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We have examined the influence of strain relaxation on the excitonic recombination and diffusion in
In0.2Ga0.8As/Alx Ga12x As quantum-well ~QW! samples designed for high-electron-mobility
transistors, using spectrally and spatially resolved polarized cathodoluminescence ~CL!. Six
molecular-beam epitaxial grown samples, with varying channel thicknesses ranging from 75 to 300
Å, were examined at various temperatures between 87 and 300 K. An increase in misfit dislocation
density occurred with increasing channel thicknesses and resulted in changes in the dark line defect
~DLD! density, polarization anisotropy, QW excitonic luminescence energy, and luminescence
activation energy, as observed in CL. The influence of misfit dislocations on the ambipolar diffusion
of excess carriers in a direction parallel to the dislocation line, in varying proximity to the DLDs,
was examined with a CL-based diffusion experiment. The temperature dependence of the CL
imaging was examined, enabling a study of the spatial variation of the activation energies associated
with thermal quenching of the GaAs/Al0.25Ga0.75As multiple QW and In0.2Ga0.8As QW
luminescence. The CL intensity exhibits an Arrenhius-type dependence on temperature and is
controlled by thermally activated nonradiative recombination. The activation energies for both the
In0.2Ga0.8As QW and Al0.25Ga0.75As MQW luminescence are found to vary spatially in close
proximity to the misfit dislocations. We have utilized a new approach to obtain 2D images of the
activation energies. The influence of the strain relaxation on the polarization and energy of the
In0.2Ga0.8As QW excitonic luminescence was examined with linearly polarized CL and CL
wavelength imaging. A strain-induced modification of the luminescence energy and an increase in
the polarization anisotropy was measured near DLDs. Thus, we find that certain DLDs exhibit
significant polarization and energy variations in their optical properties, in addition to their more
familiar nonradiative behavior. © 1996 American Vacuum Society.

I. INTRODUCTION
The growth of high-quality strained films of Inx Ga12x As
on GaAs substrates has several diverse applications in
millimeter-wave electronic devices, such as high-electronmobility transistors ~HEMTs!,1–3 and near-infrared photonic
devices, such as lasers4 – 6 and light modulators.7–10 The primary deleterious effect of strain relaxation is to introduce
misfit dislocations at the Inx Ga12x As/GaAs interfaces which
can serve as nonradiative recombination centers and impede
the transport of carriers.10–13 The generation of an asymmetrical density of 60° dislocations along the orthogonal
^110& directions will also modify the biaxial symmetry of the
strain tensor, and induce an asymmetry in the transport of
carriers10,12 and a polarization anisotropy in the excitonic
luminescence.14 –16 Electron-beam probes which yield greater
than a ;1-mm-scale resolution, such as in spatially and spectrally resolved cathodoluminescence ~CL!, can help advance
our understanding of the influence of defects on the optical
and transport properties of quantum heterostructures. A
dislocation-induced asymmetry in the ambipolar diffusion of
a!
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excess carriers in nipi-doped In0.2Ga0.8As/GaAs multiple
quantum wells ~MQWs! has been previously measured using
an electron-beam-induced absorption modulation technique.10,12 In other studies, changes in the polarization anisotropy and energy of excitonic luminescence in thick
Inx Ga12x As/GaAs films were found to correlate with the position of dark line defects ~DLDs! from studies of linearly
polarized cathodoluminescence ~LPCL! and CL wavelength
imaging ~CLWI!.14 –16
In this study we aim to further explore the interplay between the strain relaxation, optical properties, and transport
properties in In0.2Ga0.8As/Alx Ga12x As QW samples, designed for HEMTs, using LPCL and CLWI. A four-band k–p
calculation is used to examine the energy and polarization
variations caused by the strain relaxation. A self-consistentfield calculation using the transfer-matrix method is used to
determine the electron and hole eigenstates in the channel
and the excitonic transition energies.
The temperature dependence of luminescence in QWs and
superlattices has been investigated previously;17,18 however,
only recently have we begun to examine the effects of ther-
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mal quenching of luminescence by misfit dislocations. Thermal quenching of the luminescence has been interpreted in
several ways by different authors, and has been attributed to
either thermal dissociation of excitons and thermally activated nonradiative recombination,19 or due to thermal emission of carriers out of the QWs, resulting in a reduction of
luminescence intensity at higher temperatures.20 The temperature dependence of the CL imaging was examined here
in the 87–250 K range, enabling a study of the spatial variation of the activation energies associated with thermal
quenching of luminescence near individual dislocations. The
CL intensity exhibits an Arrenhius-type dependence on the
temperature and is controlled by thermally activated nonradiative recombination. We have utilized a new approach to
obtain 2D images of the activation energy.
In particular, we have also examined the change in the
ambipolar diffusion length of carriers parallel to and in close
proximity to misfit dislocations using a CL-based diffusion
experiment. The changes in diffusion length are measured in
varying proximity to DLDs, and correlations with the CL
intensity, activation energy, polarization anisotropy, and luminescence energy are established. A detailed study of the
CLWI, LPCL, activation energy imaging, and ambipolar diffusion length variations is performed for two samples whose
In0.2Ga0.8As channel thicknesses are just beyond the critical
thickness in order that fundamental optical and transport
properties can be examined near individual dislocations with
a ;1 mm spatial resolution. An examination of relaxationand defect-induced changes in carrier diffusion and luminescence, on a mm scale, is further essential in enabling an
evaluation of fundamental design and growth parameters
necessary for optimized HEMT performance.
II. EXPERIMENT
Six HEMT devices were grown by molecular-beam
epitaxy.21–24 Each sample consisted of the following layers
~in order from substrate to the surface! grown on semiinsulating GaAs~001! substrates: a 1750-Å-thick GaAs undoped buffer layer; a GaAs/Al0.25Ga0.75As MQW ~;42-Åthick QWs!; a 3000-Å-thick undoped GaAs barrier; an
In0.2Ga0.8As QW ~channel! varying in thickness from 75 to
300 Å; a 530 Å layer of Al0.25Ga0.75As, containing a d-doped
Si layer ~;531012 cm22! within about 30 Å of the channel;
and a 50-Å-thick undoped GaAs cap. These samples were
previously analyzed with transmission electron microscopy
~TEM!, triple-axis x-ray diffraction ~XRD!, and Hall measurements to establish a relationship between degradation of
the device performance and the formation of ^110&-oriented
misfit dislocations.21,22 That study established that the onset
of a substantial device degradation occurred when misfit dislocations formed along both ^110& directions. Highresolution XRD further showed that the average In composition x in the samples varied from 0.203<x<0.214.
Scanning monochromatic CL, panchromatic CL, CLWI,
and LPCL were performed with a modified JEOL 840-A
scanning electron microscope.14 –16 A rotatable linear polarizer was mounted in vacuo to perform polarization
JVST B - Microelectronics and Nanometer Structures
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FIG. 1. Schematic diagram of the HEMT sample structure showing the ambipolar diffusion length experiment.

measurements.25 The light collected was dispersed by a 0.25
m monochromator and detected with a liquid-nitrogencooled Ge p-i-n diode detector. CL spectra were obtained
with a spectral resolution of 1 nm. An electron-beam energy
of 12 keV with varying beam currents from 0.1 to 10 nA was
used to probe the samples. The temperature of the samples
was varied between 87 and 300 K, for the various CL measurements.
In CLWI, the wavelength l m at which the intensity of
luminescence is a maximum is mapped as a function of the
spatial (x,y) position, and a gray scale or false color image
representing these wavelengths is generated.14 –16,26 A scanning area of 128394 mm2 is discretized into 6403480 pixels. In order to determine l m (x,y), a spectrum consisting of
20 wavelength points ~obtained from 20 discrete monochromatic CL images! was obtained at each (x,y) position,
thereby enabling a mapping of the In0.2Ga0.8As channel interband transition energy. The wavelength ranges for the 150
and 185 Å In0.2Ga0.8As samples was from 960 to 965 nm and
967 to 977 nm, respectively. Spectrally integrated CL images
~panchromatic in the specified wavelength range! were likewise obtained by summing the 20 discrete monochromatic
images at each (x,y) pixel position.
LPCL imaging and spectroscopy measurements were
taken with the polarizer rotated to detect the excitonic luminescence with E'@110# or Ei@110#, where E is the electric
field of the detected light. In order to emphasize the polarization variations, the ratio of the LPCL images at each (x,y)
position is represented as log[I' (x,y)/I i (x,y)], where I'
and I i are the pixel intensities under E'@110# and Ei@110#
detection orientations, normalized to a 256-level gray scale.
The ' and i subscripts are defined with respect to the @110#
direction in this study.
The ambipolar diffusion lengths were measured using an
approach illustrated in Fig. 1. The HEMT samples were
coated with a 800-Å-thick Ag mask over part of the sample.
The Ag film had lateral dimensions of 1003100 mm2, and
the edges of these squares were oriented along the ^110&
directions. The e-beam energy of 12 keV was sufficiently
large so that ;80% of the beam penetrated the Ag film and
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generated electrons and holes in the region just below the
mask.27 The Ag mask prevented light from radiative recombination in the generation region just below the mask from
being detected by the CL collection system; however, luminescence from carriers which diffused along the [11̄0] direction ~as shown in Fig. 1! and recombined just beyond the
edge of the mask was detected. By simultaneously scanning
the e beam toward the edge of the mask and recording the
integrated intensity of excitonic luminescence coming from
the In0.2Ga0.8As channel as a function of x, the distance from
the mask edge, we have measured the ambipolar diffusion
length L D , of carriers in the channel. From a simple diffusion model, the CL intensity is proportional to exp(2x/L D ),
as first demonstrated by Zarem et al.28 for transport in
GaAs/Alx Ga12x As heterostructures using a similar CL experiment. Our diffusion length experiment was performed for
various line scans parallel to and in varying proximity to the
DLDs in the samples with 150 and 185 Å In0.2Ga0.8As channel thickness. Owing to the formation of an orthogonal network of dislocations for channel thicknesses greater than 185
Å, we did not attempt this diffusion experiment in samples
with thicker In0.2Ga0.8As channels. A nonexponential dependence of the CL intensity would be expected for an e-beam
crossing misfit dislocations in this situation, thus requiring
more elaborate means to extract the diffusion lengths.

III. RESULTS AND DISCUSSION
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TABLE I. Linear dislocation densities ~LDD! along the @110# and [11̄0]
directions for the various In0.2Ga0.8As channel thicknesses. The calculated
e110 and e 11¯ 0 strains for each sample are shown.
Channel
thickness ~Å!
75
150
185
205
250
300

@110# LDD
~cm21!
,1310
33103
53103
1.73104
43104
1.163105

1

[11̄0] LDD
~cm21!
,1310
,13102
4.43102
5.53102
1.83103
2.53103
1

e110

e 11¯ 0

0.014 129
0.014 068
0.014 027
0.013 785
0.013 313
0.011 769

0.014 129
0.014 127
0.014 120
0.014 117
0.014 092
0.014 078

LDD and resulting in-plane strains, e110 and e 11¯ 0 , are shown
in Table I for the HEMT samples with various In0.2Ga0.8As
channel thicknesses. The linear dislocation densities were
obtained from a combination of CL imaging and plan-view
TEM. For CL imaging of DLDs, a maximum area of ;0.4
30.4 mm2 limited by the field of view of the ellipsoidal
mirror was used to determine the LDD.
In order to evaluate the average strain relaxation in the
In0.2Ga0.8As HEMT samples, we have examined spatially integrated CL spectra of these samples at room temperature, as
shown in Fig. 2. An area of 128394 mm2 was scanned during the acquisition of the these spectra. The energy of the
peak position is found to decrease from 1.217 to 1.179 eV as
the channel thickness is increased from 150 to 300 Å. The
first confined electron to heavy-hole ~e1–hh1! transition en-

A. Evaluation of the average strain relaxation in the
HEMT samples

An anisotropy was observed in the density of ^110&oriented dislocations, where dislocations first form along
[11̄0] and continue to have a greater density along this direction as the channel thickness increases. The two types of
60° dislocations are chemically inequivalent, owing to the
difference in termination of the extra half-plane which, e.g.,
in the type-I ~shuffle! set has a Ga and As termination, respectively, for the unreconstructed a ~[11̄0] line direction!
and b ~@110# line direction! dislocation cores. For a nonvicinal GaAs~001! substrate ~i.e., nominally no misorientation! it
is well established that for single thin Inx Ga12x As (x&0.2)
films grown on GaAs~001!, a dislocations are the first to
form in relaxing the strain.13,29 This has previously been attributed to the different levels of stress required to nucleate a
and b dislocations and the differences in a and b dislocation
propagation
velocities
on
nonvicinal
GaAs~001!
substrates.30,31 Recently, studies have shown that a misorientation in the GaAs~001! substrate can also affect the degree
of the asymmetry in the a and b dislocation density.14,16,32
Assuming a predominance of 60°-type misfit dislocations in
these samples, the average strain relaxation along a ^110&
direction is 0.02% for a linear dislocation density ~LDD! of
13104 cm21.29 The maximum in-plane strain of 1.41% in the
In0.2Ga0.8As channel is therefore reduced in proportion to the
orthogonal LDD. The average @110#- and [11̄0]-oriented
J. Vac. Sci. Technol. B, Vol. 14, No. 4, Jul/Aug 1996

FIG. 2. Stack plot of spatially integrated CL spectra at room temperature for
all HEMT samples.
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FIG. 4. Self-consistent-field calculation of the maximum electric field F m in
the In0.2Ga0.8As channel and change in the e1–hh1 transition energy vs
electron concentration n e at room temperature.

FIG. 3. Self-consistent-field calculation of the band profile for the
In0.2Ga0.8As HEMT sample ~channel thickness of 150 Å! showing the ~a! e1
and hh1 wave functions and Fermi-level position and ~b! plots of the theoretical e1–hh1 luminescence energy position vs the In0.2Ga0.8As QW width
for the ~i! fully strained, ~ii! fully relaxed, ~iii! uniaxially strained, and ~iv!
partially relaxed strain ~squares! conditions using the data in Table I. The
experimental CL peak positions from Fig. 2 are shown with dots in ~b!.
Calculations of e1–hh1 vs the QW width are also shown for a fully strained
In0.21Ga0.79As QW, to illustrate the affect of an In composition variation.

ergy was calculated as a function of the channel thickness for
the cases of
~i!
~ii!
~iii!
~iv!

fully biaxially strained ~pseudomorphic!,
uniaxially strained,
fully relaxed, and
partially relaxed In0.2Ga0.8As channels.

The purpose of the top Al0.25Ga0.75As barrier is to increase
the confinement energy for electrons, thereby effectively increasing the electron density in the channel. The resulting
asymmetrical QW structure ~with a 150 Å width! subject to
an electric field created by the ionized d-doped Si layer is
shown in Fig. 3~a!.
The electron and hole envelope wave-function calculations were performed with a transfer-matrix method ~TMM!
technique using a self-consistent-field approximation that includes the Hartree term.10,33–35 All occupied confined electron states, as determined by the Fermi-level position, were

used in calculating the field as a function of position in the
channel. A similar method was employed to calculate the
field self-consistently in a nipi-doped In0.2Ga0.8As MQW
structure, as discussed in Ref. 10. The wave functions and
potential were calculated self-consistently using Airy functions in the TMM by discretizing the potential into discrete
linear field regions with ;5 Å widths. The use of narrower
widths only negligibly affected the calculated electron and
hole eigenstates. The conduction to valence-band offset ratios (DE c /DE v ) at both interfaces of the Inx Ga12x As QW
were taken as linear interpolations between 70/30 and 60/40
for GaAs/Inx Ga12x As and GaAs/Aly Ga12y As interfaces,
respectively.36 The results of a calculation showing the band
diagram, ground-state electron and hole wave functions, and
Fermi level for the pseudomorphic case is shown in Fig.
3~a!. The ground-state electron and heavy-hole wave functions are shown superimposed on the calculated band profile
in Fig. 3~a!. The maximum electric field F m in the
In0.2Ga0.8As channel ~for a 150 Å width! and the e1–hh1
transition energy versus the electron concentration in the
channel n e at room temperature is shown in Fig. 4. The
maximum field in the channel occurs at the
Al0.25Ga0.75As/In0.2Ga0.8As interface, resulting in Stark shifts
of the confined electron and hole states. The field-induced
Stark shift decreases for a reduced electron concentration in
the channel and Si d-doping concentration, resulting in a
larger e1–hh1 transition energy as n e decreases ~as shown in
Fig. 4!.
The strain-induced changes in the In0.2Ga0.8As band edges
were calculated using the 434 Luttinger–Kohn and Pikus–
Bir Hamiltonian for a general in-plane strain, e 110 Þ e 11¯ 0 ,
referred to the ^110& dislocation directions.37,38 The straininduced energy change DE of the band gap involving the
j53/2 valence bands is given by the following solution of
the orbital-strain Hamiltonian for k50:15,37

DE52a ~ e xx 1 e y y 1 e zz ! 6 21 A4d 2 e 2xy 1b 2 ~ 2 e zz 2 e xx 2 e y y ! 2 13b 2 ~ e xx 2 e y y ! 2 ,
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where e xx 5 e y y 5 ( e 110 1 e 11¯ 0 )/2, e xy 5 ( e 11¯ 0 2 e 110)/2, and
e zz 522 e xx C 12/C 11; e110 and e 11¯ 0 are the strains along @110#
and [11̄0] directions, respectively. The constant a is the hydrostatic deformation potential; b and d are uniaxial deformation potentials associated with strains of tetragonal and
rhombohedral symmetries, respectively, which remove the
degeneracy of the bands as indicated by the 6 sign; C 11 and
C 12 are elastic constants; these constants for Inx Ga12x As are
found by interpolating between values for GaAs and
InAs.38,39 The low symmetry of a e 110 Þ e 11¯ 0 strain in the
In0.2Ga0.8As channel required the use of the Luttinger–Kohn
Hamiltonian to determine the In0.2Ga0.8As effective mass of
holes along the @001# growth direction. Standard hole masses
and band gaps are used for Alx Ga12x As. The Luttinger parameters are taken as a linearization, again, between the values for InAs and GaAs.38 The effective masses and strainmodified barrier heights were then used in the TMM
calculation to calculate the e1–hh1 transition energies for
~i!
~ii!
~iii!
~iv!

the pseudomorphic case ( e 110 5 e 11¯ 0 5 0.0141),
the uniaxial strain condition ~e11050 and e 11¯ 0
50.0141!,
the fully relaxed case ( e 110 5 e 11¯ 0 5 0), and
the partially relaxed case with general strain values,
e110 and e 11¯ 0 , as obtained from the measured dislocation densities shown in Table I for each channel thickness.

The results are shown in Fig. 3~b! as solid lines, mediumdashed lines, long-dashed lines, and squares for cases ~i!–
~iv!, respectively. The experimental e1–hh1 peak energies
~dots! are found to lie closest to the theoretical curve for the
pseudomorphic case ( e 110 5 e 11¯ 0 5 0.0141).
The deviation between the experimental peak positions
and pseudomorphic calculation increases as the channel
thickness increases, consistent with an increased strain relaxation of the In0.2Ga0.8As channel. The use of the measured
strains of Table I resulted in a better agreement between the
experimental and calculated e1–hh1 transition energies, as
shown in Fig. 3~b!. The CL imaging and plan-view TEM
revealed an increase in the dislocation density with increasing channel thickness as shown in Table I. It is apparent that
even for the case of the largest channel width of 300 Å, the
largest dislocation density yields a strain of e11050.0118, and
the film is still ;84% strained in the @110# direction. Therefore, the TMM calculations, when incorporating the observed strain relaxation, explain the salient features of the CL
peak energies for varying channel thicknesses. Further, the
deviation between the experiment and calculations for the
partially relaxed case @dots and squares, respectively, in Fig.
3~b!# is likely due to a variation in the In composition x. A
calculation of the e1–hh1 energy for a fully strained
In0.21Ga0.79As QW ~short-dashed lines! is shown in Fig. 3~b!,
indicating a ;10 meV decrease in the calculated e1–hh1
energy will occur for cases ~i! and ~iv! above if x50.21 is
used instead of x50.20 in these calculations.
J. Vac. Sci. Technol. B, Vol. 14, No. 4, Jul/Aug 1996

FIG. 5. ~a! CL intensity and ~b! CLWI images of the same regions in the
In0.2Ga0.8As HEMT sample with 150 Å channel thickness.

B. Local CL energy and polarization variations in close
proximity to dislocations

Recently, we have established that there are significant
energy and polarization variations in the optical transitions in
close proximity to misfit dislocations, in addition to the nonradiative behavior of DLDs.14 –16 The previous systems examined were partially relaxed Inx Ga12x As/GaAs films which
had linear dislocations densities greater than ;13104 cm21
or one dislocation per mm. Since the carrier diffusion length
is ;1 mm, defect densities greater than 13104 cm21 result in
DLDs that are composed of bunches of dislocations, which
cannot be resolved individually with conventional CL imaging. Bunches of dislocations that are formed with very narrow dislocation spacings can result in nearly complete strain
relaxation along one ^110& direction with a partial strain remaining in the orthogonal direction. This can further result in
a quasi-uniaxial stress leading to a large I i /I' polarization
anisotropy and a reduction in the excitonic transition energy,
as previously reported.14 –16
We have pursued a similar analysis here for the case of
dislocations separated by a length on average greater than the
carrier diffusion length, so as to examine the effects of isolated dislocations. Figures 5 and 6 show ~a! CL intensity and
~b! CLWI images of samples with 150 and 185 Å channel
thicknesses, respectively. The false-color scale represents the
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FIG. 7. Line scan analysis for an arbitrary @110#-oriented line for the images
of Fig. 5 ~150 Å In0.2Ga0.8As channel width! showing the CL intensity and
CLWI position correlations. Dashed and solid vertical lines are used to show
correlations between a reduced CL intensity ~DLDs! and a blue shift in the
e1–hh1 transition energy.

FIG. 6. ~a! CL intensity and ~b! CLWI images of the same regions in the
In0.2Ga0.8As HEMT sample with 185 Å channel thickness.

wavelength position l m of the peak CL intensity. A particularly striking feature is observed in the CLWI images. The
wavelength of emission is found to decrease near the DLD
position, showing a blue shift correlated with a defectinduced CL intensity reduction. Figures 7 and 8 each show a
line scan analysis for an arbitrary line scan taken perpendicular to the [11̄0] dislocation direction and illustrate a one-toone correlation between the blue shift and the DLD position.
A maximum increase of ;5 and ;10 meV is seen at the
DLD centers for the 150 and 185 Å samples, respectively, in
Figs. 5– 8. This behavior appears contradictory to the previously observed red shift measured near DLD positions in
Inx Ga12x As samples exhibiting a greater strain relaxation
and greater dislocation-induced reductions in the e110
strain.14 –16 This apparent discrepancy is, however, explained
by the influence of the dislocations and associated point defects on the electron density in the channel. It is our hypothesis that these defects create localized deep levels and traps
that reduce the effective electron density in the channel near
DLDs, thereby simultaneously reducing the field in the channel. The reduction in both the electron density and field will
concomitantly reduce the Stark shift, thereby resulting in a
local increase in the e1–hh1 emission energy. A similar behavior was observed for defect-induced reductions in the
electric field and Stark shifts for nipi-doped
In0.2Ga0.8As/GaAs MQWs.10 The larger blue shift in the e1–
JVST B - Microelectronics and Nanometer Structures

hh1 transition energies for the 185 Å sample ~Figs. 6 and 8!
is evidently due to the enhanced dislocation density. Dislocation bunching and an enhanced point defect density are
more prevalent for larger In0.2Ga0.8As channel thicknesses,
which should result in a greater local depletion of the electron density in the channel.
The local strain relaxation appears to minimally effect the
e1–hh1 transition energy. As shown in Fig. 3, the curve for a
uniaxial strain condition is ;50 meV lower than that for the
pseudomorphic case. A defect-induced reduction in the quan-

FIG. 8. Line scan analysis for an arbitrary @110#-oriented line for the images
of Fig. 6 ~185 Å In0.2Ga0.8As channel width! showing the CL intensity and
CLWI position correlations. Dashed and solid vertical lines are used to show
correlations between a reduced CL intensity ~DLDs! and a blue shift in the
e1–hh1 transition energy.
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tum confined Stark effect could also cause a blue shift of
;50 meV in the e1–hh1 transition energy, as seen from Fig.
4. That is, strain relaxation and defect-induced reductions in
the field cause the e1–hh1 energy to shift in opposite directions, thereby possibly masking the effects caused by strain
relaxation. However, from the CL polarization results discussed below, we show that the average strain tensor within
the ;1 mm carrier diffusion length near DLDs is still well
described by a biaxial strain with e 110 ' e 11¯ 0 , for the 150 and
185 Å samples analyzed in Figs. 5– 8.
Linearly polarized monochromatic CL images were taken
with the polarizer rotated to detect emission of light with
E'@110# and Ei@110# detection orientations at wavelengths
of 962 and 972 nm for the 150 and 185 Å samples, respectively. In order to emphasize the polarization variations, the
ratio of these images is displayed in Figs. 9 and 10. The
pixels in the ratio image at a (x,y) position are presented as
log[I' (x,y)/I i (x,y)], where I' and I i are the pixel intensities under E'@110# and Ei@110# detection orientations. The
bright and dark bands present in the LPCL ratio images exhibit a local polarization anisotropy, which indicates the
presence of mm-scale variations in e110 . These bands correlate with the peaks and dips in the CL intensity image, as
shown in the line scan analysis of Fig. 11 for the 185 Å
sample. The maximum polarization anisotropies ~minimum
ratios! are I' /I i '0.95 and I' /I i '0.85 for the 150 and 185
Å samples, respectively. The spatially averaged I' /I i ratios
for the LPCL images of Figs. 9~b! and 10~b! are 0.98 and
0.95, respectively. From the four-band k–p calculation discussed above, we have calculated I' /I i using the dipole approximation
in
Fermi’s
golden
rule,
i.e.,
I', i } u ^ u e u E',i–pu u h & u 2 , where u e is the electron wave function, u h is the wave function of the uppermost hole state, and
p is the linear momentum operator. Both u e and u h include
the envelope wave functions and zone-center Bloch functions for the s- and p-type conduction- and valence-band
states, respectively. The polarization ratio was calculated for
a fixed e 11¯ 0 5 0.0141 and variable e110 , to simulate the effect
of a transition from uniaxial to biaxial ~pseudomorphic!
strain. The results are shown in Fig. 12 for the 150 and 185
Å samples, where we also show the calculated e1–hh1 transition energy as a function of e110 . From the measured average polarization anisotropy ratios above and the calculation
in Fig. 12, the estimated values for e110 are 0.0138 and
0.0132 ~i.e., 98% and 94% strained! for the 150 and 185 Å
samples, respectively. This is in reasonable agreement with
the low strain relaxation and e110 values observed in Table I
from the linear dislocation densities for these samples. These
results contrast with the situation previously studied for
highly relaxed Inx Ga12x As samples with dislocation densities greater than ;13105 cm21, where dislocation bunching
lead to a quasiuniaxial strain and a larger polarization
anisotropy.14 –16 Thus, for individual dislocations studied
here, within the minority carrier diffusion length of ;1 mm,
the presence of dislocations with densities less than ;13104
leads to a measured luminescence behavior still well described by a biaxial strain, e 110 ' e 11¯ 0 .
J. Vac. Sci. Technol. B, Vol. 14, No. 4, Jul/Aug 1996
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C. The CL temperature dependence and spatial
variations in the activation energy

The integrated CL intensity I T of the e1–hh1 transition in
the In0.2Ga0.8As channel and the excitonic luminescence of
the GaAs/Al0.25Ga0.75As MQW was measured as a function
of temperature for selected local regions in close proximity
to and away from dislocations, labeled D and B, respectively
to denote dark and bright regions in the In0.2Ga0.8As CL imaging. The results are shown in Fig. 13 for both the 150 and
185 Å samples in a log I T vs 1000/T plot. The CL intensities
reduce as the temperature increases from 87 to 250 K. This
reduction corresponds to the increase of thermally activated
nonradiative recombination, which causes an Arrhenius dependence in the high-temperature range. In previous reports
of the temperature-dependent luminescence efficiency,17,18,40
the linear region of the Arrhenius behavior in the hightemperature range was characterized by one or two thermally
activated nonradiative recombination processes. We use the
following fitting equation for the temperature dependence of
the In0.2Ga0.8As QW CL intensity:
I T 5R h ,

~2!

where h 51/(11R nr/R r ) is the quantum efficiency,41,42 R is
a coefficient which depends on the generation rate of
electron–hole pairs and the relative weights of monomolecular and bimolecular recombination,41 R r is the radiative recombination rate which is assumed to be temperature independent, and R nr represents the rate for nonradiative
recombination and is assumed to have the following temperature dependence:
R nr5R nr1 1R nr0 exp~ 2E a /kT ! ,

~3!

where R nr0 and E a are the temperature-independent prefactor
and the thermal activation energy,40,42 respectively, and R nr1
is the rate for nonthermally activated nonradiative recombination ~i.e., independent of temperature!. The temperaturedependent exponential term is due to the enhancement of the
capture cross section of nonradiative recombination centers
as seen by carriers as the temperature increases. The model
of Eq. ~3! is motivated by the existence of DLDs in the CL
imaging at the lowest temperatures, indicating that there are
nonradiative channels which are independent of any thermal
activation. Therefore,
I T5

u
,
11 b exp~ 2E a /kT !

~4!

where u 5R/(11R nr1/R r ! and b 5R nr0/~R r 1R nr1! are independent of temperature and depend on the density of nonthermally and thermally activated nonradiative recombination centers. At the low-temperature limit, h saturates since
thermally activated nonradiative recombination vanishes and
I T 5 u . The spatial variation in u therefore accounts for the
difference in I T , the e1–hh1 emission intensity, when
T&100 K, as shown in Figs. 9, 10, and 13. The solid lines in
Fig. 13 show a fit of Eq. ~4! to the experimental CL data for
the e1–hh1 transition at the corresponding B ~bright! and D
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FIG. 9. CL imaging of the 150 Å In0.2Ga0.8As HEMT sample showing ~a! spectrally integrated CL intensity images for the e1–hh1 emission, ~b! LPCL I' /I i
ratio images, ~c! activation energy E a1 images for the In0.2Ga0.8As QW luminescence, monochromatic CL images for GaAs/Al0.25Ga0.75As MQW at ~d! T587
K and ~e! 180 K, and ~f! activation energy E a2 images for the GaAs/Al0.25Ga0.75As MQW emission.
JVST B - Microelectronics and Nanometer Structures
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FIG. 10. CL imaging of the 185 Å In0.2Ga0.8As HEMT sample showing ~a! spectrally integrated CL intensity images for the e1–hh1 emission, ~b! LPCL I' /I i
ratio images, ~c! activation energy E a1 images for the In0.2Ga0.8As QW luminescence, monochromatic CL images for GaAs/Al0.25Ga0.75As MQW at ~d! T587
K and ~e! 180 K, and ~f! activation energy E a2 images for the GaAs/Al0.25Ga0.75As MQW emission.
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FIG. 13. CL intensity vs 1000/T for the same local bright ~B! and dark
regions ~D! in the In0.2Ga0.8As e1–hh1 and GaAs/Al0.25Ga0.75As MQW
monochromatic CL images. The solid lines running through the curves are a
fit of Eq. ~4! to the data to determine the activation energies E a1 and E a2 for
the In0.2Ga0.8As QW and GaAs/Al0.25Ga0.75As MQW luminescence, respectively.

FIG. 11. Line scan analysis for an arbitrary @110#-oriented line for the images of Fig. 10 ~185 Å In0.2Ga0.8As channel width! showing ~a! the CL
intensity for the e1–hh1 emission, GaAs/Al0.25Ga0.75As MQW emission intensity at ~b! T5180 K and ~c! 87 K, ~d! LPCL I' /I i ratio, and activation
energies ~e! E a2 and ~f! E a1 .

~dark! regions. The activation energies E a1 , were determined
for each pixel position by fitting all 6403480 pixel intensity
values for the monochromatic CL images of the e1–hh1 transition taken at 12 different temperatures. The results of E a1
for each (x,y) position are shown in Figs. 9~c! and 10~c!, for

FIG. 12. Calculation of the e1–hh1 I' /I i emission ratio and In0.2Ga0.8As
QW transition energy vs e110 for a fixed e 11¯ 0 5 0.0141 at room temperature.
JVST B - Microelectronics and Nanometer Structures

the 150 and 185 Å samples, respectively. A line scan analysis
is also shown in Fig. 11~f! for the 185 Å sample.
For
the
luminescence
originating
from
the
GaAs/Al0.25Ga0.75As MQW, I B , a low-temperature saturation
of its intensity was not reached for the 87 K minimum in this
study ~as shown in Fig. 13!. We have also fit the CL images
of I B , taken at the 12 different temperatures, with the model
of Eqs. ~2!–~4!, obtaining the activation energy, E a2 for the
GaAs/Al0.25Ga0.75As MQW excitonic luminescence. The results of two fits are shown by the solid lines in the log plot of
Fig. 13 for the same regions, B and D, as indicated for the
e1–hh1 In0.2Ga0.8As luminescence. We further observe a
change in the relative intensity of the GaAs/Al0.25Ga0.75As
MQW emission near features which correspond to DLDs in
the CL imaging of the e1–hh1 In0.2Ga0.8As QW emission. At
T5180 K, for both the 150 and 185 Å samples, the imaging
of the GaAs/Al0.25Ga0.75As MQW emission @Figs. 9~e! and
10~e!# results in DLDs which correlate, one to one, with that
of the e1–hh1 imaging, as also shown in the line scan data of
Fig. 11. As the temperature is lowered, a reversal in the relative intensity of the GaAs/Al0.25Ga0.75As MQW emission occurs near defects, resulting in bright lines in the CL images,
as shown in Figs. 9~d! and 10~d!. This striking contrast reversal is also illustrated in the line scan analysis of Figs.
11~b! and 11~c!. That is, high-temperature DLDs in the
GaAs/Al0.25Ga0.75As MQW emission become bright line defects ~BLDs! at lower temperatures. The activation energy
for this emission E a2 increases near these defects, as indicated by the imaging and line scan analysis. This is in contrast to the decrease in E a1 near DLDs.
This behavior reflects salient differences in the thermal
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activation of carriers which are in close proximity, but on
opposite sides, of the In0.2Ga0.8As/GaAs interface. The E a1
energy represents the activation energy for thermal reemission of carriers out of the In0.2Ga0.8As QW, as has been observed for similar QW and MQW systems.17–20 Once out of
the In0.2Ga0.8As QW, the carriers can be recaptured by the
QW, recombine in the GaAs barrier, or diffuse to the
GaAs/Al0.25Ga0.75As MQW where recombination can occur.
An extremely weak GaAs near-band-edge luminescence was
detected relative to emissions from the In0.2Ga0.8As QW and
GaAs/Al0.25Ga0.75As MQW, indicating the very low impurity
concentration and high quality of the GaAs barrier layer.
Carriers which are generated in the GaAs barrier will then
primarily diffuse to the underlying GaAs/Al0.25Ga0.75As
MQW or In0.2Ga0.8As QW, where a higher carrier capture
rate in these layers is expected, owing to quantum capture.
The 3000 Å thickness of the GaAs barrier is less than the ;1
mm ambipolar diffusion length for high-quality and lowimpurity GaAs, thereby enabling the GaAs barrier to serve as
a conduit for efficient transport of electrons and holes to and
from the GaAs/Al0.25Ga0.75As MQW and In0.2Ga0.8As QW.
The defects created by the misfit dislocations further introduce other recombination channels for carriers in the
In0.2Ga0.8As QW. These defects enhance the probability for
thermally assisted nonradiative recombination for carriers already residing in the In0.2Ga0.8As QW, thereby resulting in a
decrease in E a1 near DLDs. The analysis in Figs. 9~c!, 10~c!,
and 11~f! shows that there is a maximum decrease in E a1 of
;60 and ;80 meV near DLDs for the 150 and 185 Å
samples. The greater reduction in E a1 for the 185 Å sample
reflects the enhanced defect density.
For carriers recombining in the GaAs/Al0.25Ga0.75As
MQW, the misfit dislocations, likewise, introduce additional
thermally assisted nonradiative channels which are accessible at higher temperatures. These channels may compete
with carrier capture by the In0.2Ga0.8As QW and subsequent
radiative recombination. However, at lower temperatures,
carrier capture by these defects is substantially reduced and
simultaneously results in a reduced transfer of carriers from
the GaAs/Al0.25Ga0.75As MQW to the In0.2Ga0.8As QW at
defect sites, thereby resulting in a local increase of E a2 .
These defect sites also appear to act as a barrier to transport
into the In0.2Ga0.8As QW at low temperatures, thereby enhancing the relative GaAs/Al0.25Ga0.75As MQW emission
near dislocations and resulting in BLDs correlated with the
In0.2Ga0.8As DLDs. The spatially averaged values of E a2
@from Figs. 9~f! and 10~f!# are 32.3 and 35.3 meV for the 150
and 185 Å samples. The larger value in the latter sample
again likely reflects the larger relaxation-induced defect density in that sample.
D. Spatial variations in the carrier diffusion length

The diffusion length experiment was performed by scanning the e beam along the [11̄0] direction ~parallel to the
DLDs! and recording the intensity of the e1–hh1 luminescence as a function of the distance x from the mask edge ~as
illustrated in Fig. 1!. Typical scans are shown for the 150 and
J. Vac. Sci. Technol. B, Vol. 14, No. 4, Jul/Aug 1996
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FIG. 14. CL intensity vs beam position x for different line scans ~labeled
a–d! parallel to the [11̄0] dislocation line direction near and between DLDs
for both the 150 and 185 Å In0.2Ga0.8As HEMT samples.

185 Å In0.2Ga0.8As samples at four different regions in each
sample, labeled a–d, in Fig. 14. These regions are further
identified in the CL line scan analysis of Figs. 15 and 16,
which show the In0.2Ga0.8As QW luminescence intensity versus distance ~bottom scan! along @110# ~i.e., perpendicular to
the dislocation line direction!. The dips in the CL intensity
scan, again, represent the DLDs. For both samples, regions a
and b are away from DLDs, while c and d are near the center
of DLDs. From Fig. 14 it is apparent that a reduction in CL
intensity at these regions is also accompanied by a greater
negative slope, resulting in a smaller ambipolar diffusion
length. This correlation is illustrated in Figs. 15 and 16 for
several diffusion length measurements performed in varying
proximity to DLDs at different temperatures. For both
samples, regions near and far from the DLDs correspond to
regions of smaller and larger diffusion lengths, respectively.
A wide variation in L D is observed from about 0.5 to 3 mm in
Fig. 17, showing that defect regions can substantially influence the transport. No clear systematic variations in L D with
temperature are observed.
From previous Hall measurements of these samples, the
In0.2Ga0.8As channel contains a large electron concentration
of ;331012 cm22 at 77 K.21,22 The L D measured here therefore reflects the diffusion of the minority carriers, i.e., holes.
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FIG. 15. CL intensity and diffusion length plot vs distance along @110#
~perpendicular to the dislocation direction! for various temperatures for the
150 Å sample. The dashed and solid vertical lines show the spatial correlations between the DLD positions and a reduced diffusion length.

FIG. 16. CL intensity and diffusion length plot vs distance along @110#
~perpendicular to the dislocation direction! for various temperatures for the
185 Å sample. The dashed and solid vertical lines show the spatial correlations between the DLD positions and a reduced diffusion length.

This hole diffusion length will involve an interplay between
local changes in mobility m p , and minority-carrier recombination lifetime t p as L D 5(D p t p ) 1/2, where m p and D p are
related by the Einstein relation m p 5eD p /kT.43 The presence
of defects will evidently reduce both m p and t p as a result of
enhanced scattering near defects and introduction of nonradiative recombination channels. As discussed in Sec. III A,
the enhanced defect density near dislocations is expected to
locally reduced the electric field. The reduction in the field is
also expected to result in a decrease in t p since the electron
and hole envelope wave-function overlap will also increase
with a decrease in the field @see Fig. 3~a!#. However, without
a quantitative measurement of the lifetime and its variations
we refrain from attempting to deconvolve L D into separate
m p and t p terms here.

fusion in a strain relaxation regime where the optical and
transport properties near individual dislocations were examined. The dislocations and DLD network were found well
separated on a mm scale and oriented primarily along one of
the ^110& directions. A plan-view TEM and CL imaging
analysis was used to determine the linear dislocation densities for a greater range of samples with In0.2Ga0.8As channel
thicknesses below and well beyond the critical thickness.
Theoretical calculations using a four-band k–p and TMM
were used to calculate the band profile and eigenstates of the
HEMT samples. The electric field in the channel and the
electron and hole eigenstates were treated self-consistently.
CL wavelength imaging showed a striking blue shift of ;5
and ;10 meV in the 150 and 185 Å samples, respectively,
contrary to a previous red shift observed in undoped samples
which exhibited a greater strain relaxation, as reported in
Refs. 14 –16. We hypothesize that a defect-induced reduction
in the field occurs and leads to a reduced Stark shift of the
electron and hole eigenstates.
A small polarization anisotropy is observed, consistent
with the level of strain relaxation in each sample and theoretical calculations of the polarization ratio. The activation
energies for the In0.2Ga0.8As QW and GaAs/Al0.25Ga0.75As
MQW luminescence were obtained by temperature-

IV. SUMMARY AND CONCLUSIONS
A detailed study of fundamental optical and transport
properties of two In0.2Ga0.8As HEMT samples has been performed for channel thicknesses that just exceed the
In0.2Ga0.8As critical thickness. This facilitated a study of the
excitonic luminescence polarization and wavelength, thermally activated nonradiative recombination, and carrier difJVST B - Microelectronics and Nanometer Structures
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1

FIG. 17. Diffusion length vs temperature for various bright ~a and b! and
dark ~c and d! regions in both 150 and 185 Å samples.

dependent CL measurements. Spatial variations in the activation energies are found to correlate with DLDs. These defects were found to lower the activation energy for thermal
reemission of carriers from the In0.2Ga0.8As QW and increase
the activation energy for carrier transfer into the In0.2Ga0.8As
QW from
the
underlying
GaAs
barrier
and
GaAs/Al0.25Ga0.75As MQW. The ambipolar diffusion length
of carriers in the In0.2Ga0.8As QW was quantified with a
noncontact optical diffusion length measurement which utilized a one-dimensional line scan during monochromatic CL
detection and a Ag mask which covered part of the sample.
The diffusion lengths of holes parallel to the dislocation line
direction were found to decrease by as much as a factor of
;5 in close proximity to DLDs, thereby revealing that an
important transport parameter is deleteriously effected by the
dislocation formation. Future time-resolved CL measurements involving lifetime determinations on a mm scale
should help clarify the competing roles of mobility and the
minority-carrier lifetime in determining the diffusion lengths.
This study revealed that the optical and transport properties
of Inx Ga12x As HEMTs are linked on a mm scale and are
both intimately tied to the presence of misfit dislocations and
dark line defects which form during strain relaxation.
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