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ARTICLE INFO ABSTRACT

Keywords: Ultrathin metallic films are important functional materials for optical and microelectronic devices. Dedicated
Microstructure characterization with high spatial resolution and sufficient field of view is key to the understanding of the
Ultrathin films relation between microstructure and optical and electrical properties of such thin films. Here, we have applied
;L(ED on-axis transmission Kikuchi diffraction (TKD) and scanning precession electron diffraction (SPED) to study the

microstructure of 10 nm thick polycrystalline gold films. The study compares the results obtained from the same
specimen region by the two techniques and provides insights on the limits of each diffraction technique. We
compare the physical spatial resolution of on-axis TKD and SPED and discuss challenges due to the larger probe
size in scanning electron microscopy (SEM). Moreover, we present an improvement for the physical spatial
resolution (PSR) of on-axis TKD through acquisition in immersion mode. We show how this method extends the
capabilities of SEM-based microstructure characterization of ultrathin films and achieve PSR comparable to semi-

Immersion mode

automated SPED.

1. Introduction

Metallic thin films with 10 nm and below thicknesses are of interest
for a number of applications, including electrochemical and optical
sensors [1,2] and organic photovoltaics [3-5]. The macroscopic prop-
erties of these structures are largely influenced by their microstructure,
and the effect of grain size, orientation, boundaries, and structural de-
fects on optical and electrical properties have been demonstrated pre-
viously [6-11]. Consequently, the detection of fine grain structures and
the characterization of such features are essential and an ongoing topic
of research [12-14]. In this respect, automated crystal orientation
mapping (ACOM) methods in an electron microscope are ideal, as they
provide fast and spatially resolved crystal phase and orientation infor-
mation. In addition, these enable the semi-automatic determination of
grain size, grain boundary character and distribution, along with texture
and phase composition. Today, there are two major techniques
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providing sufficient resolution to map crystal orientations of nanometer-
sized crystalline thin films: Scanning (Precession) Electron Diffraction (S
(P)ED) in the transmission electron microscope (TEM) and transmission
Kikuchi diffraction (TKD) in the scanning electron microscope (SEM).
SPED is a TEM based technique in which spot diffraction patterns are
automatically recorded and indexed, while the fine probe size of the
precessing electron beam rasters over the specimen. The precession
creates stable quasi-kinematic like patterns that ease the indexing [15].
SPED combined with ACOM allows for generating phase and orientation
maps with a spatial resolution down to 2 nm [15,16]. This diffraction-
based technique offers a high spatial resolution; however the signal
contains information about the entire electron-transparent specimen
thickness. Overlapping grains in the beam direction, such as inclined
grain boundaries, may complicate the precise local determination of the
grain size and orientation [17,18]. Another approach is to index Kikuchi
patterns in an automated fashion by TKD in the SEM. This method was
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introduced in 2012 by Keller and Geiss [19], further developed to an on-
axis system by Fundenberger et al. [20] and has gained growing atten-
tion in material science to study nanocrystalline and ultrafine grain
materials. The physical spatial resolution is in the order of 6-10 nm
[21,22] and the relatively large capture angle of Kikuchi patterns in the
SEM allows high orientation accuracy. Furthermore, since the majority
of the Kikuchi signal comes from the exit surface of the sample [23-25],
overlapping grains cause less challenges for pattern indexing. Never-
theless, overlapping signal from different crystals is still commonly
observed at grain boundaries due to the larger probe size through the
sample in the SEM.

In principle, both techniques provide similar crystallographic infor-
mation, but differ in terms of electron beam energy, probe and diffrac-
tion signal (spot or Kikuchi patterns) [26]. Previous studies have
reported TKD and SPED analysis of the same specimen to determine
their efficacy [27-29]. Yet, most of these studies worked with off-axis
TKD systems, which do not have the optimal resolution capacity
compared to the on-axis TKD technique [22]. Moreover, these results
analyze grains of several tens of nanometer in size, rather than exploring
the resolution limitations of the two techniques. Lee et al. [24] and
Jeong et al. [30] reported comparison studies of the SEM and TEM based
grain mapping techniques using an on-axis TKD system, however the
investigated films were more than 50 nm thick and contained over-
lapping grains, leading to indexing uncertainties.

In this study, we have employed SPED and TKD analysis of the same
specimen regions to characterize the microstructure of ultrathin Au
films for conductive and optical sensitive thin film applications and
compared the orientation determination, mapping capabilities and res-
olution of the two techniques. The thickness of such films is ideal for
such a comparative study, as it minimizes the impact of overlapping
grains and the differences that can arise due to the diffraction volume in
each technique. Moreover, to achieve continuous Au films with thick-
nesses in the range of 10 nm and below, an adhesion promoter is inev-
itable; otherwise, the metal tends to agglomerate into isolated clusters
[31]. Such an adhesion layer significantly influences the film micro-
structure, reducing its grain size typically to the same range as the film
thickness, challenging the spatial resolution of both techniques, in
particular TKD [21,22]. Our study, therefore, facilitates a direct com-
parison of the structural analysis by these two techniques, and tests
sample thickness limitations for Kikuchi diffraction [24]. In addition, we
present a new approach for on-axis TKD analysis by immersing the
sample in a magnetic field (immersion mode), and show that this
approach improves and extends the physical spatial resolution of
microstructural orientation mapping in SEM to values that are compa-
rable to TEM. The physical spatial resolution (PSR) was previously
introduced by Zaefferer et al. [32] and is related to the interaction
volume from which the diffraction signal originates.

2. Materials and Methods
2.1. Thin film fabrication

The thin films were deposited on 20 nm thick amorphous SiO,
windows of commercially available TEM grids (TEMwindows.com). The
metallic adhesion layer Ti and the Au thin film were deposited by DC
sputtering, while the organic adhesion promoter, (3-aminopropyl)-sila-
trane (APS), was deposited following an immersion process described by
Heinig et al. [33] under a fumehood in a class 1000 cleanroom at con-
stant temperature (22° 4 2°) and humidity (44% + 2%) conditions. The
thickness of the Ti and APS adhesion layers were approximately 1.0 nm
and 0.8 nm, respectively, while the Au films were 10 nm thick. Previous
cross-section characterization of these samples confirmed that the
adhesion layers were amorphous [34].
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2.2. Transmission Kikuchi Diffraction (TKD)

TKD data was acquired with an FEI Nova 600 NanoSEM using an e-
Flash HD EBSD detector with an Optimus TKD detector head by Bruker
Nano GmbH. The orientation maps were acquired with the Au-film
facing away from the incoming beam and toward the detector beneath
the sample [35]. The samples were plasma cleaned inside the SEM
chamber prior to the experiments using an Evactron decontaminator
(XEI Scientific) for 5 min. The data was processed using the Esprit 2.2
software provided by Bruker and MTEX, an open-source Matlab-based
toolbox [36]. The microscope was operated at 30 kV electron acceler-
ation voltage using an aperture size of 30 pm and a working distance of
5.5 mm, with a detector distance of 14.5 mm. For the TKD data acquired
in immersion mode, the working distance was increased to 6.5 mm to
meet the constraints in the distance of the sample to the microscope pole
piece for immersion mode. Additional acquisition parameters are listed
in Table 1. It should be noted that these datasets do not contain post
acquisition data processing to supplement unindexed data points or
generate additional data points by cleaning. The immersion lens in the
SEM extends a magnetic field onto the sample in order to form a smaller
probe size and improve the spatial resolution of non-magnetic samples
[37]. This magnetic field, however, also affects the TKD signal and
generates distorted Kikuchi patterns. The distortion in the patterns is
corrected before the indexing through correlation with a reference
pattern acquired under conventional conditions.

2.3. Scanning Precession Electron Diffraction (SPED)

The SPED mapping was carried out using a JEOL JEM 2100F trans-
mission electron microscope and operated at 200 kV in nanobeam
diffraction mode with a NanoMEGAS ASTAR system. The external
Stingray camera recorded the PED patterns with 8-bit dynamical range.
The geometry of the pattern acquisition results in distortion effects,
which are corrected during the data processing by importing distortion
correction for the used acquisition conditions in the Index software from
NanoMEGAS. The software returns crystal phase and orientation iden-
tification by a template matching process [15]. The TEM probe diameter
of 2 nm was measured on the sample under experimental conditions,
here in nanobeam diffraction mode with a 10 pm condenser aperture
(C1), an alpha setting of 4 and spot size of 1 nm. The full width at half
maximum of the beam intensity profile as estimated for beam size
(FWHM 2 nm) was recorded with a calibrated Gatan 2k Ultra Scan CCD
camera. The SPED patterns were acquired with a probe convergence
semi-angle of 1 mrad, a precession angle of 0.7°, a frequency of 100 Hz
and a camera length of 20 cm. The sample was positioned in the mi-
croscope with the Au film facing the incoming beam (reversed to the
direction used for the TKD experiments). Additional acquisition pa-
rameters are listed in Table 1.

2.4. Scanning Transmission Electron Microscopy (STEM)

Annular dark field scanning transmission electron microscopy (ADF
STEM) images were recorded using an FEI Titan TEM instrument
equipped with a spherical aberration correction unit on the probe-
forming lenses and operated at 300 kV. The probe size and

Table 1

Summary of TKD and SPED acquisition parameters.
Parameter On-axis TKD standard mode SPED
Accelerating voltage [kV] 30 200
Beam current [nA] 1.7 0.200
Pattern resolution [pixels] 400 x 300 144 x 144
Exposure time [ms] 10.5 20
Step size [nm] 2 2
Acquisition time [min] 30 35
Indexing success rate [%] ~60-80 ~80-90
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convergence semi-angle used for the ADF STEM images were approxi-
mately 0.1 nm and 17 mrad, respectively, and the inner collection angle
of the ADF images was 37 mrad. The images have 1024 x 1024 pixels
and were recorded with a dwell time per pixel of 10 ps.

3. Results and Discussion
3.1. Comparison of SPED and TKD at the same position

Figs. 1 and 2 show inverse pole figure maps along the growth and
beam direction (IPF-Z maps) of the Au/Ti/SiO5 and Au/APS/SiO,
samples, respectively, obtained using both TKD and SPED. The post-
acquisition data processing is based on an averaged grain orientation,
a grain definition, and a minimum grain size. The indexing thresholds of
the measurements rest upon the reliability and resolution limits of the
respective technique. Therefore, only data points with a minimum of 5
indexed Kikuchi lines or a reliability value of 5 for SPED are included.
The reliability value is defined as the correlation indices for the first and
second best solution of the template matching process, as stated by
Viladot et al. [38] Manual comparison is done for prominent structural
sample features (twins, triple points and grain boundaries) in correlation
maps and STEM images. Furthermore, only grains with a pixel cluster
(square grid pixel) larger than 4 in SPED and 8 in standard TKD are taken
into consideration, consistent with the physical spatial resolution as
shown later. The TKD maps from both samples contain noticeable areas,
which could neither be indexed (less than 5 indexable Kikuchi bands),
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nor satisfy the predefined minimum grain size diameter and are repre-
sented by white regions in the maps of Fig. 1(a) and 2(a). No data
cleaning was performed. The thin films, however, are continuous, as
confirmed by secondary electron (SE) images and the fact that the un-
indexed regions still contain faint Kikuchi patterns (see supporting in-
formation (SI, Fig. S1)). Investigation of the same sample regions with
SPED, (Fig. 1(b) and 2(b)) led to a reduction of the white, non-indexed
areas. A few corresponding grains are labelled in the TKD and SPED
maps for comparison. In both samples, the percentage of indexed pixels
is increased from 80% to 90% for the Au/Ti/SiO5 sample, and from 60%
to 90% for the Au/APS/SiO, sample in the SPED data compared to TKD,
and it becomes possible to resolve smaller grains (see Table 2). The SPED
results in Fig. 2(d) suggest the preferential nucleation of (001) and (101)
grains with sizes smaller than 10 nm in the APS sample, which could not
be detected with TKD. It must be noted that the shown sample areas of
the TKD orientation maps in Figs. 1(a) and 2(a) are selected regions from
larger measured regions for illustration purposes (SI, Fig. $3). The his-
togram plots and indexing rate of the TKD maps in Figs. 1(c) and 2(c) are
based on data from the entire scanned regions (SI, Fig. S3) to obtain
better statistics and to partially compensate for the inevitable influence
of contamination when investigating the same sample area. The TKD
experiments were conducted after the SPED experiments, thus both the
indexing rate and the pattern quality metric of the TKD maps may have
been reduced in regions where the two maps overlap due to the beam
induced specimen contamination. Consequently, the choice to not
perfectly overlap the SPED and TKD experiments better accomodates for
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Fig. 1. IPF-Z maps of the Au/Ti/SiO, sample acquired by a) TKD standard mode, b) SPED, showing regions with identical grains, labelled A, B and C in both datasets.
Figure ¢) and d) present histograms with size distributions of (100), (101) and (111) grains and e) and f) the total grain size distribution of each sample. Highlighted
areas (yellow boxes) are discussed in more detail later (Fig. 3). The TKD detection of <100>, <101> grains in the Au/Ti/SiO, sample is insufficient to present
comparable histograms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



M.F. Heinig et al.

Materials Characterization 189 (2022) 111931

001

Cc
= ) 001 101 1M1 d) 001 101 111
= 400 800
g average diameter average diameter average diameter gqo| average diameter average diameter average diameter
5 200 11£3nm 11£5nm 1448nm 400 7+2nm 6+3nm 8+4nm
e} 200
& 0 0

0 20 40 60 80 0O 20 40 60 800 20 40 60 80 0 20 40 60 8 0O 20 40 60 80 0 20 40 60 80
e)
3000

» 1000 0

;= . = .

© Average diameter = 14+7nm © 2000 Average diameter = 7+3nm

o o

w50

5 50 S 1000

o o

P4 =

00 20 40 60 80 00 20 40 80 80

Diameter (nm)

Diameter (nm)

Fig. 2. IPF-Z maps of the Au/APS/SiO, sample acquired by a) TKD standard mode and b) SPED, showing regions with identical grains, labelled A, B and C in both
datasets. Figure c¢) and d) present histograms with size distribution of the <100>, <101> and <111> grains and e) and f) the total grain size distribution of

each sample.

Table 2
Mean grain size and standard deviation for both samples in standard mode TKD
and SPED.

Sample Standard mode TKD SPED
Mean value Std. dev. Mean value Std. dev.
[nm] [nm] [nm] [nm]
Au/Ti/Si0O, 20 14 9 7
Au/APS/
$i0s 14 7 7 3

the evaluation of the contamination effects on the resolved micro-
structure (SI Fig. S3). For the Au/Ti/SiO, microstructure (Fig. S3a) a
small improvement in indexing rate could be observed on the region
only mapped with TKD. However, for Au/APS/SiO, microstructure,
such improvement was not observed, indicating that specimen
contamination was not the major factor contributing to the large frac-
tion of unindexed points. In the future, it would be interesting to eval-
uate whether the order in which the measurements (TKD and SPED) are
performed has an influence on the indexing rate and the resolved
microstructure.

3.2. Highlighting some differences

Figs. 1 and 2 reveal significant differences in the mean grain size
distribution between the orientation maps obtained by TKD and SPED

and confirm the higher spatial resolution of SPED, which will be dis-
cussed later (Table 3). Furthermore, experimental factors such as drift
and contamination, as well as induced beam damage due to repetitive
measurements of the same sample regions also contribute to these
differences.

In order to highlight some of the differences between the results
obtained by TKD and SPED, a detailed analysis of the region around the
labelled grain C of the Au/Ti/SiO5 sample in Fig. 1 is presented in Fig. 3.
This sample was chosen since its larger average grain size minimizes the
effects of overlapping grains (SPED) and resolution limit (TKD).
Nevertheless, we observe differences between the results from the two
techniques. The ADF STEM image of the region in Fig. 3(a) was used as a
reference. The IPF-Z maps from TKD and SPED of the region (Figs. 3(b)
and (c)) show differences in terms of lateral spatial resolution (Fig. 3(d),
(e)) and orientation indexing (Fig. 3(f), (g)). Fig. 3(b)-(e) clearly show
that SPED can resolve smaller structural features, such as twins within
the grain shown in Fig. 3(d) and (e), which is confirmed by the STEM
ADF image. These twins are not resolved by the present TKD experiment
(Fig. 3d). Even a careful investigation of the Kikuchi patterns within this
grain does not reveal the presence of twins, indicating insufficient

Table 3
Physical spatial resolution calculated according to standard mode TKD and
SPED.

Standard mode TKD SPED

Physical spatial resolution 8.7 £ 0.5 nm 5.2 + 0.2 nm
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Fig. 3. STEM ADF image and IPF-Z maps of Au/Ti/SiO2 recorded by b) TKD standard mode and ¢) SPED. The selected area in a) STEM reference showing region with
prominent grains d), e) high-lighting resolution (resolving twins) and indexing differences in SPED compared to f), g) in TKD. Grain labeled C in Fig. 1(a, b).

diffraction signal for Kikuchi diffraction analysis at 30 kV accelerating
voltage from such small volumes. On the other hand, the grain high-
lighted in (f) and (g) points to misindexing of grains by the template
matching process. Investigation of the raw diffraction patterns reveals a
potential mismatch within the SPED map, due to the ambiguity of the
patterns in <114> and <101> direction, resulting in a misindexed grain
(see Fig. S2 in the SI). SPED is able to index the entire sample including
nni-sized features, however the indexing software allocate a solution to
every pixel and selects the most prominent diffraction pattern, which
might not always represent the 3D sample configuration.

A careful comparison between the STEM ADF image and the SPED
and TKD orientation map from another area within Fig. 3(a) is shown in
the supporting information Fig. S6. The STEM images (Fig. 3 and S6)
reveal small and dispersed areas (in the order of 20 nm) where the film
thickness appears to be thinner than the rest of the film, and where the
microstructure is finer. All grains indexed by TKD were also observed in
the STEM images. The few unindexed areas are located on the regions
where the film appears thinner (and the microstructure finer). Thus, lack
of sufficient diffraction volume and lateral spatial resolution may be the
major factor contributing to the absence of TKD data. However, in some
of these areas, patterns are observed but not indexed, indicating that the
indexing criteria (minimum 5 bands) also contributes to the lack of
orientation information. By comparing the SPED data with the STEM
images, it is possible to observe that some grains indexed in the orien-
tation map are not visible in the STEM image (Fig. S6 a and c). A further
inspection of the matching correlation index values (Fig. S6 d) reveals a
worst matching between the recorded diffraction pattern and the
generated template for these areas, indicating indexing weakness of this
method. In general, direct comparison between the matching correlation
index map with the STEM ADF image reveals very good agreement,
showing that the doubtful indexed areas of the map are a result of cor-
relation criteria chosen here (reliability value of 5) and the indexing
procedure applied. It is evident that improvement in the indexing pro-
cedure and a better metric for quality of indexing are required.

These results emphasize the challenge of obtaining accurate micro-
structure and texture determination of ultrathin films containing many
grains with sub-10 nm dimensions. First, both thickness and lateral grain
dimensions in such films provide challenges for TKD, in terms of signal-
to-noise detection (small volume for Kikuchi diffraction) and achievable
lateral spatial resolution, pushing TKD analysis to its limits. Second,
although SPED provides the necessary resolution to overcome these
challenges, its indexing routine still can be improved. Currently, intense
spots near the direct beam tend to be assigned higher weights in the
automated template matching procedure, causing indexation errors

such as the one shown in Fig. 3(g). New detectors with improved signal-
to-noise ratio (SNR) and better dynamic range, combined with new
methods to facilitate the indexing of spots further out in the reciprocal
space, were recently demonstrated [39] as promising pathways to
resolve such issues.

Previous studies have reported that the specimen thickness has a
large effect on the TKD signal [25], both in terms of the intensity of the
Kikuchi signal and of the background intensity. Liu et al. [25] discussed
the influence of thermal diffuse scattering on the background intensity
of the patterns and suggested a high background intensity in Kikuchi
patterns from Au films thinner than 12 nm. Furthermore, it has also been
suggested that the minimum thickness for Kikuchi scattering is on the
order of one-fourth of the electron extinction distance [40], which
means if the diffraction signal arises from grains smaller than 2.5 to 6 nm
at 30 kV (Au samples), no Kikuchi diffraction signal would be detected
and clearly indexed. Both limitations were observed in the microstruc-
ture study of the Au films presented in Figs. 1, 2 and 3. First, the sample
thickness of 10 nm reduces the Kikuchi pattern contrast in comparison to
background intensity, and in several regions of the thin films, the
automated indexing routine was unable to identify at least 5 Kikuchi
bands to provide crystal orientation. New approaches [41] to average
the signal of neighboring points and enhance the signal-to-background
intensity are possible methodologies to overcome insufficient index-
ing. Moreover, it is also evident that some microstructural features are
smaller than the minimum thickness for Kikuchi scattering (e.g., width
of twins in Fig. 3(d)), consequently these features are completely missed
by the TKD technique and would only be resolved in the SEM with
additional information from spot patterns.

3.3. Spatial resolution

The physical spatial resolution (PSR) differs from the effective spatial
resolution. The latter describes the effectively achievable spatial reso-
lution obtained after pattern indexing. Overlapping signals appear at the
proximity of a grain boundary and by multiple grains within the thick-
ness. To investigate the physical spatial resolution of the diffraction
measurements we used the pattern recognition routine described by
Niessen et al. [21] to determine the PSR of TKD according to Zaefferer
etal. [32]. The PSR describes the first appearance of a Kikuchi pattern in
a neighboring grain [21], which was extended here to apply also to spot
patterns, as shown in Fig. 4. The PSR is determined in each case by
analyzing linescans over well-defined high-angle grain boundaries
(HAGB) to identify the appearance of neighboring patterns. The results
of this analysis are listed in Table 3. Both diffraction experiments used a
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Fig. 4. Diffraction patterns recorded by a) standard mode TKD and b) SPED with a linescan (pattern position is colour-coded: “red-yellow-green”) of the Au/Ti/SiO,
sample across same HAGBs (misorientation >50°) to determine the PSR of both measurements. The linescan is applied at the grain boundary I-II of a selected grain,
labelled ‘A’, and results in an overlap of two diffraction patterns visualized in green and red, in the center of a) and b) respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

2 nm step size, and the presented values are average PSRs over 5 HAGBs
with their corresponding standard deviations (see Fig. S4 in SI for more
details). The results in Table 3 are in-line with the qualitative observa-
tions of discrepancies between the average grain sizes measured by the
two techniques, as TKD is unable to resolve many of the sub-10 nm
grains present in the sample and thus, provides a spuriously larger
average grain size. The smaller probe size in TEM naturally leads to the
better PSR of SPED. It is important to point out that the PSR is also
related to the depth from which the signal originates. Since spot pat-
terns, in contrast to the Kikuchi patterns, originate from the entire
sample thickness, the volume contributing to the diffraction signal in
SPED can be larger than in TKD and overlapping signal from multiple
grains within the thickness can influence the PSR results.

In this context it should be emphasized that orientation mapping also
has an effective spatial resolution (ESR), which is defined by the ability
of the indexing software to clearly distinguish between two overlapping
patterns at a grain boundary (or within the PSR) [21]. The ESR is, in
most of the cases, the spatial resolution provided in the literature
[23,42] as it is the most significant for the resulting microstructure
resolution. The ESR can be qualitatively estimated by investigating the
number of non-indexed pixels at the grain boundaries. Although the PSR
of on-axis TKD is inferior to SPED, for both techniques only a few single
pixels at the grain boundaries are left un-indexed, leading to an ESR in
the order of 2-4 nm for TKD and SPED, similar to the results previously
presented in the literature [23,42]. On the other hand, the ESR signifi-
cantly depends on the SNR of the patterns, the applied indexing routines
and their set criteria. These effects play a significant role in the observed
mean grain size differences in the orientation maps obtained by SPED
and TKD (Figs. 1 and 2). The indexing system applied here on the
Kikuchi patterns predefines a minimum of 5 Kikuchi bands for obtaining
the crystal orientation of the pattern. The combination of weak
diffraction signal (due to the sample thickness and current detector
technology), fraction of overlapping patterns (due to a PSR relative to
the grain size) and the set indexing pre-requisite hamper the orientation
information from small grains. In addition, contamination and beam

damage can reduce the SNR, which is a limiting factor for orientation
indexing by means of TKD. In contrast, spot patterns used in SPED have a
better SNR, and the indexing approach utilized for SPED orientation
mapping is based on finding the best template matching solution. Sub-
sequently, by careful evaluation, a reliability threshold is defined, and
ambiguities and uncertainties are removed from the orientation map.
Although both approaches allow orientation determination, the differ-
ences in the criteria and limiting characteristics make direct comparison
less straight forward. Patterns from TKD with weak signals are difficult
to index, particularly when these consist of overlapping diffraction
signal from neighboring grains. On the other hand, as SPED data analysis
always provides a solution, but not necessarily the correct one, it is
therefore up to the user to evaluate the data and define its criteria. The
reliability index scale is case dependent, and thresholding is subjective,
and data set dependent. The example shown in Fig. 3(g) and S6(c) il-
lustrates that even by careful definition of the reliability threshold (here
done by comparing the STEM ADF images with the SPED data), mis-
indexing can still occur. However, it should be noted that this anom-
aly is an exception as most grains indexed by TKD and SPED are in good
agreement, which supports the choice of the reliability value of 5. Open-
source initiatives such as used in Bergh et al. [43] like the pyXem soft-
ware are under development to improve data evaluation and build more
transparent analysis tools for diffraction datasets.

3.4. Improving TKD spatial resolution in immersion mode

The analysis above indicates, unsurprisingly, that the probe size is
one of the experimental parameters affecting the physical spatial reso-
lution of microstructural analysis. Moreover, a negligible amount of
spread of the incoming electron beam over the 10 nm thin films for both
TKD and SPED experiments is expected. With the aim of improving the
PSR of the TKD orientation map, we performed a TKD investigation of
the sample with the SEM in the immersion mode. In this mode, the
magnetic field within the electron column of the microscope is extended,
giving a finer probe. Fig. 5 presents TKD orientation maps of the same
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Fig. 5. IPF-Z maps acquired by TKD in a) standard mode and b) immersion mode of the same Au/Ti/SiO, sample area. Yellow arrows highlight the ability of the
immersion mode to resolve fine structures, like twins in Figure b). The histograms in ¢), d) present the size distribution of the <100>, <101> and <111> grains and
e), f) the total grain size distribution of the sample. The detection of <100>, <101> grains by the standard mode TKD is insufficient to present comparable his-
tograms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

region of the Au/Ti/SiO, specimen performed in standard and immer-
sion mode along with their respective grain size distribution histograms.

Comparison of the two maps in Fig. 5(a) and (b) clearly shows that
the immersion mode can resolve and index smaller grains and details
within the microstructure over the same field of view. As a result, finer
microstructural features, such as twins (highlighted by arrows in Fig. 5)
can be resolved with the immersion mode (Fig. 5(b)), similar to SPED
analysis. The measured average grain size reduces from 18 + 12 nm in
standard mode to 11 £ 7 nm in immersion mode. Moreover, a larger
number of <001> and <101> oriented grains are detected by the im-
mersion mode compared to the standard mode (less than 50 grains), and
as observed by the SPED texture analysis. Grains with these orientations
tend to have smaller lateral dimensions [44] and are at the detection
limit of standard TKD; however the limited number of <001> and
<101> oriented grains are used as a qualitative analysis. The improved
indexing rate in immersion mode is also reflected by the total number of
indexed grains, which increases from ~1200 to over ~2800 applying
the same data processing. Subsequently, a more accurate determination
of the grain boundary fractions is achieved, as shown in Fig. S5. The PSR
of the immersion mode is determined to be 5.4 + 0.3 nm, following the
same principle as before in Fig. 4, which shows a substantial improve-
ment compared to the standard mode and is comparable to SPED (See
Table 3).

The improved spatial resolution demonstrated by the TKD investi-
gation in immersion mode is a promising step toward offering an
adequate solution for nanocrystalline material characterization in the
SEM. With this approach the PSR limitation of the SEM orientation

technique is reduced, closing the gap between TKD and SPED for the
analysis of nanocrystalline thin films. However, there is still a larger
number of unindexed points in the orientation map (—15% unindexed).
The reduction of the probe size in immersion mode should mostly affect
the PSR, and only indirectly the ESR. This is because the ESR is strongly
related to the indexing routine, but also dependent on the PSR, and
overlapping patterns. Consequently, further improvements in respect to
indexing routines are still required. Moreover, additional investigations
to account for sample composition, thickness, and microscope parame-
ters for immersion mode TKD are needed. Finally, it is expected that this
advantage is limited to non-magnetic samples.

4. Conclusion

Electron microscopy techniques for crystal orientation mapping with
nm-scale spatial resolution provide the best-suited platform to charac-
terize ultrathin films. In this work, we demonstrate that the film thick-
ness and lateral grain dimensions, pose challenges for conventional on-
axis TKD in SEM. SPED in TEM has a higher spatial resolution and
thereby a more complete characterization can be achieved. In fact, the
ultrathin films minimize the risk of overlapping crystals, commonly
affecting the accuracy of the spot pattern based automated crystal
orientation determination and make our samples ideal for SPED. Both
TKD and SPED reveal the microstructure and orientation of the ultrathin
films, yet their physical spatial resolution (PSR of 8.7 nm vs 5.2 nm) and
different orientation indexing methodologies lead to differences in grain
size and orientation distributions. It is demonstrated that on-axis TKD in



M.F. Heinig et al.

immersion mode improves the PSR of TKD to 5.4 nm, which is close to
that of SPED and enables the detection of fine microstructural features
(e.g., nano-twins). This is a promising approach toward improving TKD
characterization of ultrathin films with average grain size below 20 nm.
While on-axis TKD only provides a solution if at least 5 Kikuchi bands
are indexed by the automated routine, SPED always provides a solution,
and thus, requires careful evaluation of the reliability criteria to ensure
accurate microstructure description. Most of the very fine grains (<
10-15 nm) remain unresolved by TKD, due to either overlapping
Kikuchi signal from adjacent grains or lack of sufficient signal from small
crystal volumes. On the other hand, SPED can provide misleading finer
grain sizes, due to indexing uncertainties. To further improve crystal-
lographic description of sub-10 nm size microstructures it is essential to
continue improving the indexing procedures of both techniques.

In general, the thinner the film, the more advantageous is SPED, as it
is based on indexing spot patterns, which are available even for mono-
layer films. When sufficient thickness for the formation of Kikuchi pat-
terns in the sample is available, TKD offers a good approach for accurate
crystal orientation mapping, particularly considering angular resolution
and the accessibility of the SEM-based techniques. However, if the
microstructure is significantly finer than the film thickness, indexing
ambiguities become a considerable challenge for SPED and sufficient
diffraction volume from individual microstructure poses a challenge for
TKD. Ultimately, combining both diffraction signals in a single tech-
nique would offer the best crystal orientation mapping solution for thin
film characterization.

5. Data Availability

The raw and porecessed data require to reporduce these findings can
be provided upon request.
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