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Faceting of (010) steps on S{001) and Ge&(001) surfaces
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We have used scanning tunneling microscopy to study the facetif@l6f oriented steps on &l01) and
Ge(00)) surfaces. The010 oriented steps on @01 tend to facet into locaS, and Sy step segments,
whereas(010) oriented steps on G@01) meander along the meg010 direction. We show that the step
faceting behavior of the Si and @®1) surfaces is fully governed by the next-nearest-neighbhddN)
interaction between the substrate dimers. Only in the case of a repulsive NNN interaction, a®dy, Si
faceting occurs.
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INTRODUCTION length. This means that steps will be as straight as possible.
The only kinks present at zero temperature are so-called
Surface steps play an important role in many equilibriumforced kinks. These forced kinks are necessary to accommo-
surface processes. Amongst them are, for instance, thermdate the misalignment of a step with respect to the crystal
roughening and facetingAlso, in many nonequilibrium sur- high-symmetry axes.
face processes, such as crystal growth and etching, surface We consider single laye3, or Sy steps of Si and G801)
steps play a prominent rofeAt zero temperature the step surfaces that are perfectly aligned along (b0 direction.
free energy equals the step formation energy. With increasing; ejevated temperatures tf®, or Sz step edges become
temperature thermal kinks are generated and the step frggugh due to the thermal generation of kinks. When viewed
energy decreases. Although kink generation costs energy, thgong the step edge, there are two types of kinks: protruding
thermal generation of kinks decreases the total free energpositive kinks and intruding onegnegative kinks The for-
because of the strong entropy effect involvedhermal  mation of these additional kinks allows the step to wander.
roughening will occur if the step free energy vanishes. Forrhis increases the entropy and thereby decreases the free
many surfaces, however, the roughening temperature exmergy of the step. At zero temperature the step free energy
ceeds the melting point and this transition can thereforgquals the step formation energy. Despite the fact that there
rarely be observed experimentally. ~aretwo different positions where the dimer rows of the upper
Another - surface morphological phase transition isterrace can end with respect to the lower terrace, a unit of
faceting? ** A facet will spontaneously break up in a hill- yyo dimers has been chosen as the basic building block of
and-valley structure consisting of different facets and steps ifje (2x 1) reconstructed001) surface. Dimer rows can end
that leads to a reduction of the tot@rojected surface free i the troughs between the dimer rows of the underlying
energy. To understand this transition, knowledge of the stegsrrace or on top of the dimer rows. Both types of termina-
free energy is also essential. In this paper we will address thgons have been found, but there is a strong preference for the
step faceting transition. To the best of our knowledge thigjimer rows to terminate in the troughs of the underlying
transitic_m ha; been_ observEdbut has not been discussed tgrrace. Kinks are therefore generally found on x@ lat-
theoretically in the literature before. _tice, resulting in a natural unit of two dimers to represent the
Faceting of a step oriented along a high symmetry direcyrface layef® In our discussion we only consider NN and
tion will occur if it is energetically favorable to form a com- NNN interactions between these elementary<@ units.
bination of differently oriented steps that have the same overrpe symbolse,(,, refer to the NN interaction energy be-

all azimuthal direction. Because step faceting does nofyeen a unit building block alongperpendicularto the sub-
necessarily occur at zero temperature, knowledge of the stefyate dimer row direction. The diagonal NNN interaction
free energy as a function of the azimuthal direction is r€-energy is denoted by

quired. As an example we address the step facetingXd The step formation energy for arS, (Sg) step
oriented steps on the well-studied Si and(@X) surfaces. edge 214

We show that th€010 oriented steps on &01) facet into

local [110] and [ —110] segments in contrast to tH®10 £1()

steps on G@01). We will demonstrate that this difference is Esysp= > 19 1)
easily understood in terms of a simple solid-on-solid model

that incorporates nearest-neighb@N) and next-nearest- The kink formation energy for a kink with a length ibfinits
neighbor (NNN) interactions. Faceting of thé010 steps (i=1) in anS, (Sg) step i$™*

only occurs for repulsive NNN interactiopas for S{001)].

- €I)

==+ (-1 2

STEP FREE ENERGIES Euink s5(5)(1) =

At zero temperature, in the absence of entropy effectsBecause both the step and kink formation energies can be
minimization of free energy requires a minimization of stepexpressed in terms of the NN and NNN interaction energies,
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FIG. 1. Schematic diagram dfil10 and (010 oriented steps.
Bold lines refer the mea(110) and(010 directions. At point C the
step can proceed in three different directions labeled 1, 2, and 3. |G 2. Plot of the step free energies of(G&l) versus tempera-
Only the pathways C1 and C2 are taken into account. Pathway Cg,re  The solid curve refers to a pair 8 and Sz steps and the
is energetically very unfavorable. dotted curve refers to €10 step.
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the step free energy can also be written in terms of these

interaction energies. The approach that we will take relies on

elementary statistical physics. The step free endfgger The free energy of &010 step per unit length 2 (2a

unit length and per unit step height is defined as =8 A, the spacing between adjacent dimer rpugs then
represented by

Z(OlO): e—(s/2+ 5/2)/kT+ e—(s/2+6)/kT_ (6)

F=—|<T|nz=—|<T|n(Zi eEi’kT), 3
Flo10(T)=v2

e+é
(T)—kTIn(1+e‘5’Z"T) . @
where the summation runs over all possible step configura-

tions andE; refers to the formation energy of théh con-  In Egs.(6) and (7) only the two energetically most favour-
figuration. The partition functioZ of anS, (Sg) step edge able pathways are included. At low temperatures this is a
is given by good approximation. In the case of (881), for instance, the

step free energy decreases by an amount of about
0.2 meV/aA at the step edge freeze-in temperat{&es K) if

©

Zs,(sp=€ "o T 1+2241 e Ek'”k'SA(SB)(I)/kT) (4 short overhangs are included. The additional terms in(€.
are ef[(3£+35)/2]/kT+ef[(3s+46)/2]/kT' HOWEVEI‘, at a tem-
and hence perature of 1150 K this free energy difference has increased
— (&1 y/2KT) to4 meV/Zi'.. . . . .
E _ &L L 5—kTInl 1+ 2e L) ) The partition functiorz c_onS|dered |n_Ec(.6_) deals with a
SalSe) ™ 2 1—e (Ey)2+ KT |- line segment of length2a in the (010 direction and there-

) ] ) fore the facton2 is needed in Eq(7) in order to convert the
The strength of the NN and NNN interaction of Si and step free energy to an energy per unit lengéhii the (010)
Ge(001) surfaces have previously been extracted from aryirection.
analysis of the step roughness. Because the roughness of thethe condition for 010 step to facet into straight seg-
steps is frozen in at an elevated temperafiydthe freeze in - ments oriented alongL10 directions is
temperaturethe NN and NNN interaction energies are ex-
pressed in terms okTg/2a (NN interaction termp or Fs,+Fs,<V2F (019 - (8)
kT (the diagonal NNN interaction tesmFor S{001) the ALTE
following values have been founds;=5.7£0.3kTg/2a, We now consider this faceting transition in more detail for
€, =3.6£0.2kTe/2a, 6=—1.0x0.3kTg, and Tg=775 three different casess& 0, 5>0, and§<0).

+100 K115 For Ge001) we have found: g;=4.1 Case | $=0). Because the NNN interaction is assumed to
+0.3kTg/2a, &, =1.7-0.3kTg/2a, 6=-0.1+0.3kTg, be zero this case is appropriate for (G&l). In Fig. 1 a
andTg=575+ 75 K.1® schematic diagram of a step oriented along (6&0 and

In order to find the step free energy of a 100% kinked steg110 direction is shown. At zero temperature all pathways
oriented along th€010 direction we consider the case of an (from A to B) require a minimum energy dfl(g,+e,)/2
isotropic NN interactiore (=¢,/2+¢, /2) and an attractive (whereNXN is the cell siz& Thus the formation energy of
NNN interaction ¢=0). We only take into account the two a pair of straight steps is exactly the same as the formation
energetically most favorable pathways, because all the oth&nergy of a step oriented along @410 direction. However,
pathways involve significantly more step edge length and areith increasing temperature the entropy term ¢0a0 step
therefore much higher in enerdgee Fig. 1 The step edge is larger than that of the sum of the twb10 oriented steps.
energies per unit lengti2a (measured in th€010 direc- Hence the(010 oriented steps will not facet into straight
tion) are thens/2+ 8/2 ande/2+ &, respectively. The parti- (110 oriented step segments. In Fig. 2 a plot of the step free
tion function of a(010) step is given b/ energies for 2010 and a pair of(110 steps of G&O0J)
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FIG. 4. Plot of the step free energies of&l1). The solid curve
refers to a pair oS, and Sg steps and the dotted curve refers to a
(010 step.

step edge free energy at the step edge freeze-in temperature
of Si(001) (775 K) from 206 meV/2a for a 4x4 cell to

196 meV/a for a 8X 8 cell. Over the full temperature range,
i.e., from 0 K to the thermal roughening temperature of
r%i(OOl), the faceted configuration is favored. This is in per-
fect accordance with the experimental STM observations
(see Fig. b.

versus temperature are shown. The freeze in temperature é? quantify the amount of facetmg 0810 oriented steps on
which step edge roughness of @@1) is frozen is estimated i(002) ar_1d Ge00]) surfaces we introduce the average cor-
to be ~575 K. At this temperature it is energetically still Ner density, denoted bfc). For a perfectly straight010]

favorable to have 4010 oriented step meandering around St€P One hasc)=1, whereas a perfectly straigft10] step
its mean direction. However, at temperatures abed80 Kk 1as &) value of 0. By analyzing several large scale STM

the (010 step will tend to facet intq110) step segments. Mages we findc)=0.30+0.03 for S{001) and(c)=0.62

Because the free energy differences between the twg 0-06 for Ge€00D), illustrating the different degrees to

different step configurations is small compared k& which [010] steps are faceted for these surfaces. We take

both configurations will coexist at these temperatures if"€S€ numbers as direct evidence in support of our model, in
perfect agreement with the experimental observatiges Which the degree of faceting §010] steps is determined by
Fig. 3. the strength and sign of NNN interactions. In the absence of

Case Il (5>0). The step edge formation energy ofGl0) & NNN interaction one finds for a meanderi@l0 step an

oriented step iN(s,+¢,)/2+ N5, whereas a faceted step 2Verage corner density of exactly 0.5. The fact that the
requires an F()energ(]ﬂl(s“i)sl)/2+2N6. Becauses>0 it is P Geg001) (010 steps exhibits a higher value might be as-
always more favorable to have a perfectly alig@tio) step
rather than a facetted step. Thus for an attractive NNN inter-
action faceting will in general not occur.

Case lll (6<0). This case holds for the ®01) surface at
zero temperature. It is energetically more favorable to have
the faceted pair of110 steps rather than the 100% kinked
(010 step. In Fig 4 a plot of the step free energies for a
(010 and a pair 0f110) steps of Si001) versus temperature
is shown. We have considered a square cell with a size of 4
by 4 unit cells(see Fig. 1L The steps are constrained to start
and end at points A and B, respectively. The free energy for
this situation is

X 56 nm. The sample bias is1.6 V and the tunneling current is 1
nA.

SJ_+SH+25

F=2 Z

eﬁ/ZkT+ 4e5/kT+ 12635/2kT+ 1%25/kT+
18e5§/2kT+ 12635/kT+ 4e75/2kT+ e45/kT

T
- k§|n
FIG. 5. STM image of(010 oriented steps on @&01). The
The lower(solid) curve in Fig. 4 refers to the free energy of (010 steps facet into locall10) step segments. Image size 75 nm
a pair of steps oriented alon@10 directions. Note that, x75nm. The sample bias is2 V and the tunneling current is 1
increasing the cell size from>4 to 8X8 only reduces the nA.
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cribed to, for instance, leaving out of consideration of over-a repulsive NNN interactioq010 steps will tend to facet
hangs and kink-kink interactions. into (110 step segments. Faceting (#10 steps does not
occur for a vanishing or attractive NNN interaction. As an
example we have presented datd@#0) oriented steps on Si
CONCLUSIONS and G€001) surfaces. In the case of(8D01) the (010 steps
are faceted, whereas tk@10 steps do not facet for Ge0l).
Within the framework of a solid-on-solid model that in- These observations are in perfect agreement with the avail-
corporates NN and NNN interactions we have addressed th&ble data of the NNN interaction energies between the sub-
faceting of(010) oriented steps on a cub({601) surface. For strate dimers of Si and Ge.
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