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Cathodoluminescence scanning electron microscopy is used to study Al Ga, _ , As epilayers
grown on a nonplanar substrate by molecular beam epitaxy. Grooves parallel to the [011]
direction were etched in an undoped GaAs substrate. Growth on such grooves proceeds on
particular facet planes. We find that the aluminum concentration in the epilayers is dependent
on the facet crientation, changing by as much as 35% from the value in the unpatierned areas.
The transition in the aluminum concentration at a boundary between two facets is observed to

be very abrupt.

Advances in crystal growth technology have led to in-
creased control of the crystal composition during the growth
process. An example of this is the monolayer precision with
which the composition of semiconductor crystals can be var-
ied using molecuiar beam epitaxy (MBE). Since MBE
growth on planar substrates affords control of the composi-
tion only along the growth axis, additional processing is re-
guired to introduce lateral variation of the crystal properties.
The use of nonplanar substrates produces lateral variations
in epitaxial layers grown by MBE, adding a new dimension
to the power of MBE as a tool for device fabrication.” For
example, growth on nonplanar substrates has been used for
the fabrication of buried-heterostructure guantum well ia-
sers in a single growth step,” and it has been proposed as a
technique for the fabrication of quantum wire lasers.>®

Lateral variations in the properties of epilayers grown
by MBE on nonplanar substrates occur as 2 result of an ori-
entation dependence of the surface kinetics during the
growth. For example, the growth rate within a given layer
varies with position according to the orientation of the sur-
face, and certain dopants (e.g., silicon ) appear preferentially
as donors on some facets and as acceptors on others.”™® In
this letter we present cathodoluminescence data on
Al Ga, _ . As epilayers grown on a patterned GaAs sub-
strate. Our data show that the aluminum concentration on
some of the facets differs by as much as 35% from the value
in the unpatierned areas. Fhe transition between the compo-
sitions of two adjacent facets is observed to be very abrupt.

The sampie used in this experiment was prepared as fol-
lows. Lines 5 um wide were defined by photolithography on
an undoped, high-resistivity GaAs substrate along the [011}
direction. A 60 min chemical etck, using a 3:1:40 mixture of
H.PO,:H,0,:H,0, defined grooves in the substrate which
were approximately 15 gm wide at the top. The wafer was
then cleaned using a series of sclvents, none of which acts as
etchants for GaAs or AlGaAs. The growth was done in a
Riber 2300 molecular beam epitaxy machine. The substrate
temperature was 600 °C. The substrate was rotated at 48 rpm
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during the growth to average out any geometrical effects
regarding the fluxes of molecules. The structure in the un-
patterned areas of the sample consists of a 1 | pm Gahs buffer
layer,a 1 um Aly 5,5 Gag 15, Aslayer, a 100 A GaAs quantum
well, and a 0.1 gem Al 5., Gag 45, As cap layer. All layers
were undoped.

Cathodoluminescence scanning electron microscopy’
of the sample shows a dramatic spatial dependence of the
material composition on a nonplanar region of the substrate.
Growth on nonplanar regions occurs preferentially along
particular facet planes. The composition of the grown layers
is found to depend on the orientation of the facets, as ilfus-
trated in Fig. 1. This is demonstrated by spectrally resolved
cathodoluminescence (SRCL) micrographs taken at a sam-
ple temperature of 77 K. The SRCL images are formed by
excitation of a small region of the sample with a raster scan of
the electron beam.” A monochromator is used as a bandpass
filter for the cathodoluminescence. As the center wavelength
of the SRCL images is varied from 6600 to 7000 A, the var-
ious facets exhibit markedly different luminescence features
{see Figs. 2 and 3,(a)~(d)}]. At acenter wavelength of 6600
A, facet ¢ luminesces strongly, facets @ and e are relatively
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FIG. 1. Diagram of the AlGaAs epilayers grown by molecular beam epitaxy
on a nonplanar substrate. The observed aluminum concentrations on the
various facets are marked on the diagram. The grooves are symmetric about
the center, both with regard to their morphology and the composition of the
cpilayers.
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FIG. 2. Spectrally resolved cathodoluminescence micrographs of a groove
in the surface. Growth in the groove takes place on well-defined facets {sec
Fig. 1). The different micrographs represent luminescence images of the
sample taken at particular wavelengths. (2) 6600 A: Facet cappears bright,
and facets @ and e are dim. (b) 6700 A: Facets g, ¢, and e are bright. (¢) 6800
A: Facet d is bright. (d) 7000 A: Facet b is bright.

dim, and facets b and d are dark [see Figs. 2(a) and 3(a)}].
In Figs. 2(b) and 3(b}, the center wavelength is 6760 A, and
facets «, ¢, and e are luminescing strongly, while facet b is
dark and facet & is relatively dim. With the center wave-
length at 6800 A, facet d luminesces quite strongly, and all
other facets are relatively dark [see Figs. 2(c) and 3{c)]. At
7000 13\, the luminescence is dominated by facet b, and all
other facets are dark [see Figs. 2(d) and 3(d)]. The cb-
served contrast in the SRCL images is due to different ampli-
tudes, widths, and positions of the peaks in the fuminescence
spectra emitted from the various facets (see Fig. 4}. In par-
ticular, the unpatterned region (facet e} has an
Al Ga, _  As luminescence peak at 6672 A, corresponding
0.218 to an alnminum concentration of x = 0.248 (see Fig.
4, dotted line).'® The bottom of the groove, facet g, has &
luminescence peak at 6682 A, which corresponds to an alu-
minum concentration of x = 0.246 (see Fig. 4, solid line).
The top of the groove, facet ¢, has & luminescence peak at

{c} (d)

FIG. 3. Spectrally resolved cathodoluminescence micrographs of a cross
section of a groove in the surface. Growth in the groove takes place on well-
defined facets (see Fig. 1). The different micrographs represent lumines-
cence images of the sample taken at particular wavelengths. (a) 6600 A:
Facet ¢ appears bright, and facets @ and ¢ are dim. (b) 6700 A: Facets ¢, ¢,
and earebright. (¢) 6800 A: Facet dis bright. (d) 7000 A: Facet bis bright.
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FIG. 4. Cathodoluminescence spectra measured using spot excitation of a
groove in the sample (see Fig. 1 for facet designation, ¢ through ¢). The
vertical scales of the spectra are different. Solid line: spectrum from facet a,
the bottom of the groove. Short dashes: spectrum from facet b, the side of
the groove. Long dashes: spectrum from facet d. Dotted line: spectrum from
the unpatterned area. The spectrum from ficet ¢, not shown, resembles the
spectrum from facet ¢, except that the peak near 6700 A is broader.

6687 A and an aluminum concentration of x = 0.245. Facet
d, the narrow facet adjacent to the unpatterned region, has a
luminescence peak at 6780 A, corresponding te an alumi-
num concentration of x = 0.227 (see Fig. 4, long dashes).
The side of the groove, facet b, has its luminescence peak at
7160 A, corresponding to an aluminum fraction of x = 0.161
{see Fig. 4, short dashes). Thas, from the bottom of the
groove to the sidewall there is a change in the aluminum
concentration of 35%.
En order to determine the abruptness of the change in
the aluminum concentration between the bottom of the
groove, facet a, and the side of the groove, facet b, we took a
series of spectra at various points on these facets. It shouid be
mentioned that the spatial resclution of cathodolumines-
cence images and spectra is limited by the size of the interac-
tion volume in which electron-hole pairs are created, and by
diffusion of carriers prior to recombination. The interaction
volume is roughly 0.5 gm in diameter for a 10 keV electron
beam, and the diffusion length is on the order of 2 micron.
Thus, the peaks in the spectra correspond to transitions
which take place in a voleme of material with a radios on the
order of 2 micron. As we move from the center of the groove
to the border between the bottom and the side, the peak at
6682 A gradually shifts to 6710 A, and a peak at 7050 A
appears (see Fig. 5). As we move from there to the center of
the sidewall, the peak at 6710 A disappears, and the peak at
7050 A shifts to 7160 A. The border between the bottom of
the groove and the sidewall is relatively bright in the SRCL
image in Fig. 3(c). This bright area corresponds to a super-
position of the tails of the peaks at 6710 and 7050 A. At every
point sampled, the two peaks were distinct from one an-
cther, and no peaks at an intermediate wavelength were ob-
served. This indicates that the transition in the aluminum
concentration at the boundary between the facets is very
abrupt. Because of the finite resolution of cathodolumines-
cence scanning electron microscopy, we cannot measure
precisely the length scale on which the transition occurs, but
it is possible that a lateral heterojunction exists at the bound-
ary between facets.
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FIG. 5. Cathodoluminescence spectra measured using spot excitation at
various points around the border between the bottom of the groove (faceta)
and the side of the groove (facet ). See Fig. 1 for a diagram of the facets.
The two peaks remain distinct through the transition from facet a to facet b,
indicating that the aluminum concentration changes abruptly at the facet
boundary. Dotted line: spot excitation of the center of facet . Short dashes:
excitation spot moved roughly 0.7 um from the center of facet a. Long
dashes: spot moved roughly 1.4 gm from the center of facet a. Solid line:
excitation of the border between facets 2 and b.

We found one place in our sample which, through a flaw
in the photolithography, had a bridge across cne of the
grooves. The contour of the bridge was analogous to a
“groove” etched in the [$11] direction. In this region the
facet which developed on the side of the groove exhibited
luminescence peaked at about 7270 A, correspending to an
aluminum concentration of x = 0.143. This represents a
42% change from the unpatterned area, which is even larger
than the result for the [011] groove.

In order to make sure that the presence of the quantum
well did not alter the spectra of the AlGaAs layers, approxi-
mately 0.25 um of material from the top of the wafer was
removed with a two min etch in the 3:1:40 solution. Catho-
doluminescence spectra verified that the quantum well was
absent in the etched sample, and that the AlGaAs lumines-
cence spectra were unchanged.

Deviation of the aluminum concentration from the val-
ue in the unpatterned region of the sample occurs because of
a difference in the kinetics of growth for aluminum and gal-
lium atoms.'"'> There are two mechanisms discussed in the
literature for this difference to cause a variation in the local
composition.'? First, aluminum and gallium have different
sticking coefficients, defined on infinite surfaces as the ratio
of the number of atoms incorporated into the surface to the
incident flux. Second, aluminum and gallium have different
surface diffusion lengths, so that near a facet boundary, the
population of surface atoms may be altered by transfer of
atoms to an adjacent facet. Growth of our sample was done
at low temperature, 600 °C. For MBE growth on the [ 100]
plane at this temperature, the sticking coefficients of alumi-
num and gallium are close to unity,'! and their diffusion
lengths are on the order of a few hundred angstroms or
less.'*!” Since the combination of unity sticking coefficients
and short diffusion lengths would lead to a uniform alumi-
num concentration in the grooves, these parameters must be
strongly dependent on the facet orientation in order to ac-
count for our cathodoluminescence observations. In partic-
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ular, the abruptness of the transition between the aluminum
concentrations on facets located at the bottom and the side of
the groove indicates that the behavior of aluminum and gal-
lium is quite different on the two facets.

The aluminum concentrations on the various facets are
expected to depend on the growth parameters. The growth
rate of epilayers on different facets has been found to be
strongly dependent on the growth conditions, such as sub-
strate temperature and As/Ga flux ratio.>* Since there is a
connection between the growth rate and the sticking coeffi-
cients of the group III elements,’ the aluminum concentra-
tion on a given facet should also depend on the growth pa-
rameters. This raises the possibility that further
optimization of the structure may be done using the growth
conditions as a patterning tool. For example, if it is found
that certain growth conditions affect the aluminum concen-
tration on the facets, changing these conditions during the
growth could produce an interesting three-dimensional vari-
ation of the aluminum concentration, with possible applica-
tions toward making devices.

In conclusion, we have observed a strong dependence of
the composition of Al Ga, _ | As epitaxial layers grown by
MBE on a nonplanar substrate using cathodoluminescence
scanning electron microscopy. The aluminum concentration
was observed to change from x = 0.246 on the bottom of the
groove to x = 0.161 on the side of the groove. The transition
in the aluminum concentration at a boundary between two
facets is observed to be very abrupt. While the spatial resclu-
tion of cathodoluminescence scanning electron microscopy
is not sufficient to determine the length scale on which the
transition takes place, it is possible that a lateral hetercjunc-
tion exists at the boundary between facets.
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