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Silicon-induced nanostructure evolution of the GaA$§001) surface
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By using scanning tunneling microscopy and reflection high-energy electron diffraction it is demonstrated
that self-organized ordered Si structures develop during submonolayer Si deposition on vicindD@pAs
surfaces, provided the preferred adsorption sites in the trenches of ) (2construction are filled with Ga.

The evolution of different reconstructions with increasing Si coverages is accompanied by step bunching and
de-bunching processes. This unexpected behavior is explained by the interaction between reconstructions and
steps from a thermodynamic equilibrium view. For particular coverages the complex process leads to a sepa-
ration of different surface phases and Si coverages on terraces and in step regions.

Understanding the physics of epitaxial growth is a long-the Si incorporation behavior on the X2)« surface which
standing problem in surface physics and materials sciencés obtained at higher temperatures or lower As partial pres-
Of particular interest are the initial stages of growth or thesures. At these conditions the Si atoms have an enhanced
submonolayer regime, which has been extensively studiedobility and former high-energy electron diffraction
both experimentally and theoretically for various materials(RHEED) and reflectance difference spectroscofi3DS)
like metals on metals, metals on semiconductors and semgiudies’*® suggested the formation of self-organized struc-
conductors on semiconductdr$ with the simplifying as- ~ tures. . _
sumption that the substrate is immobile during the deposi- Th€ present experiments were performed in an MBE
tion. The technique of molecular beam epitakyIBE) growth chamber equipped thh RHEED and R.DS and con-
provides an ideal method to study this fundamental issue du@ected to an STM chamber via a gate valve. Epi-reatjpe
to its precision at the atomic level. The investigation of G@AS substrates with a 2° miscut towatd2 ))A were used.
GaA<g001) as a prototype compound semiconductor surfacd Ne structure of the bare Ga@®l) surface after buffer
recently revealed that MBE growth may proceed under conldyer growth was closer to the {4)« than the (4)8
ditions much closer to equilibrium than has been believedPha@se at the substrate temperature of 590°C and an As
before® From a thermodynamic view, the original substratebéam-equivalent pressure of X30"° Torr, as assessed by
surface usually is regarded to be in its equilibrium staté. RD spectrd® Si was deposited with a flux of about 5.0
Its reconstruction is known to play an important role in stepX 10" atoms cm? s™* (calibrated by secondary ion mass
dynamics which determines the morphology of surfacessPectrometry in reference samples pulses of 60 s and
Consequently, modification of the surface morphology byinterruptions of 180 s. The Si incorporation process which is
deposited atoms is expected to be a common surface ph@eflected in the surface structure was monitored by in situ
nomenon, as demonstrated, e.g., for Au deposition on vicindRHEED and RDS. When a certain Si coverage was reached,
Si(111,*? restructuring of C(110 during oxygen the deposition was stopped and the resulting surface
chemisorptio®® and reversible step rearrangements on vici-quenched by decreasing both the substrate temperature and
nal Si surfaces as a function of arsenic coverdggeowever, the As, background pressure in order to maintain the as-
such possibilities have not yet been explored for 11l-V semi-grown surface structures. An unchanged RHEED pattern
conductor systems, although such knowledge is importarijudged from real-time linescan measuremgated RDS sig-
for an understanding of the formation of respective heterohal during the whole process were used as criteria for correct
geneous interfaces and self-organized low-dimensional stru€iuenching. After having the valve of the Asource com-
tures. In the present scanning tunneling microscgyM) pletely closed at a substrate temperature of about 500 °C, the
investigation, we show that the ordered incorporation of Ssamples were transferred into the STM chamber for further
on GaAs (001) surfaces leads to step bunching and de-analysis. STM images of filled states were taken at room
bunching processes with increasing coverages. The phenorfgmperature in the constant current mode with negative
ena are explained in terms of the interplay of the deposited Siample biases of 2 to 4 V and tunneling currents of 0.1 to 0.4
and the GaAs template based on thermodynamic argument3A.

A number of studies have been devoted to the Siincorpo- During exposure to Si the RHEED pattern of Ga@®1)
ration on GaAg001) surfaces as they usually are used for Sichanges gradually from the {4)a to a (3x2)

& doping and the first step of the Si-on-GaAs heteroepitaxystructure;®** reaching the highest intensity after deposition
In Si adsorption experiments carried out of#x 4) recon-  of 0.3ML (monolayey Si. Upon further increase of the Si
structed surface, “needlelike” islands were found to form coverage the intensity of the §32) surface phase decreases
by a Si-As dimer exchange with the additional outermostagain and a new (% 3) reconstructiori; which is related to
arsenic layer. Other studies show that Si preferentially occuthe so-called asymmetric (43) structure of a Si layer with
pies the vacant second layer Ga sites in the missing dimexdsorbed As, is formed.

trenches of (X4)B reconstructed surfacé$.It should be A typical STM image of the clean (24)a surface is
noted that steps were not found to influence the Si distribushown in Fig. 18). The bright and dark rows running in the
tion at above conditions. It is challenging, however, to study 110] direction result from the As dimer and missing dimer
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FIG. 2. Filled states STM images of the vicinal G&8@1) sur-
face after Si deposition af) 0.1 ML and(b) 0.2 ML. The image

FIG. 1. Filled states STM images df) the GaA§001-(2  dimensions aréa) 100 nm<100 nm andb) 60 nmx 60 nm.

X 4)a surface with a miscut of 2° towards11)A and(b) the same and narrow regions with a heavily distortedX2 )« struc-
surface after Si deposition of 0.05 ML. Image dimensions (aye ture and step bunching. Fig(8 shows an STM image of the

60 nmx 60 nm and(b) 100 nmx100 nm. Some of the monolayer  4ag surface after Si deposition of 0.2 ML. Again, this sur-
steps are marked by S. lip) some of the (X2) reconstructed 500 5 characterized by large X2) reconstructed terraces
patches are indicated by circles. The inset(ah shows a high- separated by heavily step-bunched regions. The4x re-
resolution image of the (24)/2 structure on the singular surface. nqirction on these terraces is expected to be destabilized,

. since the terrace width is estimated to be shorter than 1.6 nm.
rows, respectively. They are less well resolved than on the .o sTM image investigation alone the structure of the

(2 4)p surface(shown for comparison in the ingedue o chains alond110] in the (3x2) reconstruction cannot un-
Fh(.? high kink density in the d|2mer_ rows, which is CharaCter'ambiguously be clarified. By applying RDS and using the
istic of the (2<4)a structure?” This type of contrast actu- gifference function between the Si-covered and the bare sur-
ally can be used as a criterion that theq2)a structure was face it was shown in previous wdtkthat the surface is
successfully quenched without a transition to thex@pB  terminated by Si dimers with the dimer bond alofig.0].
structure. The surface is divided into several terraces birhe STM images of the present work therefore represent the
raggedA-type monolayer step@ndicated byS) roughly run-  first real space observation of the Si dimer chains and their
ning parallel to the dimer rows. The mean terrace width ofordering in “ribbonlike” structures on the vicinal surface.
about 8 nm is consistent with the 2° miscut. By increasing the Si coverage above 0.3 ML, the surface
The STM image of Fig. (b) was taken after deposition of transforms to thea(1Xx3) structure accompanied by a de-
0.05 ML Si. Several randomly distributed ¥®) recon- bunching of the steps. Tha(1x3) phase is observed only
structed patches have formed, with chains spaced 1.2 nm ar# Step regions as shown in FigaBfor a Si coverage of 0.5
running along thé110] direction[marked by circles in Fig. ML. The high resolution STM image in Fig(I3) shows that
1(b)]. Step bunching and wide ¢32) reconstructed terraces the dimer rows of thea(1x3) phase, which run along the
as in the lower left-hand part of the figure are also observed.110] direction, have distances of 0.8 nm and 1.2 nm, which
Upon continuing the Si deposition up to a level of 0.1 ML gives rise to the incommensurate periodicity aldig0].
the Si related (X 2) structure occupies a larger area of theThe RDS analysis reveals that this structure represents a
surface at the expense of the originab(2)« structurglFig.  complete Si layer covered by As dimers with dimer bonds
2(a)]. The entire surface is covered by wideX(2) terraces along[110].2 The step debunching processes continue up to
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reduction of the (X 2) reconstructed area during the devel-
opment of thea(1X3) reconstruction is accompanied by
step de-bunching. In view of the growth conditions applied,
it is reasonable to discuss this phenomenon in terms of equi-
librium thermodynamic$:!! The deposited Si atoms induce
new reconstructions of the original surface and consequently
changes in surface free energy. The excess energy due to the
adsorption process must be dissipated. The original structure
is no longer an equilibrium state and new equilibration of the
surface structure is achieved by surface diffusion. The total
terrace energy depends on the coverages of the different sur-
face phases which are determined by the amount of Si de-
posited. In addition, the reconstruction has implications on
the step formation and step interaction energies. It is known
that processes such as chemical adsorption and reconstruc-
tion change the surface energies by amounts comparable to
2 the small energies of step-step interacttbiror the surface
3x2 equilibration of Si/GaA®01) we find that the formation of
the ordered Si-terminated §32) structure, indicative for
stronger interaction of surface species, is coupled with step
bunching, whereas the formation of the disordered, As-
terminateda(1 X 3) structure, pointing to weaker interaction
of surface species, is coupled with step de-bunching. A more
detailed discussion, however, would require knowledge on
step formation and interaction energies as well as on the
stress.

According to above discussion Si and Ga surface atoms
re-distribute due to the interaction between the new Si in-
duced reconstruction and the step structures. Subsequently,
the two different coexisting reconstructions with different Si
coverages are spatially well separated, which results in an
ordered Si incorporation behavior on vicinal Ga@91) sur-
faces. To achieve this ordering two requirements has to be
fulfilled. The surface diffusion mobility of the Si and Ga
atoms must be high and the structure of the initiak@®)

FIG. 3. Filled states STM images of the vicinal G&®&1) sur- reconst_ructed GaA§ surface must b_e tlaephz_ise. Thea
face after Si deposition of 0.5 ML(a) 80 nmx80 nm, (b) phase is characterized by MO _/-\s-_dlmers _W|th a complete
32 AMX32 nm. second Ga-layer and Ga-dimerizatfgrf? Using this tem-
plate we avoid the empty Ga sites in the missing As dimer
trenches of theB-phase that act as favorable Si adsorption
sites at low Si coverag®. These two prerequisites are the
important differences of our present study compared to pre-

\

Si coverages of 0.8 ML where the(1X 3) reconstruction
covers almost the whole surface.

It is important to note that the ¢82) phase is highly . . 15,16
ordered except from occasional vacancies, while dli& vious studies by other aUth ' .

S . ) In summary, self-organized ordered Si structures on the
X 3) reconstruction is characterized by a disordered appear- . . ) . .
. . —vicinal GaAs(001) surface with well defined adsorption sites

ance. The step bunching phenomenon with the separation

into two phases evident from Fig. 3, reveals a distinct selfVere imaged in real space. The results clearly show that the

organized Si structure. Obviously the Si coverage is 1 ML insubstrate surface of this heteroeptaxial system cannot be con-

the step regions and 1/3 ML on the terraces. This unique §|dered as |m_mob|Ie..Step bunching and debunching effe_cts
L . occur due to interaction of steps and terrace reconstruction.
distribution pattern, particularly at low coverages, should b

) ; he unique Si distribution patterns formed are challenges for
important for electron scattering effects, because of the lo- : . : . .

, S ; i ) .~ _“improving electrical properties by reducing the elastic scat-
calized ionized Si atoms which play a dominant role in lim-,__® _57
= . o tering rate and for future nanotechnology:
iting the carrier mobility at low temperature.

While the (3X2) reconstruction, developing in the early  The authors gratefully acknowledge discussions with R.
stage of Si deposition, is accompanied by step bunching, thi€och.
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