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We report themappingof polarization-induced internal electric fields inAlN/GaNnanowire heterostructures
at unit cell resolution as a key for the correlation of optical and structural phenomena in semiconductor
optoelectronics. Momentum-resolved aberration-corrected scanning transmission electron microscopy is
employed as a new imaging mode that simultaneously provides four-dimensional data in real and reciprocal
space. We demonstrate how internal mesoscale and atomic electric fields can be separated in an experiment,
which is verified by comprehensive dynamical simulations of multiple electron scattering. A mean difference
of 5.3� 1.5 MV=cm is found for the polarization-induced electric fields in AlN and GaN, being in
accordance with dedicated simulations and photoluminescence measurements in previous publications.
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After the rise of nitride-based semiconductor research
nearly three decades ago [1], the investigation of
polarization-induced internal electric fields in wurtzite-type
heterostructures has rapidly become a major focus in both
applied and fundamental physics. GaN-, AlN- or InN-based
(compound) crystals exhibit both a spontaneous and a
piezoelectric polarization along the [0001] direction for
which the magnitudes depend, e.g., on chemical compo-
sition or layer thickness in heterostructures. In light
emitting devices [2–4], the quantum-confined Stark effect
was found responsible for decreased recombination rates
due to the spatial separation of the electron and hole wave
functions. Although polarization-induced electric fields
[5,6] hamper the functionality of many devices [7–9], their
experimental quantification with high spatial resolution has
not yet been achieved.
Here, we demonstrate the comprehensive characteriza-

tion of the local polarization in nitride-based axial nanowire
heterostructures containing a multistack of AlN/GaN seg-
ments at unit cell resolution. To this end, we use momen-
tum-resolved scanning transmission electron microscopy
(STEM) as a new imaging mode in which diffraction
patterns are recorded on an ultrafast camera of the latest
generation [10] in an aberration-corrected STEM. Whereas
electric field measurements down to the subatomic scale
were demonstrated recently [11–14] in an ultrathin speci-
men, their separation from the much weaker polarization-
induced electric fields is achieved here for 110 nm
thick wurtzite AlN/GaN nanowires. Field magnitudes of
5.3�1.5MV=cm are found, which are in agreement with

photoluminescence data and further interpreted via quanti-
tative modeling using the NEXTNANO3 software [15,16],
as well as dynamical electron scattering simulations.
Figure 1(a) shows a schematic of the N-polar nanowires

grown along the ½0001̄� direction [6,17]. The central part of
the nanowires contains 40 alternating GaN/AlN segments,
as experimentally confirmed by energy-dispersive x-ray
spectroscopy data presented in Fig. 1(b), which also shows
the epitaxial AlN shell around the wire. STEM experiments
were performed at the as-grown wires so that the electri-
cally active specimen thickness equaled the wire diameter
along the incident beam direction ½112̄0�, which we
calculated to 110� 10 nm from the lateral diameter and
the hexagonal wire cross section.
The physical background of our momentum-resolved

approach is illustrated with the help of simulations in the
½112̄0� projection in Fig. 1(c). A STEM probe is focused to
a diameter of approximately 1 Å and rastered across the
specimen, where it interacts with the Coulomb potential
shown color coded and as a height profile. At each scan
position, a diffraction pattern is recorded, which results in a
large 4D dataset, i.e., an array of diffraction patterns shown
in gray scale in the middle of Fig. 1(c). The magnified part
shown in the yellow box depicts one diffraction pattern in
the center, corresponding to one scan point. The dashed
lines indicate the borders to diffraction patterns for adjacent
scan pixels. Finally, the first moment is calculated in each
diffraction pattern [11,18], which has been identified as a
robust measure of the average momentum transferred to the
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STEM probe by the specimen [11,19], hp⃗⊥i. This yields the
vector field at the bottom.
The kernel of the electron-specimen interaction consists of

the scattering by the projected Coulomb potential of an
atomically thin slice and the subsequent free propagation to
the next slice. In contrast to previous work dealing with
atomic electric fields in an ultrathin specimen [11,14,19], the
iteration of this process towards the exit face of the specimen
(i.e., multiple scattering) drastically complicates the quanti-
tative analysis. This is easily seen in the momentum transfers
at the bottom of Fig. 1(c), in which atomic sites do not at all
resemble sinks of momentum transfer.
To solve this problem as to the quantification of

polarization-induced fields, we assume that, within one
unit cell, the total electric field E⃗ðr⃗Þ can be written as a
sum of a constant field E⃗c and the strongly varying electric
field E⃗atðr⃗Þ, owing to the atoms. E⃗c contains polarization-
induced electric fields or gradients of the mean inner
potential, for example. Recalling the application of
Ehrenfest’s theorem [11,19], the expectation values of
the momentum and the electric field are related by

−
v

eΔz
hp⃗⊥i ¼

1

Δz
hE⃗ðr⃗Þiproj ¼ E⃗c þ

1

Δz

Z
Δz

0

hE⃗atðr⃗Þidz

ð1Þ

with e as the elementary charge, v as the electron velocity,
andΔz as the specimen thickness. The brackets h…i denote
quantum mechanical expectation values. Equation (1)
shows that it is possible to measure E⃗c directly in case
the momentum transfer caused by the atomic electric fields
becomes negligible as compared to E⃗c, which can be
achieved in two ways. First, the electron beam broadens
inside the specimen, and hence experiences an intrinsic
averaging over atomic-scale variations of E⃗atðr⃗Þ. Second,
we average diffraction patterns [20] or hp⃗⊥i over one
crystal unit cell or, which yielded the same result, over one
Voronoi cell around a Ga(Al)-N dumbbell.
The atomically resolved measurement of hp⃗⊥i is shown

color coded in Fig. 1(d) next to the virtual bright field
image. The data were acquired in a part of the yellow region
in Fig. 1(b). It consists of 396 800 diffraction patterns
recorded in a 1600 × 248 STEM scan. Both long-range and
atomic-scale variations are observed simultaneously, rang-
ing up to 0.5h=nm−1 with the h Planck’s constant.
Averaging the momentum transfers in Fig. 1(d) in each

Voronoi cell, as depicted in Fig. 2(a), yields hp⃗⊥iUC plotted
in Fig. 2(b) separately for the components in ½11̄00� and
in the growth direction ½0001̄�. Multiplication by −v=e
according to Eq. (1) provides the Voronoi cell average of
hE⃗i, which equals E⃗cΔz in Eq. (1) plus a small error

FIG. 1. (a) Schematic of the AlN/GaN wires with 4 nm layer periodicity and AlN shell. (b) Energy-dispersive x-ray (EDX)
spectroscopy and Z-contrast scanning transmission electron microscopy (STEM) image, showing the sequence of pure AlN/GaN layers.
(c) Momentum-resolved STEM principle. A probe is multiply scattered in the specimen (top). An array of diffraction patterns is
recorded sequentially during rastering (center). For each scan position, the momentum transfer can be determined from the first moment
of the diffraction pattern (bottom). (d) Map of the bright field (BF; left) intensity (int.) in numbers of electrons (el.) and the momentum
transfers (right, color coded) as determined from the four-dimensional (4D) STEM data acquired within the yellow region in Fig. 1(b).
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δ ¼ 1

Δz

Z
Δz

0

hE⃗atðr⃗Þidz; ð2Þ

where the bar indicates the Voronoi cell average. The
influence of δ will be examined below.
As there are no polarization-induced electric fields in the

nonpolar ½11̄00� direction, hp⃗⊥iUC½11̄00� and hE⃗⊥iUC½11̄00� are

almost zero everywhere with a negligible slope due to,
e.g., a small thickness gradient. However, hp⃗⊥iUC½0001̄� and
hE⃗⊥iUC½0001̄� take values of up to �0.4h=nm−1 and �280 V at

interfaces that mainly originate from different mean inner
potentials of GaN and AlN. A closer look at regions well
inside the GaN and AlN layers reveals plateaus in which the
projected electric field is almost constant. These plateaus
exhibit different levels for hE⃗⊥iUC½0001̄� in AlN and GaN, as

indicated exemplarily for two plateaus PAlN and PGaN in
Fig. 2(c). Here, a difference of approximately 68 V is
found, originating from the material-dependent polariza-
tion field. With the specimen thickness of Δz ¼ 110 nm,
this corresponds to an electric field of approximately
6.4 MV=cm. The plateaus of 70, 68, and 56 V are more
easily identified in the profile of hE⃗⊥iUC½0001̄� along ½0001̄�, as
shown in Fig. 2(d). Because we are only interested in the
difference of the electric field in GaN and AlN, a linear fit
to the centers of the GaN layers in the profile was
subtracted. Assuming the specimen thickness to be in

the range of 110� 10 nm, we find an average polarization-
induced electric field of 5.9� 0.5 MVcm−1. Moreover, it
is worth noting that our analysis focuses on the center of the
wire as marked in Fig. 1(b). Applying the method to areas
interfacing with vacuum could in general be equally
instructive so as to detect electric stray fields originating
from surface dipole charge layers, causing both the ½0001̄�
and the ½11̄00� components of the electric field to be
nonzero. However, this is hindered by the AlN shell in the
present case.
To gain deeper insight, we model the electric field

profile in Fig. 2(d) by assuming that a gradient of the
chemical composition c causes both a gradient of the mean
inner potential and of the polarization-induced electric
field. Regions with constant composition contribute to
polarization-induced fields only. Hence, we can define a
model

ΔEmodel ¼ α
d
dx

cðxÞ þ βcðxÞ þ γ; ð3Þ

where x denotes the dependency along the growth direc-
tion; and α, β, and γ are fit parameters. The composition
profile cðxÞ is derived from the high-angle annular dark
field STEM signal [21] in Fig. 3(a), and Fig. 3(b) shows its
(negative) gradient. Comparison with the experiment in
Fig. 3(d) reveals that Fig. 3(b) yields the correct behavior at
interfaces, whereas the profile in Fig. 3(a) is responsible for
the different plateau levels inside AlN and GaN. Finally, the

FIG. 2. (a) A high-angle annular dark field (HAADF) STEM image acquired simultaneously with the 4D STEM data is used to
calculate the Voronoi diagram. (b) Momentum transfers averaged over the colors separated into the ½11̄00� and the ½0001̄� components.
(c) Voronoi-cell-averaged electric field projection calculated directly from Fig. 2(b). (d) Line profile along growth direction ½0001̄� after
subtraction of a linear slope (black) fitted to the GaN regions. Arrows indicate the electric field differences between AlN and GaN.

PHYSICAL REVIEW LETTERS 122, 106102 (2019)

106102-3



fit result in Fig. 3(c) is in very good agreement with the
experimental profile in Fig. 3(d). With Epol ¼ β · cðxÞ, we
find ΔEpol ¼ 5.3 MV=cm for the difference of the
polarization-induced electric field in AlN and GaN,
whereas an error of �0.5 MV=cm is to be assumed due
to an inaccuracy of the thickness measurement of �10 nm.
It is instructive to integrate the component arising from

the gradient in Eq. (3) along x over an AlN/GaN interface,

which yields a potential of 2.1 V. This is already close to
literature values for the mean inner potential differences of
GaN and AlN [23,24] around 1 V, but further studies on
dynamical scattering at interfaces ought to be performed
for full quantification. So far, our method yields both the
polarization within nanometer-sized layers and the correct
qualitative behaviour at interfaces, with either of them
being absent in previous reports [25–27].
We now return to the systematic error δ in Eq. (2), which

can arise from the violation of inversion symmetry in
wurtzite nitrides [19]. To this end, we neglect polarization-
induced electric fields in the simulation [28], and we
calculate the unit-cell-averaged momentum transfer for
both AlN and GaN up to a wire thickness of 150 nm.
This yields the momentum transfer that arises solely due to
the crystal structure, which could misleadingly be inter-
preted as being caused by internal fields. The difference
between the thickness dependence of δ for GaN and AlN is
plotted in Fig. 4(a). δ takes large magnitudes of up to
10–20 MV=cm for specimen thicknesses lower than
30 nm, which would preclude the quantification of polari-
zation-induced fields. However, δ suffers a hyperbolic
attenuation with specimen thickness owing to Eq. (2),
leading to tolerable errors in the thickness range above
100 nm, like in the present experiments. The red bar
marks a maximum error of �1 MV=cm for the nanowire
under study.
To conclude, we measure an average difference of

5.3 MV=cm for the polarization-induced electric fields in
AlN and GaN, with uncertainties of �0.5 MV=cm and
�1 MV=cm due to the inaccurately known specimen
thickness and dynamical scattering in non-centrosymmetric
crystals. This is in good agreement with recent measure-
ments employing bias-controlled photoluminescence [6],
which predicted electric polarization fields larger than
3.5 MV=cm for nanowires with multiple pairs of 4 nm
thick GaN disks and > 3 nm thick AlN barriers.
Furthermore, NEXTNANO3 simulations [15,16] were

performed that take the actual 3D wire geometry, including
the AlN shell, N polarity, and surface Fermi-level pinning

FIG. 3. Modeling the electric field in growth direction.
(a) HAADF STEM profile for the region in Fig. 2, considered
as being proportional to the chemical composition cðxÞ. (b) Neg-
ative gradient of Fig. 3(a). (c) Linear combination of Figs. 3(a)
and 3(b) according to Eq. (3), determined by fitting the
experimental (Exp.) profile to Fig. (d).

FIG. 4. (a) Thickness-dependent simulation of the systematic error δ in Eq. (2), arising from the lack of inversion symmetry in wurtzite
GaN/AlN. It amounts to 1 MV=cm for the present wire. (b) NEXTNANO3 simulation of the electric field (½0001̄� component) assuming
the actual three-dimensional (3D) wire geometry and fully strained (red) or fully relaxed (black) layers. (c) NEXTNANO3 simulation of
the electric field (½0001̄� component) across a cross-sectional slice centered in a GaN segment.
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at midgap into account [6]. By solving Poisson’s equation,
the electrostatic potential and field were computed, and
profiles along the nanowire’s central axis were extracted
[17,29] as shown in Fig. 4(b). Strain energy was mini-
mized as described earlier [17], assuming fully coherent
interfaces. As the degree of the plastic relaxation is
unknown, Fig. 4(b) shows two asymptotic cases with
(red) and without (black) piezoelectric fields, respectively.
For the two situations, mean polarization field differences
of 6.8 MV=cm (black) and 12.5 MV=cm (red) are
obtained. In addition, we extracted a cross-sectional
slice through a GaN segment as depicted in Fig. 4(c).
Obviously, the electric field magnitude decreases gradu-
ally towards the wire edges. Averaging the field in the
direction of the STEM beam yields approximately 85%
of the field at the central axis. Thus, the NEXTNANO3

simulations finally predict fields between 5.8 and
10.6 MV=cm for a fully relaxed wire and a fully strained
wire, respectively.
The difference to the measured value of 5.3 MV=cm can

be partially explained by (plastic) strain relaxation as
observed previously [17]. Similar discrepancies have been
reported by Strak et al. [30], where ab initio calculations
gave polarization-induced fields of 7.7 MV=cm, whereas
photoluminescence results yielded only 4.5 MV=cm and
the evaluation of the Berry phase provided field strengths
between 5 and 6.7 MV=cm [30,31]. In addition, the
measurement of internal electric fields is affected by mobile
screening charges due to (unintentional) doping [32] or
charges generated by the electron beam [33]. Concerning
GaN/AlN heterostructures, our results are rather consistent
with fields of 6.9 MV=cm from electron holography
reports [25] that, however, dealt with a different layer
geometry and did not elucidate the impact of the mean
inner potential.
In summary, we achieved the mapping of polarization-

induced electric fields in III-V nitrides with unit cell
resolution by momentum-resolved STEM. This included
the separation of atomic electric fields, mean inner potential
gradients, and polarization effects. The measured electric
field difference of 5.3 MV=cm in an epitaxially grown
40 × GaN ð4 nmÞ=AlNð4 nmÞ disk sequence is beyond the
scope of application of bias-controlled photoluminescence
approaches [6], making momentum-resolved STEM a key
approach for the electrical characterization of novel nano-
electronic devices in the future.
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Supplementary Information for:
Electrical polarisation in AlN/GaN nanodiscs measured by momentum-resolved

4D-STEM

I. EXPERIMENTAL DETAILS

For the experimental work, the probe-corrected FEI X-
Ant-EM transmission electron microscope at the EMAT
institute in Antwerp (Belgium) was used. The micro-
scope was operated at 120 kV with a semi-convergence
angle of 20.7 mrad of the STEM probe.

Residual aberrations were measured from Zemlin
tableaus as follows:

Aberration Value Angle
2-fold astigmatism (A1) 3.8 nm -116.8 ◦

3-fold astigmatism (A2) 44.6 nm -51.1 ◦

Axial coma (B2) 24.4 nm 152.8 ◦

Spherical aberration (C3) -1.6µm n.a.
4-fold astigmatism (A3) 2.2µm -139.5 ◦

Star aberration (S3) 823.9 nm 15.4 ◦

5-fold astigmatism (A4) 21.6µm -10.4 ◦

The ultrafast direct electron detection system [1]
Medipix 3 Merlin for EM (Quantum Detectors) was op-
erated in Single Pixel Mode (SPM) with a sensor bias
of 120 V and a lower threshold of 60 keV to eliminate
double-counting of electrons with 120 keV energy. The
pixel depth was 6 bit and the acquisition was synchro-
nised with the STEM dwell time of 820µs per scan pixel.

A Fischione Model 3000 annular detector was used to
record the high-angle annular dark field signal simulta-

neously with the 4D STEM data. The inner acceptance
angle of the detector was 56 mrad, determined from the
shadow of the detector hole on the Medipix sensor and
a known diffraction pattern. The outer angle of the de-
tector was determined by measuring both the inner and
outer radius of the sensitive detector area by scanning
the STEM beam over the detector in imaging mode [2]
(detector scan). With the ratio of both radii and the
aforementioned inner angle, an outer acceptance angle of
195 mrad is calculated.

[1] R. Plackett, I. Horswell, E. N. Gimenez, J. Marchal,
D. Omar, and N. Tartoni, Journal of Instrumentation
8, C01038 (2013).

[2] J. M. LeBeau and S. Stemmer, Ultramicroscopy 108, 1653
(2008).


