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a b s t r a c t

The X2 holder enables the effective production of thin, electron transparent samples for high-resolution
transmission electron microscopy (HRTEM). Improvements to the X2 holder for high-quality transmis-
sion electron microscopy (TEM) sample preparation are presented in this paper. We discuss the influence
of backscattered electrons (BSE) from the sample holder in determining the lamella thickness in situ and
demonstrate that a significant improvement in thickness determination can be achieved by compara-
tively simple means using the relative BSE intensity. We show (using Monte Carlo simulations) that by
taking into account the finite collection angle of the electron backscatter detector, an approximately 20%
underestimation of the lamella thickness in a silicon sample can be avoided. However, a correct
thickness determination for light-element lamellas still remains a problemwith the backscatter method;
we introduce a more accurate method using the energy dispersive X-ray spectroscopy (EDX) signal for
in situ thickness determination. Finally, we demonstrate how to produce a thin lamella with a nearly
damage-free surface using the X2 holder in combination with sub-kV polishing in the Fischione
Instruments' NanoMills TEM specimen preparation system.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Enormous improvement in TEM instrument resolution due to
hardware aberration correction [1,2] has resulted in a growing
demand for the preparation of high quality TEM samples for high-
resolution experiments. A consequence of aberration-correction is
that lower voltages can achieve atomic resolution imaging; how-
ever, such applications require even thinner and higher quality
TEM samples [3,4]. During the last decade, focused ion beam (FIB)
devices have proven themselves to be practical tools for TEM
sample preparation where sub-micron level sample location pre-
cision is required. Thin, HRTEM-quality samples are now prepared
using standard sample preparation techniques involving mechan-
ical dimpling followed by ion polishing [5], crushing of the sample
material and dispersing it upon a support grid [6], or electro-
polishing [6].

There are also situations that may require FIB preparation of a
very thin sample for HRTEM experiments, such as when mechan-
ical treatment of the specimen is undesirable or charging effects

necessitate a small TEM sample. Preparation of such thin lamellae
requires a significant amount of operator experience. Even for an
experienced operator, it can be difficult to obtain good, thin
lamellae because of shrinking and bending of the lamella during
the final stages of preparation. While shrinkage can be countered
by depositing a very thick protective layer on the lamella [7],
bending of the lamella presents a more serious obstacle because it
is related to internal stresses [8] and surface stresses generated by
ion impact [9,10], which are unavoidable during sample prepara-
tion by any ion beam technique.

Recently, a tiltable sample holder (the X2 holder) that facilitates
an effective fabrication of almost plan-parallel and ultra-thin TEM
lamella [4] was developed by our group. Making large area, thin,
HRTEM-quality samples, however, requires in situ monitoring of
the specimen thickness during milling. The accurate determina-
tion of the sample thickness was still an open question with this
holder. This article will go deeper into sample geometry effects on
the determination of lamella thickness in combination with the
new holder using the BSE signal [11]. A new technique, based on
the intensity of a characteristic X-ray peak that overcomes many of
the problems imposed by sample geometry on the BSE technique,
is also presented.

During conventional FIB lamella preparation, determining the
thickness of a lamella inside of the FIB is also desirable. Controlling
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the thickness of the specimen is generally important because
different TEM techniques have different requirements regarding
the optimal thickness. For example, in core-loss energy-filtered
transmission electron microscopy (EFTEM), the sample is ideally
thicker than for HRTEM because the core-loss signal is relatively
weak – especially for high-energy edges. Kothleitner and Hofer
[12] suggest an optimal thickness of approximately 0.4� the
inelastic mean free path for the carbon K-edge in titanium carbide,
which would correspond to an optimal thickness of 50–55 nm at
200 kV. Classical TEM also requires thicker samples because
surfaces may interact with dislocations and other defects [6]. On
the opposite end of the spectrum, low-voltage HRTEM imaging
requires extremely thin lamellae. A better control on lamella
thickness would be beneficial to all these applications.

Milling at higher beam energies usually increases milling rates
and results in a more precise beam. However, higher beam
energies generate damage deeper in the sub-surface of the lamella
that results in thicker damage layers [13]. Therefore, switching to a
lower beam energy is ideally done at a lamella thickness of the
final required thickness, plus the depth to which the damage
extends for a particular beam energy. Lateral variations in thick-
ness can often be corrected during FIB preparation by adjusting
the beam scanning rotation angle or tilt angle of the specimen
holder. A better in situ, lateral resolved thickness determination
will benefit TEM-lamella preparation by FIB.

We will show an application example where an almost surface-
damage-free TEM lamella has been produced using sub-kV, post-
FIB, argon polishing.

2. Method description

Using the X2 sample holder, which is described in more detail in
[4], the sample can be flipped 901 inside the FIB/SEM. This makes it
possible to cut two perpendicular grooves on either side of the
lamella, which creates an electron transparent window at the
intersection of the grooves. When this technique is compared to
the conventional FIB-preparation technique, the major difference is
that thick portions of the lamella remain on all four sides of the
electron transparent area. These thick portions form a rigid frame
that supports the electron transparent area. The frame greatly
reduces the shrinking and bending of the lamella that is commonly
observed during the final stages of thin lamella preparation.

Improvements to the sample holder include a 1.5 mm lowering
of the mechanical tilt axis, which allows the stage to tilt to higher
angles and makes the preparation of TEM lamellae easier. In
addition, organic tape was added to the sample holder head to
reduce the amount of back scattered electrons from the sample
holder and to make it easier to determine the lamella thickness
(described below).

The lamella thickness is estimated in conventional FIB-preparation
method from the top view cross section of the lamella. However, this
is not possible when using the X2 method, because the view on the
electron transparent area is obstructed by the thick frame around it. In
addition, the accuracy for the cross-section view method is limited by
the ion beam width, the accuracy with which one can orientate the
lamella parallel to the ion beam, and the beam convergence angle.
Assuming optimal conditions (an unbent lamella, 15 nm beam width,
0.11 orientation accuracy and 1mrad full convergence angle [14]),
one obtains an accuracy of�20 nm for a 5 mm high lamella. For the
fabrication of high-resolution TEM quality lamellae, this means that
the method's uncertainty is roughly equal to the desired thickness.
This method is only able to measure the thickest part of the lamella;
local thickness variations cannot be determined. Therefore, while
using the X2 method, we also use another method, which is based
on the intensity of the lamella's BSE signal.

2.1. Thickness determination using BSE-intensity

The ratio of BSE intensity between bulk and film samples can
be used to infer the thickness of a film lying on a substrate [15,16].
Salzer et al. [11] have applied a similar technique where para-
meterized results of Monte Carlo simulations have been used to
measure the thickness of a free-standing TEM lamella. The preci-
sion of Monte Carlo simulations for BSE-related parameters (e.g.,
backscatter yield and BSE distribution) typically lies is the range of
�20% for aluminium and increases with atomic weight to below
5% for gold [17,18]. A correct determination of the lamella thick-
ness using the BSE method requires the measurement of the BSE
intensity at a position where the thickness of the lamella is greater
than the maximum penetration depth of the incident electrons
(bulk intensity) and at a position where the intensity corresponds
to a lamella of 0 nm thickness (background intensity). The latter
can be measured at a position ‘in the vacuum’ next to the lamella.
However, the vacuum around the lamella is not a real vacuum, but
usually at approximately one millimetre behind the lamella, there
is a part of the sample holder in the background. The sample
holder therefore generates BSE that are detected by the BSE
detector. The electrons that are transmitted through the electron
transparent window and reach the sample holder have an angular
distribution that is very different from those that directly hit the
sample holder, i.e., the background measurement, due to strong
scattering within the lamella, as shown by Monte Carlo simula-
tions. Therefore, the vacuum BSE intensity is generally different
from the background BSE intensity.

Monte Carlo simulations on a silicon lamella were performed at
5 kV beam energy; the geometry of the sample holder and the
detector were taken into account. Most sample holders are made
out of aluminium or are gold plated – the latter to reduce charging
effects. Results indicate that when a gold-plated sample holder is
directly exposed to the incident beam, the BSE background signal
is about 1.5 times higher than the BSE signal coming from the thick
(bulk) part of the lamella. For an aluminium sample holder, this
reduces about half of the bulk intensity, which is, although smaller,
still significant. This makes the method inaccurate for most sample
holders, as it relies heavily on a correct determination of the bulk
thickness intensity and background intensity and is, in fact, useless
for light-element lamellae. One can only use the BSE method as a
reliable method for thickness determination when the BSE inten-
sity from the sample holder is minimized. Because organic
materials have a low mean atomic number, carbon-coated tape
has been put on the part of the sample holder that is visible in the
SEM view during the final stages of milling to minimize the
amount of BSE coming from the sample holder. Again, Monte
Carlo simulations indicate that when a polyethylene-based tape is
used to cover the sample holder head, a more than seven-fold
reduction in the BSE background signal is expected when com-
pared to an uncovered, gold-plated sample holder. The reduction
of the background BSE signal is demonstrated in Fig. 1.

Fig. 2 shows the result of Monte Carlo simulations on the
relative intensity of the BSE signal of the thin part of the lamella
(relative to the difference between the bulk intensity and the
background intensity) as a function of the electron-transparent-
area thickness. Curves for three geometries are displayed. The
solid line represents the BSE intensity in the absence of a holder,
i.e., it represents a geometry that can be simulated easily in
standard Monte Carlo software. The short dashed line represents
the sample holder covered by tape and the long dashed line
represents the sample holder not covered, i.e., the electron beam
strikes the gold-plated holder directly.

When the gold-plated sample holder is not covered by tape, a
monotonic increase of the BSE intensity with sample thickness
is not observed, making thickness determination based on this
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method impossible. An aluminium holder looks better; however,
at a relative intensity of 50% the error is still 20% and increases for
higher relative intensities. When the sample head is covered by a
polyethylene-based tape, below a relative intensity of 100% a
monotonic increase with thickness is observed. However, the
discrepancy between the simple sample geometry without holder
and the actual geometry again increases with thickness. Below a
relative intensity of 60%, the discrepancy is below 10% and thus
comparable with the accuracy of thickness determination by
electron energy loss spectroscopy (EELS) when the holder-less
geometry is used as input for the Monte Carlo simulations.

All simulations were performed with a 5�5 mm2 holder
positioned 775 mm below the lamella and with the lamella front-
and back-side surfaces perpendicular to the holder surface. The
BSE detector is modelled as a circular inlens detector, where the
apparent detector size is defined by the bore size of the objective
pole piece (8 mm diameter). The software used for the simulation
was an adapted version of NistMonte/DTSA-II [19].

A second effect one should be aware of is the finite collection angle
of the BSE detector. Fig. 3 shows the result of a 5 million-electron
Monte Carlo simulation. For each BSE, the maximum depth in the

sample and the backscatter angle (the angle at which the BSE is
leaving the sample relative to the incident electron beam) was tracked.
The Monte Carlo simulations specified a 361 angle of incidence.

The results show that the backscatter angle depends on the
maximum depth of a BSE that penetrates the sample. As BSE
detectors generally collect BSE relatively close to the incident
beam, comparing the measured intensity with a full Monte Carlo
simulation would yield results that underestimate the true thick-
ness by �20% at relative BSE intensities between 20% and 80%
(Fig. 3b). Simulations have been performed for a silicon lamella at
10 kV and 2 kV (Fig. 3 shows the results at 2 kV) and the
simulations show essentially the same behaviour – a 20% under-
estimation of the true lamella thickness. A correct determination
of lamella thickness, therefore, requires a Monte Carlo simulation
that takes into account the dependence of the backscatter angle
on the maximum depth of electron penetration into the target.
However, our results show that adding 20% to the determined
depth from a standard Monte Carlo simulation also gives a
reasonably good thickness estimate.

2.2. Thickness determination using EDX

As explained in the previous section, the relative BSE intensity
of the electron transparent window is an easy way to measure the
thickness of the electron transparent windows in the lamella.
However, the unknown background intensity makes it difficult
when the BSE intensity of the vacuum measured next to the
lamella is similar, or even higher, than the intensity of the thin part
of the lamella. Therefore, an alternative method is presented;
the thickness is determined by the relative intensity of a single
characteristic X-ray peak, which is measured using an energy
dispersive spectroscopy (EDX) detector. The accuracy of Monte
Carlo methods to model the X-ray signal of thin films on a
substrate is about 10% for beam energies below 10 kV [20] and
is, therefore, comparable to that of EELS. The measured relative
intensity is then compared to Monte Carlo simulation of thin films
of different thicknesses. The main advantage of this method is that
it is much easier to distinguish between the signal from the
lamella itself and from the sample holder, as long as the specimen
has an element that is not present in the sample holder and
characteristic X-ray peaks in a region where the Bremmstrahlung
background can easily be corrected for. Though making thickness
maps is more time consuming with this method, as with the BSE
method (about 50–100 times slower), the accuracy of this method

Fig. 1. A BSE image of a FIB-prepared TEM lamella taken without covering the gold-plated sample holder with tape (A) and after covering the holder with an organic tape (B).
Note the difference in background intensity next to the TEM lamella in both cases. Images were taken at the same acceleration voltage, beam current, brightness settings, and
contrast settings. The lamella material is silicon; window thickness (dark squares inside of the lamella) increases from left to right.
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is higher, because of the easy discrimination between the lamella
and holder signal. The depth range to which this method is
sensitive is generally larger than for the BSE method, because
the total extent of the interaction volume is larger than the
maximum depth that a BSE penetrates the target. The maximum
thickness to which this method is usable is controlled by the
acceleration voltage used to measure the thickness, thicker sam-
ples generally need a high acceleration voltage. Ideally, the
characteristic X-ray intensity of the electron transparent part is
20–80% of the bulk part (thick) of the lamella.

Fig. 4 shows the result for the summed relative GaLα and GaLβ
intensity, calculated by Monte Carlo simulations for GaN using a
5 kV incident beam.

As expected, the relative intensity shows a monotonic increase
with thickness, and thus, the thickness can be estimated from the
relative intensity of the X-ray peak. Fig. 5 shows a FIB-prepared
lamella of a GaN LED-structure cross section with the correspond-
ing spectra taken at a position where the thickness is greater than
the extent of the interaction volume (spectrum 2) and at the tip of
the GaN triangle (spectrum 1). Because the window is thinner than
the interaction volume at 5 kV, it shows a reduced intensity of the
gallium L-peaks. The relative intensity at the ET window position
is 41.6%, which can be read from Fig. 4 to correspond to a thickness
of 39 nm. The thickness at the same position has been estimated to
be 38 nm from the EELS low-loss spectra [21]. Thickness determi-
nation using the BSE method without correction for detector
collection angle gave a thickness of 44 nm (�16% overestimation
relative to the EELS estimate), again showing that for an accurate
determination, one needs to take into account the influence of the
BSE detector collection angle. Spectrum 3 in Fig. 5 was taken at the
base of the pyramid, about 3 mm away from point 1, and has a
relative intensity of 51%, which gives a thickness of 48 nm. This
results show that the wedge angle of the electron transparent
window is below 0.21. Fig. 5c–e shows HRTEM images of a
similarly prepared TEM lamella demonstrating that the transpar-
ent area is of a suitable uniform thickness to obtain lattice fringes
over the complete electron transparent window.

Before the EDX measurements were taken, the measured surfaces
were polished with a 5 kV Ga beam. From TRIM simulations [22],

we estimate that this reduces the thickness of the Gaþ implantation
layer to about 5 nm. From Monte Carlo simulations on characteristic
X-ray production, we estimate that influence of the implantation
layer on the determined thickness is below 2%.

These results shows that the EDX method for the determination
of lamella thickness gives reliable results and thus can be used as a
more precise, albeit slower, method for the in situ thickness
determination during FIB preparation. Although EDX analyses
after TEM lamella preparation may cause contamination of the
samples; plasma cleaning is an effective way of removing con-
tamination for materials that are suitable for plasma cleaning. Our
experience is that plasma cleaning after the FIB preparation
removes majority of the contamination.

Accurate lateral resolved thickness measurements, either by
the BSE method or EDX, make it possible to correct lateral
thickness differences by adjusting the beam scan rotation and
stage tilt angles. When combined with the increased lamella
stability from the X2 method, it can be used to produce large area,
electron transparent lamellae by FIB.

Fig. 3. (A) The relationship between the angle at which a BSE leaves the sample relative to the incident beam and the maximum depth of the electron penetration of the
target. The more the angle is anti-parallel to the incident beam, the deeper the average penetration depth. (B) The BSE intensity as a function of lamella thickness showing
the effect of back detector position and collection angle. It shows that not taking into account the detector position leads to a �20% underestimation of lamella thickness. The
blue line shows all BSEs; the green line shows only BSEs with an angle above 1501 relative to the incident beam. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. Relative characteristic X-ray (sum of GaLα and GaLβ) intensity of GaN as
estimated fromMonte Carlo simulations (the bulk sample has an intensity of 100%).
Acceleration voltage is 5 kV, incident angle is 01.

W. van Mierlo et al. / Ultramicroscopy 147 (2014) 149–155152



3. Post-FIB argon polishing

We showed that with the proposed improvements to the
thickness determination techniques it is possible to produce large
area, thin TEM lamella by FIB. However, it is well know that TEM
sample preparation by FIB causes implantation of gallium in the
surface layers, as well as amorphization of the surface layers. This
has a detrimental effect on the quality of the TEM experiment. This
is especially true as the lamella gets thinner (which is necessary

for lower accelerating voltages of the TEM); the influence of the
amorphous surface layer has a large effect on the HRTEM image
quality [23]. Low-voltage, post-FIB argon polishing has shown that
it can significantly increase the quality of TEM specimens [24].

A major problem associated with post-FIB argon polishing is
that most argon milling devices have a relative broad beam –

usually significantly broader than the lamella size. Because of this,
not only the lamella is milled, but also the (copper) grid holding
the lamella. This leads to redeposition of copper onto the lamella.

Fig. 5. (A) SEM image of GaN-pyramid lamella with the locations the EDX analyses indicated. (B) EDX spectra of both locations showing the decreased X-ray signal at the
electron transparent window (1 and 3) as compared to the location where the lamella thickness is greater than the extent of the interaction volume (2). Spectra were
measured using the same live time and a dead time below 10%. (D) Overview TEM image of a similarly prepared TEM-lamella approximately 35 nm thick. The red D and E
indicate the location of HRTEM images D and E. (E) HRTEM image taken at 200 kV near the base of the pyramid and near the tip of the pyramid. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Illustration of the trench geometry required for use of the X2 holder in combination with the NanoMills TEM specimen preparation system. To access the electron
transparent window with the argon beam, the side wall of the trench on the back side of the lamella, (the trench in the long direction of the lamella) must have an angle
below 101.
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From our experience, instead of increasing the lamella quality,
broad beam Ar ion milling actually decreases the quality of the
lamella. The Fischione NanoMill argon milling device has a beam
diameter of approximately 1 mm [25], which is significantly smal-
ler than the size of the TEM lamella. Therefore, no milling of the
copper grid occurs and no redeposition is expected. A minor
modification to the sample preparation, however, is required, as
the sidewalls of the grooves that form the electron transparent
window may block the argon beam from accessing the electron
transparent portion of the sample. Therefore, one needs to make
sure that the side walls on the side where the argon beam is
perpendicular to the groove direction have an angle that is smaller
than the glancing angle of the argon beam (usually 101, see Fig. 6).

If the area of interest is the near-surface structure, a thicker
than normal protection cap (2–3 mm) can be added to the lamella
to ensure lamella stability.

Fig. 7 shows the results of sub-kV argon polishing of an X2

prepared lamella. The lamella material is a La0.29Sr0.7Al0.65Ta0.35O3

substrate with nickelate and aluminate heterostructures directly
below the surface. The HRTEM images were taken on a Cs-
corrected Titan 80–300 operated at 80 kV. Fig. 7a shows the edge
of the sample after 5 kV FIB polishing. The edge shows a 5 nm
thick amorphous rim, which indicates that a significant amor-
phous damage layer remains on the sample surfaces. Fig. 7b shows
the results after 900 V argon polishing for 10 min, followed by
500 V argon polishing for 5 min on either side of the TEM lamella.
As can be seen, the amorphous edge has been reduced to 1–2
layers of atoms at most locations, indicating that the amorphous
implantation layer was almost completely removed by argon
polishing. These results show that post-FIB argon polishing is
possible with the X2 technique after a minor modification of the
groove geometry and, in fact, results in an increase in lamella
quality. A fine argon beam is essential to obtain good results.

4. Summary

This paper evaluates two different methods that can be used to
measure the thickness of a FIB-prepared lamella for TEM during
preparation in the FIB. The backscatter method [11], in combination

with the standard X2 holder, has one major problem – the sample
holder has been gold galvanized and, therefore, the background
intensity is poorly defined. We show that covering the part of the
sample holder that is visible during milling with a carbon-coated
organic tape greatly reduces the background signal and, therefore,
results in more reliable measurements of the sample thickness. The
other method, which is a more precise, albeit slower, method for
thickness determination is the use of the relative intensity of char-
acteristic X-ray peaks. This method is shown to be more precise than
the BSE method (2.6% difference between the EDX and EELS estimate
vs. 15.8% difference BSE and EELS) because one can more easily
discriminate between the X-ray signal coming back from the sample
and X-ray signal coming back from the sample holder. Moreover, there
is no problem with the detector collection angle. The increased
accuracy in thickness determination makes it possible to produce
large area, electron transparent, TEM lamellae by FIB. Finally, the use of
the X2 holder, in combination with the NanoMill system, to remove
detrimental artifacts from the Ga milling process by sub-kV argon
polishing shows that this combination can produce a TEM lamellae
nearly absent of surface damage.
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