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Facet Generation During Molecular Beam Epitaxy of GaAs/AlGaAs
Multilayers on GaAs (111)A Patterned Substrates

-Abstract-
Extra facet generation during molecular beam epitaxy of GaAs/AlGaAs

multilayers on exact (111)A GaAs substrates patterned with ridge-type triangles
With (001)-related, (110)-related, and (201)-related sidewalls, designated as “(001)
triangle”, “(110) triangle”, and “(201) triangle”, respectively, has been
investigated for the first time. Extra (113)A, (001), and (114)A facets have been
confirmed to generate on the (001)-related sidewalls, extra (111)B, (110), and
(113)A facets on the (110)-related sidewalls, and extra (101), (238), (125), and
(159) facets on the (201)-related sidewalls, depending on the intersection angle &4
of the sidewall and the substrate plane. Of thesé, the (114)A, (110), and (159)
facets were important because they persisted over a wide range of 4 and,
therefore, played a detrimental role in forming flat and uniform sidewall layers
on the (111)A patterned substrates. The (110) and (NNM)A (N=2, 3, --; M=N-1)
facets developed on the corners of the (001) and (201) triangles, while no extra
facets developed on the corners of the (110) triangles. It has been made clear
that flat and uniform layers maintaining the initial as-etched triangle patterns
can be grown without generating any extra facets on the sidewalls or corners for
the (001) triangles with 33 °=6=29°, the (110) triangles with 30°=6=16°, and
the (201) triangles with 83 °2 =26 °. Asymmetric growth proceeded on the
triangle patterns and violated the above criteria when misoriented (111)A
substrates were used. Generation of pyramidal microstructures on exact (111)A

substrates and step structures on misoriented (111)A substrates during MBE
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growth, both composed of equivalent (110)-related facets, has been suggested to
be closely related to the preferential generation of the (110) and (NNM)A facets

found in the present study.

Key words : gallium arsenide, aluminum gallium arsenide, patterned substrate,

molecular beam epitaxy, crystal facet.
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1. Introduction

There have been many reports published on the growth of GaAs, AlGaAs, and
InGaAs on GaAs (001) patterned substrates and device applications based on it.
In particular, generation of extra facets during molecular beam epitaxy (MBE) on
(001) substrates patterned with stripes running in the [110] and [110] directions
has been well studied [1-20]. During the past decade, GaAs and AlGaAs layers
with good surface morphology have come to be successfully grown on (111)B
substrates [21-31] and (110) substrates [32-40]. However, the growth of high-
quality GaAs and AlGaAs on GaAs (111)A substrates is itself still a subject of
research and only a few papers have been published on the growth on (111)A

surfaces [31, 41-44], except for ours shown below.

We have systematically investigated crystal growth and impurity doping

characteristics on (111)A substrates using MBE technique [45-60]. It has been

found in the course of the research that the technological accumulation on (001)
substrates and epitaxial growth on them is not directly applicable to (111)A
substrates because of the difference in the surface chemical and electronic
properties resulting from the different surface atomic configuration. We have
recently succeeded in the MBE growth of GaAs layers with an excellent surface
morphology by developing novel pre-growth chemical and thermal surface
treatments [56], and in the fabrication of GaAs/AlGaAs single quantum wells
with a steep and smooth heterointerface [48], on exact (111)A substrates. In
addition, we have found for the first time that hexagonal AlAs grows on the
exact GaAs (111)A surface [61], which we think has opened a new phase of
crystallography and crystal growth on surfaces other than (001). On misoriented
(111)A substrates, we have succeeded in fabricating p-n junctions by growing Si-
doped GaAs alone by taking advantage of the amphoteric Si doping
characteristics that depend on the growth conditions [52]. We also have
established extensive control of the slope of the sidewalls through selective
chemical etching of the (111)A surface using newly developed HF +H209+H30

mixtures for preparing patterned substrates [60]. On the basis of these




achievements, we have successfully created a novel carrier confinement structure
with a p-type (111)A triangular region surrounded by three equivalent (113)A n-
type sidewalls, that is, a lateral p-n junction, by MBE growth of Si-doped GaAs
on selectively etched semi-insulating GaAs (111)A substrates [49-51, 57]. The idea
for the structure is based on the acceptor nature of Si dopants on the (111)A
surface in contrast to the donor-nature on (113)A surfaces and the three-fold
rotational symmetry of the (111)A surface. We have also successfully fabricated
“lateral p-n subband junctions” that combined vertical quantum confinements
with lateral p-n junctions on stripes with the (113)A sidewall and observed
“lateral” intersubband recombination emissions and tunneling currents under
foward bias [58].

Uniform n-type sidewalls and a steep conduction type transition at the lateral
p-n junction are basically required for the successful fabrication of such devices.
It is very interesting and important to understand and control the fundamental
growth process on triangle patterns not only from the point of view of device
application but also from the point of view of basic material research. This paper,
. designated as Paper I, reports extra facet generation on the sidewalls of ridge-
type triangles on exact (111)A substrates during MBE growth of
GaAs/Alg 3Gag7As multilayers for the first time, and discusses facet generation
control in connection with the slope of the sidewall to the (111)A substrate plane.
Effects of substrate misorientation on the growth process on triangle patterns are

also discussed.

2. Experiment

Considering the three-fold rotational symmetry of the (111)A surface, ridge-type
equilateral triangle patterns are fundamental units. Three kinds of ridge-type
equilateral triangles with heights of 5-7 um whose three crystallographically
equivalent sidewalls are composed of (001)-related, (110)-related, and (012)-
related surfaces were formed on (111)A substrates using photolithography and
selective etching techniques. For simplicity, they are briefly designated as “(001)
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triangle”, “(110) triangle”, and “(201) triangle”, respectively. These triangles are
schematically shown with respect to the atomic configuration of the (111)A
surface in Figure 1. The (021) triangle is a mirror image of the (201) triangle
with respect to the (110) plane and has sidewall orientations equivalent to the
(201) triangle. The intersection angle § of the sidewall and the (111)A substrate
plane was varied in the range from 84° to 11° for the (001) triangle, from 74° to
11 ° for the (110) triangle, and from . 72 ° to 12 ° for the (201) triangle,
respectively, using HgOg-excess HF +H9Og+H9o0 mixtures of various compositions
[60]. These § ranges include various low- and high-index planes for the sidewalls.
The (111)A patterned substrates were then chemically etched in an
NH4OH:H909:HoO =2:1:96 (volume ratio) mixture and thermally treated at 700 °C
under an Asg4 pressure of 4.0 X 10-5 Torr. Finally, five pairs of undoped 0.2 xm
thick GaAs/0.2 um thick Aly3Gag 7As layers and an undoped 0.3 ym thick GaAs
cap were successively grown by MBE on the (111)A patterned substrates at a
substrate temperature of 620 °C, an Asyg pressure of 3.3X10-5 Torr, a V/AII flux
ratfo of 7.4 for GaAs and 6.2 for AlGaAs, and a substrate rotation speed of 60
rpm. The growth rate was 0.77 pm/h for GaAs and 1.10 pxm/h for AlGaAs,
corresponding to 0.66 and 0.94 monolayers/sec, respectively, The AlGaAs layers
were used as “markers” in order to observe how the growth proceeded. The layers
grown on the triangle patterns have been closely examined by scanning electron
microscopy (SEM) at an acceleration voltage of 10 kV and a probe current of 1 nA
as shown in Figure 1. For a cross-sectional observation, the (110) cleaved surface
was stain-etched in an HF:H909:H20=1:1:10 (volume ratio) mixture to clearly
reveal the GaAs/AlGaAs interfaces. No variations in the as-etched sidewall
profile, growth rate, and after-growth surface morphology were confirmed across

the whole sample (20 X 25 mm?2) for any of the samples investigated.

3. Results and Discussion
Although the epilayer - substrate interface was not clearly observed since the

first layer grown was GaAs, a definite interface maintaining the initial etching
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profile was confirmed on Si-doped GaAs single layers grown under similar

conditions and stain-etched more deeply.
1. (001) triangle

Figure 2 shows (110) cross-sectional views of the as-etched profiles of the (001)-
related sidewalls with various values of §. The surface index (Imn) corresponding
to each value of 4 is also shown (within * 2° with 1,m,n=9. As demonstrated
in [60], the flatness and sharp intersection with the substrate plane of these
sidewalls should be noted. Figure 3 shows (ilb) cross-sectional views of the
corresponding grown layers, The brighter layers correspond to GaAs and the
darker layers to AlGaAs, Local thickness variation took place in both the GaAs
and AlGaAs layers but predominantly occurred in the GaAs layers, hence, the
AlGaAs layers really acted as markers. Generation of extra facets on the
sidewalls is described as follows:
(a) For §>80°, extra (ii3)A, (001), and (114)A facets with facet angles 4r=80 °,
55 °, and 33° to the (111)A plane, respectively, were identified.
(b)~(d) For 80°=0>55°, the (113)A facet disappeared and the (001) and (114)A
facets remained. '
(e)-(h) For 55°=6>833°, only the (114)A facet continued to be present. Moreover,
the (114)A facet developed more towards the sidewall as ¢ approached 33 °, ér for
this facet, as demonstrated in (g) and (h). This may be caused by enhancement of
the lateral growth due to the increase in the terrace width of microsteps formed
on the as-etched sidewall.
(1)-G) For 33°=6=16"°, the (114)A facet finally disappeared and no extra facets
were generated, leading to a flat and uniform sidewall maintaining the initial as-
etched profile. Thus, the (114)A facet is the most important element to be
controlled in producing a flat and uniform sidewall. The general rule of facet
generation with respect to 6 is, therefore, that a facet present for a large 6
vanishes once # decreases below 65 of the facet.
(k) For 6<16°, steps with 6r=16° appeared near the sidewall - substrate plane

boundary.



Figure 4 shows bird’s eye views of the growth behavior of the (114)A facet
(indicated by an arrow) with respect to §. The characteristic surface morphology
of the (114)A facet [4, 6, 14] is clearly observed and does not change with 4. The
development of the (114)A facet towards the sidewall with decreasing 6 is also
clearly observed. The surface of the layer grown on the sidewall is smooth
independent of 4.

Figure 5 shows top views of the as-etched profiles of the corners of the (001)
triangles with various values of §. Figure 6 shows top views of the corners of the
(001) triangles after growth. Generation of extra facets on the corners is
described as follows.:

(a) For §>80°, no deﬁnite extra facets were seen on the corner.

(b)-(e) For 80°=4=54°, an extra (110) facet started to develop and increasingly
grew towards the bottom of the corner with decreasing 4.

(f)-(1) Once & decreased below 54 °, however, the (110) facet decomposed into two
parts which have orientations more associated with the two intersecting
sidewalls. For 54 °>8>29 °, No extra facets were generated on the corner and a
definite intersection line existed there.

{-(1) Below §=29°, (110)-related facets, designated in terms of (NNM)A (N=2, 3,
--; M=N/2), appeared. |

The identification of the (110) and (NNM)A facets was made on the basis of
their orientations and of the values of 8¢ evaluated as follows. The angle, 6., of
the intersection line to the (111)A substrate plane can be evaluated from the
experimentally determined value of 4 using the simple relation §.=tan-1(tang/2).
The value of 6.=35° corresponding to ff of the (110) facet, corresponds to
§=54°. This calculation coincides well with the experimental result that the
facet appearing on the corner for §=54 ° disappeared for =52 ° and confirms
that the facet in question is really (110)-oriented. The value of =29 °,
corresponding to the existence boundary of the (NNM)A facets gives the value of
6.=16 °. This value corresponds to 6¢ of the (221)A plane. The (NNM)A facets




shown in Figures 6(), (k), (1) correspond to (774)A, (885)A, and (554)A,
respectively.

It has been reported that the (110) and (NNM)A planes show p-type
conduction by Si-doping as does the (111)A plane [32-34, 62]. In fact, the (110)
triangles, described in the subsequent section, did not show any -carrier
confinement functions [52], which means that the (NNM)A sidewalls are p-type.
Therefore, the (110) and (NNM)A facets that develop on the corner can act as
carrier leakage paths and should be suppressed for a firm carrier coﬁﬁnement.
We confirmed that facet generation cannot be controlled by the V/II ratio (7.5-
5.8) or cannot be well suppressed by the lowering of the growth temperature
(down to 580 °C). The lowering of the growth temperature makes it difficult to
grow good p;type layers on (111)A substrates by Si-doping. Consequently, the
control of § is the only way to achieve successful suppression of facet generation.

Table 1 summarizes the facet generation behavior for the (001) triangle. In
order to obtain flat and uniform layers on the sidewall maintaining the initial
as-etched pattern, it is necessary to keep § between 33 ° and 16 °, while in order
to suppress the generation of the facets acting as carrier leakage paths on the
corner, 6 must be kept between 53 ° and 29 °. Consequently, it was made clear
that it is possible to grow GaAs and AlGaAs layers by MBE on the (001)
triangle without modifying the initial as-etched pattern in the narrow 4 range of
33° to 29 ° only. Figure 7 shows a top view of a 3.6 um thick Si-doped GaAs
layer grown under this 4 condition. No appreciable modification to the as-etched
pattern can be seen even for such thick layer growth. This result practically
limits the choice of the sidewall orientation to (113)A (6=30°). It is interesting
to note that the growth, characterization, and device application of GaAs and
AlGaAs layers and GaAs/AlGaAs quantum wells on the (113)A surface have
recently attracted increasing attention for amphoteric Si doping and singular
electronic properties [63-72]. It should be noted from Figure 3 that the interface
of the layers grown on the (111)A substrate plane and sidewalls is flat and
perpendicular to the substrate plane, that is, [112]A-oriented, irrespective of the
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existence of the (114)A facet. This favorably contributes to the simplification of
the s’gructure of lateral (111)A - (113)A junctions. Moreover, as shown in Figure
4(f), the layer on the (113)A sidewall has an excellent surface morphology.
Supported by these features specific to the growth on (111)A patterned
substarates, an excellent current blocking effect was confirmed for Si-doped GaAs
layers grown on the triangles with equivalent (113)A sidewalls [49-51], and
excellent tunneling and light emitting characteristics of the lateral p-type (111)A
-n-type (113)A subband junctions have been demonstrated [58].
2. (110) triangle

Figure 8 shows (110) cross-sectional views of the as-etched profiles of the (110)-
related sidewalls with various values of 4. Figure 9 shows (110) cross-sectional
views of the corresponding grown layers. Generation of extra facets on the
sidewalls is described as follows:
(a) For #=71°, an extra (111)B facet with f=71° was generated.
(b)-(h) For 71°>6=30°, the (111)B facet disappeared and, instead, an extra (110)
facet with 6r=35° and an extra (113)A facet adjacent to the (110) facet appeared.
The (110) facet continued to be present over a wide # range, and hence, an
important element to be controlled. The (110) facet developed more towards the
sidewall as & approached 35°, &¢ for this facet, like the (114)A facet on the (001)
triangle. For §=37° (g), the whole sidewall was covered by the (110) facet. In
contrast to the (114)A facet, the (110) facet was still present on the lower part of
the sidewall for §<35° as shown in (h). The (113)A facet vanished once the
(110) facet moved to the lower part of the sidewall.
(i)-G) For 30°>#=16°, the (110) facet finally disappeared and no extra facets
were generated, leading to a flat and uniform sidewall that maintained the
initial as-etched profile.
(k) For <16 °, steps with f¢=16° appeared near the sidewall - substrate plane
boundary.

Figures 10 shows bird’s eye views of the growth behavior of the (111)B facet
with respect to 4. The (111)B facet was not completely flat but exhibited mosaic




patterns. This may be attributed to the present growth conditions optimized for
the (111)A surface (high temperature and high Ass pressure), which did not
match the optimum growth conditions for the (111)B surface (high temperature
and low Asyg pressure) [23, 24, 26-31]. The supply of excess Ga atoms from the
adjacent (111)A substrate plane, which will be discussed in a subsequent paper,
designated as Paper III, however, reduced the effective V/OI flux ratio and
favorably contributed to the (111)B facet growth. Note that only a 6 ° decrease in
8 caused a qualitative change in the facet generation, as shown in (b).

Figures 11 shows bird’s eye views of the growth behavior of the (110) facet
with respect to 4. The surface of the (110) facet was relatively flat for for §=49°
((2) and (b)), whereas it tended to show the characteristic features reported in the
literature [32-34, 37] as the (110) facet developed towards the sidewall with
decreasing 6 below 49 ° ((c)-(e)). After the (110) facet completely vanished for
§<30 °, the layers on the sidewall showed a smooth surface like that on the
(113)A sidewall ((661)A, for example, shown in (f)). One interesting phenomenon
is the formation of giant steps on the sidewalls with 4 around ér of the (110)7
facet, of the same type as has been reported on misoriented planar (110)
substrates in [73-75]. Figures 12(a) and (b) show the magnified (110) cross-
sectional images corresponding to Figures 11(c) and (e), respectively. For §=40 °,
which corresponds to the (110) surface misoriented by 5 ° towards the [11_1-]B
direction, we observe giant steps with about 1.3 ym-wide terraces running in the
[IlO] direction below the (110) facet (Figure 11(c)) and the corresponding Al
composition variation (seen as a lateral gradation in the AlGaAs layers in (a)).
For §=32°, which corresponds to the (110) surface misoriented by 3 ° towards the
[111]A direction, we observe giant steps with about 2.6 xm-wide terraces running
in the [110] direction above the (110) facet (Figure 11(e)) and the corresponding
Al composition variation ((b)) as well. In contrast, such giant steps were not
formed on the (001)-related sidewalls with § around 6f of the (114)A facet, as
confirmed for §=41° and 36 °, which respectively correspond to the (114)A
surfaces misoriented by 9° (Figure 4(d) and Figure 12(c)) and 3° (Figure 4(e) and
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Figure 12(d)) towards the [001] direction. This result may reflect the difference in
the way Ga adatoms are incorporated between the (110) and (114)A planes, as is
clearly evidenced by the large growth rate difference between them in Paper IIL.

Figure 13 shows top views of the as-etched profiles of the corners of the (110)
triangles with various values of §. These profiles cannot be distinguished from
those for the (001) triangles shown in Figure 5. Figure 14 shows top views of the
corners of the (110) triangles after growth. Although an incomplete facet-like
structure was observed on the corner for 55°=8>89° ((e)-(f)), no definite extra
facets developed on the corners of the (110) triangles, in distinct contrast to the
(001) triangles discussed above.

Table 1 summarizes the facet generation behavior for the (110) triangle. In
order to obtain flat and uniform layers that maintain the initial as-etched
pattern, it is necessary to keep & between 30° and 16°. The (661)A sidewall with
§=28° is a good choice for that purpose. It should be noted from Figure 9 that
the interface of the layers grown on the (111)A substrate plane and sidewall
becomes flat and vertical to the substrate plane, that is, [ii2]A-oriented, after
disappearance of the (110) facet for §<35°. This favorably contributes to the
simplification of the structure of lateral (111)A - (661)A junctions. This is similar
to the situation with the (001) triangle. No current blocking effects, however,
were confirmed for Si-doped GaAs layers grown on the (110) triangles with
equivalent (661)A sidewalls [51] since Si-doped GaAs layers on the (NNM)A
sidewalls show p-type conduction as well as those on the (111)A substrate plane,
as was discussed in the previous section.

3. (201) triangle

Figure 15 shows (110) cross-sectional views of the as-etched profiles of the
(201)-related sidewalls with various values of 4. The HF +H909+H9oO mixtures
used produced an inverted mesa together with the normal sidewall for large 4.
Since the (201) triangle does not intersect the (110) cleavage plane at right
angles as shown in Figure 1, the actual value of # was evaluated from the

experimentally observed apparent value, &, on the SEM photographs using the
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equation 6=tan-1(tan6’/vcos30°). Figure 16 shows (110) cross-sectional views of the
corresponding grown layers. Generation of extra facets on the sidewalls is
described as follows:
(a)-(b) For 6 around 70 ° with the inverted mesas, extra (IOI) and (159) facets
with 6f=90° and 34 ° were generated. .It is an interesting phenomenon that the
(159) facet generated at the initial stage of growth disappeared as the growth
proceeded for the deeper inverted mesa shown in (a). This phenomenon was not
observed either for the shallower inverted mesa shown in (b) or for the normal
mesas shown below. This will be discussed later.
(c)-(e) For 72°=6>55°, the (101) facet disappeared and an extra (238) facet with
fs=56 ° appeared. The (159) facet continued to be present.
(f)-(h) For 55°=6=33°, the (238) facet disappeared and instead an extra (125)
facet with 6y=49° appeared. The (159) facet developed more towards the sidewall
as § became closer to 34 °, &f for this facet, like the (114)A facet on the (001)
triangle and the (110) facet on the (110) triangle. The (125) facet was pushed
down on the sidewall by the (159) facet development with decreasing 4. The (159)
facet, which exists over a wide 6 range, is thus an important element to be
controlled. The generation of the (125) facet is interesting in that the facet exists
on the sidewalls with §<4#¢ of the facet, like the (110) facet.
(1)-G) For 33°>4>17°, the (159) and (125) facets finally disappeared and no
extra facets were generated, leading to a sidewall that maintained the initial as-
etched profile, although its flatness and uniformity were inferior to those for the
(001) and (110) triangles.
(k) For 6<17 °, steps with =17 ° appeared near the sidewall - substrate
boundary. This is the same behavior as observed for the (001) and (110)
triangles.

Figure 17 shows bird’s eye views of the growth behavior of the (101) facet with
respect to 4. Since the (101) facet did not appear on the sidewalls consisting only
of normal mesas with similar § values ((c) and Figure 16(c)), it is concluded that

# —
the (101) facet generation depended on the presence of the inverted mesa. This
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result and the behavior of the (159) facet mentioned above suggest that the Ga
adatom migration is greatly influenced by the profile between the substrate plane
and the sidewall.

Figure 18 shows bird’s eye views of the growth behavior of the (159) facet with
respect to 4. The characteristic surface morphology of the (159) facet is clearly
observed and does not change with 4. The development of the (159) facet towards
the sidewall with decreasing 4 is also clearly observed. After the (159) facet has
completely vanished for §=32°, the layer on the sidewall shows a relatively good
surface morphology as exemplified by the (135) sidewall layer ((f)) although
poorer than the (113)A and (661)A sidewall layers.

Figure 19 shows top views of the as-etched proﬁles of the corners of the (021)
triangles with various values of §. Again, these profiles cannot be distinguished
from those for the (001) or (110) triangles shown in Figures 5 and 13. Figure 20
shows top views of the corners of the (021) triangles after growth. Generation of
extra facets on the corners is described as follows:

(a) For 6 around 70° with the deep inverted mesa, no definite extra facets were
seen on the corner.

(b)-(e) For the shallow inverted mesa shown in (b) and for the normal sidewalls
with 72°=6=51° shown in (c)-(e), an extra (110) facet started to develop and
increasingly grew towards the bottom of the corner with decreasing 4.

(D)-(1) Once 8 decreased below 51 °, however, the (110) facet decomposed into two
parts which have orientations more associated with the two intersecting
sidewalls. For 51°>6=26° No extra facets were generated on the corner and a
definite intersection line existed there.

(G)-(1) Below §=26°, the (NNM)A facets (N=2, 3, --; M=N/2) appeared.

The (110) and (NNM)A facets described above were identified in the same way
as those for the (001) triangle: The orientation of these facets were exactly the
same as those on the (001) triangles. The angle projected on the (110) plane, 6.,
of the intersection line to the (111)A substrate plane was evaluated from the

experimentally determined value of # using the simple relation 4. =tan-1
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(tané’/\/g). The value of §.’=35° corresponding to 6f of the (110) facet corresponds
to §=51°. This calculation coincides well with the experimental result that the
facet appearing on the corner for §=51 ° disappeared for <51 ° and confirms
that the facet in question is really (110)-oriented. The value of =26 °,
corresponding to the existence boundary of the (NNM)A facets gives the value of
f.=16 °. This value correspon(is to fr of the (221)A plane. The (NNM)A facets
shown in Figures 20(), (k), (1) correspond to (774)A, (885)A, and (443)A,
respectively. These results are similar to those obtained for the (001) triangles.

Table 1 summarizes the facet generation behavior for the (201) triangle. In
order to obtain flat and uniform layers on the sidewall that maintain the initial
as-etched pattern, it is necessary to keep # between 33 ° and 17°, while in order
to suppress the generation of the facets acting as carrier leakage paths on the
corner, § must be kept between 51 ° and 26 °. Consequently, it was made clear
that it is possible to grow GaAs and AlGaAs layers by MBE on (201) triangles
without modifying the initial as-etched patterns in the narrow # range of 33° to
26 ° only. This situation is similar to that for the (001) triangle. The (135)
sidewall with §=29° is the candidate most suitable for that purpose.

It should be noted that the intefface of the layers grown on the (111)A
substrate plane and sidewalls is flat and perpendicular to the substrate plane,
that is, [iOl]-oriented, irrespective of the existence of the extra facets shown
above. This, again, favorably contributes to the simplification of the structure of,
for example, lateral (111)A - (135) junctions. An excellent current blocking effect
comparable to the (001) triangles with equivalent (113)A sidewalls has been
confirmed for Si-doped GaAs layers grown on the (201) triangles with equivalent
(135) sidewalls [76]. Si-doped GaAs layers grown on (012) substrates by MBE
have been reported to show n-type conduction comparable to those simultaneously
grown on (001) substrates [31]. Since the (135) plane is oriented by 11° more
towards the [111]A direction than the (012) plane and the (111)A surface shows
p-type conduction by Si-doping, it is expected to be more difficult to obtain n-type
conduction on the (135) plane by Si-doping. The present result has revealed that
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the (185) layer actually shows n-type conduction by Si-doping as well as the
(113)A layer, at least under the present growth conditions.
4. Phenomena common to three triangle patterns

Although the three triangles showed their respective facet generation behaviors
as discussed above, the following points are worth mentioning as common to the
three triangles.
(1) The persistent extra facets generating on the three triangles, that is, the
(114)A facet on the (001) triangle, the (110) facet on the (110) triangle, and the
(159) facet on the (201) triangle, have f¢ in the narrow range of 33° to 35 °.
(2) The steps with 6¢=16 °-17 °© appear near the sidewall - substrate plane
boundary. They correspond to the (447)A surface for the (001) triangle, the
(221)A surface for the (110) triangle, and the (5 8 11) surface for the (201)
triangle.
These points seem to be related to the crystal structure of GaAs composed of
tetrahedral Ga-As bonding and are under study.
5. (110)-related facet generation and (111)A surface morphologies

Figure 21 shows pyramidal microstructures with (110)-related facets frequently
observed on GaAs and AlGaAs layers grown on exact (111)A substrates [53, 56].
Figure 22 shows step structures consisting of the equivalent (011)-related and
(101)-related facets (not the (001) facet !) on GaAs and AlGaAs layers on (111)A
substrates misoriented towards the [001] direction and those consisting of the
(110)-related facets on GaAs and AlGaAs layers on (111)A substrates misoriented
toward the [110] direction. The preferential generation of the (110) and (NNM)A
facets on the corners of the (001) and (201) triangles elucidated in the present
paper is closely related to the development of these (110)-related structures and
strongly suggests the special importance of these planes as fundamental growth
elements in the MBE growth of GaAs and AlGaAs on (111)A substrates.
6. Misorientation effects

Finally, we would like to discuss the effects of the usage of substrates

misoriented from the (111)A direction on the growth behavior on the triangle
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patterns. Figure 23 shows 1.m thick Si-doped GaAs layers grown on (a) a (110)
triangle with equivalent (661)A side walls and (b) a (001) triangle with
equivalent (113)A side walls formed on a (111)A substrate misoriented by 3 °
towards the [001] direction. The following points can be noted:

(1) The (110) triangle

Step structures consisting of the equivalent (011)-related and (101)-related facets
appeared at the substrate - (661)A sidewall boundary (@) and faded towards the
[112]A direction with a background morphology characteristic of 3 °
misorientation towards the [001] direction shown in Figure 22.

(2) The (001) triangle

Step structures consisting of the (011)-related facets appeared at the substrate -
(311)A sidewall boundary (@) and those consisting of the (101)-related facets
appeared at the substrate - (131)A sidewall boundary (®). They faded towards the
[211]A and [I21]A directions, respectively, with a background morphology
characteristic of 3 ° misorientation towards the [001] direction shown in Figure
22. A (110)-related facet developed on the corner pointing in the [112]B direction
(@) and no such facets developed on the other two corners.

Similar phenomena were observed for a (111)A substrate misoriented by 1°
towards the [001] direction. The directional generation of the step structures
clearly reflects the nonequivalent sidewalls and the directional migration of
adatoms between the substrate plane and sidewalls caused by the misorientation.
Consequently, mirror-like surfaces without steps can be obtained on the substrate
plane only for exact (111)A substrates (within 0.1°) in the growth on ridge-type

triangles.

4. Summary and Conclusion

Extra facet generation during MBE growth of GaAs/AlGaAs multilayers on
exact (111)A GaAs substrates patterned with ridge-type triangles with (001)-
related, (110)-related, and (201)-related sidewalls, designated as “(001) triangle”,
“(110) triangle”, and “(201) triangle”, respectively, has been investigated for the
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first time. Generation of extra (113)A, (001), and (114)A facets has been
confirmed on the (001)-related sidewalls, extra (11i)B, (110), and (113)A facets on
the (110)-related sidewalls, and extra (101), (538), (i25), and (159) facets on the
(201)-related sidewalls, depending on the intersection angle 6 of the sidewall and
the substrate plane. Of these, the (114)A, (110), and (159) facets are impotant
because they persist over a wide range of 4 and, therefore, play a detrimental
role in forming flat and uniform sidewall layers on the (111)A patterned
substrates. The (110) and (NNM)A (N=2, 3, --; M=N/2) have developed on the
corners of the (001) and (201) triangles, while no extra facets have de\}eloped on
the corners of the (110) triangles. It has been made clear that no extra facets are
~generated on the sidewalls or corners and flat and uniform layers maintaining
the initial as-etched triangle patterns can be grown for the (001) triangles with
33°=6=29° the (110) triangles with 30°=6=16°, and the (201) triangles with
33 °=§=26 °. Pyramidal microstructures with equivalent (110)-related facets on
GaAs and AlGaAs layers grown on planar exact (111)A substrates and step
structures composed of equivalent (110)—re1ate-d facets on GaAs and AlGaAs
layers grown on misoriented (111)A substrates has been suggested to be closely
related to the preferential generation of the (110) and (NNM)A facets found in
the present study. Formation of giant steps on the (110)-related side walls
adjacent to the (110)‘facet when 6 is close to the facet angle of the (110) facet
has been reported. Nonuniform growth on the triangular (111)A substrate plane
and asymmetric generation of the (110)-related facets on the corners when

misoriented (111)A substrates were used, have been presented.
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-FIGURE CAPTIONS-

Figure 1 Schematic presentation of ridge-type (001), (110), (201), and (021) tri-
angles formed on the GaAs (111)A surface.

Figure 2 (110) cross-sectional views of the as-etched profiles of the (001)-related
sidewalls with various slopes.

Figure 3 (110) cross-sectional views of the after-growth profiles of the (001)-
related sidewalls corresponding to Figure 2.

Figure 4 Bird’s eye views of the growth behavior of the (114)A facet (indicated
by arrow) with respect to 4.

Figure 5 Top views of the as-etched profiles of the corners of the (001) triangles
with various sidewall slopes.

Figure 6 Top views of the after-growth profiles of the corners of the (001)
triangles corresponding to Figure 5.

Figure 7 Top view of a 3.6 um thick Si-doped GaAs layer grown on the (001)
triangle with equivalent (113)A sidewalls.

Figure 8 (110) cross-sectional views of the as-etched profiles of thé (110)-related
sidewalls with various slopes.

Figure 9 (110) cross-sectional views of the after-growth profiles of the (110)-
related sidewalls corresponding to Figure 8.

Figures 10 Bird’s eye views of the growth behavior of the (111)B facet
(indicated by arrow) with respect to 4.

Figures 11 Bird’s eye views of the growth behavior of the (110) facet (indicated
by arrow) with respect to 4.

Figures 12 Magniﬁed,(flO) cross-sectional views of (a) and (b) the (110)-related
sidewalls with slopes around the facet angle of the (110) facet and (¢) and (d) the
(001)-related sidewalls with slopes around the facet angle of the (114)A facet.
Figure 13  Top views of the as-etched profiles of the corners of the (110)
triangles with various sidewall slopes.

Figure 14 Top views of the after-growth profiles of the corners of the (110)
triangles corresponding to Figure 13.
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Figure 15 (110) cross-sectional views of the as-etched profiles of the (201)-
related sidewalls with various slopes.
Figure 16 (110) cross-sectional views of the after-growth profiles of the (201)-

related sidewalls corresponding to Figure 15.

Figure 17 Bird’s eye views of the growth behavior of the (101) facet (indicated
by arrow) with respect to 4.

Figure 18 Bird’s eye views of the growth behavior of the (159) facet (indicated
by arrow) with respect to 4.

Figure 19  Top views of the as-etched profiles of the corners of the (021)
triangles with various sidewall slopes.

Figure 20 Top views of the after-growth profiles of the corners of the (021)
triangles corresponding to Figure 19.

Figure 21 Pyramidal microstructures with (110)-related facets frequently
observed on GaAs and AlGaAs layers grown on exact (111)A substrates.

Figure 22 (110)-related step structures on GaAs and AlGaAs layers grown on
misoriented (111)A substrates.

Figure 23 1um thick Si-doped GaAs layers grown on (a) a (110) tfiangle and (b)
a (001) triangle on a (111)A substrate misoriented by 3 ° towards the [001]

direction.
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-TABLE HEADINGS-
Table 1 Summary of facet generation behavior during MBE on GaAs (111)A

patterned substrates.
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RIDGE-TYPE TRIANGLES ON GaAs (111)A SUBSTRATES
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Figure 1 Schematic presentation of ridge-type (001), (110), (201), and (021) tri-
angles formed on the GaAs (111)A surface.




HF :H909:HoO = x:y:2 at 25°C
x = 0.05 mol/y = 0.04-0.34 mol/z = 1.22 - 56.82 mol
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Figure 2 (110) cross-sectional views of the as-etched profiles of the (001)-related

sidewalls with various slopes.



Growth temperature = 620 °C
V/II flux ratio = 7.4 (GaAs) /6.2 (AlysGag7As)
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Figure 3 (110) cross-sectional views of the after-growth profiles of the (001)-

related sidewalls corresponding to Figure 2.



(114)A /6 = 33 °

(a) 6 = 84°/(225)A (b) 6 = 68°/(116)A

Figure 4 Bird’s eye views of the growth behavior of the (114)A facet (indicated

~ by arrow) with respect to 4. : —27 —




HF :Hy09:Hs0 = x:y:2 at 25°C

x = 0.05 mol/y = 0.04-0.34 mol/z = 1.22 - 56.82 mol [112]A
[111]A

(a) 4 = 84°/(5§§)A (b) 6 = 75°/(4ﬁ)A () 4 = (d)g=61° [110]

68°/(611)A

(e) d = (h)g =36°/ (411)A

Figure 5 Top views of the as-etched profiles of the corners of the (001) triangles

with various sidewall slopes.



Growth temperature = 620 °C

V/III flux ratio = 7.4 (GaAs) /6.2 (Alg.3Gag7As)
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Figure 6
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(100) facet

(411 A facet
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G) 0 =

24°/(522)A (k) g = 20°/ (211)A

(110)-related facet}

8 (110)-related facet§

1 1)-r1ated facet T

Top views of the after-growth profiles of the corners of the (001)

triangles corresponding to Figure 5.
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Thickness = 3.6 xm

*“(001) triangle”:4 = 30°/(113)A

. [1111A
[110]

[112]A

Figure 7 Top view of a 3.6 um thick Si-doped GaAs layer grown on the (001)

triangle with equivalent (113)A sidewalls. — 32 —



HF : HoO9: HoO = x:y:2 at 25°C
x = 0.05 mol/y = 0.04-0.34 mol/z = 1.22 - 56.82 mol

ﬂ(ﬁ 0) cross-sectional view

(a) 8 = 74°/(778)B (b) 6 = 68°/(887)B (c) 6 = 58°/(885)B (d) 6 = 52°/ (552)B 7

[111]A

7 1318 <—$

[110]
1 <— GaAs substrate

()6 = 49°/(331)B

— e —

(i) 8 = 28°/(661)A

Figure 8 (110) cross-sectional views of the as-etched profiles of thé (110)-related

sidewalls with various slopes.



Growth temperature = 620 °C
V/III flux ratio = 7.4 (GaAs)/6.2 (Aly3Gag.7As)

ﬂ(ﬁ 0) cross-sectional view

(a) 4 = 74°/(778)B (b) 6 = 68°/(887)B (c) 0 = 58°/(885)B (d) 6 = 52°/(552)B 7
- _ | , 9 7

/ [111]A

7 [112]B <—$
| [110]
—— PR <— (GaAs substrate
()0 =40°/(88)B  (g)d = 37°/(110) v(h)ﬁ—32°

0.2 pm GaAs

5 = 28°/ (B61)A

(k) 9 = 11°/(885)A 0.2 ym Aly3Gag7As

Figure 9 (110) cross-sectional views of the after-growth profiles of the (110)-

related sidewalls corresponding to Figure 8.



(111)B/f¢ = 71°

(a) 0 = 74°/(778)B (b) & = 68°/(887)B

Figures 10 Bird’s eye views of the growth behavior

of the (111)B facet

-~ (indicated by arrow) with respect to-4:

=3



(110) /¢ =35°

(a) 6 = 58°/(885)B (b) 6 = 49°/(331)B

Figures 11 Bird’s eye views of the growth behavior of the (110) facet (indicated

by arrow) with respect to 4. —36 —



(a) § = 40°/(881)B (b) 6 = 32°

*(110) triangle”

W16

(c) d =41°/(116)A (d) 0 =36°/(114)A

__,L‘ca,__

“(001) triangle”

0058 10K 420,000

Figures 12 Magniﬁed,(IlO) cross-sectional views of (a) and (b) the (110)-related
sidewalls with slopes around the facet angle of the (110) facet and (c¢) and (d) the
(001)-related sidewalls with slopes around the facet angle of the (114)A facet.




HF :Ho02:HoO =x:y:2z at 25°C _
x = 0.05 mol/y = 0.04 - 0.34 mol / z = 1.22 - 56.82 mol [110] v\@] [112]B

(d) = 58°/(588)B [111]A

i

(a) 6 = 4°/<§77)B (b) 6 = 68°/(788)B | (c) 6 = 64°/(344)B

(8 = 40°/ (188)B (h) § =

i) 6 = 22°/<1)

Figure 13 Top views of the as-etched profiles of the corners of the (110)

triangles with various sidewall slopes.

i



Growth temperature = 620 °C
VI flux ratio = 7.4 (GaAs)/6.2 (Alg3GagrAs)

11
[110] %,v [112]B

(a) 0 = 74°/ (BTT)B ()2 = 68/ (788)B__ (c)§ = 64°/ (344)B (d) 6 = 58°/ (588)B_ [111]A

B (111)B facet I8 — RNy
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() 6 = 52°/ (255)B

(€6 =537°/(01)  (h)g = 32°
(011) fact m S

(k) 6 = 19°/ (255)A W= °/(588)A

Figure 14 Top views of the after-growth profiles of the corners of the (110)

triangles corresponding to Figure 13.



HF :Hy09:HoO = x:y:z at 25°C
x = 0.05 mol/y = 0.04-0.34 mol/z = 1.22 - 56.82 mol

ﬂﬁm) cross-sectional view
=69°/(214) ()4 =171°/(529) (c)b =72°/(§15) (d) 6 = 63°/(327) 7

(a) 6

[111]JA

]
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6 =tan"t(2 tanf’/~/3)

(e)f = 55°/(§38) ) 5 = 46°(i49) (h) § = 33°/(159)

— 0t—

-

@0 = 29°/ (135) TG 6 =22°/(123) &) 6 = 12°/ (345)

- GaAs
substrate

Figure 15 (110) cross-sectional views of the as-etched profiles of the (201)-

related sidewalls with various slopes.



Growth temperature = 620 °C

V/III flux ratio = 7.4 (GaAs) /6.2 (Aly3Gag7As)

(a)0 = 69°/(214) (b)d =71°/(529) (c)d =172°/(815) (d)6 = 63°/(327)

(101) facet

ﬂ(ﬁ 0) cross-sectional view

(e) 0 =

o R @)

= [111]A
_$—> [112]A 7.
[110]
| = 7 0 =tan"}(2 tang’/v/3)
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! (159) facet
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l
!
|
|
|

(k) § = 12°/(345) 0.2  m Alg3Gag.7As
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Figure 16 (110) cross-sectional views of the after-growth profiles of the (201)-

related sidewalls corresponding to Figure 15.



(101) / 6 = 90 °

(a) 6 = 69°/(214) (b) 6 = 71°/(529)

(c) § = 72°/(315)

Figure 17 Bird’s eye views of the growth behavior of the (101) facet (indicated
by arrow) with respect to 4. —4o



(159) / 0r = 34°

(a) 6 = 72°/(315) (b) 6 = 55°/(238)

(e) 0 = 33°/(159) | () ¢ =29°/(135)

N Y

Figure 18 Bird’s eye views of the growth behavior of the (159) facet (indicated

~43 =

by arrow) with respect to 4.



HF :Ho09:H20O =x:y:z at 25°C ‘ . [111]A —
x = 0.05 mol/y = 0.04-0.34 mol / z = 1.22 - 56.82 mol ?" [112]A

[110]

(b) § = 71 °/(925)

(a) 0 = 69°/(412) (c) 0 = 72°/(513) (d) 6 = 63°/(723)

)

() 6 = 55 (832) 60 = 6°/()_ (g) 0°/(21‘) |

)9=29°/(58) ()9=22°/32D) (o= 19°/(759) (D9 =12°) (543)

0011 - 16KV.

Figure 19 Top views of the as-etched profiles of the corners of the (021)

triangles with various sidewall slopes.



Growth temperature = 620 °C

V/III flux ratio =

a)@ =

()0 =

69°/(412)

55 °/ (832)

(951) facet
(832) facet g

(i =

1 (110) facet N
29 °/ (531)

Figure 20

7.4 (GaAs) /6.2 (AlgsGagrAs)

(b) 6 = 71 °/(925) (c) 6 = 72°/(513)
: e
: : (951) facet "
(832) facet. i

(110) facet |8

Lo il (110) facet
o= 46 °/ (941) (g) 0 =40°/ (210)

(951) facet
(521) facet

——————y
(951) facet
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G) 6 = 22°/(321)

j (110)-related facet Fi8

L

Top views of the after-growth profiles of the corners of the (021)

triangles corresponding to Figure 19.
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— 9t —

Growth temperature = 620 °C

(a) VIII flux ratio = 5.7 (b) VAIII flux ratio = 7.6

Pyramidal microstructures with (110)-related facets frequently

Figure 21
observed on GaAs and AlGaAs layers grown on exact (111)A substrates.



Figure 22

(110)-related step structures on GaAs and AlGaAs layers grown

misoriented (111)A substrates. — 47 —

on



Misorientation = 3 ° towards the [001] direction

(a) *(110) triangle”:0 = 28°/(661)A

A
' [110]
[112]A
Misorientation

(113)A

Figure 23 1um thick Si-doped GaAs layers grown on (a) a (110) triangle and (b)

a (001) triarigle on a (111)A substrate misoriented by 3 ° towards the [001]
_ 48 —

direction.



Extra facet on corner

‘ Substrate | Sidewall slope | Extra facet on sidewall
’ (001) triangle Slope Orientation Slope Orientation
80° (113)A
=80° 55° (001) No facets
33° (114)A
55° 001
80°~55° (001) 35° (110)
33° (114)A *
55°~33° 33° (114)A No fgcets
33°~29° No facets No facets
29°~16° No facets <1g° (221)A et
 <16° 16° (447)A = eie
(110) triangle Slope Orientation Slope Orientation
| = q 71° (111)B No facet
= ets
35° (110) © tac
35° (110)
71°~55° No facets
30° (113)A
35° (110)
55°~39° ? ?
111)A 30° (113)A
35° (110)
39°~35° No facets
30° (113)A
| 35°~30° 35° (110) No facets
| 30°~16° No facets No facets
| <16° 16° 221)A No facets
(201) triangle Slope Orientation Slope Orientation
Around 70 ° with 920° (101) No facets
inverted mesa 34° (159)
56 ° 238
72°~55° (238) 35° (110)
34° (159)
49° 125
55°~51° ( ) 35° (110)
34° (159)
. 49 ° (125)
51°~ 33 - No facets
34° (159)
33°~26° No facets No facets
26°~17° No facets
=16° (221)A etc.
<17° 17° (5811)
Table 1

Summary of facet generation behavior during MBE on GaAs (111)A

patterned substrates.
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