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ABSTRACT

Applying transmission Kikuchi diffraction (TKD) allows us to fundamentally investigate the Si-doped-hafnium-oxide (HSO) microstructure
that results from the interface layer present in ferroelectric field-effect transistors. In addition to the predominant orthorhombic phase,
dendritic HSO grains larger than 100 nm govern the microstructure composition. Furthermore, the observed strong out-of-plane texture
aligned along the [110] and [011] axis clearly differs from features found in hafnium oxide thin films grown on TiN layers. Our TKD analysis
shows that the texture intensity strongly varies for samples annealed at different temperatures. Additionally, intra-granular misorientation
and chemical composition analyses of the layers provide insight into the crystallization process of these ferroelectric thin films.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0029635

Transmission Kikuchi diffraction (TKD) enables the microstruc-
ture analysis of ultra-thin films, including local crystallographic phase
and orientation mapping.1,2 This method recently has been beautifully
demonstrated as a powerful tool for ferroelectric hafnium oxide analy-
sis,3 which certainly spurs research interest in a broad range of applica-
tions, e.g., nonvolatile memories or pyroelectric sensors.4,5

Ferroelectricity in hafnium oxide has been demonstrated to origi-
nate from the orthorhombic phase with space group Pca21.

6 This meta-
stable phase can be stabilized, e.g., by doping7,8 or when applying
mechanical stress due to the presence of a capping layer.9 Nevertheless,
the microstructure may contain grains of other polymorphs like the
monoclinic (P21=c) phase, which represents the thermodynamic
ground state.10

The large coercive field, superior thickness scaling below the
5 nm threshold, and complementary-metal–oxide–semiconductor
(CMOS) process compatibility for ferroelectric HfO2 make these thin
films superior to classical perovskite-based ferroelectrics such as lead
titanate zirconate, for instance, in nonvolatile memory applications.11

More specifically, this already enabled realizing one-transistor

(1T)-based ferroelectric memories, namely, ferroelectric field-effect
transistors (FeFETs).12 Compared to capacitor-based memory con-
cepts where the ferroelectric is located between two metallic electrodes,
preferably TiN, HfO2 in FeFETs is introduced directly into the gate
stack with the HfO2 typically being sandwiched in-between the bottom
SiO2 interface layer (covering the semiconductor surface) and the top
TiN electrode. FeFETs structured in this manner were already inte-
grated into the 28nm and 22nm node technology.13,14

For investigating how this interface layer impacts the crystalliza-
tion process and, therefore, the microstructure, we analyze here Si-
doped hafnium oxide (HSO) layers in the aforementioned layer stack
annealed at different temperatures using TKD. All samples are pro-
duced by atomic layer deposition (ALD) of HSO onto highly p-doped
Si wafers covered with a native oxide layer. Here, HfCl4 and SiCl4 are
used as precursors in a cycle ratio of 16:1. Electrodes are formed via
physical vapor deposition of TiN. The crystallization anneal is per-
formed by rapid thermal processing at 650 �C, 800 �C, and 1000 �C.

TKD measurements on dimpled samples are carried out using a
Bruker Optimus TKD detector head mounted into a scanning electron
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microscope. The acceleration voltage is 30 kV and a current of 3.2 nA
is used. The details on the measurement method and data processing
have been shown in a previous work.3 Additionally, grazing-incident
X-ray diffraction (GIXRD) measurements were performed with 2h
ranging from 15� to 45� in 0.1� steps. The chemical composition
of the films is analyzed with time-of-flight secondary-ion-mass-
spectrometry (ToF-SIMS). Capacitor structures were formed by
shadow-mask-based deposition of Ti/Pt contacts and subsequent
wet etch.

The grain structure of the HSO layers appears very clearly in the
quality/phase map, as depicted in Fig. 1 for the HSO sample annealed
at 650 �C. As seen, the orthorhombic phase (blue color) dominates,
with some residual grains being monoclinic (red color). Note that the
tetragonal phase has not been taken into account, since the Curie tem-
perature lies between 250 �C and 500 �C.16–18 Furthermore, cubic and
rhombohedral phases were excluded since being less stable than the
orthorhombic phase, as theoretically backed up by density functional
theory.10,19,20 Furthermore, initial dynamic hysteresis measurements
on pristine capacitor structures revealed ferroelectric behavior with
high polarization values [see Fig. 2(a)]. In contrast to the previously
reported microstructures of HSO and Zr-doped hafnium oxide (HZO)

metal–ferroelectric–metal (MFM) structures3,15 finding disc-shaped
columnar grains, dendritic grains are detected here in the metal–
ferroelectric–insulator–semiconductor (MFIS) structures.

In addition to a value of 52 nm, the average equivalent grain size
of MFM samples weighted by area15 is significantly smaller than the
one measured for the MFIS samples, having values between 232 nm
and 244nm [see Fig. 2(b)]. Since both MFM and MFIS samples were
annealed under similar conditions, the observed strong differences in
precipitation must be clearly related to the substrate layer in use, i.e.,
the amorphous SiO2 and the polycrystalline ALD TiN layer with a
slight (111) texture.21 Consequently, various effects might impact the
crystallization behavior, such as changes in the local mechanical stress
field resulting from different thermal expansion coefficients of the
materials, or variation in the nucleation behavior, e.g., heterogeneous
and homogeneous nucleation. Bagmut et al. stated that the onset of
crystalline phase formation in HfO2 initiates at higher temperature
when using amorphous substrates instead of (poly)crystalline ones.22

In addition, island (IPC) and dendrite (DPC) polymorphic growth
were reported for zirconium and hafnium oxides, with IPC or DPC
nucleating in the cubic/tetragonal or orthorhombic/monoclinic phase,
respectively.22–24

When comparing samples that have been annealed at different
temperatures, the average grain size remains constant and no clear
trend with temperature is observed. This is quite remarkable, as crystal
growth generally is very temperature sensitive due to on-surface diffu-
sion. Notably, monoclinic grains show this temperature dependence,
and their fraction grows with increasing temperature [see Fig. 2(c)]. In
samples annealed at 650 �C, only a low number of grains is monoclinic
(see Fig. 1), with this fraction significantly growing for elevated anneal-
ing temperatures. This is exactly seen from Fig. 2(c) when plotting the
equivalent grain diameter vs annealing temperature.

A possible explanation for this behavior is the phase transforma-
tion of amorphous HfO2 reported by Bagmut,24 which proceeds in
two steps: first, orthorhombic grains grow up to a critical grain diame-
ter D� above which they transform into the monoclinic phase. The
reported values for D� range from 143 nm to 294nm (Ref. 24) and are
comparable to the average grain sizes reported in this work here. As
the transition to the monoclinic phase involves unit-cell shearing
(that, notably, is mechanically suppressed when using TiN capping
layers7) we believe that this phase transition in MFIS structures is
shifted to higher temperatures, with some larger grains already being

FIG. 1. Microstructure and crystallographic phase distribution of the Si-doped haf-
nium oxide layer annealed at 650 �C. Most grains are of dendritic shape in the
orthorhombic phase (blue color), while only a small amount of monoclinic grains is
found (red). Note that the tetragonal, cubic, and rhombohedral phases were not
analyzed here.

FIG. 2. Polarization response and grain size distribution of HSO in MFIS structures annealed at different temperatures: (a) ferroelectric behavior observed by dynamic hysteresis mea-
surements with an amplitude of 5 V at 1 kHz for the pristine and cycled film. Electric field cycling is performed under identical conditions. (b) The distribution of the equivalent diameter,
weighted by area, shows a strong increase in grain size for MFIS samples as compared to the HSO MFM sample (as reported earlier15). The annealing temperature seems to have
no impact on the grain size; (c) both the extracted equivalent grain diameter in the monoclinic phase and the monoclinic phase fraction increase with elevated annealing temperature.
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rendered monoclinic. In addition to the two-stage process, the nucle-
ation of the monoclinic phase has been demonstrated experimentally
as well24 and may also explain the small monoclinic grains present in
all samples here.

The strong differences in the HSO microstructure for MFM and
MFIS samples (as summarized in Table I) are further underlined
when analyzing their crystallographic texture. While an out-of-plane
texture of the [002]- and [020]-axis was reported for HSO and HZO
MFM samples,3,15,25 a different texture is observed on the MFIS stacks.
As shown with the inverse pole figure (IPF) maps in Fig. 3(a), MFIS
samples annealed at 1000 �C indicate a clear out-of-plane texture as
well. Some grains aligned closely to the [010]- or [001]-axis appear
with dots or larger connected regions of the [001]- or [010]-axis,
respectively, a signature that can be easily assigned to either misin-
dexing or ferroelasticity, as these are the axes that most likely
undergo ferroelastic switching.26

For a detailed analysis of the out-of-plane texture, pole figures
are extracted [see Fig. 3(b)]. Here, the [010]-axis does not align
fully parallel but rather donut-shaped around the out-of-plane axis

of the sample. Instead, the [110]- and [011]-axis align parallel to
this axis. Furthermore, the [111]-axis shows a weak texture align-
ing either parallel or perpendicular to the normal vector of the thin
film. This would result in a tilted polarization axis after wake-up
and, therefore, in an increase in the effective coercive field of the
layer. A similar orientation of the polarization axis has also been
reported for a 22-nm FeFET.15

With decreasing annealing temperature, this texture becomes
less dominant while more [111]- and [101]-axes align out-of-plane
[see Fig. 3(c)]. This agrees well with the measured GIXRD patterns
[see Fig. 3(d)], where an increased intensity of the diffraction line at
24�, corresponding to the (110) index, is observed for the 1000 �C
anneal. Minor shifts of the diffraction lines to higher angles are likely
to originate from strain inside the layer. Nevertheless, a texture that
might be described by a preferred absence of all h100i axes is very sur-
prising for a layer grown on an amorphous substrate, as no orienta-
tional information can be transferred to the hafnium oxide. Moreover,
the polymorphic phase transitions that HfO2 is likely to undergo
would not enable the formation of such a texture.

TABLE I. Crystallographic texture, grain size, and shape of HSO-based MFM and MFIS structures, respectively.

Substrate Ferroelectric Anneal
Average grain size
(weighted by area) Grain shape Out-of-plane texture

ALD TiN, polycrystalline,
(111) texture21

ALD HSO 10 nm
(Ref. 15)

800 �C (Ref. 15) 52 nm (Ref. 15) Disc-shaped15 [010]15

SiO2, amorphous ALD HSO 10 nm 650 �C–1000 �C 232 nm–244 nm Dendritic [110] and [011]

FIG. 3. TKD microstructure analysis: (a) inverse pole figure maps of the x, y, and z planes for the sample annealed at 1000 �C highlight the presence of an out-of-plane tex-
ture; (b) pole figures of the same sample indicate the sample normal vector to be [110] aligned; (c) inverse pole figures of the z plane show an increasing texture along the
[110] and [011] axes when raising the annealing temperature. Samples annealed at lower temperature also show [111]- and [101]-axis alignment; and (d) accompanying
GIXRD patterns supporting our TKD results.
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In addition to the reported textures, intra-granular orientational
shifts can be deduced from the IPF maps [see Fig. 3(a)] in the form of
color gradients. In order to remove misindexing or ferroelastic contri-
butions, cubic symmetry operations are applied to highlight these
gradients [see Fig. 4(a)]. When calculating the mean orientation of
every grain, intra-granual misorientation can be visualized. As shown
in Fig. 4(b), the misorientation is especially high in the dendrites. As
this correlates with increased stress and defect level, it is very likely to
assume that the interplay of ferroelectric and ferroelastic switching will
differ in these regions. Note that beyond such local stress fields, the
thermal expansion mismatch between adjacent layers will equally
impact the ferroelectric switching behavior.

As the presence of diffusion cannot be ruled out for the annealing
temperatures used here, the chemical composition of the layer stack
is investigated as well using time-of-flight secondary-ion-mass-
spectrometry (ToF-SIMS). When mapping the area-integrated
signal intensity of selected molecular ions, oxidation at both interfa-
ces of the TiN layers is observed for samples annealed at 650 �C
and 1000 �C, respectively. Moreover, the SiO2 interface layer
shows accumulation of nitrogen when annealing at 1000 �C, indicat-
ing diffusion of nitrogen through the HSO layer [see Fig. 5(a)].
Furthermore, an increase in the interfacial layer thickness is
observed. This increase is also present in the HfSiO4

� signal, sugges-
ting the presence of hafnium or the formation of hafnon (HfSiO4) in

the interface layer during the anneal process. Nevertheless, the SiO2

interface layer still is amorphous as confirmed by transmission elec-
tron microscopy [see Fig. 5(b)]. Consequently, the crystallization
anneal of Si-doped hafnium oxide on an interface layer is character-
ized by the subtle interplay of diffusion and crystallization processes.
As mentioned above, diffusion alone cannot explain the observed
textures, as the interface layer remains amorphous.

In conclusion, TKD measurements of Si-doped hafnium oxide
layers grown on silicon oxide reveal a microstructure dominated by
dendritic orthorhombic grains, having an average equivalent diameter
of about 230nm for annealing temperatures ranging from 650 �C to
1000 �C. Additionally, a strong [110] and [011] out-of-plane texture is
found that becomes more prominent with increasing annealing tem-
peratures. This strongly contrasts HfO2 layers grown on polycrystal-
line TiN layers, which have a significantly smaller grain size and show
considerable [020] or [002] out-of-plane textures.3,15 Misorientation
analysis highlights the strong mechanically induced distortions
observed for dendrites, while ToF-SIMS measurements indicate both
an increased thickness and nitrogen concentration of interface layers.
MFIS structures, hence, show a fundamentally altered interface mor-
phology and texture compared to MFM samples, with a clear impact
on their ferroelectric switching behavior.

FIG. 4. Extraction of intragranular misorientation: (a) under the assumption of
higher (cubic) symmetry, 90�-angle based misindexing and ferroelastic components
disappear, but lattice distortions remain, as shown for the sample annealed at
650 �C; (b) this allows calculating the intra-granular misorientation angle with
respect to the mean orientation, showing strong distortions for dendrites.

FIG. 5. Chemical and structural analysis of the adjacent layers: (a) the ToF-SIMS
depth profile indicates both nitrogen accumulation in and thickness growth of the
interface layer for elevated annealing temperatures; (b) TEM analysis confirms
the amorphous structure of the interface layer for all annealing temperatures
used.
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