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Formation of Nanoporous Gold Studied by
Transmission Electron Backscatter Diffraction
Leo T.H. de Jeer, Diego Ribas Gomes, Jorrit E. Nijholt, Rik van Bremen, Václav Ocelík,* and
Jeff Th.M. De Hosson

Department of Applied Physics, Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747 AG
Groningen, The Netherlands

Abstract: Transmission electron backscatter diffraction (t-EBSD) was used to investigate the effect of dealloying
on the microstructure of 140-nm thin gold foils. Statistical and local comparisons of the microstructure between
the nonetched and nanoporous gold foils were made. Analyses of crystallographic texture, misorientation
distribution, and grain structure clearly prove that during the dealloying manufacturing process of nanoporous
materials the crystallographic texture is enhanced significantly with a clear decrease of internal strain, whereas
maintaining the grain structure.
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INTRODUCTION

Transmission electron backscatter diffraction (t-EBSD) is a
recent technique for microstructural analysis and it is based
on the collection of Kikuchi diffraction patterns generated by
the transmitted electrons in a scanning electron microscope
(SEM). A key point is that the resolution is enhanced
over the resolution achieved through standard EBSD mode
(Keller & Geiss, 2012; Suzuki, 2013; Brodusch et al., 2013a,
2013b). The advent of this method has led to a multiple
nomenclature like SEM transmission Kikuchi diffraction
(Trimby, 2012) and also transmission electron forward
scattered diffraction (Brodusch et al., 2013a, 2013b). In this
paper, we stick to the term that was coined in the
original publication, namely t-EBSD (Geiss et al., 2011). The
aforementioned improvement in resolution is owing to the
smaller beam diameter at the exit plane of the specimen
surface (Keller & Geiss, 2012). Another advantage of t-EBSD
includes the fact that the technique is accessible for all
instrumental setups with an EBSD system, provided that the
specimen is like transmission electron microscope
(TEM) electron transparent at SEM acceleration voltages
and that it can be tilted in the opposite direction compared
with the standard EBSD case (Keller & Geiss, 2012; Trimby,
2012; Brodusch et al., 2013a, 2013b; Suzuki, 2013).

The starting point of our work is a thin gold foil and in
itself this seems to be a rather outdated and even ancient
topic as the processing technology for producing thin gold
leaves or foils with thicknesses as small as 300 nm have been
known for a long time, i.e., even dating back to 2690 BCE

(Thomsen & Thomsen, 1978; Nicholson, 1979). Several metals

fracture at a thickness of around 1 µm (Nutting & Nuttall,
1977). However, the ability of gold to be deformed by
cold rolling and hammering down to a thickness of about
250–500 atoms without any annealing steps makes it a
unique material. This special behavior of Au foils has been
attributed to the absence of an oxide film on the surface and
as a consequence the ability of dislocations to escape from
the foil when it becomes plastically deformed (Nutting &
Nuttall, 1977).

As will be shown in the following, it is argued that the
t-EBSD method is a valuable tool to unravel the detailed
processing steps when making highly porous nanostructured
materials. In particular, nanoporous materials have drawn
considerable attention owing to remarkable mechanical
behavior (Jin et al., 2009) and exotic properties that arise
from its high-specific surface area, pore size, and ligament
size, which can be easily controlled by cost-effective proce-
dures of chemical or electrochemical dealloying (Detsi et al.,
2011). From an application point of view nanoporous gold
(NPG) thin films and nanoparticles are surprisingly good
catalysts (Wittstock et al., 2010) and excellent plasmonic
sensors (Lang et al., 2011) for molecular-sensing applications
based on enhanced Raman scattering (Li et al., 2015) and
surface-enhanced fluorescence (Santos et al., 2015).

Computational efforts were able to describe the
nanoporous morphology and characteristics of the electro-
chemical process. The model description of the nanoporous
AuAg alloy suggests a dynamical pattern formation process
that involves aggregation of the gold atoms into clusters by
spinodal decomposition and dissolution of the silver atoms
in the electrolyte (Erlebacher et al., 2001). However, details of
the etching process are not clear, although the microstructural
evolution after etching has been studied by means of X-ray
diffraction (XRD) techniques in samples with a thickness*Corresponding author. v.ocelik@rug.nl
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of 0.1mm (Hakamada & Mabuchi, 2008; Petegem et al.,
2009), showing that the grain morphology and orientation of
the original alloy sample are sometimes maintained.

These kinds of gold foils also received attention in the
past from a scientific viewpoint (Faraday, 1857; Thomson,
1928) and the microstructure was extensively characterized
through transmission electron diffraction in the 1950s
(Hirsch et al., 1955). The gold foils that were used in our
work are described in Ding et al. (2004) and this paper will
concentrate on analysis using the relatively new technique of
t-EBSD. In the following, it will be shown that t-EBSD is a
versatile and sophisticated method that can address detailed
questions about how the microstructure and texture develop
before and after etching. In this paper, we show the micro-
structural changes by dealloying AuAg foils by t-EBSD. It
will be shown that the method governs advantages over
previously used methods for microstructure analysis such
as X-ray microdiffraction and EBSD when considering
resolution, speed, and topography information.

MATERIALS AND METHODS

Our work concentrates on an analysis of commercial 12k
(50–50 wt%) AuAg foils (Noris Blattgold GmbH,
Schwabach, Germany) with a thickness of 140 nm that were
placed onto a double folding gold TEM grid (Fig. 1). The
nanoporous foil was obtained by dealloying of the AuAg foil
by immersing the grid-mounted samples in a 65% HNO3

solution for 15 min. The etched foil was rinsed with demi-
neralized water to remove any residuals and dried in air.
Subsequently, Kikuchi patterns were collected in a Philips
XL30 field emission environmental SEM (Philips,
Eindhoven, Netherlands) equipped with an EDAX DigiView
3 CCD camera (Edax Inc., Draper, Utah, USA). An in-house

designed holder was used to position the sample in trans-
mission mode at a tilt angle of −20°, i.e., −20° between the
normal of the foil and the incident electron beam (Fig. 1). For
these experiments, a beam acceleration voltage of 30 kV and
beam current of 2.2 nA was applied. A speed of automatic
EBSD pattern indexing of 20–40 points/s was used. The
chemical composition of the foil was measured by energy-
dispersive X-ray spectroscopy (EDS) with an EDAX SUTW+
detector (Edax Inc., Draper, Utah, USA) in combination
with the Philips XL30 FEG ESEM. The size of the ligaments
in nanoporous structure after dealloying has been observed
and measured by Philips XL30S FEG SEM (Philips,
Eindhoven, Netherlands) using ultra-high-resolution mode.

To get a complete view of the change in microstructure, we
followed two different approaches to compare the micro-
structure of the nontreated and nanoporous foils. First, statistical
changes in the microstructure due to etching were documented,
as observed in a rather global view. Large areas were scanned to
have enough statistical t-EBSD sampling. A step size of 500 nm
was used with a working distance (WD) of 14 and 11mm for
the nonetched and etched foil, respectively. In the second
approach, the local microstructural changes due to etching were
observed in a more local view. The same area of the foil was
scanned before and after etching in this case. To observe the
local changes, the size of the scanned area is smaller with amuch
smaller step size compared with the statistical case. A step size of
100 nm was used with a working distance of 8mm. In both
cases, a hexagonal scan grid was applied.

The resolution of the t-EBSD method has been deter-
mined by performing line scans with a step size of 3 nm and
by measuring the change in image quality (IQ) (Wright &
Nowell, 2006) and in crystal orientation. A grain boundary is
defined in the microstructure as a boundary between two
neighboring scanning points having crystallographic

Figure 1. (Left) Schematic overview of the transmission electron backscatter diffraction set up. The sample holder fixes
the angle between the normal of the sample surface and the incident electron beam at −20°. The measured crystal
orientation is of the opposite side with the normal facing the EBSD detector. (Right) Scanning electron microscope
(SEM) images of the AuAg foil fixed in a double transmission electron microscope grid set in the in-house made sample
holder. On the SEM image the whirlpool grain morphology of the foil is already visible (Right, inset).
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misorientation larger than 5°. All t-EBSD data were acquired
using TSL OIM Data collection 7 and analyzed with TSL
OIM Analysis 7.1.1 software.

RESULTS

Microstructure Characterization of Thin AuAg Foil
The as-received AuAg foil has a 12k (50–50 wt%) AuAg alloy
content, which crystallizes in a binary solid solution
face-centered cubic (fcc) phase. EDS shows that the AuAg
contents are homogenously distributed over the foil.

An inhomogeneous grain structure was observed and it
is best described as having a whirlpool morphology with the
grains rotated around a central point. The grain shape
morphology can be recognized in the SEM inset of Figure 1,
and in Figure 2a, the inverse pole figure (IPF) maps with
(black) grain boundaries. The foil consists of large matrix
grains with some smaller grains in between.

We found that the foil has a single through thickness
grain. Two t-EBSD mappings were done on the same area
from both sample sides. As t-EBSD provides the crystal-
lographic information from the area near the exit surface of
the transmitted electrons (Keller & Geiss, 2012; Brodusch
et al., 2013a, 2013b; Suzuki, 2013) these two scans yield the
crystallographic mapping of both opposing surfaces (see
Fig. 2a). For the ease of comparison, the map on the right has
been flipped horizontally. Overall, the grain structure, grain
boundaries, and fiber axis direction are the same on

both surfaces. Up to a thickness of 140 nm, the foil usually
contains only a single through thickness grain as observed by
t-EBSD. This is also indicated by the similarity in the
observed grain structure in the SEM image, where the
information comes from the “upper” side of the foil; and
the t-EBSD grain boundaries map, that is generated from the
“bottom” side (Fig. 1). Local spots where this is not the case
hint to a local multigrain thickness of the foil (Fig. 2b), but
this is a minority of the investigated area. Most likely they are
double grain thick areas in a pancake-like structure. This
pancake-like structure has been observed by Detsi et al.
(2012) with heavily deformed cold rolled AuAg sheets.

The crystallographic texture in the nonetched AuAg foil is
strong. In Figures 3a and 3b, the texture is represented in an
IPF for crystal directions parallel to the normal of the foil sur-
face and the<001> and<111> pole figures. Two fiber axes are
found in the texture, i.e., parallel to the <111> and the <001>
direction. If we quantify the texture averaged over 18× 104

µm2, 65% of the area possesses a <001> fiber axis and 29% has
a<111> fiber axis. The other 6% has a random orientation. An
example of the distribution of the two fiber axes is seen in
Figure 2a in which we observe the<001> and<111> fiber axis
characterized by two colors: red and blue, respectively.

The boundaries between grains are related to grains with
different fiber axes. The majority of the grain boundaries
coincide with grain boundaries going from the <001> to the
<111> fiber axis, as expected. However, also grain boundaries
are found between grains with the same fiber axis. This is clearly
shown in Figure 2a in which the grain boundary also runs

Figure 2. a: [001] Inverse pole figure maps of opposite surfaces from the same area of the AuAg foil with grain bound-
aries indicated by black lines. The right map is vertically flipped for the ease of comparison. The majority of the areas
have the same grain size and morphology, and the same fiber axis as at the opposite site of the area. This strongly sug-
gests a one grain thickness. b: Possible configurations of grains through the thickness: (1) one grain thickness, (2) pan-
cake configuration, (3) multigrain thickness.
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through a<001> direction (red) surface. In general, we can say
that the misorientation angle is smaller between grains with
similar fiber axes than between grains with different fiber axes.

The origin of this strong texture is based upon the roll-
ing and the hammering production steps of the AuAg film.
Cold rolling of an fcc material results in a strong <011> fiber
texture parallel to normal direction (ND). However, also a
<111> fiber texture can be present after rolling if more
annealing steps are included (Detsi et al., 2012). Hammering
on the other hand results in a strong <001> fiber texture
(Hirsch et al., 1955). Apparently, the hammering step was
the most recent step and therefore has the largest impact on
the final texture of the AuAg foil. However, as one defor-
mation mode does not annihilate the texture of the previous
deformation mode a combination of<001> and<111> fiber
texture is found in highly plastically deformed AuAg foils.

In the IPF map (Fig. 2a), we observe distinct variations
in fiber axis within the large matrix grain. The spread
in orientation within the grain is large but the local mis-
orientation is smaller than 5°. The same local fiber axis
variations are found on the other side of the foil, also
suggesting that these variations in fiber axis are preserved
through the thickness of the specimen. A good IQ of observed
EBSD patterns and clear detection of grain boundaries allowed

testing of the resolution of the t-EBSD technique in our
particular case (140-nm thick AuAg foil, 30 kV acceleration
voltage and −20° tilting angle).

We found a resolution of 39 nm with the t-EBSD tech-
nique on the nonporous films and this corresponds well with
resolution calculated by Monte Carlo simulation with use of
the identical geometry of sample and detector positions
(Bremen et al., 2015). Single line scans with 3 nm steps
were performed in the direction parallel to the transversal
direction (TD). There is no beam distortion in this direction
of scanning and therefore an enhanced resolution is expected
(Bremen et al., 2015). The measured crystal misorientation
value was used to identify the position of the grain boundary
and the width of the Kikuchi pattern. The IQ valley was
measured as the distance between the two local IQ maxima.
A typical local minimum of IQ parameter through a line scan
over one grain boundary is shown in Figure 4. The best
resolution achieved in these data sets of 26 boundaries was
39 nm. The resolution distribution is shown in the attached
box plot in Figure 5 and agrees quite well with previous
reports for bulk samples (Zaefferer, 2007; Keller & Geiss,
2012). The scatter is relatively large, but one must consider
a few factors that would impact the measured IQ drop, e.g.,
the angle of the boundaries with respect to the foil normal

Figure 3. Texture of the nonetched AuAg foil. a: The inverse pole figure (equal area projection) shows that the AuAg foil
has two fiber axes <001>||ND and <111>||ND; (b) The pole figure (equal area projection) of the <001> fiber axis and
<111> fiber axis, respectively, show that the orientation within a fiber are distributed homogenously before etching.

Figure 4. (Left) Schematic of the procedure to assess resolution. A line scan with step size 3 nm is performed over a
grain boundary in transversal direction to measure the crystal orientation and image quality (IQ). (Right) The width of
the IQ-values valley along the grain boundary gives the physical resolution of the transmission electron backscatter
diffraction method for the AuAg foil.
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were not controlled. There is also an effect from the
misorientation between grains, with a perceived inverse
relationship with a resolution marked by the regression line
in Figure 5.

Comparison of Nonetched and NPG Samples
We make a distinction between a global analysis in which
large scans of different areas were made, and a local case in
which the same area has been scanned before and after
etching for 15 min in HNO3 solution. By combining those
two cases, we get a full picture of the microstructural changes
during formation of nanoporous gold by dealloying process.
The general grain morphology found after etching is one
with large matrix grains having whirlpool morphology with
some smaller grains inside. This is very similar to our
observations of the nonporous foil. The smaller grains are
somewhat elongated and are clustered within the large grain.
Owing to the dealloying, the foil has on both sides a nano-
porous microstructure with ligaments of 10–20 nm and EDS
showed 8 at% of retained Ag.

No change is observed in the grain size distribution
owing to the violent dealloying process and therefore no
extra grain boundaries are created. The comparison of grain
size distribution before and after etching is shown in
Figure 6. The overall grain distribution before and after
dealloying is very similar for either small or large grains.
However differences are noticed for grains larger than
200 µm2. These differences are owing to the inhomogeneity
of grain sizes in the foil. The grain morphology is such that a
large matrix grain is present with smaller grain spread in the
matrix grain. Depending on the place and size of scanned
area the distribution of large grains may vary. Therefore, the
spread in the bigger grains is larger than in the smaller
grains. Moreover, etching has a small local effect on the grain
morphology, see Figure 7. Figure 7 is the [001] IPF map with
crystal direction parallel to the normal of the foil. The black

lines denote the grain boundaries. The grain size distribution
is similar as in the global case.

The character of the through thickness grain is preserved
after etching. A scan is made from both surfaces and the same
features as described to the nonetched foil (same grain
morphology, same fiber axis orientation for opposite points in
the foil) are found in the etched foil. Therefore, it is concluded
that no new grain boundaries through the thickness of the foil
are created during the etching process.

We found a conservation and even enhancement of the
overall crystallographic texture (<001> and <111> fiber
texture) after etching. Both in the <001> and <111> fiber,
we observe an increase in volume fraction. The <111> pole
plots of the texture and distribution of pole density, for the
nonporous and the nanoporous foils, are shown in Figure 8.
The peaks at 0 and 70.5° correspond to the <111> fiber axis
and the peak at 54.7° correspond to the <001> fiber axis.
Both the peaks at 54.7 and 70.5° are narrowed and increased
in height after etching. For the <001> fiber axis volume
fraction increases from 51.9 to 66.5%. For the <111> fiber
axis volume fraction increases from 16.4 to 22.2%, therefore
increasing the volume fractions significantly by 30%. This
enhancement of the texture can already be observed in
Figure 7 by the distinct difference in color corresponding to
fiber axes. So, crystals within a fiber orientation will rotate to
a specific orientation, but also more crystals outside a fiber
will rotate to an orientation within a fiber.

The accumulated strain within the sample is reduced by
etching, which is measured by the average misorientation
inside one grain. The large orientation spread in large grains
indicates that there is not only strain near the grain bound-
aries, but also within the grain interior. Therefore, two mis-
orientation distributions are interesting: at the grain boundary
and within the interior of the grains.

Etching reduces the high-angle grain boundary and
enhances twinning boundaries in the foil. The misorientation

Figure 5. (Left) Distribution of the width of the image quality
valley for 26 grain boundaries as a function of the misorientation
of the grain boundary. (Right) Box plot of the distribution displays
the median physical resolution (horizontal line) and 50% interval
(box) with at both sides a 25% interval.

Figure 6. Grain size distribution before (black) and after etching
(red). The overall grain size distribution does not change significantly
after etching. Any difference is owing to the nature of the foil and
dependent on the scanned area.
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distribution of the grain boundaries for the nonetched and
an etched foil are shown in Figure 9a and are not
random. We can observe a distinct difference between these
two distributions. In the nonetched foil, we observe a peak at
high-angle boundaries (50–60°), which corresponds to the
grain boundaries between grains with a <111> and <001>
fiber axes. Another separate peak is found at 60° indicating
that twinning plays a significant role within the foil, which is
likely for gold and silver having both a low stacking fold
energy. After etching we observe an increase in low-angle
grain boundary density (5–15°). The minor peak in the
low-angle regime boundary (5–15°) corresponds to grain
boundaries between grains with similar fiber axes. A decrease
in the high-angle grain boundary density is observed.
However, the separate peak at 60° is even increasing.

The misorientation within the grain is reduced after
etching. Both the grain orientation spread (GOS) distribu-
tion and kernel average misorientation (KAM) (Saraf, 2011)
are used as a measure of the internal misorientation within
grains. The GOS calculates the spread of orientation by
calculating the sum of the orientation difference with respect
to the average grain orientation. It is normalized for grain
size and is shown in Figure 9b. The fraction of grains with a
GOS> 1° is reduced, whereas the fraction of grains with
GOS< 1° is increased. The KAM analysis calculates the
average misorientation from a central point with respect to
perimeter points with a certain distance, if and only if the
perimeter point lies in the same grain. To measure the effect
of etching on the long and short range distance within a
grain the KAM has been calculated for different distances.
Figure 10a shows the distribution of the KAM of the
nonetched and etched area for 100, 200, 400, and 800 nm
distances. The larger the distance from the kernel the larger
the average KAM becomes. Moreover, the point-to-origin
misorientation profile of the same line on the foil is taken
before and after etching in Figure 10b. We observe the small
misorientation at the short range and an increase in mis-
orientation with respect to the origin at the long range. For
the nanoporous foil, the short and long range misorientation
is lower than for the nonetched foil.

DISCUSSION

From the analysis we found that etching does influence
slightly the grain structure and morphology of the foil. In
Figure 7, we observe multiple locations where small changes
are visible, pointed out by arrows. These changes are
characterized by the appearance and disappearance of grain
boundaries, which had been defined as a line between points
with a misorientation higher than 5°.

It must be realized that a quantitative texture char-
acterization requires a number of grains in the order of 104

Figure 7. [001] Inverse pole figure map of an area of the AuAg foil before (left) and after (right) dealloying. Black lines
represent grain boundaries. The arrows denote locations with a changed grain boundary. Etching does not affect the
grain size and morphology in general.

Figure 8. <111> Pole plots for the nonetched foil (black) and the
etched foil (red). The pole distributions at 0 and 70.5° correspond
to poles of <111> and pole distribution at 54.7 to <001>. After
etching the peak of the distribution becomes larger and the width
of the distribution narrower for both <001> and <111> peaks.
Therefore, the texture becomes stronger due to etching.
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(Abhijit Brahme, 2012). The fact that the AuAg foil has
large grains makes it difficult to reach this number in one
orientation imaging microscopy (OIM) scan. So the texture
analysis is a way to clarify what globally occurs with the
orientation distribution of the crystals and as we can scan
the same area before and after the etching process, we can

provide a texture analysis for local changes. For instance, the
enhancement of the texture is clearly visible if we make a
local microstructure comparison before and after dealloying.
Compared with the global case, we found less low and
high-angle boundaries, however, already a significant peak
at 60° appears. After dealloying, we observe no peak at the

Figure 10. a: Kernel average misorientation distribution for the nonetched area (left) and the etched area (right) for
distances of 100, 200, 400, and 800 nm with respect to a central point. Short range misorientations (100, 200 nm)
are reduced due to etching, long range misorientations (400, 800 nm) stay similar. The reduction of strain therefore
happens locally. b: Point-to-origin misorientation profile along the same line within one grain for the nonetched and
etched state. The deviation in misorientation profile between nonetched and etched foils starts out small and deviates
more with increasing distance.

Figure 9. a: Misorientation angle on the grain boundaries of the nonetched foil (black) and an etched foil (red). Owing
to etching there is a reduction of high-angle grain boundaries (50–58°) and an increase in low-angle grain boundaries
(5–15°) and an increase in twin boundaries (60°). b: Grain orientation spread distribution shows the spread in orientation
within a particular grain. An overall slight decrease in-grain orientation spread is observed. This shows the reconfiguration
with less spread also seen in stronger fiber texture.
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low-angle boundary and a slight increase in twin boundaries.
We propose that high-angle grain boundaries form the
nuclei for etching, and owing to the high mobility of atoms in
those regions, the removal of an Ag atom can occur easier.
The gold atoms reorganize and agglomerate at gold islands.
The process results in a low misorientation, low-angle grain
boundary, or a twin boundary dependent on the initial surface
properties of those gold islands.

We observed a very distinct change in the original
crystallographic texture owing to dealloying, namely
strengthening of the<111> and<001> fiber axis, in contrast
with Petegem et al. (2009), who concluded that dealloying
fully preserves the original crystallographic structure. That
study also stated that the orientation spread within the
grains increased, while we observed the opposite effect.
After etching, the distributions of the KAM for the different
ranges are shifted to smaller angles (Fig. 10a). For the short
distance misorientation, the distribution peaks shift from
0.29 to 0.13° for 100 nm distance and from 0.39 to 0.28° for
200 nm distance, indicating that the average misorientation
becomes smaller after etching. For the long distance
misorientation of 400 and 800 nm no significant difference
in the misorientation distribution is observed. These effects
indicate that the misorientation distribution within the
interior of a grain becomes smaller and hence more homo-
geneous owing to etching. The decrease in overall KAM and
a decrease in orientation spread within the grains after
etching clearly prove that a small amount of strain is
removed during dealloying. It is reasonable to attribute this
contrast in Petegem’s study to the difference in thickness of
the studied specimens, two orders of magnitude apart. It can
be argued that the small thickness of the present work’s
specimens allows for smaller concentration and expansion
mismatches and easier strain relaxation by diffusion.

Dotzler et al. (2011) identified tensile and compressive
components in the shifts of XRD peak profiles during
dealloying of 100 nm thick foils, which were related to
the radial and axial direction of the formed ligaments.

This observation was claimed to be a strong evidence for a
preferred orientation of ligaments in the <00n> directions
and this is strengthened by our findings. The simulations of
the evolution of nanoporosity in binary gold–silver systems
presented by Erlebacher et al. (2001) suggest a movement
of gold atoms in the plane, which are in contact with the
etching solvent. These gold atoms in the plane move to
agglomerations of gold to form islands in the plane owing to
reduction of surface energy. In this way, a strained structure
would be relaxed by the removal of the silver atoms, so that
the remaining islands would have a more identical orientation
owing to the absence of the previous constraint. The strain
anisotropy generated by the cylindrical shape of the gold
islands would therefore impose a preferred orientation of the
ligaments, resulting in the observed strengthened texture.

An interesting observation in the SEM images of the
dealloyed foils was the presence of relatively thick nonporous
lines coinciding with the grain boundaries, as can be seen in
Figure 11. It has been argued that the recrystallization steps
of the foils’ manufacturing process by hammering induces a
segregation of gold to the grain boundaries, preventing
etching in these regions (Ding et al., 2004). The thickness of
these lines was in the order of 100 nm. One could expect that
this feature would be absent for the case of the disappearing
grain boundaries, as it would make the grain boundary
movement much more difficult considering the lower local
diffusion of silver atoms.

We propose a simpler method to measure EBSD
resolution here. The advantages of this method are the ease
and speed with which line scans can be performed, without
the need for storage of the individual Kikuchi patterns that
requires additional available storage space and increases
collection time; and the fact that the processing is made on
text files instead of images, in this way requiring less
processing power and time. Previous studies have measured
the EBSD resolution by measuring the similarity between
registered Kikuchi patterns of two grains using techniques
based on digital image correlation (Zaefferer, 2007; Chen

Figure 11. (Left) Electron backscatter diffraction image quality map of nonetched foil with green highlighted grain
boundaries and (right) scanning electron microscope picture of etched foil. The arrows corresponds to one of the
grains in Figure 7.
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et al., 2011). This involves calculating the correlation
between successive images in the region of interest as a
function of the position for each of the crystals, adding both
curves, and measuring the full width at half maximum of the
resulting peak. The IQ parameter is a measure of the
diffraction patterns quality, and depends on factors such as
the specific experimental parameters and video processing,
and the “perfection” of the local diffraction-generating
volume’s lattice—for this reason it has been used to quanti-
tatively describe the strain distribution (Wright et al., 2011).
If so, a decrease in IQ is observed at the grain boundaries, as
the diffraction pattern is generated from two different crystals.
A potential limitation of the proposed technique concerns the
characteristic grain size of the specimen that cannot be smaller
than the beam diameter at the exit plane, as this would prevent
the local IQ to reach its (potential) maximum value, in this
way hiding or displacing its actual position. For this reason,
the resolution is defined for this method in the same way as
the physical resolution, i.e., in the case of crossing a grain
boundary the smallest distance over which the influence of the
previous crystal cannot be discerned in the diffraction pattern.
It is analogous to the distance that the incident electron beam
must cover before the exit diffraction beam moves completely
to the second grain. The effective resolution, in contrast, is
defined as the smallest distance at which the influence of a
second crystal can be discerned, and is therefore much smaller
(Zaefferer, 2011).

During our experiments several interesting observations
were made. Observing the same region of the foil before and
after dealloying was not straightforward, as a hydrocarbon
polymer develops on the sample as a consequence of the
radiation from the first EBSD mapping. This hydrocarbon
film prevents etching in that particular area. This effect was
confirmed by EDS, as shown in Figure 12. The facts that the

composition of the foil together with the formation of the
film remained practically unchanged and that no nanoporous
structure was present in this area after etching suggest that
this film must be formed on both sides of the foil. This
phenomenon could be exploited in order to create patterns
of nanoporous and solid regions in the foil via electron beam
lithography with the carbonaceous film as a resist mask, with
the resolution as good as 5 nm (Broers et al., 1996). In order
to allow SEM and OIM comparisons before and after etching

Figure 12. Scanning electron microscope (SEM) image with the scanned area for the SEM, electron backscatter diffraction
(EBSD) measurement and area where a hydrocarbon film is created. The energy-dispersive X-ray spectra show the
composition of foil after etching inside and outside the scanned area. It proves that the hydrocarbon polymer film
formation reduces the etching rate significantly in the EBSD scanned area and with it the final composition.

Figure 13. Image quality map of a 1 × 1 µm2 area of the etched
foil, with 10 nm step size. A characteristic nanoporous structure
with randomly oriented ligaments can be seen quite clearly.
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in the same region, the removal of the protective film was
accomplished by exposing the foil to a hot electric lamp in
air for 15 min before etching. Such exposure destroys the
protective film by desorbing the hydrocarbon molecules
(Egerton et al., 2004).

Another noteworthy observation is that the randomly
oriented ligaments, typical for dealloyed nanoporous metals,
could be discerned in the EBSDs IQ maps (Fig. 13) with
enough quality to allow the measurement of its characteristic
sizes. The use of IQ maps to investigate topographic features
have been reported previously, but only for bulk samples
(Wright & Nowell, 2006).

CONCLUSION

The microstructural characterization of thin AuAg foils
before and after dealloying process by t-EBSD reveals the
following facts about the formation of nanoporous gold:

∙ The majority of the 140 nm thick AuAg foil has only a
pancake structure that is conserved after dealloying.

∙ The following observations indicate consistently that
movement of atoms during dealloying results in a more
perfect lattice: (i) a strengthening of the rolling and
hammering texture, (ii) decrease of in-grain misorientation,
(iii) removal of high-angle grain boundaries, and formation
of low-angle grain and twin boundaries.

∙ The grain boundary can form the nucleation point for the
etching process.

∙ The in-plane strain decreases owing to the more perfect
lattice within the grain and on the grain boundaries by
etching, which leads to the release of stress and therefore
the shrinkage of the foil.

∙ We have observed a change in microstructure of the AuAg
foil after etching. Grain size and morphology alter only a
little due to etching.

∙ The crystallographic texture is enhanced significantly due
to etching. An increase of 30% in volume fraction of both
the <001> and <111> fiber texture occurs.

The experimental observations match with simulations
on the formation of nanoporous material as reported
in the literature.
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