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Nanometer-scale strain measurements in semiconductors: An innovative
approach using the plasmon peak in electron energy loss spectra
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We present an innovative technique for quantitative measurement of strain in semiconductor
materials with high spatial resolution. The plasmon loss peak, seen in electron energy-loss spectra,
has been considered following the Drude-Lorentz model, and we find that plasmon energy is
extremely sensitive to lattice parameter. We have tested this model using a heterostructure of
In0.2Ga0.8As and AlAs layers in GaAs. The experimental data are in excellent agreement with the
model. We estimate that strains smaller than 0.036% can be detected, corresponding to a change of
x=0.005 in InxGa1−xAs, at a spatial resolution better than 2.8 nm. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2169904�
The properties of devices with optoelectronic and micro-
electronic applications are determined to a great extent by
the strain and composition of the material making up the
active region of the device. There is an increasing need for
analysis of strain and composition at the nanometer �nm�
level as structures become smaller and more complex, often
utilizing strain and/or self-assembly with layers only a few
atoms thick. Transmission electron microscopy �TEM� is one
of the few techniques with the spatial resolution needed for
this challenge.

Here, we describe a new technique to measure strain and
composition at the nm level using electron energy-loss spec-
troscopy �EELS� in the TEM. The technology and capabili-
ties of EELS systems have advanced considerably in recent
years,1–4 and it is now a routine matter to map peak positions
and intensities with nm scale resolution. The most effort has
been applied to analysis of core-loss edges, since these can
give quantitative measurements of relative atomic concentra-
tion, although significant postprocessing is often required to
extract edge intensities from a much larger background sig-
nal and signal-to-noise ratios are not ideal. However, the
most significant feature in the low-loss spectrum ��50 eV�
is the bulk plasmon peak, which has an intensity several
orders of magnitude higher than the core-loss edges and an
excellent signal-to-noise ratio. It is straightforward to mea-
sure the energy of the plasmon peak with very good accu-
racy; the full range of the spectrometer can be applied to
only the low-loss region, giving a channel width of approxi-
mately 5 meV, and fitting a curve to the experimental data
gives a robust measure of peak position and width.
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The bulk plasmon is a collective oscillation of the
loosely bound electrons, which runs as a longitudinal wave
through the volume of the crystal with a characteristic fre-
quency. The simplest description of the bulk plasmon is the
Drude model,5 which gives a free-electron plasma energy Ep:

Ep = ��p = �� ne2

�0m0
�0.5

, �1�

where n is the density of valence electrons, e is the electron
charge, �0 is the permittivity of free space, and m0 is the
electron rest mass. The only parameter that depends upon
material properties is the electron density n, given by the
mean valence of the atoms and the lattice parameter. In a
single crystal semiconductor heterostructure, the mean va-
lence of the atoms is constant, and in this simple model
changes in plasmon energy are only due to variations in lat-
tice parameter.

In practice a more sophisticated approach is needed,
even though damping of the oscillation can be taken into
account to produce the Lorentzian shape of the plasmon en-
ergy loss peak. This is because other charges, mobile and
immobile, have a significant effect on the plasmon energy.
Furthermore, in any real experiment momentum transfer be-
tween the incident electron and plasmon �i.e., dispersion�
will have an effect.6 This is responsible for the differences in
plasmon energy seen with different collection aperture sizes
and when the aperture is moved off the optical axis.7,8

The band structure and immobile charges can be taken
into account by using a Drude-Lorentz model, which in-
cludes the effect of free carriers as a single damped harmonic

oscillator with energy9 Ēg, and the core electrons and nuclei
as an additional component in the dielectric constant10 �c.
This model is applicable when the plasmon peak is well-

¯
separated from Eg. In materials such as graphite, the electron

© 2006 American Institute of Physics7-1
 AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.2169904
http://dx.doi.org/10.1063/1.2169904
http://dx.doi.org/10.1063/1.2169904


051917-2 Sanchez et al. Appl. Phys. Lett. 88, 051917 �2006�
density has a more complex definition which must also be
taken into consideration. The Drude-Lorentz model gives the
maximum intensity of the plasmon energy loss peak to be11

Emax = �2Ep�
2 − �2 + ��2Ep�

2 − �2�2 + 12Ep�
4

6
	1/2

, �2�

where � is a constant describing the damping of the oscilla-
tion and

�Ep��
2 = Ēg

2 + �Ep�2/�c. �3�

The effect of damping can be removed by noting that the
full width at half maximum �FWHM� of the plasmon energy
loss peak is equal to �. Rearranging Eq. �2� to solve for Ep�

2,
we obtain

Ep�
2 = Emax

�4Emax
2 + �2 − Emax

2 . �4�

And so by measuring the FWHM � and the energy of the
peak Emax, the parameter Ep� can be obtained from the experi-
mental data. These equations may be used as a framework
which allows experimental plasmon loss measurements to be
interpreted in a quantitative manner. However, to do this

some assumptions must be employed. First, we take Ēg to be
the energy of the maximum absorption of an electromagnetic
wave, i.e., 5.0 eV for GaAs and 3.3 eV for InAs,12 with a
linear variation between the two for InxGa1−xAs. For AlAs

we have also taken Ēg=5.0 eV. Second, we take account of
peak shift due to dispersion and the immobile charges by
applying Eq. �3� to data from GaAs to obtain an “effective”
value of �c. This is somewhat unsatisfactory in that disper-
sion effects should be extracted from the data in a more
rigorous fashion and are unrelated to the core dielectric con-
stant. However, this is justified since neither dispersion nor
core dielectric constant are expected to vary significantly,
and we are interested in the change in plasmon energy rela-
tive to GaAs rather than an absolute value. Figure 1 shows
how Ep�, is expected to vary as a function of composition for
InxGa1−xAs/GaAs. It is simplest to consider the two ex-
tremes which may occur: a pseudomorphically strained layer,
in which the in-plane lattice parameters are constrained to be
equal to that of GaAs and that perpendicular to the interface
is enlarged due to the Poisson effect; or a completely relaxed
layer which has the natural lattice parameter of InxGa1−xAs.
The actual lattice parameter in a thin cross-section TEM

FIG. 1. The change in energy Ep� as a function of In content calculated from
Eq. �3�.
specimen may be expected to lie somewhere between these
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two extremes, depending upon the InxGa1−xAs layer thick-
ness and specimen thickness. If the InxGa1−xAs layer thick-
ness is much greater than that of the specimen, the large area
of free surfaces will allow almost complete relaxation and
the solid curve should apply, with a shift of −19 meV for a
1% increase in the In content. On the other hand, a thin layer
in a thick specimen is much closer to the situation in bulk
material and the dotted curve is more relevant, with a shift of
−14 meV for a 1% increase in In content. These calculations
show that the plasmon peak position should be very sensitive
to changes in lattice parameter; a 1% change in indium con-
tent corresponds to a change in bulk lattice parameter of 0.4
pm.

To check the validity of this technique we analysed a
GaAs-based heterostructure containing an In0.2Ga0.8As layer
and two AlAs layers. The study was performed using a VG
HB601 UX FEG-STEM operating at 100 kV, equipped with
the Gatan ENFINA™ parallel EELS system. Energy resolu-
tion was determined to be 0.35 eV as measured from the
FWHM of the zero electron energy loss peak. A collection
aperture semiangle of 1.34 mrad was used, since it gives
significantly increased energy resolution.13 Typical dwell
times were 300 ms, giving a plasmon peak intensity from
GaAs of 
2000 counts, depending on specimen thickness.
The electron probe size was 0.8 nm FWHM, with 
1 nm
spacing between data points. Single scattering distributions
were derived from the raw spectra using a Fourier-log decon-
volution method.

Experimental variations in plasmon energy was esti-
mated using many large area maps of GaAs, containing

800 spectra. In this data set the standard deviation of the
fitted plasmon energy was 7 meV. Since a 1% change in
indium content gives a shift of 14–19 meV, very small
changes in composition should be distinguishable. Plasmon
energy is relatively insensitive to specimen thickness,14 al-
though significant changes are present in very thin specimens
��25 nm�.10

The upper part of Fig. 2 shows a dark-field Scanning
transmission electron microscopy �STEM� image of the het-
erostructure. The specimen thickness was determined to be

40 nm based on a Kramers-Kronig analysis. A spectrum
image of the low-loss region was recorded in the marked

FIG. 2. Dark-field STEM image of the heterostructure indicating the area
corresponding to the spectrum image. The map of Ep� is shown below.
area, and the resulting map of Ep� is shown below.
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Using Eq. �3�, we may compare the theoretical and ob-
served plasmon peak energies. Figure 3 shows an averaged
line plot of the experimental data �open circles� and pre-
dicted peak energies for a perfectly abrupt structure which is
pseudomorphically strained �dashed line� and relaxed �solid
line�. Thus there is excellent agreement with the values ex-
pected for the strained layer. In the centre of the In0.2Ga0.8As
layer, the experimental peak shift of 328 meV lies close to
the strained value �309 meV�, as would be expected for a
15-nm-thick layer in a 40-nm-thick specimen. A similar ef-
fect can be observed in the 3 nm AlAs layer.

These data show that the technique clearly has the sen-
sitivity to changes in lattice parameter to be a useful tech-
nique. It is also apparent that the spatial resolution of the
technique is very high. We have estimated spatial resolution
by assuming a perfectly abrupt structure and approximating
the interaction of the beam and sample as having as a Gauss-
ian profile. Varying the radius of this Gaussian until a good
fit is obtained with the shape of the In0.2Ga0.8As/GaAs inter-
face in Fig. 3 gives a best fit at a radius of 2.8 nm. The
observed resolution is almost exactly as expected by the for-
mula for spatial resolution �� �nm�=40/E �eV��.15 We be-
lieve the actual resolution to be even higher, since the struc-
ture is not truly abrupt and some degradation of the image is
visible in Fig. 1 due to external electromagnetic fields. This
is better than expected from some calculations, which show
that delocalisation should significantly reduce spatial resolu-
tion of low-loss images16—a finding we have in common

17,18

FIG. 3. Comparison between theoretical and experimental energies Ep�.
with other low-loss studies.
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In summary, we have demonstrated that plasmon peak
shifts can be used to determine local strains at a nm scale.
We expect that this approach should be viable for a wide
range of materials including SixGe1−x, and III-nitrides, as one
of the characteristic properties of a semiconductor energy
loss spectrum is a single, well-defined and intense plasmon
peak.
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