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Abstract—GaAs thermal smoothing at temperatures T ≤ 650°C in the conditions close to equilibrium yields
surfaces with atomically smooth terraces separated by steps of monatomic height. At higher temperatures sur-
face smoothing is changed to roughening. Possible reasons of surface roughening at elevated temperatures are
studied by means of Monte Carlo simulation and compared with the experimental results on GaAs. It is
proved that GaAs roughening at elevated temperatures is caused by kinetic instabilities due to deviations from
equilibrium towards growth or sublimation. The microscopic mechanisms of kinetic-driven roughening are
discussed.
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1. INTRODUCTION

Fundamental surface science, nanostructures fab-
rication and device applications require high-quality,
atomically f lat crystal surfaces. Surfaces with atomi-
cally smooth terraces separated by steps of monatomic
height can be obtained by annealing in vacuum [1, 2].
The application of vacuum annealing to GaAs and
other III–V semiconductors is hindered due to the
preferential evaporation of a more volatile V compo-
nent. To avoid surface depletion with the V compo-
nent and possible kinetic instabilities, thermal
smoothing should be made in the conditions close to
the thermodynamic equilibrium, when neither subli-
mation, nor growth occurs [3]. Ding et al. [4] proved
that annealing MBE-grown GaAs(001) films at a suf-
ficiently high As4 vapor pressure and moderate tem-
perature yielded f lat surfaces, while, at lower As4 pres-
sures and higher temperatures, the preroughening and
roughening transitions occurred. Step-terraced sur-
faces were also obtained by annealing GaAs(001) sub-
strates in MOCVD setups in the mixture of arsine and
hydrogen [5]. Another technique for GaAs surface
smoothing by annealing in conditions close to equilib-
rium between the surface and Ga and As vapors was
developed in [6]. This technique yields step-terraced

GaAs(001) surfaces with atomically smooth terraces
(Figs. 1a–1c).

Increasing the annealing temperature speeds up
surface mass transport and, thus, facilitates the
smoothing process. However, at temperatures T ≥
700°C, GaAs surface smoothing is changed to rough-
ening, which consists in the formation of multilayer
islands and pits, step bunches and destruction of step-
terraced morphology (Fig. 1d) [6]. This roughening
restricts the annealing temperature and, thus, the
maximal initial surface roughness that can be
smoothed at reasonable annealing durations. In prin-
ciple, surface roughening can be caused by the ther-
modynamic roughening transition, when step line ten-
sion decreases down to zero due to the entropy term in
surface free energy, and spontaneous step generation
becomes energetically favorable [3, 7]. The roughen-
ing temperature, however, is typically close to or above
the crystal melting point [3, 7]; so, the roughening
transition does not occur in real experimental condi-
tions. Alternatively, surface roughening can be caused
by kinetic instabilities, which, in their turn, may arise
due to deviations of the annealing conditions from
equilibrium towards growth or sublimation. This paper
is aimed at elucidating the mechanism of GaAs sur-
face roughening at elevated temperatures by means of
both experiment and Monte Carlo simulation.1The article is published in the original.
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