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Off-axis electron holography has evolved into a powerful electron-microscopy-based technique for character-
izing electromagnetic fields with nanometer-scale resolution. In this paper, we present a review of the appli-
cation of off-axis electron holography to the quantitative measurement of electrostatic potentials and charge
density distributions. We begin with a short overview of the theoretical and experimental basis of the technique.
Practical aspects of phase imaging, sample preparation and microscope operation are outlined briefly.
Applications of off-axis electron holography to a wide range of materials are then described in more detail.

Finally, challenges and future opportunities for electron holography investigations of electrostatic fields and
charge density distributions are presented.

1. Introduction

The technique of electron holography was originally proposed by
Gabor as a strategy for overcoming the fundamental barrier to electron
microscope resolution arising from spherical aberration [1]. However,
its practical implementation in the transmission electron microscope
(TEM) was delayed until the development of the high-brightness, field-
emission electron gun (FEG), which provides the required highly co-
herent illumination [2]. Most modern high-resolution and analytical
TEMs are equipped with FEGs, facilitating the development and ap-
plication of electron holography and related techniques. The TEM mode
of off-axis electron holography is by far the most common of the many
possible variants of electron holography [3], and it was the approach
used by Lichte and his colleagues in some of the first convincing de-
monstrations of aberration correction using the technique [4]. Sig-
nificant improvements in spatial resolution using electron holography,
as well as convenience in operation, have also resulted from the in-
troduction of microscope hardware for aberration correction [5]. Since
a reconstructed electron hologram provides access to the phase of the
electron wavefunction after it has passed through a thin, electron-
transparent specimen, off-axis holography enables electromagnetic
fields to be characterized and quantified with high spatial resolution
and sensitivity [6].

This review focuses on the use of off-axis electron holography to

achieve quantitative mapping of electrostatic potentials and measure-
ments of electrostatic fields and charge density distributions. We begin
with a short synopsis of the theoretical basis of the technique and ex-
perimental considerations, including essential aspects of microscope
operation and sample preparation. Important developments in the
study of electrostatic fields, including recent and emerging applications,
are then described, with an emphasis on quantitative measurements.
The final section presents ongoing challenges, which result from re-
duced sample dimensions, sample charging and electrostatic fringing
fields, and discusses future opportunities, such as in situ experiments
and electron holographic tomography. The interested reader is also
referred to additional review papers for further information about the
development and applications of electron holography and related
techniques [6-14, 130-132].

2. Basis of off-axis electron holography

Changes in the phase of the incident electron beam caused by
electrostatic potentials within and surrounding a TEM specimen are not
directly observable in conventional electron micrographs, which typi-
cally contain only intensity information. Electron holography enables
this limitation to be overcome, as demonstrated in Fig. 1, which shows:
a) an experimental off-axis electron hologram of a doped Si-Ge nano-
wire; and b) a color-coded representation of the corresponding
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Fig. 1. (a) Off-axis electron hologram of a doped Ge-Si NW with a AuGa growth catalyst particle; (b) Corresponding reconstructed phase image visualized with

pseudo-color. Color scale at top right.

reconstructed phase change of the electron beam across the field of
view. Subsequent analysis and interpretation of this phase image can be
used to obtain quantitative information about the projected electro-
static potential distribution. Electric fields and charge density dis-
tributions can also be quantified, subject to certain requirements and
limitations that are described below.

The region of interest on the specimen is normally positioned so that
it covers approximately half of the field of view. An electrostatic
biprism, which takes the form of a thin (< ~1 pm diameter) wire [15],
is usually located for convenience in place of one of the selected-area
apertures. The application of a voltage to the biprism results in overlap
of a vacuum reference wave with the electron wave that has passed
through the specimen, as shown schematically in Fig. 2. Holographic
interference fringes are formed in the overlap region if the electron il-
lumination is sufficiently coherent. The contrast of the interference
fringes is proportional to the amplitude of the electron wavefunction
that reaches the detector, while the desired phase information is
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Fig. 2. Sketch illustrating the origin of phase shifts in an electron-transparent
specimen relative to a vacuum (or reference) wave, which are used for the
quantification of electrostatic fields using the technique of off-axis electron
holography.
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encoded in their relative positions. Since a vacuum reference wave
needs to be overlapped with the area of interest on the specimen, it is
helpful for many applications if the edge of the specimen is visible
within the field of view of the phase image. The phase offset in vacuum
(or in a thin and weakly scattering underlying support film) can then be
assigned to a value of zero. In addition to the coherent FEG electron
source and post-specimen electrostatic biprism, a recording device with
high dynamic range and excellent input-output linearity, such as a
charge-coupled-device (CCD) camera or a direct electron detector, is
essential for achieving quantitative amplitude and phase measurements
using electron holography, as illustrated in Fig. 3. By recording the
interference pattern (i.e., hologram) in digital form, rapid retrieval and
reconstruction of the complex electron wavefunction is greatly fa-
cilitated. Additional post-specimen lenses, such as a mini-(Lorentz) lens
in the bore of the lower objective lens polepiece, are also useful for
providing increased imaging flexibility in terms of the accessible ranges
of magnification, interference fringe spacing and overlap width.

If the effects of dynamical electron diffraction are neglected (i.e., if
the specimen is treated as thin and weakly diffracting), then the phase
change of the electron wave transmitted by the object relative to that of
the vacuum or reference wave is given (in one dimension) by the ex-
pression

54)=Ce [V de~ + ffBi(x D)dxde -
where z is the incident electron beam direction, x is a direction in the
plane of the specimen, V is the total electrostatic potential within and
around the specimen, and B, is the component of magnetic induction
perpendicular to the electron beam direction [16]. Cg is an interaction
constant that depends on the energy of the incident electron beam and
is given by the expression

21 E+E,

FT AE2E + E,

(2)
where A is the wavelength and E and E, are the kinetic and rest mass
energies, respectively, of the incident electron beam. Cr takes a value of
0.00653 rad/(V.nm) at a microscope accelerating voltage of 300kV.
Since electromagnetic fields that are outside the specimen, including
fringing fields originating from other microscope components, can in-
fluence the phase change that is finally recorded, Eq. (1) should in
principle be evaluated along the entire path of the electron wave from
the FEG electron source to the detector. Moreover, crystalline materials
should be tilted away from zone-axis orientations. If long-range elec-
trostatic (or magnetic) fringing fields that originate from charges (or
magnetic moments) in the sample only perturb the reference wave that
is used to form the electron hologram slightly, then their presence can
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be taken into account simply by flattening the phase in vacuum.
However, if they affect the reference wave strongly, then they may need
to be simulated computationally to remove their contributions to the
phase shift in the region of interest Because of the non-uniformity of
fields along the electron beam direction for specimens such as charged
nanowires, it may sometimes be necessary to carry out tomographic
holography in order to determine the full three-dimensional electro-
static potential distribution associated with the sample [17].

In many practical cases, V and B are approximately constant within
the sample thickness t, and there are no significant electrostatic and/or
magnetic fringing fields outside the sample. Eq. (1) can then be sim-
plified in one dimension to

8p() = GV (i) — [ B () @

For the non-magnetic materials that are considered in the present
paper, the second term in Eq. (3) is zero. The final simplified expression
includes contributions to the electrostatic potential from both local
variations in the mean inner potential (MIP) (i.e., the composition and
density) of the specimen and longer-range charge redistribution. A re-
corded phase image therefore provides the basis for the measurement
and quantification of electrostatic fields in many practical situations, as
explained below. Prior knowledge of the local value of the MIP, which
is usually written Vj, is often crucial for quantifying the electrostatic
potential distribution. However, calculations based on neutral atom
scattering factors tend to overestimate V, [18], highlighting the need
for experimental measurements of this key parameter [19]. Measure-
ments of V, usually require an independent estimate of the specimen
thickness profile. In addition, it is essential to minimize dynamical
diffraction effects by avoiding zone axes and other strongly diffracting
orientations. A convenient table listing MIP values for many common
materials has been published [18]. Further discussions about the
measurement and calculation of the MIP can be found elsewhere [e.g.,
14].

The local variation in electrostatic potential associated with the
presence of a p-n junction in a doped semiconductor device consists of
two primary terms: the MIP of the sample V, and the built-in junction
potential, which is commonly written V,,;. The phase change can then be

written in the form
8¢ (x) = Cg[Vo(x) + Vi ()] £ (x). 4

Quantification of the junction potential ideally requires information
about the MIP and/or the local specimen thickness. Convergent beam
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Fig. 3. (Left) Sketch indicating the microscope components
that are essential for off-axis electron holography: (i) the field-
emission gun (FEG) provides coherent incident illumination;
(ii) the electrostatic biprism provides overlap of object and
vacuum reference waves; and (iii) the CCD camera enables
quantitative electron hologram recording. A Lorentz mini-lens
provides additional flexibility by enabling observations to be
made with a much larger field of view. (Right) Photograph of
a FEI Titan 80-300 aberration-corrected transmission electron
microscope equipped for off-axis electron holography experi-
ments.

electron diffraction with a probe size of ~2-10nm is well suited for
determining the local thickness of a crystalline sample with an accuracy
of ~5% over the thickness range that is appropriate for off-axis electron
holography [19]. The measured MIP of crystalline Si based on using this
approach is 12.0 = 0.2V [19], while its value is 14.0 = 0.6V for
crystalline GaAs [20]. Alternatively, the local specimen thickness can
be determined from an amplitude image if independent prior knowl-
edge of the inelastic mean free path is available [21].

After digital recording of the electron hologram, which consists of
interference fringes that are modulated in phase and amplitude by the
fields within and surrounding the object, image processing can be used
to reconstruct the (complex) wavefunction. The phase shifts caused by
the specimen can then be extracted and quantified. Fig. 4 illustrates this
reconstruction procedure for a doped Si nanowire. Fig. 4(a) shows the
original electron hologram, while Fig. 4(b) shows an enlargement of the
hologram that illustrates local bending of the interference fringes
caused by the presence of the nanowire. The Fast Fourier Transform of
the hologram shown in Fig. 4(c) has a central auto-correlation peak, as
well as two sidebands, which contain the desired phase information.
Fig. 4(d) shows the reconstructed complex image wave, obtained by
masking one of the sidebands, centering it in Fourier space, and then
applying an Inverse Fourier Transform. Fig. 4(e) shows the final phase
image, which is obtained by evaluating the arctangent of the ratio of the
imaginary and real parts of the complex image wave. The projected
electrostatic potential (and/or the projected in-plane magnetic field)
within and surrounding the sample can then be inferred by taking
factors such as the specimen composition and thickness into account.
Computer programs that are suitable for these processing steps have
been developed by several investigators, and are also commercially
available. It is even possible to carry out hologram reconstruction in
real time at the microscope at rates of up to several frames per second,
rather than waiting until after the microscope session is completed.

3. Practical aspects
3.1. Phase imaging

The electrostatic biprism is key to phase imaging using off-axis
electron holography, since it enables interference of the object and
reference waves to produce an electron hologram. The biprism must be
able to sustain potentials as high as 1000V for atomic-resolution stu-
dies [22]. Quartz fibers coated with very thin metallic films are most
commonly used, but Pt wires are also supplied by one microscope
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(a) Hologram

manufacturer. The wire should preferably be rotatable, so that it can be
aligned with specimen features of interest. It should also be mechani-
cally stable to avoid drift or vibrations that could reduce interference
fringe contrast and degrade the final phase image. It is therefore usually
preferable to align the biprism so that it is normal to the long axis of the
aperture holder.

The bias voltage applied to the biprism determines several im-
portant, inter-related parameters: the spacing and contrast of the in-
terference fringes and the extent of the fringe overlap region, which is
often termed the overlap width. Initially, with no voltage applied to the
biprism, Fresnel diffraction fringes outline the shadow of the biprism
wire. As the applied voltage is increased, the electron waves on each
side of the wire start to overlap, producing relatively coarse inter-
ference fringes that are still affected by Fresnel diffraction from the
edges of the wire. The fringe spacing and contrast both decrease upon
increasing the voltage further, while the overlap width increases.
Fresnel diffraction effects are then only visible at the edges of the
overlap region. Higher applied voltages can be used to expand the field
of view further and to produce finer interference fringe spacings, which
should in principle result in better spatial resolution in reconstructed
phase images. However, these gains are also accompanied by a decrease
in fringe contrast, which has a negative impact on image quality due to
poorer signal-to-noise in the final phase image. A compromise in terms
of fringe spacing and minimum usable fringe contrast eventually needs
to be made, which depends on the particular microscope and the spe-
cific application.

The interference fringe spacing varies inversely with biprism vol-
tage, as well as with electron energy, objective lens focal length, and
the location of the biprism in the microscope column [23]. Although
calculation of the fringe spacing is possible when the relevant micro-
scope dimensions are known, it is simpler to make experimental mea-
surements for a specific microscope geometry, as shown in Fig. 5(a).
Similarly, it is straightforward to measure and plot the width of the
fringe overlap region as a function of biprism voltage, as shown in
Fig. 5(b). The contrast (i.e., visibility) of the interference fringes ulti-
mately determines the precision of a phase measurement [24]. It is
therefore essential to avoid or at least minimize contributing factors
that have negative effects, including mechanical and electrical in-
stabilities, incident beam energy spread, and external stray magnetic
fields [25]. The fringe contrast can be written in the form

_ Imax - Imin

Imax + Imin

)

(c) Fourier Transform (d) Complex Image
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Fig. 4. Sequence of steps that are involved in quantitative
phase imaging using the technique of off-axis electron holo-
graphy. (a) Off-axis electron hologram showing doped Si NW
supported on holey C film; (b) Enlargement showing bending
of holographic interference fringes at the edges of Si NW; (c)
Fast Fourier Transform (FFT) of hologram; (d) Reconstructed
complex image calculated by Inverse Fourier Transformation
of one of the sidebands in the FFT; (e) Color-coded phase
image showing projected electrostatic potential across field of
view.

TR g

where I, and I,;;, are measured directly from an electron hologram
recorded under stable conditions with the sample removed from the
field of view.

It is also necessary to consider the interplay between spatial re-
solution, magnification, fringe spacing and detector pixel size, as dis-
cussed in detail elsewhere [23]. Undersampling of the interference
fringes on a CCD camera may cause a dramatic decrease in fringe
contrast by factors of 3 or more [26], or they may even be completely
destroyed. The effect can be avoided, or at least minimized, by using a
sufficiently high image magnification. In our experience, when studying
nanoscale fields, the interference fringe spacing should preferably be
approximately one third of the targeted spatial resolution in the phase
image. However, increased sampling may be desirable for samples with
atomic-resolution detail, so that the sidebands are well separated from
the central maximum and diffraction spots. Moreover, for studies that
require sensitive phase measurements, the image magnification should
ideally be adjusted so that each fringe period is sampled by at least 6,
and preferably as many as 10, detector pixels. These requirements can
be relaxed somewhat when using the latest generation of electron de-
tectors, which have improved point spread functions and better de-
tection quantum efficiencies.

3.2. Guidelines for operation

Off-axis electron holography sessions usually begin with a short
period when the electron microscope is operated in its normal imaging
mode. Standard alignment of the incident beam illumination is made,
any required specimen tilting is carried out, and the image astigmatism
is corrected. The specimen feature of interest is located and brought
into focus. It should also be confirmed that the edge of the specimen,
whose location is important for the formation of the vacuum reference
wave, will remain in the field of view when electron holography ob-
servations begin.

Additional practical factors need to be considered. For example,
effects that are not associated with genuine specimen features, such as
electron-beam-induced charging, projector lens distortions, and non-
linearities of the detector, can perturb the phase information about the
specimen that is contained in the displaced hologram fringes. It is
therefore standard practice to record a reference electron hologram
with the specimen removed from the field of view, without making any
other changes to the microscope imaging parameters. Phase images that
are (almost) free of distortions and artefacts can then be obtained by
carrying out a complex division of the object and reference waves,
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Fig. 5. (a) Line profile showing the increase of
the overlap width of an off-axis electron holo-

[ gram with biprism voltage for a Philips
CM200-FEG TEM operated at 200 kV. (b) Line

profile showing the dependence of holographic
interference fringe spacing on applied biprism

voltage for a Philips CM200-FEG TEM operated
at 200 kVv.
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before evaluating the phase of the resulting wavefunction [24].

The coherence of the electron beam incident on the sample, as de-
termined by the effective source size, is a crucial instrumental para-
meter because it determines the contrast (i.e., visibility) of the holo-
graphic interference fringes. Unlike conventional TEM imaging, where
rotationally symmetric illumination is normally used, highly elliptical
illumination is often implemented for electron holography. This con-
figuration provides a significant gain in lateral beam coherence for a
given hologram acquisition time, even for high-brightness field-emis-
sion electron sources. This ellipticity is achieved by adjusting the con-
denser lens stigmators, so that the area illuminated in the specimen
plane is very wide in a direction perpendicular to the biprism wire, but
narrow in the orthogonal direction parallel to the biprism wire, with the
condenser lens overfocused. Typically, the minor axis should be 2-5
times larger than the region of overlap between the object and re-
ference waves, while the major axis should be 50-100 times larger [26].
The beam coherence should be maximized to the greatest possible ex-
tent by orienting the elongated beam to be perpendicular to the di-
rection of the biprism wire.

3.3. Sample preparation

The minimization of artifacts due to sample preparation is an im-
portant aspect of making reliable measurements of electrostatic po-
tentials and charge density distributions using off-axis electron holo-
graphy, especially in the case of semiconducting materials and devices.
The area intended for examination needs to be electron-transparent and
close to the specimen edge in order to ensure the availability of a re-
ference wave. A specimen such as a semiconductor device should often
be prepared with uniform thickness, or with a well-defined thickness
profile, in order to improve the accuracy of interpretation of the re-
constructed phase image. In this respect, wedge polishing is very useful
for the preparation of such TEM specimens [27]. Misleading phase
shifts due to diffraction effects or bend contours can be minimized by
tilting the sample away from a zone-axis orientation [28]. However,
some compromise in the amount of tilt may be needed to avoid
smearing out interface profiles in nanostructured devices [29]. Sample
charging due to the electron-beam-induced emission of secondary
electrons can degrade measurements of electrostatic potential [30], and
can sometimes be reduced by coating the sample surfaces with C before
commencing electron holography studies [19].

Recognizing and avoiding sample preparation artifacts represents
an ongoing concern for quantitative electron holography studies.
Mechanical polishing followed by Ar ion milling at low energy is a
common method used for preparing cross-sectional specimens of ma-
terials such as semiconductors [31]. However, early off-axis electron
holography studies of Si p-n junctions showed that Ar ion milling could
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give rise to amorphous layers that are up to 25 nm in thickness on both
sample surfaces, as well as to additional crystalline regions of the
specimen that are electrically inactive [32]. Low angle wedge polishing
followed by low angle, low energy ion milling and coating with a thin C
film has been shown to mitigate such effects [19], and high quality
potential maps of field effect transistors prepared using this method
have been reported [27].

Different approaches for sample thinning are required when the
device region or feature of interest is located well below the sample
surface. Focused-ion-beam (FIB) milling has developed into a site-spe-
cific, analytical tool that is now widely used for TEM specimen pre-
paration, for example in the semiconductor industry for failure analysis
[33]. However, FIB milling of Si-based specimens can result in the
formation of electrically inactive surface layers that have thicknesses as
high as ~100 nm for typical dopant concentrations [34], as a result of
the penetration of Ga ions deep into the sidewalls of the material [35].
Early electron holography studies of doped Si devices were focused on
removing the effects of electrically inactive surface layers from elec-
trostatic potential measurements by recording changes in potential as a
function of specimen thickness in wedge-shaped samples that had been
prepared using FIB milling [36, 37].

Strategies for minimizing FIB-induced artifacts include in situ elec-
trical biasing [38], in situ annealing [39], and low-energy backside ion
milling [40]. Uneven milling of wafers can create specimen thickness
corrugations, which are commonly referred to as "curtaining" [34]. This
type of sample artifact has been shown to be alleviated by "backside"
FIB milling, as well as by completing the thinning process using gentle,
low-angle milling in a conventional Ar ion mill [41]. A discussion of FIB
milling of semiconductors, and suggestions for viable strategies that can
be used to minimize artifacts in holographic phase images, can be found
elsewhere [42]. Since the latest generation of FIB systems allows final
milling to be performed at energies of 500 eV or even lower, some of
these problems for semiconductor devices are now markedly reduced.

4. Measurement of electrostatic potentials and charge density
distributions

This section provides examples of the application of off-axis electron
holography to the measurement and quantification of electrostatic
fields and charge density distributions in materials that are of scientific
interest and technological importance. These studies highlight the
usefulness of off-axis electron holography for determining important
material parameters that are not accessible using other techniques.

4.1. Dopant profiles and p-n junctions

The mapping of dopant distributions in semiconductor devices with
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nanometer spatial resolution is an all-important task for the electronics
industry. Device behavior is determined directly by local variations in
internal electrostatic potential associated with the presence of dopants.
These variations in potential can be complicated, especially for na-
nostructured devices in which lateral diffusion can occur as a result of
device processing [43]. Secondary-ion mass spectrometry can be used
to measure dopant concentrations to better than the part per million
level, but its lateral resolution is inherently limited [44]. Dopant dis-
tributions are not measured directly using off-axis electron holography.
Instead, the technique provides measurements of projected electrostatic
potential, which are then interpretable in terms of the dopant dis-
tribution, with a spatial resolution that is currently inaccessible using
other techniques. Many electron holography studies of doped semi-
conductors have been published. The following examples constitute a
representative selection that charts progress in this field. Examples of
studies of doped nanowires and electrical biasing experiments involving
doped materials are described below in Sections 4.4 and 4.6, respec-
tively.

Both sample preparation and electron microscope technology lim-
ited early pioneering electron holography studies of doped semi-
conductors [45, 46]. Later device studies made use of digital recording
and more flexible electron optics, such as the availability of an addi-
tional mini-lens for optimizing the magnification between the sample
and the biprism. It was established that the internal variation in elec-
trostatic potential across an unbiased Si p-n junction due to a simple
one-dimensional (1D) dopant profile could be mapped and quantified
with nanoscale resolution [47]. Subsequent studies of a wedge-po-
lished, C-coated sample demonstrated a spatial resolution of ~5nm
and a sensitivity of ~ 0.1V [48]. Spatial resolutions of better than
10nm with a sensitivity of 0.1 V were demonstrated for two-dimen-
sional (2D) mapping of electrostatic potentials associated with metal-
oxide-semiconductor (MOS) transistors [32]. Comparisons between
experimental and simulated 2D potential profiles were then performed
with a spatial resolution of ~6 nm and a sensitivity of ~0.17 V for a p-
doped field effect transistor, as shown in Fig. 6 [43]. Comparable results
in terms of spatial resolution were also reported for other Si-based
devices (see, for example, [49-52]).

More recent device studies have provided further improvements in
spatial resolution and/or sensitivity. Measurements of a 90-nm Si p-
channel device were reported with experimental uncertainties
of £ 0.1V in electrostatic potential and + 3nm in spatial dimension
[27], and a scaled MOSFET with a gate length of only 30 nm was also
investigated [52] Observations of Si test samples with precisely con-
trolled doping layers, which took advantage of an aberration-corrected
TEM with exceptional mechanical stability, demonstrated that steps in

Fig. 6. Reconstructed phase image showing electrostatic potential variations
associated with a 0.13 um p-FET semiconductor device. Reprinted from [43].
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electrostatic potential as small as 0.030 = 0.003V could be measured
[25]. An electron holographic tomography approach was used to vi-
sualize the three-dimensional (3D) electrostatic potential distribution
associated with an electrically biased Si p-n junction in a FIB-prepared
TEM specimen [53]. This study revealed an extensive region of dopant
deactivation in the near-surface regions of the specimen, which was
attributable to the FIB milling that had been used for sample prepara-
tion. Even larger thicknesses of electrically inactive surface layers were
reported for FIB-milled GaAs p-n junctions. Substantial reductions in
electrically inactive layer thickness from 80 to 17nm were then
achieved by using in situ annealing [54]. The use of in situ electrical
biasing was also reported to contribute to the recovery of the expected
built-in junction potential [39]. Additional electrical biasing studies of
doped semiconductor devices are described below in Section 4.6. Fur-
ther challenges and opportunities associated with studying deep-sub-
micron-sized electronic device structures using off-axis electron holo-
graphy have been discussed elsewhere (e.g., [55-60]).

4.2. Quantum dots and charged defects

Charge accumulation can occur at quantum dots (QDs) and struc-
tural defects such as dislocations. However, accurate quantification of
the amount of charge and the local charge density distribution using
off-axis electron holography can be difficult to achieve because of
overlap effects in the electron beam direction, the influence of the high
energy electron beam on the charge density distribution in the spe-
cimen, and stringent sample preparation requirements. Nevertheless,
the technique has been used successfully to determine the presence and
amount of charge within suitably thinned specimens. The accumulation
of positive charge (i.e., holes) in individual Ge QDs was identified [61].
The samples in this study had to be prepared using wedge polishing,
since ion implantation and any non-uniformities in sample thickness
had to be avoided. Self-assembled Ge QDs were sandwiched between B-
doped Si layers, resulting in the formation of valence-band offsets and
hole confinement in the QDs. The shapes of the QDs and the amount of
Si above and below each QD in the electron-beam direction had to be
taken into account. Simulations based on a 1D form of the Poisson
equation were used to interpret the projected electrostatic potential in
terms of the amount of accumulated charge. The number of holes per
unit volume was estimated to be ~30 + 3 holes/QD, which was close
to the average number of 40 holes per Ge QD measured using a mac-
roscopic capacitance-voltage method. In a similar study, electric fields
across individual wurtzite GaN QDs embedded in AIN were found to be
as high as 7.8 MV/cm, as shown in Fig. 7, in agreement with atomistic
tight binding calculations [62]. The sample geometry in this in-
vestigation was especially challenging, because the GaN QDs were en-
closed entirely in the AIN matrix. Separate MIP contributions to the
phase from the different materials, which overlapped along the electron
beam direction, had to be considered.

The study of charged defects such as dislocations using electron
holography is even more challenging than the quantification of charge
in QDs. In addition to demanding sample preparation, effects such as
structural disorder, impurity segregation and strong dynamical dif-
fraction are possible. Electron holography studies of undoped GaN in-
dicated that edge, mixed and screw dislocations were negatively
charged [63]. In a similar study, dislocations in n-GaN were reported to
be negatively charged [64]. Cross-sectional studies of dislocations in n-
ZnO revealed the presence of negative charge near the defect cores,
with charge densities of ~2 electrons/nm [65, 66]. Studies of threading
screw dislocations in n-doped 4H-SiC reported the presence of nega-
tively charged dislocation cores, with comparisons between experi-
ments and simulations showing that the density of trapped charges
correlated with the doping level [67]. For a specific sample geometry,
the possibility of counting the amount of charge on an individual na-
noparticle with a sensitivity of one elementary unit of charge has been
demonstrated [68].
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Fig. 7. (a) Phase and (b) amplitude images calculated from an off-axis electron hologram of a wurtzite GaN QD embedded in an AIN matrix. The amplitude image was
needed to distinguish between the AIN and GaN MIP contributions to the phase. Reprinted from [62].

4.3. Polarization charge and interfacial sheet charge

Electrostatic fields and sheet charge distributions in III-nitride
semiconductors have been investigated extensively using off-axis elec-
tron holography [69]. These materials contain high polarization fields
as a result of their polar nature, leading to charge accumulation at in-
ternal interfaces. Studies of GaN/InGaN/GaN quantum wells (QWs),
which are of interest for applications in light-emitting diodes, have
indicated the presence of interfacial sheet charge and piezoelectric
fields of up to ~4 MV/cm [70, 71], while a 2D electron gas (2DEG) was
reported in the vicinity of a GaN/AlGaN heterointerface [72]. An in-
terfacial bound sheet charge density of 8.5 x 10'%/cm? was reported
for an AlGaN/AIN/GaN heterostructure [73], whereas a 2DEG of
~2.1 x 10'3/cm? was required to explain an experimental potential
profile for the more complicated case of a p-AlGaN/InGaN/n-AlGaN
light-emitting diode structure [74]. In single InGaN/GaN QWs, it was
confirmed that the electric field strength varied with In content in the
wells [75]. Studies of Ing 13Gag.g7N QWs as a function of layer thickness
showed that the average electrostatic fields were as high as 1.7 MV/cm
across thinner QWs, but that the field strengths decreased for higher
well thicknesses [76]. Electric fields as high as 1.28 MV/cm were
measured across 6-nm-thick QWs in AlGaN/GaN QW structures [77],
and a 2DEG of 6.4 x 10*3/cm? was reported for a p-type AlGaN/AIN/
GaN heterostructure [78]. Detailed electron holography studies were
performed on polarization fields and sheet charge densities in AllInN/
AIN/GaN heterostructures, which are of interest for applications in high
electron mobility transistors [79]. In this work, a potential profile
measured from a phase image, which is shown in Fig. 8, corresponded
to an electric field strength of ~6.9 MV/cm, which was consistent with
theoretical calculations. Moreover, the positive curvature in a phase
profile measured from the GaN layer near the AIN/GaN interface was
indicative of the presence of a 2DEG. Further curve fitting and analysis
indicated that the integrated 2DEG density was ~2.1 x 10'3/cm?.
Electrostatic potential profiles have been measured across one-mono-
layer-thick InN/GaN multiple QWs [80]. The electric fields inside the
GaN barriers were found to decrease from ~0.7 MV/cm to ~0.2 MV/
cm as the layer thickness increased from 5 to 20 nm, in agreement with
computer simulations that predicted a red shift in the photo-
luminescence peak with increasing thickness of the GaN barrier layer
[80].

4.4. Nanowires and nanotubes

A fruitful area for electron holography studies that has experienced
increased activity in recent years is the investigation of electrostatic
potential distributions associated with nanowires (NWs) and nanotubes.

Early examples included the mapping of charge density distributions in
Si NWs [81] and core-shell NWs consisting of doped Ge shells sur-
rounding intrinsic Ge cores [82]. In a study of Ge-Si core-shell NWs, off-
axis electron holography was used to quantify hole accumulation in the
core regions of undoped Ge-Si core-shell NWs resulting from valence
band offsets between the materials [83]. Holography studies showed
that axial p-n junctions in GaAs NWs had built-in potentials of
1.5 * 0.1V [84]. Observations of axial p-n junctions in Si NWs, as il-
lustrated in Fig. 9, showed potential profiles with heights of
1.0 = 0.3V, while comparisons with device simulations indicated
dopant concentrations of ~10'°/cm? for donors and ~10'/cm? for
acceptors [85]. In this work, difficulties were experienced with char-
ging of the Au catalyst particles at the ends of the NWs. More consistent
junction profiles were obtained by coating the samples with C before
observation. Further analysis revealed that the NWs had equiphase or
equipotential surfaces across the p-n junction, meaning that the surface
potential was pinned mid-gap, while comparisons with simulations
enabled the Schottky barrier height and the active dopant concentra-
tions to be estimated [85]. Observations of axial p-n heterojunctions in
P-doped Si/B-doped Ge NWs proved to be more complicated due to NW
kinking near the junctions. The average built-in potential was measured
to be ~0.6V, which was slightly higher than the expected value of
0.4V [86]. Electron holography studies have been applied to a Schottky
barrier formed by a Au catalyst particle at the tip of a NW [85, 87].
Further experiments and simulations are needed to improve measure-
ment accuracy and to investigate the role of experimental and material
parameters, such as the work functions of the Au catalyst particles that
cap the NWs [86].

Off-axis electron holography has been used to evaluate active do-
pant distributions in GaP NWs with radial core-shell p-n junctions
formed using different precursors during growth [88]. Similarly, elec-
trostatic potential distributions have been investigated across radial p-i-
n structures in patterned arrays of GaAs nanowires for solar cell ap-
plications [89]. Attention has also been directed towards studies of
nanoscale electrostatic fields produced by polarization-induced charge
redistribution at homogeneous zincblende (ZB)/wurtzite (WZ) hetero-
junctions in InAs(Sb) nanopillars [90], and ZnSe nanobelts [91]. Fi-
nally, 3D electrostatic potential mapping of NWs has been achieved by
using electron holographic tomography. This technique has been ap-
plied to the examination of GaAs-AlGaAs core-shell NWs [92] and an n-
type MOSFET device [93, 94]. Subsequent experiments combined this
approach with annular dark-field STEM tomography to distinguish
between local variations in chemical composition and space charge
[95].
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Fig. 8. (a) Reconstructed phase image of an Al gsIng 15N/AIN/GaN high electron mobility transistor; (b) Phase image across the AlInN/AIN/GaN interface region; (c)
Potential profile (open squares) and inferred electron distribution (filled circles) across the AlInN/AIN/GaN interface. Reprinted from [79].

4.5. Electrostatic fringing fields

Electrostatic fields that extend outside the surface of a specimen into
vacuum have been studied using off-axis electron holography. Such
fields are difficult to measure because of their inherently 3D nature. The
vacuum reference wave may then be perturbed by the long-range
electrostatic fringing field of the specimen, and modeling combined
with simulations is often required to achieve satisfactory quantification.
Early electron holography observations were performed on electrostatic

100 nm

fringing fields outside electrically biased W microtips [96], as well as on
pairs of parallel 1-um-diameter Pt wires held at different potentials [97]
and single conducting wires [98]. Subsequently, off-axis electron ho-
lography was used to map electrostatic potentials around the ends of C
nanotubes that were electrically biased to study the effects of field
emission on external fields [99]. Electron holography observations of
electrostatic fringing fields were reported for TaSi, nanowires [100],
cone-shaped C nanotips [101, 102], and atom probe needles [103,
104]. Fig. 10 shows results from a study of C-cone field-emitting

Fig. 9. (a) Off-axis electron hologram of a doped Si NW supported on a holey C film; (b) Reconstructed phase image visualized with pseudo-color. Reprinted from

[85].
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nanotips, for which the onset of field emission occurred for an applied
voltage of 80V, and the local electric field was then estimated to be
~2.55V/nm [102].

A model-independent method has been developed to enable the
projected charge density distribution in a TEM specimen to be mea-
sured directly from the Laplacian of a recorded electron holographic
phase image [105]. This approach has been applied to the measurement
of the charge density in an electrically biased bundle of single-walled
carbon nanotubes [105] and the amount of electron-beam-induced
charge on an MgO nanoparticle [68]. When using this approach, con-
tributions to the recorded phase from local variations in MIP and spe-
cimen thickness must be carefully considered, in order to avoid mis-
interpretation of the recovered charge density distribution [106].
Fig. 11 shows results obtained from an electrically biased Fe needle
[104]. In this study, a voltage was applied between the needle and a
counter-electrode that was placed coaxially with the needle at a dis-
tance of ~400 nm. Subtraction of the magnetic and MIP contributions
to the recorded phase shift was achieved by evaluating the difference
between aligned phase images recorded at two different bias voltages,
as illustrated in Fig. 11(a)-(c). A cumulative charge profile along the
needle measured from the resulting phase-difference image using the
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Fig. 10. (a) Experimental phase con-
tours measured using off-axis electron
holography from a field-emitting C na-
nocone at an applied voltage of 80 V.
Similar colored lines correspond to
phase shift of 2x. (b) Unwrapped ver-
sion of (a). Color scale at bottom right.
(c) Gradient of the phase, corre-
sponding to the integrated electric field
(Courtesy of Ludvig de Knoop).

25.

® >
0
V/nm

model-independent (Laplacian) approach revealed the presence of
charge accumulation at the needle apex. The 3D electrostatic potential
and electric field around the needle were inferred assuming cylindrical
symmetry. Fig. 11(d) shows a central slice of the resulting 3D potential
(colors) and electric field (white lines) around the needle.

4.6. Electrical biasing experiments

Off-axis electron holography has been used to study changes in the
internal electrostatic potential distribution in semiconductor devices
during in situ electrical biasing of TEM specimens. Such studies become
more challenging for reduced specimen dimensions, in particular be-
cause of the need to fabricate and apply nanoscale electrical contacts to
electron-transparent TEM specimens. The possible presence of series
and parallel current leakage paths must be considered, and special at-
tention must be paid to the specimen-contact geometry to ensure that
reliable, quantitative results are obtained.

Early electrical biasing studies of chemically-thinned Si samples
enabled the visualization of external electrostatic fringing fields close to
the positions of p-n junctions [46]. Subsequently, studies of electrostatic
potential profiles were performed as a function of electrical bias on Si p-

‘ Fig. 11. (a)-(c) Equiphase contours recorded
using off-axis electron holography from an
electrically biased Fe needle. A voltage was
applied between the needle and a counter-
electrode that was placed coaxially with the
needle with a lateral separation of ~400 nm.
The images correspond to: (a) Original phase
image recorded from the needle; (b) Difference
between phase images acquired at two dif-
ferent bias voltages; (c) Best-fitting model-de-
pendent simulation to the phase outside the
needle shown in (b), based on a line charge
model. (d) Central slice of the three-dimen-
sional distribution of electrical potential
(colors), and electric field (white lines), around
the needle, inferred from the results shown in
(a)-(c) on the assumption of cylindrical sym-
metry. Reprinted from [104].
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Fig. 12. Off-axis electron holography of Ge/LiyGe core/shell nanowires during lithiation: (a, d and g) Off-axis electron holograms; (b, e and h) Corresponding
reconstructed phase images, shown in pseudocolor. (Color scale shown at top right in units of radians); (c, f and i) Phase profiles extracted along the white arrows in

b, e, and h, respectively. Reprinted from [110].

n junction devices that had been prepared for TEM examination using
FIB milling [35, 38, 107]. A similar study of a reverse-biased GaAs p-n
junction showed the expected built-in potential [54]. Changes in po-
tential measured across a Si n* -p junction as a function of forward and
reverse bias were found to be in reasonable agreement with computer
simulations [108]. In situ electrical biasing of GaN-based light-emitting
diodes showed some junction contrast, but the measured change in
potential of ~0.68 V was lower than the expected value of ~3.3V, and
did not change with applied bias, possibly because of the presence of a
surface shunting resistance [109].

Off-axis electron holography has been used to map the charge
density distribution during lithiation of Ge NWs subjected to in situ
electrical biasing [110]. Fig. 12 shows the lithiation process leading
progressively to expansion of the Li,Ge shell surrounding a shrinking Ge
NW core. Electron holography was used to show that the surface region
of the core had become negatively charged, while the inner surface of
the shell had developed a counterbalancing positive charge. A Schottky
contact and an axial depletion width in an electrically biased ZnO NW
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were recently studied using electron holography as a function of reverse
bias [111]. Comparisons with simulations revealed an n-type doping
level of 1 x 10'®/cm® and a negative sidewall charge of 2.5 x 10'2%/
cm?,

Electron holography observations of solid-state Li-ion batteries,
which are potential replacements for liquid-ion-based variants, have
revealed changes in electrostatic potential distribution during charge-
discharge cycling [112, 113]. In this study, external electrostatic
fringing fields, surface damage from FIB sample preparation, and sur-
face oxidation during exposure to air, all had to be taken into con-
sideration [114]. Strategies to mitigate these effects are being evaluated
[115, 116].

5. Challenges and opportunities
Reliable sample preparation and artifact-free phase imaging are

major ongoing concerns for off-axis electron holography of nanoscale
electrostatic potentials and charge density distributions, especially for
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investigations of semiconductor devices with reduced feature sizes,
which can be affected significantly by surface charging and the pre-
sence of native oxides. Other artifacts that complicate the quantifica-
tion of electrostatic fields are associated with charging of TEM speci-
mens due to the emission of secondary electrons during imaging, and
the production of electron-hole pairs in the specimen and their possible
trapping at interfaces, defects and surfaces. Methods to circumvent
and/or account for these effects should be considered in future ex-
periments, for example by using in situ electrical biasing specimen
holders. Studies by ourselves (e.g., [59, 108]) and others (e.g., [87])
have demonstrated successful in situ electrical biasing of doped Si-based
junctions and NWs, allowing the direct measurement of changes in
depletion width and built-in voltage as a function of applied bias.
Electrical biasing also allows the degree of dopant activation to be
determined through comparisons with device simulations [86]. The use
of sample biasing during electron holography observations introduces
an additional degree of freedom that can be decisive for identifying and
accounting for other artifacts, such as surface pinning and the presence
of trapped charges [54], which may otherwise complicate reliable
electron hologram interpretation and quantification. Sample biasing
can also be useful for allowing surface and interface charging effects
due to sample preparation and/or electron beam irradiation to be dis-
tinguished from the built-in potentials and sheet charge density dis-
tributions that are of primary interest. Moreover, the measurement of
dopant profiles and trapped charge density distributions with nan-
ometer-scale spatial resolution will continue to benefit from the ability
to modify depletion regions during observation using in situ forward/
reverse biasing. The knowledge provided by such electron holography
studies may be pivotal for the development of next-generation elec-
tronic and optoelectronic devices.

Semiconductor NWs continue to attract attention from the materials
science and physics communities, especially because of the novel
photonic, electronic and thermal properties that are associated with
quantum confinement effects arising from their 1D geometry [117].
Different methods of NW synthesis continue to be explored, and tech-
niques for the characterization of structure-property relationships are of
interest and relevance. The realization of practical electronic devices
based on semiconductor NWs is challenging, since precise control over
dopant incorporation and activation is required. Doping has been rea-
lized during NW growth, for example by using gas-phase deposition
[118], and ion implantation [119]. However, the measurement of ac-
tivated dopant concentrations in NW geometries is far from straight-
forward, especially as dopant diffusion may occur during thermal an-
nealing [120]. As mentioned above, off-axis electron holography can be
used to measure electrostatic potential profiles caused by activated
dopants, which can then be compared with device measurements and/
or simulations [85, 86].

Full 3D tomographic mapping of electrostatic potentials and charge
density distributions requires the acquisition of multiple electron ho-
lograms over a wide range of sample tilt angles (typically + 70° in 2°
steps), as well as reference electron holograms, albeit at less frequent
intervals [53]. The influence of progressive changes in projected sample
thickness becomes greater at larger sample tilt angles [121], and elec-
tron holograms that were recorded with the sample in strongly dif-
fracting conditions may need to be discarded before performing to-
mographic reconstruction. Despite these challenges, successful 3D
mapping of different semiconductor combinations has been achieved,
and further holography- tomography studies can be anticipated in the
future.

Many of the above considerations also apply to results obtained
using other modes of electron holography, such as phase-shifting elec-
tron holography [122] and in-line electron holography [123, 124].
These techniques offer some strategic advantages over off-axis electron
holography for investigating electrostatic potentials in certain types of
specimens. However, studies of electrostatic potentials reported in the
literature using these techniques are still limited in number. The
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technique of phase-shifting electron holography involves recording a
series of off-axis electron holograms with different incident beam tilt
angles, in order to reconstruct a phase image with higher spatial re-
solution and higher phase measurement sensitivity [122]. Electrostatic
potential variations in a GaAs p-n-p test sample with high (3.0 x 108/
em?) and low (1.3 X 10'%/cm?) dopant concentrations were mapped
using this approach [125], while later studies of a biased GaAs p-n
tunnel junction showed a built-in potential of 1.55 = 0.02V, and
changes in depletion width as a function of applied voltage have also
been measured [126]. The technique of in-line electron holography
involves recording a defocus series of images, from which the complex
electron wavefunction can be reconstructed [124]. It is reported to be
as quantitative as off-axis electron holography, and to be applicable to
samples for which the off-axis technique cannot be applied due to the
lack of a reference wave [127]. It can be challenging to recover the
lowest spatial frequencies in the phase using in-line electron holo-
graphy. Nevertheless, the technique has recently been used to examine
the spatial confinement of a 2DEG for different orientations of LaAlO3/
SrTiO; interfaces [128].

6. Concluding remarks

This paper has focused on the quantitative characterization of
electrostatic potentials and charge density distributions with nanoscale
spatial resolution using the technique of off-axis electron holography.
Examples encompassing a wide range of materials have been presented,
and many more applications can be anticipated. In the future, attention
should be devoted to improvements in sample preparation to reduce
roughness, oxidation and contamination, to the development of im-
proved specimen geometries for complex in situ experiments with both
fixed and movable electrical contacts, and to the development of ap-
proaches for reducing dynamical contributions to recorded phase
images. Systems of interest include electrical double layers at solid-li-
quid interfaces imaged during electrochemical experiments. In addi-
tion, possibilities for ultrafast and dynamic experiments should be ex-
plored, for example using electron microscopes that are equipped with
pulsed coherent electron sources. There are many good reasons to be
optimistic about the future of off-axis electron holography, cementing
the legacy of Hannes Lichte in this research field [129].
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