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Monochromated low-loss EELS �electron energy-loss spectroscopy� is explored as an analytical
technique for nanoscale mapping of the electronic band gap energy on arsenic-implanted ZnO,
CdZnO, and InGaN compounds. Its accuracy is confirmed independently with Raman spectroscopy.
From a ternary compound, the relationship between the band gap energy and the chemical
composition is determined, a powerful application of low-loss EELS. The effects of electron beam
delocalization are discussed using examples from In0.25Ga0.75N quantum wells. © 2009 American
Institute of Physics. �doi:10.1063/1.3222974�

Chemical analysis of materials with nanometer spatial
resolution can be done with a �scanning� transmission elec-
tron microscope ��S�TEM� using the spectroscopic tech-
niques of EELS and EDX �electron energy-loss spectroscopy
and energy-dispersive x-ray spectroscopy�. With the recent
commercial availability of electron monochromators in
�S�TEMs, it has also become possible to probe electron tran-
sitions in the visible and near-UV spectral range.1 It is only a
matter of time before these new instruments will be widely
used for the study of optically active materials. In this letter,
we will explore the possibilities and limitations of mono-
chromated low-loss EELS for measuring the electronic band
gap energy in the nanometer spatial domain. Examples will
be given from wurtzite ZnO- and GaN-based nanostructures,
as these direct band gap semiconductors are of significant
technological interest.

The experiments in Figs. 1 and 2 on ZnO were done with
a monochromated FEI Titan, operated at 80 kV—near the
Čerenkov limit of ZnO—to avoid strong, unwanted retarda-
tion losses in the EELS spectrum.2 The STEM probe had a
diameter around 1 nm, and the EELS collection angle of 25
mrad gave an energy resolution better than 0.12 eV �mea-
sured by the full width at half maximum of the zero-loss
peak�. TEM specimens for band gap measurements were pre-
pared with focused ion beam �FIB�, cleaned to a thickness of
�50 nm with 2.5 kV helium ions. Additional tripod-
polished and argon-ion milled specimens were prepared �not
shown� that quantitatively reproduced the measurements on
the FIB-prepared specimens. This indicates that the specimen
preparation methods did not modify the inherent band gap
values.

It is known that the electronic properties of crystalline
ZnO can be modified by the introduction of point defects.3,4

For this work, defects were introduced by implanting arsenic
ions into hydrothermally grown,5 single crystal ZnO. At
room temperature, 150 keV As+ ions were homogeneously
implanted with a fluence of 5�1015 cm−2, tilting the
samples 7° relative to the incident beam to minimize chan-

neling effects. Under these conditions, arsenic was implanted
in the first 150 nm below the surface of the ZnO, as shown in
Fig. 1. The inset shows resonant Raman spectra, obtained
using 325 nm He–Cd laser excitation at room temperature.
After arsenic implantation, the broad peak of hot lumines-
cence has blueshifted by 0.14 eV.

The EELS band gap profile of the arsenic-doped ZnO
�blue squares� confirms the Raman measurement by showing
a band gap increase of around 0.14 eV in the first �150 nm.
Thermal annealing gradually decreased the band gap energy
to bulk ZnO values. The exact origin of the blueshift remains
unknown, but it has been suggested that its origin lies in
quantum confinement effects due to ZnO nanocrystallinity
introduced by the arsenic implantation.6 The confirmation of
the EELS band gap measurement by an independent tech-
nique �resonant Raman spectroscopy� is reassuring. A next
step is to combine band gap and EDX measurements.
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FIG. 1. �Color online� Top: TEM bright field image of arsenic-implanted
ZnO before annealing. Bottom: The electron band gap profiles were mea-
sured with monochromated EELS, on an arsenic-implanted specimen with-
out subsequent annealing �blue squares�, on a specimen with 2 min anneal-
ing at 600 °C �red circles�, and on a specimen with 2 min annealing at
900 °C �green triangles� in ambient air. The inset shows resonant Raman
spectra from undoped ZnO and arsenic-implanted ZnO �without annealing�.
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It is known that by introducing cadmium as a ternary
compound-forming element, the ZnO band gap energy can
be tuned between 3.3 and 3.0 eV.7 The relation between the
cadmium fraction x and the band gap energy is studied here
on a CdxZn1−xO /ZnO multilayer with increasing x. A Tho-
mas Swan closed-coupled showerhead metalorganic chemi-
cal vapour deposition �MOCVD� system was used for speci-
men growth at 850 °C, using dimethylzinc and
dimethylcadmium as the respective zinc and cadmium
sources. To ensure epitaxial quality, the layers were depos-
ited on undoped ZnO templates with excellent crystal quality
and smooth surface morphology. Ten CdxZn1−xO layers of 13
nm thickness and increasing cadmium content were thus
formed, sandwiched between 25 nm thick, undoped ZnO lay-
ers, as shown in Fig. 2.

Following the band gap measurements, the microscope
was realigned at 300 kV and from the same area, an EDX
profile was taken with a STEM probe of less than 0.3 nm in
diameter. Quantification of the cadmium content was done
with standardless, thickness-corrected EDX using calculated
k-factors. This gave for the spectra with highest Cd signal an
atomic percentage of 4.0�1.2%. Even though the error in
quantification is relatively large due to the uncertainty in
ionization cross section for cadmium, it agrees with earlier
optical absorption measurements7 that found maximum cad-
mium miscibility in ZnO at 4–7 at. %. For the specimen in
Fig. 2, it can be seen that the morphology of the material
becomes less homogeneous with higher cadmium content,
indicating that the last two CdxZn1−xO layers have decom-
posed. Another observation is that the cadmium content does
not reach zero in the center of the ZnO layers, particularly
for the ones closest to the surface side. This indicates some
cadmium intermixing in the ZnO layers; the lower band gap
profile also supports this conclusion.

A specific advantage of spatially resolved band gap pro-
filing over optical spectroscopy now becomes clear: from the
same sample area, the cadmium fraction is known, as well as
the band gap energy and the layer quality �from the STEM
image�. It is now possible to quantitatively correlate the cad-
mium content with the band gap energy. An advantage over
optical absorption spectroscopy8 is the availability of direct
information on structural homogeneity; layers that have de-

composed into phases of high and low cadmium fractions
can be removed from the data set. If the two CdxZn1−xO
layers closest to the surface are rejected for analysis, the
relation between the cadmium fraction x and the band gap is
determined to be Eg=3.32−2.43x−8.43x2 �R2 value is 0.95�.
However, this traditional second-order relation can be ap-
proximated with a comparable goodness-of-fit �R2 value is
0.94� by Eg=3.31−1.94x. As this covers the whole range of
cadmium miscibility in ZnO, the latter equation should be a
useful rule-of-thumb for predicting the room temperature
band gap energy for known CdxZn1−xO compositions, or vice
versa.

What are the fundamental limitations of EELS band gap
measurements? The strongest restrictions are imposed on
the spatial resolution and energy accuracy, which will be
studied here with the help of bulk and quantum confined
In0.25Ga0.75N.9,10 The measurements of Fig. 3 were done with
a VG STEM-Gatan Enfina system operated at 100 kV, where
the electron extraction voltage at the cold field emission gun
was greatly reduced to enhance the monochromaticity of the
electron beam to 0.25 eV. The STEM probe diameter was
smaller than 1.5 nm and EELS was acquired in spectrum
image mode11,12 with a collection angle of 6 mrad, using
binned gain averaging.13 TEM specimens were prepared by
tripod polishing followed by argon ion milling. Indium-rich
quantum wells with thickness 3.2 nm are spaced by 6.8 nm
thick GaN layers, a structure similar to that of commercially
available light-emitting diodes.14 The composition of the
quantum wells was determined to be In0.25Ga0.75N, by scan-
ning over a �10�10 nm area, measuring the EDX signal
and correcting for the fraction of the area that was occupied
by the indium-containing quantum wells.14 Bulk measure-
ments were done on In0.25Ga0.75N that was epitaxially grown
as a thick layer onto GaN.

FIG. 2. �Color online� STEM annular dark field �ADF� image of the
CdxZn1−xO /ZnO multilayer with projected cadmium �black� and band gap
�red� profiles. The ZnO substrate is indicated at the right, the specimen
surface is on the left-hand side, marked by the bright platinum band from
FIB specimen preparation.

FIG. 3. �Color online� Low-loss EELS spectra taken from the central 1.5 nm
of an In0.25Ga0.75N quantum well �pink� and from the GaN spacers between
the quantum wells �light blue�, compared with bulk In0.25Ga0.75N �red� and
GaN reference spectra �dark blue�. The spectrum inset shows a closeup of
the band gap features. The lower part of the figure shows a STEM ADF
image, taken with the same probe settings as the adjacent EELS maps,
which image the band gap energy �binned twice� and the bulk plasmon
energy of the four quantum wells.
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Quantum confinement and strain-induced piezoelectric
polarization in the 3.2 nm thick In0.25Ga0.75N layers is ex-
pected to increase the band gap energy from 2.65 to about
3.1 eV.15 Indeed, the band gap energy of the quantum wells,
shown as the pink spectrum in Fig. 3, seems much higher
than that of bulk In0.25Ga0.75N. However, the measured value
of 3.35 eV is larger than expected and also overlaps suspi-
ciously with the GaN spectra. Here, electron beam
delocalization16,17 is the source for possible misinterpreta-
tion; the lower the energy loss, the larger the distance over
which a fast electron will excite specimen electrons. This
delocalization degrades the spatial resolution for band gap
measurements. In addition, it might easily be overlooked that
for embedded, low-dimensional structures such as quantum
wells, delocalization also degrades the energy-accuracy of
the spectral features. For low-energy excitations such as
band gap measurements, a large part of the signal will come
from the adjacent GaN due to delocalization. For higher-
energy transitions, such as the excitation of the bulk plasmon
around 19 eV, the effective probe diameter is already much
smaller. Yet, in the quantum well structure of Fig. 3, even the
plasmon peak is a combination of quantum well and GaN
plasmon signals. Using the epilayer specimens, the effective
probe diameter was estimated by monitoring the distance to
the interface where the spectral features appear to shift in
energy. For the plasmon peak, an effective probe diameter of
4 nm was found; this increased to 10 nm for the band gap
energy. The actual delocalization distance will be somewhat
smaller, as the effective probe diameter includes the broad-
ening effect of the 1.5 nm experimental beam.

The EELS maps of the band gap and plasmon energies
in Fig. 3 were extracted using principal component
analysis.18 It can be seen that the band gap energy map is
featureless, and that the plasmon map only covers a limited
energy range due to delocalization. It might be tempting to
use low-loss EELS to map intrinsic local physical properties,
but electron beam delocalization always needs to be consid-
ered. The larger dimensions of the structures in the earlier
ZnO examples did not introduce signal from adjacent layers.
For example, in the central 3–5 nm of the CdxZn1−xO layers,
no ZnO band gap signal was present. However, the quantum
wells of Fig. 3 have such small dimensions that even in
their center, there is a significant signal from the adjacent
GaN.19,20 The examples in Fig. 3 demonstrate that for such
small structures, low-loss EELS should not be used to quan-
titatively map band gap energies, dielectric properties, etc. as
delocalization degrades the accuracy of the measured ener-
gies. Accurate band gap mapping in the �near-� visible will
not be possible on embedded layers or particles with dimen-
sions smaller than around 10 nm. However, low-loss electron
transitions might still be extracted with alternative specimen
designs. Free-standing quantum dots,21 metal

nanoparticles,22 or structures of interest that are embedded in
very wide band gap materials will provide better spectral
accuracy for low-loss EELS, without signal overlap from
adjacent specimen material.

In summary, monochromated low-loss EELS was used
for measuring the electronic band gap energy of direct semi-
conductors, with a spatial resolution of around 10 nm. The
technique proved useful for the determination of the relation-
ship between chemical composition and band gap energy in
ternary compounds. �S�TEM imaging can be done simulta-
neously with chemical analysis and band gap measurements,
providing concurrent information on the specimen nano-
structure, a great advantage over optical spectroscopy. Pos-
sible pitfalls of monochromated low-loss EELS were also
briefly discussed.
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