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Abstract

Atomic, electronic, and optoelectronic properties of
semiconductor heterostructures are studied using scanning
tunneling and near-field optical microscopes. Samplesystems
are AlGaAgGaAs and InGaAs/GaAs multi-layer structures
grown using molecular beam epitaxy. Real-space mapping of
electronic structure including the determination of
heterojunction band discontinuities is shown in AlGaAs
system. Interms of the atomic structural investigations, we
focus on how various growth parameters influence the
interfacial abruptness in the AlGaAs/GaAs systems.
Identification of different chemical constituentsin the alloys
and determination of atom-atom pair correlations are also
demonstrated. The optoelectronic properties of AlGaAs /
GaAs heterostructures are investigated using a new design
of near-field optical microscope. Theinfluenceof metalurgical
defects on light emission efficiency is revealed using near-
field photoluminescence. Inaddition, local concentrations of
p-type dopants and their binding energies are also resolved.
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Introduction

Remarkable advances in semiconductor technology
have been made possible by the ability to tailor the electronic
structure of materials by stacking dissimilar materials into
multilayered heterostructures. Theseheterostructuresarethe
building blocks for many advanced electronic and
optoelectronic devices. For example, the introduction of the
double heterostructure was the key to the successful
development of semiconductor lasers for room-temperature
operation. The recent success of the quantum cascade laser
marksanother important milestone. Another applicationwas
the separation of ionized doping impurities from the charge
carriers to achieve extremely high mobility (in modulation
dopedfield effect transistors). Thesetechnological advances
have also enabled studies of the quantum Hall effect (QHE)
and thefractional quantum Hall effect (FQHE) manifestedin
quasi-two-dimensional systems and the observation of other
novel quantum phenomenainlower-dimensiona systems. In
all cases, a detailed knowledge of the specific interfacial
structuresisimportant to be ableto takefull advantage of the
benefits these heterostructures can offer.

Inthe past, transmission electron microscopy (TEM),
photoelectron spectroscopy (PES), photolumi-nescence
spectroscopy (PL), and cathodoluminescence spectroscopy
(CL) have been utilized to study the structural, electronic and
optotel ectronic propertiesof semiconductor heterostructures.
Such studies formed the foundation of conventional views
regarding how these physical propertiesareinter-related and
how they arerelated to the material growth parameters. Over
the past few years, various forms of scanning probe
microscopy (SPM) have emerged as a new set of powerful
tools to investigate these properties with unprecedented
gpatial resolution. They are starting to provide new pictures
that are complementary, or in some cases, contrary to those
derived from conventional methods.

For example, applications of STM onto the cross-
sectional surface [this type of approach is therefore called
cross-sectional STM (XSTM)] have provided asingle-dliced
view of the atomic registry across hetero-structure interfaces
(Albrektsenetal., 1990; Johnson et al., 1993g; Sdlemink et al .,
1992; Smithetal., 19953, 1995b), complementing the columnar
averaged information provided by cross-sectional TEM. The
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identification of different chemical congtituentsin the alloys
and the dopant atoms provides an even more detail ed view of
how atoms and dopants are incorporated during the growth
process (Chao et al., 1996a, 1996b; Johnson et al., 1993b;
Pfister et al., 1995; Smith et al., 1996; Zheng et al., 1994).
Tunneling spectroscopy and tip-induced luminescence
spectroscopy (also applied on the cross-sectional surface)
have been utilized to achieved a real-space mapping of
electronic structure across the heterojunction (Feenstra et
al.,, 1994; Gwo et al., 1993; Lew et al., 1994, Renaud and
Alvarado, 1991). Moreover, theimplementation of near-field
scanning optical microscopy (NSOM) to study local
photol uminescence propertieshave revealed new information
regarding the spatial inhomogenuity of quantumwell systems
(Hess et al., 1994), contrary to the earlier view of interfacia
structural propertiesderived from far-field photoluminescence
(PL) studies.

Thispaper isabrief review of such efforts conducted
in the authors' laboratories over the past few years. While
similar efforts have been pursued in other laboratories, our
intent is not to give an extensive overview here. Therefore,
only experimental results from the authors' laboratory are
presented here. Relevant connectionto others’ work will also
bebriefly mentioned. Thepaper isdividedinto thefollowing
sections: (1) abrief introduction to cross-sectiona STM, (2)
a direct mapping of electronic structures in real space, (3)
atomic scale views of interfacial roughness, (4) the
identification of different chemical congtituentsin the alloys
and the atom-atom correlation, and (5) mapping local
optoelectronic properties using near-field scanning optical
microscopy.

A Bri€f I ntroduction of Cross-Sectional STM

Ever since the inception of STM, the idea of cross-
sectional STM hasexisted and hasbeen pursued. 101990, the
first atomicimage acrossAlGaAs/GaA s heterojunctionswas
achieved (Albrektsenet al., 1990). Sincethen much progress
has also been made by many other groups.

Since STM is a surface sensitive tool, it is very
important to assurethat the bulk propertiesof heterojunctions,
such as band offsets, can be measured at the cross-sectional
surface. In the case of I11-V compound semiconductor
surfaces, the intrinsic surface states lie outside of the
fundamental band gap. Asaresult, the measured band-edge
positions using tunneling spectroscopy, correspond to the
bulk band-edge position (Stroscio et al., 1987). Moreover, the
(110) surface is an unreconstructed 1x1 surface with empty
surface states centered around the group m atoms and filled
surface states centered around the group V atoms (Feenstra
etal., 1987). Thus, itispossibleto map out cation- and anion-
sublatticesindependently by simply reversing the sign of the
tunneling bias. These advantages make compound

Figurel (onfacing page). A 7000 A x 5000 A STM imageof
Al,,Ga, ,AdGaAs heterojunctions acquired with a sample
biasof -2.35V and atunneling current of 0.3 nA. The upper
part is the structure of Al .Gg ,As/GaAs heterojunctions
grown by molecular beam epitaxy (MBE) and thelower partis
aline-cut across theimage (position indicated by the dashed
line).

semiconductor heterojunctionsideal candidatesfor XSTM/S
studies. Similar approaches have been attempted on Si/Ge
system, with more limited success because of the difficulties
involved in producing a cross-sectional surface which
represents the bulk junction.

A Direct Mapping of
Electronic Sructurein Real Space

Band edge discontinuities (or band offsets) are the
most important parameters in bandgap engineering of
semiconductor heterostructures. Measurements of band
offsets have been a focus of research for many years.
Albrektsen et al. (1990) who achieved thefirst atomicimage
of theAlGaAs/GaAs heterojunctions, also attempted thefirst
direct measurement of band offsets. Unfortunately, the
apparent valence band offset amounted to the total difference
inthe band gap. Thisresult implied azero conduction band
offset which could not be possible, otherwise quantum well
devicescould not have existed. Thisinconsistency waslater
attributed to thetip-induced band bending effect (Salemink et
al., 1992).

Tip-induced band bendingisawell known phenomena
among researchers who perform tunneling spectroscopy in
largegap semiconductors. 1nthe case of homogeneous GaAs,
thisproblem can be overcome by using highly doped samples
wherethehigh carrier density screensthefield within ashort
length. However, in AIGaAs/GaAs heterojunctions, even
when both AlGaAs and GaAs are doped degenerately, there
exists a depletion region, right at the area of interest (dueto
the band offset), which inevitably produces a severe tip-
induced band bending. Inour earlier work (Gwoet al., 1993),
wefound that by passivating the cleaved surface with sulfide
solutions, the surface Fermi level wasuniformly pinned. Since
theextring c surface statesthat pin the Fermi level also screen
out the electrical field, tip induced band bending is avoided.
Feenstraet al. (1993) reported asimilar situation on ahighly
stepped surface with the Fermi level aso strongly pinned.

Figure 1 showsafilled-state STM image of asulfide-
passivated cross-sectional surface of AlGaAs/-GaAs
heterostructures. The corresponding growth structure is
displayed aboveit. TheGaAsbuffer layer shownintheimage
allowsan unambiguousassgnment of the GaAsand (AIGa)As
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Figure 2. (a) Two representative spectra acquired at GaAs
(opencircles) andAlGaAs(filled circles) regions. (b) A48x 21
pixel STM image in which tunneling 1-V (current-voltage)
spectra were taken at each pixel in the image. (c) Plot of
normalized conductivity (d(InCJl C)/dV) (derived fromtunneling
|-V spectra) versus position at a negative sample bias ( 1.59
V). Each datapoint in thisplot representsthe averaged result
fromthel-V spectradong they-direction. (d). Thepositions
of valence band edges (referenced to the Fermi level) across
the Al ,Ga, ,As/GaAs heterojunctions determined by the
(d(InC1D)/dV) versusx plot at asamplebiasof 1.59V.
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Figure3. (onfacing page) (a) and (b). Tunneling |-V spectra
acquired on asulfide passivated GaAs(110) surfaceandona
UHV-cleaved GaAs(110) surface. (c) and (d). Thetunneling
I-V spectrawith the sample biased positively (tunneling into
empty states) in GaAsand Al ,Ga, ,Asregions, respectively.
Thevertica scalefor Al ,Gg, ,Ashasbeen scaled down by a
factor of 0.4. The dots are experimental data and the solid
curves arefitted spectra. Insetsin (¢) and (d) correspond to
thenumerical derivative, di/dV, of thel-V spectra.

regions. From the line-cut shown below, one finds that
(AlGa)Asregions appear deeper than GaAsregionsby about
5 A. The deeper appearance of the (AIGa)As regions is
primarily an electronic effect. It should be noted that the
sulfide passivation procedure used hereisvery different from
theoneusedin Dagataet al. (1992) where preferential etching
onAlGaAswas found.

Tunneling spectra were acquired on 64 x 64 pixe
images where |-V tunneling spectra were recorded at each
pixel by interrupting the STM feedback. Two representative
spectraacquired in GaAsand (AlGa)Asregionsareshownin
Figure2awhich show gapvaluesof 1.4+0.1and 1.8+ 0.1V,
respectively. The pinning of the Fermi level at the surfaceis
evident from the spectra. Figure 2b shows a 48 x 21 pixel
image which covers a region of p-Al ,Ga, As/p-GaAs/-p-
Al ,Ga,,As. While most of the important spectroscopic
informationiscontained inthese -V spectra, extraction of the
useful informationisnon-trivial. Such alargeset of spatially
resolved spectrawere analyzed by anormalized conductivity
(d(InC10)/dV) method which provides a “parameter free”
procedureto extract important information.

The reason to use (d(InIC)/dV) istwo fold. First of
all, thisquantity isindependent of thetip to sample separation
{same as (dI/dV)/(I/V)}. Since the topographic contrast
between AlGaAs and GaAsresultsfrom an electronic effect,
the absolute tip-to-sample distance varies from the GaAs to
theAlGaAsregions. Using thisquantity completely removes
thiseffect. Secondly, if thetunneling current hasapower law
dependence of the form | ~ (V-V ) near the band threshold
where V is the threshold and a a fitting exponent, then
d(IndD)/aV =a/(V-V,), showingal/(V-V ) dependence (Gwo
etal., 1993). Asaresult, the closer totheband edge, thelarger
thisnormalized conductivity is. Spatial variation of d(InC1C)/
dV, therefore, reflectsspatial variation of V.. Indeed, asshown
in Figure 2c, alarger value of d(InCl10)/dV isfound in the
(AlGa)Asregion, indicating the existence of avalence band
offset (VBO) (Gwoet al., 1993).

One can further determine the power law exponent o
by fitting d(InCI C)/dV versusV. Thisnumber then alowsone
to plot V,, as afunction of the scanning position as the one
shown in Figure 2d. The band offset can, therefore, be
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determined to be 0.17 eV. Also shown in this plot is the
asymmetry in the transition widths at the two inequivalent
interfaces: AlGaAs-on-GaAsversusGaAs-on-AlGaAs. This
was interpreted to be due to the asymmetry in theinterfacial
roughness (Gwoet al., 1993).

It is clear that the pinning of the Fermi level at the
surfaceisdueto theexistence of extring c surface states crested
by our sulfide passivation procedure (our procedure, therefore,
isnot agood electrical passivation). Figures 3aand 3b show
the -V curves acquired on sulfide passivated and ultra high
vacuum (UHV)-cleaved GaAs(110) surfaces, respectively. The
finite dope in the gap region of the |-V curve of the sulfide
passivated sample is due to these extrinsic surface states. In
addition, one also observes a signature of multiple kink
structures on the conduction band spectrum which represent
themultiplethresholdsat thek-spacepointsI™, L, and X inthe
conduction band of GaAs. In contrast to the UHV cleaved
surface, thebulk related band existed only asasmall tail within
avery small energy window near the band edge. Abovethis
edge, the intrinsic surface states dominate the tunneling
spectrum, totally masking the multiple band thresholds of the
bulk band structure. Figures 3c and 3d show the |-V spectra
of sulfide passivated GaAsand AlGaAsafter signal averaging
over about 1000 spectrawhere the numerical derivativesare
also shown. Themultiple-kink structures are more enhanced
inthederivatives. Oneobservesthreethresholdsinthe GaAs
spectrum and only two thresholds in the AlGaAs spectrum.
Thisisbecausetheenergy locationsof theL and X thresholds
in AlGaAs are very close. For some other 111-V
semi-conductors, wheretheintrinsic surface statesare higher
above the conduction band minimum, it has been shown that
multiple-band threshol ds can be observed directly on cleaved
surfaces using tunneling spectroscopy (Feenstra, 1994).

One very appealing application of the real space
mapping of electronic structure is to directly measure the
confined quantum states in quantum heterostructures. For
most semiconductor quantum wells, where the size
quantization of the energy level ison the order of afew to a
few tensof meV, such measurements need to be performed at
low temperatures. In the case of INAS/GaSh, because of a
large conduction band offset, the energy separation of
confined quantum well statesislarge enoughto be observable
a room temperature, as nicely demonstrated by Feenstra et
al. (1994).

Interfacial Roughness: Atomic Scale
View Ver susColumnar Averaged View

For low dimensional heterostructures, interfacial
roughness plays a critical role in influencing the electronic,
transport and optical properties. Cross-sectional TEM has
been used for many yearsto study thisissue. However, the
chemical distinguishability of TEM relieson very complicated
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Figure 4. (onfacing page) (a). A 450 A x 290 A constant-
current STM imageof 23 A GaAg/11 A AlAs(4/2) superlatice
acquired withasamplebiasof 2.25V and atunneling current
of 0.2nA. Thetota gray scalefor theimageisabout 1.5A. On
the left, following the last 23 A GaAs region, is a region of
Al,.Ga, As. (b). Averagedlinecut acrosstheimagein Figure
4a. Theaveraged height difference between GaAsand AlAs
istypically about 0.7 0.8 A with atomic corrugation of about
0.08A. Solidarrowsindicate peak positionswhich agreewith
the intended device structure. Dashed arrows indicate the
expected positions of peaks which appear shifted from their
correct location. Thisshiftindicatesthat asingleunit cell has
been lost during the growth near the position indicated. (c).
Singleline cut acrosstheimage of part (Fig. 4a) showing that
the superlatticeiswell-defined at the atomic scale.

simulation of the latticeimage. In addition, the information
obtained isonly acolumnar average over thethicknessof the
sample.

On the other hand, cross-sectional STM provides a
single-slice view of the atomic structure across the
heterostructure, thus, enabling a true atomic scale view. It
should be realized that in order to define the interfacial
roughness in AlIGaAgGaAs system, one needs to define a
length scale over which thealoy composition can be defined.
In the previous section, we discussed the asymmetry of the
interfacial roughness at the normal versus the inverted
interfaces of GaAS/AlGaAs heterostructures based on the
electronictrangtion width. Inthat case, Snceweaveragel-V
spectra along [110] over about 50-200 A before deducing
(d(InC10)/dV), thisis the length scale over which our aloy
composition is defined.

In the case of AIAS/GaAs without the tenary alloys,
such an ambiguity isavoided. Figure4ashowsafilled- state
STM image of aAlAs/GaAs short period super-lattice with
theintended growth structure shown above. At eachinterface
between AIAS/GaAs, a growth interrupt of 30 seconds was
performed to improve the interfacial abruptness. On the left
hand side of theshort period latticeistheAlGaAsaloy region.
While the image represents the As-sublattice, the local
apparent height isrelated to the local bonding configurations
to the cations. Qualitatively, the more Al atoms the As is
bonded to, thelower that apparent topographic height. Inthe
AlGaAsdloy region, atomic scaefluctuationistill observed.
In the short period superlattice region, while the signature of
the periodic structure is also observed, the interface is far
fromideal with aninter-mixing ontheorder of about one unit
cdl.

Figures4b and 4c show two topographic line profiles:
one represents an averaged line profile along the [110]
direction (Fig. 4b), whilethe other representsthe dashed line
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atomson the surface. Theline profile across one of themisshown below. (b). Filled-stateimage of In, ,Ga, ;/Asacquired at a
samplebiasof +2V. Thebright lattice Stesarethelocations of Asatoms bonded to second layer In atom. Theline profileacross

one of them is shown below.

shownintheimage. Theatomic scaefluctuationinthealloys
region and the non-ideal interface in the superlattice region
arewel| represented inthesinglelineprofile (Fig. 4c). Afteran
average of about 200 A along the [110] direction, the atomic
scale fluctuation in the aloy region is now seen as a more
well-defined alloy composition, and the non-abrupt interface
appearinginthesingleline profileisnow averaged to present
nice periodic structure of the short-period superlattice. This
comparison of asingle line profile versus the averaged line
profile along the interface is particular illuminating. By
performing the STM line profileaveragealong the[110], one
simulates the columnar averaged effect of the TEM, thus,
averaging out atomic scale fluctuation in the aloy and the
interface roughness.

Using the average line cut, we can extract other
information fromthedataaswell. For example, for thefirst six
periods from the right, the first GaAs layer within a single
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period shows up asthefirst small peak on the hill seeninthe
averagelinecut. The positionsof these peaks are marked by
the equally-spaced solid arrows in the figure which point to
the corresponding rowsin theimage. After the sixth period,
weobservean effect whichisvery difficult to seeintheimage
or any single line cut. While the spacing of al the arrows
remains the same across the entire superlattice, the dashed
arrows point to the second row within the GaAs part of each
superlattice period. Thisindicates a shift to the right of the
last four periods by one row suggesting that a row was lost
somewhere between the sixth and seventh periods of the
superlattice. Thisappearanceof amissing row over theimaged
areaisalocad effect, andis probably dueto the fluctuation of
the surface step heightsover thelength scale of afew hundred
Angstroms.
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Figure6. A 300A x 230 A filled-state STM image of GaAg/Al Ga As/GaAsheterojunction region. Thisimagewasacquired with
asamplebiasof -2.50V and atunneling current of 0.15nA. The approximate heterojunction locationsareindicated by black lines.
“A” indicates afirst layer aluminum atom featurewhile“B” indicates asecond layer aluminum atom feature. Arsenic vacancies

(“V") and other defect-related features“ D" are also present.

| dentification of Chemical Constituents
and Atom-Atom Corréationin theAlloys

Asmentioned above, the chemical distiguishability of
the TEM techniquerelieson very complicated simulation of
thelatticeimage. Furthermore, it provides only an averaged
information over the thickness of the sample. Chemical
distinguishability of cation versus anion atomsin compound
semiconductors using STM was achieved many years ago
(Feengtra et al., 1987). Recently, it has been demonstrated
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that different iso- valent cationsin the common anion aloys
(such asInversus Gain InGaAsalloys, and Al versus Gain
the AlGaAs alloys) are also distinguishable (Salemink and
Albrektsen, 1993; Zheng et al., 1994; Pfister et al., 1995). The
distinguishability of cations in the empty-state image is
understandable since the energy location of local cation
surfacestatescan differ. Ontheother hand, evenintheanion-
sublattice imaging (filled-state image), the different local
bonding to the cations also gives rise to different contrast.
By employing symmetry arguments, one can further locate
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Figure?. (a). Zoom-inview of thefirg layer d uminumfesture.
(b). Lineprofilestaken acrossthefesturefromthe pointsA, B,
and CtothepointsA’, B’, and C', respectively. Notethat the
lateral distance scales aong the three line profiles are not
exactly the same, but the vertical scales are the same. Line
profileshavea so been vertically shifted for clarity. (c). Atomic
model of theregion of the substitutional auminum atom.

different cations on the surface and in the second layers.
Figure 5ais an example of an empty-state image of
InGaAswithanominal 2% In concentration. Thebright lattice
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Figure 8. (on facing page) (a). Zoom-in view of the back-
bonded aluminum feature which is much easier to seein the
gray-scale enhanced view shownin Figure8b. Lineprofiles
acrossthefeaturefromthe points D and Eto thepointsD’ and
E’ are shown in Figure 8c. The apparent depression due to
the aluminum substitution isfairly weak, only about 0.04 A.
(d). Anatomic bonding model for the back-bonded aluminum
atomisshown.

spots are interpreted to be the surface In atoms positions.
The distinguishability of cationsin the empty-stateimageis
understandable since the energy location of the local cation
surface states differs, and alower band gap energy E of InAs
impliesalower energy location of the cation surface state for
In. Furthermore, the observed concentration al so agreeswith
thenominal In concentration. Such aninterpretation wasfirst
used by Zheng et al. (1994) and subsequently by Pfister et al.
(199%5).

Ontheother hand, bright spotsinthefilled stateimage
are also observed with a concentration consistent with the
nomina In concentration. Following the interpretation of
Pfister et al. (1995), this feature indicates that an Asatom is
bonded to an In atom in the second layer. Dueto the longer
bondlength of In-As, thesecond layer Inwill raisethephysical
location of theAstowhichitisbonded. With the datathat we
have obtained so far, we found that the topographic height of
this feature is about 0.15 + 0.03 A and shows little voltage
dependence within the biasrange of -2to -2.5V. Thisresult
supportstheinterpretation that thisfeatureisatrue geometric
effect due to the larger In-As bond length.

Theidentification of Al atomsintheAlGaAsalloysis
dightly different than that of Ininthe InGaAsalloys. Inour
experience, itismoredifficult todirectly imagethel ocations of
surfaceAl atomsusing theempty stateimaging modeathough
we noted that Salemink and Albrektsen (1993) have done so.
Nevertheless, we found that it is still possible to distinguish
thelocations of the surface and second layer Al atoms based
on filled stateimages.

Figure 6 shows a 300 A x 230 A image of an
Al sGa, ,As acquired with a sample bias of -2.50 V and a
tunneling current of 0.15 nA. Throughout the image, we see
avariety of different features which are characteristic of the
AlGaAsregion. Firg of adl, weseealarge number of elongated
bright featureswhichwerefertoas“A” inFigure 6. Notably,
theorientation of these A featuresisalwaysthe samerelative
to the underlying GaAs lattice. The second type of feature
within the AlGaAs region is a single arsenic site which is
dightly depressed relative to the surrounding arsenic atoms
whichwerefertoas“B” in Figure 6. The number of these B
featuresisabout the same asthe number of A festures. Since
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neither of these two features appears outside of the AlIGaAs
region, we conclude that these are aluminum atom related.
There are also a number of what appear to be defect-related
featureswithintheAlGaAsregion. For example, singlearsenic
vacancies appear towards the upper right of the image
(indicated by “V"). Theseonly appear to occupy morethana
singlesitedueto the high contrast we have used in thisimage
to bring out the A and B features more clearly.

Figure 7ashowsazoom-inview of oneof theA features.
Not only does this feature consist of two enhanced atom
sites, but also two dightly depressed atom sites, all of which
areinamost perfect registry with thearsenic sublattice. This
isevident also in the line cut from point A to point A" which
shows that, for the tunneling parameters used here, the
enhanced arsenic atoms have an apparent height of 0.15 A
relativeto the surrounding arsenic atoms (linecut BB”) while
the depressed arsenic atoms have an apparent height of -0.04
A rdative to the surrounding arsenic atoms (line cut CC').
Themirror symmetry about a(110) planeof thisfeatureisaso
evident.

Since we are imaging the arsenic sublattice, it is
straightforward to conclude that the A feature is only
consistent with a substitutional atom occupying afirst layer
site of the gallium sub-lattice. Only in that case would we
expect to see an even number of arsenic atoms affected since
we know that the (110) surface of GaAs consists of gallium
and arsenic atoms that alternate along the [110] direction.
Furthermore, since aluminum atoms substitute for gallium
atoms, we conclude that these A features represent the effect
of afirst layer aluminum atom.

In our earlier work on AlAs/GaAs short period
superlattices(Smith et al ., 1995a, 1995h), wefound thet regions
of pureAlAsappeared only dark relativeto the GaAsregions
in the filled state image, while in current work, isolated
aluminum atoms appear to have this bright/dark appearance.
One possihility isthat this appearanceisrelated to a specific
physica state of the STM tip. A second possibility isthat the
surface Al atoms are decorated by certain residual gas atoms
such ashydrogen. Detailed calculationswould be necessary
in order to examine these possihilities. Nonetheless, the
symmetry of the feature makes itsidentification asthe effect
of afirst layer aluminum atom unambiguous.

A similar symmetry argument also alowsustoidentify
that feature B isrelated to the location of the second layer Al
atom. Figure8ashowsazoom-inview of oneof thedark sites
indicated asB in Figure6. A non-linear gray scale which
enhances this feature is also shown in Figure 8b, and line
profile across the dark site shows that it is only weakly
depressed by about 0.03 A relative to surrounding arsenic
atoms (Fig. 8c). Sinceonly asingle arsenic atom isaffected,
we know that it cannot be the result of an duminum atom on
thefirst layer because of the lattice symmetry. Therefore, it
must be the effect of an a uminum atom occupying the back-

bonded, second layer site of the gallium sub-lattice (Fig. 8d).

Theability toidentify different chemical constituents
in the substitutional alloys opens up the possibility to
investigate whether or not atenary aloy (such asAlGaAs) is
random, asfavored by entropy, or if instead it is ordered due
to atomic-scal einteractions during the growth process. Such
aquestion is addressed through the investigation of the Al-
Al pair digtributioninthe GaAsmetrix. Thisfunctionisdefined
as the probahility p(r) of finding a pair of auminum atoms
separated by acertain distancer. p(r) can be obtained froma
given spatial distribution of aluminum atoms by calculating
the distances between al possible pairs of aluminum atoms
and plotting these resultsin the form of a histogram.

Figure 9 shows the results of an analysis performed
for thesecond layer aluminum atomslabeledin Figure6. The
areahasa30 x 30| attice siteswith 26 B features, corresponding
toaconcentration of about 3%. Theresulting pair distribution
histogram is shown in Figure 9 with x’s for the plotting
symbols. The corresponding theoretical pair distribution
histogram (the average of 1000 histograms based on 1000
randomly generated data sets having an average of 26
aluminum atoms) isshown in filled circles. Ascan be seen,
thereisfairly good agreement between the experimental and
random distributions. However, near the 150 A pair distance,
the experimental points dip dightly below the theoretical
points while near the 75 A pair distance, they rise slightly
above them. Analysis of the first layer Al-related features
shows a similar behavior. These deviations from a random
distribution suggest an Al-Al interaction in the GaAs matrix.

In this analysis, we treated the pair distribution as a
function of thepair distancer. Inprinciple, onecaninvestigate
this pair correlation as the function of vector r which takes
into account the dependence on crystallographic orientation.
Such an analysis will undoubtedly provide a much more
detailed understanding of the atom-atom interactions.
Inevitably, it will requireamuch larger experimental database
which we have not yet been compiled. However, we expect
that such studieswill haveimportant implicationson the subject
of atomic processesin the formation of substitutional alloys.

Mapping L ocal Optoelectronic PropertiesUsing
Near -Field Scanning Optical Spectr oscopy

As one of the major applications of semiconductor
heterojunctions is in optoelectronics, it is well-motivated to
develop ananometer scale probeto study the opto-electronic
properties. Renaud and Alvarado (1991) have devel oped the
technique of tip-induced luminescence (TIL) and have
successfully applied it to study AlGaAs/-GaAs
heterostructures. The TIL technique involves injection of
excesscarriers (e.g., electrons) at the tunnel junction and the
transport of these carriersto the bulk region followed by the
recombination with magjority carriers of the opposite type.
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While Renaud and Alvarado (1991) have demonstrated high
spatial resolution in the luminescence mapping, it still lacks
theenergy-resolved information of the photon being emitted.

Here, we describe an alternative nanoscale
opto-electronic probe utilizing a near field scanning optical
microscope (NSOM). Since photonsare used astheexcitation
source of excess carriers, one can study semi-insulating
samples which are not access ble using tunneling technique.
Furthermore, thefinite penetration depth of photons (for both
the excitation and emission photons) alows oneto probethe
buried heterostructures using atop-view geometry which has
been nicely demonstrated by Hess et al. (1994). The studies
presented here, nevertheless, still use the cross-sectional
geometry and all the microscopy and spectroscopy studies
were performed at room temperature.

Thedesign of our instrument isdifferent from most of
the current designs of NSOM. Rather than using the shear-
forcefeedback mechanismto control thetip-sampledistance,
our design uses the reflected light intensity directly for
feedback control. The NSOM tip is made out of a pulled
single mode fiber with Al-coating, and is used for local
illumination. Thetypical effective apertureis about 500 A.
Two multi-modeoptical fiberseach with anumerical aperture
of 0.45wereused to collect the photonsin reflection geometry.
Oneof thecollection fibersisdedicated to detect therefl ected
light intensity for feedback control. Theother collection fiber
is coupled to a spectrometer and a liquid nitrogen cooled,
back-illuminated, chargecollection device (CCD) array to detect
the luminescent spectra. This design alow usto arbitrarily
chooseany operation pointinthenear-field regimefor feedback
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control. Wetypically pick an operation point at about 300 A
above the surface. The topographic image acquired using
this feedback mechanism is therefore a “ constant reflection
image” analogous to a constant current imagein STM. The
details of thisdesign and its performance has been described
elsawhere (Guttroff et al., 1996). Herewe concentrate onits
application to studies of AIGaAs/GaAs heterostructure.
Figure 10 shows NSOM topography of a sulfide-
passivated cross-sectional surface of AlGaAs/GaAs
heterostructures acquired at the constant reflection intensity
mode. The contrast in thismode can be dueto acombination
of true topographic variation and the variation in the local
reflectivity. Based on the studies described in A Direct
M apping of Electronic Sructurein Real Space, weknow thet
the variation of the true surface topography from AlGaAsto
GaAsislessthan 10 A for our sulfide passivated sample. On
the other hand, the apparent topographic contrast between
AlGaAsand GaAsin this constant reflection intensity image
isontheorder of 100 A. Thiscontrast isinterpreted asdueto
the difference in the refractive index between AlGaAs and
GaAs. The refractive indices of GaAs and Al ,Ga, As are
3.59 and 3.385 respectively. By using acrudeapproximation
of R={(n-1)/(n+1)}2, where R isthereflectivity and nisthe
refraction index, we obtain the result that the reflectivity of
GaAsisabout 10% higher than that of Al ,Gg,,As. Onecan
then explain that the topography intheAl | ,Gg ,Asregionis
higher because thetip needsto retract to compensate the loss
inthereflectivity in the constant reflection mode.
Corresponding to thisSNSOM image, spatially resolved
near-field PL spectrawere also obtained. Figure 11ashows
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Figure 10. Near-field optical microscopy image of GaAs/
AlGaAs multilayers on top of GaAs substrate acquired a a

constant reflection intensity mode. Each GaAsand AlGaAs
layeris2000 A wide.

thewavel ength resolved near-field PL spectraasafunction of
thelateral scanning position. Also shownin Figures11band
11caretwo representative spectrain the substrate and epilayer
regions, respectively. Therearetwo major peaksobservedin
the spectra: one results from the band-to-band transition
(conduction band edge energy minus valence band edge
energy) (E, - E,) of GaAsat A =8710A (1.424eV) andtheother
oneis due to the conduction band edge to the acceptor level
transition (E_ - E)). Thepeak position of thisacceptor related
feature changes from A = 8950 A (1.386 eV) in the GaAs
substrateregionto A = 8910 A (1.392 eV) in the superlattice
region. Thisimpliesthat the binding energy of the Zn-acceptor
level is6 meV higher than that of the Be-acceptor level.

In the superlattice region, the dominant contribution
isdueto theradiative recombination that occursinthe GaAs
region since the photo-generated excess electrons in the
AlGaAsregion will migrate to the GaAsregion. Thelargest
spatial variation in the PL intensity does not show the same
periodicity asthe superlattice. Morelikely, thisvariationin
the PL intensity is influenced by local metallurgical
imperfections, such as interfacia roughness. On the other
hand, we a so observethat theintensity ratio between the Be-
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related peak and the band-to-band peak (E_ - E) remains
constant in the super-lattice region. Weinterpret this as due
to a constant acceptor concentration in the GaAs layers of
the super-lattice region. In the substrate region, the PL
intensity decreases near the interface between the substrate
and the epi-layer. Thisisprobably dueto the existence of an
oxidelayer onthesubstrate surface beforetheepitaxia growth.
This oxide layer has a high defect density and, therefore,
decreasestheradiativerecombination efficiency. Theintendty
ratio of the Zn-related pesk relative to the band to band peak
(E,- E) is higher in the substrate region than that in the
superlattice region. The Zn-related feature is about 6 times
stronger than the Be-related feature. This result is also
consistent with the concentration of the acceptors.

These spectroscopic studies, while being performed
only at room temperature, have aready shown the ability to
resolved how metal lurgical defectsinfluencetheluminescence
efficiency and the ability to determinethebinding energy of p
typedopantsand their variation in concentrationin nanometer
scale. Much greater opportunities open up when near-
field luminescent spectroscopy can be performed at low
temperature. At lower temperature, theintrinsic luminescent
quantum efficiency isgreatly enhanced aswell asthe energy
resolution of the spectroscopy. The high energy resolution
distinguishes small fluctuations of energy levelsinvolved in
an optoelectronic transition. Consequently, small
inhomogeneity in heterostructure either in composition,
quantum size or strain, can al possibly be reflected by near-
field luminescent spectroscopy. Such acapability hasalready
been demonstrated in a quantum well system by Hess et al.
(1999).

Summary

In summary, we have investigated the compound
semiconductor heterostructures using various forms of
scanning probe microscopy. Cross-sectional scanning
tunneling spectroscopy allows one to directly map out the
€lectronic structure. Band offsets, and detailed band structures
inAlGaAsGaAsheterostructure systems have been resolved
inreal space. Cross-sectiona scanning tunneling microscopy
provides a true atomic scale view of interfacial roughness.
Chemical identificationsof differentisovaent elementsallow
ustoinvestigatetheatom-atom correl ation in the substitutional
alloys, thus, opening the potential to have a detailed
understanding of atomic processes in the growth of
semiconductor aloys. Near-field scanning optical microscopy
shows the refractive index contrast between AlGaAs and
GaAs. Furthermore, near field scanning photoluminescence
spectroscopy reveals the influence of metallurgical defects
on the local luminescent efficiency. An important future
direction will be to use near-field luminescent spectroscopy
and cross-sectional scanning tunneling microscopy to study
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Figure11. (a). Photoluminescent spectraacquired asafunction of scanning position across the substrate and multilayer region
showninFigure 10. Thez axisscale representstheintensity whichisproportional to the photon counts of the CCD-camera. (b)

and (c). Two representative spectra at substrate and the epilayer regions, respectively.

the same quantum heterostructure system, thus, correlating
the atomic structure, electronic structure and optoelectronic
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properties at different length scale.
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Discussion with Reviewer

J.W.P. Hsu: The authors use a unique method to regulate
NSOM tip-sampledistance. Please comment on how different
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this method is compared to the commonly used shear force
feedback. For example, how far is the tip from the surface
during the scan? How sensitive is this feedback method?
Authors: The typical tip-to-sample distance is 300 A. The
determination of thetip-to-sample distance hasbeen described
indetailsinour earlier publication (Guttroff et al., 1996) andis
therefore not repeated here.

J.W.P. Hsu: The shear forcefeedback wasintroduced to keep
tip-sample distance constant in NSOM experiments. Using
thereflected light intensity for feedback control canintroduce
artificial topography, as shown in this paper. For GaAs and
AlGaAs, whichindicesare well known, the topographic and
optical information can be separated afterwards. How canthis
feedback method be used to study materials with
uncharacterized optical propertiesand with largetopographic
changes?

Authors: The refereeis correct that the reflection feedback
does not give a congtant tip-to-sample distance when scan
over regions of different refrativeindices. Thisisindeed the
effect we use to distinguish between GaAs and AlGaAs
regions. We, however, have also tested this designed on
surfaces with large topographic changes such as Si-grating.
Theresult wasa so reported in detail in Guttroff et al. (1996).
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