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Step Fluctuations on Vicinal Si(113)
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The fluctuation properties of steps relevant to step coalescence have been measured using scanning
tunneling microscopy on a Si(113) surface miscut along a low symmetry azimuth. In local thermal
equilibrium at 710 ±C, coexistence of single, double, triple, and quadruple steps has been observed.
From direct measurement of the step-correlation function, the step stiffness is shown to be proportional
to the step height, with an additional stabilization of double-height steps. This result is shown to require
a step-step attraction energy close tokT . [S0031-9007(98)06237-1]

PACS numbers: 68.35.Md, 61.16.Ch, 68.35.Bs, 68.60.Dv
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Understanding of the role of steps and surface curv
ture in surface mass transport [1,2] is the key to descri
tions of growth and structural stability in the fabrication
of nanomaterials. Relatively recently, quantitative con
nections between the early kinetic and thermodynamic d
scriptions of step behavior have been developed [3]. Th
advance offers the promise of an effective parameteriz
tion scheme for material evolution at surfaces and inte
faces [4,5]. To date, the step-based approach has pro
extremely powerful in describing mass transport in the d
cay of metastable structures and in the description of r
versible faceting transitions in which behavior is governe
by the repulsive interactions between steps. In these s
tems, the surface can be described as composed of d
crete steps. A major extension of the theoretical approa
is required for the important problem of the formation o
faceted structures via step motion. In this paper, we i
vestigate quantitatively the fluctuation characteristics
interacting steps which are required to bind into wel
defined facet structures.

The vicinal surfaces of Si(113) are a model system fo
studying the evolution of steps into stable facets. For th
system, Song and co-workers discovered faceting tran
formations involving step-step attractions using surfac
x-ray scattering [6]. Because there is no physical bas
for expecting a long-range attractive interaction betwee
steps, this work has inspired theoretical interest [7,8]. R
cently, Lässig [8] has predicted that a long-range repulsio
and a short-range attraction conspire to produce the co
plicate orientational phase diagram as shown by Song a
co-workers. Song and co-workers [9,10] have adapt
Lässig’s concept to understand their observations on t
kinetics of faceting, where they have found that the cha
acteristic length scale, for instance, the average terra
width, increases as a power law versus time with a coa
ening exponent16 [9,10]. To explain the1

6 power law,
they had to require that as steps bind together the s
stiffness increases linearly with the number of steps a
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the step mobility decreases linearly with the number
steps. In this paper we have determined experimenta
the behavior of step groups of variable size to test the
assumptions.

To quantify the step stiffness, we measure correlati
functions directly using scanning tunneling microscop
(STM). The experimental design uses formalisms demo
strated previously for STM [11], reflection electron mi
croscopy [12], and low-energy electron microscopy [13
We show that for steps with heights from single layer u
to quadruple layers the step stiffness is proportional to t
number of steps in the step bunch, with an additional i
crease in stability for double-layer steps. This result
compared with microscopic models to understand the n
ture of the step-binding energy.

The experiment was conducted in a ultrahigh vacuu
(UHV) chamber with base pressure of3.0 3 1028 Pa,
equipped with a variable-temperature STM. Sampl
were cut from an-type Si(113) wafer miscut by1.7± to-
wards a low symmetry azimuth which is33± away from
the f 110g to the f332g. The vicinality was measured by
Laue x-ray diffraction in agreement with the STM im
ages, which showed that the average step edge direc
is 35± away from thef 110g direction. To obtain a clean
silicon surface, the samples were flashed at1200 ±C for
one minute by a direct current through a sample. T
temperature was monitored by an optical pyromete
Structure was measured at room temperature after quen
ing at a cooling rate of200 ±Cys, which is achieved by
cutting off the heating current.

To find conditions for the preparation of equilibrate
steps of variable height, we compared surfaces quenc
after annealing at various temperatures in the ran
600 1000 ±C. When the sample is annealed belo
690 ±C, the surface breaks up into a hill and valle
structure composed of (113) facets and densely step
regions. The period of the structure increases w
increasing annealing time following the16 power law [14].
© 1998 The American Physical Society
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Annealing above the transition temperature of720 ±C al-
ways results in a mixture of single stepss1.63 Åd, double
steps, and triple steps, indicating that the quenching rate
not fast enough to retain the high-temperature equilibriu
structure which contains only single-layer high step
Following annealing at690 720 ±C, the average terrace
width becomes slightly larger than that of the surfac
annealed above720 ±C, because of the existence of step
with more than triple-layer height, as shown in Fig. 1
The size of the (113) terraces saturates during anneal
within 5 min, implying that the surface reaches a loca
thermal equilibrium. Thus, at this temperature regim
equilibrium step configurations can be frozen by th
quenching.

In Fig. 2, high resolution STM images of the step
edge with various step heights are displayed. The cry
tallographic axes shown in Fig. 2 were identified by th
s3 3 2d surface reconstruction [15]. The single step
[Fig. 2(a)] and the double steps [Fig. 2(b)] have sawtoo
structures composed of step edges along thef 110g and
f031g directions, which accommodate the low-symmetr
orientation of the steps. The double steps frequently ha
sharp edges, suggesting that the double step is stable
most likely forms with a well-defined bonding configu-
ration at the step edge. On the other hand, the trip
[Fig. 2(c)] and quadruple steps [Fig. 2(d)] have mor
complicated and rough structures due to splitting into si
gle and double steps at the step edge.

To quantify the fluctuation properties of the steps, w
set up ax 2 y coordinate system with they direction
taken to be the mean running direction of the step. Aft

FIG. 1. A 360 nm 3 360 nm STM image of the Si(113)
surface quenched after annealing at710 ±C for 10 min. Single-,
double-, triple-, and quadruple-layer steps are marked ass, d, t,
andq, respectively.
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coarse graining, each of the steps is treated as a str
with energy,E ­ b̃y2

R
f≠xs ydy≠yg2 dy, wherexs yd is

the coarse-grained step configuration andb̃ is the step
stiffness. In general, the fluctuations of the steps ca
be characterized by the mean-square displacement a
function of distancey : gs yd ­ kfxs yd 2 xs0dg2l. If the
step is isolated, the step edge can be considered a
random walker, and thereforegs yd increases linearly as
gs yd ­ b2 cos3 uy, whereb2 is the diffusivity andu is
the angle between the step edge and the high-symme
direction, in this case approximately35 ±. Using the
equipartition law, we easily find that the diffusivity
is related to the stiffness as̃b ­ kTyb2 cos3 u [16].
Thus the stiffness can be determined directly from th
measured slope of the correlation function versus distanc
b2 cos3 u. If the area of the step bunch is small enoug
to be negligible compared to that of the terrace, the abo
formalism can be simply extended to step bunches ofN
layers, which will be characterized by their own values o
the diffusivity and the stiffnessb2

N andb̃N .
In Fig. 3, the measured mean-square displacemen

gs yd for the steps with different heights are plotted a
a function of y. At small enoughy compared to the
length of the analyzed step of 650 nm, the linear behavi
of gs yd is confirmed. We find that the slopes of the
correlation functions are0.15 6 0.01 for single steps,
0.100 6 0.005 for double steps,0.052 6 0.001 for triple
steps, and0.040 6 0.005 nm for quadruple steps. The
length scale on which the effect of the step collisions i
not negligible is roughly estimated by the collision
distance ycoll : ycoll ­ l 2y4b2 cos3 u, where l is the
average distance between neighboring steps [16]. Usi
l ­ 35 nm andb2 cos3 u ­ 0.15 nm for single steps, we
find that the collision distance is,2 mm. The range of
the linear dependence seen in Fig. 3 is well within thi
limit. We also found that the linear dependence ofgs yd
breaks down for largery, in qualitative agreement with
theories [16] which predict that the step-step collision
change the linear behavior into a logarithmic form, thoug
we could not determine the exact functional form at larg

FIG. 2. High resolution32 nm 3 16 nm STM images of the
step structure of (a) a single steps1.63 Åd, (b) a double step,
(c) a triple step, and (d) a quadruple step.
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y. Note that the offsets ofgs yd for multilayer height steps
in Fig. 3 originate from uncertainties in the measureme
of the step position due to the finite width of the step ed
(as seen in Fig. 2). The short wavelength fluctuatio
responsible for the width of step edge do not affect th
scaling features ofgs yd.

From the diffusivity deduced from Fig. 3, we estimat
the step stiffnesses of the single steps, the double steps
triple steps, and the quadruple steps at710 ±C to beb̃1 ­
57, b̃2 ­ 85, b̃3 ­ 163, andb̃4 ­ 220 meVyÅ, respec-
tively. The step stiffness increases linearly with the ste
height as shown in Fig. 4, implying that bending the high
step bunches costs more energy than bending the lo
ones. The slightly lower stiffness of the double-layer ste
than2b̃1 suggests a special bonding configuration, cons
tent with the sharp structure of the double-layer step r
vealed in Fig. 2.

We can obtain a qualitative understanding of th
dependence of step stiffness on step height in terms o
terrace-step-kink (TSK) model, in which steps wander d
to thermal excitation of kinks. On a rectangular lattic
with lattice constantsay and ax , consider a group ofN
single steps with a short-range step-step attraction wh
Hamiltonian is

H ­
NX

i­1

LX
y­1

ejnis ydj 2

N21X
i­1

LX
y­1

eadxi s yd,xi11s yd , (1)

where e is the kink energy, which governs the therma
excitations and thus the stiffness of the steps,ea is the
short-range attractive interaction, which acts only b
tween elements of adjacent steps that physically int
sect fxis yd 2 xi11s yd ­ 0g, and the depth of a kink at
each position of a step edgey is ni ­ fxis yd 2 xis y 1

FIG. 3. The mean-square displacements are plotted ver
the separation distance parallel to the mean step edgey for
circles—single-height steps; squares—double-height steps,
amonds—triple-height steps; and triangles—quadruple-heig
steps. Each is an average of individual data measured for
12 steps.
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1dgyax. This model has previously been shown to re
produce the characteristic kinetics of step coalescence
Si(113) [14]. As well as the stiffness of a single step
that of a group ofN single steps can be defined a
b̃N sT d ­ aykTyb2

N sTd via the diffusivity of the average
position of the component steps,b2

N sT d ­ a2
xkn2l, where

n ­
PN

i­1 nis ydyN. At low temperatures, a bunched step
which consists ofN single steps acts as a single step wit
a kink energyNe. Since the step stiffness of a single
step is given byb̃sT d ­ 2sayya2

xdkT sinh2sey2kT d [16],
the dependence of the step stiffness on the step height
sults in

b̃N ­ 2
ay

a2
x

kT sinh2 Ne

2kT
. (2)

At high temperatures, we are no longer able to treat a st
bunch as a single step with kink energy ofNe because not
only kinks but also unbinding of steps is partially excited
In the high-temperature limit, the interactions betwee
steps disappear and the length of kinks,nax , becomes
independent, therefore,b2

N sT d ­ a2
xkn2lyN. Thus, as the

form in the high-temperature limit, we find that

b̃N ­ Nb̃1 . (3)

To quantify the temperature range over which step u
binding becomes important, we performed Monte Car
calculations ofb̃N for variousT . In all of the calcula-
tions, we sete ­ ea. In this case, the faceting temper-
ature, at which a step bunch breaks up, iskTye , 1.15.
Figure 5 shows the computed step stiffnesses. Deviatio
from the form of Eq. (2) become pronounced when th
simulated step structures begin to show significant st
unbinding at aboutkT ­ ea. The dependence changes to
the linear behavior of Eq. (3) near the faceting temper
ture. Thus, the observed approximately linear dependen

FIG. 4. The step height dependence of the step stiffnes
calculated from the slopes shown in Fig. 3 assuming a
equilibration temperature of710 ±C. Step heights are measured
in units of single layer heights1.63 Åd.
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FIG. 5. The step height dependence ofb̃ for the modified
TSK model, whose Hamiltonian is given by Eq. (1), for
temperatures nearTf . The solid lines show̃b calculated from
Eq. (3). The inset shows the step height dependence ofb̃
at low temperatures. The solid lines show̃b calculated from
Eq. (2). In all of the calculations, the ratio ofea to e is 1:1.

of the step stiffness on the step height at710 ±C, which is
nearTf , qualitatively agrees with the prediction for high
temperatures in the modified TSK model of Eq. (1). Fig
ure 2 indeed shows that the steps are partially unbou
except for the double steps.

These results provide a physical basis for understandi
Song et al.’s observation of a1

6 power law dependence
of average terrace width versus time during facetin
To explain this result, their model requires that th
step stiffness scales with height as̃bN ­ NB̃1. Our
results show that this is an appropriate physical constra
only near the faceting temperature where step unbindi
becomes facile. The special stability of the double
height steps will not comprise this conclusion becaus
formation of the double steps occurs in the early stag
of the faceting. The absolute magnitudes of the ste
stiffness that we have measured can, in principle, be us
to develop a quantitative description of the energetic
of excitations at the step edges [17]. Previously,
much lower step stiffness of a single step on Si(113
0.72 meVyÅ was estimated at920 ±C [18] for a step in the
high-symmetry direction. Our results are not inconsiste
with this, since the step stiffness decreases rapidly ju
below the roughening temperature. For comparison, w
note that the roughening temperature of the Si(001)
,1200 ±C [13,17]. In addition, a higher value of the
step diffusivity, 0.82 nm, was measured for single step
oriented orthogonal to the high-symmetry direction [19
following a quench from high temperature. The highe
diffusivity implies that the kink excitation energy at the
step edge along thef332g direction is lower than at the
step edge along thef110g direction.
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In conclusion, we have studied the fluctuation prope
ties of steps on the Si(113) surface miscut along a lo
symmetry azimuth as they relate to the binding of step
to form stable facets. We demonstrated that, in therm
equilibrium at710 ±C, single, double, triple, and quadru-
ple steps are coexistent. We have shown that, except
the double steps, the step stiffness is proportional to th
number of steps in the step bunch. By comparison wi
a TSK simulation, we conclude that this result can occu
only for step bunches very close to their unbinding trans
tion temperature.
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