© The Author 2008. plRUtR@l Bf BlegirenMicrgscery Advance Access published Septemben 2452008 vicroscopy: 1-5 (2008)

on behalf of Japanese Society of Microscopy. All rights reserved.

doi: 10.1093/jmicro/dfn018

For permissions, please e-mail: journals.permissions@oxfordjournals.org

Physical: Full-length

Comparison of TEM specimen preparation of perovskite thin
films by tripod polishing and conventional ion milling

Espen Eberg!, Asmund F. Monsen?, Thomas Tybell!-?,
Antonius T. J. van Helvoort? and Randi Holmestad?*

'Department of Electronics and Telecommunications, 2Department of Physics and >NTNU Nanolab, Norwegian
University of Science and Technology, 7491 Trondheim, Norway
*To whom correspondence should be addressed. E-mail: randi.holmestad@ntnu.no

Abstract

In this article, the effects of the transmission electron microscopy (TEM)
specimen preparation techniques, such as ion milling and tripod polish-
ing on perovskite oxides for high-resolution TEM investigation, are com-
pared. Conventional and liquid nitrogen cooled ion milling induce a new
domain orientation in thin films of STRuO3; and LaFeO; grown on (001)-
oriented SrTiO5 substrates. This is not observed in tripod-polished spec-
imens. Different ion milling rates for thin films and substrates in cross-
section specimens lead to artefacts in the interface region, degrading the
specimen quality. This is illustrated by SrRuO; and PbTiO; thin films
grown on (001)-oriented SrTiOs. By applying tripod polishing and gentle
low-angle, low-energy ion milling while cooling the sample, the effects
from specimen preparation are reduced resulting in higher quality of the
TEM study. In the process of making face-to-face cross-section specimens
by tripod polishing, it is crucial that the glue layer attaching the slabs of
material is very thin (<50 nm).

Introduction

Complex oxides, and in particular perovskites, are a class of
materials showing a number of interesting properties such
as ferroelectricity, ferromagnetism, high-T. superconductiv-
ity, gigantic magnetoresistance — or combinations of these
[1]. In order to implement these materials into devices, an
understanding of size and interface effects is needed [2,3].
Transmission electron microscopy (TEM) is a promising
technique to characterize structural, physical and chemical
properties at an atomic scale [4]. In high-resolution TEM
(HRTEM) the quality of the TEM specimens becomes a
limitation factor [5], and with the realization of aberration-
corrected TEMs, this effect is more prominent. Thus, it is
crucial that the preparation does not deteriorate the TEM
study of the specimen.

The conventional Ar-ion milling scheme can leave an
amorphous surface layer on the specimen with a thickness
up to 10 nm [6]. Such alteration leads to degradation of the
electron channelling along atom columns and hence a de-
creased contrast in atomic resolution scanning TEM (STEM)
[7]. A promising approach is to apply tripod polishing in

the specimen preparation procedure [8]. This pure mechan-
ical specimen preparation technique has previously been ap-
plied successfully to Si for imaging of single atoms using an-
nular dark field STEM (see, for example Voyles et al. [9]).
Also for III-V semiconductors, this technique has demon-
strated to give superior specimen quality compared to Ar-
ion-milled specimens [10]. For these semiconductors, the
preparation technique has proven to give thin specimens
uniform/linearly varying thickness and less surface rough-
ness compared to Ar-ion-milled specimens, as well as being
site specific. In this work, the effects of conventional Ar-ion
milling and tripod polishing of perovskite thin films and the
possibilities in applying these techniques to three perovskite
thin film systems are investigated.

Experimental details

Thin film materials

In order to probe how the specimen preparation techniques
affect the materials, three different perovskite thin film (10—
50 nm) materials were used in this study: (i) PbTiOs5 (PTO),
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Fig. 1. Schematic diagram showing the geometry of plan-view and
cross-section specimens prepared by tripod polishing. The areas of
interest are highlighted with star(s). Note that the dimensions of
film, substrate and glue layer thickness are not on scale.

(ii) STRuO;5 (SRO) and (iii) LaFeOs (LFO). These materials
represent different material classes within the perovskites,
where PTO has a tetragonal phase and is ferroelectric with a
critical temperature of 763 K [11], SRO has an orthorhom-
bic phase and shows metallic behaviour [12] and LFO has
an orthorhombic phase and is antiferromagnetic with a Néel
temperature of 740 K [13].

All the thin films were grown on (001)-oriented cubic
SrTiO; (STO) substrates by off-axis radio frequency mag-
netron sputtering [2]. Investigations by X-ray diffraction
(XRD) and atomic force microscopy contfirmed epitaxial
growth of high crystalline quality. Domain structures were
also examined by XRD.

Specimen preparation

Conventional ion-milled samples were prepared by mechan-
ical grinding, followed by dimpling and Ar-ion milling in a
Gatan Precision Ion Polishing System (PIPS). Acceleration volt-
ages of 4-4.5 kV, incident beam angle of 4° and milling times
of 1-2 h were typically used. Specimens with plan-view and
cross-section geometries were prepared.

An Allied Multiprep System was used for tripod polishing
of TEM specimens. The thin film samples were cut into
slabs of ~1 x 1-2 mm?2. When cross-section specimens were
made, two slabs were glued together with film sides facing
each other using Allied EpoxyBond 110. The two slabs were
clamped in order to provide a thin glue line and cured on
a 100°C hot plate for about 1 h. Both plan-view and cross-
section specimens were attached to a pyrex specimen holder
using super glue and allowed to cure for at least 2 h. Cross-
section specimens were attached with the interface normal
to the pyrex surface, while plan-view specimens were at-
tached with the film side facing the pyrex surface. The spec-
imen geometries are illustrated in Fig. 1.

For the cross-section specimens, a reference plane was
first polished, using diamond-lapping films (DLF). A 15-pm
grain-size DLF was used to provide a planar surface. This was
followed by 6-, 3-, 1-, 0.5- and 0.1-pwm grain DLFs remov-
ing material equivalent to three times the grain size from

the previous step [14]. Additionally, scratches caused by de-
bris had to be polished away. For the last three steps, Allied
GreenLube was used as a lubricant and the specimen load
reduced from 200 g to 50 g in order to avoid wedge chip-
ping and scratches on the surface. As a final step, the refer-
ence plane was polished using a polyurethane cloth stained
with a buffered silica solution with 20-nm particle size (Al-
lied Colloidal Silica Suspension). Between every polishing step,
the specimen was inspected for scratches and chipping of
the edges under an optical microscope. Prior to polishing the
other side, the specimen was lifted off the pyrex in an ace-
tone bath and rinsed in ethanol.

For polishing of cross-section geometry, the scheme was
the same as that for the plan-view geometry. The speci-
men was polished down to a thickness of 500 wm using
a 15-pm DLF, where a wedge angle of 2° was introduced.
The choice of wedge angle is a compromise between large
electron transparent areas (low angle) and robust specimen
(high angle) [14].

The specimens were polished down to 250-, 120- and
50-pm thickness using 15-, 6- and 3-pm DLFs, respectively.
At 50-pm thickness the load was reduced from 200 g to no
load and the specimens were polished with a 1-pm DLF and
GreenLube lubricant until thickness fringes appeared, or the
wedge started to chip off. Final polishing steps were done
with 0.5- and 0.1-pwm DLFs and 20-nm colloidal silica to fur-
ther thin the wedge to electron transparency.

Specimens which were not tripod polished to electron
transparency because of wedge chipping were thinned by
low-energy, low-angle Ar-ion milling using a Gatan Duo Ion
Mill while cooling the specimens to liquid nitrogen temper-
atures. Acceleration voltages of 3-3.5 kV, 8° incident angle
and an initial milling time of 5 min were used. This was fol-
lowed by additional 5 min at 2-2.5 kV acceleration voltage
and 8° incident angle. If the specimen was not sufficiently
thinned, the milling procedure was repeated once.

Characterization

For characterization of the specimens, two different TEMs,
a JEOL 2010F equipped with a Gatan 1K CCD camera and a
Philips LaBs CM30 using negatives, both operating at 200 kV
acceleration voltage, were used. Prior to investigations, the
specimens were usually plasma cleaned in a Fischione 1020
Plasma Cleaner for 5 min.

Results and discussion

In Fig. 2a, a STO substrate plan-view specimen prepared by
Ar-ion milling in a PIPS is shown [the specimen was me-
chanically thinned using a tripod polisher down to a thick-
ness of 5-10 um (similar thickness as grinded and dim-
pled specimens)]. Compared to the solely tripod-polished
PTO thin film plan-view specimen in Fig. 2b, several spec-
imen preparation effects can be seen. The amount of
amorphous material at the wedge, marked with arrows in
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(a) (b)
Fig. 2. Comparison of tripod polished and ion-milled specimens.
(a) HRTEM micrograph of an ion-milled STO substrate (plan-view)
specimen. The width of the amorphous surface extends over the
crystalline part and is marked with arrows, spanning from ~4 to
~13 nm. (b) HRTEM micrograph of a tripod polished PTO/STO thin

film plan-view specimen, showing a little change in phase contrast
and no amorphous surface layer.

micrograph (a), of the ion-milled specimen is significant
compared to the tripod-polished specimen. This is a perma-
nently damaged surface layer that decreases the feature con-
trast in the micrographs. It is not possible to remove this
layer using the plasma cleaner. The ion-milled sample also
suffers from thickness variations and surface roughness that
manifests as thickness and phase contrast variations. On the
other hand, in the tripod-polished specimen, there are large
areas of constant thickness showing phase contrast.

The surface roughness seen in Fig. 2a gives phase contrast
problems which make interpretation of the micrograph dif-
ficult [15]. In Fig. 2a, this is demonstrated by a change of
intensity in the lattice for different positions within the ion-
milled specimen. In the tripod-polished specimen in Fig. 2b,
there are much less phase contrast variations which make it
easier to simulate and interpret the atomic features.

The micrograph in Fig. 2b shows that the wedge is thinned
to electron transparency over large areas. With a 2° wedge
angle, the total electron transparent area is estimated to be
100 nm x 2 mm, although the whole wedge is not suitable
for HRTEM.

In Fig. 3 micrographs of a plan-view Ar-ion-milled (a) and
a tripod-polished specimen (b) from a LFO thin film sam-
ple are shown. Selected area diffraction (SAD) patterns are
shown for the ion-milled and tripod-polished specimens in
Fig. 3c and d, respectively. The ion-milled specimen shows a
third domain orientation, marked Z in the SAD pattern of
the ion-milled specimen, compared to the tripod-polished
specimen. Careful investigation by XRD showed that no
Z-domains were present prior to TEM specimen prepara-
tion. These Z-domains have epitaxial relationships [001];ro
Il [001]sto and [100]iro || [110]sto Which give a larger mis-
match (0.69%) compared to the expected domain orienta-
tions [001]cro || [100]sro and [110]iko || [001]s10 OF [001]1r0
Il [010]sto and [110]ro || [001]st0 With the lowest mismatch
(0.56%) calculated with bulk lattice parameters given by
Seo et al. [13]. These observations agree with Barber [16]

Y domain

(a)

(c)

Fig. 3. Comparison of tripod polished and ion-milled plan-view
specimens of LFO/STO thin films. (a) HRTEM micrograph of an
ion-milled LFO/STO thin film plan-view specimen. The different do-
mains are marked X, Y and Z according to domain orientation. (b)
HRTEM micrograph of a tripod polished LFO/STO thin film plan-
view specimen. The different domains are marked X and Y accord-
ing to domain orientation. (c) SAD pattern from the ion-milled
LFO/STO thin film plan-view specimen. Reflections identitying the
domains are marked X, Y and Z. (d) SAD pattern from the tripod
polished LFO/STO thin film plan-view specimen. Reflections identi-
fying the domains are marked X and Y.

who has found that ion milling in addition to introducing an
amorphous surface layer, also potentially can alter the crys-
tal structure of the sample, caused by the heating during ion
milling in various material systems.

For SRO thin films grown on STO, which have the same
growth relation as LFO, we have found that Z-domains are
present only in ion-milled TEM specimens. This has been
confirmed by Pan et al. [17]. Hence, in order to study the do-
main structure for these orthorhombic perovskite thin film
specimens, ion milling should be avoided.

For cross-section geometries the issue with different
milling rate for different species can be a problem. In Fig. 4a,
a cross-section specimen of a SRO thin film is shown. The
different milling rate of SRO compared to STO is clearly vis-
ible. The interface region is completely milled away in the
thinnest part of the sample leaving an amorphous layer. This
effect can be explained by the combination of two differ-
ent mechanisms described in the literature: (i) there are dif-
ferent milling rates caused by charging effects in the ma-
terial. Undoped STO is an insulator and so more charge
will build up and deflect incoming Art ions compared to
what happens in the metallic conductive SRO. SRO is milled
away faster than STO and will get more damage in the
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Fig. 4. llustration of different milling rates for the thin film and
substrate, respectively. (a) HRTEM micrograph of an ion-milled
SRO/STO thin film cross-section specimen. The thin film is milled
at different rates than the substrate, which results in a damaged re-
gion along the interface in the thinnest part of the specimen (see
arrow). (b) HRTEM micrograph of a tripod polished and nitrogen
cooled ion-milled PTO/STO thin film cross-section specimen. The
width of the amorphous surface extending over the crystalline part
is marked with arrows.

interface region caused by surface heating effects, since the
very thin region will only consist of the surface layer [16].
(ii) Zandbergen et al. have suggested that this effect appears
when ion-milled amorphous material fills up microcracks or
protrusions caused by stress from ion milling [18]. In order
to decrease surface roughness and preferential milling at the
interface region, the milling time must be reduced without
increasing the Ar-ion potential [19].

In Fig. 4b, a tripod-polished and low-angle, low-energy
nitrogen cooled Ar-ion-milled PTO thin film cross-section
specimen is shown. As for the SRO thin film in Fig. 4a, the
PTO thin film is milled at a different rate than the STO sub-
strate, but there is no damage in the interface region, allow-
ing for investigation of this particular part of the specimen.
Since the effect is more prominent for a specimen with larger
ditference in conductivity between thin film and substrate,
mechanism (i) is probably the most important.

Short milling time, low angle and nitrogen cooling of the
specimen result in a specimen with less surface roughness
and a thinner damaged amorphous surface layer compared
to ion milling at room temperature. This can be seen by com-
paring the width of the amorphous wedge which extends
outside the crystalline area of the specimen. In Fig. 2b (tri-
pod plan view), there is no apparent damage in the surface
layer for STO, in Fig. 2a, there is a varying width spanning
from ~4 to ~13 nm, while in Fig. 4b, the width is 2 nm
for STO and 5 nm for PTO. Note that the amorphous sur-
face layer is different from the carbonaceous contamination
layer at the edge of the specimen. This layer was removed by
5 min of plasma cleaning, and no influence on the perovskite
thin films was observed by (HR)TEM with this treatment.

It would be feasible to use only tripod polishing in spec-
imen preparation and totally avoid ion milling. For plan-
view specimens this is possible because the wedge is homo-
geneous in the lateral direction and will thus be polished

(b)

Fig. 5. Optical micrographs comparing tripod polished specimens
with thin versus thick glue line. (a) 600 nm glue line: the thickness
fringes bend outwards and become more narrow, indicating an in-
crease in the thickness at the wedge. (b) <50 nm glue line: there is
no change in the width of thickness fringes and no bending of the
wedge, indicating a smooth interface region.

evenly. However, the wedge in cross-section specimens con-
sists of at least one thin film/substrate interface and a glue
layer. The difference in material properties across the inter-
face causes the rate of polishing to be different along the
wedge. This is illustrated in Fig. 5a and b where optical mi-
crographs of two tripod-polished cross-section specimens are
shown. In Fig. 5a, the optical interference fringes bend out-
wards indicating that the wedge is thicker in this area. This
is caused by preferential polishing in the glue/specimen in-
terface and is prominent for brittle materials as perovskite
oxides. Another unwanted effect of this preferential polish-
ing is that the crystal is bent and thus the zone axis varies
with position in the specimen.

In Fig. 5b, a specimen with a very thin glue layer, be-
low the optical resolution limit, is shown. The preferential
polishing effect is significantly decreased and the thickness
fringes extend parallel to the wedge across the interface. This
indicates that the wedge is evenly thin and that the surface
normal does not change as a function of position. Inspec-
tion of this specimen in TEM contirmed this. We have found
that if the interface glue line is approximately <50 nm for
thin film perovskite specimens, preferential polishing can be
neglected. A similar conclusion has been drawn by Voyles,
Grazul and Muller [14] who found a critical glue layer thick-
ness of 100 nm for Si.

Conclusions

Ton milling can have a detrimental effect on the specimen
and the resulting quality of the TEM studies. The ion-milled
specimens have a permanently damaged, amorphous sur-
face layer that is not visible in the tripod-polished speci-
mens. For LFO and SRO thin films grown on STO substrates,
an altered crystal structure was found for the ion-milled
specimens compared to the tripod-polished specimens.
Cross-section specimens were shown to suffer from different
polishing rates creating artefacts at the interface between the
thin film and the substrate in both PTO and SRO thin films
grown on STO substrates.

For plan-view specimens, ion milling can be avoided by
the use of pure mechanical tripod polishing. This is more



E. Eberg et al. Comparison of TEM specimen preparation of perovskite thin films 5

challenging for cross-section specimens because the non-
uniformity of the wedge causes preferential polishing. This
effect is minimized with an as thin as possible glue line and
is negligible for glue line thicknesses <50 nm. In order to
prepare cross-section specimens, specimen cooled gentle ion
milling for a short period of time was applied in addition to
tripod polishing.
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