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High-resolution transmission electron microscope (HRTEM) lattice fringe images and lattice
parameter maps are used to reveal the rapid modification of InGaN quantum wells by the
electron beam in a TEM. Images acquired within seconds of first irradiating a region of
quantum well do not exhibit the strong nanometre-scale strain contrast which has been
reported to signify the presence of very indium-rich regions in InGaN quantum wells. However,
after a very short period of irradiation by a relatively low electron beam current density, images
of the specimen could be interpreted as indicating the presence of these indium “clusters” The
beam damage is shown to occur for the InGaN quantum wells grown in our lab as well as those
in a commercial blue light emitting diode (LED) and in TEM specimens prepared only using
mechanical polishing. Possible mechanisms for the beam damage are discussed and we make
suggestions as to what may cause exciton localisation in quantum wells that do not contain

gross composition fluctuations. © 2006 Springer Science + Business Media, Inc.

1. Introduction

Quantum wells of the In,Ga;—,N alloy are widely used as
the active layers of optoelectronic devices such as blue and
green light emitting diodes and blue-violet laser diodes
[1]. A remarkable characteristic of these devices is that
they can deliver very efficient light emission even when
large densities of threading dislocations propagate into
their active regions [2]. As in other compound semicon-
ductors, threading dislocations in III-nitrides are known
to act as non-radiative recombination centres [3—5]. How-
ever, InGaN-based devices can tolerate dislocation densi-
ties as much as several orders of magnitude higher than
similarly efficient devices based on other semiconductor
materials [2].

There has been huge interest in explaining the unusually
small impact of dislocations on the optical properties of
InGaN layers. Although the precise mechanism of lumi-
nescence is still a subject of active debate, there are strong
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indications that the light emission from InGaN quantum
wells is dominated by the recombination of localised ex-
citons e.g. [6]: soon after being formed, excitons become
localised at low energy sites rather than remaining free to
diffuse throughout the quantum well. Excitons localised
in this way are much less likely to encounter a dislocation
and recombine non-radiatively so the model does provide
an explanation for the dislocation tolerance of the InGaN
layers. Identifying the source of the localisation effects is
considered crucial to fully understanding and exploiting
the luminescence from the quantum wells. One possibility
is that localisation occurs at local minima in the InGaN
band gap which would be introduced by the presence of
indium-rich regions. It is important, therefore, to deter-
mine whether InGaN quantum wells contain fluctuations
in composition.

There is a tendency for phase separation within bulk
InGaN layers. An early report suggested that although
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homogeneous InGaN epilayers could be formed over
the full composition range, some of this material was
metastable and prone to separate into indium-rich and
indium-poor phases during prolonged annealing treat-
ments [7]. More recently, thermodynamic studies have
concluded that there is a miscibility gap in the In,Ga;_ N
system and that for typical InGaN growth temperatures
(~600-800°C) and typical quantum well compositions
(0.10< x <0.25) the homogeneous alloy is either
metastable or unstable, leading to decomposition e.g.
[8]. Other thermodynamic studies have suggested that
the phase separation may be suppressed somewhat for
biaxially strained InGaN layers grown epitaxially on the
(0001) surface of elastically relaxed GaN [9]. It remains
unclear how closely these thermodynamic predictions
apply to the non-equilibrium growth conditions used for
most InGaN layers, however, experimental results on
some thick (~200 nm) InGaN epilayer samples were
shown to be consistent with phase separation occurring in
InGaN films with indium fractions of 0.1 and above [10].

It was suggested that for quantum well growth the sur-
face solubility of indium in InGaN may be more relevant
than the lower bulk solubility and this might discourage
phase separation [11]. There are, however, many reports
of large composition fluctuations, and possibly phase sep-
aration, occurring in InGaN quantum wells. The reports
of this indium “clustering” have been based mainly on the
results of transmission electron microscopy (TEM) anal-
ysis of the layers. In the first reports of this effect, bright
field TEM images of InGaN/GaN multiple quantum well
(MQW) samples were shown to contain dark dot-like fea-
tures with a size of ~3 nm [12, 13]. Since the indium
atom is much larger than the gallium atom, large fluctu-
ations in InGaN composition will cause variations in the
lattice strain and consequently variations in strain contrast
in a TEM image. The dot-like features were therefore at-
tributed to strain contrast caused by nanometre-scale fluc-
tuations in the InGaN composition. This conclusion was
reported to be further supported by energy dispersive X-
ray spectroscopic analysis which indicated a correlation
between the dark dots and higher indium contents [13].
Exciton localisation was attributed to the nanometre-scale
indium-rich regions. It was pointed out in one of these pa-
pers [12] that the blotchy contrast could have been an
artefact of the ion milling procedures used in TEM spec-
imen preparation, where indium droplets can form on the
sample surface under some conditions [14]. It has since
been reported that contrast similar to that described in
these early papers can definitely be seen as an artefact of
specimen preparation [10, 15].

More recently, many high-resolution TEM (HRTEM)
images of InGaN quantum wells have been published
which show similar—but not identical—dot-like contrast
which is not believed to be a consequence of any ion
milling artefacts [e.g. 16-19]. As with the earlier im-
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ages, these features have been attributed to strain con-
trast caused by nanometre-scale fluctuations in compo-
sition. The inhomogeneous strain has been investigated
in a more quantitative manner using image analysis al-
gorithms to extract local lattice parameter maps (LPMs)
from HRTEM images [e.g. 20-24]. These lattice param-
eter maps showed small (typically ~ 1-3 nm) regions
with a much larger lattice parameter than the surrounding
InGaN. For a range of samples grown by metalorganic
vapour phase epitaxy (MOVPE) with mean compositions
between Ing g9Gag 91N and Ing 13Gag g, N, these lattice pa-
rameter maps were interpreted as indicating ~ 3 nm in-
clusions with a composition of at least InggGag N, and
perhaps approaching pure InN [21]. Pure InN inclusions
with 1-3 nm size were reported to be consistent with sim-
ilar HRTEM analysis of quantum wells grown by both
MOVPE and molecular beam epitaxy (MBE) with mean
compositions of about Ing16GaggsN [25]. The presence
of these very indium-rich regions has been widely used
to explain the strong localisation of excitons in InGaN
quantum wells.

In this paper we show that InGaN quantum wells are
liable to rapid modification under the TEM electron beam
and suggest that unless the beam damage artefacts are
taken into account there is the potential to falsely infer
the presence of nanometre-scale indium-rich regions from
HRTEM data. HRTEM images and LPMs acquired using
conditions chosen to identify and minimise the artefacts
indicate composition fluctuations which are at most much
weaker than those often reported by others. We point out
that even without gross fluctuations in composition, the
exciton localisation in the layers can still be rationalised
either by the presence of weak composition fluctuations—
which may be too small to be detected by HRTEM—or
of small quantum well width fluctuations.

We have briefly described this electron beam dam-
age before [26] and have since encountered suggestions
that our results may apply only to InGaN grown on the
MOVPE equipment in our laboratory or may be related
to our TEM specimen preparation procedures, rather than
being a general effect. Therefore, in addition to describing
our earlier experiments in more detail, we also report fur-
ther measurements which include studies of the electron
beam sensitivity of InGaN quantum wells in a commer-
cial blue LED and of TEM specimens prepared only using
mechanical polishing.

2. Experimental details

InGaN/GaN quantum well samples were grown by
MOVPE on c-plane sapphire in a 6 x 2” Thomas Swan
Close Coupled Showerhead reactor using trimethylgal-
lium (TMG) and trimethylindium (TMI) as group-III
metal sources and ammonia (NH3) as the source of ni-
trogen. GaN layers were grown using a hydrogen carrier



gas and InGaN layers using a nitrogen carrier gas. A GaN
nucleation layer with a nominal thickness of 30 nm and
then a GaN epilayer with nominal thickness of 2 um
were grown at temperatures of 530 and 1030°C respec-
tively. The threading dislocation density at the top of this
film was about 1 x 10° cm™2. A multiple quantum well
sample with ten superlattice repeats consisting of a 2.8 nm
thick Ing 20 Gap 73N quantum well and a 7.2 nm thick GaN
barrier was then grown at 730°C. The layer thicknesses
and compositions were measured using high-resolution
X-ray diffraction as we have reported previously [27].
Detailed low-temperature photoluminescence studies of
single quantum wells grown in the same way showed that
the luminescence from these quantum wells was domi-
nated by the recombination of excitons and also showed
that the localisation occurred on a length scale of about
1-3 nm [28].

Wedge-shaped cross-sectional TEM specimens were
prepared by tripod polishing on diamond lapping mats.
A wedge angle of ~ 3° was used for the MQW sample
and the InGaN/GaN material at the thin end was reduced
to electron transparency. Specimens for HRTEM analysis
were thinned further by ion milling (Gatan PIPS; 3.2 keV
argon ions). The ion guns were incident on the sample at
angles of + 4° relative to the wedge surfaces and the total
milling time was less than ten minutes. For the commercial
blue LED sample, a wedge angle of ~ 7° was used, the
specimen was mechanically thinned to a thickness of a few
microns and then ion milled for several hours using the
conditions described above. Heating of the specimen was
minimised by use of a relatively low-energy ion beam
and limiting the gun activity to three out of every ten
seconds. No indium droplets [12, 14, 15] were observed on
the specimen surfaces during subsequent TEM analysis.
Energy-filtered TEM was used to estimate the thickness
of the specimens and all HRTEM images were acquired
from specimens less than 20 nm thick.

HRTEM images were obtained using an FEI Tecnai
F20 G2 with a 200 keV Schottky field emission gun elec-
tron source and a point-to-point resolution of 0.25 nm.
(0002) lattice fringe images were acquired with the in-
cident electron beam tilted so that the undiffracted and
(0002) diffracted beams were each an equal angle away
from the optic axis of the microscope. The specimen was
oriented so that the incident beam travelled perpendicu-
lar to the [0001] direction and at an angle of 6°-7° to a
(1 150) axis. Under these conditions the (0002) and(0002)
reflections were under equal excitation and only the un-
diffracted and (0002) beams were used to form the image.
Images were recorded using a 1 k x 1 k charge coupled
device. The bright field images in Fig. 4 were acquired us-
ing a Philips CM30 TEM with a 300 keV LaB¢ thermionic
electron source.

For measurements showing the time-dependence of the
HRTEM image contrast, the camera was programmed to
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acquire a series of images with a fixed delay between
each exposure. Specimen drift between images in each
series was subsequently corrected off-line. The incident
electron beam current density chosen for the experiments
was substantially below the highest attainable from the
microscope and close to the minimum compatible with
HRTEM imaging, in that it just allowed an image to be
acquired in an exposure time during which mechanical
drift of the specimen was inconsequential. Based on a
measurement of the total current in the beam, the current
density incident on the sample was estimated to be (35 =+
20) A cm~? for all of the data.

A freshly prepared TEM specimen was used for each
experiment and great care taken to avoid any irradiation
of the quantum well material during alignment of the mi-
croscope. In spite of these precautions, a small amount of
irradiation of the material of interest was almost inevitable
during navigation of the specimen. The first images shown
in each series were acquired as soon as possible after first
intentionally exposing a region of InGaN quantum well to
the electron beam. To achieve this, all imaging parameters
were first optimised using neighbouring GaN that was at
a similar orientation and height. InGaN layers were then
brought under the electron beam, the mechanical drift was
allowed to stabilise and any necessary adjustments to the
imaging conditions were made before the first image was
acquired.

Local lattice parameter maps (LPMs) were extracted
from lattice fringe images using a process similar to the
DALI technique [21]. Our implementation of this pro-
cedure used image analysis algorithms to determine the
positions of the (0002) lattice fringes in the image and
then calculate a two-dimensional map of the lattice fringe
separation. We did not use Fourier filtering of the im-
age prior to this process. HRTEM image simulations [29]
were used to confirm that for our imaging conditions there
was a direct correspondence between the lattice fringe
spacing in the image and the lattice plane spacing in the
specimen so that fringe spacing maps can be treated as
LPMs.

3. Results

A (0002) lattice fringe image of three of the
Ing 22 Gag73N/GaN quantum wells in the MQW sample
is shown at the top left of Fig. 1. The image was acquired
20 s after this region of the specimen was intentionally
brought under the electron beam for the first time. The
image intensity in the InGaN layers is largely uniform but
there are a few definite contrast variations and two of these
have been arrowed. The remainder of Fig. 1 shows the evo-
lution of the HRTEM image contrast over the subsequent
540 s exposure to the low electron beam current density.
It is clear that the specimen was substantially modified
by the electron beam irradiation. During the first couple
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Figure I A series of (0002) HRTEM lattice fringe images of three quantum wells in the Ing 22 Gag 78 N/GaN MQW sample. The images were acquired after
exposure of the specimen to an electron beam flux of ~ 35 A cm~2 for the labelled times. The positions of the quantum well interfaces are indicated by the
horizontal lines; the growth direction was from the bottom to the top of the page.

of minutes some strong contrast fluctuations developed
in the InGaN layers and after several minutes the images
were dominated by lobes of contrast centred around the
bottom interface of each quantum well. Similar contrast
evolution was observed during exposure of other regions
of the same quantum well sample to incident beam ener-
gies of 300 keV and 400 keV [26].

The effect of electron beam irradiation on the LPMs
extracted from (0002) lattice fringe images of one InGaN
quantum well in the same sample is shown in Fig. 2. The
contoured grey-scale images show the value of § which is
defined as the local (0002) lattice spacing divided by the
mean GaN (0002) lattice spacing in the barrier layers on
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either side. The estimates of indium fraction, x, included
in the figure give an indication of the In,Ga;_ N composi-
tion that would be expected to have the corresponding lat-
tice spacings. These were calculated assuming the InGaN
layer was biaxially strained to GaN in the (0001) plane
and using a Vegard’s law interpolation for the alloy lattice
parameters and elastic constants [27]. To allow as much of
the quantum well length as possible to be included in the
figure, the mechanical drift between images in the series
was not corrected in the vertical direction and is indicated
by the dashed line. The final few frames in the series show
that significant artefacts were introduced to the LPMs af-
ter 180 s of exposure to the low current density electron
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Figure 2 A series of (0002) HRTEM lattice fringe images (top row) and lattice parameter maps derived from them (bottom row) of one quantum well in
the Ing 2Gag 73N/GaN MQW sample. The images were acquired after exposure of the specimen to an electron beam flux of ~ 35 A cm™~2 for the labelled
times. A vertical drift between adjacent images is indicated by the dotted line which passes through the same position in the sample mid-way across each

frame.

Figure 3 A series of (0002) HRTEM lattice fringe images of two quantum wells in the commercial blue (electroluminescence peak wavelength of 470 nm)
LED. The images were acquired after exposure of the specimen to an electron beam flux of ~35 A cm~2 for the labelled times. The positions of the
quantum well interfaces are indicated by the horizontal lines; the growth direction was from the bottom to the top of the page.

beam. These artefacts took the form of local regions with
a much higher lattice parameter than the neighbouring In-
GaN. The correlation between lattice plane spacing and
estimated indium fraction may be invalid for these later
images and this is discussed in more detail below.
HRTEM images of the InGaN quantum wells in the
commercial blue LED are shown in Fig. 3. The top left
image was acquired after this region of the specimen had
been intentionally exposed to the electron beam for 20 s
and the remaining three images show the evolution over

the next 270 s. The electron beam current density was
similar to that used to obtain the data in Fig. 1 and a
number of direct comparisons can be drawn between the
evolution of contrast in the two cases. Again, the lowest-
dose image exhibits some small contrast inhomogeneities,
the subsequent images show much more substantial con-
trast variations and these were centred around the bottom
interface of each quantum well.

Although relatively low ion-beam energies were used
during the ion milling of the TEM specimens imaged in
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Figure 4 Bright field TEM images of the quantum wells in the Ing2yGag738N/GaN MQW sample in a TEM specimen thinned using only mechanical
polishing. (a) acquired following minimal electron beam irradiation; (b) the same location after several minutes of irradiation by the electron beam.

the three figures above, it was important to determine
whether the milling conditions were causing the sensitiv-
ity of the InGaN quantum wells to rapid damage. Hence,
a specimen was prepared using only mechanical thinning
and TEM images of this MQW sample are shown in Fig. 4.
The bright field image in Fig. 4a was acquired after min-
imal electron beam dose and, although the image qual-
ity was poor because the specimen was relatively thick
and suffered from substantial surface damage associated
with the mechanical polishing, the individual quantum
well layers could be distinguished. The image in Fig. 4b
shows the same part of the quantum wells after several
minutes of exposure to the electron beam. The modifica-
tion of the quantum well contrast from relatively uniform
intensity to dot-like variations is similar to the behaviour
illustrated in Fig. 1. This suggests that the susceptibility
to electron beam damage is intrinsic to the InGaN/GaN
quantum well structures and not a consequence of our ion
milling procedures.

4. Discussion
4.1. HRTEM measurement of indium
composition fluctuations
The behaviour illustrated in the four figures above shows
the strong tendency for InGaN quantum wells to be mod-
ified during irradiation by the electron beam in a TEM. In
Figs 1-3, the electron beam damage was shown to cause
contrast variations which are indicative of a nanometre-
scale strain inhomogeneity within the InGaN layers. The
LPMs in Fig. 2 provide a more quantitative measure of
this effect with the final two frames showing ~2 nm
sized strain features having a much greater lattice param-
eter than the neighbouring InGaN.

Nanometre-scale fluctuations in the indium fraction of
the quantum wells are expected to cause effects very sim-
ilar to what is shown in these results to be caused by
the incident electron beam. It is obvious that if any of
our HRTEM images or LPMs acquired after a couple
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of minutes exposure to the electron beam were used in
isolation, and without consideration of the beam dam-
age effects, then they would give a false indication of
the strain distribution—and therefore the composition
distribution—in the as-grown quantum well. We stress
that the measurements presented above were obtained us-
ing a relatively low electron beam current density. We
suggest, therefore, that it is essential that electron-beam
induced artefacts are taken into account in any attempt to
detect indium composition fluctuations in InGaN quan-
tum wells.

The lowest dose images in Figs 1 and 3 both exhibit in-
tensity fluctuations which suggest that significant lattice
distortions were already present at a very early stage. The
key question is whether these fluctuations were present
in the as-grown material or are attributable to the early
stages of beam damage. The two strongest fluctuations in
intensity in the first image in Fig. 1 are arrowed and in-
spection of the subsequent few images in the series shows
that strain contrast due to beam damage effects rapidly
developed at precisely these two sites. Close inspection
reveals that all of the other intensity fluctuations in the
lowest dose images of Figs 1 and 3 can be linked with
subsequent beam damage features. The continuous evo-
lution of all of the intensity fluctuations proves that the
InGaN quantum wells were undergoing substantial mod-
ification immediately after the first image. This means
that we cannot rule out that modification was also occur-
ring before the first image and that the lattice distortions
responsible for the intensity fluctuations in this image
simply result from the initial stages of beam damage. We
conclude, therefore, that the lowest-dose images in Figs 1
and 3 can only be used with confidence as an indication
of the upper limit of any strain inhomogeneities present
in the as-grown material, and not as a faithful indicator of
the original quantum well nanostructure.

LPMs are sensitive to smaller lattice distortions which
are not immediately apparent in the unprocessed HRTEM
images. The lowest dose data in Fig. 2 reveals one strain



feature (arrowed) where the lattice parameter was locally
higher than in the neighbouring InGaN material. This
fluctuation, although much weaker than those present in
the later images in the series, was still significant above the
noise in the measurement (the noise is determined from
the apparent lattice parameter fluctuations in the adjacent
GaN layers). The size and strength of the feature is not
substantially modified in the subsequent few images of
the series and this might indicate that it was independent
of the beam damage occurring elsewhere in the quantum
well. In low-dose LPM studies of several InGaN quantum
well samples we have seen some similar features and, in
some cases, the fluctuation of § from its mean in the InGaN
layers was as much as 20% higher than the noise (typically
an average deviation of § from its mean by about 0.003).
These fluctuations in § are substantially smaller than have
been reported in the literature for InGaN quantum wells by
others (compare with the maximum values of § of 1.10 in
Ing 18Gag.g;N [21] and Ing,GaggN [24] quantum wells),
but if we could be certain that they were independent of
beam damage then they might indicate the presence of
nanometre-scale fluctuations in the indium composition
of the quantum wells. Since our other results indicate that
the InGaN quantum wells undergo modification within the
earliest stages of irradiation, however, we must conclude
that these fluctuations in strain could also be due to the
electron beam damage.

4.2. Mechanism of the electron-beam-induced
strain

Two mechanisms by which the electron beam may have
modified the InGaN quantum well specimens are radi-
olysis and knock-on damage. In radiolysis, the primary
damage process is ionisation by the incident electron
beam: the energy released during the relaxation of ionised
atoms is converted into kinetic energy of displaced atoms
[30]. Knock-on damage involves the direct transfer of
energy and momentum from the incident electrons to dis-
place atoms. Knock-on displacement of gallium or indium
atoms in the InGaN lattice is unlikely for a 200 keV elec-
tron beam but the relatively light nitrogen atoms are more
susceptible [31, 32]. Knock-on of nitrogen both in GaN
[33] and InN [34] has been reported for 100 keV incident
electrons. In light of these results, displacement of nitro-
gen in InGaN layers seems highly probable at the higher
beam energy of 200 keV used in this work.

There are two possible explanations for the strain in-
homogeneities apparent in the HRTEM images. The first
is that they could have been caused by the generation
of increasing numbers of vacancies or interstitials ei-
ther through radiolysis or knock-on. Aggregation of these
point defects can be energetically favourable [31] and the
resulting lattice distortion can cause strong local strain
contrast [35] which is similar to that present in the im-
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ages of the beam damaged quantum wells. Furthermore,
if the point defects carried a net charge and migrated un-
der the action of the intrinsic electric field in the quantum
well, this might explain the apparent concentration of the
electron-beam-induced strain at the bottom (the (0001)
nitrogen-face) of the InGaN layers. If atomic displace-
ment were the origin of the modification of the specimen
then the correlation between lattice spacing and InGaN
composition listed in Fig. 2 would not apply in beam
damaged quantum wells.

The second possible cause of the strain contrast is the
electron-beam-induced redistribution of indium within
the quantum well layers. This would be expected due
to the thermodynamic instability of the InGaN alloy: for
temperatures below about 700°C, thermodynamic calcu-
lations indicate that the Ing 2,Gag 73N layers in the MQW
sample would be liable to spinodal decomposition into
very indium-rich and very indium-poor phases [8]. If the
interaction of the electron beam with the specimen in-
creased the diffusion rate to allow the kinetic barrier to
this reaction to be overcome, then phase separation would
occur. The temperature of a TEM specimen rises during
irradiation by the electron beam and this will increase the
diffusion rates. The temperature rise depends on the effi-
ciency with which thermal energy is dissipated from the
irradiated region. Based on reported values of the thermal
conductivities of the GaN epilayer and sapphire substrate
in the MQW sample of 100 Wm ™! K~! and 30 Wm~! K~!
respectively [36], the rise in temperature of the specimen
under the electron beam should be no more than a few
kelvin [31, 32]. It is unlikely that such moderate heating
could have affected the diffusion rate sufficiently to cause
the rapid modification of the specimen. It is possible,
however, that a radiolysis mechanism might exist through
which the weakening of bonds caused by electron-beam-
induced ionisation events increased the rate of diffusion.
Alternatively, any displacement of atoms from their lat-
tice sites by the electron beam could have increased the
rate of diffusion of the indium and gallium atoms in the
lattice.

Unfortunately, our results do not allow us to distinguish
between the two possibilities of beam-induced vacancy
formation and beam-induced redistribution of indium. It
is known that irradiation of 6H-SiC with 100-300 keV
TEM electron beams causes point defect generation due
to displacement of carbon atoms [37] and similar be-
haviour may be expected in IlI-nitrides. Additionally, it
has been reported that during TEM-based cathodolumi-
nescence studies of InGaN quantum wells there was a
decrease in the luminescent intensity during irradiation
by 120 keV electrons [38]. This suggests the electron ir-
radiation introduces non-radiative recombination centres
and indicates that the generation of point defects is sig-
nificant in the InGaN beam damage mechanism.
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4.3. Indium composition fluctuations and
localisation

We have shown that the fluctuations of composition in
the InGaN quantum wells we have analysed are at most
substantially smaller than has frequently been reported for
similar material. Indeed, it is possible that all indicators
of composition fluctuations in our lowest electron-dose
images are due to beam damage and that the as-grown
quantum wells are homogeneous. Since the quantum wells
show evidence of strong exciton localisation, we end by
considering what would cause localisation in the absence
of the gross composition fluctuations to which it is usually
attributed.

A crucial point is that due to the very large rate of
change of the InGaN band gap with indium fraction,
strong exciton localisation could be caused by compo-
sition fluctuations which are probably far too weak to
be detected by HRTEM. For 0 < x < 0.23, the varia-
tion in In,Ga;_,N band gap with composition is given by
dE,/dx = —3.91eV [39]. Anincrease in indium fraction
by just one atomic percent causes the bulk band gap to
decrease by an amount greater than the thermal energy at
room temperature (kKT =~ 26 meV). Thus fluctuations in
InGaN quantum well composition of just a few atomic per-
cent may be capable of causing room temperature locali-
sation effects. Photoluminescence studies have suggested
that excitons were localised in our InGaN quantum wells
on a length scale of a few nanometres [28]. Even without
the complication of beam damage artefacts, it would be
very difficult to detect such small fluctuations in com-
position at this nanometre-scale using TEM because of
the averaging effects of projection through the specimen
thickness.

Even completely random alloy disorder is a plausible
cause of localisation. The fluctuations in conduction and
valence band energies caused by alloy disorder scale with
dE,/dx [40 ]. The very large value for this rate of change
in InGaN (compared with most other semiconductor al-
loys) could be sufficient to account for room temperature
localisation effects [41]. Simple calculations show that if
indium atoms are distributed randomly in an Ing,Gag gN
alloy lattice then the local composition, averaged over an
exciton radius and localisation length-scale of about 3 nm,
fluctuates by several atomic percent.

Local increases in the thickness of InGaN quantum
wells are an alternative source of localisation since they
effectively cause the separation between electron and hole
energy levels to be reduced due to weaker quantum con-
finement effects and the quantum confined Stark effect
[6]. It has been suggested that a change in InGaN quan-
tum well width by a single monolayer ( ~ 0.25 nm) could
cause strong localisation effects [42]. Z-contrast high-
resolution scanning TEM results for our quantum wells
suggested that the top InGaN-GaN interface can exhibit a
roughness with an amplitude of about one monolayer [28].
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This roughness causes monolayer well-width fluctuations
so may account for the exciton localisation effects.

5. Conclusions

We have shown that InGaN quantum wells are extremely
sensitive to damage by the electron beam in a TEM. We
suggest that unless beam damage effects are taken into
account when using HRTEM to study InGaN quantum
wells, there is the potential to falsely infer the presence
of strong indium composition fluctuations. The extreme
electron beam sensitivity described here seems to be a
general effect: it was found to occur for both InGaN quan-
tum wells grown using conventional growth conditions in
our commercial MOVPE reactor and in commercial blue
LED quantum wells grown elsewhere; it was observed for
all commonly used TEM beam energies (200400 keV);
and shown to happen independently of TEM specimen
preparation (ion milling) procedures. The results suggest
that images acquired after only 20 s exposure to an ab-
normally low electron beam current density may already
exhibit beam damage, and that after at most a few minutes
of exposure to this weak electron beam the images were,
without question, significantly influenced by the electron
irradiation. Very low dose electron imaging seems es-
sential for reliable studies of any as-grown composition
fluctuations in InGaN quantum wells.

Any composition fluctuations indicated by the low-dose
HRTEM images and LPMs are, at most, significantly
smaller than those often reported for InGaN quantum
wells in the literature. Due to the rapid modification of
the material by the electron beam, even our data acquired
after a minimal electron dose can only be used to infer
an upper limit for the extent of composition fluctuations
in the as-grown quantum wells. It remains possible that
all indications of strain inhomogeneities in these lowest-
dose images are artefacts of the beam damage effect. If
this is the case, exciton localisation can still be explained
by the presence either of nanometre-scale fluctuations in
composition of a few atomic percent, perhaps due to the
random alloy disorder in a homogeneous quantum well,
or fluctuations in well width of the order of a single mono-
layer.
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