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Anisotropic Ga Surface Diffusion in Molecular Beam Epitaxy of GaAs on

GaAs Patterned Substrates

-Abstract-

~Extra facet generation on ridge-type triangles with (001)-, (110)-, and (201)-
related equivalent slopes on GaAs (111)A substrates and stripes running in the
[110], [110], and [100] directions on (001) substrates during molecular beam
epitaxy of GaAs/AlGaAs multilayers was investigated. Growth of extra (114)A,
(110), and (iii)B facets was common to the (111)A and (001) patterned
substrates. By investigating local variation in layer thickness in the regions
adjacent to these facets and extra facets specific to the respective substrates, the
orientation-dependent Ga surface diffusion length, Ags, was elucidated as Aga(001)
~ Aca(113)B < {Aga(111)B, 21qa(331)B, AGa(013), Aga(113)A} < Aga(159) =~
AGa(114)A = Aga(111)A = 1ga(110).

Considering application of patterned substrates to the fabrication of lateral p-n
junctions, the present result that A@a(001) is the shortest may limit the use of
(001) substrates because an exponential variation of the layer thickness always
appears on the (001) substrate plane at the boundary with the sidewall and
hampers the formation of simple structures. In contrast, (111)A and (110)
substrates with relatively long Aga are free from such a limitation, and hence
may be more suitable for such applications, although epitaxial growth of good
layers on (111)A and (110) surfaces is very difficult. On the other hand, the (001)
substrate will be suitable for the formation of quantum wires and dots on

patterns with dimensions around Agg because the preferential incorporation of Ga




adatoms into the (001) surface leads to enhancement of the growth rate in the

(001) direction and suppression of the growth rates in the other directions.

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

molecular beam epitaxy, crystal facet, diffusion length.



1. Introduction

In the preceding two papers designated as Paper I and Paper II, facet
generation behaviors during molecular beam epitaxy (MBE) of GaAs/AlGaAs
multilayers on -(111)A and (001) patterned substrates with sidewalls of various
orientations and slopes have been investigated. The extra facets that commonly
generate on both substarates have been identified, together with those observed
on respective substrates. The generation behavior of each facet with respect to
the slope of the sidewall has been elucidated and the ranges of the slope for
which no extra facets generate during MBE and layers can be grown with
maintaining the initial as-eched patterns have been determined.

In the present paper, designated as Paper II, we focus on more fundamental
aspects of growth on patterned substrates, that is, we discuss the orientation-
dependent growth rate and Ga surface diffusion length, based on the results and
discussion in the preceding papers. These anisotropies reflect the orientation-
dependent surface atomic configuration and the difference in the interaction of
incident atoms with the surface atoms. This, in turn, can physically explain the
observed facet generation behaviors and also the growth mechanisms working on
the (111)A surface. We also discuss the merits and demerits of the (111)A ahd
(001) patterned substrates in view of device application such as fabrication of
lateral p-n junctions [1-11]. Finally, we make some comments on growth

behaviors expected on (111)B and (110) patterned substrates

2. Data analysis and Evaluation

The fabrication of the GaAs (111)A and (001) patterned substrates, MBE
growth of the GaAs/AlGaAs multilayers on these substrates, and observation of
the grown layers by scanning electron microscopy (SEM) have been described in
Paper 1 and Paper II.

Growth of extra (114)A, (110), and (111)B facets was confirmed as common to
the (111)A and (001) patterned substrates in Paper II, as summarized in Figure
1. Note the identical surface morphologies of these facets on the (111)A and (001)
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patterned substrates. Extra (113)A, (001), and (159) facets on the (111)A pat-
terned substrates and extra (111)A, (11§)B, and (013) facets on the (001) pat-
terned substrates also were confirmed as main facets. The intersection angle with
the substrate plane, ff, and the growth rate relative to that on the substrate
plane, R’[lmn], for each facet were evaluated from the SEM images according to
the procedure described in the Appendix.

The GaAs/AlGaAs multilayers simultaneously grown on (111)A and (001)
planar substrates exhibited the same growth rates, R, that is,

R{111]JA =R[001].

Under the present high As4 pressure growth condition, R is controlled by the Ga
and Al flux intensities.

The above equality was also confirmed to be true for the simultaneously grown
GaAs/AlGaAs multilayers on the substrate planes far from the patterns on the
(111)A and (001) patterned substrates. It has been reported that the
simultaneously grown GaAs/AlGaAs multilayers on (110) aﬁd (001) planar
substrates exhibited the same growth rates [12], that is,

R[110]=R[001].

The orientation-dependent growth rate, therefore, has meaning for systems
where there exist interactions of adatoms among two or more different coexisting
surfaces, especially for the adjacent substrate plane - facet - sidewall system. In
evaluating the relative growth rate, that the effective molecular- beam fluxes
differ for the substrate plane, the facet, and the sidewall, and that the Ga
surface diffusion length, Aga, critically depends on the As4 flux and growth
temperature, must be taken into consideration. In [13-17], Agas on the (001)
surface, Aga(001), has been reported to shorten as the growth temperature
decreases and/or the As4 pressure increases. One simple expression of the
variation of the effective molecular beam fluxes with 6 is the “cosine law” and if
no interactions of adatoms between two adjacent surfaces are assumed, the
relative growth rate, R’[Imn], of the facet is expressed as

- R”’[lmn] = coséy.



A deviation of R/R” from unity represents a simple measure of the strength éf
the interactions between the adjacent surfaces and the orientation-dependent
incorporation of adatoms.

Table 1 summarizes the values of R’, R”, and R/R” for the facets reported in
Paper I and Paper II. Accurate values of R’s could be obtained by averaging over
several points on a sample. The value of R’ for each facet did not vary with 4
but varied when there was another facet adjacent to the facet in question, like

the (159) facet listed in the table (see Paper I).

3. Results and Discussion
1. Anisotropy of Ga surface diffusion length and facet growth rate
In the system of substrate plane - facet - sidewall, exponential thickness

variations of the layers grown on the substrate plane and/or on the sidewall
towards the boundary with the facet reflect the anisotropy of Aga depending on
the surface orientation. Since Ga adatoms incident on a substrate where
variously oriented surfaces are exposed migrate towards a surface with the
minimum Ags and are incorporated there, it follows that a surface showing an
exponential thickness variation of the layer towards the adjacent surfaces has a
shorter Aga than the adjacent surfaces. For a facet with a longer Aga, the
saturated lateral length of the facet, estimated after fully long growth, may give
a rough estimate of Agg on the facet. For a substrate plane or sidewall with a
longer Aga, the value of Aga cannot be evaluated. By studying these points for
the substrate plane - facet - sidewall systems reported in Paper I and Paper II,
orientation dependence of Ag, is deduced.
(1) (11DHA, (11N)A, and (001) surfaces

Figure 2 shows cross-sectional profiles of the (111)A sidewall of the [110] stripe
and the (001) sidewall of the (001) triangle. Generation of the (114)A facet was
confirmed on both patterned substrates. In (a), an exponential thickness variation
was observed for the layers grown on the (001) substrate plane towards the

boundary with the (114) facet, while there was no such variation on the (111)A
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3
sidewall. The same result has been repoted in many papers studying the growth

on [110] stripes on (001) substrates [3-5, 15, 18-23]. In (b), an exponential
thickness wvariation of the layers grown on the (001) sidewall was observed
towards the boundary with the (114) facet, while there was no such variation on
the (111)A substrate plane. These results consistently imply that some of the Ga
atoms incident on the (111)A surface migrated to the (001) surface through the
(114)A surface and finally were incorporated in the lattice within a characteristic
distance Aga from the boundary. The interchange of the roles of substrate plane
and sidewall between the (111)A and (001) surfaces, however, might lead to
different results since the effective beam fluxes and flux ratio are different
between the substrate plane and sidewall, and Aga is affected by such a growth
ambience [13-17]. The significance of the present results is that we have clearly
confirmed for the first time that the experimental evidence obtained on (001)
patterned substrates that A1ga(111)A is longer than A@a(001) essentially originates
from the crystalline anisotropy and applies to all (111)A-(001) systems.

Since the (11N)A surface (N=1, 2, 3,--) is composed of the (111)A and (001)
elements, Aga(11N)A will have a value intermediate between AGa(111)A and
2Ga(001). Figure 3(a) shows the generation of the (113)A facet with =80 °
adjacent to the (114)A facet on the (225)A sidewall of the (001) triangle. The
R/R” for the (113)A facet was much larger than unity as listed in Table 1. These
show the Ga migration from the (111)A substrate plane to the (113)A facet. The
generation of the (118)A facet with 6y=30 ° adjacent to the (110) facet on the
(110) triangle (shown below) with R enhanced even over R[lll]A (Table 1)
indicates the preferential incorporation into the (113)A facet of Ga adatoms
migrating from the (110) facet to the (111)A substrate plane. These results are
strong evidence that Aga(113)A is shorter than Aga(111)A. The R/R” for the
(114)A facet is slightly lower than unity on both the (111)A and (001) patterned
substrates (Table 1), which is responsible for the appearance of the facet itself
and the exponential thickness variation of the layers on the (001) and (11N)A
surfaces adjacent to the facet. This suggests that Aga(114)A is comparable to
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Aga(11DA Surféce. Thus, the dependence of Aga(11N)A on N is not simple.
Taking into consideration the whole data on the growth on the (1IN)A sidewalls
in the (111)A and (001) patterned substrates shown in Paper I and Paper II, it
was roughly concluded that, with respect to the Ga surface diffusion, the (11N)A
surfaces with N=6 behave like “the (111)A surface” and the (11N)A surfaces
with N=7 behave like “the (001) surface”. Consistent with this conclusion, no
thickness variation of the layers grown on the (001) substrate plane was observed
adjacent to the (11N)A facets with N=9 and 13 on the intersection of the [100]
and [010] stripes (see Figures 17(g) and (h) in Paper II), as exemplified for the
(119)A facet in Figure 4.

Figure 3(b) shows a cross-sectional profile of the (225)A sidewall of the (001)
triangle. Generation of the (001) facet was confirmed. The R/R” for the (001)
facet is sligtly higher than unity, which is responsible for the appearance of the
facet itself (the condition for facet generation at a concave intersection of the
sidewall with the lower substrate plane is opposite to that at a convex
intersection of the sidewall with the upper substrate plane). This indicates that
excess Ga atoms migrated from the lower (111)A substrate plane and/or (225)A
sidewall (more generally the (NNM)A sidewalls) and were preferentially
incorporated on the (001) surface, which gives another evidence consistent with
the above discussion that Aga(001) is shorter than Aga(111)A and Aga(11N)A (the
(1IN)A surface is equivalent to the (1IN)A surface and the (225)A surface is
included in the (11N)A series).

Figure 5 shows cross-sectional profiles of the (445)A and (335)A sidewalls of
the [110] stripes. Generation Qf the (111)A facet was confirmed on both sidewalls.
Figure 5(a) corresponds to Figure 4(b) in Paper II, that is, the sidewall with the
characteristic step structures and Figure 5(b) to Figure 4(c) in Paper II, that is,
the sidewall without them. In (a), only steps composed of the (011)-related and
(101)-related facets are observed at the (111)A facet - (445)A sidewall layer
boundary. On the other hand, in (b), an exponential thickness variation of the

layers on the (335)A sidewall towards the (111)A facet is clearly observed. This
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structural transition of the (111)A facet - sidewall layer boundary is interesting
since it should reflect Ga adatom migration in the competition of Agy on the
sidewall with the width of the microsteps on the as-etched sidewall, but is not
discussed here. The R'/R” for the (111)A facet is much lower than unity (Table
1), which is responsible for the appearance of the facet itself and evidences that
excess Ga atoms migrated from the (111)A facet to the adjacent (335)A sidewall
and (001) substrate plane and were incorporated there. This also consistently
confirms that Aga(111)A is longer than 1ga(001) and Aga(11IN)A.
(2) (110) and (NN1)B surfaces

Figure 6 shows cross-sectional profiles of the (010) sidewall of the [100] stripe,
the (331)B sidewall of the (110) triangle, and the (214) sidewall with an inverted
mesa of the (210) triangle. Generation of the (110) facet was confirmed on all of
the patterns (the (011) and (101) surfaces are equivalent to the (110) surface).
The R’/R” for the (110) facet evaluated from Figures 6(a) and (b), listed in Table
1, is extremely low on both of the (001) and (111)A patterned substrates, which
suggests a long Ags on the (110) surface and that the Ga atoms incident on the
(110) facet migrated to the adjacent sidewall and substrate plane and were
incorporated there. In (a), an exponential thickness variation of the layers grown
on the (001) substrate plane was observed towards the boundary with the (011)
facet. This means that 1ga(110) is longer than Aga(001). In (b), an exponential
thic,;kness variation of the layers grown on the (331)B sidewall towards the
boundary with the (110) facet was observed and the (113)A facet was formed on
the (111)A substrate plane adjacent to the (110) facet. Since the generation of the
(113)A facet instead of an exponential thickness variation is due to preferential
incorporation of Ga atoms into the (113)A surface, as discussed in (1), the result
leads to the conclusion that Aga(110) is longer than AGa(—B_gi)B, AGa(113)A, and
AGa(111)A. The first inequality can be extended so as to include Aga(NN1)B
(N=1, 2, 3,--) on the basis of the experimental results shown in Figure 9 in

Paper I, which is quite natural considering that the (NN1)B surface is composed



of the (110) and (111)B elements and the general trend of Aga(11N)A discussed in
(1).

It should be noted in Figure 6(c) that no exponential thickness variation was
observed for the layers grown on the (111)A substrate plane towards the
boundary with the (101) facet. The R’ of the (101) facet evaluated from Figure
6(c), also listed in Table 1, was very much enhanced, which leads to the
conclusion that Aga(111)A is comparable with or longer than A@ga(110). This
conclusion is inconsistent with the conclusion obtained above. In Paper I, we
pointed out that the (101) facet generation depended on the presence of the
inverted mesa because the facet did not appear on the sidewalls that consisted
only of normal mesas with similar # values. This result suggests that the Ga
surface diffusion process was affected by the profile between the substrate plane
and the sidewall. The large difference in the value of 6f, 35° for the (110) facet
but 90 ° for the (101) facet, may also be responsible for the discrepancy because
the effective molecular beam fluxes and flux ratio greatly change with 6f and Aga
critically depends on these growth ambiences [13-17]. Therefore, we conclude
tentatively that Aga(110) is comparable with or longer than Aga(111)A.

Figure 7(a) shows a top view of the corner of the (001) trianglé with the (001)
sidewalls (§=54 °) after growth. The (110) facet on the corner is observed
together with the (001) sidewall layer and the (114)A facet. A close check of this
figure confirmed that the (114)A facet and the (001) sidewall layer changed their
thicknesses exponentially towards the (110) facet. In fact, Note that the relation
of the (110) facet to the (001) sidewall in this figure is exactly the same as the
relation of the (011) facet to the (001) substrate plane shown in Figure 6(a). This
leads to the conclusion that Aga(110) is longer than Aga(001) and Aga(114)A,
consistent with the previous discussion. Figure 7(b) shows a top view of the
corner of the (021) triangle with the (238) sidewalls (§=55"°) after growth. The
(110) facet on the corner is observed together with the (159) facet. It was

confirmed by a similar check that the (159) facet changed its thickness




exponentially towards the (110) facet. This leads to the conclusion that Aga(110)
is longer than 1g,(159).
(3) (111)B and (11N)B surfaces

Figures 8 shows cross-sectional profiles of the (111)B sidewall with an inverted
mesa of the [110] stripe and the (778)B sidewall of the (110) triangle. Generation
of the (111)B facet was confirmed on both patterns. In (a), an exponential
thickness variation of the layers grown on the (001) substrate plane was observed
towards .the boundary with the (111)B facet, which means that Aga(111)B is
longer than Aga(001). The R/R” for the (111)B facet on the (001) patterned
substrate is much lower than unity, as listed in Tablel. This strongly suggests a
lateral migration to the (001) substrate plane of excess Ga adatoms not
incorporated on the initially formed (-ill)B plane. Similar results have been
. presented in previous reports [18, 24, 25]. The R/R” for the (111)B facet on the
(111)A patterned substrate was larger than unity, as listed in Table 1. Since the
growth rate on (111)B substrates is suppressed as the Asy4 pressure increases [26],
this is strong evidence of the lateral Ga migration from the (111)A substrate
surface to the sidewall. This excess Ga supply from the (111)A substrate surface
reduced the effective V/III flux rétio, and hence favored the growth of the (111)B
facet. Thus, it can be safely concluded that Aga(111)A is longer than Aqa(111)B
although no exponential thickness variations on the facet were observed in (b).

Figure 9 shows a cross-sectional profile of the (112)B sidewall of the [110]
stripe. Generation of the (113)B facet was confirmed. The generation of the
(113)B facet has been reported in [27] in the lateral growth of GaAs on (111)B
patterned substrates under high As4 pressures by metalorganic MBE (MOMBE).
The R/R” for the (113)B facet is slightly lower than unity (Table 1), which is re-
sponsible for the appearance of the facet itself. It should be noted that no expo-
nential thickness variations of the layers grown on the (001) substrate plane
were observed towards the boundary with the (118)B facet in contrast to the
(111)B facet. This means that 2@a(113)B is comparable to Aga(001). Therefore,
considering that the (1IN)B surface is composed of the (111)B and (001) ele-
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ments, AGa(iiﬁ)B will decrease as N increases in accordance with Aga(11N)A.
Since Aga(113)A was longer than Aga(001) as discussed in (1), Aga(11IN)A will
generally be longer than 2Ga(11N)B. In fact, this idea is consistent with the con-
clusion made above that Aga(111)A is longer than Aga(111)B.

(4) (013) surface

Figure 10 shows a cross-sectional profile of the (045) sidewall of the [100]
stripe. Generation of the (013) facet was confirmed. An exponential thickness
variation of the layers grown on the (001) substrate plane is observed towards
the boundary with the ((513) facet. This means that Aga(013) is longer than
AGa(001). The R/R” for the (013) facet is slightly lower than unity, which is
responsible for the appearance of the facet itself and the exponential thickness
variation of the layers on the (001) substrate plane adjacent to the facet.

It has been shown in [28] that the (011) and (013) facet coexist in growth
under low temperatures and/or high Asyg pressures. This implies that Aga(110)
decreases faster thaﬁ A@a(013) as the growth temperature decreases and/or the
As4 pressure increases.

(5) (159) surface

Figure 11 shows a cross-sectional profile of the (327) sidewall of the (201)
triangle. Generation of the (159) facet was confirmed. The R/R” for the (159)
facet is close to unity when the (101) and (125) facets are adjacent to the (159)
facet while it is much lower than unity when the (238) facet is adjacent to the
(159) facet, as listed in Table 1 (see also Figure 16 in Paper I). The R/R”s for
the (101) and (125) facets are greatly enhanced over unity and the R'/R” for the
(238) facet is slightly lower than unity. No exponential thickness variations of
the layers grown on the (111)A substrate plane were observed towards the
boundary with the (159) facet in either case. Thus, the present results clearly
indicate that an excess of the Ga atoms incident on the (111)A substrate plane
finally migrated through the (159) facet to the adjacent sidewall and were
incorporated there independent of the facets adjacent to the (159) facet, and
hence, A3a(159) is comparable to or shorter than Aga(111)A. The R’ for the (159)
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facet which varies depending on the adjacent facet is very interesting in that the
Ga migration on the sidewall is controlled in competition between multiple
adjacent facets. To date, this phenomenon has not been reported so far because
usually only a single facet generates.

Table 2 summarizes the orientation dependence of Aga discussed above. The

inequalities expressing the order of Aga are consistently unified to a single
inequality as follows:
2Ga(001) = 2Ga(118)B < {AGa(111)B, AGa(331)B, 1Ga(013), AGa(118)A} < Aga(159) =~
AGa(114)A = 2Ga(111)A = AGa(110).
That is, Aga increases in the order of the (001), (111)B-related, (111)A-related,
and (110) surfaces. Since the (013) facet is composed of the (011) and (001)
elements and the (159) facet is composed of the (iOl) and (111)A elements, the
locations of Aga(013) and A@a(159) in the above inequality are reasonable. We did
not include Aga(238) or Aga(125) in the above inequality because the (238) and
(125) facets are dependent on the existence of the (159) facet.

The above order is interesting for the following reasons:

@ Since the (001) and (110) surfaces are nonpolar while the (111)A and (I_lii)B
surfaces are polar, the above order does not reflect the strength of surface
polarity.

@ Considering that the (iii)B growth favors low Asy pressures [29-35] while the
(110) and (111)A growth favors high Ass pressures [36-43], the above order may
reflect the strength of As4 sticking on the surface. It is well known that the Asy
sticking coefficient is very low on the (111)A and (110) surfaces [36, 37, 44].

@ The (110) and (111)A-related surfaces with a relatively long Aga show
amphoteric Si doping nature [36, 37, 41, 45-58] while the (001) and (ﬁi)B-
related surfaces with a relatively short Aga show only n-type Si doping nature
[29, 34, 35, 44, 50-56, 59]. This strongly suggests that Si doping characteristics
depend on the Ga surface diffusion, which is in good accordance with the fact
that the amphotericity of Si doping shifts towards n-type doping and the value of

AGa shortens as the As4 pressure increases [13-15, 17].
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@ The order also corresponds well to the general trend of difficulty of growing

epitaxial layers with good crystalline quality. The (001) surface is most widely
used for epitaxial growth of various materials both in basic research and in
mass-production because of the ease of obtaining good epitaxial layers over wide
growth conditiqns. On the other hand, as we move to the (111)B, (111)A, and
(110) surfaces, the condition for good epitaxial growth becomes more limited than
or further shifted from the (001) growth condition. As4 pressures higher than
those for the (001) growth are required for the (111)A and (110) growth for
example [36-43], which may correspond to reducing the effective Ags on these
surfaces and making them closer to A,(001). The (111)B growth favors low Asg4
pressures or low growth rate processes such as migration-enhanced epitaxy (MEE)
[29-85, 60], which seemingly makes Aga(111)B longer. These growth conditions,
however, are taken because otherwise excess Ass molecules form As trimers in
the (2X2) reconstruction on the (111)B surface and hamper further (iﬁ)B growth
[31-33]. Thus, these factors specific to the (111)B surface must be taken into
consideration together with Aga(111)B in considering the (111)B growth.

® As to the solution growth of bulk GaAs crystals, crystals are pulled in the
[001] direction using (001) seeds in the liquid-encapsulated Czhocralski method
while they are grown in the [111]B direction using (111)B seeds in the
horizontal Bridgman method. These may correspond to using short-Ags surfaces,
although the growth conditions and mechanisms are quite different between
solution growth and MBE. From this and the discussion in @, the obtained
orientation dependence of Ags seems to reflect orientation dependence of the
surface energy for Ga adatoms, that is, the surface energy increases in fhe order
of the (001), (111)B-related, (111)A-related, and (110) surfaces.

® In Paper I, generation of the (110) and (NNM)A facets (N=2, 8, --; M=N/2)
on the corners of the (001) and (201) triangles on the (111)A substrates was
reported. The preferential generation of these facets is due to their long Agass and
very low growth rates (note that the (NNM)A surface is composed of the (110)
and (111)A elements). As the inequality on N and M shows, (NNM)A does
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include (221)A but does not include, for example, (331)A. Since the (331)A plane
is located between the (110) and (221)A planes, the above Ags order should force
the (331)A facet to also appear on the corners of the (001) and (201) triangles.
Consider the case of the (001) triangle. The 4 corresponding to the ¢ of the
(221)A facet, 16°, is 29 ° and corresponds to the 1 °-misoriented (113)A sidewall.
The 6 corresponding to the 6r of the (331)A facet, 22°, is 39° and coreresponds to
the (115)A sidewall. Since it is reasonable to assume that 1ga(221)A is longer
than Aga(113)A and Aga(331)A longer than Aga(115)A from the above order, the
generation of the (221)A and (331)A facets should occur naturally. The (331)A
facet, however, was not observed. The reason is unclear at present.

Quantitative evaluation of the values of Agas included in the above inequality
will be made in a separate paper. ‘
2. Comparative evaluation of (111)A and (001) patterned substrates

In the previous section, the orientation dependence of Ags was elucidated from
comparison of the facet generation between the (111)A and (001) patterned sub-
strates. In this section, we compare the facet generation in view of device appli-
cation of the patterned substrates.
(1) Systems consisting of (111)A and (001) surfaces

We first focus on the systems consisting of (111)A and (001) surfaces, discussed
in 2-(1), which have been used for the formation of lateral p-n junctions by grow-
ing Si-doped GaAs [1-11] and lateral p-n subband junctions by growing Si-atomic
planar-doped GaAs layers or GaAs/AlGaAs quantum wells with selective Si-
atomic planar doping to the GaAs wells [61].

In order to obtain flat and uniform layers across the sidewall - substrate plane,
§ must be smaller than 10° for the [IlO] stripe on the (001) substrate while &
must be in the range of 33° to 16° for the [110] stripe on the (111)A substrate.
The sidewall meeting the above condition is (118)A (§=10°) for the [110] stripe
on the (001) substrate and (118)A (=30 °) for the [110] stripe on the (L11A
substrate for example. Since the (118)A plane is very close to the (001) plane,

amphoteric Si doping characteristics may not be expected on the (118)A plane.
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On the other hand, it has already been established that amphoteric Si doping
characteristics give rise to p-type conduction for the (111)A surface and
simultaneously to n-type conduction for the (118)A surface under the present
growth conditions [9-11]. For the same unit step height, the lateral spread of the
sidewall is cotl0°=5.7 for the [110] stripe on the (001) substrate and cot30 °=1.7
for the [110] stripe on the (111)A substrate. Thus, the above limitation to § may
be a much larger obstacle to obtaining steep lateral p-n junctions by Si-doping
and high-density lateral integration for the [110] stripe on the (001) substrate
than for the [110] stripe on the (111)A substrate. »

It is also interesting to compare the orientations and cross-sectional profiles of
the substrate layer - (114)A facet and (114)A facet - sidewall layer interfaces
between the (001) and (111)A patterned substarates. As demonstrated in Figure
2, the flat (111)A layer-(114)A facet interface and the curved (114)A facet - (001)
layer interface are common to the two patterned substrates. The two interfaces
~ incline more to the (111)A substrate plane side for the (111)A patterned
substrate, while they incline more to the (001) substrate plane side for the (001)
patterned substrate. In particular, The (111)A layer - (114)A facet interface is
oriented in the [iiZ]A direction, that is, perpendicuiar to the (111)A substrate
plane, for the (111)A patterned substrate, while it is oriented in the [110]
direction, that is, perpendicular to the (001) substrate plane, for the (001)
patterned substrate. If we compare Figure 3 in Paper I and Figure 3 in Paper II,
we can summarize the interface behavior with respect to 4 as follows:

@ For the (111)A patterned substrates, the orientation of the (111)A layer -
(114)A facet interface and the (111)A layer - (11N)A sidewall layer interface in
the absence of the (114)A facet is almost fixed to the [112]A direction
independent of §, while the orientation of the (114)A facet- (11N)A sidewall layer
interface changes with the lateral development of the (114)A facet with
decreasing 4. |

@ For the (001) patterned substrates, the (001) layer - (114)A facet interface has
a fixed orientation and a profile independent of 4, and the (001) layer - (11N)A
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sidewall layer interface in the absence of the (114)A facet becomes flat and
oriented in the [110] direction, while the (114)A facet - (11N)A sidewall layer
interface inclines more to the (1IN)A sidewall with the lateral development of
the (114)A facet with decreasing 4.

This asymmetrical interface behavior between the (111)A and (001) patterned
substrates can be attributed to the R’s of the (114)A facet and (11N)A sidewall
layer which roughly follow the cosine § law and to the directional migration of
Ga adatoms from the (111)A (-related) surface to the (001) (-related) surface:

@O TFor the (111)A patterned substrates, since R[114]JA=R[111]Acosfs and
R[1IN]JA=R[111]JAcosd, and the (114)A facet develops farther from the (111)A
layer - (114)A facet interface, the (111)A layer is smoothly connected to the
(114)A facet and the (11N)A sidewall layer without changing the orientaﬁon of
the interface with the (111)A layer.

@ For the (001) patterned substrates, since, although R[114]A=~R[001]cosfsr and
R[11N]A=~R[001]cosfd hold, the (114)A facet develops towards the (114)A facet -
(11IN)A sidewall layer inferface,'the interface orientation must change depending
on § for a smooth connection of the (114)A facet with the (11N)A sidewall layer.

Therefore, the flat and f-independent [112]A-oriented interface between the
(111)A layer and the (114)A facet (or (11N)A sidewall layer) on the (111)A
patterned substrate is more favorably utilized for obtaining simple device
structures compared with the corresponding interface on the (001) patterned
substrates.

The fact that the (001) layer - (114)A facet interface for the (001) patterned
substrate and the (114)A facet- (11N)A sidewall layer interface for the (111)A
patterned substrate are curved, may be related to the exponential thickness
variations of the adjacent layers. It is because the (110) facet - (NNI)B sidewall
layer interface for the (111)A patterned substrate (Figure 6(b), and Figures 9(b)-
(f) in Paper I) is also curved and there is an exponential thickness variation for

the sidewall layer adjacent to the interface.
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The (11N)A sidewall layer showed poor surface morphologies except for the
(114)A facet on the (001) patterned substrate (Figures 4 and 15 of Paper II),
whereas it showed a smooth surface on the (111)A patterned substrate (Figure 4
in Paper I). Figure 12 compares the (112)A sidewall layers on the (111)A and
(001) patterned substrates, as an example of this difference. This may be attrib-
uted to the difference in the effective beam fluxes and flux ratio due to the dif-
ference in 8 for the (112)A sidewall between the two substrates and/or the differ-
ence in the Ga surface diffusion process between the combinations of the (112)A
sidewall - (111)A éubstrate plane without extra facets and the (112)A sidewall -
(114)A facet-(001) substrate plane.

We would like to emphasize that the above considerations have led to the suc-
cessful fabrication of lateral p-n junctions [9-11] and lateral p-n subband junc-

tions [61], both with a [112]A interface, on a (111)A substrate - (113)A sidewall

configuration.

(2) Systems including the (111)B surface

" The (111)B facet generating on the [110] stripe with an inverted mesa on (001)
substrates has been reported in several papers [18, 24, 25]. The (111)B facet with
low growth rates was used for fabricating edge gquantum wires in combination
with special molecular beam arrangements [24]. A flat (001) surface and an en-
hanced growth rate in the [001] direction were realized by reducing the width of
the upper (001) substrate plane of the stripe to the order of 1ga(001). For (111)A
patterned substrates, since the growth rate of the (111)B facet was enhanced by
the lateral Ga atom migration from the adjacent (111)A substrate plane, fabrica-
tion of edge quantum wires may be more difficult. In addition, the 8 for which
the (111)B facet exists is limited to a narrow ‘region larger than 71° and the
(110) facet irregularly generates together with the (111)B facet along the [110]
direction (see Figure 11(b)). Consequently, the (001) patterned substrate is prefer-
able to the (111)A patterned substrate in using the (111)B facet for this particu-
lar purpose.

(3) Systems including the (110) surface




|

Facet generation on the [100] stripe on (001) substrates has not been studied
to date. Only recently has growth of the (011) facet on the [100] stripe been stud-
ied and have new quantum wires surrounded by two ecjuivalent (110) facets in-
tersecting at right angles and the (001) substrate plane been formed by growing
GaAs/AlAs multilayers under similar growth conditions as ours [28]. An extreme-
ly low R’ of the (110) facet shown in Table 1 and the excess Ga atom migration
to the (001) substrate plane discussed in an earlier section was also reported in
[28]. Considering that their quantum wires are based on the inequality of
2Ga(001) < AGa(110) and the two-fold rotational symmetry of the (001) surface,
new quantum dots, surrounded by three equivalent (110) facets and the (111)A
substrate plane or three equivalent (113)A facets, can be formed on the (110) tri-
angle in a similar way on the basis of the inequality of Aga(113)A < Aga(111)A
= 2Ga(110), the three-fold rotational symmetry of the (111)A surface, and no gen-
eration of extra facets on the triangle corners. Since flat (111)A layers can be
grown with three equivalent (101) edges on the (201) triangles with inverted
mesa sidewalls on the basis of the inequality of Aga(111)A = Aga(110), other new
quantum dots can be obtained on the (201) triangle (and also on the (021) trian-
gle). As a modification, quantum wires can be formed on stripes running in the
[112]A direction on (111)A substrates on the same mechanism, as easily under-
stood from the equivalency of the (201) and (021) triangles (see Figure 1 in Pa-
per I).

3. Comments on (111)B and (110) patterned substrates

Based on the orientation dependence of Ags obtained in this study, some
comments can be made on growth on (111)B and (110) patterned substrates in
addition to the (001) and (111)A patterned substrates discussed above.

(1) (111)B patterned substrates

Growth behavior on the [110] stripes on (111)B substrates has been studied in
metalorganic MBE (MOMBE) in [26, 27]. Taking advantage of the properties
specific to the (iﬂ)B surface that the growth rate on the (_111)B surface is

suppressed as the Ass pressure increases due to the formation of growth-
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hampering As trimers on the (111)B surface [31-33], GaAs layers have been
successfully grown only on the exposed (221)A and (001) sidewalls with the
generation of extra (110) and (113)B facets, respectively, under high As4
pressures.

Next, consider the growth under ordinary MBE growth conditions on the basis
of the orientation dependence of Ags obtained in this study. In [62], we have
described the selective etching characteristics of HF +Ho09+H90 mixtures on the
(iﬁ)B surface. The (001), (iiO), and (201) triangles can be formed on (111)B
substrates with the HF+H209+H90 mixtures in the same manner as on (111)A
substrates, although the (110) triangle is really a hexagon due to the etching
anisotropy. For the (001) triangles, with the (11N)B sidewalls, flat layers will be
obtained on the (111)B substrate plane and exponentiallthickness variations will
appear for the (1IN)B sidewall layers towards the boundary with extra facets
possibly generating during growth. The extra facets expected from the present
study will be (113)B on the sidewall and (110) on the corner. For the (110)
triangles, with (111)A, (ﬁﬁl)A, (110), and (NN1)B sidewalls depending on 4, an
exponential thickness variation will always appear for the layers on the (111)B
substrate plane towards the boundary with extra facets possibly generating
during growth. The extra facets exﬁected from the present study will be (110)
and (113)A. Considering the orientation-dependent Si doping characteristics and
the actual shape of the (110) triangle, carrier confinement structures cannot be
formed on either the (001) or (110) triangle by growing Si-doped GaAs on it.
Lateral p-n junctions, however, can be fabricated on the (il—ll)A, (ﬁﬁl)A, and
(110) sidewalls of stripes running in the [110] direction. The growth properties
specific to the (111)B surface mentioned above, of course, may change the
expected growth profile depending on the growth'conditions, especially the Asy4
pressure.

(2) (110) patterned substrates
There have been no reports on the growth on (110) patterned substrates to our

knowledge. In [62], we have also described the selective etching characteristics of
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HF +H909+H20 mixtures on the (110) surface. The HF + HoO9+H9O mixtures of
various compositions can produce stripes running in the [110] direction with the
(NN1)A sidewall on one side and the (NN1)B sidewall on the opposite side. Since
AGa(110) is the longest, flat layers can always be grown on the (110) substrate
plane as they can on the (111)A patterned substrate, while any exponential
thickness variation will appear for the sidewall layers towards the boundary with
- extra facets possibly generating during growth. Extra (221)A and/or (113)A facets
are expected to generate on the (NN1)A sidewall while no particular facets are
expected on the (NN1)B sidewall. Considering the orientation-dependent Si doping
characteristics, lateral p-n junctions can be fabricated on the (NNI)B sidewall but

cannot be fabricated on the (NN1)A sidewall by growing Si-doped GaAs on the

[110] stripe.

4. Summary and Conclusion

Extra facet generation on ridge-type triangles with (001)-, (110)-, and (201)-
related equivalent slopes on GaAs (111)A substrates and stripes running in the
[ilO], [110], and [100] directions on (001) substrates during molecular beam
epitaxy of GaAs/AlGaAs multilayers has been studied. By investigating.the local
variation in layer thickness in the regions adjacent to the facets common to the
(111)A and (001) patterned substrates and extra facets specific to the respective
substrates together with the relative growth rates of the facets, the orientation-
dependent Ga surface diffusion length, Aga, has been elucidated as AGga(001) =
2Ga(113)B < {Aga(111)B, AGa(331)B, Aga(013), AGa(113)A} < 2Ga(159) = AGa(114)A
=~ AGa(111)A = 2@qa(110). Several bulk and epitaxial growth processes and
amphoteric doping properties of Si impurity were also discussed in connection
with the orientation dependence of A@a.

From the point of view of device application, the merits and demerits of the
(001) and (111)A patterned substrates were compared on the basis of this
inequality. In this respect, the following was pointed out:The present result that

A@a(001) is the shortest may limit the use of (001) patterned substrates for the
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fabrication of lateral p-n junctions because an exponential variation of the layer
thickness always appears on the (001) substrate plane at the boundary with the
sidewall and hampers the formation of simple structures. In contrast, (111)A and
(110) substrates with relatively long Ags are free from such a limitation, and
hence may be more suitable for device application, although epitaxial growth of
good layers on (111)A and (110) surfaces is very difficult. On the other hand, the
(001) substrate will be suitable for the formation of quantum wires and dots on
patterns with dimensions around Aga because the preferential incorporation (Sf Ga
adatoms into the (001) surface leads to enhancement of the growth rate in the

(001) direction and suppression of the growth rates in the other directions.
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-APPENDIX-

In this appendix, we present a procedure for evaluating the actual intersection
angle, 6, of a facet to the substrate plane, the actual angle, fg, of the facet
growth direction to the substrate orientation, and the actual growth thickness, I,
of the facet from the corresponding apparent values, 8¢, 8¢, and I, mesured on
the SEM cross-sectional image when the cleavage plane for the cross-sectional ob-
servation is not at right angles to the sidewall in question, but misoriented by
fm. For the (021) triangle on the (111)A substrate, ,=30°, for the [100] stripe
on the (001) substrate, 6 =45°, and for the other patterns, ,,=0°.

Since the growth direction of a facet is normal to the facet plane in the actual
space by definition, the equality

Og=0s : (1)

always holds. In the image, in general, 8,7 67. By simple geometrical consider-

ations and calculations, we have following relations.
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fr=tan-1(tanfs/cosbm) (2)

8¢’ =tan-1(tanff/cos26r,) (3)
I=0cosfg'/cosbr (4)

Thus, we can obtain ‘the values of 8¢, 85, and [ from 67, fm, and I'. For §,=0°,
0r=0g=0g =06f and I=I hold as a matter of course. For #r=0°, that is, the
growth on the substrate plane, 6f =6y'=0° and I’=I hold, implying that the actu-
al values are read directly from the image. For §f=90°, that is, the growth of a
facet vertical to the substrate plane, §f =6g'=90° holds, implying that the facet
is vertical to the substrate piane also on the image. Since cosfr=0, equation (4)
cannot be used to evaluate [ from I’ and a further modification to the equation is
required. That is, for 6¢/>90 °, since sinff—1, tanfr—cos-16¢r holds. Likewise,
tanff—cos-16f and tanfg—cos-16;’ hold. Therefore, a transformation
cosfg’/cosfr—tandptandy = (tands/cosdm)/(tands/cos26y,) (from (2) and (3)) =cosfm
results. Consequently, Equation (4) reduces to |
I="Dcosfy (for 6¢=90°), 4)
Which.can be understood by intuition.

If d is the thickness of the layer grown on the substrate plane and /[lmn] that of
an (hﬁn) facet in the same period of time, then, the relative growth rate, R’[lmn],
of the facet is expressed as

R’[lmn]=I[lmn]/d. (5)
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-FIGURE CAPTIONS-

Figure 1 Extra (114)A, (110), and (111)B facets common to the (111)A and (001)
patterned substrates.

Figure 2 Cross-sectional profiles of (a) the (111)A sidewall of the [110] stripe
and (b) the (001) sidewall of the (001) triangle.

Figure 3 Cross-sectional profiles of (a) the upper and (b) lower parts of the
(QQS)A sidewall of the (001) triangle.

Figure 4 A top view of the (119)A facet on the intersection of the [100] and
[010] stripes. 7

Figure 5 Cross-sectional profiles of (a) the (445)A and (b) (335)A sidewalls of
the [110] stripes.

Figure 6 Cross-sectional profiles of (a) the (010) sidewall of the [100] stripe, (b)
the (331)B sidewall of the (110) triangle, and (c) the (214) sidewall with an
inverted mesa of the (210) triangle.

Figure 7 Top views of the corners of (a) the (001) triangle with the (001)
sidewalls (#=54"°) and (b) the (021) triangle with the (238) sidewalls (8=55 °).
Figure 8 Cross—sectional profiles of (a) the (111)B sidewall with an inverted
mesa of the [110] stripe and (b) the (778)B sidewall of the (110) triangle.

Figure 9 A cross-sectional profile of the (112)B sidewall of the [110] stripe.
Figure 10 A cross-sectional profile of the (045) sidewall of the [100] stripe.
Figure 11 A cross-sectional profile of the (327) sidewall of the (201) triangle.
Figure 12 Bird’s éye views of the (112)A sidewall layers (indicated by arrow) on
(a) the (111)A and (b) (001) patterned substrates.
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-TABLE HEADINGS-
Table 1 summary of relative growth rates of the facets.

Table 2 summary of orientation dependences of the Ga surface diffusion length.
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(111)A patterned substrates

(001) patterned substrates
\

Gg=45°

(a) (110) facet §e=35°

*(110) triangle/§ = 49°”

*“[100] stripe/§ = 89 °”
g=21°

(b) (114)A facet b =33°

*(001) triangle/§ = 52 °”

“[110] stripe /6 = 54 °”

(¢) (111)B facet 6 =1T71°

& G

*(110) triangle/ 6 = 74°”

Gg= 53°

“[110] stripe/§ = 52°”

Figure 1 Extra (114)A, (110), and (111)B facets common to the (111)A and (001)
— 29 —

— patterned substrates.
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(114)A facet

(a) (114)A /0s= 21° (b) (114)A /¢ = 33°

| (01) |

9953 IBK

[{(111) ATIET™S unxs

madb

“[110] stripe:§ = 54°/(111)A” “(001) trlangle g = 54°/(001)”

Figure 2 Cross-sectional profiles of (a) the (111)A sidewall of the [110] stripe
and (b) the (001) sidewall of the (001) triangle.
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(113)A facet

(a) (113)A/6¢ = 80°

“(001) triangle:§ = 84°/(225)A”

Figure 3

(001) facet
(b) (001)/6¢ = 55°

2

l

0833 10KV %20,000 {vn R

“(001) triangle:d = 84°/(225)A”

Cross-sectional profiles of (a) the upper and (b) lower parts of the

(225)A sidewall of the (001) triangle.



(119)A facet

(1199A/6¢=9°

. BBB2 18KV - K3.080 - 10rm™
“[100] and [010] stripes:d = 13°/(104)”

Figure 4 A top view of the (119)A facet on the intersection of the [100] and
[010] stripes.



| (111DA facet
| (a) (111)A /6= 55° (b) (111)A /G0 = 55°
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“[110] stripe:§ = 48°/(445)A”

“[110] stripe: 6 = 41°/(335)A”

i

Figure 5 Cross-sectional profiles of (a) the (445)A and (b) (335)A sidewalls of
the [110] stripes.




(110) facet

(a) (011)/6¢ = 45° (b) (110)/6¢ = 35°

010

9911 10KV K14,000 1 | i8] Tom D16
“[100] stripe:d = 89°/(010)” “(110) triangle: 0 = 49°/(331)B”
(¢) (101) /8¢ = 90°

8626  10KY - R

“(201) triangle: 4 = 69°/(214)”
Figure 6 Cross-sectional profiles of (a) the (010) sidewall of the [100] stripe, (b)

the (331)B sidewall of the (110) triangle, and (c) the (214) sidewall with an

inverted mesa of the (210) triangle.
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(110) facet

(a) (110) /065 = 35° (b) (110) /05 = 35°
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*(001) trlangle 6 = 54° /(100)” *(021) triangle:d = 55°/(832)”

Figure 7 Top views of the corners of (a) the (001) triangle with the (001)
sidewalls (§=54°) and (b) the (021) triangle with the (238) sidewalls (=55 °).
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(111)B facet

(a) (111)B/6f = 53° (b) (111)B /8¢ = 71°
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Figure 8 Cross-sectional profiles of (a) the (111)B sidewall with an inverted

mesa of the [110] stripe and (b) the (77§)B sidewall of the (110) triangle.



(113)B facet

(113)B/ ¢ = 24°

9022 10KV %20,000  1¥m W1

*[110] stripe: 4 = 36°/(112)B”

Figure 9 A cross-sectional profile of the (112)B sidewall of the [110] stripe.
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oES1 1BKV %20, 000 1bn (4)

“[100] stripe: 6§ = 39 °/(045)”

Figure 10 A cross-sectional profile of the (045) sidewall of the [100] stripe.



(159) facet

(159) /0 = 34°

“(201) triangle +d =63°/ (§27)n

Figure 11 A cross-sectional profile of the (327) sidewall of the (201) triangle.



(a) “(111)A substrate/(001) triangle”: 6 = 20°/(112)A

Figure 12 Bird’s eye views of the (112)A sidewall layers (indicated by arrow) on
(a) the (111)A and (b) (001) patterned substrates. — 40 —



Facet |Substrate] 6+ | R'[Imn] | R”[Imn]| R'/R"
(112 (111A |33°]| 0.81 0.84 ’#0.96
(001) 21°| 0.86 0.93 0.92
(011) (001) |45°] 0.47 0.71 | 0.67
(110) 35°| 0.73 0.82 0.89
— (111)A
(101) 90°| 0.12 0.00 —
(1118 | (11DA |71°| 0.37 0.33 1.13
(111)B | (001) 53°| 0.46 0.60 0.77
(001) (111A [55°] 0.62 0.57 1.09
(113)A 111A 30°| 1.05 0.86 1.22
(113)A 80°| 0.33 0.17 1.91
| 085 1.02
(159) | (111A |34 “eor 0.83 a3
(238) (111A |56°] 0.53 0.56 0.95
(125) (111A |49°]| 0.84 0.66 1.28
(111A | (001) 55°| 0.50 057 | 0.88
(113)B | (001) 24°| 0.87 0.91 0.95
(031) (001) 72°| 0.42 0.31 1.33
(045) (001) 38°| 0.71 0.79 0.90
(013) (001) 19°| 0.90 0.94 0.96

*In coexistence with the (238) facet.

Table 1 summary of relative growth rates of the facets.




Substrate .Facet Sidewall Orientation dependence
(11HA | . (001) '
 (114)A AGa(001)<Aga(114)A =~ Aca(111A

(001) ( ) (111)A Ga( Ga( ) Ga )
(111A (111)B —

- AGga(001) <Aga(111)B= Aca(111)A
(001) (T11)B  |inverted mesa Gal ) Gal ) Gal )
001 011 —— |
(111)A (110) (331)B
| (101) Inverted mesa | Aga(111)A = Aga(110)
(111A (T13)A Aga(113)A<iga(111DA

('1—'1-3)A Ga Ga\ l.
(11DA (159) Aga(111)A = Ag5(159)
(001) (113)B 2Ga(001) =~ 1ca(113)B
(001) (013) Aga(001)<Aga(013)

Table 2 summary of orientation dependences of the Ga surface diffusion length.




	001
	002
	003



