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The time evolution of the surface morphology during growth of G4A6) by molecular-beam epitaxy is
studied using Nomarski and atomic force microscopy. Depending on the growth temperature,amnciAs
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 reg@6163-182809)05803-9

Instabilities and facet formation during epitaxial growth (BZ), who pointed out that during step-flow growth in the
have been traditionally perceived as an obstacle standing ipresence of the ES barriers on a vicinal 2D surface, the steps
the way of preparing smooth surfaces. However, a recerthemselves can become unstable due to a preferential attach-
research trend exists that triesusethree-dimensional3D) ment of adatoms to advanced parts of the steps. These au-
surface features created by such instabilities to fabricate lathors did not, however, study the long-time evolution of the
erally ordered nanostructures. For successful applications, surface. .
is imperative to achieve a regular spatial arrangement and Very recently, Rost, Silauer, and Krug investigated
narrow size distribution of these features, which requires &tep-flow growth in the presence of the ES barriers, using
thorough understanding of the details of the growth processiumerical integration of an equation of motion and kinetic

A great deal of attention has recently been focused omMonte Carlo(KMC) simulations to explore the nonlinear,
unstable growth caused by the so-called Ehrlich-Schwoebéhte-stage regime. They observed the BZ instability with
(E9 effect!? i.e., by additional barriers to adatom hopping steps meandering in phase, creating surface ripples along the
at step edges. Due to these barriers that hinder interlayelirection of the tilt[Fig. 1(a)]. As growth proceeds, a sec-
transport, 3D feature§yramids or moundsappear during ondary instability sets in, and ripples break up into pyramid
growth on a high-symmetrysingula) surface, forming a like mounds similar to those observed during growth on a
pattern with a characteristic lateral dimension that usuallyhigh-symmetry surfaccf. Fig. 1(b).
increases with the film thickneSsMuch less attention has Schwoebel and Shipséwlso analyzed the opposite case,
been paid to instabilities that occur during growth of miscutin which adatoms attach to steps more easily from the upper
(vicinal) surfaces consisting of flat terraces separated byerrace, and found that this makes the 1D step train unstable
steps. against fluctuations in terrace sizes leading eventually to for-

In a classical paper, Schwoebel and Shipsayalyzed a mation of step bunches. This mechanism was invoked by
simple 1D model of growth in the so-called step-flow modeKrishnamurthyet al® to explain quasiperiodic faceting dur-
on a vicinal surface, where growth proceeds mainly by in-ing homoepitaxy on GaA&10) vicinal surface$:’
corporation of adsorbed atoms into edges of pre-existing In this paper, we examine the temporal evolution of the
steps. These authors demonstrated that the ES effect tendsstarface  morphology during homoepitaxial growth by
equalize terrace sizes because, when adatoms cannot easiiglecular-beam epitaxyMBE) on GaA$110) vicinal sub-
leave the terrace on which they were deposifdde to the strates at different temperatures and V:llI flux ratios. In ad-
additional energetic barrier for downward hpphe ascend- dition to step bunching, we find a variety of other pattern-
ing steps adjacent to large terraces advance faster than thdeeming instabilities depending both on the growth
adjacent to small terraces. However, Schwoebel and Shipsepnditions used and on the thickndfisme evolution of the
neither explored the time evolution of the step train in detailgrowing layer.
nor dealt with the physically relevant case of a 2D surface. The experiments were carried out in a standard VG V80H
The latter problem was addressed by Bales and ZarfgwillMBE system equipped with a 15-keV electron gun for reflec-
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(a) 80 ML (b) 320 ML

FIG. 1. Surface morphology in KMC simulations with an additional hopping barrier at the step edges. The monolayer steps become wavy
due to the Bales-Zangwill instabilityRef. 4), and self-organize, creating ripples running in the direction of thédjltSubsequently, the
ripples break down starting at the defects of the ripple pattern, and 3D features appear on the(lsurface

tion high-energy electron-diffractiofRHEED) measure- macrosteps by step bunching studied in previous papers on
ments. Arsenic was supplied using a standard #eurce. GaAg110 homoepitaxy’’ Figures 2a)-2(c) are 4

The growth temperature was measured using an lrcon pyX4-,um2 AFM images showing the surface morphology evo-
rometer referenced to the transition temperature of surfackition and their corresponding cross sections, all taken along
reconstruction from GaAs(001)4Xx4) to 2x4 (520°C the[001] direction, after deposition of 25, 100, and 1500 ML
under an As flux equivalent to 2ML §'). Ga and As of GaAs, respectively. The effect_ of satura_tion of the_ average
fluxes were calibrated using RHEED intensity oscillations ondistance between macrosteps discussed in Ref. 6 is also ob-
a GaA<£001) substrate. The epiready semi-insulatingS€rved in our case, the average terrace width at saturation
GaAg110) substrates misoriented towar@&LDA by 1.5° being around~4000 A, with the average macrostep height

(American Xtal Technologywere indium bonded to molyb- ©f ~120 A. One can even detect a certain degree of self-

denum disks and outgassed in vacuum at 300 °C overnighPrganization of macrostep undulatioifsg. 2(c)], although it
IS weak due to the large distances between them.

The substrates were then transferred to the growth chamber, ; . .

where the native oxide Iayéer was remov?gi ziltl 610_620o%sgjc?onz;?s\,rva?rl])éI()Sv;renrp,?éssmi/r? rg(r;issssuarﬁséGaa:; .1govr\222-
under an Ag flux of 4> 10" molecules cm?s™*. Subse- quently, their surface morphology undergoes a very different
quently, GaAs layers whose thicknesses ranged from 2 t@,e evolution. The % 5-,m? AFM images shown in Figs.
3000 A were grown at 500-550°C. The Ga flux was 63(z)-3(c) illustrate the surface morphology evolution in se-
X 10**atoms cm s~ * in all experiments, while the Adlux  riesB, after deposition of 10, 100, and 500 ML, respectively,
was adjusted to provide different As:Ga flux ratios. Underat 550°C. Initially[Fig. 3@], limited step bunching leads to
these conditions, the GaAs growth rate on (h&0 surface  creation of 4—10-A high stefishe (110) interplanar distance
was 0.14 ML s*. Three sets of samples were grown, here-is 1.999 A. Thereafter, the steps become wavy and partially
after referred to a#, B, andC. SetA (film thicknesses: 25, self-organize, forming interwoven ridges running parallel to
100, 250, and 1500 MLwas grown at 500 °C with an As:Ga the surface tilt, as shown in Fig(l8. Eventually, large 3D
flux ratio of 23:1. SetB (film thicknesses: 1, 10, 100, 250, triangular features appear on the surf§ea. 3(d)], super-
and 500 ML was grown at 550 °C with an As:Ga flux ratio jmposed onto the cellular background shown in Fi¢c)3

of 7:1. SetC (film thicknesses: 25, 100, 250, and 1500 ML This evolution closely follows the results obtained in Ref. 5
was grown at 500 °C with an As:Ga flux ratio of 7:1. Imme- where it was demonstrated how a secondary instability leads
diately after growth, all samples were quenched to roompo the creation of 3D pyramidal features at defects of the
temperature, with the arsenic cell shutter open down t@ipple pattern; cf. Fig. 1. Our results thus appear to be an
400°C to avoid any modification of the as-grown surfaceexperimental confirmation of the theoretical predictions of
morphology by annealing. Ref. 5.

The surface morphology of the epitaxial layers was exam- A similar morphological evolution takes place for @t
ined by optical Nomarski microscopy and atomic force mi-grown at 500°C, but it is much more dramatic and unex-
croscopy (AFM) using a commercial instrumentAFM  pected, as can be seen in the AFM images 4 um?)
PSPM Burleigh Instruments, Incworking in the constant shown in Figs. 4)—4(c). Initially, step bunching takes place
force contact mode at a scan rate of 0.35 lines per second aggeating a disordered structufBig. 4(@)] with macrosteps
256 points per line scan. Etched single-crystal silicon tipsseveral tens of monolayers high. Subsequently, the steps de-
were used with an end radius of 100 A and a sidewall angleelop triangular “teeth”[Fig. 4(b)] (cf. also Ref. 8, whose
of 35.3°. shape has its origin in both energetics and kinetics of step

The samples from serigs which were grown at 500°C  formation on a GaAd 10 surface’ The cross-section profile
with an As:Ga flux ratio of 23:1, exhibit the formation of of the teeth(not shown strongly resembles the 3D features
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FIG. 2. AFM images (&4 um?) and their corresponding cross sections along [0@1] direction, showing the evolution of the
GaAg110) vicinal surface morphology upon deposition(af 25 ML, (b) 100 ML, and(c) 1500 ML of GaAs at a substrate temperature of
500 °C and an As/Ga flux ratio of 23.

created during epitaxy on the GaA40) singular surfacé®  responsible for the step-bunching instability observed ini-
These triangular features subsequently coarsen and setfally in the samples of serigS, although they were grown at
organize[Fig. 4(c)], due to their interaction mediated by dif- a much lower flux ratio, but at the same comparatively low
fusing adatoms. This self-organization, shown in cross sedemperature. Such a negative ES barrier can be explained on
tion along thel001] direction in Fig. 5, is similar to in-phase the atomistic level by the high activation energy for incorpo-

ordering of wavy steps generated by the simulation in Ref. 3ation of diffusing Ga adatoms into the experimentally ob-

[cf. Fig. 1(a)], albeit on a very different length scale. The To1 .
resulting surface morphology, observed by Nomarski mi_served[112] type step edges when coming from the lower

: : . ' ; terrace. According to recent theoretical calculations by Mc-
croscopy(Fig. 6) and AFM [Fig. 4(c)], is a particularly in- ov and LaFemind the reason for such a hiah activation
teresting example of a laterally ordered surface pattern. Ou? y Ind, u 9 vatl

results thus suggest a possibility of controlled patterning ofnergy is that the charge density of dangling bondsldf ]
surfaces by fine tuning the growth conditions. step-edge atoms can rehybridize by the creation of vacancies
The results described above can be understood with thalong the step line, possibly accompanied by step-edge reb-
aid of the kinetic analysis of GaAs homoepitaxial growthonding via formation of dimers, resulting in very stable au-
using As on the (110 singular surface performed by Tok tocompensated steps.
et al!! Extrapolation of their data indicates that when one A significantly different evolution of the surface morphol-
grows under a Ga flux as low as the one used in our expergy is observed in the samples of sefleandC, grown at an
ments (6< 10" atoms cm?s 1), and As is supplied in ex- As:Ga flux ratio of 7:1. The difference can be attributed to a
cess, the GaAs growth rate is determined by the rate at whichhuch lower arsenic population available for reaction in com-
the incident Ga atoms are incorporated at step edges. This fgrison with the samples in seriés The effective arsenic
clearly the case for the samples of sedggrown at 500°C  population in seriesB, grown at 550°C, is considerably
and at an As:Ga flux ratio of 23:1. The fact that step bunchlower than for serie€, because the incorporation coefficient
ing is observed in this series regardless of sample thicknes¥ As, on the GaAg110) surface decreases with growth tem-
thus implies that the incorporation of Ga adatoms at stegperature from 0.15 at 500 °C to 0.10 at 550* Qs a result,
edges from the upper terrace is the rate-limiting stepnd ~ the population of atomic As on the surface for sereés
results in a “negative” ES effect. The same mechanism isalmost equal to the incident Ga flux, and growth takes place
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FIG. 3. AFM images (X5 um?) of the GaA$110 vicinal
surface after deposition &) 10 ML, (b) 100 ML, (c) 500 ML
(cellular background and(d) 500 ML (3D pyramidal moundsof
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FIG. 4. AFM images (44 um?) showing the evolution of the
GaAg110 vicinal surface morphology upon deposition @ 25
ML, (b) 100 ML, and(c) 1500 ML of GaAs at a substrate tempera-
ture of 500 °C and an As/Ga flux ratio of 7.

intermediaté! plays a decisive role. Since this process oc-
curs preferentially from the lower terratea positive ES
barrier is observed.

The most dramatic evolution is, however, observed in se-
ries C. At first, incorporation of Ga adatoms into steps from
the lower terraces is hindered, and step bunching takes place
similar to seriesA. However, the situation radically changes
after a certain thickness is reached. The observed surface
morphology evolution at long times closely resembles the
predictions of Ref. 5, and suggests that the macrosteps pos-
sess a positive ES barrier. This unprecedendedrsal of the
sign of the ES barrieduring growthindicates a change in

GaAs at a substrate temperature of 550 °C and an As/Ga flux ratistep attachment kinetics and disappearance of a “negative”

of 7.

ES effect for macrosteps of a certain height.
Our microscopic explanation of this striking phenomenon

in conditions close to the As-limited growth regime. There-is based on the fact thfd01] type “nanofacets” are created
fore, the incorporation of atomic As into the steps occurr-on step bunches, as discussed in Ref. 10. Such “nanofacets”
ing via dissociation of a molecularly adsorbed 3As can [as known from numerous studies of growth on
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FIG. 5. AFM cross-section scan along {i#®1] direction for the
sample shown in Fig. @), illustrating the self-organization of the
3D features depicted in Fig.(H).

[170]
[172]
GaAq001) surface$ readily accommodate Ga adatoms in- 001]
coming from the lower terraces. The As incorporation thus [
again becomes the rate-limiting step, and behavior corre-

" ; 2

sponding to a positive step-edge barrier is observed similar F/C- 8- Nomarski microscopy image (18050 um?) of the

to seriesB self-organized GaAs vicinal surface after the deposition of 1500
In Concllusion we have experimentally studied homoepi-ML of GaAs at a substrate temperature of 500 °C and an As/Ga flux

taxial growth on the GaA&10) surface, and found different ratio of 7, cf. also Fig. ().

pattern-forming instabilities, including previously investi- 4pserved self-organization of the 3D features on the surface
gated step bunching attributed to a “negative” ES effect asy,ggest the possibility of preparing laterally well-ordered ar-

well as unstable gr_owth evolution that can be understood ar%ys of nanostructures by careful adjustment of the growth
a result of a “positive” ES effect. The surface morphology gngitions.

evolution is found to depend in a crucial way on the avail-

ability of As on the surface. In particular, a very unusual This work was supported by the Engineering and Physical
phenomenon is observed when initial step bunching in th&ciences Research Count@PSRG, UK, under Grant No.
Ga supply-limited regime is followed by creation of surface GR/97540. P.T. gratefully acknowledges helpful discussions
ripples and 3D features, implying opposite signs of the ESwith J.H. Neave and financial sypport from Ministerio de
barrier for isolated steps and macrosteps created by stdpvestigacim y Ciencia of Spain. P.Sacknowledges fruitful
bunching. We explain this reversal of the sign of the step-discussions with J. Krug, and financial support from the Al-
edge barrier during growth as a result of different Ga incor-exander von Humboldt Foundation, the Volkswagen Stif-
poration probabilities on thél10) vicinal surface and on the tung, the Royal Society, and Grant No. 202/96/1736 of the
(00D oriented “nanofacets” created on step bunches. TheGrant Agency of the Czech Republic.
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