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ABSTRACT: In this work, the back-end of line (BEOL) compatible sub-6 nm Hf, ;Zr, 0,/ZrO,/Hf, ;Zr, 0, (HZO/ZrO,/HZO)
stack and the corresponding capacitors were fabricated. The capacitor with the sub-6 nm HZO/ZrO,/HZO stack annealed at 400
°C shows a superior remanent polarization (2P,) of 26.3 4C/cm* under only +1.25 V sweeping, while the conventional HZO film
presents nonferroelectricity. The enhanced ferroelectricity stems from the increased ferroelectric phase proportion with ZrO,
insertion. Moreover, the capacitor with a HZO/ZrO,/HZO stack also achieved an excellent endurance with a 2P, of 27.1 uC/cm?
after 10" cycles without breakdown and only ~12% 2P, degradation at 85 °C. The robust reliability is ascribed to the suppressed
generation of defects and domain pinning under the low operating voltage. The sub-6 nm HZO/ZrO,/HZO stack presents great
potential for BEOL compatible nonvolatile memories in advanced process nodes.
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1. INTRODUCTION ferroelectric phase crystallization quality in ultrathin HZO
As a promising candidate for high-density emerging nonvolatile films during low-temperature annealing at or below 400 °C. So
memories, Zr-doped HfO,-based (Hf,Zr 0, HZO) ferro- far, several efforts have been made to optimize the HZO
electric (FE) materials have attracted the most attention due to crystallization by the electrode engineering’ and interfacial
their back-end of line (BEOL) process compatibility as well as layer.” Nevertheless, there are some trade-offs within the
sub-10 nm scalability.' > Extensive research has been proposed ferroelectricity, thermal budget, and endurance.

for the application of emerging memories, including ferro- In addition, constructing a fine stack would also be beneficial
electric field-effect transistors (FeFETs), ferroelectric random- to the crystallization of HZO thin films. Our previous work has
access memories (FeRAM), and ferroelectric tunnel junctions demonstrated that an improved ferroelectric phase proportion

(FTJs). Yet a higher operating voltage (>1.8 V) accompanied
by poor endurance in the FE-HZO-based device still restrict its
wide adoption.” Recently, reducing the thickness of FE-HZO
films has been considered one of the most feasible and
straightforward approaches to lower ogerating voltage and
thereby high reliability in FE devices.” However, with the
thickness scaling, the significantly increased thermal budget
and persistent polarization (P,) deterioration limit the BEOL
integration. This is due to the challenge of achieving ideal

and enhanced 2P, under a low operating electric field of 2 MV/
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cm in 10 nm FE-HZO capacitors can be obtained under 400
°C by inserting a ZrO, middle layer.” Thus, introducing the
ZrO, middle layer into thinner FE films could be a more
promising approach to improve crystallization quality, thereby
realizing high performance in the BEOL process. Nonetheless,
the strategy in the thickness scaling of FE-HZO films down to
~S nm has not been proposed up to now.

In this study, the sub-6 nm HZO/ZrO,/HZO stack and
corresponding capacitors compatible with BEOL were
fabricated. The device exhibits a competitive 2P, of 26.3 uC/
cm? under 1.25 V. Furthermore, excellent endurance properties
and fatigue inhibition are achieved, with a stable 2P, of 27.1
uC/cm? after 10" cycles without breakdown under 1.75 V and
only ~12% 2P, degradation after 10"' cycles at 85 °C.

2. EXPERIMENTAL DETAILS

The schematic structure of an FE capacitor with conventional HZO
and an HZO/ZrO,/HZO stack are shown in Figure 1a,b, respectively.

p-Si/SiO, Substrate
50 nm W BE sputtering
2.2 nm HZO film ALD

1 nm ZrO, film ALD

2.2 nm HZO film ALD
50 nm W BE sputtering
RTA at 400 °Cin N,

Figure 1. Schematic structure of an FE capacitor with (a)
conventional HZO and (b) an HZO/ZrO,/HZO stack. (c) Process
flows of an FE capacitor with an HZO/ZrO,/HZO stack.

The fabrication process flows of an FE capacitor with an HZO/ZrO,/
HZO stack are illustrated in Figure 1c. First, SO nm of tungsten (W) is
deposited onto the p-Si/SiO, (90 nm) substrate as the bottom
electrode by physical vapor deposition (PVD). The 2.2 nm HZO/1
nm ZrO,/2.2 nm HZO stack is then grown consecutively by plasma
enhanced atomic layer deposition (PEALD) at 250 °C without
breaking the vacuum, wherein, Hf{N(CH,),],, Zr[N(CH;),], and
oxygen plasma are utilized as Hf, Zr, and oxygen sources, respectively.
Additionally, a 5.4 nm conventional HZO film is also prepared for
comparison. The Hf:Zr ratio is controlled by alternating the cycles of
HfO, and ZrO,. Subsequently, 50 nm W is sputtered on the FE film
by PVD. After that, photolithography and etching are adopted to
pattern and form the top electrode with an area of 80 X 80 um’
Finally, the capacitors are annealed at 400 and 450 °C in nitrogen
atmosphere with rapid thermal annealing (RTA).

The microstructure and element analysis are performed by
transmission electron microscopy (TEM), high-angle annular dark
field (HAADF) measurement, and energy dispersion spectroscopy
(EDS). The phase analysis is observed by grazing-incidence X-ray
diffraction (GIXRD). The electrical characteristics are measured by a
semiconductor analyzer (Agilent BISO0A) and ferroelectric test
system (Radiant Premier II).

3. RESULTS AND DISCUSSION

Figure 2ab presents the cross-sectional TEM of the FE
capacitor with an HZO/ZrO,/HZO stack and conventional
HZO annealed at 400 °C, respectively. The polycrystal nature
of the FE stack is distinctly verified in the HZO/ZrO,/HZO
stack, and the insets demonstrate the (111) plane of the O-
phase with a spacing of 2.92 A in FE films annealed at 400 °C.
However, the conventional HZO film exhibits an amorphous
nature. Figure 2¢ shows the HAADF image of the FE capacitor
with the HZO/ZrO,/HZO stack and the EDS elemental
distribution maps of all the elements. Figure 2d depicts the
GIXRD results in the range of 25—35° in FE capacitors with
the HZO/ZrO,/HZO stack and conventional HZO film
annealed at 400 °C. An obvious peak of the FE phase is
observed around 30.4° in the HZO/ZrO,/HZO stack, and the
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Figure 2. Cross-sectional TEM images of a capacitor with (a) an HZO/ZrO,/HZO stack and (b) conventional HZO film annealed at 400 °C. The
insets present the FFT and inversed FFT images of the O-phase. (c¢) The HAADF and EDS images for the distribution of Hf, Zr, O, and W
elements in the capacitor with the HZO/ZrO,/HZO stack annealed at 400 °C. (d) GIXRD results of capacitors with a HZO/ZrO,/HZO stack

and conventional HZO film annealed at 400 °C.
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Figure 3. PUND measurements of FE capacitors with the conventional HZO film annealed at (a) 450 and (b) 400 °C under different operating
voltages from 0.25 to 2 V. (c) PUND measurements of the capacitor with the HZO/ZrO,/HZO stack under different operating voltages. (d) The
extracted 2P, and 2V as a function of operating voltage from the PUND measurement for the capacitor with the HZO/ZrO,/HZO stack annealed

at 400 °C.
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Figure 4. (a) TZDB characteristics of FE capacitors with conventional HZO film annealed in different temperatures and capacitors with the HZO/
ZrO,/HZO stack annealed at 400 °C. (b) Extracted breakdown voltages of fabricated capacitors. Note that the data were extracted from 10
samples for each annealing condition. The leakage current of FE capacitors extracted from the operating voltages of (c) 1.75 V and (d) 1.25 V.

proportions of the orthorhombic (O-) phase, tetragonal (T-),
and monoclinic (M-) phases are 79.71, 16.22, and 4.07%,
respectively, while the conventional HZO film displays a lack

of crystallization. Such changes are mainly attributed to the

tensile stress applied to the HZO films because of the

8509

coeflicient of thermal expansion mismatch between the ZrO,
and HZO film, which facilitates the crystallization of ultrathin
ferroelectric film under low annealing temperature.'”""
Figure 3ab illustrates the polarization—voltage (P—V)
characteristics measured by positive-up-negative-down

https://doi.org/10.1021/acsaelm.4c01745
ACS Appl. Electron. Mater. 2024, 6, 8507—8512


https://pubs.acs.org/doi/10.1021/acsaelm.4c01745?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01745?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01745?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01745?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01745?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01745?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01745?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01745?fig=fig4&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.4c01745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

~20[ Test@RT X € 1.0} 5tigue @15V
g 15 aam, | O
S 10 o | @ 5ol —+—200kHz
S 5| 208 }—e— 500 kHz
it - 125V == 150V =)— 1.75V Q: —)— 800 kHz
S Of —e—200v —e—225V ~ 06l !_0_1_0MHZ
= ]
® -5| Hz0/zr0,HZO Stack @ fmee—c—- _—-— -
E 10}, !!M E 0.4} 2P, < 0.5 * Initial 2P,
1™ | £ Test @85
& 20} F L(a) '26 0.2} (b) HZO/Zr-RLIHZO Stack|
101 103 105 107 109 1011 = 1_.01_. 1_63_. 1_.05_. 1_.07_. 1_69_. 1611
Number of Cycles Number of Cycles
P i P’ ' 3 * Th k ‘
<~ 20 '—E'e?,—ﬂe‘ 1P, - isworkl 56 nm @450 C !
% Read 1 Read 2 1 : i
E 1510-099009003200030 - - — . — .. _ .. ' . 30_‘__6__nln__@__"v_5_0_iC___<)‘_5_.‘1[l_nl@_4$0!”_C_
Q 10} 1| g 25 5.51 nm @ 400 C
= 5¢ 15V : o €6.2 nm @ 450 C
€ ol . @1. o a w/o Fatigue
.‘g 5 Baking at 85 C ; 3 20} Strategy: or breakdown!
S f HZ0/Zr0,/HZO Stack| ! = [ [61Sub-6 nm HZO LRSS
'g -10} (C) - 2__ ________ I & 15} [7] Electrode Engineering > "M @ sooi C
3 15} Read 1 Read 2 : [8] ZrO, Interfacial Layer (IL) |
0. _20 | Preset 53 I 'Pr* 10 years| 10 [18] Ti IL [19] in-situ HZO (d) :
. -y . . . . . . sk ol ol ol " o ol
10°10" 102102 10* 10510° 107 102 10° 105 10° 107 10® 10° 10" 10"

Time (s)

Max.Endurance (Cycles)

Figure 5. (a) The endurance characteristics of a capacitor with an HZO/ZrO,/HZO stack annealed at 400 °C under different operating voltages
from 1.25 to 2.25 V. (b) Cycling properties at 85 °C of the fabricated capacitor with the HZO/ZrO,/HZO stack annealed at 400 °C under 1.5 V
with different frequencies. (c) The retention time at 85 °C and pulse schemes of the FE capacitor with the HZO/ZrO,/HZO stack annealed at 400
°C under 1.5 V. (d) Benchmark plot of polarization under maximum cycles and endurance.

(PUND) under different operating voltages from 0.25 to 2 V
for an FE capacitor with the conventional HZO film annealed
at 450 and 400 °C, respectively. As the annealing temperature
decreases to 400 °C, the ferroelectricity disappears, which is
ascribed to the significant phase formation barrier of thinner
ferroelectric films that hinders the crystallization into the
ferroelectric phase under a low annealing temperature below
400 °C.” In Figure 3¢, P=V curves of the FE capacitor with an
HZ0/ZrO,/HZO stack annealed at 400 °C measured by
PUND under different operating voltages from 0.25 to 2 V are
presented. Complete P—V curves and considerable 2P, are
obtained at operating voltages of 1 V and above. Figure 3d
compares the 2P, and 2V, extracted from PUND measure-
ments of the FE capacitor with the HZO/ZrO,/HZO stack
annealed at 400 °C under different operating voltages.
Remarkably, the FE capacitor with a HZO/ZrO,/HZO stack
annealed at 400 °C achieves a 2P, of 26.3 uC/cm? and a 2V, of
1.48 V with a low operating voltage of 1.25 V.

Figure 4a,b displays the time-zero dielectric breakdown
(TZDB) characteristics and extracted breakdown voltage
(Vip) of the fabricated capacitors, respectively. The capacitors
with conventional HZO film annealed at 400 °C show the
lowest leakage current, which is caused by its amorphous
nature. Compared to the conventional HZO film annealed at
450 °C, the FE capacitors with the HZO/ZrO,/HZO stack
annealed at 400 °C exhibit reduced leakage current and
improved breakdown voltage. This enhancement is primarily
linked to the introduction of ZrQO,, which promotes the
crystallization of the FE phase, lowers the annealing temper-
ature, and thereby reduces the accumulation of thermal
defects, which are mainly oxygen vacancies, during the
annealing process.' " Figure 4c,d shows the leakage current

8510

of the FE capacitor under 1.75 and 1.25 V, respectively. By the
introduction of a ZrO, middle layer and the decrease of the
annealing temperature, the leakage current of the FE capacitor
is maintained at a low level while retaining its ferroelectricity.
In contrast, the FE capacitor with conventional HZO films
remains in an amorphous state at 400 °C, resulting in lower
leakage current. However, the disappearance of ferroelectricity
prevents their application in BEOL compatible memory
systems. Therefore, HZO/ZrO,/HZO stacked films effectively
balance the ferroelectricity and dielectric leakage of the FE
capacitor.

Figure Sa shows the endurance of the FE capacitor with an
HZO/ZrO,/HZO stack annealed at 400 °C under different
voltages from 1.25 to 2.25 V at 1 MHz. It is observed that the
capacitor breaks down at 4.37 X 10° and 7.33 X 10° when the
operating voltages are 2 and 2.25 V, respectively. With the
decrease of operating voltage, the FE capacitor with the HZO/
ZrO,/HZO stack demonstrates a stable 2P, of 27.1 uC/cm?”
and superior cycling characteristics exceeding 10'' cycles
without breakdown under the applied voltage of 1.5 V. To
characterize the fatigue properties of the capacitor with the
HZO/Zr0,/HZO stack, the frequency-dependent behavior of
the normalized 2P, with cycling of the capacitor with the
HZ0/Zr0,/HZO stack under 1.5 V at 85 °C was depicted in
Figure 5b. Note that all capacitors underwent wake-up cycles
at a frequency of 1 kHz before the fatigue test. The cyclic pulse
utilizes a square wave with an amplitude of 1.5 V, and the read
pulse employs the PUND measurements. The capacitor with
the HZO/ZrO,/HZO stack shows only ~12% 2P, degradation
even after 10" cycles under 1 MHz at 85 °C, and a half 2P,
loss ratio was obtained after 9.96 X 10'°, 1.93 x 10'°, and 8.64
x 107 cycles under 800, 500, and 200 kHz, respectively. The
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excellent fatigue inhibition could be associated with the slow
generation rate of new oxygen vacancies in the HZO/ZrO,/
HZO stack under low operating voltage, indicating less damage
and domain pinning occurred in the thin films.*'*™'¢ In
addition, the retention time of the capacitor with the HZO/
ZrO,/HZO stack under 1.5 V after wake-up was further
explored. The pulse schemes used for state retention
measurements are illustrated in Figure Sc.'” Stable polarization
up to 10 years by linear extrapolation at 85 °C was obtained, as
shown in Figure Sc. Figure 5d shows the benchmark plot of
cycling characterization and 2P, at maximum cycles of ultrathin
HZO-based FE capacitors employing different strategies to
optimize the endurance, as mentioned in previous re-
ports." %% In particular, the HZO/ZrO,/HZO stack
provides a more promising solution to decrease thermal
budget and optimize the fatigue effect of FE capacitors while
exhibiting excellent retention characteristics.

4. CONCLUSIONS

In summary, we have demonstrated a sub-6 nm HZO/ZrO,/
HZO stack prepared by ALD and the corresponding FE
capacitors compatible with the BEOL process. The FE
capacitors show a competitive 2P, of 26.3 4C/cm?* and V. of
0.74 V under 1.25 V. Moreover, the capacitors with the HZO/
Zr0,/HZO stack achieve a highly stable 2P, of 27.1 uC/cm?*
after 10" cycles under 1.75 V without breakdown and only
~12% 2P, degradation even after 10'" cycles under 1.5 V at 85
°C. These findings pave the way to engineering both the
ferroelectricity and endurance for ultrathin FE devices
compatible with BEOL process.
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