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OPTICAL STUDIES OF InGaAs/GaAs
MULTIPLE QUANTUM WELLS (MQW’s) AND GaAs/Si
USING NOVEL SCANNING ELECTRON MICROSCOPY BASED TECHNIQUES

D.H. Rich!*, H.T. Lin!, Y. Tang‘, K. Rammohan! and A. Larsson®
Photonic Materials and Devices Laboratory, Department of Materials Science and Engineering
University of Southern California, Los Angeles, CA 90089-0241
2Chalmers University of Technology, Department of Optoelectronics and Electrical Measurements
S-412 96 Goteborg Sweden

Abstract

The influence of defects on electron-hole plasma
transport in nipi-doped Ing,Gay gAs/GaAs multiple
quantum wells (MQWs) has been studied using a novel
technique called electron beam induced absorption
modulation (EBIA) imaging. Modulation doped MQW
structures exhibit large optical nonlinearities and are
important for the development of all-optical spatial light
modulators used in optical computing and communica-
tion. The electron-hole plasma is generated by a high-
energy electron beam in a scanning electron microscope
and is used as a probe to study the MQW absorption
modulation induced locally by the electron beam. The
influence of structural defects on the diffusive transport
of carriers is imaged with a um-scale resolution. A
strong spatial correlation between dark line defects
observed in cathodoluminescence (CL) and absorption
modulation steps in EBIA reveals the existence of strain-
induced band edge fluctuations that are caused by misfit
dislocations. The spatial variation of stress in metalor-
ganic chemical vapor deposition grown GaAs/Si has
been studied with linearly polarized cathodoluminescence
(LPCL). GaAs grown on Si wafers in selective areas
(10 to 1000 pum mesas) were studied. The large differ-
ence in thermal expansion coefficient between GaAs and
Si results in thermal stress-induced microcracks and dis-
locations which can occur upon cooling from growth
temperatures. Using LPCL, we have determined the
spatial distribution of the stress tensor from the polarized
CL strain-split peak positions and solutions to the or-
bital-strain Hamiltonian.

Key Words: Cathodoluminescence, multiple quantum
wells, lattice mismatch, thermal stress, misfit disloca-
tions, point defects, nipi doping.
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Introduction

The steady improvement in the quality of epitaxially
grown strained semiconductors has lead to the develop-
ment of opto-electronic devices that are critical compo-
nents of optical computing and communication architec-
tures. The use of strained In,Ga;_ As in the active re-
gion of quantum well (QW) lasers fabricated on GaAs
substrates allows for the utilization of unique advantages
due to the modification in electronic structure [34]. The
strain-induced splitting of the valence bands results in a
lowering of the density of states in the highest energy
valence band, thus permitting lasing to occur at a lower
threshold current than for unstrained lasers. The attend-
ant lowering of the in-plane hole mass results in a higher
speed lasing modulation capability [34]. Likewise, the
use of a thin InGaAs film as a channel layer on GaAs in
a high electron mobility transistor (HEMT) has enabled
significant enhancements in high-speed switching appli-
cations owing to a higher electron mobility and increase
in the I'-L conduction band intervalley energy separation
[32].

The spatially separated electron-hole plasma that can
be generated in periodically doped nipi multiple quantum
well (MQW) structures exhibits novel electronic and op-
tical properties which can be utilized for applications in
photonic devices [4, 15, 23, 29, 30, 31]. Because of
large enhancements in the excess carrier lifetime and in-
plane ambipolar diffusion constant, large excess carrier
concentrations can be created by relatively weak optical
excitation to alter the effective nipi band gap, MQW ex-
citonic absorption, and refractive index [4, 15, 18, 23,
29, 30, 31}. The InGaAs/GaAs MQW system, when
utilizing these photo-optic effects, is a leading candidate
for the fabrication of spatial light modulators (SLMs)
which are the building blocks of high-information
throughput optical computing elements and Fourier-plane
image processing devices [17, 36]. SLMs, which modu-
late the intensity, phase, or polarization of optical signals
in space and time, are essential components of optical
information processing, digital optical communication,
and visual display systems [36]. The incorporation of




nipi-doped MQWs into an asymmetric Fabery-Perot cav-
ity has recently demonstrated the feasibility of high-
contrast optically-addressed SLMs [17]. Pixelated SLM
architectures allow for a large degree of parallelism and
interconnectivity, and can, therefore, serve as basic ele-
ments for a variety of neural network and artificial intel-
ligence designs. Applications in real-time image proc-
essing, object tracking and pattern recognition require a
choice of electro-optic semiconductors materials which
are suitable for integration into electronic systems. In
particular, SLMs and lasers based on InGaAs/GaAs
QWs are attractive since, in a transmission geometry,
such SLMs can take advantage of the transparent nature
of the GaAs substrate.

Heteroepitaxial GaAs films grown on Si substrate
have attracted a great deal of attention in recent years,
owing to the possibilities for monolithic integration of
electronic and photonic technologies [5, 19, 21, 27, 35,
38]. High-quality heteroepitaxial GaAs/Si growth offers
the opportunity of combining the high reliability and
accessibility of Si-based microelectronics processing with
the high-speed and light-emitting capabilities of GaAs
and other III-V alloys. However, such applications are
not without some serious material-related problems in-
hibiting high quality growth. A 4.2% lattice mismatch
between GaAs and Si at growth temperature is compen-
sated by dislocations at the interface. The fabrication of
hybrid photonic and electronic devices based on InGaAs/
GaAs/Si 1s certainly attractive, yet presents an even
greater challenge. The development of the aforemen-
tioned applications of the strained InGaAs/GaAs system
has supplied the driving force for studies in the funda-
mental structural and optical properties. The deleterious
nature of strain-induced defects such as misfit and
threading dislocations and point defects can significantly
influence the optical and transport properties. The pres-
ence of such defects can create competing recombination
channels which can reduce the radiative efficiency of de-
vice material and create spatial nonuniformities in the
optical properties. The interfacial strain can be driven
by either lattice or thermal mismatch or a combination
of both. The ratio of the GaAs and Si thermal expan-
sion coefficients is about 2.5 at typical growth tempera-
tures in excess of 700°C; the subsequent cooling to
room temperatures results in a large tetragonal distortion
which can cause wafer bowing and the formation of
microcracks to partially relieve the thermal stress [5, 19,
21, 27, 35, 38]. The residual thermal stress and distri-
bution of microcracking on GaAs/Si will alter the elec-
tronic and optical properties, and the effects of stress on
the splitting of the j = 3/2 heavy-hole (hh; m = +3/2)
and light-hole (lh; m; = +1/2) bands at k = 0 have

been studied, and optical transitions involving these
states exhibit polarization selection rules which depend
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on the strain {3, 26].
Experimental Approaches

In order to more fully understand the influence of
strain and the associated defects on the optical and struc-
tural properties of I1I-V heteroepitaxial systems, we have
employed two novel scanning electron probe techniques.
The first is linearly polarized cathodoluminescence
(LPCL) imaging, which is used to study defect-induced
um-scale variations in the strain tensor for lattice- and
thermal-mismatched heterostructure systems [27]. In
LPCL, the polarization properties of the luminescence is
measured to evaluate the spatial variations in stress and
strain tensors. Such variations can occur as a result of
strain relaxation near dislocations, cracks, and edges.
Recently, we have demonstrated that LPCL imaging and
spectroscopy can be a useful tcol to study the stress-
induced splitting of the j = 3/2 valence bands [27]. In
order to more fully understand the ramifications associ-
ated with fabricating devices with the GaAs/Si system,
it is essential to elucidate in detail the spatial variation in
the strain, and a high-spatial resolution technique, such
as offered in CL, is needed to locally probe the strain-
induced splitting of the j = 3/2 valence bands.

In this study, we find that the stress decay in the vi-
cinity of edges, corners, and microcracks is found to be
modeled well with a bi-metal thin film model, showing
an approximately exponential decay in stress in GaAs/Si.
The in-plane stress tensor comprised of transverse nor-
mal (o | ; perpendicular to the edge) and longitudinal
(o) parallel to the edge) terms whose relative contribu-
tions can be determined from the polarized CL strain-
split peak positions and solutions to the orbital-strain
Hamiltonian. LPCL imaging is observed to be sensitive
to local deviations from biaxial stress and can be used to
map the boundaries of stress contours near mesa edges
and defects. The GaAs/Si system has also been studied
previously with photoluminescence (PL) [19, 35, 38,
40], photoluminescence excitation (PLE) [40], photore-
flectance (PR) [S], and CL [19, 21, 27, 35, 38, 41].

Our second new technique is called electron beam-
induced absorption-modulation (EBIA) imaging, which
is used to study the influence of defects on the dynamics
of excess carrier recombination and electron-hole plasma
transport [29, 30, 31]. In EBIA, an electron-hole plas-
ma is generated by a high-energy electron beam in a
scanning electron microscope and is used as a probe to
study the MQW absorption modulation induced locally
by the electron beam. The influence of structural de-
fects on the diffusive transport of carriers is imaged with
a um-scale resolution. EBIA can be used to discrimi-
nate between defect generation that occurs at the MQW-
to-GaAs substrate interface and defects which exist in
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Figure 1. Schematic showing the linearly polarized cathodoluminescence detection system installed on a JEOL-840A
SEM. An ellipsoidal mirror is used to collect the luminescence and light is transmitted to the monochromator by a high-
resolution coherent (imaging) fiber bundle. The rastering of the electron beam, control of the monochromator, and
processing of the images is facilitated by a PC-486 microcomputer.

the MQW region [29, 30]. A strong spatial correlation
between dark line defects (DLDs) observed in CL and
absorption modulation steps in EBIA reveals the exist-
ence of strain-induced band edge fluctuations that are
caused by substrate-to-MQW interfacial misfit disloca-
tions. The present results demonstrate that in certain
lattice-mismatched heterostructures, a Cottrell atmo-
sphere of point defects separated from interface misfit
dislocation cores can affect the lateral transport of
carriers. The excess carrier lifetime and diffusion
coefficient have been obtained by a one-dimensional
Shockley-Haynes type diffusion experiment using EBIA
[31].

CL and EBIA instrumentation

Cathodoluminescence measurements were performed
with a JEOL 840-A thermionic emission (with both tung-
sten and LaBg filament capabilities) scanning electron
microscope (SEM) that is equipped with a 500 kHz
band-width electromagnetic beam blanking system. The
CL optical collection system and cryogenic specimen
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stage were designed and constructed at the University of
Southern California and a schematic is shown in Figure
1. The luminescence emitted from the sample was col-
lected with an ellipsoidal mirror which focuses the radia-
tion onto a coherent optical fiber bundle leading outside
the SEM vacuum chamber to a 0.25 m focal length
monochromator. The coherency of the bundle allows
for a direct imaging of light at the second ellipsoidal
focus into the entrance slit of the monochromator. The
bundle acts as an efficient polarization scrambler, and to
perform polarization measurements a rotatable vacuum
polarizer was mounted directly in front of the bundle.
In order to account for polarization mixing effects
caused by reflection at the mirror, e.g., due to finite sol-
id angle of collection and changes in the electric field
(E) phase and amplitude, a linearly polarized Lambertian
(cosine) source was placed at the focus to simulate emis-
sion from the sample. The intensity extinction ratio
I/}, measured by rotating one polarizer 90° with re-
spect to the other, departed from the ideal value of 0 and
was found tobel, /I = 0.27. The slit width of the
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Figure 2. Schematic of the EBIA setup which utilizes the modified CL apparatus shown in Figure 1.

monochromator was chosen to give a spectral resolution
of 1 nm. A North Coast liquid nitrogen cooled EO-817
Ge p-i-n detector, a standard non-cooled Si p-i-n detec-
tor, and a Hamamatsu Cs:GaAs photomultiplier photon
counting system were used to detect the dispersed radia-
tion; this allowed for wavelength detection in the 300 to
1800 nm range. Cryogenic cooling with sample articu-
lation is accomplished by an oxygen-free high-purity Cu
braid connection between the Cu sample holder and a
High-tran input cold-finger, designed by R.G. Hansen
and Associates. The system can be cooled with either
liquid helium or liquid nitrogen and allows for a continu-
ous temperature control range between 15 and 350K.
In EBIA, the spatially separated excess carriers in
periodically nipi-doped samples are generated by the
high-energy electron beam within the SEM. The elec-
tron probe has the advantage that the electron-hole pair
density in the excitation volume is nearly homogenous
for appropriate beam energies (i.e., all QW layers can
be excited equally). By utilizing the scanning capability
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Figure 3 (on facing page). Band diagram of a MQW
nipi structure (sample A) showing spatial separation of
electrons and holes which occurs under electron beam
excitation in (a). The structure is illustrated for the case
of &-doping, which results in linear variations in the
conduction (E) and valence (Ey) band edges relative to
the quasi Fermi-levels for electrons and holes (¢, and
by respectively). The band diagram for the structure of
sample B (with an exchange in n- and p-type dopants
relative to sample A) is illustrated in (b). The structure
of sample C shows the QWs subject to the built-in
electric field in the i-layer in (c); changes in the built-in
field due to carrier excitation will lead to changes in the
quantum confined Stark effect.

of the SEM, spatial imaging information in addition to
spectral absorption variations can be obtained. The
experimental setup utilizes the cathodoluminescence sys-
tem of Figure 1 to collect light which is transmitted
through the MQW structure as illustrated in Figure 2.
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A multimode optical fiber with a 100 pm core diameter
is used to transmit light from a tungsten light source
dispersed by a monochromator to the backside of the
sample in the SEM vacuum chamber. The technique
utilizes lock-in detection by chopping either the light
source from the monochromator or the electron beam
source. The QW absorption coefficient is dependent on
the local excess carrier density in the vicinity of the
optical fiber. The images reveal an absorption modula-
tion contrast caused by the influence of intrinsic and
extrinsic recombination channels on the diffusion of spa-
tially separated carriers to the position of the optical
fiber. That is, the absorption coefficient for light with
a wavelength near the first quantized heavy-hole to elec-
tron (hh1-el) excitonic transition energy is dependent on
the electron beam position. Lifetime effects and recom-
bination centers can be examined by varying the sample
temperature and by modulating the electron beam source
to study the carrier dynamics.

Sample Structure and Preparation

The GaAs/Si(001) sample studied was grown at
Spire Corporation in an MOCVD reactor with modifica-
tion for atomic layer epitaxy (ALE) operation using tri-
methylgallium (TMG) and arsine (AsH,) [19]. For se-
lective growth, 2-inch, n-type Si wafers oriented 2° off
the (001) towards the [110] direction were initially cov-
ered with SiO, to a thickness 0.5 to 0.6 um. Using
such vicinal Si(001) substrates, the amount of anti-phase
disorder in the resulting GaAs film is markedly reduced
due to the increased biatomic step density on the vicinal
Si surface [14]. Squares with dimensions in the range
10 to 1000 um, with their edges parallel to the two
orthogonal < 110> directions, were photolithographical-
ly defined on a SiO, mask and windows were etched
down to the Si substrate. Following an initial high
temperature bakeout in H,, a 100 to 200 A nucleation
layer was deposited by ALE. Conventional growth was
then resumed at 650°C until the thickness of GaAs layer
reached 1 um. Finally, the SiO, mask was removed by
etching in 5% buffered HF and, after which only GaAs
square mesas remained on the Si substrate.

The modulation doped nipi MQW samples were
grown by Molecular Beam Epitaxy (MBE) [15]. Sample
A consists of 44 Inj ,Gagy gAs QWs, each 65 A wide,
and separated by 780 A thick GaAs barriers. In the
center of each GaAs barrier, a p-type Be-doping plane
with a sheet density of 9.0x10'> ¢cm™ was inserted. On
both sides of the QWs, using 100 A thick spacer layers,
n-type Si-doping planes with a sheet density of 3.0x10'?
cm™“ were inserted. The sample was capped with a
5000 A undoped GaAs layer. These doping levels give
ideally an excess hole concentration and a depletion-
induced modulation depth approximately equal to the
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effective bandgap of the InGaAs QWSs. The §-doping
causes a linear variation in the band edges along the
growth direction, and the band diagram is shown in
Figure 3a for sample A. Sample B is a complementary
structure to that of sample A; the structural dimensions
are identical except the doping type is reversed. That is,
the center of each GaAs barrier contains a n-type
Si-doping plane with a sheet density of 9.0x10'% cm?
and the sides of the QW contain p-type Be-doping planes
of density 3.0x10'> cm™ each; the band diagram is
illustrated in Figure 3b. Sample C consists of six
periods of the é-doped nipi structure whose band
diagram is illustrated in Figure 3c. The sheet dopin
densities used for both n- and p-type planes is 6x10!
cm? and the distance between the doping planes is 1000
A. The MQW structure was centered between doping
planes in the intrinsic region and is comprised of four
In,Ga;_ ,As QWs with nominal composition x = 0.23,
each 65 A thick, and separated by 100-A-thick GaAs
barriers. The structure was capped with 1000 A of
undoped GaAs. An important aspect of nipi-doped
semiconductors is that passivation of the side edges of a
mesa is not required to prevent surface recombination of
excess carriers since the majority carriers (excess
electrons and holes in the n- and p-type regions,
respectively) are repelled from these edges. During
electron-hole pair generation, electrons will be attracted
to the n-type regions and holes to the p-type regions, re-
sulting in their spatial separation, as schematically illus-
trated 1n Figure 3.

Results and Discussion

Depth-resolved CL imaging of nipi-doped MQWs

In order to better understand the distribution of de-
fects in the growth direction, we have performed a sys-
tematic depth-resolved monochromatic CL experiment of
sample A. The CL images of Figure 4 were taken with
the monochromator tuned to a wavelength of 950 nm,
and various electron beam energies (E,) ranging from 3
to 35 keV were used, as indicated. The first 0.8 um of
sample A was removed by chemical etching in order to
remove the strain-induced dislocations occurring at the
MQW-to-GaAs capping layer interface. Dark line de-
fects are seen to clearly run along both <110> direc-
tions in the CL images. By reducing the beam energy,
the CL emission is sampled from regions closer to the
surface. The depth resolution in bulk semiconductors is
ordinarily limited by the diffusion length of carriers.
However, in this nipi-doped structure, carriers can not
diffuse appreciably in a direction normal to the surface
as a result of the spatial separation of electrons and
holes. Therefore, nipi-doped In,Ga;  As/GaAs MQW
samples are ideal candidates for depth-resolved studies
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100 pm

A=950 nm

Figure 4. Monochromatic CL images of sample A (A\ = 950 nm) taken for various electron beam energies (E,). The
change in DLD contrast with energy reveals the depth dependence of misfit dislocation formation in the MQW.

of strain-induced dislocations. In particular, such struc-
tures can be used to study the nature of DLDs in
MQWs. DLDs can result from nonradiative recombina-
tion of minority carriers at the dislocation core [22, 28].
Transmission electron microscopy analysis shows that
most of the misfit dislocations are of the 60° type, with
the a/2<110> Burgers vector out of the (001) plane
[28]. Recent CL data shows that a large portion of the
DLD contrast can be caused by the presence of a
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Cottrell atmosphere of defects that are left in the wake
of dislocation propagation and multiplication [28]. As
the beam energy is reduced, an increasing anisotropy in
the DLD density is observed, with an overall decrease
in the total DLD density. For lower beam energies,
DLDs are seen to primarily run along the [110] direc-
tion. This has previously been attributed to the chemical
inequivalence of 60° misfit dislocations possessing like-
signs (i.e., having extra-half planes extendingin the
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Figure 5. Normalized CL intensity versus distance his-
togram for the images of Figure 4 at various electron
beam energies (E,). The dashed lines in each of the
scans represent an intensity level of 80% relative to the
dotted lines. The estimated change in CL intensity, Af,
caused by a typical DLD is indicated for the 5 keV scan.

same direction with respect to the interface plane) and
orthogonal <110> line directions [1]. In the shuffie
dislocation set, the extra half-plane terminated with a
row of group III and V atoms is referred to as - and
B-type dislocations, and possesses [110] and [110] line
directions, respectively. The anisotropy in a- and
B-type dislocation densities may be due to different lev-
els of stress required to generate o and 8 dislocation
cores, and the differences in « and (3 dislocation propa-
gation velocities [7, 9, 13, 43]. The current data of
Figure 4 demonstrates that misfit dislocations can be cre-
ated in the MQW region, despite the observation that
misfit dislocation formation predominantly occurs at the
MQW-to-GaAs interfaces [28, 39]. The low density
(less than ~ 10° cm!) of misfit dislocations would
make detection of misfit in the MQW region in cross-
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Figure 6. The fractional change in the CL intensity
caused by a DLD, Al/I, vs. E, for three DLDs labeled
al, bl, and ¢l in Figures 4 and 5. The variation in
energy dependence shows that DLDs are due to nonradi-
ative recombination occurring at different depths in the
MQW.

sectional TEM difficult.

A one-dimensional histogram (CL intensity versus
distance line scan) analysis of the images of Figure 4
further illustrates the depth profile of the DLDs. Figure
5 shows line scans along the dashed line shown in Fig-
ure 4 for different E,. The line scans have been nor-
malized to show the same average intensity for regions
away from DLDs. The fractional change in the CL in-
tensity caused by a DLD, referred to as Al/I, is plotted
versus beam energy in Figure 6 for three different DLDs
(labeled al, bl and c1 in Fig. 5) found in close proxim-
ity to each other. As E, varies from 3 to 20 keV, DLD
al shows a monotonic increase in Al/l, after which Al/I
becomes nearly constant for E, 2 20 keV. DLD bl
shows a decrease in Al/I as E, increases over the range
3 < E, < 17 keV, which is followed by a steady in-
crease in Al/I for E, 2 17 keV. DLD cl exhibits an
increase in Al/l as E, increases for 3 < E, < 12 keV,
followed by a decrease for E, 2 12 keV. The charac-
teristic dependence of Al/I on E, evidently reflects the
depth in the MQW at which nonradiative recombination
gives rise to the DLD. A variation in the beam energy
over the range 10 to 40 keV results in a corresponding
tenfold increase in the penetration depth (R,) and the
peak position (R,,) of the electron-hole pair density crea-
tion function [6]. Theoretical plots of R, and R, as a
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Figure 7.
Everhart and Hoff [6], for the one-dimensional electron-
hole pair densny. maximum peak position (R,,) and the
electron penetration range (R,) as a function of electron

beam energy.
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Figure 8. Schematic showing stepping sequence of 60°
dislocations in the nipi-doped MQW. In this model, the
threading dislocation segments elongate (bend over) into
misfit dislocations at different stages during MQW
growth, leading to the observed depth dependence of
DLDs. A Cottrell atmosphere of defects is left in the
wake of dislocation propagation (shaded region). The
diagram shows a {111} slip plane.

function of E,, from the one-dimensional penetration
model of Everhart and Hoff [6], are shown in Figure 7
for an electron beam excitation in GaAs. The position
of the onset of DLD contrast, therefore, is given approx-
imately by the theoretical results of Figure 7. DLDs al
and cl show an onset in Al/] and imaging contrast when
E, is about 15 and 10 keV, respectively, corresponding
to an R, of 1.5 and 0.7 um, thereby yielding the approx-
imate position below the surface of the source of nonrad-
iative recombination. DLDs bl and ¢l show an eventual
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decrease in Al/I that 1s due to a generation of a larger
fraction of carriers in a region deeper (closer to the
GaAs substrate) than the position of the region which
yields the nonradiative recombination. We stress that
this type of analysis is applicable exclusively for the
present nipi-doped structure because diffusion of
carriers along the growth direction is negligible.

In order to better understand the geometrical config-
uration of misfit dislocations which give rise to the ob-
served behavior in DLDs, we consider the substrate as
possessing a fixed number of threading dislocation
sources and substrate surface defects and impurities,
which act as heterogeneous nucleation sites for 60°
threading dislocations in the MQW [7]. Once the thick-
ness of the epilayer, during the InGaAs/GaAs MQW
growth, has reached a value where the strain force is
equal to the dislocation line tension which resist the
elongation of the dislocation, the dislocation will glide
laterally on a {111} slip plane, resulting in an interfacial
misfit dislocation [2, 24]. The general treatment of
Matthews and coworkers have yielded an equilibrium
model for determination of heteroepitaxial critical thick-
nesses [24]. Dislocation elongation is an activated proc-
ess which is controlled by frictional forces such as the
Peierls force [8, 11, 44]. Likewise, the presence of sur-
face steps, Cottrell atmosphere of point defects and im-
purities can affect the kinetics of glide or climb of the
dislocation [8, 11, 44]. These factors, combined with
dislocation interactions, affect the length of the misfit
segment and the eventual pinning of threading disloca-
tions. Given the observed large variation in DLD seg-
ment length, which shows a varnations from ~1 to
greater than 100 um, it is plausible that a variety of
these dislocation pinning mechanisms are possible.

In order to understand the depth-resolved CL data
and develop a simple model, we consider the following
arguments. During MBE growth of InGaAs MQWs
possessing a large number of QWs, a "critical thickness"
will be reach at some intermediate stage of the growth
at which misfit dislocation elongation will occur. At this
point, the final structure is incomplete and subsequent
growth over a region containing a pinned threading dis-
location will again reach a thickness at which in-plane
elongation of the dislocation will again proceed. The
result is a step-like sequence of misfit and threading
dislocation segments, as schematically illustrated in Fig-
ure 8. This model is intuitively based on the CL imag-
ing results which show marked variations in the depth of
DLD sources. As we have previously argued, the Cot-
trell atmosphere of point defects generated in the wake
of the gliding threading segments will contribute to the
nonradiative contrast in the vicinity of the dislocation
cores. Since the glide of threading segments will affect
the material above the current step location, this model




predicts that material below the misfit segment will be
free of such nonradiative sources. The experimental re-
sults are consistent with this prediction since an increase
in the beam energy (and probing depth) results in a re-
duced contribution to the DLD contrast. A similar step-
ping sequence has been suggested by Wang, Steeds, and
Wolf [39] for musfit and threading dislocations in an
InGaAs/GaAs MQW sample possessing a variable QW
thicknesses.

EBIA Imaging and Spectroscopy
InGaAs/GaAs MQWs

The modulation of the absorption coefficient in the
MQW samples occurs as a result of two different funda-
mental mechanisms: (i) filling of QW states [15, 18, 23,
29, 30, 31} and (i1) the quantum confined Stark effect
(QCSE) [16, 23, 25]. In the structures of samples A
and B (see Figs. 3a and 3b), the pericdic modulation in
the band edges relative to the Fermi-level (or quasi-
Fermi levels under excitation) causes electrons and holes
to accumulate in the n- and p-type regions, respectively,
resulting in their spatial separation. If the structure is
designed so that the QWs are placed in the n- or p-type
regions, then carriers of one type will fill the QWs and
thereby cause a reduction in the absorption coefficient
due to (a) screening of the electron-hole Coulombic in-
teraction and (b) band filling of the QW states which re-
duces the available phase space for absorption at the
hhl-el excitonic transition energy. The latter effect (b)
is analogous to the Burstein-Moss band filling effects in
bulk semiconductors.

If, on the other hand, the structure is designed so
that the QWs are placed in the i-layers of the nipi struc-
ture, the QWs under zero excitation are subject to a
large built-in electric field due to the periodic doping, as
shown in Figure 3c. The QW states are shifted towards
lower energies (and lower electron-hole interband transi-
tion energy) relative to the case where the same QWs
are placed in a homogeneously doped semiconductor;
this is a result of the much-studied QCSE [16, 23, 25].
The accumulation of carriers in the n- and p-type regions
of the structure of Figure 3¢ results in a reduction of the
built-in field; the amount of the electric field reduction
varies logarithmically with the excitation power [16, 18,
23, 30]. This field reduction will shift the QW states to-
wards higher energies, thereby causing a shift in the QW
absorption coefficient relative to the unexcited state [16,
23].

In sample A (Fig. 3a), electron-hole pair generation
results in electrons accumulating in the QWs while holes
accumulate in the region between the wells. This in-
crease in the QW electron density will screen the
Coulombic interaction of the QW exciton, resulting in a
decreased hhl-el excitonic absorption as the excess car-
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rier density increases. The recombination of the spatial-
ly separated carriers occurs through spatially indirect ra-
diative tunneling recombination and spatially direct re-
combination of thermally excited carriers, as denoted
schematically by the lifetimes 7 and 7, respectively, in
Figure 3a [18, 30]. Absorption spectra (solid lines) for
various electron beam currents, I, are shown in Figure
9 at a sample temperature of 300K, and were obtained
by chopping the monochromator probe. The effective
QW absorption coefficients were calculated according to
(-Lcﬂv)'llnT, where T is the measured normalized trans-
mission through the sample and L is the total thickness
of the MQW structure [15]. The total light power
through the fiber was ~ 107 W with a spectral resolu-
tion of 1 nm. The hhl-el exciton peak, which is located
at X = 996 nm, is seen to quench as the current is in-
creased as a result of the increased excess carrier densi-
ty. The differential absorption spectrum (dashed curve
of Fig. 9) was obtained by chopping the electron beam;
this enables an observation of the higher lying excitonic
transitions. A similar behavior is observed for sample
B in Figure 10, where the screening of the hh1l-el exci-
tonic transitions results from the filling of holes in the
QWs. The peak absorption at the exciton resonance,
& 18 related to the two-dimensional carrier density in
the QW, on,, by the expression [15]

O‘max

= ap(l +5nq/nm, )~1 1)

where « is the absorption coefficient in the absence of
excitation and ng,, is the saturation carrier density which
was found to be ~ 1x10'em™ from optically induced
absorption modulation measurements [15]. A greater
energy shift 6E in the QW intervalence band absorption
edge for a given excess carrier density 1s expected for
the structure of sample A since the rate of phase-space
filling of states, 6E/6nq, is greater for the conduction
band QWs. This rate is given by

OE - h* (2)

énq 47rmq

where m  is the effective carrier mass and A 1s Planck’s
constant. The QW effective masses of electrons and
holes are 0.058m_ and 0.35m,, at a 20% In composition.
These masses were taken from a linear interpolation of
GaAs and InAs values; m,, is the rest mass of the elec-
tron. Using eq. (2), this results in 6E/6n  rates of 4.1
meV/(10!! cm™?) and 0.69 meV/(10!! cm'i) for conduc-
tion and valence band states, respectively. The data for
samples A and B (Figs. 9 and 10, respectively) show
that the change in absorption, for a given beam current,
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Figure 9. EBIA spectroscopy of sample A at room tem-
perature. The electron beam was focused on a region
above the center of the optical fiber. Beam currents (I)
are indicated. The electron beam-induced absorption
changes are caused by band filling and quenching of the
hhl-el exciton. Differential EBIA spectroscopy meas-
urements (dashed lines) are obtained by blanking the
electron beam source.
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is greater for the case of sample A, which involves fill-
ing of electron states in the QWs. However, a precise
measurement of 8E from the spectra is not possible, due
to the large excitonic line width of ~ 20 meV.

It is possible to obtain spatial information concern-
ing changes in the differential absorption, A, by scan-
ning the electron beam within the vicinity of the optical
fiber center. An EBIA image (shown in Fig. 11 for T
= 115K), was obtained by detecting the transmitted sig-
nal at A\ = 950 nm, corresponding to the hhl-el exciton
absorption. The electron beam (I, = 1 nA) was pulsed
at a frequency of 500 Hz while rastered in 2-dimensions
across the sample to generate a 640 x 480 pixel image
with the A« intensity value stored in one byte of
memory per pixel. The EBIA image shows the influ-
ence of structural defects on the diffusive transport of
carriers with a um-scale resolution. The center of the
bright spot in Figure 11 corresponds to the region of
greatest excess carrier density and the region where the
electron beam causes the largest transmission modula-
tion, which is near the center of the optical fiber. The
differential absorption, for a beam position fixed at the
fiber center, decays exponentially with frequency for
frequencies greater than the 3 dB cut-off frequency, £,
which i1s ~ 100 Hz for the sample temperature of 115K
here [30]. The image has been normalized so that the
maximum and minimum A« correspond to the limits of
the grey scale. For the case of ambipolar diffusion in
one-dimension in this nipi MQW structure, an analytical
solution showing the absorption modulation as a function
of distance and frequency has been determined [31].
The sharp changes in contrast seen as steps in Aa have
well-defined boundaries along the < 110> directions
and correlate with DLD orientations as seen in Figure 4.
These images further illustrate that the locally generated
electron-hole plasma can be used as a probe to study the
influence of structural defects on transport since a
change in A« is due to defect-induced barriers impeding
plasma transport to the fiber center.

A histogram of the imaging results of Figure 11 is
presented in Figure 12. The curves illustrate the intensi-
ty versus electron beam position relative to the fiber cen-
ter (distance = 0) along the [110]-oriented line shown in
Figure 11 for CL, the absorption modulation Ac, and its
derivative dAa/dx. The center of the steps in Aa show
up as peaks in the derivative scan. Vertical dotted lines
are drawn in the figure to illustrate the strong correlation
between dips and shoulders in the CL intensity at DLDs
and the positions of the steps observed in the absorption
modulation. These results demonstrate, remarkably, that
the orientation and positions of steps seen in the absorp-
tion modulation correspond with the orientation and po-
sition of DLDs seen in the CL image. A previous stud-
ied showed that an asymmetry in the DLD density is
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correlated with an anisotropy in the ambipolar diffusive
transport of the plasma [31].

An EBIA image taken of sample B, at T = 87K, is
shown in Figure 13a with the monochromator probe set
to A = 957 nm. A 35 keV beam energy and 10 nA
beam current with a 500 Hz beam blanking frequency
was used. Unlike the previous image (Fig. 11) of sam-
ple A, discrete changes in Ax are not observed and the
image reveals a cylindrically symmetric contrast in the
imaging of Aa. The CL image of sample B, taken over
the same sample region, is shown in Figure 13b. The
apparent absence of DLDs in this image illustrates that
little relaxation in this structure has occurred. The
EBIA images thus reveal that the transport of the elec-
tron-hole plasma to the fiber is not impeded, as there is
a marked reduction in the DLD density in this sample.
These two samples were grown in two different cham-
bers, and slight differences in the growth parameters
(e.g. temperature, growth rate, and IlI-V flux ratios,)
would effect the kinetics of dislocation generation.
Additionally, the EBIA spectra of samples A and B
(Figs. 9 and 10) show a ~ 20 nm (24 meV) shift in the
hhl-el peak position, indicating that the In composition
and/or QW thickness may be different.

EBIA absorption and differential absorption spectra
at room temperature, for sample C, are shown in Figure
14. The peak of the absorption spectrum is the hhl-el
excitonic transition. With increased electron beam cur-
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Figure 11. EBIA image of
sample A. Sharp changes in
contrast (Intensity steps) are
observed for Aa. These steps
are seen to spatially correlate
with orientation and position
of DLDs seen in the CL
images of Figure 4. The
grey-scale is a representation
of the magnitude of Aa.

rent, the transition energy shifts toward shorter wave-
lengths, indicating that the built-in electric field
experienced by the MQWs decreases due to screening of
charge in the doping planes by the accumulation of ex-
cess carriers [23]. A QCSE occurs here as a result of
the field-induced change in quantized electron and hole
energy levels [16, 23, 25]. For higher fields (reduced
currents), the excitonic resonance broadens and its peak
strength 1s reduced due to a reduced overlap of electron
and hole wavefunctions and an increased field-induced
tunneling rate of carriers out of the QWs. The differ-
ential absorption (Aa) in Figure 14 was obtained by
chopping the electron probe at a low frequency of 5 Hz
while keeping the monochromator source unchopped.
The peak in the o spectrum is the hhl-el excitonic peak
position, while the maximum and minimum values in the
A« spectrum represent two different excitonic peaks due
to the subtraction of beam-on and beam-off absorption
spectra.

Two types of EBIA images, at a temperature of
80K, are shown for sample C in Figures 15a and 15b.
A beam energy of 30 keV and current of 0.3 nA were
used. The image of Figure 15a represents the integrated
intensity of all positive Aa, in the range from 955 < A
< 975 nm, as a function of electron beam position
(x,y). This was accomplished by summing 22 discrete
monochromatic EBIA images from 955 to 975 nm. ‘A
clear contrast due to the strain-induced misfit dislocation
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Figure 12. Histograms (intensity versus position) of
CL, absorption modulation (Aa), and its derivative
0Ac/0x as a function of the distance (x) from the center
of the optical fiber along [110]. The center of the steps
in the absorption modulation (peaks in the derivative) are
seen to correlate strongly with the minima and shoulders
seen in the CL line scan. The minima in the CL scans
correspond to the dark line defect positions seen in the
CL image of Figure 4.

formation is observed. The region of greatest intensity
(white) corresponds to the position of the fiber where
Aa is the largest. Rectangularly shaped steps in the Ax
image correlate with the position and orientation of the
DLD pattern imaged in the panchromatic CL image of
the same region in Figure 15c. A new type of EBIA
image is displayed in Figure 15b in which the grey scale
key represents a wavelength mapping of the spatial dis-
tribution of the high-energy A« peak position. The peak
in Aa was determined from a 22-point local EBIA A«
spectrum for each of the 640 x 480 discrete (x,y) posi-
tions in the image. This was enabled by acquiring and
processing 22 discrete monochromatic EBIA Aa intensi-
ty images in the range 955 < A\ < 975 nm. The image
clearly reveals the spatial distribution of the QCSE.
When the electron beam is positioned at the optical fiber
center, the reduction in the built-in field is the greatest,
resulting in the largest blue shift (high-energy shift rela-
tive to the unexcited sample) of the hhl-el transition en-
ergy. When the beam is positioned far from the fiber,
the shift toward higher hhl-el energies is minimized.
Figure 16 shows one-dimensional histograms of the
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Figure 13. EBIA image of sample B in (a) and a pan-
chromatic CL image in (b) over the same region. A cy-
lindrically symmetric patterned is observed without steps
in A, indicating that the influence of defects on trans-
port is reduced compared to that of sample A. In the
CL image of (b), the region exhibits little DLD contrast
and is consistent with the EBIA image of (a).

hh1-el transition energy, the CL DLD contrast, A and
dAx/dx. Regions of maximum change in hhl-el transi-
tion energy are correlated with DLDs in the CL scan
(dips in the line scan) and peaks and dips in dAa/dX,
similar to behavior of sample A seen in Figure 12. An
asymmetry in the spatial distribution of A« is seen in
Figures 15a and 15b._The regions of largest blue shift
are seen along the [110] direction vertically above and
below the optical fiber where the image shows light
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Figure 14. EBIA absorption (o) and differential absorp-
tion A« spectra for sample C. The change in the quan-
tum confined Stark effect (QCSE) is observed as the
hh1-el transition energy shifts to higher energies as the
beam current (1) increases, indicating the built-in elec-
tric field reduces. A reduction in the field induced
broadening of the hh1-el excitonic transition can be ob-
served for higher beam currents.

Figure 15 (right column). EBIA and CL images of
sample C. An EBIA image showing the integrated
values of positive Ax in the range 955 <A<975 nm is
shown in (a). A new type of EBIA image is displayed
in (b) in which the grey-scale key represents a
wavelength mapping of the spatial distribution of the
high-energy Aa peak position. The CL image in (c)
shows the DLD network caused by the formation of
misfit dislocations.

grey and white. This behavior is indicative of anisotrop-
ic transport of the plasma due to the asymmetry in misfit
dislocations as discussed in the case for sample A using
depth-resolved CL. The plasma transport is least im-
peded by defects when the electron beam is positioned
along the [110] direction relative to the fiber, thereby
enabling a maximum blue shift in the hhl-el exciton.
This anisotropy in the ambipolar diffusion coefficient has
been quantified for the case of sample A [31]. This
EBIA imaging represents a new method for visualizing
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spatial variations in the QCSE and defect induced aniso-
tropy in plasma transport.

Thermal stress in patterned GaAs/Si
The residual thermal stress of GaAs/Si will alter the
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Figure 16. Histograms of EBIA and CL of the imaging
data for sample C. The local minima (DLDs) in the CL
intensity vs. distance line scan are seen to correlate with
the positions of steps in Aa, peaks in its derivative
dAa/dx, and shifts in the el-hhl wavelength scan (see
Fig. 15b). These results indicate that strain-induced de-
fects will impede e-h plasma transport and cause local
variations in the QCSE.

electronic and optical properties. The initial lattice mis-
match of 4.2% between GaAs and Si results in the nu-
cleation of a large density of misfit and threading dislo-
cations during growth to accommodate the lattice mis-
match which would lead to a compressive biaxial stress
in the GaAs epilayer in the absence of relaxation. Due
to the enhanced thermal expansion coefficient (by a fac-
tor of ~ 2.5 at a 700 °C growth temperature) of GaAs
relative to Si, the resulting contraction of the GaAs film
relative to the Si substrate will cause an in-plane biaxial
tensile stress in regions not containing cracks and edges.
This tensile stress can eventually lead to the formation
of <110> oriented microcracks after cooling [5, 19,
27, 35, 38, 41]. The quantitative effects of a general
stress on the splitting of the j = 3/2 hh and lh bands at
k = 0 have been previously studied by Pollak and Car-
dona [26]. Previous studies on the effect of stress on
band structure gave the relation between the transition
energies and the stress tensor o [3, 26, 27]. Briefly, the
relationship between the orthogonal in-plane stress tensor
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components, a| and o |, and the energy positions of the
strain split peaks can be found by determining the result-
ing strain tensor ¢ from the elastic constant tensor
Cijkm» using the generalized Hooke'’s law formalism
(i-e., 05 = Cjjxméxm) and diagonalizing the orbital-strain
Hamiltonian to find the energy eigenvalues [26]. The
result for the special case of having two orthogonal in-
plane stress components, ] and o | (both defined with
respect to <110> directions), a peeling stress (trans-
verse normal and parallel to the growth direction) [37],
0,, and a shear stress [37], 7, in GaAs, is

Et = E(0) —A(a“ +0, +0,)
1

+ {Bz(a" +0, -202)2+C2[(a|| —aJ_)2+4-r2]}7

3)
where E_ are the two stress-split transition energies,
E(0) is the transition energy in absence of stress. The
shear term 7 is defined with respect to the <110> di-
rections and, when present, results in tangential compo-
nents of opposing forces along the GaAs/Si interface and
GaAs surface. The constants A, B and C are related to
deformation potentials of GaAs and are A4
a(S;;+2S81,), B = b(8,,-S1,)/2, and C = dS4,/4, where
a is the hydrostatic pressure deformation potential, b and
d are uniaxial deformation potentials associated with
strains of tetragonal and rhombohedral symmetries, and
§;j are elastic compliance constants which form the in-
verse of the elastic constant tensor. Using the data from
the piezo-electroreflectance measurement of Pollak and
Cardona [26], we have A = 3.8, B = 1.5and C = 2.3
meV/kbar. Given the energies of the two strain-split
excitonic transitions, we can now determine the local
stress tensor based on this equation for regions suffi-
ciently far from the mesa edges, where o, and 7 are both
expected to approach zero [37]. For the biaxial stress
case, 0 = 0, and the splitting is 4Bo. Under uniaxial
stress, the splitting becomes 2(B*+CH"%qy with the
usual assumption of 0, = 7 = 0 [21, 26, 27, 35].

Figure 17 illustrates qualitatively the behavior of the
valence bands in GaAs subject to uniaxial and biaxial
tensile stresses, with respect to the high-symmetry direc-
tions that are indicated. The application of a tensile
stress will cause a narrowing of the fundamental band-
gap and a splitting of the j = 3/2 valence bands. In the
absence of a stress, the hh and lh valence bands are de-
generate at k = 0. By examining the orbital-strain
Hamiltonian matrix [26], the following can be shown:
(1) In the representation referred to <001>, the lh and
hh wavefunctions will not mix in the strain splitj = 3/2
bands for o) g, > 0 (biaxial stress); (2) In the re-
presentation referred to <001>, the lh and hh wave-
functions will also not mix for of >0 ando;, =0
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Figure 17. A diagram showing qualitatively the effect of a uniaxial tensile stress on the GaAs valence band structure
near k = O for the cases of uniaxial and biaxial stresses.

(uniaxial stress); (3) In the representation referred to
< 011>, the Ih and hh wavefunctions generally mix for
oy > 0and ¢, = O (uniaxial stress), but the mixing is
negligibly small for GaAs; (4) In both <011> and
< 001> representations, lh and hh wavefunctions can
measurably mix in the more general case when o >
o, > 0. A further consequence, as illustrated in Fig-
ure 17 (from the results of eq. (3)), is that for a uniaxial
<011> or <001> stress, the hh band is higher in en-
ergy than the lh band; this energy order is reversed for
a <001 > biaxial stress. The understanding of the char-
acters of the valence band wavefunctions that are in-
volved in the excitonic luminescence is an important pre-
requisite towards identification of the form of the stress
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tensor and its spatial distribution [27].

Linearly-Polarized CL Spectroscopy of Patterned
GaAs/Si(001)

We have examined the effect of pattern size on the
biaxial stress. Polarized CL spectra were taken with the
electron beam fixed at the center of the square-patterned
mesa for various mesa sizes, as shown in Figure 18.
The spectra were taken with the polarizer set to detect
emission for E L[110] and E[[[HO], where the mesa
edges are aligned with respect to the <110> directions.
A distinct peak with a single shoulder at higher photon
energies is observed in all the CL spectra of Figure 18.
These two peaks can be decomposed into two excitonic
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Figure 18. Local cathodoluminescence spectra taken at
the centers of square mesas of GaAs on Si. Mesa sizes
are indicated in the figure. The decomposition of the lu-
minescence lineshape into two components (labeled as P
and P,) resulting from the strain-induced splitting of the
top valence bands is shown. The overall fit to the data
1s indicated by a solid line running through the data.

transition features resulting from the strain-induced
splitting of the j = 3/2 valence bands. The model for
the decomposition and the fitting procedure has been
previously described [27]. From the fits, the intensity
and energy position of each component can be deter-
mined. The results of the fits are indicated by the solid
lines running through the data points and the decom-
posed strain split components, labeled P, and P,, are
shown offset below the spectra. The spectra of Figure
18 show that the lineshape is insensitive to the polarizer
orientation, as the detected emissions with E L [110] and
E [ [110] yield nearly identical spectra. This is consist-
ent with the selection rules for the hh- and lh-excitonic
transitions for a GaAs(001) thin film under a biaxial
stress in which the stress tensor, ¢, has equal orthogonal
components, | = 0. Under a biaxial tensile stress
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Figure 19. Results of the fits of Figure 18 showing the
energy positions of P, and P, and the biaxial stress cal-
culated from eq. (3), both as a function of mesa size.

the preferential direction for the quantization of the hole
angular momentum (m;) is along <001>, emission
along this direction is unpolarized in the (001) surface
plane as observed, and the lh exciton (identified as peak
P,) is the lowest energy transition [3, 26].

The hh and 1h excitonic peak positions from the fits
of Figure 18 are shown in Figure 19 for the various me-
sa sizes. The stress-induced lh-to-hh energy splitting re-
duces from 13.4 meV for the largest mesa (1 mm) to
3.4 meV for the smallest mesa (10 um). For a biaxial
stress in GaAs, the hh-to-lh energy splitting increases at
arate of ~ 6.2 meV/kbar from eq. (3). The bottom of
Figure 19 shows that the magnitude of the stress reduces
from ~ 2.2 kbar for the 1 mm mesa to 0.5 kbar for the
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Figure 20. Local polarized CL spectra as a function of
the distance from the edge of the 250 ym mesa for the
polarizer detection of EL[110] and
E " [110]. The decomposition of the luminescence line-
shape into two components (labeled as P and P,) result-
ing from the strain-induced splitting of the top valence
bands is shown. The overall fit to the data is indicated
by a solid line running through the data. The factors
used to scale spectra for E ||[110] detection relative to
the spectra for E L [110] detection are shown.

orientations

10 yum mesa. This result is consistent with the PL
measurements of Lingunis er al. [19], which showed a
similar stress reduction for a 10 um mesa that was 1 um
thick.

Further investigation shows that stress on 10 um
mesa evaluated from the peak positions does not vary
significantly with location, though stress on 25 um mesa
has a slight variation throughout the mesa. It is widely
accepted that in the vicinity of edge, the mismatched lat-
tice is free to relax [27, 35, 41], resulting in a stress
relief in direction perpendicular to the edge. Analytical
and numerical models have been proposed in studying
the stress relief near edges of heteroepitaxial layer [20,
33, 37]. The existence of biaxial stress has been estab-
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lished at the centers of all mesas, and the presence of
the mesa edge will affect the stress in the vicinity of the
mesa edge. Previously, we have shown that near micro-
cracks the GaAs film is subject to uniaxial stress which
transforms to biaxial stress for regions greater than ~
15 um away from the cracks [27]. A similar effect
should also occur near the mesa edges, where the stress
tensor is also free to relax along the direction normal to
the edge, resulting in an approximate uniaxial stress.
We can describe this stress reduction by introducing a
parameter Ly, the decay length of stress relief and the
pattern half-width W. The stress component ¢, as a
function of the distance from the center, can be ex-
pressed using the following bi-metal thermostat model
[37]:

]
cosh(x/Lp)
g,(x) =0,]1- et +0y

t

4)

where x is the distance from the center and g, is the
maximum stress reduction at the edge, and o, is the re-
sidual stress remaining at the edge. When the size of
pattern is much larger than Lj, the effect of the edge on
stress relief is very small and the biaxial stress at the
center region is independent of the size. However, if
the size of mesa is comparable to L, the edge becomes
an important source of stress relief, the stress should
strongly depend on the size of mesa.

The scanning capability of the SEM allows us to
investigate um-scale spatial variations. To further inves-
tigate the stress distribution on the mesa and confirm the
model of eq. (4), spectra were taken for mesa sizes
ranging from 10 to 1000 um, as a function of the dis-
tance from the edge of mesa, by fixing the electron
beam at positions along the path parallel to [110] from
the edge to the center. The experimental results indicate
that as the electron beam scans from the center towards
the edge, the position of the exciton peaks shifts to
higher energies and the splitting of P; and P, exciton
peaks reduces. Figure 20 shows a stack plot of local
polarized CL spectra taken as a function of distance
from the [110]-oriented edge of the 250 um square me-
sa. The resulting positions of peaks P; and P, obtained
from the fits for the 250 um mesa are plotted in Figure
21. A distinct increase in the polarization anisotropy for
the polarizer orientations used to detect emissions with
E 1[110] and E || [110] is observed as the beam is posi-
tioned close to the mesa edge. For a pure [110] uniaxial
tensile stress along [110], the preferential direction for
quantization of the hole angular momentum, my, is along
[110], and the lowest energy transition (P;) has primari-
ly a hh character [3, 26]. Thus, regions of pure biaxial
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Figure 22. The calculated stress components oy and
0, , using eq. (3) and the condition g, = 7 = 0, as a
function of the distance from the edge for the mesa sizes
indicated. The fits to the data using the model of eq. (4)
are indicated by the solid lines in the figure.

and pure uniaxial stress must have a reversed energy
order for the hh and lh excitonic transitions (see Fig.
17). The hh-excitonic transition for pure uniaxial tensile
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stress results in emission which is linearly polarized per-
pendicular to the mesa edge [3, 26, 27]. In Figure 20
for x 0.4 um, the hh-to-lh peak intensity ratio
changes from 6.4 to 1.3 as the polarizer is rotated from
the E L[110] to EH [110] detection orientations. This
confirms the strong uniaxial character of the stress at the
mesa edge [27].

Determination of local stress tensor

Quantitatively, we can deduce, from the positions of
the excitonic transitions, the stress components along
two orthogonal <110> directions, o, and ¢ |» by uti-
lizing eq. (3) without including shear and peeling stress
terms (i.e., 0, = 7 = 0). The energy of the excitonic
transition for zero applied stress, E(0), was determined
by examining the luminescence from MOCVD grown
GaAs on GaAs(001) grown under the same conditions.
A result of E(0) = 1.506 eV was found at 87K. Figure
22 shows the stress components o and ¢ | as a function
of distance for different mesa sizes derived from the re-
sults of Figure 21 and data for the other mesas not
shown here. The results of Figure 22 show that ¢ does
not vary significantly with distance, although the stress
increases as the mesa size increases. Because of the re-
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Figure 24. Linearly polarized CL images for mesa sizes of 50 (a), 100 (b) and 250 um (c¢). For each mesa, three
images showing the polarization detection conditions of E L[110], E[|[110] and log(I, /1 |) are indicated. The shape
of a biaxial stress boundary contour, for example, can be identified as a dashed line near the region labeled B in (b).

duction of ¢ |, the character of stress changes from bi-
axial at the center to nearly uniaxial at the edge, as also
confirmed by the polarization anisotropy of hh excitonic
transition near the edges of all mesas. For x 2 15 um
the lh and hh transitions have the same intensities for the
two polarization directions for all mesas studied here,
which is consistent with the selection rules for biaxial
stress as previously discussed. It can be seen that the
stress reduction behavior for different sizes are very
similar. The fitting of o | (x) with eq. (4) is shown with
lines through the data of Figure 22.

The results of the fits showing L, versus the mesa
size are shown in Figure 23. The decay length L, is
seen to increase from 3.9 to 7.8 um as the mesa size in-
creases from 25 to 100 um after which no significant
change in L, is found. It is evident, when considering
eq. (4), that L, decreases for mesas less than 100 um
because the size of the mesa becomes comparable to Lp,,
and all four edges of the square will interact in relieving
the stress. For the 10 um mesa, no detectable decay in
the stress was observed as the beam was positioned from
the mesa edge, indicating a completely homogenous
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stress as reported above. The residual tensile stress re-
maining at the x = 0 edge, o, (0), is seen to fluctuate
between 0.5 and 1 kbar in Figure 22. An increase in
0, (0) is seen for mesa sizes greater than 100 um. The
experimentally determined values of o | (0) and 9 (0) are
shown in Figure 23 as a function of the mesa sizes. The
relaxation of o, at the mesa edge has been examined
with finite element elastic calculations; a maximum value
of ~ 0.2 kbar has been calculated [20, 21]. There are
additional types of edge-related stresses, as indicated in
eq. (3) by the presence of peeling (0,) and shear (7)
terms. These terms can generally be comparable in
magnitude to | and o, for thermally mismatched thin
films, as indicated in the calculations of Suhir [37] who
showed that a tensile peeling stress and non-zero shear
stress can exist near the edge a thin film. Also, with
any luminescence technique involving electron-hole exci-
tation, the magnitude of the stress near the edges is un-
certain due to the ~ 0.5 um minority carrier diffusion
length. The approximately exponentially decay (see eq.
(4) for small x) of stress near the edge results in an ex-
ponential increase in the bandgap (from eq. (3)) as the
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edge is approached. This gradient in the bandgap could
induce excess electrons and holes to drift away from the
edge or corners to a region of lower bandgap, resulting
in an effective increase in measured ¢ | values. Howev-
er, our lack of knowledge of the bandbending in the vi-
cinity of the mesa edges and surface precludes any quan-
titative assessment of this effect.

Linearly Polarized CL imaging of GaAs/Si

In order to assess the homogeneity of the optical
quality of the entire mesa region, it is necessary to
employ the CL imaging capability. The optical quality
can vary from point to point on the GaAs mesa as a re-
sult of dislocations and stacking faults resulting from the
large lattice mismatch between Si and GaAs. Imperfec-
tions in the etching of the SiO, mask before GaAs
growth and its chemical removal after growth can lead
to deviations from a perfect square mesa pattern, and
subsequently lead to inhomogeneities in thermal stress.
The microcracks resulting from the thermal stress will
occur when the mesa size exceeds a critical value, and
CL imaging can be used to determine this. A useful
non-destructive approach to obtain immediate feedback
on the quality of device structure and its degree of ho-
mogeneity is to perform CL imaging. In particular, po-
larized CL imaging can enable the immediate identifica-
tion of regions which deviate from an ideal biaxial
stress. Figure 24 shows monochromatic LPCL images
of the 50, 100, and 250 um mesas. Photon energies of
1.494 eV (50 um mesa) and 1.487 eV (100 and 250 um
mesas) were detected in the monochromatic LPCL imag-
ing. The photon energies were chosen so as to corre-
spond to the peak of the hh-excitonic transition that oc-
curs near the edges of the mesas. The images were
taken with the polarizer rotated to detect emission of
light with E 1 [110] and E ll [110] detection orientations,
as indicated in the figure. When the polarizer is orien-
ted so as to detect emission with E 1 [110], the regions
near the square mesa edges which are parallel and per-
pendicular to [110] become bright and dark, respective-
ly. This is a result of the linearly polarized property of
excitonic emission associated with the hh wavefunction,
as discussed above. Also, in order to emphasize the re-
gions which show a polarization dependence, the ratio of
the images is displayed. The pixels in the ratio images
at a (x,y) position are represented as:

log[I ; (x,y)/Tj (x,y)]

where I | (x,y) and I" (x,y) are the pixel intensities under
E 1[110] and Ell[llO] detection orientations, normal-
ized to a 256 level grey scale. Regions of uniform
bright and dark contrast indicate deviations from biaxial
stress and occur near regions of uniaxial stress. For
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Figure 25. CLWI images of the same 50, 100, and 250
wum mesas shown in Figure 24. The wavelength scale
indicates the wavelength of peak intensity for the
excitonic luminescence. The long- and short-wavelength
emissions correlate spatially with regions of biaxial and
uniaxial stress, respectively. The regions of shortest
wavelength (dark) correspond to complete stress relief
which is caused by intersecting microcracks and edges.
Thermal cycling of the sample or, possibly, exposure to
the electron beam has caused the partial microcracks
seen in Figure 24c to propagate across the entire mesa.

mesa sizes greater than or equal to 100 ym, microcracks
were found to run parallel to [110], as can be seen in
Figures 24b and 24c. The polarization dependence of
the luminescence near the microcracks is similar to that
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Figure 26. The integrated cathodoluminescence intensi-
ty as a function of the mesa size. The solid line indi-
cates a linear fit and shows a logarithmic dependence of
the CL intensity on the mesa size.

near the mesa edges, and the microcracks were previ-
ously found to exhibit a nearly uniaxial stress depend-
ence [27]. The shape of the biaxial stress boundary con-
tours can be seen near regions of constant intensity away
from the microcracks and edges in the ratio images (see,
e.g., dashed line in Fig. 24b). Figure 24c shows results
from a non-ideal 250 um mesa containing microcracks
and defects near the meas edges. Again, the bright and
dark regions pinpoint regions of stress relief. The
microcracks do not necessarily propagate through the en-
tire mesa, as seen in Figure 24c, but thermal cycling of
the sample can induce microcrack propagation (as seen
in a subsequent CL image discussed below). Thus, po-
larized CL image can sensitively identify small devia-
tions from pure biaxial stress resulting from defects.
CL wavelength imaging of GaAs/Si

In order to further assess spatial variations in the
stress, we have examined the cathodoluminescence
wavelength images (CLWI) of the GaAs/Si sample. In
CLWI, the wavelength as a function of the spatial (x,y)
position, A (x,y), at which there is a peak in the intensi-
ty of a local luminescence spectrum, is determined, and
a modified-color or grey-scale image directly mapping
these wavelengths is generated [10]. In this study, the
scanning area was discretized into 640 x 480 pixels. In

order to determine A\ (X,y), a spectrum consisting of 31

wavelength points (obtained from 31 discrete monochro-
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matic CL images), varying from 825 to 840 nm, was
obtained at each pixel position. CLWI images of the
same mesas depicted in Figure 24 are shown in Figure
25. The speckled regions delineate the non-luminescent
Si substrate. The grey-scale bar showing the wavelength
mapping of A (x,y) is shown, and the dark regions re-
present peak positions shifted towards shorter wave-
lengths. The regions of longer wavelength (brighter re-
gions) are seen to occur at least ~ 10-20 um from the
edges, indicating regions of uniform biaxial tensile stress
that accompany bandgap lowering. Near the edges and
microcracks, A (X,y), generally shifts towards shorter
wavelengths, but some variation is seen to due to in-
homogeneities in edge quality. The result is similar and
complementary to the LPCL images of Figure 24 and al-
lows the determination of regions exhibiting biaxial and
uniaxial stress and regions of complete stress relief (such
as at the intersection of microcracks and edges which are
dark in Fig. 24). Figures 24c and 25c are of the same
250 um mesa taken at different times. The thermal cy-
cling of the sample and, perhaps, repeated exposure to
the electron beam have induced the partial cracks (Fig.
24c) to elongate across the entire mesa (Fig. 25¢).

Influence of GaAs mesa size on optical and structural
quality

The selective growth of thin films on reduced areas
is known to enhance the optical and structural quality of
the film when the epilayer and substrate are lattice mis-
matched [12, 19]. Yamaguchi er al. [42] recently
showed a reduction in the dislocation density, using the
etch-pit method, for MOCVD selectively grown GaAs
on Si. It was argued that the reduction in thermal stress
present for the smaller pattern sizes would lead to a re-
duction in the stress-induced dislocation density, and a
linear correlation between stress and dislocation density
was established by these authors. The integrated CL in-
ensity is shown versus the mesa size in Figure 26. The
CL intensity 1s found to decrease nearly logarithmically
with the mesa size, thus indicating an increase in the
structural quality of the GaAs films for smaller mesa
sizes. These results do, therefore, confirm that stress
induced dislocations, whether thermal or lattice-mis-
match in nature, can be reduced through selective
growth on reduced areas.

Conclusion

We have utilized novel SEM-based optical imaging
techniques to study the optical properties of nipi-doped
Ing ,Gajy gAs/GaAs MQWs and mesas of GaAs/Si. The
former system exhibits strain-induced defects mainly as
a result of lattice mismatch, while the latter, in addition
to lattice mismatch, suffers from a stress-induced by a
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difference in thermal expansion coefficient.

The modulation of MQW exciton absorption has
been demonstrated with use of a high-energy electron
beam to study the carrier recombination dynamics. The
spatially separated electron-hole plasma created in the
nipi-doped MQWs is used as a probe in EBIA to study
the influence of strain-induced defects on the ambipolar
diffusive transport of carriers. The modulation in ab-
sorption coefficient is illustrated with two types of nipi
MQW structures which involve (i) filling of QW states
and subsequent screening of the hhl-el excitonic
Coulombic interaction and (i) modifying the electric
field experienced by the QWs and thereby inducing a
change in the quantum confined Stark effect of the
hhl-el excitonic absorption energy. An anisotropy in
the ambipolar diffusive transport is observed in EBIA
imaging of the QCSE sample which stems from the an-
isotropy in nucleation and propagation of a-type and
B-type dislocation cores. Electron beam energy-depend-
ent CL imaging and the corresponding histogram analy-
sis indicates that non-radiative recombination centers in
the MQW giving rise to DLDs are group at various dis-
tances from the GaAs substrate. The position and orien-
tation of steps in EBIA is directly correlated with DLDs
observed in CL images indicating that potential fluctua-
tions induced by misfit dislocations and a Cottrell atmo-
sphere of defects will impede carrier transport. For a
nipi-doped MQW sample which exhibits little DLD con-
trast, the corresponding EBIA image is found to by cy-
lindrically symmetric without any noticeable steps. A
direct pm-scale imaging of the effects of structural de-
fects on transport is demonstrated with EBIA.

We have examined the variation of stress tensor in
selective area MOCVD grown GaAs on Si substrate by
using a LPCL technique. Patterns with smaller dimen-
sion show better optical quality, indicating a reduction in
the thermal stress induced dislocaticn density. The bi-
axial stress is found to decrease for small mesa sizes,
and a stress reduction near the edges is modeled well
with a bi-metal thin film model. A residual stress (0.5-
1.0 kbar) exists on the corner. The CL results show
that (i) the decay length of stress relief near a pattern
edge increases with increasing mesa size, (ii) the maxi-
mum biaxial stress and residual stress near the mesa
edges increase with increasing pattern size, and (iii) the
luminescence efficiency of the film decreases with in-
creasing pattern size. The stress components o) and 0 |
can be determined as a function of position from the
LPCL strain-split peak positions and solutions to the
orbital-strain Hamiltonian. The selective-area growth
method improves the quality of thermally mismatch epi-
layer materials and helps to reduce the thermal stress on
the heteroepitaxial layer. Polarized CL imaging is ob-
served to be sensitive to local deviations from biaxial
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stress and can be used to map the boundaries of stress
contours near mesa edges and defects. CLWI reveals
additional information on stress-relief by allowing a
direct spatial imaging of bandgap variations. The versa-
tility of state-of-the-art SEM systems combined with the
ease of interface and control with inexpensive PC-based
microcomputers with powerful image processing and
data manipulation capabilities facilitates the development
of new techniques for studying the interrelationship be-
tween microstructure, optical, and transport properties.
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