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Abstract

The electronic band structure of complex nanostructured semiconductors has a
considerable effect on the final electronic and optical properties of the material and,

ultimately, on the functionality of the devices incorporating them. Valence electron
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energy-loss spectroscopy (VEELS) in the transmission electron microscope (TEM) pro-
vides the possibility of measuring this property of semiconductors with high spatial res-
olution. However, it still represents a challenge for narrow-bandgap semiconductors,
since an electron beam with low energy spread is required. Here we demonstrate that
by means of monochromated VEELS we can study the electronic band structure of
narrow-gap materials GaSb and InAs in the form of heterostructured nanowires, with
bandgap values down to 0.5 eV, especially important for newly developed structures
with unknown bandgaps. Using complex heterostructured InAs-GaSb nanowires, we
determine a bandgap value of 0.54 eV for wurtzite InAs. Moreover, we directly com-
pare the bandgaps of wurtzite and zinc-blende polytypes of GaSb in a single nanos-
tructure, measured here as 0.84 and 0.75 eV, respectively. This allows us to solve an
existing controversy in the band alignment between these structures arising from theo-
retical predictions. The findings demonstrate the potential of monochromated VEELS
to provide a better understanding of the band alignment at the heterointerfaces of
narrow-bandgap complex nanostructured materials with high spatial resolution. This
is especially important for semiconductor device applications where even the slightest
variations of the electronic band structure at the nanoscale can play a crucial role in

their functionality.

The electronic band alignment at heterointerfaces in semiconductor nanomaterials is
central to their performance in electronic and optical devices. It is particularly essential
for complex arrangements of novel bandgap-engineered materials to be able to measure the
bandgap locally and to determine the respective band alignments in different material con-
figurations. The challenge is to successfully measure the bandgap value with high accuracy,
and relevant spatial resolution.

Among the currently available techniques for measuring the bandgap of semiconduc-
tors, photoluminescence (PL) and optical absorption spectroscopy are the most common.”

Although these methods provide high accuracy in energy measurement, they do not pro-



vide the necessary spatial resolution for observing the band structure in different parts of a
complex heterostructure on the nanometer scale. VEELS, on the other hand, is a suitable
technique with which we can measure the bandgap and reveal other optical properties of the
material such as the complex refractive index, with very high spatial resolution down to a
few atomic layers.?3

VEELS has been used to show the variation of the bandgap energy with the chemical
composition changes across the interfaces of heterostructure layered semiconductor materi-
als such as GaAsIn-GaAs* and grain boundaries in Cu(In,Ga)Sey.? Practical issues such
as drift and mechanical stability have hampered the use of VEELS for bandgap measure-
ments in nanowires and other low-dimensional objects. On the other hand, the size of
the nanowires provides an advantage, with almost no risk of altering the material through
sample preparation and with sample thickness intrinsically small, thus reducing plural scat-
tering.® Moreover, other potential issues such as strong contribution from relativistic losses
( Cerenkov radiation, guided light modes) are minimized. %7

Thanks to recent conceptual and technological advances in electron microscopy instru-
mentation, especially the introduction of highly stable monochromators enabling unprece-
dented energy spreads down to 5-8 meV,® we are now able to measure very narrow bandgaps
in semiconductors with high accuracy.

Here we exploit the capabilities of monochromated VEELS in order to study on the
nanometer scale the electronic band structure of a complex heterostructure as schematically
shown in Figure [} The figure depicts the electron trajectory of the electron beam from the
electron gun, passing through the monochromator and being energy-filtered by a narrow slit,
and then interacting with the specimen, which in this case is a wurtzite InAs-GaSb core-shell
nanowire with the shell covering half of the core and leaving a bare wurtzite InAs segment,
then followed by an axial zinc-blende GaSb segment.*” An important advantage of such a
complex nanostructure is the availability of materials with known properties (on the same

specimen with similar conditions, e.g. thickness, facets, crystal orientation) which can be



used as reference to assure the accuracy of the measured unknown values.

Figure [l shows an overview HAADF-STEM image of the InAs-GaSb heterostructure
nanowires which were grown by metal-organic vapor-phase epitaxy (MOVPE) as described in
reference.™! The lower segment of the nanowire is a partial radial heterostructured nanowire
consisting of a wurtzite InAs core (red in Figure ) partially covered with a tapered wurtzite
GaSb shell (blue in Figure [Ib). Since the wurtzite GaSb shell (region i in the schematic in
Figure ) does not cover the whole length of the wurtzite InAs core, there is a bare InAs
nanowire (region ii) in the upper part of the lower segment. The wurtzite InAs is followed
by a zinc-blende GaSb axial segment (region iii, green in Figure ) The wurtzite polytype
of GaSb is a metastable phase, which does not occur in bulk. In these nanowires, GaSb is
forced to grow in the wurtzite structure via the so-called crystal phase transfer method.*”
Theoretically calculated bandgap values reported for this material are contradictory,™2
and bandgaps both larger and smaller than the one of zinc-blende GaSbh are predicted. Since
the fabrication of this material was only very recently demonstrated, there have to date been
no experimental reports of the electronic bandgap of wurtzite GaSbh available to address this
controversy. Here, the bandgaps of these different materials (wurtzite InAs, wurtzite GaSb
and zinc-blende GaSbh) can be measured directly in different regions of a single nanowire and
correlated with atomic-resolution images of the structure obtained at the same time, thus,
providing an unambiguous means of comparison.

In order to measure the bandgap and obtain information about the optical band struc-
ture, as mentioned, we use VEELS in a monochromated TEM. The schematic of Figure
illustrates the trajectory of the electron beam in the device. The electrons, generated in
a field-emission gun (bottom), travel through a set of prisms, become separated by their
energy and then filtered by a slit. The monochromated electron beam then interacts with
the specimen, and the exit electrons are collected by the spectrometer (top).

In the EEL spectrum of semiconductor or insulating materials, the bandgap edge appears

as an intensity increase and change of curvature after the zero-loss peak (ZLP) and before
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Figure 1: (a) HAADF-STEM image of the InAs-GaSb nanowires, (b) schematic of the mate-
rial morphology, (c¢) schematics of the electron trajectory from the electron gun, to monochro-
mator, then interacting with the specimen (InAs-GaSb nanowire) and being collected with
the spectrometer



higher energy-loss features such as plasmon peaks in the low-loss region, due to the absence
of any permitted states that could be populated by electrons excited by the incoming beam.
Therefore, the width of this region provides a measure of the bandgap of the material. More-
over, studying the energy loss function (ELF) directly after this region can provide an insight
into the optical properties, related to the complex dielectric function (CDF) of the material.”
Important experimental parameters, i.e. the convergence and collection angles of the beam,
sample orientation and thickness, and the ZLP, must be considered however to interpret the
value of the bandgap determined by VEELS. In particular, the decaying tails of the ZLP
must be removed precisely in order to determine the onset of the first energy loss with high
accuracy. Therefore, microscopes delivering an incident electron beam whose energy distri-
bution has a narrow full-width half-maximum (FWHM, determining the energy resolution),
and full-width tenth-maximum (FWTM, the tail of the ZLP which might overlap with the
forbidden-transition region) are desired, especially for narrow-bandgap semiconductors. In
a majority of TEMs, the tail of the ZLP extends to relatively high energy losses, sometimes
covering the onset of the first plasmon peaks and thus resulting in relatively large errors in
bandgap measurements.® Beam monochromators narrow down the energy spread, as shown
schematically in Figure , which results in a considerably narrower ZLP (down to j10 meV®)
with a smaller tail, and provides much higher reliability in bandgap measurement, especially
for narrow-gap materials.

Here, rather than closing the monochromating slit to its narrowest setting for ultimate
energy resolution, we chose a wider slit size for a ZLP FWHM of 30-40 meV, sufficient for
bandgap measurements while providing beam currents high enough for high signal-to-noise
bandgap measurements. Further experimental details can be found in the Methods section
in Electronic Supplementary Information (ESI).

Determination of the bandgap of the bare wurtzite InAs section of the heterostructured
nanowire (Figure [2h) is shown by the low-loss EEL spectrum shown in Figure 2 The thick-

ness of this part of the nanowire in projection is around 40 nm as shown in the HAADF
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Figure 2: VEELS on wurtzite InAs: (a) Schematic of the InAs-GaSb nanowires, (b) Overview
HAADF-STEM image depicting the bare wurtzite InAs segment (below) and its axial in-
terface with the zinc-blende GaSb segment (above), (c¢) atomic resolution HAADF-STEM
image of the same heterointerface from the [1100] zone axis, (d) experimental low-loss EEL
spectrum of wurtzite InAs nanowire (blue line) together with the model for ZLP subtraction
(red dash line), model for direct bandgap (blue dash line) and the total (black line), (e) ex-
perimental low-loss EEL spectrum (blue line) together with the non-relativistic (black dash
line) and relativistic (black line) ELF models



STEM image of Figure[2b. The atomic resolution HAADF STEM image of Figure 2 reveals
that the nanowire is oriented in the [1100] direction. The blue line in Figure [2d is the raw
experimental EEL spectrum, in the sense that neither subtraction of the ZLP nor smoothing
have been applied. A model is fitted to the raw spectrum, that contains a power-law com-
ponent for the ZLP tail and a square-root function for the direct bandgap contribution. A
sigmoid function is included in the model to have a smooth decay of the inelastic scattering
signal away from the band gap edge. In the absence of other contributions, we expect this
to be a more realistic behavior of the band gap signal. In this sense, this decaying lineshape
is inspired by the Tauc-Lorentz type dielectric function models. (further details about the
fit procedure are provided in the Methods section in EST). Because InAs is known to possess
a direct bandgap in both wurtzite and zinc-blende structures, the square-root dependency
for the EELS intensity near the intensity onset is expected, whose intercept with the energy
axis is taken as a measure of the bandgap value.’* The fitted curve, shown in Figure [2d as a
blue dashed line, indicates the onset at 0.54 eV agreeing reasonably well with the expected
value for the bandgap of wurtzite InAs.™® This value can be used as an internal reference for
the parts of the material with unknown band structures. In fact, an exact match with values
obtained by alternative experimental techniques is not expected, as instrumental parame-
ters will influence the fine details of the recorded EEL spectrum. Nonetheless, in otherwise
identical conditions, relative differences in the determined gap onset can be used to quantify
bandgap differences between different materials (or different parts of a same sample, at grain

4,16)

boundaries, for instance . In our case, for the bandgap values with a standard deviation

within the limits of our instrumental resolution, the tolerance can be £3 meV (See Methods
in ESI).

The energy losses in the region immediately after the intensity onset indicating the
bandgap (0.5-8.0 eV), as shown in Figure , correspond well to the transitions expected
from the complex dielectric function of the wurtzite InAs in the in-plane orientation.’” This

is also confirmed by the good agreement with relativistic EELS calculations obtained using



the Kroger formula® while taking into account the appropriate experimental conditions.
Figure |3 illustrates a similar analysis for spectra acquired in the nanowire sections cor-
responding to the zinc-blende and metastable wurtzite phases of GaSb indicated on the
schematic of the heterostructured nanowire in Figure [Ba. The top part in green depicts the
zinc-blende GaSb axial segment on the InAs nanowire (HAADF STEM image in Figure [3p),
and the lower part of the lower segment shows the wurtzite GaSb shell around the InAs core
(HAADF STEM image in Figure 3¢). Figure 3¢ shows the low-loss EEL spectrum on the
zinc-blende GaSb segment. As in the case of InAs shown above, the blue line corresponds
to the experimental spectrum, the red dashed line to the ZLP tail component of the fit
model and the blue dashed line to the square-root function whose onset provides a measure
of the direct bandgap of zinc-blende GaSb. The green dashed line is a further component
of the fit model, which addresses the pre-onset intensity using an indirect transition model
with a sigmoid-like decay, most probably stemming from crystal imperfections and/or the
thin amorphous layer on the surface.’® As can be seen, the onset of the best fit parabola
indicates a bandgap value of 0.75 eV, in good agreement with the previously reported value
in GaSb (0.725 eV in bulk at room temperature?®2”). On the other hand, Figure |3 reveals
the bandgap value of wurtzite GaSb, to be at 0.84 eV. This value was measured in the lower
parts of the nanowire, through a relatively thick section of the shell (up to 30-40 nm thick,
comparable to the projected thickness of the zinc-blende GaSb section studied above); the
contribution of the InAs core signal is assumed to be minimized by placing the beam away
from the InAs region. This direct comparison in a controlled geometry appears to solve
the discrepancy in reported bandgap values for wurtzite GaSb in earlier theoretical stud-
ies, with values as narrow as 0.503 eVH2L or as wide as 0.835 V.12 Although the absolute
value determined in our experiments may not be directly comparable to other experimental
measurements (e.g. with PL or ellipsometry), by probing directly in identical experimen-
tal conditions the two polytypes we demonstrate conclusively that the bandgap of wurtzite

GaSh is around 0.1 eV wider than its zinc-blende counterpart, consistent with the prediction



by Belabbes et al.12
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Figure 3: VEELS on wurtzite and zinc-blende GaSb: (a) Schematic of the InAs-GaSb
nanowires, (b) Overview HAADF-STEM image depicting the bare wurtzite InAs segment
(below) and its axial interface with the zinc-blende GaSb segment (above), (c) experimental
low-loss EEL spectrum of zinc-blende GaSb segment (blue line) together with the model
for ZLP subtraction (red dashed line), model for direct bandgap (blue dashed line), pre-
onset intensity model for indirect transition (green dashed line) and the total (black line),
(d) experimental low-loss EEL spectrum (blue line) together with the non-relativistic (black
dashed line) and relativistic (black line) ELF models, (¢) Overview HAADF-STEM image
depicting the core-shell wurtzite InAs-GaSb nanowire (left), (f) experimental low-loss EEL
spectrum of wurtzite GaSb shell (blue line) together with the model for ZLP subtraction
(red dashed line), model for direct bandgap (blue dashed line), pre-onset intensity model
for indirect transition (green dashed line) and the total (black line), (g) comparison of the
experimental EEL spectra of wurtzite and zinc-blende GaSh.

Apart from the different bandgap energy, there are differences observed in other peaks in
the spectrum. In particular the strong direct transition right after the bandgap-indicating
onset, observed below 2 eV in zinc-blende GaSb (see Figure 3d), is also observed in the
wurtzite GaSb. However, it appears to be weaker and seem to start at around 3 eV. This
discrepancy could be due to the different band structures of wurtzite and zinc-blende GaSb,

which would require further investigation.
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In summary, we demonstrated the application of monochromated VEELS for measuring
the electronic band structure of InAs-GaSbh heterostructured nanowires at the nanometer
scale. The ideal geometry of these nanowires allows us to determine the unknown bandgap
of wurtzite GaSb, readily comparable to the one of its zinc-blende counterpart (0.1 eV wider
for wurtzite), and therefore, avoid discrepancies and controversies. This method can be
used for studying the electronic band structure of a wide range of semiconductors with the
energy and spatial resolutions required for complex configurations where the changes at the
atomic level can alter the properties of the material in macro scale. Monochromated VEELS
in combination with other electron microscopy methods such as core-loss EELS mapping
and aberration-corrected STEM imaging, can provide crucial information about the physical
properties of materials and predict their behavior in novel semiconductor devices such as

quantum computers.
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