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The spatial distribution of the long-wavelength luminescence in thick Ing,GaggAs/GaAs
multiple quantum wells (MQWs) has been investigated using cathodoluminescence (CL)
imaging and spectroscopy. The CL spectra show defect-induced broad bands between
1000 $A 51600 nm. These bands exhibit spatial variations which correlate with the dark line
defects (DLDs) observed in the A=950 nm exciton luminescence imaging. Transmission
electron microscopy showed that [110]-oriented misfit dislocations occur primarily at the
substrate-to-MQW and GaAs capping layer-to-MQW interfaces. The large spatial variation of
the luminescence intensities indicates that the DLDs observed in CL images are caused by the
presence of nonradiative recombination centers occurring in the MQW region located between
the interface misfit dislocations. This study provides new information describing the origin and
nature of DLDs and differs from previous models which have regarded the electronic nature of
dislocation cores as the primary mechanism for inducing DLD radiative contrast in

luminescence imaging of strained InGaAs/GaAs.

1. INTRODUCTION

There is considerable interest in utilizing the molecular
beam epitaxial (MBE) growth of highly strained InGaAs/
GaAs multiple quantum wells (MQWs) for photonic de-
vice applications, in the areas of optical computing, com-
munication, and infrared detection. In particular, spatial
light modulator (SLM) devices relying on photo- and
electro-optic effects require uniform pixels of high-quality
InGaAs/GaAs MQW layers grown on GaAs. Lumines-
cence imaging studies of strained-layer systems have shown
the existence of dark line defects (DLDs) related to the
occurrence of dislocations which accommodate the lattice-
mismatch strain when a critical thickness is exceeded.'™
Photoluminescence of thick single QWs of InGaAs/GaAs
has shown the existence of longer-wavelength (1000
<A <1600 nm) luminescence features which were attrib-
uted to the presence of misfit dislocations at the InGaAs/
GaAs interface.’ In previous cathodoluminescence (CL)
studies of strained III-V thin films, the radiative contrasts
were believed to be caused by the electronic nature (i.e.,
dangling bonds and reconstruction) of the dislocation
cores."® The present study examines an alternative expla-
nation for the large radiative contrast seen in the CL im-
aging of dislocations. In the present article, we examine the
spatial dependence of the luminescence in the
1000 S A < 1600 nm region using scanning CL imaging and
spectroscopy. We show that these long-wavelength lumi-
nescence features correlate spatially with the DLDs seen in
the imaging of the MQW exciton recombination at 4 =950
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nm. Plan-view and cross-sectional transmission electron
microscopy (TEM) show that misfit dislocations in the
samples are confined to the region near the GaAs-to-MQW
interfaces. The luminescence intensities from various
MQW structures are quantified, and a large variation in
intensity of the luminescence associated with the DLDs
suggest that most of the QWs in the vicinity of the DLDs
are affected by the misfit dislocations. This intensity vari-
ation is found to be relatively independent of the electron
beam probing depth, and indicates that the QWs are af-
fected homogeneously throughout all the layers, in con-
trast to the presence of misfit dislocations which occur only
at the MQW-to-GaAs interfacial regions. This lumines-
cence behavior is attributed to a relative increase in the
number of nonradiative recombination centers occurring in
MQW regions between the interface dislocations. These
results suggest that nonradiative point defects in the MQW
are left in the wake of dislocation propagation and multi-
plication. We demonstrate that a Cottrell atmosphere of
point defects surrounding dislocations is the most reason-
able explanation for the DLD behavior observed in this
study of In, ,Gag gAs/GaAs MQW structures. Similarly, in
the Si system Kimerling and Patel,® using deep-level tran-
sient spectroscopy, have speculated that it is the point de-
fects gettered around dislocations which are largely re-
sponsible for defect induced mid-gap states and the
associated recombination properties. Our data is possibly
the first which confirms the existence of this phenomenon
in III-V materials.
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Il. EXPERIMENT

MQW samples were grown by MBE using standard In,
Ga, and As sources. The present study involves 65-A-thick
Ing2Gay gAs quantum wells surrounded by GaAs barriers.
In samples designated D92, D18, and D38, 44 periods of
Iny ,Gag gAs MQWs were grown with barrier thicknesses
of 780, 400, and 115 A, respectively. In sample D179, a 65
A MOQW structure having 100 and 1230 A barriers with 14
periods (28 QWs) were grown. A control sample, D155,
was grown with one 65-A-thick QW. One of the samples,
D92, was periodically § doped; Be and Si doping planes
with concentrations of 9.0X 10'? and 3.0 10'? cm 2 were
inserted at the centers and 290 A off centers of the GaAs
barriers to produce a nipi effect. This sample was grown
originally for the purpose of studying suitable structures
for optically addressed SLMs. The spatial separation of
electrons and holes enables a large optically induced ab-
sorption modulation for this structure; this has been re-
cently reported.”® All samples were capped with a 5000 A
layer of undoped GaAs.

Cathodoluminescence measurements were performed
with a JSM 840-F field emission scanning electron micro-
scope (SEM}. The optical collection system and sample
cryogenic stage were designed and constructed at the Jet
Propulsion Laboratory.’” A North Coast E0-817L Ge p-i-n
detector was used to measure the signal dispersed by a 0.25
m monochromator. An electron beam current of about 500
pA at varying accelerating voltages was used to probe the
sample for the CL measurements. The sample was main-
tained at a temperature of ~77 K.

ll. RESULTS AND DISCUSSION

Cross-sectional and plan view TEM measurementis
were performed on D38 and D18, two of the samples with
the narrowest GaAs barriers in the 44 MQW structure,
and they yielded similar results. Cross-sectional transmis-
sion electron microscope (TEM) images of D18 and D38
with the electron beam along the [110] azimuth is shown in
Figs. 1{a) and 2, respectively. The MQW region shows
well-ordered Ing,GaggsAs (dark lines) and GaAs (light
lines) which are visibly free of structural defects (i.e., no
misfit or threading dislocations are observed). The samples
were examined over a length scale of ~ 100 ym, and only
one typical image of each is presented in Figs. 1(a) and 2.
In Fig. 2, arrows identifying individual misfit dislocations
in D38 are shown. Only at the MQW-to-substrate interface
and MQW-to-capping layer interface did there appear to
be disorder in the form of interface misfit dislocations.
Also, looping dislocations that have propagated into the
(GaAs substrate can be seen in Figs. 1(a) and 2. Various
electron beam imaging conditions were used to image the
cross-sectional slices of D18 and D38, and evidence of
structural disorder in the MQW regions away from the
interfaces was not found. Because of the long misfit dislo-
cation segment length (greater than ~ 100 um) and large
strain-field gradients near misfit dislocations, we would ex-
pect to see misfit dislocations in the MQW region from our
cross-sectional TEM analysis if they exist.
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FIG. 1. Cross-sectional TEM image contrast of Ing,Gaj.As/GaAs
MQW sampie DI8 (a), plan-view TEM geometry showing thinning ap-
proach used to determine depth of misfit dislocation network (b), and
plan-view TEM image of D18 (c).

In order to further examine this structure, plan-view
TEM images were taken. The samples were mechanically
thinned from the back side to produce a wedge-shaped
edge, as illustrated in Fig. 1(b). TEM images were taken
for various distances, d, along the surface of the sample. At
a certain distance, a dark line network, as observed in the
plan-view TEM image of sample D18 [see Fig. 1(c)], be-
came visible. These dark lines represent contrast due to
misfit dislocations which occur along both [110] directions
as observed in previous studies off strained ITI-V materials
employing TEM.">!1%!1 A Burgers vector analysis in plan-
view TEM indicated these misfit dislocations were prima-
rily of the 60° type. The depth at which the misfit disloca-
tion network appeared was determined by convergent beam
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FIG. 2. Cross-sectional TEM image contrast of Iny,Ga,gAs/GaAs
MQW sample D38. The arrows point to misfit dislocations which occur at
both the MQW-to-substrate and MQW-to-capping layer interfaces.

electron diffraction to be 4930+20 A, and this corresponds
to the position of the MQW-to-capping layer interface.
Therefore, as expected from previous studies of highly
strained systems,*!%!! we observe misfit dislocations only
at the MQW-to-GaAs interfaces, where the strain is the
largest.

Cathodoluminescence images of D38, D18, D92,
D155, and D179 are shown in Figs. 3(a)-3(e). The wave-
length used for the imaging was A=~950 nm, and corre-
sponds to the electron-to-heavy hole (e-hh) transition in
the MQW samples. The DLDs are evident in each of the
images except for D155, the single QW sample [Fig. 3(d)].
The absence of misfit dislocations in the single QW sample
is to be expected since the nominal critical thickness of a
single Ing,GaggAs layer grown on GaAs(100) is ~ 150~
200 A.'? These images showing DLDs here are similar to
luminescence images of thick InGaAs films previously
studied.>* A small anisotropy in the DLD density is seen
in the CL images of Fig. 3 for dislocations running along
both orthogonal [110] directions. This has previously been
attributed to the different levels of stress required to gen-
erate o and B dislocation cores, and the differences in «
and S dislocation propagation velocities.'>'"!* A DLD lin-
ear density of ~10° cm™' is observed. However, it is ap-
parent from the TEM micrograph of Fig. 1(c) that several
dislocations can agglomerate close together, resulting in a
much higher density than observed with CL. This has also
been reported in the studies by Fitzgerald et al.>*

In order to further assess the luminescence properties,
we examined CL spectra in the wavelength range
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FIG. 3. Scanning monochromatic CL images of the e-hh exciton lumi-
nescence for A ~950 nm. The sample number and MQW structure are
described in (a)—(e). The 20 pm scale indicated in (a) also represents the
scale for (b)-(d); note the factor of 2 scale change in (e). A dashed line
along [110] in (e) indicates the electron beam path during the line scan
measurements performed for D179.
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FIG. 4. CL spectrum for MQW sample D179. A factor of 100X change
in scale is indicated for the 1000 S A S 1600 nm range. The broad emission
bands centered at 1250, 1380, and 1460 nm are thought to be caused by
point defects homogeneously dispersed in the MQW structure.

9005 A $1600 nm. A spectrum of D179, which showed
the strongest emission in the 1000 £A <1600 nm range, is
shown in Fig. 4. Four distinct features in the luminescence
are observed centered at 950, 1250, 1380, and 1460 nm.
The peak at A=950 nm is the e-hh transition. A factor of
100 change in intensity scale between the 4 =950 nm peak
and longer wavelength features is indicated in Fig. 4. The
weaker longer wavelength peaks must be related to defects
in the MQW structure since the energies are far below the
e-hh exciton energy. Impurity-induced emissions tended to
be much narrower than the long-wavelength features
present in Fig. 4 and were within only a few meV of the
InGaAs band edge emission. The broad, quasi-continuous
nature of the emissions in Fig. 4 are more suggestive of a
structural disorder. Structural defects can generate a con-
tinuum of energy levels locally in the band gap, and thus
introduce additional radiative and nonradiative recombina-
tion channels. Joyce ez al.,’ using photoluminescence, have
observed emission in the 10005A <1600 nm range for
thick InGaAs films grown on GaAs. These emissions were
found to increase markedly when the Ing ;Gag g3As layer
thicknesses exceeded the critical thickness, and Joyce et al.
concluded that this behavior was due to an increase in
interface defects, such as misfit dislocations, beyond the
critical thickness.® In order to test this hypothesis, we have
determined the spatial distribution of all distinct emissions
in the wavelength range 900 SA <1600 nm. We have mea-
sured intensity versus position histograms or line scans
(see Fig. 5) which quantitatively give the spatial variation
in luminescence intensity for the different wavelengths.
The line scans for wavelengths of 1250, 1380, and 1460 nm
have essentially the same spatial variation as the A =950
nm scan, i.e., peaks and valleys in the longer wavelength
scans correspond with peaks and valleys in the A =950 nm
scan. This is a surprising result since, from Ref. 5, we
would expect the region around the DLDs to yield an
enhanced emission rather than the reduced emission at
longer wavelengths.

The nature of the dislocation cores (i.e., electronic
structure and reconstruction) in strained III-V materials is
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FIG. 5. CL line scans (intensity versus position histogram) for MQW
sample D179. The electron beam position is indicated in Fig. 2(e). The
peaks and valleys in the A =950 nm scan of the e-hh exciton luminescence
correlate with the peaks and valleys of the longer wavelength 1250, 1380,
and 1460 nm scans.

known to effect the recombination process. The studies of
Fitzgerald ef al.® and Petroff et al.! on strained films have
shown that 60° dislocations and edge dislocations have dif-
ferent nonradiative recombination rates in the vicinity of
these dislocations. It is apparent from the data of Fig. 5
that the nonradiative mechanisms responsible for the re-
duction in the e-hh exciton luminescence are also respon-
sible for reduction in the 1000 <A <1600 nm emissions.
This results in longer wavelength DLDs spatially corre-
lated with the conventional e-hh exciton DLDs. The origin
of the 1000 £A 51600 nm emissions is, evidently, not di-
rectly caused by the presence of misfit dislocations and may
be due to the presence of point defects. Similar broad and
midgap emissions have been observed in thick and heavily
strained GaAs films grown on Si which are believed to
contain interstitial, antisite, and vacancy defects.!® In ad-
dition, we can not rule out emissions due to the presence of
Ing ,Gag gAs/GaAs interfaces (i.e., recombinations involv-
ing interface states). Other types of structural defects can
also induce midgap emissions. In a separate study of
Ing ,Gag 3As/GaAs MQWs grown on patterned GaAs sub-
strates, we have shown that luminescence intensity in the
1000 S A S 1200 nm region is correlated with the density of
threading dislocations propagating through the MQW
structure.!® However, our cross-sectional TEM measure-
ments showed no evidence of threading dislocations in the
present samples.

To further quantify these results, we have performed
line scans for the MQW samples at various accelerating
voltages (as shown in Fig. 6 for D179). The electron pen-
etration depth has a known functional dependance on the
beam energy. A variation in the beam energy over the
range of 10-40 keV results in a corresponding tenfold in-
crease in the penetration depth, R,, and the peak position,
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FIG. 6. CL line scans for MQW sample D179 for electron beam energies
ranging from 10 to 40 keV. The values of the one-dimensional electron-
hole pair density maximum peak position (R,,) and the electron penetra-
tion range (R,) are calculated for a given electron beam energy based on
the model of Everhart and Hoff in Ref. 16.

R,,, of the electron-hole pair density creation function
(also known as the “depth-dose” curve) as determined by
Everhart and Hoff.'”'® In Fig. 6, calculated values of R,,
and R, based on the one-dimensional approach of Ever-
hart and Hoff, are shown next to the beam energy for a
given line scan. The minimum probing depth, however, is
limited ordinarily by the carrier diffusion length which is
typically about 0.5 um for GaAs.'® In sample D92, the
modulation nipi doping will further limit carrier diffusion
to negligible values along the growth direction due to the
presence of periodic conduction and valence band-edge
barriers.”® Thus, by reducing the excitation energy, it is
possible to increase the surface sensitivity; that is, the rel-
ative fraction of the luminescence arising from recombina-
tion in layers closer to the surface.!® The technique of vary-
ing the beam energy to affect the probing depth will
facilitate an assessment of possible layer-dependent mate-
rial variations giving rise to the observed DLDs, as ad-
dressed in the following discussions.

A vparticularly striking result in Figs. 5 and 6 is the
large intensity variation seen in the line scan data. The
variation of the luminescence in the line scans can be quan-
tified by evaluating the standard deviation of all points
shown in a line scan, and normalizing the standard devia-
tion with respect to the mean. In order to reduce the un-
certainties due to variation in the signal-to-noise caused by
changes in the luminescence signal associated with chang-
ing the excitation conditions (current and beam energy)
and different sample thicknesses, a cubic spline fit was used
to determine the “smooth curve” through each line scan.
The normalized standard deviations, oy, of the fitted line
scans are shown in Fig. 7 for all samples with a beam
energy ranging from 10 to 40 keV. A general trend is ob-
served in which oy is fairly constant over a large energy
range and increases slightly with a decreasing probing
depth for energies less than about 20 keV. The total thick-
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FIG. 7. The normalized standard deviation (oy) of the e-hh exciton
luminescence line scans for MQW samples. The standard deviation has
been normalized to the mean of the exciton luminescence for each line
scan, The large magnitude of the variation (see discussion) precludes the
possibility of only one QW in each structure being affected by a single
dislocation core at the MQW-to-substrate interface.

nesses of the MQW region of D179, D92, D38, and D18
are 2.0, 3.7, 0.8, and 2.0 um, respectively, and a given
variation in the probing depth will affect different regions
of each sample. From the above TEM results, we know
that misfit dislocations occur only in the region at the
MQW-to-GaAs substrate and capping layer interfaces. We
should expect, therefore, that only recombination in the
QW closest to the interface will be disturbed directly by the
presence of a misfit dislocation. A predicted oy for a 44
MQW structure in which the luminescence from one QW
at the interface is completely suppressed by a misfit dislo-
cation, assuming a homogeneous carrier excitation and a
simple sinusoidal spatial variation in the luminescence, is
oy=0.008. This is at least an order of magnitude too low
to explain the present results of Fig. 7. Instead the magni-
tude of oy and its relative constancy for each sample in
Fig. 7 suggest that the nonradiative mechanisms giving rise
to DLDs are spread homogeneously throughout all MQWs
in each sample, and the effects become slightly more pro-
nounced for more surface sensitive probing conditions.
These results have significant ramifications concerning
the origin of the DLDs seen in this and previous studies of
thick InGaAs films grown on GaAs. In previous studies, it
was simply assumed that the electronic nature of the misfit
dislocations were responsible for the creation of competing
nonradiative channels.® In that model, nonradiative mi-
nority carrier recombination occurs at the reconstructed
dislocation cores as a result of localized band bending in
the vicinity of the cores; the density of defect-induced
states in the band gap and doping concentration will de-
termine local depletion region sizes. In a similar model
involving threading dislocations in AljGag,As/GaAs
MQWs, Liu et al. proposed that electrically active “kink
sites” situated along the dislocation core are responsible for
a decrease in luminescence efficiency.?’’ However, the
present data suggests that carrier recombination at the dis-

Rich et al. 5838

Downloaded 21 Jun 2007 to 132.72.138.1. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



location cores is a minor effect in producing the DLDs
observed in CL. This can be proven immediately by con-
sidering the nipi structure of sample D92. The modulation
doping will cause electrons and holes to spatially separate
for carriers which do not recombine at the location of the
Iny,GaggAs QWs, and this results in negligible carrier dif-
fusion along the [100] growth direction.””® Therefore, it is
apparent that recombination of carriers which are gener-
ated more than one MQW period away from the disloca-
tion core would be negligible in this model. The only rea-
sonable explanation for the behavior of oy is as follows.
The existence of nonradiative recombination centers
spread homogeneously in the MQW material away from
dislocations is the primary cause of the large variation in
the MQW exciton luminescence. The nonradiative centers
will evidently compete with the longer wavelength
1000 €A £1600 nm radiative channels, resulting in the
spatial correlation of DLDs imaged at A~950 nm with
DLDs imaged at longer wavelengths (as illustrated in Fig.
5 for line scans). Dislocation propagation and multiplica-
tion such as, e.g., the Hagen-Strunk?' and surface half-loop
nucleation?? mechanisms are expected to disturb the mate-
rial located above the dislocations. Heavily dislocated ma-
terials, such as that seen in the strained GaAs/Si system
are known to contain a significant density of point de-
fects.!® It is, therefore, likely that a Cottrell atmosphere of
point defects left in the wake of dislocation propagation
and multiplication coupled with the concomitant epitaxial
growth over the vicinities of such propagation are respon-
sible for the observed behavior of oy.

IV. CONCLUSION

In conclusion, we have performed TEM and CL im-
aging and spectroscopy on Ing,GaggAs/GaAs MQW
structures. Cross-sectional and plan-view TEM demon-
strate that misfit dislocations are confined to the MQW-to-
GaAs interfacial regions. A large variation in the exciton
luminescence intensity is observed and is interpreted as due
to the presence of nonradiative recombination centers
spread homogeneously in the MQW region away from in-
terface misfit dislocations. In addition, these nonradiative
recombination centers are found to compete with exciton
and midgap radiative centers at A~950 nm and
1000 S A $ 1600 nm, respectively, resulting in spatially cor-
related DLDs for all CL imaging wavelengths. This study
introduces a new model describing the origin and nature of
DLDs and differs from previous models which have only
considered the electronic nature of dislocation cores as the
mechanism for inducing DLD radiative contrast in the
luminescence imaging of strained InGaAs/GaAs.
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