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In this work the calibration of a medium resolution off-axis electron holography using a dual-lens
imaging system in a JEOL ARM 200F is shown. The objective dual-lens configuration allows adjusting the
field of view from 35 nm to 2.5 pm. Subsequently, the parameters used in phase shift reconstruction
were calibrated considering biprism voltage versus fringe spacing (o) and versus fringe width (W). The
reliability of the transmission electron microscope performance using these parameters was achieved
using gold nanoparticles of known size and adjusting the excitation voltage of the lenses.
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1. Introduction

About two decades have passed since the introduction of
aberration-corrected electron microscopy [1]. The ease of use of
the improved atomic resolution became almost instantly a must for
a large number of discoveries in nanotechnology, and thus the use
of aberration corrected microscopy and related publications in
nanotechnology have risen in parallel. As an initially unnoticed side
effect, an equivalent technology jump has occurred in electron
holography. The quality of electron holograms and the correspond-
ing attainable reconstructed phase resolution is mainly improved by
a high coherence of beam importantly improved in the field
emission gun (FEG) instruments [2-3]. However, scientific contri-
butions in the area of electron holography have not shown a
corresponding consequential growth. Instead, the number of pub-
lications over the past two decades has fluctuated but overall
remains constant. One of the key reasons for the lack of an increase
in the use of the holographic technique is the absence of dedicated
electron holography instruments (i.e.: a machine in which magni-
fication of the sample can be varied without having to re-align the
microscope). Additionally the necessary modifications to the optical
settings of any conventional transmission electron microscope for
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holography are manual and time consuming and are incompatible
with its standard optical settings. Thus the optical state for a
holography setting remains difficult to reproduce and even uncali-
brated in the sense that the effective magnification remains to be
determined by the user on each occasion.

In this work we report and describe a reproducible routine for
variable magnifications in off-axis electron holography using the
flexible dual-lens system in a JEOL JEM ARM 200F. The method to
be described allows a calibrated setup for predefine FOV ranging
from 35 nm to 2500 nm, ideal for the characterization of materials
in nanotechnology from where we can extract quantitative infor-
mation such as, e.g., electrostatic fields [4-9], magnetic fields
[10-16], non-stained biological samples [17-18], determination
of the thickness and surface morphology in nanostructured
materials [19-21], dopant profiles and strain measurement in
semiconductor technology [22-29]. New developments in improv-
ing the reconstructed phase and to avoid Frensel fringes can be
obtained by novel configurations as the double or triple biprims in
the microscope as well as a modified Lorentz conditions by
controlling the diffraction lens in the microscope [30-32].

2. Electron optics in off-axis electron holography

Transmission Electron Microscopy (TEM) can be best explained
in terms of wave optics due to the wave-like behavior of electrons.
An incident plane wave coming from the highly-coherent field
emission electron source interacts with the sample. The transmitted
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electrons though the specimen are considered as the object exit
wave, which contains key physical information about the sample.
During the image formation process the intensity of the image is
recorded (I=lyt?), the projected image contains information about
the spatial distribution of the atoms into the sample; however,
other contributions in the sample such as: electrostatic and
magnetostatic external fields cannot be recovered from the direct
intensity measurement. In this way, interferometry methods are a
good solution for this phase recovery [26].

Electron holography is an interferometric technique possible to
extract the amplitude and phase. Thus in electron holography two
wavefronts interfere, one acting as a reference wave and the other as
the object wave, as shown in Fig. 1, both waves are recorded on
a dedicated sensor to produce an interferogram or hologram. In off-
axis electron holography and the optical setup used in this paper (see
Fig. 1) the object wave is defined as the electron wavefront passing
through the sample and the reference wave is defined as the electron
wavefront passing through nearby vacuum media. In off-axis electron
holography, a specimen is located such that it does not fill completely
the image plane as in the sketch of Fig. 1, thus only part of the electron
wavefront passes through the specimen, the other part passes through
the same nearby vacuum media as the reference beam. An electro-
static biprism is biased in order to combine the object and reference
waves which overlap at an angle creating an interferogram that
contains information about the amplitude and optical phase of the
object. In this case the interferogram is also called a digital holographic
interferogram, or hologram, with a characteristic width and fringe
spacing. The interferometric process to achieve a high quality holo-
gram is described as follow: There are four critical parameters that
need to be considered to obtain high quality holograms: the width (W)
of the interference fringes which determines the FOV, the fringe
spacing (o) that determines the lateral spatial hologram resolution, the
fringe contrast and the electron dose which determines the phase
noise or phase sensitivity. Fringe contrast is a parameter that defines
the quality of a high-resolved phase. In this case the recording media
(i.e. charge-coupled device (CCD) camera) of the holograms plays also
an important role in the phase reconstruction, high dynamic ranges
are directly related to the number of electrons detectable leading

electron waves

g

significant improvement in the fringe contrast and as a consequence a
better signal to noise ratio in the reconstructed phase images [33-35].
After the acquisition, the holograms are numerically analyzed
to extract the amplitude and the phase of the image. After passing
through the biprism the two waves interfere at the image plane,
which is the location where the CCD sensor is, with an intensity
given by [32],
-

I(T) =y, 4w, 2 =1+A(T Y +240(T) cos QTAG T — (T )

M

As we describe above, I(7) contains information about both
the object phase and amplitude, Where Ay(7) and ¢,(7) are the
amplitude and phase of the exit object wavefront, respectively,
both of them are spatial coordinate dependents. The hologram is
analyzed by the Fast Fourier Transform (FFT) given by,

FUT N = 8K )+ F AT ) 45K + AD)FAo(T (T

18K — ADFAo(Te T @

The terms in Eq. 4 are interpreted as follows: the first term
corresponds to the contribution of electrons propagated without
being affected by the sample, which is the contribution of the
reference wave with amplitude 1. The second term corresponds to
the standard non-holographic object image intensity. The third
and fourth terms contain the phase and the amplitude of the wave,
which can be recovered by the inverse Fourier transform taking
one of the two last terms of the eq. (2). These two terms in the Eq.
(2) are called sidebands and they are complex conjugate terms one
from each other. One of these two side bands of the FFT is spatially
filtered and its inverse FFT can be computed to recover the phase
and amplitude of the wave. The resulting reconstructed hologram
is now displayed as a phase map that contains the data corre-
sponding to the phase and amplitude of the object exit wavefront
when compared to the plane reference wavefront whose phase is
known. The phase map is said to be wrapped since it contains gray
scale contours that have phase jumps with a period of 27. In order
to fully quantify the phase map obtained from the inverse FFT,
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Fig. 1. Off-axis electron holography beam diagram.
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a procedure is followed to unwrap the phase to have a continuous
phase map. There are a wide variety of commercial and home-
made algorithms that can deal with the unwrapping [26,33]. The
choice depends on the complexity and signal to noise ratio of the
phase map. The aim of all the algorithms is rendered a smooth
unwrapped phase map that will ease the quantification of the
object optical phase and amplitude. In this work the phase
unwrapping process was obtained by using HoloWorks v5.0.4
algorithm [33-34].

3. Experimental procedure

In previous work we have calibrated the dual-lens imaging
system for one specific FOV, fixing the OL at 5.5V, in order to
extract morphological information such as surface discontinuities
and irregularities in gold decahedral nanoparticle surface [21].
Now, we are reporting the calibration of the whole range of

operation for this instrument under dual-lens mode. The conven-
tional setup for off-axis electron holography can be thought of as
consisting of three parts, an illumination system, an imaging
system, and a projection system [4]. For the microscope used,
the illumination system consists of three condenser lenses C1, C2,
and minilens (CM). The imaging system consists of two lenses: OL
and OM coupled with an electron biprism, which is placed near
the first image plane of the selected area aperture. The imaging
operation consists of a virtual image formed by the objective lens
and a real image formed in a fixed imaging plane by the objective
minilens. The final virtual source position is the imaging position
at the second focal point of the first lens through the second lens.
A critical parameter for a variable field of view in this flexible dual-
lens system is mainly the objective lens value which sets the
magnification. In our configuration we have an additional objec-
tive minilens, which is used basically to adjust in a fine form the
focus of the sample. Another important lens value is the projector
lenses, which also has been changed sequentially to evaluate our

Reference Image
Ultra Scan CCD
FOV:3.41um
OL GIF camera - Reference Hologram FOV/W /o Fringe quality:

(Volts) Calibration @ V, =15V (nm) N=W/o, [22]

2 770 /585/3 195

3 670 /540/2.6 207

4 507 /410/1.97 208

5 260/190/1.5 126

6 147/94 /1.7 55
*Scale bar 100 nm

Fig. 2. Calibration chart of the FOV using the GIF camera and their corresponding interference width and fringe spacing under fixed PL and V}, values at different OL voltages.
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FOV. Finally the crucial variable in electron holography is the
biprism voltage (V},), which determines the fringe spacing that is
related to the spatial resolution and the illumination which
determine the fringe contrast, which determine the phase resolu-
tion or “noise” described in previous section. The electron biprism
consists of a 0.5-0.6 pm diameter platinum wire and an external
DC voltage source that can provide a maximum output voltage of
320 V. Below the imaging system, there is a projection system
formed with 3 intermediate lenses and a projector lens which
normally provide the proper image size (magnification) for the
recording media. The microscope was operated at non-standard
lens excitation, with C1 maximized and CM set to zero in order to
increase the coherence of the electron beam by using an elliptical
illumination. Then the first intermediate lens is set to zero. Under
these operating conditions the projection system no longer pro-
vide enough magnification; however, additional magnification
may be achieved by using the 2k x 2k GIF (Gatan Image Filter)
camera that is located at the very bottom of the column.

The procedure described in this work is a reproducible and
reliable method for predefined field of views and could be used to
characterize nanostructured materials of a wide range of size. The
remanent hysteresis in the lenses of the microscope can be
eliminated by a lens relaxation process applied previous to the
experimental work. The dual-lens imaging system allows a vari-
able magnification providing a wide range for the field of view. The
calibration was achieved using gold nanoparticles of known size,
a regular TEM image was recorded at different magnifications and
it is used as calibration standard for the settings of the dual lens
with different excitation in the. Using the dual-lens mode the
image recorded needs to be recalibrated. In our configuration the
GIF camera was used to collect the images using as the reference a
gold particle taken in conventional TEM mode. In the top box of
the Fig. 2, the calibrated image is registered and the particle size is
measured. The first parameter to set in the microscope is the
voltage of the main objective lens (OL) and it changes sequentially
from 1V to 7.5V in steps of 0.5 V. Once fixed the main OL value a
fine focus adjustment by using the objective minilens can be done,
which does not affect the FOV of the region of interest or the fringe
contrast. The adjustment of the field of view was reached by
changing the projector lens values, which has been plotted in the
Fig. 3. It is important remark that the FOV can vary from tens of
nanometers up to more than 2 pm, basically assuming that low OL
values will be used for large FOVs and high OL values to
nanometric scale less than 1 pm as can be observe in the tendency
of the curves shown in Fig. 3. The interference fringes from the

—=— 0L 25V
2500 e OL 3.5V
—A—OL 4.5V
v OL 5.5V
2000 < OL 6.5V
° » OL7.5V
’E\ 1500
£
>
o
w1000
500
0 > =SS SALLL
25 3.0 35 4.0
P.L. (Volts)

Fig. 3. FOV (nm) versus PL voltages at different OL excitation voltages.

biprism were registered under the same lens values and using the
width fringes in the maximum possible FOV recorded in the GIF
camera. Therefore, the interference width and fringe spacing were
determined and also graphed in the Fig. 4. In the Fig. 4a the fringe
width versus biprism voltage is plotted, which has been adjusted in
the whole area of the CCD camera. As complementary information
the fringe spacing is graphically reported in the Fig. 4b also
obtained versus the biprism voltages. In both Fig. 4a and b, the
fringe quality number can be extracted and it has been listed in the
last column of the Fig. 2. Experimental parameters FOV, fringe
width (W) and fringe spacing (o) for the different OL values are
also included in the columns 4. All reference holograms included
in the 3rd column of the Fig. 2 were recorded at 15 V.

A fine tuning over the final hologram can be done by con-
tinuously altering some lenses such as CL3, OM and PL keeping the
interference pattern with no important alterations and producing
a fringe contrast fairly stable. A variation in CL3 results in a
variation of the fringe contrast; all the values reported in the
Table 1 have been taken with the optimum fringe contrast, which
ranges from 15% to 30%. The OM variation is not reflected in the
quality of the hologram and the reconstructed phase. PL lens is
fixed at the beginning of our experiment since it is crucial in the
definition of the FOV and the fine tuning can be applied to adjust
the fringe width in the FOV without affecting the quality of the
hologram. In the Fig. 2 the fourth column shows the fringe quality
number, which is important in the calibration process [22]. In this
way, a summary of the work done for each lens is presented in the

a
500 { [-—=—OL5.5V =
\ e OLBV —
A OL 6.5V /'
400 v OL7V
. <« OL7.5V
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5
£ 300 + y Y
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; ..
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5.0 — —a— OL 5.5V
: e OL 6V
45 1 —4—OL 6.5V
40 v OL7V
= | < OL 7.5V
£ 35
o 4 <4
£ 30 4
(5]
3 ]
& 25
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Fig. 4. (a) Fringe width (W) and (b) fringe spacing (o) versus biprism voltage (V).
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Table 1

Optimum conditions for the Low Mag dual lens imaging system (The values of each lens is given in hexadecimal notation).

OL (V) 1 2 25 3 35 4 45 5 5.5 6 6.5 7 7.5
CL1 6600 6600 6600 6600 6600 6600 6600 6600 6600 6600 6600 6600 6600
CL3 8EFO 9033 9033 BF13 8DA3 8E27 8DFA 8DFA 8DEO 8DBO 8FB6 8F36 8ED4
OL-C 2020 3A20 4735 5465 616E GEAE 7BEE 8SFE 961E A333 B0SS BD3E CBSE
oM BDES BF03 BFO8 BDES BEF7 BECO BDD5 BD62 BACC B9AS B66C BOFF 9FOE
L2 9FFF F210 F210 FBAF FBAF FBAF FBAF FBAF FBAF FBAF FBAF FBAF FBAF
L3 54A0 54A0 54A0 54A0 54A0 54A0 54A0 54A0 54A0 54A0 54A0 54A0 54A0
PL 85E0 85E0 9104 8C14 921F 9147 9430 8541 7DCC 7B71 83C1 716F 716F
Vp (V) 21 19 19 17 19 19 16 20 22 27 23 39 37
FOV (nm) 1000 550 430 400 330 295 230 224 191 156 95 85 58
€
90
80
70
60
F |
< 50 -
17} 4
il
€ 40+
8 -
® 301
g -
LE 20-.
10
0 —
'10 T T T ¥ T T  §
5 10 15 20 25 30 35
Biprisim Voltage (Volts)

Fig. 5. Biprism holograms at different voltages: (a) 10V, (b) 15V, (c) 20V and (d) 25 V. (e) Fringe contrast versus biprism voltage at different fixed Vo,.

Table 1 using hexadecimal notation. The lenses values are the
optimal conditions for the acquisition of high quality holograms
for different FOV's at fixed biprism voltages, both included in
Table 1 as well.

4. Results

The whole FOV range from 1V to 7V in OL was investigated
and the images are available in the supplementary information (SI)
described as follow: In order to have sufficient flexibility in the
dual-lens system it is necessary to work using the low magnifica-
tion mode. In this way, values of the OL can be changed system-
atically to calibrate the settings of the microscope. The first step to
calibrate the electron holography system is to setup for different
magnifications which are determined by the excitation voltage of
the OL. Since the projector lens plays the main role in the FOV
calibration, the FOV versus PL values were plotted for each OL
excitation voltage. The corresponding graph is shown in Fig. 3. PL
values range from 1V to 4 V, in small steps 0.1 V, with the smallest
FOV for the largest OL values (e.g., 7.5 V). Values from 1V to 7.5V
in the OL were optimized with different voltages of the biprism
(0-35V), the criterion of the optimization has been taken con-
sidering a minimum fringe contrast of 15% and filling the inter-
ference width to the FOV into the CCD. As a result of the calibration

the fringe with and fringe spacing ranges are obtained and shown
in Fig. 4a,b. Fringe width, fringe spacing and fringe contrast are
described by the equation reported by Wang et al. [4,22]. It can be
observed from the behavior of the curves presented in Figs. 3 and
4 that at a fixed OL value, i.e. 7.5V at a V;,=20V an interference
width around 50-55 nm with high fringe contrast (30% from
Fig. 5) is shown, that remains unchanged for PL values from
1.5V to25V.

Using holograms with no object, called reference holograms,
allows to obtain fringe contrast percentages as a function of the
biprism voltage for all OL values. In Fig. 5a,d, reference images of
the biprism were taken with values from 10V to 25V in incre-
ments of 5V. The fringe contrast percentage is plotted versus
biprism voltage in the Fig. 5e. An optimized fringe contrast will
result in a wide dynamic range values to obtain better phase
resolution, which are related to the feasibility to extract informa-
tion from the mean inner potential projected in the hologram.
This wide range of gray scale values calls for a CCD camera sensor with
large dynamic range. Higher fringe contrast may be achieved by using
astigmatic illumination, this is an artifact that allows more coherence
in one direction, but reduces the illumination. In the metallic nano-
particles included in the SI we have analyzed two types of particles
(1) gold decahedral nanoparticles and (2) Au@Pd core shell nanocubes.
In the case of the gold particle we have shown superficial irregularities
in the particles [21]. In the case of the core shell particle we show
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Table 2
Comparison between different microscopes using dual lens imaging system.

Microscope Fringe width (nm) Fringe spacing (nm)
JEOL ARM 200F 35-2500 0.5-5.5
4JEOL 2010F 50-1400 0.8-7.5
22FEl Titan 700-900 4-6
100-200 0.5-1

different reconstructed phases as function of the zone axis orientation
of the faceted nanocubes, Fig. S2 and S3.

In Table 2, we present a comparison of the operation ranges for
different microscopes using the same dual lens imaging mode
reported before in [4,22]. In these references the calibration were
carried out for large field of views. In our work we are presenting
shorter and larger FOVs than these references. Some difference in
the available working ranges are observed, but the main difference
would be at the operation procedure due to each instrument
configuration. In the configuration reported in this work, the
flexibility of lens manipulation is an alternative setup which can
also be done to work under Lorentz conditions with a control of
the diffraction lens in order to improve the phase and lateral
resolution as reported in the reference [32] and which can be
considered as future work.

5. Conclusion

The reconstruction phase of the metallic nanoparticles
included in this work shows the optimized parameters for off-
axis electron holography in a JEOL ARM200F microscope using
dual-lens mode, included in the SI. The calibration provides the
optimal conditions for a wide range of field of view using
different objective lens excitation and biprism bias voltages.
The calibration of the parameters were achieved by using a gold
nanoparticle of known size, in this way we report the inter-
ference width, fringe spacing and fringe contrast. The current
calibration provides suitable conditions for quantitative ana-
lyses at nanoscale included in the supplementary material of
this manuscript.

Acknowledgments

This project was supported by grants from the National
Center for Research Resources (5 G12RR013646-12) and the
National Institute on Minority Health and Health Disparities
(G12MDO007591) from the National Institutes of Health. The
authors would also like to acknowledge the NSF PREM # DMR
0934218. A special recognition to Holowerks LLC., and Dr. Edgar
Voelkl for their guidance and support. Also, would like to acknowl-
edge Dr. Masahiro Kawasaki for his help in the microscope
configuration. Fernando Mendoza Santoyo gratefully acknowl-
edges the Sabbatical grant from CONACYT. Finally, the authors
would like to acknowledge grants from CONACYT Mexico and the
Instituto de Innovacién y Transferencia de Tecnologica de Nuevo
Leon I2T2 # 311149. Finally, the authors would like to acknowledge
to the Department of Defense #64756-RT-REP.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.ultramic.2014.06.003.

References

[1] H. Rose, Outline of a spherically corrected semiaplanatic medium-voltage
transmission electron microscope, Optik 85 (1990) 19-24.

[2] A. Tonomura, Applications of electron holography, Rev. Mod. Phys. 59 (1987)
639-669.

[3] H. Lichte, M. Lehmann, Electron holography—basics and applications, Rep.
Prog. Phys 71 (2008) 016102.

[4] Y.Y. Wang, M. Kawasaki, ]. Bruley, M. Gribelyuk, A. Domenicucci, J. Gaudiello,
Off-axis electron holography with a dual-lens imaging system and its useful-
ness in 2-D potential mapping of semiconductor devices, Ultramicroscopy 101
(2004) 63-72.

[5] T. Matsumoto, M. Koguchi, K. Suzuki, H. Nishimura, Y. Motoyoshi, N. Wada,
Ferroelectric 90° domain structure in a thin film of BaTiOs fine ceramics
observed by 300 kV electron holography, Appl. Phys. Lett. 92 (2008) 072902.

[6] W.D. Rau, P. Schwander, FH. Baumann, W. Hoppner, A. Ourmazd, Two-
dimensional mapping of the electrostatic potential in transistors by electron
holography, Phys. Rev. Lett. 82 (1999) 2614.

[7] J. Cumings, A. Zettl, M. McCartney, ]. Spence, Electron holography of field-
emitting carbon nanotubes, Phys. Rev. Lett. 88 (2002) 056804.

[8] L. Ortolani, F. Houdellier, M. Monthioux, E. Snoeck, V. Morandi, Surface
electrostatic potentials in carbon nanotubes and grapheme membranes
investigated with electron holography, Carbon 49 (2011) 1423.

[9] M.R. McCartney, N. Agarwal, S. Chung, D.A. Cullen, M.G. Han, K. He, L. Li,
H. Wang, L. Zhou, DJ. Smith, Quantitative phase imaging of nanoscale
electrostatic and magnetic fields using off-axis electron holography, Ultra-
microscopy 110 (5) (2010) 375-382.

[10] R.E. Dunin-Borkowski, M.R. McCartney, R.B. Frankel, D.A. Bazylinski, M. Pdsfai,
P.R. Buseck, Magnetic microstructure of magnetotactic bacteria by electron
holography, Science 282 (1998) 1868.

[11] T. Kasama, R.E. Dunin-Borkowski, M.R. Scheinfein, S.L. Tripp, J. Liu, A. Wei,
Reversal of flux closure states in cobalt nanoparticle rings with coaxial
magnetic pulses, Adv. Mater. 20 (2008) 4248.

[12] E. Snoeck, C. Gatel, L.M. Lacroix, T. Blon, S. Lachaize, ]. Carrey, M. Respaud,
B. Chaudret, Magnetic configurations of 30 nm iron nanocubes studied by
electron holography, Nano Lett. 8 (2008) 4293.

[13] LA. Rodriguez, C. Magen, E. Snoeck, C. Gatel, L. Marin, L. Serrano-Ramon, J.
L. Prieto, M. Munoz, P.A Algarabel, L. Morellon, .M. De Teresa, M.R. Ibarra,
Quantitative in situ magnetization reversal studies in Lorentz microscopy and
electron holography, Ultramicroscopy 134 (2013) 144.

[14] H.S. Park, K. Hirata, K. Yanagisawa, Y. Ishida, T. Matsuda, D. Shindo,
A. Tonomura, Nanoscale magnetic characterization of tunneling magnetore-
sistance spin valve head by electron holography, Small 8 (23) (2012)
3640-3646.

[15] A. Masseboeuf, A. Marty, P. Bayle-Guillemaud, C. Gatel, E. Snoeck, Quantitative
observation of magnetic flux distribution in new magnetic thin films for future
high density recording media, Nano Lett. 9 (8) (2009) 2803-2806.

[16] Z. Akase, H. Kasai, S. Mamishin, D. Shindo, M. Morita, A. Tonomura, Imaging of
magnetic flux distribution in vicinity of insulating particles in high-T. super-
conductor by electron holography, J. Appl. Phys. 111 (2012) 033912.

[17] P. Simon, H. Lichte, P. Formanek, M. Lehmann, R. Huhle, W. Carrillo-Cabrera,
A. Harscher, H. Ehrlich, Electron holography of biological samples, Micron 39
(3) (2008) 229-256.

[18] P. Simon, H. Lichte, R. Wahl, M. Mertig, W. Pompe, Electron holography of non-
stained bacterial surface layer proteins, Biochim. Biophys. Acta 1663 (1-2)
(2004) 178-187.

[19] Y. Yang, N. Niu, C. Li, Y. Yao, G. Piao, R. Yu, Electron holography characterization
as a method for measurements of diameter and mean inner potential of
hollow nanomaterials, Nanoscale 4 (2012) 7460-7463.

[20] C.L. Zheng, K. Scheerschmidt, H. Kirmse, I. Hausler, W. Neumann, Imaging of
three-dimensional (Si, Ge) nanostructures by off-axis electron holography,
Ultramicroscopy 124 (2013) 108-116.

[21] ]. Cantu-Valle, F. Ruiz-Zepeda, E. Voelkl, M. Kawasaki, U. Santiago, M. Jose-
Yacaman, A. Ponce, Determination of the surface morphology of gold-
decahedra nanoparticles using an off-axis electron holography dual-lens
imaging system, Micron 54-55 (2013) 82-86.

[22] Y.Y. Wang, ]. Li, A. Domenicucci, . Bruley, Variable magnification dual-lens
electron holography for semiconductor junction profiling and strain mapping,
Ultramicroscopy 124 (2013) 117-129.

[23] U. Muehle, A. Lenk, R. Weiland, H. Lichte, Characterization of dopants
distribution using electron holography and FIB-based lift-off preparation,
Microelectron. Reliabil. 45 (9-11) (2005) 1558-1561.

[24] M.R. McCartney, M.A. Gribelyuk, Jing Li, P. Ronsheim, J.S. McMurray, David
J. Smith, Quantitative analysis of one-dimensional dopant profile by electron
holography, Appl. Phys. Lett. 80 (2002) 3213.

[25] A.C. Twitchett-Harrison, TJ. V. Yates, S.B. Newcomb, R.E. Dunin-Borkowski, P.
A. Midgley, High-resolution three-dimensional mapping of semiconductor
dopant potentials, Nano Lett. 7 (2007) 2020.

[26] M.J. Hytch, F. Houdellier, F. Hue, E. Snoeck, Dark-field electron holography for
the measurement of geometric phase, Ultramicroscopy 111 (8) (2011)
1328-1337.

[27] M. Hytch, F. Houdellier, F. Hiie, E. Snoeck, Nanoscale holographic interfero-
metry for strain measurements in electronic devices, Nature 453 (2008) 1086.

[28] A. Béché, J.L. Rouviere, J.P. Barnes, D. Cooper, Strain measurement at the
nanoscale: comparison between convergent beam electron diffraction, nano-


http://dx.doi.org/10.1016/j.ultramic.2014.06.003
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref1
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref1
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref2
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref2
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref3
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref3
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref4
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref4
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref4
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref4
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref5
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref5
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref5
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref5
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref5
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref6
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref6
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref6
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref7
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref7
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref8
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref8
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref8
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref9
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref9
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref9
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref9
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref10
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref10
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref10
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref11
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref11
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref11
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref12
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref12
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref12
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref13
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref13
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref13
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref13
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref14
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref14
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref14
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref14
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref15
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref15
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref15
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref16
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref16
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref16
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref16
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref17
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref17
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref17
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref18
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref18
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref18
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref19
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref19
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref19
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref20
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref20
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref20
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref21
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref21
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref21
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref21
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref22
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref22
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref22
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref23
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref23
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref23
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref24
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref24
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref24
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref25
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref25
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref25
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref26
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref26
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref26
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref27
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref27
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref28
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref28

50 J. Cantu-Valle et al. / Ultramicroscopy 147 (2014) 44-50

beam electron diffraction, high resolution imaging and dark field electron
holography, Ultramicroscopy 131 (2013) 10-23.

[29] K. Song, G.Y. Shin, J.K. Kim, S.H. Oh, C.T. Koch, Strain mapping of LED devices
by dark-field inline electron holography: comparison between deterministic
and iterative phase retrieval approaches, Ultramicroscopy 127 (2013) 119-125.

[30] K. Harada, T. Akashi, Y. Togawa, T. Matsuda, A. Tonomura, Optical system for
double-biprism electron holography, J. Electron. Microsc. 54 (2005) 19-27.

[31] K. Harada, T. Matsuda, A. Tonomura, T. Akashi, Y. Togawa, Triple-biprism
electron interferometry, J. Appl. Phys. 99 (2006) 113502.

[32] J. Sickmann, P. Formanek, M. Linck, U. Muehle, H. Lichte, Imaging modes for
potential mapping in semiconductor devices by electron holography with
improved lateral resolution, Ultramicroscopy 111 (2011) 290-302.

[33] E. VoIkl, LF. Allard, B. Frost, A software package for the processing and
reconstruction of electron holograms, J. Microsc. 180 (1995) 39-50.

[34] E. Voelkl, D. Tang, Approaching routine 277/1000 phase resolution for off-axis
type holography, Ultramicroscopy 110 (2010) 447-459.

[35] H. Lichte, D. Greiger, M. Linck, Off-axis electron holography in an aberration-
corrected transmission electron microscope, Philos. Trans. A Math. Phys. Eng.
Sci. 367 (1903) (2009) 3773-3793.


http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref28
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref28
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref29
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref29
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref29
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref30
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref30
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref31
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref31
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref32
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref32
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref32
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref33
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref33
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref34
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref34
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref34
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref34
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref35
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref35
http://refhub.elsevier.com/S0304-3991(14)00119-3/sbref35

	Calibration for medium resolution off-axis electron holography using a flexible dual-lens imaging system in a JEOL ARM...
	Introduction
	Electron optics in off-axis electron holography
	Experimental procedure
	Results
	Conclusion
	Acknowledgments
	Supporting information
	References


