
J. Appl. Phys. 129, 055109 (2021); https://doi.org/10.1063/5.0036989 129, 055109

© 2021 Author(s).

Measurement and analysis of the mean
free path governing high-energy electron
scattering in CdTe, via off-axis electron
holography 
Cite as: J. Appl. Phys. 129, 055109 (2021); https://doi.org/10.1063/5.0036989
Submitted: 09 November 2020 . Accepted: 14 January 2021 . Published Online: 04 February 2021

 Cathal Cassidy, Hidehito Adaniya, and  Tsumoru Shintake

COLLECTIONS

 This paper was selected as Featured

ARTICLES YOU MAY BE INTERESTED IN

Probing the phonon mean free paths in dislocation core by molecular dynamics simulation
Journal of Applied Physics 129, 055103 (2021); https://doi.org/10.1063/5.0038265

Evidence of improvement in thermoelectric parameters of n-type Bi2Te3/graphite

nanocomposite
Journal of Applied Physics 129, 055108 (2021); https://doi.org/10.1063/5.0030745

Clustering of oxygen point defects in transition metal nitrides
Journal of Applied Physics 129, 055305 (2021); https://doi.org/10.1063/5.0038459

https://images.scitation.org/redirect.spark?MID=176720&plid=1401535&setID=379065&channelID=0&CID=496959&banID=520310235&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=71bf76294ba1eff3502a31fdb96fd8874112c042&location=
https://doi.org/10.1063/5.0036989
https://aip.scitation.org/topic/collections/featured?SeriesKey=jap
https://doi.org/10.1063/5.0036989
http://orcid.org/0000-0003-0828-731X
https://aip.scitation.org/author/Cassidy%2C+Cathal
https://aip.scitation.org/author/Adaniya%2C+Hidehito
http://orcid.org/0000-0002-1327-2430
https://aip.scitation.org/author/Shintake%2C+Tsumoru
https://aip.scitation.org/topic/collections/featured?SeriesKey=jap
https://doi.org/10.1063/5.0036989
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0036989
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0036989&domain=aip.scitation.org&date_stamp=2021-02-04
https://aip.scitation.org/doi/10.1063/5.0038265
https://doi.org/10.1063/5.0038265
https://aip.scitation.org/doi/10.1063/5.0030745
https://aip.scitation.org/doi/10.1063/5.0030745
https://doi.org/10.1063/5.0030745
https://aip.scitation.org/doi/10.1063/5.0038459
https://doi.org/10.1063/5.0038459


Measurement and analysis of the mean free path
governing high-energy electron scattering in CdTe,
via off-axis electron holography

Cite as: J. Appl. Phys. 129, 055109 (2021); doi: 10.1063/5.0036989

View Online Export Citation CrossMark
Submitted: 9 November 2020 · Accepted: 14 January 2021 ·
Published Online: 4 February 2021

Cathal Cassidy,a) Hidehito Adaniya, and Tsumoru Shintake

AFFILIATIONS

Okinawa Institute of Science and Technology Graduate University, 1919-1 Tancha, Onna-son, Kunigami-gun, Okinawa 904-0495, Japan

a)Author to whom correspondence should be addressed: c.cassidy@oist.jp

ABSTRACT

The mean free path governing the scattering of high-energy electrons in cadmium telluride (CdTe) has been measured and analyzed using
off-axis electron holography (OEH). In the first part of the study, the total mean free path value was determined via acquisition and aggrega-
tion of a large off-axis holography dataset at 300 kV and room temperature, yielding the value λOEH ¼ 52+ 7 nm. This is significantly
shorter than some previously reported values obtained via different experimental techniques and theoretical calculations. To confirm the
validity of the measurement and to understand the underlying physical scattering processes, the study was extended to systematically investi-
gate the role of electron energy loss, electron scattering angle, and specimen temperature in the overall holography measurement.
This allowed the observed mean free path value to be clearly decomposed into terms of electronic (inelastic) and nuclear (elastic) scattering
processes in the material and enabled direct measurement of the relevant contributions. Specifically, the determined attenuation coefficients
were μinel(ΔE.5 eV) ¼ 5:9+ 1:2 μm�1 and μel(ΔE,5 eV,α.3mrad) ¼ 13:5+ 1:2 μm�1 (full details in the main text). With appropriate consider-
ation of the relevant scattering mechanisms, the mean free path value determined here from off-axis holography measurements is consistent
with prior experimental measurements from other techniques and theoretical calculations. These insights and measurements should be of
future value for quantitative holography and electron beam scattering experiments in CdTe.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0036989

I. INTRODUCTION

Cadmium telluride (CdTe) is a high-density compound
semiconductor used in a variety of technological applications. In a
high-resistivity single crystal form, as studied in this work, it has
been used for many years as a detector in gamma-ray astronomy1–3

and recently is attracting interest for medical imaging.4 A particular
advantage of CdTe is direct high-energy photon detection with
good stopping power, along with the ability to discriminate the
photon-energies in a multi-source spectrum. Recently, CdTe has
also been mentioned as a candidate material for direct electron
detection,5 underpinning the need for deeper understanding of
electron scattering processes in CdTe.

Electron holography is a well-established technique that allows
the amplitude and phase of a specimen-transmitted electron wave
to be quantitatively measured.6–8 Phase information is frequently
the primary target of electron holography study, as it provides local

information on the electric and magnetic field distributions within
the specimen, which is difficult to access via other means. For
semiconductor specimens in particular, this allows high resolution
mapping of electric potentials in functional devices.9,10 Previously,
we worked to determine the mean inner potential, V0, of CdTe,
which is a fundamental, material-specific contributor to the elec-
tron wave phase shift as it passes through the specimen.11

In addition to the phase, the electron wave amplitude is also
acquired in a holography measurement and describes how the
electron wave was locally attenuated upon interaction with the
specimen, relative to a reference vacuum wave. This attenuation
can be described via a material-specific mean free path parameter.
Knowledge of this parameter for a given material has a significant
practical use, in that it allows the specimen thickness to be
directly mapped using amplitude data, conveniently and in
perfect registry with the simultaneously acquired phase data.12,13
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Furthermore, quantitative study of the amplitude signal can also
yield some fundamental insights into the specific scattering pro-
cesses occurring in the specimen. Measurement and interpreta-
tion of the mean free path in CdTe, as measured in off-axis
holography at 300 kV, is the topic of this paper.

II. THEORY

The theoretical background for off-axis electron holography is
well-documented, with numerous comprehensive treatments in the
literature. For example, see comprehensive reference textbooks14–16

and more recent reviews.17–23 A short summary of pertinent points
follows, while an overview of the acquisition and reconstruction
process is shown in Fig. 1.

Assuming that dynamical diffraction effects can be neglected
(low-index crystal zone axes are avoided), upon propagation
through the specimen, electron wave amplitude A(x, y) and phase
shift Δf(x, y) are given by15

A(x, y) ¼ A0e
� t(x,y)

2λOEH , (1)

Δf(x, y) ¼ cEV0t(x, y)þ cE

ðþ1

�1
V(x, y � e

�h

ðþ1

�1
Az(x, y) dz: (2)

Each parameter is briefly defined here, while additional details are
also provided in the supplementary material. A0 is the amplitude of
the reference electron wave that passed through vacuum. t(x, y) is
the thickness of the specimen. λOEH is the mean free path govern-
ing electron scattering. As the value of this parameter is directly
tied to the holographic acquisition and reconstruction process, we
explicitly identify it with the subscript OEH (Off-axis Electron
Holography). cE is an interaction parameter that depends upon the
velocity of the beam electron. V0 is the mean inner potential of the
material, arising from the net contribution of the positive field of
the nuclei and the partial screening by the negative field from the
electron clouds. V(x, y) is an electrostatic potential term, which
arises if there is any extra net potential from factors such as charg-
ing or external bias applied to the material. As such fields may
extend over quite large regions outside the specimen, the integral
must be performed over z (the beam direction). e is the electronic
charge and �h is the Planck constant divided by 2π. Az(x, y) is the
z-component of magnetic vector potential, arising from any mag-
netic fields, if present.

Both the amplitude and phase signals depend directly upon
the specimen thickness, t(x,y); therefore, accurate and reliable
thickness measurement is a necessary prerequisite before more
complex analyses can be undertaken. There are also two material-
specific terms, V0 in the phase term and λOEH in the amplitude
term, which must be known before progressing to more complex
quantitative holography studies of a specific material. We have pre-
viously reported on the mean inner potential parameter11 and in
this work turn our attention to the mean free path.

λOEH is a mean free path parameter describing the reduction
of the electron wave amplitude upon traversing the specimen.12

It can alternatively be expressed as an attenuation coefficient,
μ ¼ 1=λ, which is entirely equivalent, but this notation can

sometimes be more convenient (e.g., if contributions from several
different absorptive processes, to the total attenuation, are being
added). Note that in considering mean free paths, the pertinent
scattering processes and experimental conventions differ from tech-
nique to technique, and in that context, we explicitly identify this
parameter as λOEH (Off-axis Electron Holography). This is an
important point, and we tabulate and relate some different defini-
tions of λ in various techniques of relevance in the supplementary
material. We will also discuss this topic further in Sec. IV.

Equations (1) and (2) can be re-arranged, and assuming there
are no external electric or magnetic fields present in the specimen
under study, the mean free path can be expressed in terms of the
amplitude and phase signals as

λOEH ¼ � t(x, y)

2 ln [ A(x, y)A0
]
¼ � Δf(x, y)

2cEV0 ln [
A(x, y)
A0

]
: (3)

To calculate the mean free path from experimentally acquired data,
the first expression in Eq. (3), which does not depend on the phase,
can be employed when the specimen thickness is known from
other means [for example, from a geometrically well-defined
(cleaved) sample, diffraction measurement or EELS mapping]. The
second form in Eq. (3), which does include the experimentally
acquired phase data, can be utilized if it is assured that dynamical
diffraction and external field effects are absent, and the mean inner
potential V0 is reliably known. We have primarily relied upon the
latter method for mean free path calculation but also performed
some reference EELS measurements to confirm the reliability of the
thickness values. Note that we have neglected any microscope lens
magnetic field contribution in deriving Eq. (3), as the CdTe speci-
men is not magnetic and, therefore, will not exhibit any significant
magnetization in response to an external magnetic field. Any inho-
mogeneity arising from the fields from the microscope optical com-
ponents will be corrected via the process of normalization with an
empty (without specimen) reference hologram, which was per-
formed in all cases. Therefore, in this work, we have used both the
TEM mode (with objective lens on and lens magnetic field present)
and the Lorentz mode (with objective lens off and the specimen in
a nominally field-free condition). The amplitude measurements are
mutually consistent from both of these modes, as will be described
in detail in the discussion of Fig. 5 later.

III. EXPERIMENTAL

Single crystal CdTe specimens were purchased from Acrorad
Ltd (Okinawa, Japan). These crystals are detector-grade, high-
resistivity single crystals fabricated using the traveling heater
method.24 Electron transparent lamellae were fabricated using
Focused Ion Beam (FIB), with various wedge and needle geome-
tries.11 Samples were prepared using sequential 30 kV, 8 kV, and
2 kV Ga ion milling for bulk, intermediate, and fine polishing,
respectively. Specimens were oriented perpendicular to the h110i
zone axis, with h111i surface normal. Samples were milled using
ThermoFisher Helios G3 UC and Hitachi DMF400025 instruments.
Typically, 1–2nm of surface amorphization was observed on the
CdTe specimen sidewalls (Fig. S1 in the supplementary material).
Within the crystal, dislocations were observed quite frequently
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(Fig. S2 in the supplementary material), as previously reported for
this material,26 and such areas were avoided for the detailed holog-
raphy measurements reported in the paper. Note that additionally,
one wedge specimen was prepared with intentionally high acceler-
ating voltage and beam current to result in complete amorphization
of the material. This specimen was prepared to help evaluate how
specimen crystallinity and dynamical scattering fluctuations

affected the measurement (as discussed in Sec. IV). An image of
this specimen is shown in Fig. S3 of the supplementary material.

Electron holography acquisitions were performed in a
ThermoFisher Titan G2 electron microscope, operated at 300 kV.
This microscope was equipped with a Schottky XFEG electron
source, S-TWIN objective lens (with collection half-angles, α, in
the range of 2.6–75 mrad), Lorentz lens (with collection half-angles

FIG. 1. Illustration of the off-axis holography acquisition and reconstruction process. (a) Schematic for standard off-axis electron holography. (b) Experimental hologram
(inset: zoom of biprism interference fringes in the vacuum region). (c) Fast Fourier transform of the acquired hologram, showing the centerband (CB) and conjugate side-
bands (SB, SB*). The electron wave amplitude and phase are recovered by masking and inverse Fourier transform of either of the sideband distributions. The centerband
region can also be reconstructed to yield a conventional intensity image. (d) and (e) Amplitude and phase maps, reconstructed by masking and inverse Fourier transform
of one of the sidebands. The equations underlying these signals (valid for weakly diffracting conditions and in the absence of external fields) are also shown. There are
two material-specific parameters: mean inner potential, V0 (determined in our previous work

11) and mean free path, λOEH (the subject of this paper).
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in the range of 2.1–10 mrad), image Cs-corrector (CEOS GmbH), a
single electrostatic biprism in the selected area plane, and a post-
column Gatan Quantum 966 energy filter, with Gatan 2 k � 2 k
UltrascanXP1000 cameras located before and after the energy filter,
respectively. A double-tilt heating holder (Gatan 652) and a single
tilt cooling holder (Gatan 613) could be employed for executing
experiments at elevated or reduced temperatures. This hardware
was capable of a biprism fringe contrast of 30% and phase and
amplitude resolutions of 2π=550 radians (11 mrad) and 0:9%,
respectively (standard deviation of the averaged reconstructed
signals in vacuum areas). This represents best case conditions in
vacuum—real specimen acquisition parameters were typically worse
than this.

Numerical reconstruction was performed using Gatan
Holoworks V5 and V6,27 along with self-written Digital Micrograph
scripts prepared for specific analyses. The Hologram class of the
Hyperspy28 Python package was also utilized, particularly for han-
dling of large image stacks.

IV. RESULTS AND DISCUSSION

A. Simple measurement of the total mean free path

In this section, a straightforward measurement of the mean
free path will first be presented, without consideration of the
underlying processes that govern the value. Examples of amplitude
and phase data will be shown, and the computation of mean free
path values, via aggregation of a large data set from CdTe and
other reference materials, will be presented.

In Figs. 2(a) and 2(b), we show the distributions of amplitude
and phase obtained from a defined region of interest on a CdTe
specimen. These particular data were generated via averaging of
1000 individual hologram frames, each with an exposure time of
1s. As shown in the figure, the data show standard deviations in A
and Δf of 1.3% and 2π/212 radians (30 mrad) in the specimen
area, respectively. For practical reasons, we acquired such large data
stacks only on a sample basis, and usually, used smaller image
stacks with higher noise (dataset D1 in the supplementary material
includes details for all CdTe acquisitions).

In Fig. 2(c), we show an example bivariate histogram, combin-
ing amplitude and phase data from an extended field of view. Such
bivariate histograms were very helpful visualizing the relationship
between amplitude and phase data29 and filtering any anomalous
regions that should be excluded from the measurement (such as
strongly diffracting regions in proximity to a dislocation or carbon
contamination regions). Such amplitude and phase data can then
be utilized directly in Eq. (3) to compute the mean free path.

The variability from measurement to measurement, with dif-
ferent specimens, experimental settings, and reconstruction param-
eters, was of greater concern than the precision of individual
measurements (which could be refined by straightforward, but
laborious, integration of more frames). With this in mind, a large
number of measurements were acquired with different experimen-
tal parameters—different specimen geometries, locations, tilts,
thicknesses, magnifications, biprism voltages, and reconstruction
settings. The results of all CdTe mean free path measurements
are summarized in Fig. 2(d), and the acquisition conditions
for each individual data point are tabulated in dataset D1 of the

supplementary material. In general, the majority of the measure-
ments fell within a well-defined range, from about 40 to 60 nm, as
a function of variations in experimental parameters. The only
exception to this was the case when the specimen was tilted close
to a strongly diffracting, low-index zone axis, as expected.31–33

In that case, the measured values were quite anomalous and easily
distinguished from the main population (and were excluded from
the analysis).

In general, the topic of dynamical scattering in the crystal is
central to this work and poses some risk to the validity of the
measurement. With this concern in mind, aside from using many
different thicknesses and tilts, we also deliberately prepared one
amorphous CdTe sample, with a view to having a sample with
maximal disorder and minimal dynamical scattering related fluctu-
ations. The measurements from the amorphous sample fell within
the main distribution shown in Fig. 2(d), matching the acquisitions
from the off-zone axis crystalline specimens, and indeed have
already been included in the figure and data analysis. From an
experimental and practical point of view, we believe that this is a
reasonable way to validate that the measurements are reliable and
are not grossly affected by erratic dynamical scattering fluctuations.
Thus, we believe that the reported value can be reliably utilized by
others in the field for specimen thickness mapping.

From a more fundamental theoretical perspective, the topic of
dynamical scattering is rather complicated. This topic has been
treated in detail by Lubk et al.31 for mean inner potential of Si and
Au, providing a very clear insight into the complexity of the
problem, the magnitude of possible effects, and the effect of experi-
mental parameters such as accelerating voltage and specimen tilt.
To our knowledge, such a detailed study has not been performed to
date for CdTe and is beyond the scope of the current work. It is
our strong wish to perform such a dedicated simulation study for
CdTe in future. Notwithstanding this underlying theoretical com-
plexity, we still believe that experimental approach of averaging
over multiple (far from zone axis) tilts, thicknesses, and amorphous
sample measurements is valid, and the determined value, with
associated errors, is general and reliable.

We also performed reference measurements on a number of
other common materials (C, Si, Pt) to ensure the reliability of the
experimental measurement. While published values for these materials
with comparable experimental settings are limited, these values agree
reasonably well with available prior values (for example,
λOEH,Si,200 kV ¼ 120 nm9 and λOEH,C,100 kV ¼ 55 nm34) and with
general expectations in terms of material atomic number and density.

Based upon the aggregated results shown in Fig. 2(d),
representing all of the valid CdTe measurements, we report a
mean free path value for CdTe at 300 kV of λOEH ¼ 52+ 7 nm
(mean and standard deviation of all valid measurements). This
simple measurement of the mean free path for CdTe is already of
some benefit, as it allows straightforward measurement of specimen
thickness to facilitate more complex quantitative holography studies.

However, this value is significantly shorter than the CdTe
mean free path published previously from 300 kV electron energy
loss spectroscopy (EELS) measurements: λEELS ¼ 192+ 10 nm11

and also prior theoretical calculations,35 provoking curiosity about
the reasons for the large difference. Given the experimental complex-
ity, there are certainly risks of artifacts or unforeseen equipment-
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dependencies. Furthermore, there are numerous electron scattering
processes in the background that might play some role in the holog-
raphy measurement (such as very low-loss phonon scattering events
and the finite possibility of interference of inelastically scattered
waves36–40), but whose contribution was poorly understood. While a

comprehensive analysis of these rather complex topics is beyond the
scope of this paper on CdTe, it was nevertheless prudent to confirm
the experimental robustness of the obtained holography data and
also more generally understand the critical factors that significantly
influence the experimental off-axis holography results.

FIG. 2. Amplitude, phase, and mean free path data. (a) and (b) Experimental measurement of CdTe amplitude and phase, respectively. Data from 1000 individual holo-
grams have been averaged to produce the shown distributions, extracted from local regions of interest on object and vacuum regions. (c) Bivariate histogram showing the
relationship between the acquired amplitude (log) and phase distributions over an acquired frame including vacuum and varying specimen thickness regions. Such visual-
izations are helpful for correlating the amplitude and phase signals, assessing acquisition quality and identifying anomalous regions. (d) Calculated mean free path for
CdTe, derived from experimental data acquired in a range of different experiments (different specimens, thicknesses, tilts, biprism voltages, magnifications, integration
times, reconstruction parameters). Note that we also performed brief reference measurements on single crystal silicon (“Si”), polycrystalline diamond30 (“Diamond”), amor-
phous carbon (“aC”), and a platinum-carbon mixed phase layer (“Pt-C”).
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B. Further analysis of the mean free path

With this in mind, the study was extended to explore the
material-specific and equipment-specific factors underpinning the
total mean free path values that we reported in Fig. 2. It is relatively
straightforward to investigate the effect of specific parameters in a
systematic way, using standard operating modes and adjustable
components on the microscope.

An overview of the varied experimental parameters is shown
in Fig. 3. By varying the microscope objective aperture in the back
focal plane, it was possible to vary the collection angle of the

optical system and thereby quantify the relationship between angle
of scattering and the reconstructed amplitude signal. By employing
an energy filter, it was possible to remove electrons that had experi-
enced a large (experimentally resolvable) energy loss in the specimen
and thereby quantify how such electrons contribute to the hologram.
In this work, a slit width of 10 eV was employed, centered at the
zero-loss position, meaning that electrons with an energy loss .5 eV
could be excluded from the hologram formation process. Energy
losses in this range are related to electronic scattering events (such as
plasmon, interband, and core electron excitation). Very low energy

FIG. 3. Schematic overview of the experimental system, with an illustration of how various different scattering processes contribute to the mean signals reconstructed from
the hologram. The scattering angle dependence (described by half-angle α) could be explored by varying the objective aperture in the back focal plane. The energy
dependence could be investigated by insertion of the energy filtering slit. The specimen temperature could also be varied. The factors governing the off-axis holography
mean amplitude signal could also be investigated by comparing the numerical reconstructions produced from the centerband and sideband distributions. *The details
regarding populations 4 and 5 will be clarified in the discussion of Fig. 5.
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loss events, such as from phonon scattering, could not be filtered
with this experimental configuration. The specimen temperature
could also be varied. As the mean free paths associated with some
nuclear (phonon, thermal diffuse) scattering processes are expected
to show a very strong variation with temperature (2–4 x, from 0 K to
300 K),41,42 it was of interest to evaluate how the electron holography
measurement was affected by changes in the specimen temperature
and thereby gain some insight into the role played by such processes.

Furthermore, by also reconstructing the signal in the hologram
centerband (CB) in addition to the usual hologram sideband (SB),
as shown in the hologram FFT, we can gain further insight into the
mechanisms at play. The image arising from reconstruction of the
centerband is similar to a conventional intensity image, in that
it does not directly filter inelastically scattered or incoherent
electrons—all scattered electrons which make it through the aper-
tures will contribute to the image. The hologram sideband, which
is used to extract the wave amplitude and phase, on the other hand,
by definition is formed purely by interference of the object and
reference waves, and as a result, any signal reconstructed from the
sideband will be highly sensitive to the coherence of the interfering
electrons and the details of the resultant interference pattern. Thus,
comparison between the two cases is quite useful, and the fact that
both signals are acquired automatically in the same experiment,
with the same parameters and in perfect registry, allows a very
direct and reliable comparison to be made.

There are a few important points to note about utilizing the
data available from the centerband, however. While the centerband
reconstruction is very similar to a standard image, the presence of
the biprism means that there is an extra intensity contribution
from the vacuum reference wave, which affects the apparent
contrast. Furthermore, while sideband reconstruction directly
yields an amplitude signal, both conventional imaging and cen-
terband reconstruction yield intensity (amplitude squared)
terms. Such differences, while not presenting a major problem to
the analysis, must nevertheless be carefully handled to ensure
that a valid comparison can be made. Details are summarized in the
supplementary material. Note that we occasionally use the shorthand
“inelastic/elastic” and “electronic/nuclear” terms to differentiate scat-
tering events with energy losses greater or less than 5 eV, respectively,
as is commonly done in the literature, but this is obviously an over-
simplification of the actual scattering phenomena that are occurring.

Figure 4 shows some example data to illustrate how the
various signals vary, while Fig. 5 shows a highly distilled summary
of the key findings of a wide ranging investigation.

As mentioned, for illustrative purposes, Fig. 4 shows a com-
parison of some selected acquisitions—specifically reconstructed
centerband and sideband images with and without energy filtering
(at room temperature, with a collection half-angle of 75 mrad).
The acquired signals have been adjusted (as outlined in the
supplementary material) such that they are both expressed in terms
of electron wave amplitude and are directly comparable. The
colored boxes in each image indicate the electron types that are
presumed to be contributing to the image, with reference to the
beam paths shown in Fig. 3. These are included for illustrative pur-
poses only—the details will be clarified in the discussion of Fig. 5.
First, in comparison with the centerband and sideband data in
Fig. 4, it is clear that the sideband images show significantly higher

contrast (more attenuation) than the centerband images. This is
consistent with expectations, as any inelastically scattered/incoher-
ent electrons should be included in the centerband but rejected
from the sideband. Second, it is clear that the centerband image
signal is significantly reduced by insertion of the energy filter, as
expected, given that the energy filter removes inelastically scattered
electrons that would otherwise have been included in the image.
Finally, for the case of the sideband images, it is clear that the
reconstructed amplitude signal is not significantly affected by the
insertion of the energy filter. This indicates that those electrons with
energy losses greater than 5 eV do not make it into the reconstructed
amplitude signal anyway, having lost coherence with the main
ensemble; therefore, inserting the filter has no discernible effect. The
general story seems to be consistent with expectations, and we can
proceed to a more quantitative analysis of the respective signals.

In Fig. 5, we show a summary figure that encapsulates all of
our measurements over collection angles, energy filtering, and
specimen temperature, with corresponding data extracted from
reconstructed sidebands, reconstructed centerbands, and conven-
tional (non-holographic) images acquired with the biprism
retracted.43 These experiments have been executed multiple times,
with different microscope set-ups and specimen materials, with
consistent results. The attenuation coefficient (μ) notation has
been utilized here, as it allows a more directly intuitive approach
than adding reciprocals (mean free paths). Figures 5(a) and 5(b)
show investigations performed in a standard TEM mode, with the
objective lens on. This mode has the advantage of a well-defined
collection angle, which can be varied over a large range, but has
drawbacks in terms of field of view and fringe contrast, with asso-
ciated limitation for signal to noise. Figure 5(c) is a similar mea-
surement to Fig. 5(a) but performed in a Lorentz mode with the
objective lens switched off. This optical mode has a severe restric-
tion on the available collection angle but has the advantage of
allowing wider fields of view and higher signal-to-noise measure-
ments, thus complementing prior TEM-mode measurements.

Considering Fig. 5(a), there are two central findings to high-
light. First, the hologram sideband-derived signal did not vary sig-
nificantly, within our measurement error, as a function of changes
in both energy filtering and collection angle. That the sideband
signal is not affected by the insertion of the energy filter is reason-
ably in line with expectations, but the absence of a strong depen-
dence on the collection angle is more intriguing. This lack of
sensitivity to the collection angle has been reported previously34

but also seems to differ slightly from some more recent work.44,45

Given the differences in complex experimental setups, it may be
that both measurements are mutually compatible within the associ-
ated experimental errors. For our specific setup, the experiment
was repeated several times with different parameters and materials,
and the behavior was reproducible. Second, as expected, the center-
band signal did directly depend upon energy filtering and collection
angle and, most interestingly, converged to match the sideband
signal in the limit of the filtered, small-angle condition. This conver-
gence is also confirmed in Fig. 5(c) in a rather different optical
mode. Together, these observations provide strong evidence that the
total attenuation coefficient we have measured for CdTe in off-axis
holography, which is derived from the mean amplitude signal, is a
sum of the inelastic scattering term, plus the elastic scattering out of
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the direct beam. More specifically, the mean attenuation observed in
the CdTe off-axis electron holography amplitude measurements is a
sum of (i) electronic, inelastic scattering contribution (ΔE . 5 eV)
and (ii) the elastic (ΔE , 5 eV) scattering outside the direct beam
(α . 3 mrad), via Rutherford-type scattering on the screened
nuclear potential. This is quite interesting and may provide a val-
uable insight for reliably relating the scattering behavior observed
in different experimental techniques to the underlying material
properties.

First, we discuss the underlying mechanisms. Regarding
inelastic scattering, μinel(ΔE.5 eV), electrons that have undergone a
large (.5 eV) inelastic scattering event will presumably have lost
coherence with the main ensemble and thus do not contribute to
the mean reconstructed value. Some prior work has demonstrated
the possibility of interference of inelastically scattered electrons, for
example,39,46,47 but we did not note any detectable contribution
within our attenuation coefficient measurements. This is in line
with expectations.

Regarding the attenuation term arising from elastic scattering
outside the direct beam, μel(ΔE,5 eV,α.3mrad), this is less obvious.
Clearly, electrons that have been scattered to higher angles ulti-
mately contribute to the mean signal of the centerband but are
rejected from the mean signal of the sideband. There are several
mechanisms that might play a role, such as loss of coherence owing
to low-energy loss (phonon) scattering or damping of the acquisi-
tion of higher frequency signals. However, we suggest that the
observed behavior can be explained more simply as being a direct
consequence of the utilized holography process, without a need to
explicitly consider specific electron scattering or acquisition factors.

A short summary follows. In the off-axis hologram, the
dominant oscillating fringe pattern and the associated dominant
sideband carrier frequency in the Fourier space is produced by
interference between the vacuum reference wave and the object
forward-scattered (000) beam. This dominant carrier frequency is
then deliberately selected and centered in the Fourier space during
reconstruction. Upon inverse transformation, this component,

FIG. 4. Illustration of the effect of electron energy-loss filtering on the hologram centerband and sideband-derived amplitude images, with corresponding line profiles. The
centerband acquisitions have been processed such that they yield an amplitude signal, which can be directly compared with the sideband data. Without filtering, the center-
band exhibits a small decrease in the signal in the object region relative to the adjacent vacuum, which is related to scattering-absorption (75 mrad aperture radius). Upon
insertion of the energy filter (at position 0 eV and width 10 eV), the centerband signal reduces significantly. This is attributed to the filtering of high-energy loss electrons
(.5 eV) and is assumed to be dominated by plasmon scattering. Considering next the sideband amplitude data, the object region signal is significantly reduced in compar-
ison with the centerband case, resulting in stronger image contrast. Insertion of the energy filter has no discernible effect on the sideband reconstructed amplitude (indicat-
ing that the interference and holographic reconstruction intrinsically rejects the inelastically scattered electrons anyway). The colored squares correspond to the associated
beam paths in Fig. 3 (for illustrative purposes only, the details will be clarified in the discussion of Fig. 5).
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arising from the (000) beam, uniquely defines the mean of the
reconstructed amplitude signal. Interferometric terms at other fre-
quencies (arising from interference of beams scattered at other
angles) may also appear in the sideband and be transferred into the
reconstructed amplitude image but add only oscillating terms (reso-
lution) to the reconstructed amplitude image. This behavior intrin-
sically differs from conventional imaging, in which the scattered
beams do contribute directly to the mean signal at the time of
acquisition on the detector, irrespective of their scattering angle.
A deeper discussion is beyond the scope of the current paper, but it
is our intention to prepare a follow-up paper to explore this topic
in further detail. Within the scope of the current paper on CdTe,
this description seems to provide a reasonable explanation of the
observed experimental results.

At this stage, we may revisit the previous electron ray paths
shown schematically in Fig. 3. Based on the results in Fig. 5, popu-
lation 4 can be identified as those electrons that have been elasti-
cally scattered outside the direct beam (thus contributing to the
centerband mean amplitude values but not the sideband mean
values), while population 5 is the direct, forward-scattered (000)
beam (which contributes to both the centerband and sideband
mean amplitude values). It must be highlighted, in strong terms,
that this description is only relevant for describing mean signals
extracted from the amplitude images, in the context of computing

mean free paths, and does not accurately reflect the general transfer
of information or resolution through the system.

Next, we consider the specific values of these distinct attenua-
tion mechanisms, which in general will be highly specific to the
material under study. The inelastic contribution will depend upon
the electronic band structure, in a similar fashion to EELS,48 while
the elastic contribution will depend directly upon the atomic
number of the specimen nuclei. Thus, for a low-Z material like
carbon, it might be expected that the elastic scattering contribution
might be relatively small, and the EELS and holography derived
attenuation coefficients might be similar. However, for a high-Z
material, the nuclear scattering term could be very significant, and
the attenuation coefficient derived from holography might be
significantly larger than that from EELS. For CdTe specifically, we
can directly extract the actual values of the respective attenuation
coefficients from Fig. 5. The inelastic scattering contribution can
be determined from the increase in the centerband-derived attenu-
ation coefficient, upon insertion of the energy filter. This term
must also vary with the collection angle, especially at low angles
(plasmon scattering is strongly forward peaked) but should satu-
rate at larger angles as a relatively low proportion of energy-loss
electrons are excluded by the aperture in this angular range.
As can be seen in Fig. 5(a), this is indeed the case—the offset
between filtered and unfiltered traces is relatively constant at higher

FIG. 5. The effect of electron energy-loss filtering, collection angle, and specimen temperature upon the CdTe attenuation coefficient, as evaluated from both centerband and
sideband reconstructions, as well as conventional intensity images. (a) Data acquired with the objective lens on (TEM mode), with good control over the collection angle but rel-
atively poor field of view and signal-to-noise performance. (b) Effect of the specimen temperature upon the reconstructed centerband and sideband. (c) Counterpart to (a),
using the Lorentz mode that allows a wider field of view and better signal-to-noise performance but which has limits on the available collection angle. A key finding is that the
sideband signal does not change significantly as a function of energy filtering and collection angle. The centerband signal does vary quite strongly with these parameters, as
expected, and interestingly, in the limit of energy filtering and small collection angle, converges upon the sideband signal. It is also notable that the signals do not show very
large changes, at least relative to our measurement sensitivity, over a temperature change from 93 K up to 473 K, which is discussed further in the main text. The symbols,
colors, and y-axes are consistent across all three plots, and the legend shown within the plot area in Fig. 5(c) also applies to Figs. 5(a) and 5(b).
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angles. With this approach, we obtain a value of 5:9+ 1:2 μm�1

(which is consistent with our prior EELS measurements11 and also
prior theoretical calculations,35 keeping in mind the subtle differ-
ences in definition, summarized in the supplementary material). The
remaining attenuation can then be assigned to the elastic scattering
term, yielding a value of 13:5+ 1:2 μm�1. This indicates that for
CdTe, the elastic scattering on the screened field of the nuclei is a
significantly bigger contributor, than the inelastic (electronic) scatter-
ing term, to the total attenuation observed in off-axis holography.
This is reasonable given the high density and atomic number of the
material. Indeed, a simple Rutherford scattering calculation,45 while
not providing a rigorous and quantitative value, nevertheless provides
some guidance on the expected order of magnitude. Such a calcula-
tion yields a calculated attenuation coefficient value of 17.2 μm�1 for
CdTe (see the supplementary material; corresponding values for
carbon and silicon are 3.7 μm�1 and 5.1 μm�1, respectively).
Thus, while the Rutherford scattering estimate does not perfectly
match the experimental measurement, it is certainly of the correct
order of magnitude, and it seems that the relatively high contribu-
tion arising from elastic scattering in CdTe is reasonably in line
with expectations.

The temperature dependence of the holography amplitude
signal was also investigated, as shown in Fig. 5(b). Our motivation
in performing this study was that some electron scattering pro-
cesses, such as phonon or TDS scattering, are reported to show a
very strong thermal dependence.41,42 Specifically for CdTe, Allen
and Rossouw42 predicted that the CdTe mean free path for TDS
scattering would decrease by a factor of three, from approximately
300 nm to 100 nm, upon changing the temperature from 0 K to
300 K. Against this background, it was of interest to ascertain if our
measured value of the CdTe attenuation coefficient was particularly
sensitive to the temperature of the specimen. However, in
summary, changes on the order of a factor of two or three, as a
function of temperature, were not observed, as shown in Fig. 5(b).
Certainly, the attenuation coefficient derived from the recon-
structed sideband signal appears to increase slightly as a function
of temperature (and this behavior is worthy of further dedicated
study), but the change is on the order of our experimental accuracy
in the current work, and large shifts, by a factor of two or three,
were certainly not detected. For the present paper, in documenting
the mean free path for CdTe, the temperature of the specimen does
not seem to be a major factor in modulating the amplitude signal
within our experimental errors. More generally, the thermal depen-
dence of scattering by the lattice is a highly interesting but rather
complex topic and is certainly worthy of more precise and in-depth
measurements in future.

Finally, it is important to flag some specific characteristics and
limitations of this study, which might limit the generality of the
results. Only one electron biprism was available in the microscope,
which constrained the available field of view and achievable fringe
contrast for holography measurements, with associated limits of
achievable signal to noise. Furthermore, use of a single biprism pre-
cluded large spatial separation of object and reference wave regions,
which might result in some finite cross-talk between the two
regions, particularly for high-angle scattered electrons or for highly
delocalized phenomena such as phonon excitation; therefore, the
results should be interpreted with care. We analyzed crystals

,100 nm thick in this work, given the rather short mean free path;
therefore, the conclusions may not hold in studies of thicker crys-
tals. We did not consider the effects of optical aberrations on high-
angle scattered electrons. For the temperature study, the nominal
holder temperature was reported, but the actual local temperature
at the specimen was not verified, and it may conceivably have dif-
fered significantly from the reported value. Future work would
benefit from studies with higher performance multiple-biprism
holography microscopes,49,50 consideration of thicker samples
(perhaps with a higher acceleration voltage49), local verification of
specimen temperature (e.g., via EELS51), and higher energy resolu-
tion electron energy loss spectrometry capability.52

V. CONCLUSIONS

The primary finding of this work is a measurement of the
mean free path governing electron wave attenuation in CdTe, as
λOEH ¼ 52+ 7 nm (in off-axis electron holography measurement at
300 kV). Under comparable experimental conditions, this value can
be directly utilized for convenient specimen thickness mapping in
CdTe. We have also attempted to decompose the individual compo-
nents underlying this measured value and suggest that the observed
mean amplitude attenuation can be reasonably explained by the sum
of electronic inelastic scattering (plasmon and core-loss, ΔE . 5 eV),
with an attenuation coefficient of μinel(ΔE.5 eV) ¼ 5:9+ 1:2 μm�1,
and nuclear elastic scattering out of the forward-scattered beam
(ΔE , 5 eV, α . 3 mrad), with an attenuation coefficient of
μel(ΔE,5 eV,α.3mrad) ¼ 13:5+ 1:2 μm�1. These results will hopefully
be a useful foundation for future, more quantitative holography
studies of CdTe intrinsic material parameters and functional device
potentials.

SUPPLEMENTARY MATERIAL

See the supplementary material that contains additional detail
on definition of parameters in Eqs. (1) and (2), definition of the
mean free path/attenuation coefficient in different techniques,
further specimen preparation information, CdTe attenuation coeffi-
cient estimation based on a simple Rutherford scattering model,
and further details on CdTe experimental acquisition settings.
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