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ABSTRACT

We introduce an Atomic Layer Deposition (ALD) technique referred to here as Sequential, No-Atmosphere Processing (SNAP) to fabricate
ferroelectric Hf0.5Zr0.5O2 capacitors in Metal–Ferroelectric–Metal (MFM) structures. SNAP involves the ALD of each layer sequentially while
maintaining the sample under vacuum process conditions without ambient exposure during the entire sequential deposition processes. We
first use plasma enhanced ALD to fabricate 002-textured TiN films and study the degree of texture and quality of the film by X-ray
Diffraction (XRD), Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS), and transmission electron microscopy. Building upon the
textured TiN film, we fabricate MFM capacitors with 10-nm-thick Hf0.5Zr0.5O2 via SNAP deposition and observe an unexpectedly large rem-
anent polarization (2Pr¼ 54.2 lC/cm2). We report that annealing at T<800 �C and at T¼ 800 �C results in different ferroelectric behaviors
and phases determined by grazing incidence XRD patterns. We infer that the nonpolar tetragonal phase is dominant in films treated at
T<800 �C, whereas the polar orthorhombic phase is dominant in films treated at T¼ 800 �C. Using ToF-SIMS and x-ray spectroscopy depth
profiling on MFM capacitors, we observe an increase in the concentration of defects in the Hf0.5Zr0.5O2 layer after annealing. We believe that
the absence of the native passive layer between Hf0.5Zr0.5O2 and TiN layers made via SNAP deposition is responsible for the unexpectedly
large remanent polarization. In addition, we associate the 002-textured TiN as potentially playing a role in realizing the unexpectedly large
remanent polarization.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0029532

After the first discovery of ferroelectric HfO2 in 2011,1 it is gener-
ally accepted that a noncentrosymmetric space group of orthorhombic
HfO2 (Pca21) describes the crystallographic structure, which has sym-
metry elements that allow for ferroelectricity. Although the polar
phase of HfO2 has been experimentally confirmed by other groups,2

the main driving factors to obtain the polar phase are still in debate.
It is believed that driving factors including dopants,1,3 oxygen
vacancies,4–6 grain size,7 thickness,7,8 capping layer,1 and annealing
condition9 influence the appearance of ferroelectricity.

The binary oxide system of HfO2–ZrO2 has been intensely stud-
ied not only because of the structural similarities between HfO2 and
ZrO2 but also because multiple functionalities such as dielectric,

ferroelectric, and antiferroelectric properties can be achieved by simply
changing the chemical composition of (HfxZr1�x)O2 (HZO).10

Numerous studies suggest that a chemical composition around a 1:1
ratio (Hf:Zr) shows the most prominent ferroelectric properties.7,10

Several deposition methods were studied to fabricate ferroelectric
HZO thin films including Atomic Layer Deposition (ALD),11

physical vapor deposition,12 chemical vapor deposition,13 pulsed laser
deposition,14 and chemical solution deposition.15 ALD has been com-
monly used to deposit HZO thin films since the chemical composition
of HZO can be easily controlled by the ratio of Hf and Zr precursor
cycles, which enables homogenous chemical distribution uniformly in
all directions and precise thickness control across the entire film.
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The desired polar phase can be induced by the Metal–
Ferroelectric–Metal (MFM) structure. It is believed that mechanical
confinement from the capping layer prevents volumetric expansion of
HfO2 and enables shearing of the HfO2 unit cell, thereby generating
ferroelectricity in HfO2-based materials.1 Various materials have been
utilized as effective capping layers including Pt,16 RuO2,

17 TaN,6 W,18

and Ir/IrOx.
19 It has been reported that approximately 74% of pub-

lished papers (up to 2018)20 used titanium nitride (TiN) as the capping
layer for HZO capacitors because TiN generally shows better ferroelec-
tricity than most other capping layers except for TaN.12,16 However, the
exact role of TiN in demonstrating better ferroelectric properties and the
interface between TiN and HZO layers in HZO capacitors is still not
well understood. In fact, few studies elaborate on the characteristics and
experimental procedures to prepare their TiN in detail. Notably, a pas-
sive layer at a metal–ferroelectric interface can negatively influence ferro-
electric properties.21,22 Moreover, the preferred orientation of TiN films
can be controlled via ALD deposition conditions,23 which can influence
the subsequent HZO characteristics. It is, therefore, reasonable to
hypothesize that the bottom TiN electrode and the quality of the inter-
face can influence ferroelectricity of HZO in various ways.

In the present study, we first demonstrate synthesis of 002-
textured TiN via Plasma Enhanced Atomic Layer Deposition
(PEALD)23 and examine TiN properties. In addition, we introduce an
unconventional deposition approach that we describe as Sequential,
No-Atmosphere Processing (SNAP), where the bottom TiN, ferroelec-
tric Hf0.5Zr0.5O2 and top TiN are formed in sequence, without
exposure to the ambient atmosphere. We emphasize the importance
of the interface quality between TiN and Hf0.5Zr0.5O2 and the unique-
ness of using 002-textured TiN as top and bottom electrodes as well as
a capping layer. We also report an unexpectedly large remanent polari-
zation (2Pr¼ 54.2 lC/cm2) observed for SNAP-deposited MFM
capacitors.

MFM capacitors were deposited on SiO2/Si substrates (VA semi-
conductors) after cleaning in an isopropyl ultrasonic bath for 5min.
Tetrakis(dimethylamido)hafnium(IV) (TDMAH), tetrakis(dimethyl-
amido)zirconium(IV) (TDMAZ), and tetrakis(dimethylamido)-
titanium(IV) (TDMAT) were used as precursors, and H2O was chosen
for an oxygen source. It should be noted that TDMAT, instead of
TiCl4, which is another commonly used precursor to deposit TiN in
PEALD, was chosen particularly to prevent halide contamination to
the sample and corrosion to the ALD chamber.23 Ar gas with a flow
rate of 110 sccm was used to deliver all precursors and H2O to the
ALD chamber, and a combination of Ar and N2 gas with flow rates of
10 and 20 sccm, respectively, was used to generate plasma during TiN
deposition. The temperatures for all precursors, the delivery line, and
the ALD chamber were maintained at 75, 150, and 270 �C, respec-
tively, during the entire MFM capacitor fabrication process. TiN was
deposited via PEALD in the ALD chamber (Fiji G2, Ultratech/
Cambridge) using TDMAT with pressures of �0.1Torr for precursor
half-cycles and�0.01Torr for plasma half-cycles. For the plasma half-
cycles, a plasma power of 250W and a plasma pulse period of 20 s
were used. Hf0.5Zr0.5O2 was deposited as the ferroelectric layer via
thermal ALD with a chamber pressure of �0.4Torr, alternating
TDMAH and TDMAZ super cycles in a 1:1 ratio. The resulting MFM
capacitors were then annealed via the Rapid Thermal Annealing
(RTA) process with a ramp rate of 10 �C/s and a hold time of 30 s at
various temperatures (AnnealSys AS-One).

The X-ray Diffraction (XRD) pattern of the TiN film was mea-
sured with Bragg-Brentano geometry, and the results are shown in
Fig. 1(a). A cross-sectional Transmission Electron Microscopy (TEM)
image of the TiN film used in the XRD measurement, shown in
Fig. 1(b), indicates that the thickness of the film is approximately
35 nm. The absence of the 111 reflection of TiN (�36.7�) and the
appearance of 002 reflection of TiN (�42.6�) confirm that the TiN
film is preferentially oriented with the (002) plane parallel to the sur-
face. Figure 1(c) shows the Selected Area Electron Diffraction (SAED)
patterns of TiN. Diffraction patterns marked with white circles corre-
spond to the patterns of silicon along the [101] zone axis. The white
arrow pointing to the arc-shaped diffraction pattern confirms a rela-
tively strong degree of fiber texture in the (002) plane of the TiN film.
To investigate chemical quality of 002-textured TiN, Time-of-Flight
Secondary Ion Mass Spectrometry (ToF-SIMS) depth-profiling was
performed and the results are shown in Fig. 1(d). Note that 47TiN�

and 50TiO� were used to discern mass interference between TiN and
TiO. A relatively high 50TiO� intensity at the top surface of the film
indicates ambient oxidation of top TiN. The homogeneous and uni-
form chemical distribution of 47TiN� confirms good chemical quality
of TiN. Since most HZO capacitors with TiN capping layers undergo
RTA processing at relatively high temperatures, XRD of the TiN film
was measured as a function of temperature, in situ, during heating in
the N2 environment. Figure 1(e) shows XRD patterns of the TiN film
measured as a function of temperature. The 002 reflection of TiN
appears at temperatures up to 780 �C and then disappears at higher
temperatures, which demonstrates that the 002 texture is stable up to
780 �C. The disappearance of the 002 reflection peak of TiN and

FIG. 1. Structural and chemical characterization results of 002-textured TiN. (a)
XRD pattern (Bragg-Brentano geometry), (b) cross-sectional TEM image, (c) corre-
sponding SAED, (d) ToF-SIMS depth-profile, and (e) XRD patterns measured as a
function of temperature.
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emergence of a new peak (�27.5�) at 780 �C suggest that TiN oxidizes
to the rutile phase of TiO2 at 780 �C.24,25 Using a four-point probe, the
DC resistivity of the 002-textured TiN film was measured to be
185.5lX�cm, which is sufficiently low for good electrode perfor-
mance.26 The low resistivity of TiN coupled with high thermal stability
and chemical quality suggested by in situ XRD and ToF-SIMS, respec-
tively, indicates that PEALD-fabricated TiN may serve as an adequate
electrode and a capping layer for HZO capacitors.

Figure 2 shows High Angle Annular Dark Field (HAADF)
images from the Scanning Transmission Electron Microscopy (STEM)
and Electron Dispersive Spectroscopy (EDS) elemental maps of the as-
deposited and 800 �C-annealed MFM capacitors. Note that an anneal-
ing temperature of 800 �C is chosen because this temperature is
expected to induce a phase transformation from the nonpolar tetrago-
nal to polar orthorhombic phase based on our previous study.25 As
expected, Ti and N appear mostly in top and bottom layers, while Hf,
Zr, and O appear in the intermediate layer. These results indicate that
the SNAP deposition yields an excellent quality of MFM capacitors
that exhibit desirable homogeneous chemical distributions and sharp
interfaces between the TiN and Hf0.5Zr0.5O2 layers at both the top and
bottom interfaces, even after RTA processing.

Figure 3(a) shows Polarization vs Electric Field (P–E) loops
obtained from MFM capacitors with several annealing temperatures.
As the annealing temperature increases, the P–E loops start to open
and show typical hysteresis loop behavior. The 2Pr values measured
via Positive Up Negative Down (PUND) measurements were 25.8,
34.6, and 54.2lC/cm2 for the capacitors annealed at 400, 600, and
800 �C, respectively. Figure 3(b) shows that the switching current dou-
ble peaks, present in the vicinity of the coercive fields in the capacitors
annealed at 400 and 600 �C, are observed to merge into a single and
intense peak at the coercive fields in the capacitor annealed at 800 �C.
Figure 3(c) shows small signal Capacitance–Voltage (C–V) results,
which indicate that relative permittivity varies in capacitors annealed

FIG. 2. Cross-sectional HAADF-STEM image and EDS elemental maps of (a) as-
deposited and (b) 800 �C-annealed TiN(10 nm)/Hf0.5Zr0.5O2(10 nm)/TiN(30 nm).

FIG. 3. (a) P–E hysteresis loop, (b) switching current loop, (c) small signal C–V measurement, and (d) leakage current results of MFM capacitors annealed at different
temperatures.
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at different temperatures. In particular, the capacitor annealed at
600 �C shows the largest relative permittivity at zero DC bias (i.e., the
intercept with the vertical axis). Given that the relative permittivity of
the tetragonal phase is typically higher than that of monoclinic and
orthorhombic phases,27 it is expected that the tetragonal phase would
be more dominant relative to the other phases in the capacitor
annealed at 600 �C. Figure 3(d) shows that the leakage currents
increase as the annealing temperature increases from 400 to 800 �C.
The increase in the leakage current is typically understood as the
increase in the concentration of defects in MFM capacitors.4,5 Note
that the concentration of defects, such as nitrogen3 or vacancies of
oxygen,4–6 can significantly influence the stabilization of the polar
orthorhombic phase of Hf0.5Zr0.5O2, thereby promoting resultant fer-
roelectricity. Hence, it is reasonable to hypothesize that the increase in
2Pr at higher annealing temperature is caused by the stabilization of
the orthorhombic phase, which originates from the increase in the
concentration of defects. To test this hypothesis, we performed several
additional structural and chemical characterization experiments on
MFM capacitors annealed at various temperatures.

Figure 4 shows GIXRD patterns of MFM capacitors annealed at
different temperatures. Magnified images of the Hf0.5Zr0.5O2 peaks are
shown on the right (27.0� to 34.0�). Detailed analysis of peak fittings
at different annealing temperatures are shown in Fig. S1. Note that the
2h positions of the highest intensity peak of the orthorhombic and
tetragonal phases of Hf0.5Zr0.5O2, expected at 29.9� and 30.3�, are

difficult to discriminate due to the peak overlap, respectively.
However, knowing that the orthorhombic peak lies at a lower 2h value
than the tetragonal peak, a peak shift toward lower 2h is often inter-
preted as an increase in the orthorhombic phase fraction.24,25 The
broad peak profile of the as-deposited capacitor indicates that the
starting Hf0.5Zr0.5O2 is amorphous according to XRD. No peaks are
observed near �28.3� and �31.7�, indicating that the monoclinic
phase is well suppressed throughout all annealing temperatures up to
800 �C. After annealing at 400 �C, a strong XRD peak emerges at
30.8�, indicating that Hf0.5Zr0.5O2 crystallizes primarily in the tetrago-
nal phase. In particular, a peak shift toward lower 2h (�0.2�) is
observed from 600 to 800 �C. Therefore, it is expected that the ortho-
rhombic phase fraction would be largest at 800 �C.24,25 These results
are consistent with the electrical characterization results, which show
larger 2Pr and smaller relative permittivity in the capacitors annealed
at 800 �C vs the one annealed at 600 �C.

To study the interface between TiN and Hf0.5Zr0.5O2 and the
chemical change in the Hf0.5Zr0.5O2 layer at different annealing tem-
peratures more precisely, samples of larger thickness were fabricated
using SNAP where the thicknesses of the top and bottom TiN and
Hf0.5Zr0.5O2 are all 30 nm. Figures 5(a)–5(c) show ToF-SIMS depth
profiles of thicker MFM samples annealed at different temperatures.
The consistent intensity profile of 47TiN� for all samples indicates that
the top and bottom TiN layers are chemically stable after RTA proc-
essing. The increase in 50TiO� intensity from 0 to 100 s in Fig. 5(c)

FIG. 4. GIXRD patterns of TiN(10 nm)/Hf0.5Zr0.5O2(10 nm)/TiN(30 nm) after various annealing treatments (left) and in the magnified 2h range of 27� to 34� (right). The refer-
ence XRD patterns of Hf0.5Zr0.5O2 phases used in this study are as follows: orthorhombic (PDF #: 04-005-5597), tetragonal (PDF #: 04-011-8820), and monoclinic (PDF #: 00-
034-0104). Note that peaks with relative intensity less than 5% from the reference pattern were omitted.
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implies that TiO2 oxidation had occurred at 800 �C preferentially from
the top surface. It should be noted that both C2

� and CN� intensities
increased in the Hf0.5Zr0.5O2 layer at 800 �C, which indicates carbon
and nitrogen diffusion during RTA processing. X-ray Photoelectron
Spectroscopy (XPS) depth profiles were also acquired for the MFM
samples annealed at different temperatures and are plotted in
Figs. 5(d)–5(f). Detailed elemental quantification of the Hf0.5Zr0.5O2

layer is summarized in Table I. Interestingly, the O 1s concentration
gradually decreases and the N 1s concentration gradually increases as
annealing temperature increases. The decrease in the O 1s concentra-
tion and increase in nonstoichiometric TiN (indicated by an
increase in the N 1s concentration) may indicate an increase in
oxygen vacancies in, and nitrogen diffusion into, the Hf0.5Zr0.5O2 layer
at higher annealing temperatures. This observation is consistent
with the increase in CN� intensity at the Hf0.5Zr0.5O2 layer for the

800 �C-annealed MFM sample from the ToF-SIMS depth-profile
result. The increase in leakage current for the 800 �C-annealed capaci-
tor shown in Fig. 3(d) corroborates the observed increase in the con-
centration of defects. Therefore, the combination of chemical and
electrical analyses suggests that the incorporation of defects including
carbon, nitrogen, and vacancies of oxygen upon annealing at 800 �C
may help to stabilize the orthorhombic phase relative to the tetragonal
phase in the Hf0.5Zr0.5O2 layer, resulting in a larger 2Pr extracted from
the PUNDmeasurement.

Considering that the largest value for the remanent polarization
previously reported for HZO (nominally without the dopant) is
2Pr¼ 50.9 lC/cm2,20 our remanent polarization (2Pr¼ 54.2 lC/cm2)
represents a notable (nearly 10%) increase. This large value for rema-
nent polarization may be ascribed to one or both the following factors:
(1) the clean interfaces between TiN and the Hf0.5Zr0.5O2 layer created
via the SNAP method and (2) the 002 texture in the top and bottom
TiN electrodes.

As shown in the EDS results, the sharp interface between the TiN
and Hf0.5Zr0.5O2 layers is a direct result of the SNAP deposition, which
prevents exposure to the ambient atmosphere during sequential depo-
sition of the MFM stack. Most studies of ferroelectric HfO2-based thin
films use ALD for HfO2 deposition and reactive sputtering for the TiN
deposition. Thus, the bottom TiN film is exposed to the ambient
atmosphere during transfer to the ALD chamber. This exposure to the
ambient atmosphere enables the growth of a native oxide (TiOx or
TiOxNy)

4,27 on the bottom TiN layer. This additional oxide layer can
be considered as a passive layer in the MFM capacitor, which can sub-
stantially influence the switching characteristics.21,22 For example, for
a ferroelectric capacitor that has values of Pr¼ 20 lC/cm2 and

FIG. 5. (a)–(c) ToF-SIMS and (d)–(f) XPS depth profiles of TiN(30 nm)/Hf0.5Zr0.5O2(30 nm)/TiN(30 nm) at different annealing temperatures: as-deposited (a) and (d), 500 �C (b)
and (e), and 800 �C (c) and (f). The 68.3% confidence intervals for all elements in the XPS analysis are less than 0.5 at. %.

TABLE I. XPS quantification of elements in the Hf0.5Zr0.5O2 layer before annealing
and after two different annealing temperatures. Note that the atomic percent is dis-
played with 68.3% confidence intervals.

As-deposited (at. %) 500 �C (at. %) 800 �C (at. %)

Hf 4f 21.536 0.16 22.466 0.18 22.456 0.16
Zr 3d 19.526 0.26 19.326 0.17 19.176 0.15
O 1s 46.806 0.34 43.666 0.35 41.666 0.31
N 1s 5.626 0.36 7.806 0.41 10.066 0.34
Ti 2p 4.206 0.16 4.536 0.16 4.726 0.16
Ar 2p 2.336 0.24 2.236 0.26 1.956 0.21
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Ec¼ 100 kV/cm, a thin passive layer with d/(L�ed)�10�3 can suppress
Pr by a factor of 2, where L and d are thicknesses of ferroelectric and
passive layers and ed is the relative permittivity of the passive layer.22

Therefore, the clean interface between the TiN and HfO.5Zr0.5O2 layer,
achieved by maintaining the sample under vacuum conditions
throughout the SNAP process, mitigates the growth of detrimental
passive layers, thereby promoting large remanent polarization. The
P–E and 2Pr results of non-SNAP-deposited capacitors, i.e., a control
experiment in which vacuum is purposefully broken after every layer
is deposited, are shown in Fig. S2. The poorer ferroelectric properties
of the non-SNAP sample reinforce the important effect of sequential
deposition under the vacuum condition. These results indicate that
SNAP deposition plays an important role in maximizing the remanent
polarization.

Another possible factor contributing to the large remanent polar-
ization lies in the effect of 002-textured TiN. We note that TiN has a
rock salt crystal structure where both Ti and N occupy a face-centered
cubic sublattice. It is worth considering the possible atomic termina-
tions of the (00h)-terminated surface, where h is an integer, compared
to the other surfaces of TiN. The (00h)-terminated surface of TiN con-
sists of both Ti and N atoms showing uniform Ti–N bonding on top
of the surface, whereas a (111)-terminated surface of TiN consists of
either Ti or N atoms, enabling either only Ti–Ti or N–N bonding.
Thus, it is expected that the homogenous and periodic arrangement of
Ti and N atoms on an (00h)-terminated surface would provide a uni-
form source for nitrogen to diffuse from TiN into the Hf0.5Zr0.5O2

layer during the annealing process. Given that both nitrogen incorpo-
ration and vacancies of oxygen are key driving factors that help to sta-
bilize the orthorhombic phase and generate ferroelectricity in HfO2,

3–6

the large remanent polarization in our Hf0.5Zr0.5O2, MFM capacitor
would be caused by the increase in the defect concentration during the
annealing process, particularly at 800 �C.

In this study, Hf0.5Zr0.5O2 MFM capacitors were fabricated via
SNAP deposition. An annealing temperature of 800 �C showed the
largest orthorhombic phase fraction and a large remanent polarization
of 2Pr¼ 54.2 lC/cm2. These results are explained by (1) the absence
of the passive layer created in the SNAP deposition and (2) an increase
in the concentration of defects such as carbon, nitrogen, and vacancies
of oxygen within the Hf0.5Zr0.5O2 layer during RTA processing, partly
supported by the use of 002-textured TiN.

See the supplementary material for details of electrode pattern
fabrication and structural and electrical characterization conditions.
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