Scanning Microscopy Vol. 12, No. 2, 1998 (Pages 285-299)

0891-7035/98%5.00+.25

Scanning Microscopy International, Chicago (AMF O’ Hare), IL 60666 USA

CATHODOLUMINESCENCE INTHE SCANNING ELECTRON MICROSCOPE:
APPLICATIONTOLOW-DIMENSI ONAL SEMICONDUCTOR STRUCTURES

Anders Gustafsson* and Eli Kapon

Institut de Micro et Optoél ectronique, Departement de Physique,
Ecole Polytechnique Fédérale L ausanne, CH-1015 L ausanne, Switzerland

(Received for publication August 1, 1996 and in revised form December 2, 1996)

Abstract

Cathodoluminescenceisavery powerful tool for the
characterization of low-dimensional semiconductor
structures. The high spatial resolution is especially useful
when studying low-dimensional structures like quantum
wires and quantum dots. In combination with the normal
secondary electron detection mode it is possible to locate
specific areas of the sample. This can for instance be an
area of a quantum-well substrate that has been patterned
by etching, to form quantum wires. In more complicated
guantum-wire structures, with several luminescence peaks,
monochromatic imaging and spot mode spectracan be used
toidentify the spatial origin of these peaks. Thelargerange
of available probe currents is useful for studying the
excitation-density dependence of the emission peaks. The
emission from excited subbands of quantum wires can be
observed at higher excitation densities. Inthe ultimate limit,
the emission from single impurities can be identified and
their position located in these quantum wires.

Key Words: Cathodoluminescence, |ow-dimensional
semiconductor structures, quantum well, quantum wire,
vertical quantumwell, non-planar growth, scanning electron
mi croscope, transmission el ectron microscope.

* Address for correspondence:
Anders Gustafsson
Solid State Physics
Lund University
S-221 00 Lund, Sweden
Telephone number: +46-(0)46-222 0337
FAX number: +46-(0)46-222 3637
E-mail: anders.gustaf sson@ftf.Ith.se

285

Introduction

Cathodoluminescence (CL) inthe scanning electron
microscope (SEM) or the scanning transmission electron
microscope (STEM) is a very useful tool for the charac-
terization of low-dimensional semiconductor structures. To
obtain spatial resolution, the SEM/STEM providesahighly
focused electron beam that can be positioned at specific
sites to obtain spot mode spectra. The beam can aso be
scanned over the sample to record images and to obtain
spetially averaged spectra. Thenormal facilitiesof the SEM/
STEM, e.g., topographical imaging and X-ray analysis, can
be used to identify regions of interest as well as to avoid
artifacts. Typical artifactsinclude dust particlesor fragments
of the substrate lying on the surface, scratches and cracks
on the surface. The technique hasinherently apotential for
sub-micron resolution, depending on the experimental
conditions and the sample (Christen et al., 1991). Such
resolution can be applied to large areas, limited primarily by
the field of view of the light collection optics, which is
typically 100X100 Jnv. Larger areas can beeasily accessed
by using the precision positioning system of the SEM/
STEM, wherethesize of the sampleislimited by the size of
thesampleholder. Thisvariesfrom systemto system: Inthe
SEM, generally sample sizes of up to 50X50 mm? can be
used, whereas in the STEM, the samples are often limited
by the 3 mm diameter of the STEM sampleholder. Intherest
of thisarticle, wewill limit ourselvesto SEM-based CL work.

The spatial resolution is mainly governed by three
factors. the spot size of the focused electron beam, the
spreading of the electrons of the beam inside the sample
(leading to afinite generation volume), and diffusion of the
generated secondary carrierswithin the sample (Yacobi and
Holt, 1990). Other influences on theresolution arerelated to
the sample itself in terms of sample geometry, internal
absorption and reflection, and secondary photon emission
(fluorescence or photon recycling). The spot size is
determined by the SEM and isgenerally afunction of probe
current; alower current, generally, resultsin asmaller spot
size. The acceleration voltage also influences the spot size
for agiven probe current: a higher voltage generally leads
to asmaller spot size. Moreimportant, however, isthat the
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penetration depth of the primary electrons increases with
acceleration voltage. Thelarger penetration depth, in turn,
givesalarger lateral spreading of theelectronsinthe sample
resulting in a bigger generation volume. The diffusion
length, on the other hand, isamaterial parameter, which can
be influenced by the sample temperature. For a given
excitation density and sample temperature the only free
parameter isthe accel eration voltage, which determinesthe
size of the generation volume and therefore its increase
might have a severe influence on the resolution. A rule of
thumb is that the width of the generation volume roughly
equalsthe penetration depth. The choice of the appropriate
acceleration voltageistherefore essential for achieving the
best resolution. Not taking into account the slight increase
of the spot size of the SEM with reduced acceleration
voltage, the best resolution is obtained with the lowest
possiblevoltagethat still givesasubstantial direct excitation
of the region of interest. If too high a voltage is used, the
generation volume will be excessively wide, with reduced
resolution as a consequence. On the other hand, if the
voltageistoo low, most of the excitation might take placein
the samplevolumeabovetheregion of interest. Theemission
of interest is then the result of carriers that have reached
this region via diffusion, again with reduced spatial
resolution as a consequence.

Figure 1 demonstratesthe different modes of the CL
technique, inasimplemodel. For the purpose of illustration,
weare using asample containing an array of quantumwires
(QWRs). We also limit thisdemonstration to an ideal case,
where both the generation volume and the diffusion length
are smaller than the features in the sample. In a spatially
averaged spectrum, recorded with the beam scanning over
an area, two emission peaks appear: onefrom the QWR and
one from the barrier material. Thisiswhat a non-spatially
resolved technique would yield. If the scan is stopped, and
thebeam positioned onaQWR, the emission from the QWR
would be recorded. If the beam is positioned between two
QWRs, the emission from the barrier would be recorded.
This mode is known as spot mode. If the photon energy of
either of the emission peaks is chosen for monochromatic
imaging, their spatial origin can be imaged. Schematic
imagesin both top and side view of the respective emission
peaksare shown in Figure 1. In these schematic images (as
well asall real imagesdiscussed below) black illustrateslow
CL intensity and white correspondsto a high CL intensity.

Inreality, itisrarethat the structures studied by CL
aresignificantly larger than the generation volume and the
diffusionlength. Thismodifiestheillustrationsin Figure 1.
Inthe spot mode spectrait isoften difficult to totally isolate
one single emission peak. The monochromatic imageswill
show a continuous grey scale rather than the black and
white contrast. Generally, CL images show the contrast
variations rather than the absolute intensities: black
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Figure 1. A QWR sample is used to illustrate the CL
technique. A spatially averaged spectrum can be recorded
with the beam scanning over an area containing several
QWRs. The spectrum contains the peaks emanating from
the QWR and the barrier. In spot mode, the spectrafrom the
QWR and the barrier area can be isolated. In the imaging
mode, a certain spectral feature can be imaged and the
corresponding imagereflectsthe spatial origin of the spectral
feature.

corresponds to a finite and minimum intensity rather than
the absolute zero intensity.

Most of the samples that are studied by CL are
generally not designed only for this purpose. This means
that their geometry isusually not optimized for apotentially
high spatial resolution. These samples are often analyzed
by CL in order to identify the spatial origin of the various
spectral components. However, specially designed samples,
with the layers to be characterized positioned near the
surface (< 50 nm) for top view observation and cleaved
surfacesfor side view observation, can be prepared. These
types of structures are typically observed with an
acceleration voltage of 1 - 5kV. Resolutioninimagesdown
to 45 nm has been demonstrated (Grundmann et al., 1994).

Quantum Wélls

A quantum well (QW) is the simplest category of
low-dimensional structures. Structurally, a QW is a thin
sheet of low bandgap material embedded inamatrix of high
bandgap material (Dingle, 1975). Intheideal casethethin
sheet iscompletely uniform in thickness and the interfaces
are infinitely sharp. From a quantum mechanical point of
view, thisleadsto aparticlein aone dimensional (1D) box
behaviour for the electrons and holes in the direction
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Figure 2. A typical spectrum from a sample containing a
stack of 4 different GalnAs/InP QWSs. The spectrum is
recorded over 10x10 Jum?. Each group of peaksoriginatesin
asingle QW, asindicated on the upper abscissa. The inset
showsapart of the spectrum re-recorded with higher spectral
resolution and lower excitation density.

perpendicular to the sheet. The effective bandgap of the
QW isdetermined by the bandgap of the QW material, the
difference in bandgap between the two materials and the
thickness, or width, of the QW (Dingle, 1975). For thin QWSs,
avery small difference in the width of the QW resultsin a
change of the effective bandgap in the order of per cent. In
fact, adifference of 1 monolayer (1 ML, whichisthethinnest
complete layer of the semiconductor) can introduce large
(several %) changesin the effective bandgaps. In the (100)
direction 1 ML ishalf thelattice constant (a/2, e.g., in GaAs
1ML is0.283nm).

In reality there are no perfect QWs. All real QW
structures exhibit, to some extent, graded interfaces,
thicknessvariationsand composition variations. The quality
of aQW isoften related to the photon emission in terms of
thefull width at half maximum (FWHM) of theluminescence
peak (Herman et al., 1991). This, in turn, is related to the
homogeneity of the QW that is investigated. In fact, the
|umi nescence spectrum reflectsvariation inthe QW potential
(i.e., thicknessand composition), averaged over the exciton
Bohr diameter (~20nmin GaAs). Flat aress, i.e. withinterfaces
defined withinone ML, on the scale of the exciton resultin
sharp emission peaks, one peak for each thickness of the
QW (Hermanetal., 1991; Warwick et al., 1990). Theemission
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from small areas (typically 10X10 unv?) of ahighly uniform
single QW, often exhibitstwo or three peaksinthe emission.
These peaks correspond to a series of thicknesses of the
QW differing by single ML. Furthermore, over large areas
(several mm), there can be alarge scal e thickness gradient
or variation, due to inhomogeneities in the growth rate
(Seifertetal., 1990). If however, theflat areasof the QW are
smaller than the exciton diameter, the emission energy will
correspond to the effective thickness the exciton averages
over when it recombines. This effective thickness can be a
non-integer ML thickness and can vary from areato area.
The spatially averaged spectra will therefore contain one
broad peak, which is the envelope of all the effective
thicknesseswithinthe QW (Herman et al., 1991).

Figure 2 shows a typical spectrum from a sample
containing a stack of four GalnAg/InP QWs of different
thicknesses. The spectrumisrecorded over an areaof 10X10

pm?. In this sample, grown by low-pressure metalorganic
chemical vapour deposition (MOCV D), thereisanintentional
thickness gradient over the 25 mm length of the sample.
This can be observed by recording a series of spectraalong
the gradient. Each of the QWs shows one or two peaksand
each pesk originates in a specific thickness, where two
adjacent peaks correspond to emission from areasthat differ
inthicknessby 1ML (Liuetal., 1993). Thiscan be confirmed
by examining the consecutive spectra. Each single peak
reappears in the same position in the consecutive spectra,
but theintensity ratio of the peaks emanating from asingle
QW varies.

As discussed above, an analysis of the shape and
width of the emission peaksof the QW canreveal if theML-
flat areasare smdller or larger than the exciton Bohr diameter
(Hermanet al., 1991). Inthelatter case, the actual size of the
ML-flat areas cannot be determined by lineshape analysis
alone. Using thelow-voltagerange of CL imaging ML-flat
areas larger than ~0.5 Plm can be accessed. Imaging of
extended ML-flat islands in QWs wasfirst reported in the
AlGaAs/GaAssystem, whereisland sizes of ~1 Jim (Petroff

etal., 1987) and 6-8 Um (Bimberg et al ., 1987) werereported.
Not only the AlGaAs system, but also lattice matched
GalnAg/InP exhibitsthe extended ML-flat areas (Herman et
al., 1991; Nilsson et al., 1990). Following thesefirst reports,
the subject of extended ML-flat islands has attracted
considerable attention, mainly regarding the influence of
growth conditions. Figure 3 shows a typical pair of
monochromatic top view images of a GalnAs QW
sandwiched between InP barriers, recorded at 20 K, 5 kV
and 100 pA. The emission from this area exhibits two well
defined and separated peaks, attributed to excitonic
recombinationin areasof 4 and 5 ML thickness, respectively.
(The notation 4 and 5 ML does not necessarily refer to the
exact number of pure GalnAs ML in between InP barriers,
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Figure3. Topview imagesrecorded at 20K with thedetection
energy set on either the 4 ML peak or the 5 ML peak of
QW3inFigure2.

but isan effectivewidth. Thethickness 1 ML isthethinnest
QW produced by exchange processes at the interface during
growth. 5 ML is therefore 4 ML pure GalnAs plus the
interfacelayers.) Thetwo images quite are complementary:
Most bright areas in one image corresponds to dark areas
inthe second image, and viceversa. Thelateral scale of the
contrast variations in these images is 0.5-1 Um and the
intensity variesfrom 100 down to 35 %.

Itistempting tointerpret theseimages asdirect maps
of the areas of the two thicknesses that correspond to the
peaks in the emission spectra. This seems plausible,
especially since the collective effect of the probe size and
the generation volume can be expected to be smaller than
the features observed in the images. However, the images
can be affected by diffusion of the excitonsinvolved. This
is often a severe problem of the CL technique when the
featuresthat are investigated are on the order of or smaller
than the diffusion length: The intensity of the emission is
recorded asa function of the position of the electron beam,
with no consideration of the carrier diffusionin the sample.
Inasimplecase, diffusion simply leadsto areduction of the
contrast in the images. However, the situation is more
complicated for diffusion in a QW, where the energy
difference between areas of different thickness canimpose
restrictions on the direction of the diffusion. The energy
required, for an excitonto go from athicker areato athinner
area can be much larger than the thermal energy (kT) and,
therefore, thispath can be effectively blocked. Thediffusion
in the opposite direction can in principle flow unhindered
(Gustafsson and Samuelson, 1994). The influence of
diffusion can be demonstrated in aseries of pairsof images
of the4 and 5 ML peaks, recorded at different temperatures.
In this case the difference in quantization energy between
the two thicknessesis about 35 meV. Theimages of Figure
3arerecorded at 20 K and the images of exactly the same
area recorded at 110 K are shown in Figure 4. As the
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Figure 4. Top view images recorded over the same area as
in Figure 3. The sample temperature was 100K and the
detecetion energy set on either the 4AML peak or the SML
peak of QW3.

temperature increases, the excitons become more mobile
and the diffusion length increases. Thisis reflected in the
images, where the features get less distinct with increasing
temperature. At 20K, thefeaturesare~ 0.5 - 1 Um, whereas

at 110K thefeaturesin exactly thesameareaare~1-2 dm.
What is most important isthat the 110 K images still show
complementary behaviour, but with larger featuresand lower
contrast. Thelesson that can belearnt from thisisthat care
must be taken in order to correctly interpret CL images. In
the case above, what appear to be solid areasof 4and 5 ML,
isprobably avariation inthe density of smaller islands of 4
and 5 ML (Gustafsson and Samuelson, 1994).

The over-estimation of the size of the individual
islands can be demonstrated in a different type of sample.
This consists of a highly strained, thin layer of InAs
sandwiched between InP barriers. Instead of relaxing by
formation of misfit didocations, thefilmrelaxesby formation
of three-dimensional islands, in a growth mode known as
the Stranski-Krastanow mode (Grundmann et al., 1995a;
Leon et al., 1995). For a growth time corresponding to ~2
full ML of InAs, the resulting average CL spectrum con-
tains a series of peaks, which is shown in Figure 5. The
peaks correspond to aseries of thicknesses, again separated
by 1 ML, ranging from 1 to 8 ML, covering the spectral
range from the InP barrier to the cut-off of the Ge-pin diode
used to detect the emission in thisexperiment. The spectrum
wasrecorded at 25 K and 5 kV with a probe current of 100
pA, conditions similar to the lattice matched QW
experiments discussed above. Figure 6 shows top view
images of the 1 and 2 ML emission. A similar pattern of a
series of bright and dark spots on a 0.5 [Um scale can be
observed in the images corresponding to the other peaks
aswell. This is the same scale as in the low temperature
images of the lattice matched QWSs discussed above. The
only deviation from thisisthe InP barrier peak, which does
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Figureb. A typical average spectrum from an InAS/INPQW
structure, containing small islands of several thicknesses.
Each thicknessis represented by one peak in aseries from
1to8ML.

Figure 6. Monochromatic images of the 1 and 2 ML peaks
of the sample in Figure 5. Though the extensions of the
islands are expected to be 20-50 nm, the bright spots from

singleislands appear ona0.5 Um scale.

not exhibit any intensity variationsat al. Furthermore, there
isno correlation (or anti-correlation) in the series of images
of the InAs islands: a bright spot in one image does not
excludethisareafrom being bright inany of the other images.
In this case we are clearly observing individual and
disconnected small objectswith different thicknesses. From
transmission electron microscope (TEM) studies (Araljo
et al., 1994; Carlin et al., 1992) it was observed that the
typical extension of these isands was 20-50 nm, with
spacing of about 200 nm. Thisexplainsthe apparent overlap
in the images of the various thicknesses, as both the
separation and the size are significantly smaller than the
resolution.
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(200) Dark Field

Figure7. DF, cross-sectional TEM image of atypical stack
of 10identical QWRsgrown on aV-grooved substrate. The
GaAs QWRs have acrescent shape and appear black inthe
image, whereas the AlGaAs barriers appear grey. The
structureisgrown ona3.5 lm period grating, very suitable
for CL imaging.

Quantum WiresGrown on Non-Planar Substrates

Oneof theareaswherethe CL techniquereally comes
to the fore is in the studies of quantum wires (QWRs). A
QWR can be described as astripe of low bandgap material
in amatrix of high bandgap material (Forchel et al., 1988;
Kapon, 1992; Merz and Petroff 1991). As a result, the
guantum confinement occursin 2 dimensions, leaving one
dimension for free movement, and thus a 1D system is
realized. This is an area where the CL technique is very
useful, not just for the very local nature of the excitation
and the potentially high resolution, but also for the ability
to work with “open eyes’ in the normal SEM mode, with
which the topography of the sample can be studied. In this
modeitisnormally possibleto locate most of thesetypes of
structures, since most of the fabrication methods tend to
leave traces of the structure on the surface of the sample. A
typical example is a commonly used technique for QWR
fabrication, wherefree-standing ridges are etched out in an
existing QW substrate (Clausen et al., 1990a; Forchel et al.,
1988). Theseridgescan be observed inthe SEM mode. This
techniquefor the fabrication of QWRsissimpleand can be
quite efficient, but suffers from several drawbacks. The
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Figure 8. Two periods of the QWR structure of Figure 7in
side view. The QWR at the bottom of the groove emits at
1.60¢eV, thetop QW emitsat 1.66 €V and the side QW emits
at 1.73eV. Thereisasoatrend for the sidewall to bethinner
at the bottom of thegroove (1.77 eV) than at thetop (1.70 €V).

variations of the width of the ridge can introduce severe
fluctuations of the energy levels of the QWRs and the
etched sides of the structure can act as non-radiative
recombination centres.

One of the more attractive waysto fabricate QWRs
isto grow the structures directly on non-planar substrates
(Kaponetal., 1987). Thisespecialy appliesto the approach
of self-ordering of the QWRs by MOCVD growth on V-
grooved substrates (Kapon et al., 1992a). One of the main
driving forces in the fabrication of QWRsisthe prospect
for making lasers with advan- tageous properties. Most
notably thisisthe extremely low threshold currentsthat are
expected, which to some extent has been demonstrated
(Tiwari, 1994; Tiwari et al., 1994). A typical structure
consisting of astack of 10 QWRsisshowninthedark field
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Figure 9. A series of top view, spot mode spectra, going
from the bottom of one groove to the adjacent groove of a
sample grown under the same conditions as the samplein
Figure 8. The thickness gradient of the side QW is aso
apparent in this series, where the emission shiftsfrom 1.72
eV at the bottom of the grooveto 1.69 €V at the top of the
groove. Thedashed linein the schematicillustration onthe
right shows the path of the line scan.

(DF) TEM image of Figure 7, wherethe GaAs QWs/QWRs
appear dark and the AIGaAs barriers are light grey. The
cross section of the QWRSs can be made on the order of
10X%5 nm?, resulting in aspacing of the 1D subbands of >25
meV, whichisone of the criteriafor the fabrication of room
temperature devices based on QWRs (Kapon et al., 1992a).
The self-ordering approach for making these QWRs uses
the difference in surface diffusion-length and sticking
coefficient of the growth species on the different planes
involved. What is more important is the resulting shape of
the growth front at the bottom of the groove, characterized
by the radius of curvature at thetip of theV (Kapon et al.,
19953). Thisisespecially interesting inthe AlGaAs system,
wherethisradiusdecreaseswith increasingAl content. This
means that athin, low Al content layer (practically thisis
pure GaAs) grown on a high Al content buffer exhibits an
increase in the radius, i.e., resulting in a crescent shaped
layer inthegroove. If thelow Al content layerisgrowntoa
QW thickness, thefinite width of the crescent leadsto size
guantization in the direction across the groove, in addition
to the quantization in the growth direction. Thistwo-dimen-
sional quantization isthe signature of aQWR. Thevalue of
theradiusof curvature determinesthe minimum achievable
width of the QWR. A second high Al content layer grown
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Figure 10. The spectrum from a single QWR structure
exhibitsthree peaks. Inthis case, the single QWR structure
was grown on a 660 nm period grating. In the top view
images of the three peaks, their origin can be identified.
Especially significant is the double periodicity of the side
QW. Note the high spatial resolution of the image of the
side QW.

on top will restore the original shape of the groove.
Consequently, the shape of the QWR is determined by the
growth conditions and can be reproduced from growth run
to growth run aswell aswithin astack of QWRs.

Related to this variation in the shape of the growth
front isthevariationin the Gaincorporationinthe AlGaAs
barrier. The difference is most notable at the bottom of the
groove, where a higher Ga content is found. This can be
observed in the TEM image of Figure 7, as a dark stripe
stretching along the stack of the QWRs. This stripeiswell
defined both in composition and in width. In fact, thisforms
avertical QW (VQW). In contrast to the conventional QWs,
that are intentionally grown with switching of the sources
during growth, the VQWsform by self-ordering. The shape
and depth of the V QWsare given only by the growth condi-
tions. Thus, not just the thickness of the QWR crescent
deviates from the thickness of the GaAs QW grown on a
planar substrate, but also the alloy compositionis modified
due to the non-planar growth. The V-groove structure is
generally defined by near-{ 111} A planes in the grooves,
{311} A planesonthevergesof thegroovesand (100) planes
outside the grooves. Depending on the growth conditions,
the growth rate of the AlGaAs barrier of the three planes
varies, which is mainly reflected in the extension of the
{311} A planes. Thisdeterminesthe shape of theV groove.
Equally important isthe growth rate of the GaAslayer, which
can lead to up to three (on the (100), { 311} A and { 111} A
planes) significantly different QW thicknesses and the
formation of the QWR at the bottom of the groove. This
resultsin several emission peakswith well-defined spatial
origin (Christen et al., 1992; Grundmann et al., 1995b;
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Figure 11. A series of normalized spectra from a QWR
sample, recorded with increasing probe currents. The lowest
probe current corresponds to the spectrum at the bottom
and theratio of the probe currentsin consecutive spectrais
3.3. As the excitation density is increased, emission from
excited subbands can be observed. Thisis shown for two
different compositions of the barriers, where the spacing
between the subbands increases with Al content.

Gustafsson et al., 1995a,b).

CL can bevery important and useful for identifying
the spatial origin of these different peaks. This has been
showninsevera publications (Christen et al., 1992; Clausen
et al., 1990b; Grundmann et al., 1995b; Gustafsson et al .,
1995a,b; Kapon et al., 1992b). Figure 8 displays a series of
imagesof atypica sample (astack of 10 GaAsQWRs, grown
onaV-groovegrating with aperiod of 3.5 Um) insideview.
The spatially averaged spectrum of the sample contains 3
peaks. When a series of images is made with the detection
varied from the low to the high energy peak, the origins of
the peaks can be identified. At 1.60 eV the emission
originates from the QWRs at the bottom of the groove. At
1.66 eV the emission appears from the top of the ridges
between the grooves: the top (100) QW. With the detection
at 1.73 eV, the emission appearsfrom the middle of theside
walls: the side wall QW. An interesting feature can be
observed as the detection wavelength is varied around the
1.73 eV of the side QW. The spatial origin of the emission
moves upwards on the side walls when detecting a lower
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GaAs
Substrate |

Figure 12. A DF TEM image of afull period of atypical VQW structure. From bottom to top: V-grooved GaAs substrate,
superlattice, Al . Ga,  Aslower barrier, Al . Ga, , Ascorelayer andfinally Al Ga, . Asupper barrier.

energy and moves downwards when detecting a higher
energy. Thisrevealsthat thereisathicknessgradient of the
sidewall QW. Thisgradient is also evident in the series of
spectraof Figure 9, which shows a series of spectrain spot
mode of asimilar structure. The spot has been moved from
one groove to the nearest groove. The trend of the gradual
shift in energy position of the side wall peak is obvious.
The 3.5 Um period of thegrating isvery suitablefor
CL studies, but useful information can be obtained even
from sub-micron period gratings (Gustafsson et al ., 1995a).
These structures usually have the advantage of more
intensesignal from the QWR, mainly an effect of the higher
filling factor (more QWRs per surfacearea). Figure 10 shows
the CL spectrum and parts of three top view images of a
similar structure asin Figures 8 and 9: here, however, the
period of the grating is 0.66 m and the structure consists
of asingle GaAslayer, i.e., asingle QWR per groove. The
spectrum of the structure shows three components: the
QWR at lower energy, the top QW and the side QW. In the
top view images of the structure, the distinction between
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thetwo QW parts can be made. Theimage coversonearea,
but it is made from parts of three different scans, obtained
using the three emission peaks of the structure. The top
part shows the QWR image from the first part of the area,
the middle part is an image of the main QW peak from the
middle of the area and the bottom is the image of the high
energy QW peak from the bottom of the area. The contrast
variations of the main peak are fully out of phase with the
corresponding variations in the QWR image, whereas the
high energy peak shows the double periodicity expected of
the side wall QW emission. The identification of the low
energy QW peak as the top QW and the high energy QW
peak as the side QW is consistent with the case of the 3.5
pm-pitch grating. It is worth pointing out that the
experimental resolutionintheimagesisin some sense better
than 300 nm (half the pitch of the grating).

Asmentioned above, one of theimportant signatures
of aQWRis the 1D subbands. There are several waysto
demonstrate this property. One of the most reliable waysto
observe these subbands, is to use a photoluminescence
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Figure 13. A DF TEM image of the central region of the
VQW structure of Figure 12 containing 3 layersof different

Al content. Thetypical triple branch structure of the VQW
can be observed.

(PL) based technique known as PL excitation (PLE)
spectroscopy. This technique will reveal the actual band
structure of the QWR. Other waysto observethis structure
isto use very high excitation densities, where the emission
from the ground state is saturated and the emission from
the exited states can be obtained. This can be done either
by high intensity PL or by CL at high probe currents
(Grundmann et al., 1995b; Gustafsson et al., 1995b;
Samuelson et al., 1994). The advantage of the CL
measurements is the relatively small excitation volume,
compared with PL. In Figure 11 we show spectrafrom two
different samples, with different composition of the barrier.
This leads to a larger subband separation in the sample
with the higher Al content barrier. This can be observed in
thefigure asalarger spacing of the series of peaks (n=1, 2,
3) related to the QWR.

Vertical Quantum Wells

TheVQW isinteresting initself from aphenomeno-
logical point of view. The formation of the VQW is an
intrinsic property of the growth on non-planar substrates,
asdiscussed above. Furthermore, it formswithout any need
of precisecontrol of thethicknessof thenormal lateral QWs.
Itiseven possibleto make QW devices, particularly lasers,
based on these self-organized VQWs (Kapon et al., 1995b).
In order to make these types of laser devices, it isessential
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Figure 15. The origin of the major peaks from the VQW
structure of Figure 14 can be revealed by monochromatic

imaging.
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Figure 16. A series of spot-mode spectra, recorded along
the{111} sidewall, fromtheridgeto the bottom (bottom to
top in thefigure). Theidentification of the peaksin Figure
15 can be confirmed and the 1.89 eV peak can beidentified
tooriginateinthe{ 111} region.
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to understand the spatial origin of the emission peaksfrom
thestructureitsalf. Figure 12 showsaDF TEM image of one
3.5m period of atypical VQW sample consisting of an
Al ,,Ga, . As-GaAs superlattice, an Al . Ga,, As lower
barrier, an Al , Ga, , As core layer and an Al Ga , As
upper barrier. The VQW in the V-groove can be observed as
adark stripe. It is aso worth noting the contrast on top of
the ridges. This area appears to contain narrow regions of
both increased and decreased Ga content. Figure 13 shows
the VQW at higher magnification, wherethe VQW in both
theAl, ,,Gg ,Ascorelayer andAl . Ga,  Aslower barrier
can be seen. The VQWSs both have a distinct triple branch
structure, which is a signature of low-pressure MOCVD
(Biasiol et al., 1996; Gustafsson et al., 1995b). It can be
observed that the width of the VQW increases with
increasing Gacontent in the barrier.

The spatially averaged CL spectra of the structure,
presented in Figure 14, contains several peaks. Thereisone
dominant feature and several other minor peaks. Side view
monochromatic images of three of the peaks are shown in
Figure 15. From this it can be concluded that the 1.77 eV
peak is the peak of the VQW and the spatial origin of the
1.83 eV peak can beattributed to theridges of the structures.
TEM images of the structureidentify ahigh Gacontent area
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related to the { 311} region. However, the spatial origin of
the 1.89 eV emission isnot as clear, except that the region
around the VQW can be excluded. The major peaksarethe
only peaksthat are intense enough to alow conclusionsto
be drawn regarding their spatial origin. Toreveal theorigin
of the minor peaksit is necessary to make a series of spot
mode spectra along several lines. Figure 16 shows one of
these scans, along the side wall of the structure.

Here the identification of the two major peaks is
confirmed and the origin of theminor peaks can beidentified.
Thisespecially appliesto the emission peak from thebarrier
on the {111} side walls. Making similar line scans across
thestructureat 5 K, 77 K and 115 K itispossibleto identify
the emission from the superlattice as well. An interesting
featureisalow intensity peak that appearsasashoulder on
the low energy side of the VQW peak in the spatially
averaged spectrum. It has the same spatial origin as the
VQW peak. The intensity ratio of the VQW pesk to the
shoulder peak varies from groove to groove, which leads
usto associate these peakswith impuritiesin the structures.

Impuritiesin Low-Dimensional Sructures

The concept of impurities in semiconductors is
usually treated as an omnipresent property of the material.
However as the size of the structures gets smaller, thisis
not always necessarily true. In a QW, the energy position
of an acceptor level depends critically on the position. An
acceptor in the middle of the QW can have a4 timeslarger
binding energy than an acceptor near the barrier-to-QW
interface (Masselink et al., 1986). Not only the position in
the QW plays a role, but as the thickness of the QW is
reduced, the spacing between the impurities can be on the
same scale as, or larger than, the carrier diffusion length.
This means that the properties of certain areas of the QW
can beinfluenced by theimpurities, whereas other partsare
intrinsic. Thiseffect becomesmore prominentin QWRsand
guantum dots (QDs). Consider a QWR with a 5100 nnv?
cross-section and a relatively low impurity concentration
of 1*10%* cm®, or inamorerelevant unit 10 pinr2nm'. Inthis
case, thereis, on average, oneimpurity per 0.2 im of QWR
length. For the QD the situationiseven more acute. A QD of
5x100%100 nm? will on average contain 0.5 impurity, i.e.
every second QD will contain an impurity. This has the
consequence that half the QDs will have different energy
levels even though they have identical sizes!

It is of fundamental interest, as well as of applica-
tions interest, to study the behavior of impuritiesinlow-
dimensional semiconductors. Herewewill demonstrate how
single impurities can be isolated and studied by CL
(Samuel son and Gustafsson, 1995). Theexample considered
isthe carbon acceptor ina5 nm thick GaAs QW in between
AlGaAsbarriers. Carbon is chosen asit is the background
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Figure 17. At anormal CL probe current of 500 pA, the
spectrum of aV-groove QWR structure exhibitstwo peaks:
one from the QWR and one from the QW. By reducing the
probe current to 10 pA, afeature appears on the low-energy
side of the QW peak, whichisidentified astheemissionvia
carbon acceptors in the QW. In the spot mode spectra, the
two features can be isolated: (a) a spectrum with almost
only C, _emission and (b) only intrinsic QW emission.

impurity inMOCV D grown GaAs, typically 1* 10% cm®. The
binding energy for the C,_is about 35 meV (Masselink et
al., 1986), whereas the exciton binding energy is
approximately 10 meV (Herman et al., 1991). Inthe 5 nm
GaAs QW in between Al . Ga, As barriers, a thickness
variation of 1 ML introducesadifferencein the confinement
energy of ~5 meV, which makesthe distinction between the
spectral signature of athickness variation and an impurity
clear. The 1*10% cm* density corresponds to an in-plane
inter-impurity distance (D, ) ~0.5 lm on average. In thin
stripes of QW material it is possible to increase D, but
still keep the signature of the QW. A very efficient way to
fabricate these stripes is to use the technique of QWR
fabrication by growth on V-grooved substrates, but to study
the QW on the planar region in between the grooves, rather
than the QWRs. These stripes are isolated by the thinner
QWs (higher energy) on the side walls of the groove. The
higher energy of the side QW provides an effective barrier
for diffusion between the different stripes. Thefact that the
sideQWsarethinner meansthat their spectral featureswill
appear on the high-energy side of the planar QW peak,
whereas the C, _peak appears on the low-energy side. The
V-groove approach has advantages over the more obvious
way, i.e. etching out the stripes in an existing QW, which
tends to result in non-radiative recombination on the
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Figure 18. Singleimpurities can also befoundinthe QWR
of the sample of Figure 17 by detecting the emission at an
energy, 25 meV below the QWR peak. (a) the bright spots
corresponding to the single C, _in the QWR are separated
severa tensof im along the QWR. (b) and (c) show ahigher
magnification of the areaoutlined inwhitein (a). (b) isthe
image of the C,_emission, asingle C, .can be observed. (c)
shows the same area, but detecting the intrinsic QWR
emission, where the individual QWRs can be observed.

surface of thesidewallsaswell asdamaged layers (optically
inactive “dead layers’) on the sides.

Figure 17 shows spectraof aV-groove QWR sample.
At extremely low excitation densities, e.g. 10 pA and 5kV,
there are three spectral features. The QWR at 1.54 eV, the
planar QW at 1.61 eV and at 1.59 eV a peak attributed to
recombination via C, _in the QW. As expected, this peak
saturates very easily and can hardly be distinguished with
a probe current of 500 pA. In top view images of the two
QW related peaks show complimentary behaviour. It isalso
possible to isolate the two emission peaks in spot mode
spectra. Thisisalsoillustrated in Figure 17. This possibility
to isolate the two spectral components further supportsthe
interpretation of the peaks. Further evidence can be obtained
by counting the number of bright spotsand to relate that to
the corresponding density. This corresponds well to the
expected density of ~1* 10" cm®.

The signature of single C, _can also be observed in
the QWR itself. With the much smaller cross section of the
QWR, the spacing between theimpuritiesis expected to be
much larger. Figure 18 showstheimage of the QWR peak,
which exhibitsthe bright lines, corresponding to the QWRs.
Thisimage al so showsthe same area, but with the detection
settoa25meV lower energy. Inthislatter image, one bright
spot can be observed. The interesting point is that this
image illustrates the efficiency of excitation transfer into a
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single segment of the QWR. For several Lim alongthe QWR,
the area between two adjacent QWRSs supplies carriers to
the segment containing the impurity.

Summary

We have demonstrated the applications of cathodo-
luminescence to several low-dimensional semiconductor
structures. High-quality quantum wells exhibit emission
peaksthat originatein areas of different thicknesses. These
differ by a single monolayer. We have demonstrated that
though it is possible to make images, showing
complimentary behaviour of the peaks involved, care has
to be taken not to over-interpret the images in terms of
extended monolayer-flat islands. Inthe case of complicated
quantumwireand vertical quantum well structures, we have
first shown that cathodoluminescence can be useful for
determining the spatia origin of the various emission peaks.
Then we have demonstrated how the subband structure of
the quantum wire can be studied, by varying the excitation
density. Finally, we have shown how single impurities can
be located in both quantum wells and quantum wires.
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Discussion with Reviewers

C. E.Norman: Itistruethat at 5 kV, the resolution will be
limited by the electron range (approximately 140 nminInP)
plus diffusion. Would not an acceleration voltage of 1 or 2
kV offer abetter chance of resolving individual islands.
Authors: A lower acceleration voltage could offer ahigher
resolution under certain conditions. In this sample, the InP
layer covering theislandsisabout 100 nm. Thismeansthat
the main excitation would be above the islands, using a
lower acceleration voltage, The resulting resolution might
even be worse. Another factor to consider is that the spot
size of many (older) SEMs increases with reduced
acceleration voltage for a given probe current, which may
even reduce the resolution.

C. E.Norman: Thereiscurrently agreat deal of interestin
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the growth of self-organized QDs in lattice mismatched
systems, along similar lines to the island formation
demonstrated in Figures 5 and 6 for INASINP. Can the
authors envisage suitableimaging conditions and specimen
geometry which will enableindividual QDsto be spatially
resolved using CL.

Authors: There are several reports claiming to resolve
individual QDs grown by this technique (Carlsson et al.,
1994; Grundmann et al., 1995a; Leon et al., 1995) The
simplest way to ensurethat you arelooking asingle QDsis
to havealow enough density <108 cm?, wherethe QDs are
separated by >1 Jm. Then there sould be no doubt of the
identification (Carlsson et al., 1994). Increasing the density,
itisstill possibleto identify theindividual QDs. Thiscan be
achieved, by using thin TEM samplesinan STEM, whereit
ispossibleto comparethe CL imageswith the TEM images,
thusenabling adirect correlation between QDsand emission
(Leonetal., 1995). Hereit ispossibleto observe single QDs
with aspatial resolution of ~500 nm, even if their emissionis
identical. However, sinceanormal density of QDsis~10-
10** cm?, with an average spacing of 35-100 nm, neither of
these techniques would be sufficient. One approach would
beto etch out small mesas, using athin cap layer to minimize
etch damages and e. g. aerosol particlesasamask, wherea
50 nm diameter isachievable (Maximov et al., 1993) . Witha
low density of particles <10® cm? it should be possible to
do CL spectroscopy onindividual QDs. The number of these
mesas would still be high enough to get some statistics on
the distribution of QDs.

G. Salviati: Independently on MOCVD and CBE growth
conditions (with or without growth interruption procedures),
thereis evidence from the literature (see for instance Rigo
etal. (1994), Salviati et al. (1993), and Streubel et al. (1992))
that As (max. incorporation about 30%) and P (max.
incorporation about 15%) incorporation (neglectingAscarry
over (about 3%)) resultsin InAsP and GalnAsP extralayers
at the InP/Gal nAg/InP interfaces. The minimum thickness,
calculated by high resolution TEM and high resolution X-
ray diffractioninvestigations, isabout 3-4 ML. Further, taking
into account a possible compositional inhomogeneity in
the extra layers on the growth plane and the associated
strain, a CL peak shift of about 70-80 meV at 4 K can be
induced. Asaconsequence, it seems hazardousto interpret
the two micrographs of Figure 3 as direct maps of 4 and 5
ML thick areas, unless the compositional homogeneity, As
and P incorporation and induced strain have been
previously checked and possibly calcul ated.

Authors: All thesamplesin thisseriescontain several QWs
of different nominal thickness, ranging from 0.5to 20 ML,
plusa50 nmthick referencelayer. The sampleswere grown
without rotation, resulting in athickness gradient along the
gas-flow direction in thereactor. We were ableto observe a
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thicknessgradient of the QWsasashift in the peak position
and a slight compositional gradient as a peak shift in the
reference layer. For all but the thinnest QWSs, the emission
behaves the same, with asplit into two peaks. In a series of
spectra recorded along the thickness gradient, each
individual peak stays in the same position, but the ratio
between the peaks originating in the same QW isgradually
changing (Liu et al., 1993). Asthe peak on the low-energy
side disappears, a peak appears on the high energy side.
For the same distance, athicker QW exhibits more of these
discrete peaks than athinner, consistent with the thickness
gradient. The splitting of the peaksis larger in the thinner
QWs, aso consistent with thickness. Furthermore, using
themodel of interfacelayers(Streubel etal., 1992) , wehave
been able to fit the energy position of the peaks in the
samples. Asmentioned inthetext, the peak denoted 1 ML is
the result of the exchange processes at the interfaces, and
theother thicknesses, nML, aren-1 ML of GalnAsplusthe
interfacelayers.

Clearly, acompositional variation would introduce
an additional broadening of the peaks, but to the best of
our knowledge, most compositiond variationsin (100) planar
GalnAslayersare on amuch smaller scale, <100 nm, than
the intensity variations on the images of Figure 3. Another
causefor peak position variations could be ordering, which
could appear on this scale. However, the present layers are
not grown under conditionswhere ordering of GalnAscan
be expected. In short, with the full picture of the behaviour
of emission from the QWSs, we believe that the main cause
for the splitting of the peaksfrom single QWsisathickness
effect, that can be modulated by a smaller effect of
compositional variations.

Itisworth pointing out that though we interpret the
two emission peaks as originating in areas of different
thickness, we do not interpret the imagesin Figure 3 as a
direct map of the areas of different thicknesses. Thefigure
ismorelikely beamap of variationsin the density of much
smaller islands (Gustafsson and Samuel son, 1994).
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