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Surface-morphology evolution during unstable homoepitaxial growth of GaAs„110…
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The time evolution of the surface morphology during growth of GaAs~110! by molecular-beam epitaxy is
studied using Nomarski and atomic force microscopy. Depending on the growth temperature and As4 over-
pressure, different types of growth instabilities are observed: large three-dimensional pyramidal features de-
velop under As-deficient growth conditions, whereas step bunching takes place under As-rich conditions. In
addition, a crossover from step bunching, attributed to a negative step-edge barrier, to unstable growth typical
of a positive step-edge barrier, takes place under As-deficient conditions as the film thickness increases. Under
suitable growth conditions, self-organization of the microscopic features during growth leads to the creation of
a highly unusual, well-ordered pattern on the surface. We discuss the microscopic origin of the observed
instabilities with the help of recent theoretical and experimental results.@S0163-1829~99!05803-8#
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Instabilities and facet formation during epitaxial grow
have been traditionally perceived as an obstacle standin
the way of preparing smooth surfaces. However, a rec
research trend exists that tries tousethree-dimensional~3D!
surface features created by such instabilities to fabricate
erally ordered nanostructures. For successful application
is imperative to achieve a regular spatial arrangement
narrow size distribution of these features, which require
thorough understanding of the details of the growth proce

A great deal of attention has recently been focused
unstable growth caused by the so-called Ehrlich-Schwoe
~ES! effect,1,2 i.e., by additional barriers to adatom hoppin
at step edges. Due to these barriers that hinder interl
transport, 3D features~pyramids or mounds! appear during
growth on a high-symmetry~singular! surface, forming a
pattern with a characteristic lateral dimension that usu
increases with the film thickness.3 Much less attention ha
been paid to instabilities that occur during growth of misc
~vicinal! surfaces consisting of flat terraces separated
steps.

In a classical paper, Schwoebel and Shipsey2 analyzed a
simple 1D model of growth in the so-called step-flow mo
on a vicinal surface, where growth proceeds mainly by
corporation of adsorbed atoms into edges of pre-exis
steps. These authors demonstrated that the ES effect ten
equalize terrace sizes because, when adatoms cannot e
leave the terrace on which they were deposited~due to the
additional energetic barrier for downward hops!, the ascend-
ing steps adjacent to large terraces advance faster than
adjacent to small terraces. However, Schwoebel and Shi
neither explored the time evolution of the step train in de
nor dealt with the physically relevant case of a 2D surfa
The latter problem was addressed by Bales and Zangw4
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~BZ!, who pointed out that during step-flow growth in th
presence of the ES barriers on a vicinal 2D surface, the s
themselves can become unstable due to a preferential at
ment of adatoms to advanced parts of the steps. These
thors did not, however, study the long-time evolution of t
surface.

Very recently, Rost, Sˇmilauer, and Krug5 investigated
step-flow growth in the presence of the ES barriers, us
numerical integration of an equation of motion and kine
Monte Carlo ~KMC! simulations to explore the nonlinea
late-stage regime. They observed the BZ instability w
steps meandering in phase, creating surface ripples along
direction of the tilt @Fig. 1~a!#. As growth proceeds, a sec
ondary instability sets in, and ripples break up into pyram
like mounds similar to those observed during growth on
high-symmetry surface,5 cf. Fig. 1~b!.

Schwoebel and Shipsey2 also analyzed the opposite cas
in which adatoms attach to steps more easily from the up
terrace, and found that this makes the 1D step train unst
against fluctuations in terrace sizes leading eventually to
mation of step bunches. This mechanism was invoked
Krishnamurthyet al.6 to explain quasiperiodic faceting dur
ing homoepitaxy on GaAs~110! vicinal surfaces.6,7

In this paper, we examine the temporal evolution of t
surface morphology during homoepitaxial growth b
molecular-beam epitaxy~MBE! on GaAs~110! vicinal sub-
strates at different temperatures and V:III flux ratios. In a
dition to step bunching, we find a variety of other patter
forming instabilities depending both on the grow
conditions used and on the thickness~time evolution! of the
growing layer.

The experiments were carried out in a standard VG V8
MBE system equipped with a 15-keV electron gun for refle
2341 ©1999 The American Physical Society
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FIG. 1. Surface morphology in KMC simulations with an additional hopping barrier at the step edges. The monolayer steps beco
due to the Bales-Zangwill instability~Ref. 4!, and self-organize, creating ripples running in the direction of the tilt~a!. Subsequently, the
ripples break down starting at the defects of the ripple pattern, and 3D features appear on the surface~b!.
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tion high-energy electron-diffraction~RHEED! measure-
ments. Arsenic was supplied using a standard As4 source.
The growth temperature was measured using an Ircon
rometer referenced to the transition temperature of sur
reconstruction from GaAs(001)-c(434) to 234 (520 °C
under an As4 flux equivalent to 2ML s21). Ga and As4
fluxes were calibrated using RHEED intensity oscillations
a GaAs~001! substrate. The epiready semi-insulati
GaAs~110! substrates misoriented towards~111!A by 1.5 °
~American Xtal Technology! were indium bonded to molyb
denum disks and outgassed in vacuum at 300 °C overn
The substrates were then transferred to the growth cham
where the native oxide layer was removed at 610–620
under an As4 flux of 431016 molecules cm22 s21. Subse-
quently, GaAs layers whose thicknesses ranged from 2
3000 Å were grown at 500–550 °C. The Ga flux was
31013 atoms cm22 s21 in all experiments, while the As4 flux
was adjusted to provide different As:Ga flux ratios. Und
these conditions, the GaAs growth rate on the~110! surface
was 0.14 ML s21. Three sets of samples were grown, he
after referred to asA, B, andC. SetA ~film thicknesses: 25,
100, 250, and 1500 ML! was grown at 500 °C with an As:G
flux ratio of 23:1. SetB ~film thicknesses: 1, 10, 100, 250
and 500 ML! was grown at 550 °C with an As:Ga flux rati
of 7:1. SetC ~film thicknesses: 25, 100, 250, and 1500 M!
was grown at 500 °C with an As:Ga flux ratio of 7:1. Imm
diately after growth, all samples were quenched to ro
temperature, with the arsenic cell shutter open down
400 °C to avoid any modification of the as-grown surfa
morphology by annealing.

The surface morphology of the epitaxial layers was exa
ined by optical Nomarski microscopy and atomic force m
croscopy ~AFM! using a commercial instrument~AFM
PSPM Burleigh Instruments, Inc.! working in the constant
force contact mode at a scan rate of 0.35 lines per second
256 points per line scan. Etched single-crystal silicon t
were used with an end radius of 100 Å and a sidewall an
of 35.3 °.

The samples from seriesA, which were grown at 500 °C
with an As:Ga flux ratio of 23:1, exhibit the formation o
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macrosteps by step bunching studied in previous paper
GaAs~110! homoepitaxy.6,7 Figures 2~a!–2~c! are 4
34-mm2 AFM images showing the surface morphology ev
lution and their corresponding cross sections, all taken al
the@001# direction, after deposition of 25, 100, and 1500 M
of GaAs, respectively. The effect of saturation of the avera
distance between macrosteps discussed in Ref. 6 is also
served in our case, the average terrace width at satura
being around'4000 Å, with the average macrostep heig
of '120 Å. One can even detect a certain degree of s
organization of macrostep undulations@Fig. 2~c!#, although it
is weak due to the large distances between them.

A considerably lower As4 overpressure~As:Ga57:1! was
used to grow the samples in seriesB and C and, conse-
quently, their surface morphology undergoes a very differ
time evolution. The 535-mm2 AFM images shown in Figs.
3~a!–3~c! illustrate the surface morphology evolution in s
riesB, after deposition of 10, 100, and 500 ML, respective
at 550 °C. Initially@Fig. 3~a!#, limited step bunching leads to
creation of 4–10-Å high steps@the ~110! interplanar distance
is 1.999 Å#. Thereafter, the steps become wavy and partia
self-organize, forming interwoven ridges running parallel
the surface tilt, as shown in Fig. 3~b!. Eventually, large 3D
triangular features appear on the surface@Fig. 3~d!#, super-
imposed onto the cellular background shown in Fig. 3~c!.
This evolution closely follows the results obtained in Ref.
where it was demonstrated how a secondary instability le
to the creation of 3D pyramidal features at defects of
ripple pattern; cf. Fig. 1. Our results thus appear to be
experimental confirmation of the theoretical predictions
Ref. 5.

A similar morphological evolution takes place for setC
grown at 500 °C, but it is much more dramatic and une
pected, as can be seen in the AFM images (434 mm2)
shown in Figs. 4~a!–4~c!. Initially, step bunching takes plac
creating a disordered structure@Fig. 4~a!# with macrosteps
several tens of monolayers high. Subsequently, the steps
velop triangular ‘‘teeth’’@Fig. 4~b!# ~cf. also Ref. 8!, whose
shape has its origin in both energetics and kinetics of s
formation on a GaAs~110! surface.9 The cross-section profile
of the teeth~not shown! strongly resembles the 3D feature
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FIG. 2. AFM images (434 mm2) and their corresponding cross sections along the@001# direction, showing the evolution of the
GaAs~110! vicinal surface morphology upon deposition of~a! 25 ML, ~b! 100 ML, and~c! 1500 ML of GaAs at a substrate temperature
500 °C and an As/Ga flux ratio of 23.
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created during epitaxy on the GaAs~110! singular surface.10

These triangular features subsequently coarsen and
organize@Fig. 4~c!#, due to their interaction mediated by di
fusing adatoms. This self-organization, shown in cross s
tion along the@001# direction in Fig. 5, is similar to in-phas
ordering of wavy steps generated by the simulation in Re
@cf. Fig. 1~a!#, albeit on a very different length scale. Th
resulting surface morphology, observed by Nomarski m
croscopy~Fig. 6! and AFM @Fig. 4~c!#, is a particularly in-
teresting example of a laterally ordered surface pattern.
results thus suggest a possibility of controlled patterning
surfaces by fine tuning the growth conditions.

The results described above can be understood with
aid of the kinetic analysis of GaAs homoepitaxial grow
using As4 on the ~110! singular surface performed by To
et al.11 Extrapolation of their data indicates that when o
grows under a Ga flux as low as the one used in our exp
ments (631013 atoms cm22 s21), and As is supplied in ex-
cess, the GaAs growth rate is determined by the rate at w
the incident Ga atoms are incorporated at step edges. Th
clearly the case for the samples of seriesA, grown at 500 °C
and at an As:Ga flux ratio of 23:1. The fact that step bun
ing is observed in this series regardless of sample thickn
thus implies that the incorporation of Ga adatoms at s
edges from the upper terrace is the rate-limiting step,12 and
results in a ‘‘negative’’ ES effect. The same mechanism
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responsible for the step-bunching instability observed
tially in the samples of seriesC, although they were grown a
a much lower flux ratio, but at the same comparatively lo
temperature. Such a negative ES barrier can be explaine
the atomistic level by the high activation energy for incorp
ration of diffusing Ga adatoms into the experimentally o

served@11̄2#-type step edges when coming from the low
terrace. According to recent theoretical calculations by M
Coy and LaFemina,9 the reason for such a high activatio

energy is that the charge density of dangling bonds of@11̄2#
step-edge atoms can rehybridize by the creation of vacan
along the step line, possibly accompanied by step-edge
onding via formation of dimers, resulting in very stable a
tocompensated steps.

A significantly different evolution of the surface morpho
ogy is observed in the samples of seriesB andC, grown at an
As:Ga flux ratio of 7:1. The difference can be attributed to
much lower arsenic population available for reaction in co
parison with the samples in seriesA. The effective arsenic
population in seriesB, grown at 550 °C, is considerabl
lower than for seriesC, because the incorporation coefficie
of As4 on the GaAs~110! surface decreases with growth tem
perature from 0.15 at 500 °C to 0.10 at 550 °C.11 As a result,
the population of atomic As on the surface for seriesB is
almost equal to the incident Ga flux, and growth takes pl
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in conditions close to the As-limited growth regime. Ther
fore, the incorporation of atomic As into the steps occu
ing via dissociation of a molecularly adsorbed A2

!

FIG. 3. AFM images (535 mm2) of the GaAs~110! vicinal
surface after deposition of~a! 10 ML, ~b! 100 ML, ~c! 500 ML
~cellular background!, and~d! 500 ML ~3D pyramidal mounds! of
GaAs at a substrate temperature of 550 °C and an As/Ga flux
of 7.
-
-

intermediate11 plays a decisive role. Since this process o
curs preferentially from the lower terrace,12 a positive ES
barrier is observed.

The most dramatic evolution is, however, observed in
ries C. At first, incorporation of Ga adatoms into steps fro
the lower terraces is hindered, and step bunching takes p
similar to seriesA. However, the situation radically change
after a certain thickness is reached. The observed sur
morphology evolution at long times closely resembles
predictions of Ref. 5, and suggests that the macrosteps
sess a positive ES barrier. This unprecedentedreversal of the
sign of the ES barrierduring growth indicates a change in
step attachment kinetics and disappearance of a ‘‘negati
ES effect for macrosteps of a certain height.

Our microscopic explanation of this striking phenomen
is based on the fact that@001# type ‘‘nanofacets’’ are created
on step bunches, as discussed in Ref. 10. Such ‘‘nanofac
can @as known from numerous studies of growth o

tio

FIG. 4. AFM images (434 mm2) showing the evolution of the
GaAs~110! vicinal surface morphology upon deposition of~a! 25
ML, ~b! 100 ML, and~c! 1500 ML of GaAs at a substrate temper
ture of 500 °C and an As/Ga flux ratio of 7.
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GaAs~001! surfaces# readily accommodate Ga adatoms i
coming from the lower terraces. The As incorporation th
again becomes the rate-limiting step, and behavior co
sponding to a positive step-edge barrier is observed sim
to seriesB.

In conclusion, we have experimentally studied homoe
taxial growth on the GaAs~110! surface, and found differen
pattern-forming instabilities, including previously inves
gated step bunching attributed to a ‘‘negative’’ ES effect
well as unstable growth evolution that can be understood
a result of a ‘‘positive’’ ES effect. The surface morpholog
evolution is found to depend in a crucial way on the ava
ability of As on the surface. In particular, a very unusu
phenomenon is observed when initial step bunching in
Ga supply-limited regime is followed by creation of surfa
ripples and 3D features, implying opposite signs of the
barrier for isolated steps and macrosteps created by
bunching. We explain this reversal of the sign of the st
edge barrier during growth as a result of different Ga inc
poration probabilities on the~110! vicinal surface and on the
~001! oriented ‘‘nanofacets’’ created on step bunches. T
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FIG. 6. Nomarski microscopy image (1503150 mm2) of the
self-organized GaAs vicinal surface after the deposition of 15
ML of GaAs at a substrate temperature of 500 °C and an As/Ga
ratio of 7, cf. also Fig. 4~c!.


