P-E measurements and 

the 2Pr extracted at different number of switching cycles were shown in the Figure 6. All four 

stacks survived 1E+11 cycles at a larger applied electric field magnitude of 2.5 MV/cm, which is 

in contrast to the results obtained for the 12 nm thick films that contained a small amount of 

monoclinic phase and required a lower applied electrical field magnitude of 2.2 MV/cm to 
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survive 1E+11 cycles. Nevertheless, strongly pinched hysteretic loops and a lower initial 2Pr for 

the 9.5 nm films as compared to the 12 nm films, were seen at the start of field cycling. The 

behavior is possibly related to an increase in domain pinning at a smaller grain size, which 

reduces the mobility of the domain walls58. Moreover, maintaining the same amount of trivalent 

dopant atoms (corresponding to 3 cycles ALD) and distributed in a smaller volume of hafnium 

zirconate in the case of thinner (9.5 nm) HZO films, possibly induces a higher density of oxygen 

vacancies that can be held responsible for a stronger internal bias field.  During the electrical 

cycling the local density of oxygen decreases59 and/or the oxygen vacancies rearrange in a more 

uniform manner60 within the ferroelectric sandwiched between TiN electrodes61, 62, 63 both 

previously associated to the wake-up effect. The initial 2Pr was found to decrease in the order 

La>2La+Y>2Y+La>Y (Figure 6). A larger initial orthorhombic phase content in the pristine 

state was observed for La doped HZO in comparison to (Y, La) co-doped HZO films, while 

3Y:HZO showed the lowest orthorhombic phase content. For the Y containing HZO-based 

capacitors, the 2Pr was observed to gradually increase with cycling until ~1E+7 cycles, showing 

that a significant wake-up was required.  

(a)  (b) 

Figure 6. Polarization-electric field loops (a) and 2Pr as a function of switching cycles (b) of 

several ~9.5nm HZO layers doped and/or co-doped with Y and/or La, measured at an applied 

electric field magnitude of 2.5 MV/cm. On the other hand, a contribution to the prolonged wake-
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up could also be related to the increased number of grains with o(111) orientation when HZO was 

doped with Y or (2Y, La) as compared to (1Y, 2La) co-doped HZO or La doped HZO. When La 

was incorporated into the HZO films, the signal of the peak at 2 angle of ~35.0o, related to the 

contribution of o(002) oriented grains increased, while the peak corresponding to a 2 angle of 

30.5 o related to the o(111) oriented grains  decreased.   Grains with an o(111) orientation are less 

well-aligned with the electric field direction than grains with the more preferred (002) orientation. 

Consequently, the increased preference of the grains in Y (co-)doped HZO films for the o(111) 

orientation correlates well with the lower initial 2Pr values measured for these films (Figure 6). 

Similar observations were made by Chernikova et al.64 on La doped HZO grown on Ru, where a 

faster wake-up was observed when the grains favored an o(002) orientation.65To summarize, the 

prolonged wake-up observed in thinner (~9.5 nm) films  up to ~1E+6 - 1E+7 cycles could be 

caused by a corroboration of several factors: a stronger pinning effects due to the larger amount of 

grain boundaries at smaller grain size 42,66, more grains containing unfavorable orientation of 

ferroelectric domains with gradual substitution of La by Y and a higher density of oxygen 

vacancies  that requires more switching cycles for their redistribution.   A completion of the wake-

up stage is indicated by a plateau in 2Pr values between ~1E+7 and ~1E+9 cycles in the case of 

(Y, La) co-doped HZO and Y doped HZO. Beyond ~1E+9 cycles the remnant polarization 

increases again. This is likely the stage where the phase transition from tetragonal to orthorhombic 

phase starts taking place. An additional phase transition mechanism might happen in the case of 

La:HZO, unlike the (Y, La) co-doped HZO films or Y doped HZO. A shorter plateau with a 

maximum 2Pr of ~15.9 µC/cm2  was observed for La:HZO, followed by a  decrease of 2Pr which 

could be caused by the onset of orthorhombic to non-ferroelectric monoclinic phase transition50 in 

the case of larger grains. Assuming a distribution of grain sizes in the 9.5 nm La:HZO films, this 
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phenomenon would be overlapping with the transition of some tetragonal into orthorhombic phase 

in the case of smaller grains and consequently 2Pr stabilized to ~ 13 µC/cm2  . A decrease in 2Pr-

switching cycles evolution was also observed for the 12 nm thick films, which due to lower dopant 

concentration and likely larger grains, were more prone to a faster transition from orthorhombic 

phase to non-ferroelectric monoclinic phase. The different growth rates of the dopant oxides and 

consequently, the different amount of dopant atomic content that is incorporated makes it difficult 

to compare La, Y and Gd at precisely the same thickness and atomic dopant concentration. 

However, it appears that in the 9.5-12 nm thickness range and for a 1.2-1.8 at. % dopant 

concentration a favorable window exists, in which either (Y, La) or (Gd, La) co-doped HZO show 

fatigue free behavior at ~ 2.2-2.5 MV/cm. The addition of Y reduced the coercive field compared 

to La (Figure 7), and the combination of the two showed improved 2Pr at 1 E+11 cycles (15.6 

µC/cm2 for (2La,Y) and 15.1 µC/cm2 for (1La, 2Y) co-doped HZO capacitors. 

 

Figure 7. Evolution of coercive field 2Ec as a function of switching cycles of several ~9.5nm HZO 

layers doped and/or co-doped with Y and/or La, measured at an applied electric field magnitude 

of 2.5 MV/cm. 
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Reduction of 2Ec by adding a smaller (Y3+) dopant is in agreement with previous observations 

regarding the effect of the dopant size on the coercive field of doped HfO2
7. Further, we have 

evaluated the breakdown field (EBD) according to the procedure described in the Experimental 

section. It is considered that dielectric breakdown is due to the  increase the leakage current and it 

corelates to the buildup of defects which  eventually forms a conductive path67. For the ~9.5 nm 

thick films La doping led to larger EBD (3.93 MV/cm) as compared to Y doping (3.75 MV/cm), 

while (Y, La) co-doped HZO showed an intermediate behavior. (2La, Y) co-doped HZO showed 

an EBD of 3.87 MV/cm for a thickness of 9.5 nm. EBD decreased to 3.16 MV/cm in the case of 

thicker (~12 nm) films. Lower EBD for thicker film is likely related to the presence of monoclinic 

phase (~3%) in agreement with Böscke et al that reported monoclinic phase presence led to local 

defects and increased the leakage current68. Further cycling is required to assess if co-doped HZO 

films can withstand even larger numbers of switching cycles. The 2Pr at 1E+11 cycles for 

3La:HZO is lower in comparison to the work of Kozodaev et al36 at  comparable La doping level. 

This is likely caused by the precursor/oxidant selection69,70, which induces particular 

nucleation/growth conditions71 of the HZO in combination with the annealing conditions72, and 

the electrodes64, 72-73 that are employed. Therefore, both the intrinsic stress related to the doped 

HZO grain growth and the mechanical stress induced by the TiN electrodes, their thickness, the 

deposition conditions, and the Ti/N ratio all have an impact on the remnant polarization. Our 

results confirm nonetheless the fact that La is the most favorable dopant in terms of stabilizing the 

ferroelectric phase in HZO as also shown by Zhao et al through their ab-initio simulations39. 

Moreover, the co-doping of the HZO improves the endurance and reduces the coercive field. 

Depending on the required application, it is also possible to control by optimizing the La, Gd 

and/or Y co-doping concentration at least one or more of the following parameters: remnant 
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polarization, coercive field, endurance, fatigue, retention, and the wake-up behavior in the co-

doped HZO layer as desired. 

Conclusions  

We have demonstrated for the first time that a combination of two dopants can result in high 

endurance (1E+11 switching cycles) and fatigue-free HZO films. Besides La, both Y and Gd have 

been found to have a potentially beneficial role in improving the endurance up to or beyond 1+E11 

switching cycles and to favor the (partial) transition of tetragonal into orthorhombic phase, which 

is likely the cause of the gradual increase in 2Pr observed beyond ~1E+10 cycles. The presence of 

two dopants induces a larger structural distortion within hafnium zirconate based on the differences 

in ionic radius between both dopants. The resulted increase in intrinsic stress modulates the relative 

tetragonal/orthorhombic phase content, and it is beneficial for the reduction in the amount of the 

high symmetry phases such as the cubic phase and for the suppression of the monoclinic phase 

formation below 10 nm. 
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