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The defect distribution in a highly strained Ine,,C$,sAs/GaAs multiple-quantum-well (MQW) 
structure grown on a patterned GaAs substrate is examined with cathodoluminescence imaging 
and spectroscopy in the near infrared. By spatially correlating the luminescence arising from the 
MQW exciton recombination (A-950 nm) with the longer wavelength ( 1000 6 jls 1200 run) 
luminescence arising from the defect-induced recombination, we demonstrate that it is possible 
to determine the regions of highest film quality in both the mesa and valley regions. The present 
approach enables a judicious determination of the optimal regions to be used for active pixels in 
InGaAs/GaAs spatial light modulators. 

Presently, there is a considerable level of interest in 
using selective-area epitaxial growth approaches to achieve 
the fabrication of thick pseudomorphic films of strained 
In,Ga,-As and related multiple-quantum-well (MQW) 
structures on GaAs substrates. Previous studies employing 
transmission electron microscopy (TEM),lA photolumi- 
nescence (PL) ,‘e5 cathodoluminescence (CL) ,6 optical ab- 
sorption, ‘t3 and micro-Raman have demonstrated a sub- 
stantial reduction in the density of misfit dislocations 
occurring in thick In,Gai -as films and MQWs grown on 
GaAs mesas with dimensions between 1 and 400 ym. In 
order to optimize the procedure by which to fabricate func- 
tioning device arrays having such lateral dimensions, it is 
essential to be able to elucidate the optical and structural 
properties on the scale of a micrometer or less. 

In this letter, we employ the technique of cathodolu- 
minescence scanning electron microscopy (SEM) to exam- 
ine spatial and spectral variations in the defect-induced 
near-infrared luminescence of a thick MQW structure of 
Ina,GacsAs/GaAs grown by molecular-beam epitaxy 
(MBE) on a prepatterned GaAs substrate. The present 
study demonstrates the complex interplay between the 
mesa side walls and the growth kinetics in the valley re- 
gions. These results are expected to influence current 
thinking regarding the design and fabrication of spatial 
light modulator device arrays requiring the highest possi- 
ble material quality in isolated pixel regions.3*7 

The &-type GaAs( 100) substrate was patterned using 
conventional optical lithography and wet chemical etch- 
ing. 1-3 The crystallographically selective etch results in un- 
dercut and inclined sidewall planes at the mesa edges. The 
resulting mesas had dimensions of about 2 ,umx 16 pm 
X 18 pm with a 40-pm pitch in both directions before 
MBE growth. A SEM image of a typical mesa is shown in 
Fig. 1. The structure consists of a loo-period InezGacsAs 
(80 A)/GaAs (160 A) MQW (having -2.38 pm total 

‘IAlso with Department of Physics, University of Southern California. 

thickness) with a 5000-h; pf-type GaAs capping layer. 
Cross-sectional TEM and absorption results of this sample 
(designated RG891110) have been previously described.lZ3 
Cathodoluminescence measurements were performed at 
the Jet Propulsion Laboratory.* An electron beam current 
of 0.5 nA at an accelerating voltage of 40 kV was used to 
probe the sample for the CL measurements. The sample 
was maintained at a temperature of -77 K. 

A SEM image of the structure showing a 220 pm X 170 
pm area is presented in Fig. 2(a). Scanning monochro- 
matic CL images corresponding to the same region are 
shown in Figs. 2(b)-2(d) for wavelengths of 950, 1040, 
and 1120 nm, respectively. Regions of increasing lumines- 
cence signal are represented by areas of lighter shades. The 
image with /2=950 nm [in Fig. 2(b)] shows a hatched 
region of bright luminescence with maximum intensity in 
the valley regions midway along the [OlO] diagona1 [dotted 
line in Fig. 1) between mesa centers. There is some observ- 
able emission from the centers and edges of the mesas at 
this wavelength. A dark halo region is found to surround 
the mesas, where little emission is detected. As the wave- 
length is increased to 1040 and 1120 nm, the images in Fig. 
2 show an enhanced emission from the centers and sides of 
the mesas relative to the valley regions. Also, for these 
wavelengths the luminescence patterns on top of most of 
the mesas show a distinct dumbbell shape with maximal 
intensity near the mesa edges parallel to [l]O], as seen in 
Figs. 2(c) and 2(d). 

In order to further quantify the spatial distribution of 
the luminescence, we have performed a set of line scans 
over the single mesa which is depicted in the SEM image of 
Fig. 1. In Fig. 3, the CL intensity for the three different 
wavelengths of 840, 950, and 1120 nm are plotted as a 
function of the electron-beam position (AX) along the 
dashed and solid lines in Fig. 1 which are oriented along 
[l lo] and [liO], respectively. The arrows in Fig. 1 indicate 
an increasing AX in the line scan which has its origin at the 
intersection of the dashed and solid lines; the point labeled 
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FIG. 1. SEM micrograph of a typical mesa of the Ine,GatrsAs/GaAs 
MQW struct_ure. The dashed and solid lines with arrows oriented along 
[l IO] and [l lo], respectively, indicate the position of the electron beam 
during line scans. Points A-E indicate beam position during local CL 
spectroscopy. 

A (AX=O) is located in the approximate center of the 
mesa. 

These results were further investigated by localized CL 
spectroscopy of the region depicted in the SEM image of 

(a) SEM of RG891110 

(c) h = 1040 tlm (d) X = 1120nm 

FIG. 2. SEM (a) and scanning monochromatic cathodoluminescence 
images [(b), (c), and (d) correspond to wavelengths of 950, 1040, and 
1120 nm, respectively] of the same region of the lne,Gaa,As/GaAs 
MQW structure. 
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FIG. 3. Cathodoluminescence monochromatic line scans along the solid 
and dashed lines depicted in Fig. 1; AX=0 corresponds to point A in 
Fig. 1. 

Fig. 1. The electron beam was fixed at certain points indi- 
cated in Fig. 1 with tic marks (labeled A, B, C, D, and E), 
and CL spectra, as presented in Fig. 4, were taken. Multi- 
plication factors used to scale the absolute intensity of the 
spectra are indicated. The peak at il= 840 nm is the result 
of emission from the GaAs capping layer. The sharp 
Gaussian-shaped peak at -950 nm is the MQW e-hh ex- 
citon transition which has a large variation in intensity 
dependent on the beam position. From the two line scans 
of Fig. 3, the /2=950 nm peak is seen to maximize at 
positions of AX=: =l=20 pm from the center of the mesa. 
Further inspection of the CL image of Fig. 2(b) and the 
local spectra in Fig. 4 at point E ( -28 pm from point A), 
however, indicates that the regions halfway along the [OlO] 
diagonal between mesa centers yield the strongest exciton 
peak intensity. A strong emission in the 1000 d/z 5 1200 
nm region (in Fig. 4) is observed for certain points A and 
B on the mesa; two broad bands centered at /2=: 1040 nm 
and AZ 1100 nm are seen. Previously, from photolumines- 
cence of single Inc,t,Gae,s,As QWs having various thick- 
nesses, a long wavelength luminescence was found in the 
1000 5 iz 5 1600 nm region.’ This was attributed to pres- 
ence of interface defects, such as misfit dislocations at the 
InGaAs/GaAs interface. Thus, it is reasonable to attribute 
the longer wavelength CL emission to the presence of 
structural defects which have previously been observed in 
cross-sectional TEM of this sample.‘V3 The difference in 
these two types of structures (single QW vs MQW and In 
alloy composition) would naturally give rise to differences 
in defect types and densities, and would therefore yield 
different luminescence spectra. The defect-induced lumi- 
nescence is seen to be strongest near AX=: +6 pm in the 
/z = 1120 nm line scan of Fig. 3, which is near the centers of 
dumbbell-shaped lobes seen in the CL images. The exciton 
emission is markedly reduced at point B (hx= -9 pm) 

Rich et a/. 223 
Downloaded 21 Jun 2007 to 132.72.138.1. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



800 900 1000 1100 1200 1300 1400 

Wavelength (nm) 

FIG. 4. Localized cathodoluminescence spectroscopy at the points A-E 
shown in Fig. 1. The sample labeled Refcorresponds to the spectrum 
taken in the nonpattemed region of the In,,Gac,As/GaAs M Q W  struc- 
ture. 

which is near the edge of the mesa in Fig. 1. This is con- 
sistent with enhancement of the defect-induced emission at 
point B since a large presence of defect-related recombina- 
tion channels are expected to compete with the exciton 
recombination and reduce the total carrier lifetime. 

The electron beam was further positioned within the 
dark halo region surrounding the mesa [see Fig. 2(b)] at 
point C (AX= - 15 ,um> in Fig. 1. A significant decrease 
in both the exciton- and defect-related features is seen. 
Thus, the presence of additional nonradiative recombina- 
tion channels caused by changes in the defect distribution 
dominate the carrier lifetime in this region. The electron- 
beam positions D (AX= -22 pm) and E yield CL spectra 
with a large increase in the exciton luminescence and si- 
multaneous reduction in the defect feature. Also at point E, 
the largest exciton-to-defect emission ratio was found; this 
indicates the region with the best-t&n quality. The spec- 
trum labeled Ref in Fig. 4 corresponds to a point on the 
nonpatterned region of the sample. Only a broad and 
shifted defect-related band is observed with no exciton 
emission. This is consistent with the marked reduction in 
the threading dislocation density in the patterned region 
relative to the nonpatterned region, as previously observed 
in cross-sectional TEM. lp3 

The dumbbell shape on the mesas, as seen in the 
/2>1000 run CL images and the [llO] CL line scan, indi- 
cates the presence of inter-facet cation migration in which 
the In migrates up along the inclined edges. The presence 
of contiguous low index planes is known to cause interfacet 
migration; this behavior has been observed to cause com- 
positional variations in the AlGaAs and InGaAs films 
grown on patterned substrates.1-3*5*‘0 The wavelength po- 
sitions of the exciton peak at points A and E are 954 and 
946 nm, respectively. If attributed exclusively to a varia- 
tion in the In content, this shift corresponds to an In com- 
positional change upper limit of -0.5%.” This is too 
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small a shift to alone account for the extreme defect- 
induced luminescence variations observed here. The spe- 
cific structural nature of the defects responsible for the 
long-wavelength luminescence cannot be determined from 
the present study. The defect-induced emission is, however, 
likely influenced by the proximity of the region to the 
growth on the contiguous ( 111) and higher index facets 
and the attendant inter-facet cation migration. It is often 
desirable to eliminate the effects of cation migration on the 
faceted walls altogether by growing on elongated [I lo] 
striped mesas.“’ 

In conclusion, we have demonstrated the effectiveness 
of cathodoluminescence imaging and spectroscopy in the 
near infrared in determining the spatial distribution of the 
defect-induced bands and exciton line for an InGaAs 
MQW grown on patterned GaAs. The presence of inclined 
mesa edges and cation migration is seen to influence the 
defect distribution for this particular class of patterned 
MBE growth. The presence of a characteristic dumbbell 
shape in the defect-induced luminescence pattern suggests 
that these regions are far from ideal for applications in 
spatial light modulators. Instead, regions midway between 
the mesa centers yield extremely large exciton-to-defect 
luminescence ratios. This suggests that these regions, with 
further device processing, could serve as high-contrast-ratio 
light modulators.3r7 
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