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ABSTRACT

The internal fields in 2.2 nm thick InGaN quantum wells in a GaN LED structure have been investigated by using aberration-corrected
off-axis electron holography with a spatial resolution of better than 1 nm. To improve the spatial resolution, different types of off-axis elec-
tron holography acquisitions have been used, including pi phase shifting and phase shifting holography. A series of electron holograms have
been summed up to simultaneously improve the sensitivity in the measurements. A value of 20% of indium concentration in the quantum
wells has been obtained by comparing the deformation measured by dark-field electron holography and geometrical phase analysis to finite
element simulations. The electrostatic potential has then been measured by off-axis electron holography. The mean inner potential differ-
ence between the InGaN quantum wells and the GaN quantum barriers is high compared to the piezoelectric potential. Due to the
improved spatial resolution, it is possible to compare the experimental results to simulations and remove the mean inner potential compo-
nent to provide a quantitative measurement of the piezoelectric potential.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0020717

INTRODUCTION

There is a need to measure the electric fields and potentials at
high-resolution in semiconductor materials in order to relate their
electrical and optical properties to their structure. An important
example is the InGaN quantum well (QW) structure, which is used
in light emitting diodes.1,2 One of the major factors that limit the
light output is the presence of polarization fields that originate from
the wurtzite crystal structure. Along with the spontaneous polariza-
tion, there is a strong piezoelectric polarization that originates from
mechanical strain in the epitaxially grown quantum wells leading to
surface charges at the interfaces.3 In the InGaN/GaN system, the
spontaneous and piezoelectric polarization act in opposite direc-
tions, which further complicates the understanding.4 These piezo-
electric fields can be high enough to localize carriers at the
interfaces and create energy barriers that hinder carrier transport.5

As such, research is needed in order to understand how to lower the
piezoelectric polarization using novel substrates6–8 or by integrating
the diodes into 3D device structures.9 In order to assess
if these methods are indeed reducing the piezoelectric fields,

characterization methods with the appropriate sensitivity and spatial
resolution are required. In this paper, we show that off-axis electron
holography can be used to measure the piezoelectric fields in a mul-
tiple InGaN quantum wells structure. A test specimen nominally
containing six 2.5 nm wide InGaN QWs each separated by 13 nm
wide quantum barriers (QBs) on a GaN substrate grown by molecu-
lar beam epitaxy (MBE) along the c-plane (0001) direction has been
studied. The In content has been obtained from measurements of
the deformation obtained by dark-field electron holography
(DFEH) and geometric phase analysis (GPA). Then, simulations of
the expected electrostatic potentials for the obtained In concentra-
tion in the specimen have been performed such that the accuracy of
the measurements of the electrostatic potentials can be assessed. For
such small structures, the spatial resolution becomes important and
three different reconstruction methods have been used. Standard
off-axis electron holography has been compared to pi phase shifting
and phase shifting holography. Typically, when electron holograms
are acquired for optimized spatial resolution, this is at the expense
of sensitivity. In this work, stacks of electron holograms have been
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acquired, such that the sensitivity is simultaneously improved with
the spatial resolution.

OFF-AXIS ELECTRON HOLOGRAPHY METHODS

Off-axis electron holography (from now referred to as electron
holography) is a transmission electron microscopy (TEM) based
technique that uses an electron biprism to interfere a coherent elec-
tron wave that has passed through a region of interest with a wave
that has passed through only vacuum. From the resulting interfer-
ence pattern, known as an electron hologram, the phase and the
amplitude of the electron wave can be reconstructed using a simple
Fourier reconstruction procedure.10 Equation (1) shows that in the
absence of a magnetic field, the phase, f(r), of an electron traveling
along the z direction is sensitive to the electrostatic potential, V(r),

f(r) ¼ e
�hυ

ðþ1

�1
V(r)dz, (1)

where e is the electron charge, υ is the electron velocity, and �h is
the reduced Planck’s constant.11 This formula is valid under the
weak phase object approximation, which assumes that the speci-
men does not change the electron beam amplitude. This approxi-
mation fails for thicker specimens when multiple scattering
processes occur. Thus, it is necessary to carefully tilt the specimen
to a weakly diffracting condition. This reduces the effect of dynami-
cal diffraction, which modifies the phase strongly and leads to
uninterpretable results. Then, the change in phase is directly pro-
portional to the sum of the different contributions of the electro-
static potentials. For semiconductor specimens, this is the sum of
the mean inner potential (MIP) of the material (VMIP) plus varia-
tions of the electrostatic potential arising from the presence of
active dopants (Vdopants) and piezoelectric fields (Vpiezo).

12,13 The
measured change in phase relative to a reference is then given by

f ¼ CE

ðt
0
(VMIP þ Vdopants þ Vpiezo)dz, (2)

where t is the thickness of the specimen and CE ¼ e
�hυ is a constant

equal to 0.0065 rad nm−1 V−1 for 300 kV electrons.13 Today,
there are many studies that can be found in the literature where
electron holography has been used to measure the dopant poten-
tials in nitride materials14–17 as well as the piezoelectric fields in
both InGaN18–25 and AlGaN26–28 QW structures.

The deformation in the region of interest can be measured by
dark-field electron holography.29 Here, the specimen is intention-
ally tilted to a highly diffracting two-beam condition and an objec-
tive aperture is used to select a diffracted beam corresponding to
the lattice planes of interest. After the dark phase reconstruction,
the deformation can be obtained using this so-called geometric
phase map, fg ,

fg(r) ¼ �2πg � u(r), (3)

where g is the reciprocal lattice vector of the reference crystal and u
is the displacement vector from which the displacement field can

be calculated.30 The deformation is then proportional to the deriva-
tive of fg ,

∇fg(r) ¼ �2π(gobj(r)� gref ), (4)

where ∇ is the spatial gradient and gobj and gref are the reciprocal
lattice vectors of the region of interest and reference, respectively.
Therefore, it is possible, using the appropriate experimental condi-
tions, to measure both the electrostatic and deformation fields in
the same semiconductor specimen by off-axis electron holography.

To measure the polarization fields at the interfaces of InGaN
QWs in GaN LED structures which are typically less than 5 nm
wide, very high spatial resolutions are required. For standard
off-axis electron holography phase reconstructions, the spatial
resolution of the phase images is related to the fringe spacing.
Figure 1(a) shows a schematic of the experimental setup in the
TEM. To achieve higher spatial resolutions, interference fringes
with a higher carrier frequency, qc, are required. This can be
achieved by increasing the positive voltage on the electron biprism
to deflect the object and reference waves to higher angles. This pro-
vides a wider interference pattern with finer fringes by pushing the
virtual sources S1 and S2 further apart. Figure 1(b) shows an
example of an electron hologram containing the InGaN QWs.
Here, the conventional TEM intensity image can be observed with
the interference fringes that contain information about the phase of
the electrons superimposed. To reconstruct the electron hologram,
a Fourier transform is applied and a sideband is selected. Then, by
performing an inverse Fourier transform, a complex image is
obtained from which the phase and amplitude information about
the specimen can be recovered.11–13 Figure 1(c) shows the Fourier
transform of the hologram in (b). The centerband contains infor-
mation about the conventional intensity image and the sideband
contains information about the position and magnitude of the
interference fringes. Thus, to avoid artifacts from the intensity
image (corresponding to the amplitude squared) during reconstruc-
tion, a mask with a radius of qc/3 is used, which provides a spatial
resolution of three times the fringe spacing. However, the limited
coherence of the electron beam means that the contrast of the holo-
grams will decrease when higher biprism voltages are applied. The
signal-to-noise in a reconstructed phase image is related to both
the number of counts in the electron hologram and the contrast of
the fringes.31 Therefore, when high spatial resolutions are required,
typically this is at the expense of the signal-to-noise ratio. For
standard microscope Lorentz settings in a FEI Titan TEM using a
commercially available biprism, a fringe spacing of the order of
2 nm with contrast levels of around 20% are reasonably easy to
obtain. For fringe spacings of 1 nm or less, the hologram contrast
drops to very low values of 10% or less, reducing the signal-to-noise
ratio of the reconstructed phase images. Longer acquisitions can be
used to compensate, but mechanical and electrical stabilities in the
microscope as well as drift of the specimen lead to additional prob-
lems. Thus, for higher spatial resolutions, it is now common to
acquire a stack of electron holograms and then average them,32–35

taking into account the drift of the biprism, the electron beam
wavefront, and the specimen.36

The pi phase shifting method can be used to increase the
spatial resolution in the hologram reconstruction step. Here, pairs
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of electron holograms are acquired, where the diffraction deflectors
are used to shift the second hologram by π rad. Therefore, the sub-
traction of these two holograms from each pair suppresses the cen-
terband and as such a mask of radius up to qc can be used during
the Fourier reconstruction, increasing the spatial resolution.37 This
approach has been fully automated in a FEI Titan TEM using the
software Holoview. Large stacks of holograms with precise control
of the hologram shift can be acquired to provide spatial resolutions
of 1 nm with good signal-to-noise ratios.35

Finally, the phase shifting method can also be used to recover
the phase of the electrons in real space.38 Here, the electron holo-
gram is shifted such that several holograms are acquired in the
0–2π rad range. The phase can then be calculated for each pixel
of the image from the local intensities of the hologram series.39

The advantage of using this method is that the spatial resolution of
the reconstructed phase is limited by the TEM optics, which in the
case of an aberration-corrected FEI Titan operated in Lorentz
mode is about 0.5 nm. Again, this has been automated by using the
Holoview software that can precisely shift the hologram using the
diffraction deflectors and acquire large stacks of phase shifted holo-
grams to simultaneously obtain high signal-to-noise ratios and high
spatial resolutions.

The fringe spacing of the holograms and the reconstruction
methods are not the only constraints when trying to achieve high
spatial resolutions. Due to the configuration of most TEMs, it is
not possible to obtain an interference pattern with a field of view

larger than 30 nm when using the conventional objective lens.
When performing experimental electron holography on semicon-
ductors, a larger field of view is required. To achieve this, the objec-
tive lens is switched off and a Lorentz lens is used to form the
image, which can provide fields of view in the 100 nm to microme-
ter range. However, the Lorentz lens has higher aberrations giving a
spatial resolution of around 3 nm. The use of an image corrector
can be used to reduce these aberrations and provide a spatial reso-
lution of about 0.5 nm.

EXPERIMENTAL PROCEDURE

A TEM specimen was prepared using focused ion beam (FIB)
milling in a FEI Strata 400 dual beam tool. The lift out was
performed at 30 kV and a thin electron transparent window was
prepared using an operating voltage of 16 kV before a cleaning step
at 2 kV. To provide a vacuum reference region close to the region
of interest, the specimen was covered with a 2 μm thick layer of
permanent ink before deposition of the tungsten protective layer,
which was then removed during plasma cleaning. All of the TEM
experiments were performed using a double aberration-corrected
FEI Titan Ultimate TEM operated at 300 kV within a single
session. To obtain information about the structure of the specimen,
high-angle annular dark-field (HAADF) scanning transmission
electron microcopy (STEM) was performed. To provide an estima-
tion of the In content in the quantum wells structure such that the

FIG. 1. (a) Schematic of off-axis elec-
tron holography. (b) An electron holo-
gram of InGaN QWs in GaN. (c)
Fourier transform of the hologram
showing the centerband and
sidebands.
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dark-field electron holography measurements could be verified,
geometrical phase analysis was applied to the HAADF images.40

To avoid artifacts, the deformation map for the growth direction
was calculated from an HAADF image with the fast scan line of the
STEM along the c axis of the InGaN structure and using the 0002
spot in the Fourier transform.41 The thickness of the specimen was
evaluated by using convergent beam electron diffraction in
two-beam conditions and was found to be 104 ± 2 nm.

For the holography experiments, first the aberrations in the
Lorentz lens were corrected. Figure 2(a) shows an image of a
standard cross-grating sample comprising gold particles on an
amorphous carbon film acquired using the Lorentz lens. A pair of
images with 25 nm displacement between them were acquired and
summed. By applying a Fourier transform to the summed images,
the spatial resolution in the imaging system can be evaluated from
the frequency spread of the Young’s fringes. Figure 2(b) shows that
the information is present at 1.2 nm−1 corresponding to a spatial
resolution of 0.8 nm, which is suitable for the holography experi-
ments. The key when performing measurements of the electric
potential by electron holography is to minimize the dynamical dif-
fraction as this has a strong effect on the phase of the electrons.42

To do this, the specimen was tilted to minimize the dynamical dif-
fraction in the bright-field image. Care was taken such that the
specimen was rotated only around the [0001] growth direction axis
with minimal additional tilt of the plane defined by the [1−100]
and [11−20] directions. This was to avoid information about the
QWs being lost in projection through the thickness of the specimen
in transmission. Bright-field electron holograms with a fringe
spacing of 0.8 nm were then acquired. To achieve this fine fringe
spacing with a high level of contrast, the diffraction lens was
adjusted to fit the electron hologram to the size of the CCD camera
before focusing with the Lorentz lens.43 Series of 64 electron holo-
grams, each with an exposure time of 8 s, were acquired for both
standard and pi phase shifting holography using a 4k Gatan
Oneview CMOS camera. As the phase shifting holography is not
dependent on the fringe spacing of the interference patterns, a
relaxed fringe spacing of 2.2 nm was used to increase the contrast
of the fringes and hence the sensitivity of the measurement. For the

summation of the datasets, the standard exposure comprised of 64
nominally identical holograms; the double exposure used 32 pairs
of holograms shifted by π rad and the phase shifting used 16 sets of
4 holograms, each shifted by π/2 rad relative to each other and
acquired for 8 s. As a consequence, it was possible to use a low
beam intensity to avoid specimen damage while using a recording
time of 8 min and 32 s for each holography experiment to achieve
an excellent signal-to-noise ratio.

The specimen was then tilted to a two-beam diffraction condi-
tion and the (0002) diffracted beam was selected using an objective
aperture. Dark-field electron holograms were then acquired using
the standard and phase shifting methods. Due to the complexity of
the DFEH experiments where the intensity of the dark-field inter-
ference pattern is low, the interference fringe spacing was relaxed
for the standard exposure series where a fringe spacing of 1.1 nm
was used to provide higher signal-to-noise deformation maps with
a spatial resolution of 3.3 nm.

To help interpret the experimental results, 3D simulations of
the deformation and electrostatic potentials in a TEM specimen
have been performed using the NextNano software.44 For the
deformation measurements, these simulations allow an assessment
of the relaxation of the thin TEM specimen. For the measurements
of the electrostatic potentials, the contributions of the mean inner
potential and the piezoelectric potentials can be understood.
In addition, the effects of band bending at the surface of the speci-
mens can be accounted for such that the simulation sums the
potential through the projection of the TEM specimen.

RESULTS

Figures 3(a) and 3(b) show the HAADF images of the sample
revealing the wurtzite structure viewed down the [11−20] zone axis
and the high quality and homogeneity of the InGaN QWs, which
have an average width of 2.2 nm. As examples, bright-field electron
holograms with fringe spacings of 0.8 and 2.2 nm are shown in
Figs. 3(c) and 3(d), respectively. Profiles of the holograms extracted
from the GaN region above the QWs are shown in Fig. 3(e) where
contrasts of 18% and 32% are observed, respectively. An average of

FIG. 2. (a) TEM image of a cross-
grating used for aberration correction
alignment after performing the correc-
tion of the Lorentz lens. (b) Fourier
transform of the sum of two TEM
images with a 25 nm displacement
between them showing Young’s
fringes.
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38 electron counts are recorded in each pixel during a 8 s acquisi-
tion, which corresponds to 2 e−Å−2 s−1. This is significantly lower
that typical values of beam currents such as 8 × 106 e−Å−2 s−1

(100 pA in a 1 nm diameter probe) that have been used for
approaches such as differential phase contrast (DPC) or 4D-STEM.
The total electron dose for the holography experiments presented
in this work is 1 × 103 e−Å−2, which is significantly lower than for
DPC (1 × 104 e−Å−2)42 and 4D-STEM (1 × 106 e−Å−2) experi-
ments that have been performed on equivalent samples.45

For comparison with the bright-field holograms, Fig. 4(a)
shows a detail of a dark-field hologram of the region of interest.
Figure 4(b) shows the dark phase that has been reconstructed from
the series of standard exposure holograms with a fringe spacing of
1.1 nm and reconstructed to provide a spatial resolution of 3.3 nm.
For comparison, the bright phase from the standard exposure
holography is shown in Fig. 4(c). The important experimental dif-
ference between these two phase images is that for the bright
phase, the specimen is intentionally oriented to a weakly diffracting
condition, and for the dark phase, the specimen is intentionally ori-
ented to a highly diffracting two-beam condition. The phase pro-
files averaged across the width of the displayed images are shown in
Fig. 4(d). For the dark phase, a large monotonic step in phase is
observed across each QW. The change in bright phase across each
QW is much lower and has a more complex form. It arises from
combinations to the electrostatic potential of the mean inner poten-
tial, the piezoelectric potentials, surface charging, the possible pres-
ence of dopant atoms, and electric fields in the vacuum, which will
be discussed in more detail later in the manuscript.

To obtain information about the In content in the QWs, the
deformation in the growth direction, εz, was measured by perform-
ing GPA on the HAADF images as well as from standard and
phase shifting electron holography. Experimental results from the
GPA, phase shifting, and standard dark-field holography can be
seen in Figs. 5(a)–5(c), respectively. The experimental measure-
ments can be compared to the best fitting simulations shown in
Fig. 5(d), which correspond to an In content of 20%. The profiles
shown in Fig. 5(e) indicate a spread in the experimental results. As
deformation measurements are obtained from the derivative of the
phase, they are especially sensitive to experimental noise and artifacts.
For the phase shifting dark-field holography with a spatial resolu-
tion of 0.8 nm given by the corrected Lorentz lens, εz across the
layers has an average value of 3.1 ± 0.1%. For the standard DFEH
with a spatial resolution of 3.3 nm, εz is extremely varied across the
different layers between 3.2% and 4.4% with an average value of
3.9 ± 0.1%. For εz measured by GPA, a value of 3.1 ± 0.25% is
obtained. The experimental measurement of εz for the GPA and
the phase shifting holography are consistent with each other and
from the simulations correspond to an In content of 20% in the
QWs. For the standard holography, the spatial resolution of
3.3 nm is too large compared to the QWs width of 2.2 nm; thus,
the deformation maps overestimate the strain by 0.9% compared
to the other methods and would correspond to an In concentra-
tion of 26%.

The interpretation of the potentials is more complex due to
the presence of the mean inner potential. Table I shows both simu-
lated and experimentally measured values of the MIP that can be

FIG. 3. (a) HAADF STEM image of the InGaN quantum wells structure. (b) Higher magnification HAADF STEM image. (c) Electron hologram of the InGaN structure
acquired using standard acquisition methods and a fringe spacing of 0.8 nm. (d) Electron hologram acquired for phase shifting reconstruction with a fringe spacing of
2.2 nm. (e) Profiles showing the interference patterns acquired from the holograms in (c) and (d) from the top GaN region above the QWs.
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found in the literature. From neutral atom scattering factors, VMIP

for GaN and InN are very similar, being 19.3 V and 19.6 V, respec-
tively.46 In this case, the total step in VMIP between the QBs and
QWs would be 0.06 V, which would still be detectable by electron

holography, but most studies of InGaN QW devices have neglected
the differences in the MIP. However, the bonding must also be
accounted for and density functional theory (DFT) simulations
have calculated values of 16.9 V and 18.9 V for wurtzite GaN and

FIG. 5. εz deformation maps for the
[0001] direction acquired using (a) geo-
metric phase analysis of HAADF
STEM image, (b) phase shifting holog-
raphy, (c) standard holography, and (d)
simulated. (e) Profiles acquired along
the vertical direction of each map and
averaged across 50 nm.

FIG. 4. (a) Example of a dark-field
electron hologram. (b) Dark phase
reconstructed by a standard electron
holography series. (c) Bright phase
reconstructed from standard hologra-
phy series. (d) Phase profiles from the
bright and dark phase across the
regions of interest, from bottom to top
of images (b) and (c).
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InN, respectively.47,48 These simulations are confirmed by experi-
mental measurements of VMIP in GaN nanowires that have
reported a value of 16.7 V.49 Assuming a linear relationship, for a
20% In content, VMIP is expected to make a 0.4 V step in potential
across the QWs and QBs. In addition to the VMIP contribution,
the specimens also contain a symmetrical p–n junction with a
nominally ionized dopant concentration of 1 × 1018 cm−3, as well
as being intrinsically n-doped.50 However, for a 100 nm thick speci-
men, all of the dopants are expected to be depleted through the
thickness of the specimen due to the specimen surfaces; thus, no
Vdopant contribution is expected.51 For the FIB prepared specimens,
the damaged amorphous surface layers are iso-potentials, and as
such, fringing fields in the vacuum around the specimen are sup-
pressed.43 For the simulations, the surfaces of the sample were
pinned midgap. Figure 6 shows simulations of the potentials in
104 nm thick specimen expected for 2.5 nm thick In0.2Ga0.8N QWs

in GaN where (a) shows the Vpiezo component, (b) the VMIP com-
ponent, and (c) the combined potentials. To account for the spatial
resolution of the holography, these simulations have been con-
volved with a Gaussian blurring of 1.2 nm. The profiles averaged
from across the specimen are shown in Fig. 6(d) and reveal the
large effect of the VMIP on the total measured potential. From the
profiles, it can be seen that in order to accurately measure Vpiezo, it
is necessary to remove VMIP as it has an effect of shifting the lower
value from −0.6 V to −0.5 V as indicated on the graph.

Figures 7(a)–7(c) show the maps of the electrostatic potential
that have been extracted from the standard, pi phase shifting, and
phase shifting holography series, respectively. These can be com-
pared to the simulations of the electrostatic potential shown in
Fig. 6. Profiles averaged across the whole width of the potential
maps have been extracted and are compared to the simulations in
Fig. 7(d). The total peak to peak (Vtotal = VMIP + Vpiezo) values of
potential are less than the expected value of 0.65 V, which has been
obtained from the simulations. From visual inspection of the poten-
tial maps, the phase shifting holography seems to have the lowest
spatial resolution. This can be also observed as it provided the lowest
measured value of the total potential. This is likely to be due to the
drift of the specimen during the acquisition. For the standard holog-
raphy, each individual acquisition is aligned and summed. For the
phase shifting holography, a minimum of four holograms are
required for each phase reconstruction, and as such, the specimen is
likely to drift further during this 32 s acquisition period. In addition,
for the phase shifting, some artifacts from the Fresnel diffraction at
the edges of the biprism can be seen in the reconstruction,35 which
arises from the use of a hologram that is too narrow for the analyzed

TABLE I. Values of VMIP for GaN and InN found in the literature.

GaN (V) InN (V)

Neutral atom 19.347 19.647

DFT sphalerite 16.8247 17.3547

DFT wurtzite 16.748 18.848

Experimental 16.6 ± 0.349 …

FIG. 6. Simulations of the (a) piezo potential, (b) MIP, and (c) total potential in
a 104 nm thick TEM specimen with the surfaces pinned midgap. (d) Profiles of
the potentials, averaged across the thickness of the TEM specimen, showing
the influence of each component. The position of the QWs is indicated by the
red lines.

FIG. 7. Maps of the electrostatic potential for (a) standard, (b) pi phase shifting,
and (c) phase shifting obtained experimentally. (d) Profiles extracted vertically
for each potential map and averaged across 50 nm. The simulated total potential
including the surface effects and integrated through the 104 nm thick specimen
is shown.
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region of interest. For these measurements, the standard and pi
phase shifting holography have recorded experimental results that
appear to have the best spatial resolution, indicating that it is the tilt
of the specimen and the mechanical instabilities of the specimen
stage that limit the spatial resolution as much as the holography
reconstruction technique.

As seen in Fig. 6(d), it is not possible to measure Vpiezo

directly from experimental potential maps due to the contribution
of VMIP. However, in these experiments, the high spatial resolution
and sensitivity now allow the different components of the potential
to be identified across the QWs. For example, Fig. 8(a) shows Vtotal

measured across the QWs obtained by pi phase shifting hologra-
phy. The expected VMIP across the In0.2Ga0.8N QW has been
modeled and smoothed by 1.2 nm spatial resolution to correspond
to the experimental measurement. The simulated VMIP has then
been subtracted from the experimentally measured Vtotal to give an
experimental value of Vpiezo. The criterion for the correct value of
VMIP is to remove the MIP bump from the potential profile and
flatten it such that Vpiezo has a similar shape as expected from the
simulations of Fig. 6(d). It is not a straightforward task to accu-
rately measure VMIP and experimental measurements have a wide
range in values as they are sensitive to dynamical diffraction and
surface charge.52 Here, a value of 0.38 V has been used for the dif-
ference in VMIP in Fig. 8(a), which would correspond to an In con-
centration of 19% in the QWs and is consistent with the values

obtained from the deformation measurements.48 Interestingly,
this consistency with the strain mapping suggests that it may be
possible to determine the In content directly from bright-field
holography measurements of the VMIP, and as such, the strain mea-
surements are not necessary. Figure 8(b) shows a zoomed image
from (a), in the region of the second QW. The individual values of
the steps of Vpiezo across each QW are shown in Table II, and an
average value of 0.29 V has been obtained. The simulations provide
a step of Vpiezo of 0.6 V across 2.5 nm wide QWs. For a QW width
measured experimentally of 2.2 nm, Vpiezo of 0.53 V would be
expected, which is much higher than the experimentally deter-
mined values. There are several reasons for the low measurement
of Vpiezo, the most likely is that unlike for the simulations, the
QW/QB interfaces are not abrupt, plus the presence of screening of
the fields due to free carriers in the specimen.3 Other reasons could
be inactive thickness, which is well known for dopant mapping
where positive charging of the specimen surfaces and physical
damage from FIB preparation affect the potentials in the bulk of
the specimen.53,54 We have accounted for charging of the surfaces
of the specimen in the simulations by pinning the surfaces midgap,
which has a small effect on the projected potentials as measured by
electron holography. Due to the low electron beam dose, it is
unlikely that these discrepancies are due to beam damage of the
QWs, which is known to lead to the formation of In clusters.55,56

To finish the analysis, it is possible to measure the electric
field, EZ, across the QWs where E(r) =−∇V(r). The usual approach
of obtaining the electric field is to apply a derivative to the experi-
mentally measured potential. Figures 9(a)–9(d) show maps of the
electric field for the standard, phase shifting, and pi phase shifting
holography and simulations, respectively. The simulations of the
electric field do not include any contribution from the MIP and
derives only from the piezoelectric polarization. The profiles that
are shown in Fig. 9(e) have been averaged across the full width of
the field maps. Surprisingly, the measured values of EZ are consis-
tent with the simulations, even though the measured values of
Vpiezo are only half than what is expected compared to the simula-
tions. However, as can be seen in the simulations of the potentials
in Fig. 6(d), for the case of these In0.2Ga0.8N QWs, the contribution
of VMIP is important, and as such, these direct measurements of
the EZ from the gradient of the electrostatic potential are incorrect.
An alternative method that can be used is to measure the step in
potential across the experimental Vpiezo profiles that are shown in
Fig. 8 and divide it by the width of the quantum well, as the electric
field is assumed constant in a QW. The individual values of EZ

FIG. 8. (a) Experimental measurements of Vtotal across the QWs obtained
using pi phase shifting holography. The simulated MIP for an In content of 19%
is shown using values of VMIP obtained from DFT.48 The experimental values of
Vpiezo are obtained by subtracting the simulated VMIP. (b) shows a detail of the
second QW indicating where the experimental measurements of Vpiezo are
obtained.

TABLE II. Values of the properties of each QW measured by pi phase shifting
holography compared to simulations. Note that the QW width used in the simulations
is 2.5 nm.

QW1 QW2 QW3 QW4 QW5 QW6 Simulations

Width (nm) 2.2 2.4 2.2 2.2 2.1 2.1 2.5
εz (%) 2.7 3.0 3.2 3.2 3.0 3.0 3.0
Vpiezo (V) 0.33 0.30 0.27 0.33 0.25 0.27 0.60
EZ (MV
cm−1)

1.5 1.25 1.23 1.50 1.19 1.28 2.4
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using this approach are shown in Table II. An average value of
1.3 MV cm−1 has been obtained, which are approximately half the
simulated maximum value of EZ of 2.4 MV cm−1.

DISCUSSION

In this manuscript, we have applied state-of-the-art electron
holography to a series of InGaN QWs in GaN. The improved
spatial resolution allows VMIP and Vpiezo to be separated. In most
previous measurements of the potentials in wurtzite InGaN QWs,
the contribution of the VMIP component has been neglected. We
have demonstrated that in InGaN QWs, the VMIP is large com-
pared to the Vpiezo. As the In concentration is directly proportional
to Vpiezo, we expect VMIP to strongly influence the total measured
potentials for all In contents.

Although we have demonstrated that a range of holography
approaches can be used to improve the spatial resolution, these
measurements are still limited by instabilities, primarily specimen
drift. This can be observed in the phase shifting holography results,
which provided the worst spatial resolution for the measurements
of the potentials, due to the incapacity to correct the specimen drift
within each set of four holograms. In addition, the potential
mapping was performed at the beginning of the experiment while
the specimen was less stable. For the standard holography, the rela-
tively short acquisition time of 8 s allowed the drift to be corrected
within the expected spatial resolution, whereas the 32 s acquisition
time for each phase shifting dataset was more sensitive to these
instabilities. While this is an unsatisfying result, it is an experimen-
tal fact for many types of TEMs where the specimen stage can act
in unpredictable ways. For the measurements of the potentials,
spatial resolutions of 2.4 nm and 1.2 nm were obtained for the
standard and pi phase shifting methods, respectively. In Fig. 7(d), it
can be seen that despite these differences in spatial resolution, very

similar peak to peak results were obtained for the measurements
of potential. However, when the derivative is performed such as for
measurements of the deformation, the differences in spatial resolu-
tion have more influence. In terms of other factors that affect the
spatial resolution, for the bright phase measurements, the specimen
was tilted such that the dynamical diffraction was minimized and
no information was lost in projection. However, for thicker or less
perfect specimens containing defects and dislocations, this would
become more complex to achieve.

For the deformation maps, the GPA and phase shifting dark-
field holography, which both have spatial resolutions of less than
1 nm, give measurements of the deformation of 3.0 ± 0.25% and
3.1 ± 0.1%, respectively, which suggests an In content of 20% in the
QWs. For the deformation measurements by standard holography,
a value 3.8 ± 0.1% has been measured with a spatial resolution of
3.3 nm. These experimental results suggest that the standard dark-
field holography has provided an incorrect result, mainly due to
the too lower spatial resolution. To obtain the deformation maps, it
is required to calculate the derivative of the phase, which is strongly
sensitive to experimental noise, as well as spatial resolution and
VMIP in small objects such as QWs. It is worth noting that the step
in dark phase across the QWs is seven times higher than the bright
phase, which should reduce the artifacts from the VMIP for strain
measurement; additionally, it only has an influence at the inter-
faces. In addition, the derivation of the monotonic dark phase is
less influenced by the limitation of spatial resolution, compared to
the more complex phase distributions observed in the bright phase.
Importantly, the use of the GPA supports the conclusions made
from the phase shifting dark-field holography measurement as it is
performed on a zone axis and is not sensitive to the MIP. An
important detail about the dark-field holography measurements is
that the specimen is tilted to a two-beam diffracting condition,
which corresponds to a rotation of 0.25° around the [1−100] axis,

FIG. 9. Experimental measurements of
EZ for (a) standard, (b) pi phase shift-
ing, and (c) phase shifting holography.
(d) Simulations of EZ that do not
account for the presence of the MIP.
(e) Profiles extracted vertically and
averaged across 50 nm for the experi-
mental data. Artifacts from the MIP at
the top QW/QB interfaces are indicated
by the dashed circle. The effect of the
bottom QW/QB interfaces is not visible
as they are mixed with the information
about the piezoelectric field.
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leading to a loss of spatial resolution for the growth direction of
0.5 nm in projection.

Interestingly, VMIP determined from the bright phase in
Figs. 8(a) and 8(b) is consistent with the deformation measure-
ments. This suggests that the DFT calculations, which until now
provide the only evidence of the large differences in MIP between
wurtzite GaN and InN, are correct. It also suggests that the MIP
could be used to determine the In content in the QWs instead of
using deformation measurements.57 For this to be performed more
routinely, more sophisticated methods for fitting and subtracting a
model of VMIP directly from the phase are required, such as the
inclusion of interface roughness and variations of In content in
the different layers. The measurement of the step in Vpiezo across
the QW is 0.29 ± 0.1 V in this work, which is half of the value
expected from simulations.

In order to determine the accuracy of these measurements, a
systematic study of artifacts such as the presence of an inactive
thickness is required. For measuring the electric field, again the
contribution of the MIP leads to incorrect calculations when the
derivation of the potential profiles is used. However, values of
1.35 ± 0.15MV cm−1 have been obtained directly from the step in
phase across the QW structures, which is approximately half of
what is expected from our simulations.

There are alternative methods of measuring the potentials and
fields in InGaN QWs by TEM with high spatial resolution. In-line
holography has been used previously, in which although having
high spatial resolution, VMIP and Vpiezo were not separated in a
very similar specimen.25 More recently, DPC and 4D-STEM, which
use the deflection of the transmitted beam to directly measure the
electric field, have been demonstrated.42,58–60 For these measure-
ments, although high spatial resolution is possible, it has not yet
been demonstrated that it is straightforward to obtain accurate
measurements of the piezoelectric field in such small QW struc-
tures and whether it is possible to accurately remove the effects of
the MIP, which would only appear at the QW/QB interfaces. This
approach also uses a convergent beam, and as such, it would be
more complicated to remove the effects from dynamical diffrac-
tion,61 although the use of precession may be able to solve these
problems.45

CONCLUSION

Off-axis electron holography can be used to measure the piezo-
electric potentials in 2.2 nm wide In0.2Ga0.8N QWs with GaN QBs.
State-of-the-art experiments combining advanced reconstruction
methods, corrected Lorentz mode, automated acquisition, and holo-
gram averaging shows high spatial resolution combined with high
sensitivity. It then becomes possible to separate the contribution of
the mean inner potential from the piezoelectric potential using prior
knowledge of the theoretical MIP of InxGa1−xN. The measurement
of the mean inner potential also provides an experimental method
to measure the In content in the QWs from bright-field electron
holography. More work is required to investigate the reasons for the
discrepancies between the simulated piezoelectric potentials and
experimentally measured values, but the non-abrupt QWs interfaces
and damage from FIB preparation alone may be the reason.
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