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Diffusion barrier caused by 1Ã1 and 7Ã7 on Si„111… during phase transition
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Low-energy electron microscopy was used to study thermal decay of islands and vacancy islands on Si~111!
at the coexistence of 131 and 737 during the phase transition. Slower surface mass diffusion on 737 than
on 131, coupled with preferential formation of 737 on the upper terrace of a step, causes a diffusion barrier
during the phase transition, resulting in an asymmetry in the thermal decay rate between island and vacancy
island. The diffusion barrier also makes the mass flow induced by the atom density difference between 131
and 737 asymmetric in the step-up and step-down directions.
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Much attention has been devoted recently to underst
the processes involved in surface mass transport.1–3 In order
to predict how the surface morphology changes during
nealing, epitaxial growth, and/or sublimation, this und
standing is essential due to the increasing demand for p
sion in fabricating nanostructures. Crystal surfaces h
various atomic structures depending on thermodyna
and/or kinetic conditions. Two different surface structur
coexist on a surface under situations such as ph
transition,4 epitaxial growth,5 and chemical reaction.6 These
different structural phases have different properties of s
face mass transport. Understanding the mass transport
surface consisting of multiple phases is of practical imp
tance as well as scientific interest.

In this paper, we investigate mass transport on Si~111!
during the 131 -to- 737 phase transition as a prototypic
system with two different surface structural phases. We h
already reported using low-energy electron microsco
~LEEM! that the surface mass diffusion constant on 131 is
larger than that on 737.7 Here we show that this differenc
in the surface mass diffusion constant, coupled with the p
erential nucleation of 737 at the upper step edge, will lea
to an asymmetric diffusion barrier during the phase tran
tion. This barrier causes selective slowing down of the th
mal decay of a vacancy island during the phase transit
whereas islands and vacancy islands decay with similar r
above or below the phase transition. Due to the higher a
density in 131 than 737,8 excess atoms are created a
diffuse to steps during the 131 -to- 737 phase transition
The asymmetric diffusion barrier also plays an important r
in this step motion.

We used two kinds of Si~111! samples. One is nominally
flat, and the other is patterned by the standard lithograp
technique. On the nominally flat Si~111! surface, because o
the mechanical stress on the sample due to clamping in
sample mount, screw dislocations were introduced into
sample during high temperature annealing. Two-dimensio
islands and vacancy islands were created by the interse
of the original steps with steps newly created by the dislo
tion motion. Deposition of Si from a Si evaporator was a
used to form islands. On the patterned substrate, we obse
islands at the top of three-dimensional mounds and vaca
islands at the bottom of three-dimensional craters. The t
0163-1829/2001/64~24!/245401~5!/$20.00 64 2454
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perature was measured using an infrared pyrometer. In
paper, we define the critical temperatureTc of the 131 -to-
737 phase transition as a temperature at which 737 begins
to nucleate continuously at the step edge, and the meas
temperatures were calibrated by settingTc5860 °C.9 Typi-
cal incident electron energy of LEEM was 10 eV. In th
bright-field LEEM images at this energy, the 737 domains
appear bright while the 131 domains appear dark.10 The
step-up or step-down direction was determined by the ob
vation that 737 nucleates at the upper step edge.4

We examine the real-time thermal decay of three isla
and a vacancy island, all located on the floor of
larger vacancy island,in situ using LEEM as illustrated
in the inset in Fig. 1. The measured size evolutions w
time were compared with calculations based on solving
diffusion equations under appropriate boundary conditio
We first show the diffusion equation and boundary con
tions on a surface with a single phase denoted asA.
The diffusion equation is given by Burton, Cabrera, a
Frank as11

]c

]t
5DA¹2c2

c

tA
1F, ~1!

wherec is the adatom concentration,DA andtA are the dif-
fusion constant and the adatom lifetime on theA phase, re-
spectively, andF is the deposition flux. The boundary con
ditions at the step edges are12

6n~DA“c!65KA6~c62ceq!, ~2!

wheren is the unit normal vector at the step from the upp
terrace~2! to the lower terrace~1!, andKA1 andKA2 are
the kinetic coefficients of atom incorporation at the step
the lower and upper terraces, respectively, andceq is the
equilibrium adatom concentration at the step edge. In
steady state where neither sublimation nor deposition occ
Eq. ~1! is reduced to the Laplace equation. The diffusi
equation was solved under the boundary conditions using
finite element method in the actual geometry determined
perimentally. The atom fluxes were calculated at the edge
©2001 The American Physical Society01-1
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the islands and vacancy islands from the adatom conce
tion, from which the island and vacancy island areas w
determined a certain time later. The diffusion equation w
solved again in the new geometry. The size evolution w
calculated by repeating the procedures. The details of
calculation method are given in Ref. 7.

We measured the size evolutions of islands and a vaca
island at five different temperatures nearTc , and compared
them with the calculations. AtTc15 K, the surface is
entirely covered with 131. At Tc29 K and Tc214 K,
the surface is mostly covered with 737 except for narrow
131 regions at the lower side of the steps and at 737
domain boundaries. In these cases, the measured
evolutions of the islands and vacancy island were fitted r
sonably by solving the single-phase diffusion equation.7 Ad-
ditionally, the calculations did not require asymmetry in t
kinetic coefficient between the upper and lower terrac
Such an asymmetry is nothing more than the Ehrli
Schwoebel~ES! barrier.13 Therefore, we have shown that th
thermal decay of micrometer-sized islands and vaca
islands on a single-phase Si~111! surface at high tempera
tures can be analyzed without taking the ES barrier i
consideration.

However, atTc andTc23 K, the vacancy island decaye
at a slower rate than that expected from the calculati
without the ES barrier. Figure 1 shows the size evolutions
islands and a vacancy island atTc23 K. First, we analyzed

FIG. 1. Time evolution of a set of islands and vacancy isla
located inside a larger vacancy island at 857 °C. Inset is the bri
field LEEM image att50 s with a field of view of 12.5mm. The
incident electron energy was 10 eV. The vacancy island is indica
by A, and the islands are indicated byB, C, andD. The data points
in the plots denote the measured areas. Dashed and dotted line
results calculated by solving diffusion equation on single pha
Solid lines are calculated under the condition that the vaca
island is surrounded by 737 with the width of 0.2mm. Details
of the calculation procedures and the values of kinetic coefficie
are given in the text. The step stiffness of 2.2310210 J m21 ~Ref.
15! and Dceq

0 56.43106 s21 on 131 were used in these calcula
tions.
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the evolutions using Eq.~1! for the single phase. The calcu
lated results without the ES barrier,aK1 /D5aK2 /D51,
indicated by the dashed lines in Fig. 1 did not reproduce
size evolutions of the islands and vacancy island, wherea is
the lattice constant. The best fit indicated by the dotted li
in Fig. 1 was obtained ataK1 /D51 and aK2 /D51.6
31024. At Tc , we neededaK2 /D56.431024 to fit the
experiment. These results seem to indicate that the ES ba
appears only in a narrow temperature window just belowTc .
At Tc and Tc23 K, there are 131 and 737 on the lower
and upper sides of the step, and the 737 region is wider at
Tc23 K than atTc . Therefore, the ES barrier may be cha
acteristic to the step whose lower and upper sides are
spectively, 131 and 737, and the value may depend on th
width of 737. However, the ES barrier should be main
determined by the local atomic structure around the step,
there is a narrow 131 region on the lower side of the ste
even atTc29 K. It is therefore difficult to reconcile the ex
istence of the ES barrier within such a narrow temperat
window.

In this situation, we propose a model to explain the sel
tive slowing down of the vacancy island decay without t
ES barrier. This model includes two important factors. Fir
the surface mass diffusion constant on 131 is larger than
that on 737. Secondly, the 737 reconstruction preferen
tially nucleates at the upper step edges. As the phase tra
tion commences, the vacancy island is surrounded by 737
with a smaller surface mass diffusion constant but the isl
is still surrounded by 131 on the lower terrace. Because
37 restricts the diffusion of terrace atoms into the vacan
island, the decay of the vacancy island is thereby slow
down. We check the validity of this model by solving th
diffusion equation on the surface with two phases differen
the properties of mass transport.

We constructed the diffusion equations and bound
conditions on the surface withA and B phases assuming
simple potential diagram for adatom diffusion as sho
in Fig. 2. The diffusion equations onA and B phases
are written in the same form as Eq.~1! by using the diffusion
constant and adatom lifetime on each phase. The boun
conditions at the lower and upper edges of the step
also simple extension of Eq.~2!, and are written, respec
tively, as

d
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d
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e.
y

ts

FIG. 2. Schematic potential diagram for adatom diffusion on
surface with two phasesA andB.
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n~DA“c!15KA1~c2ceq!1 , ~3a!

2n~DB“c!25KB2~c2ceq!. ~3b!

These boundary conditions at the step are not enoug
solve the two diffusion equations on theA andB phases, and
a boundary condition at the phase boundary is neces
This boundary condition is written as14

n~DA“c!A5n~DB“c!B5
DB

a
@PcB2cA#, ~4!

wheren is a unit normal vector at the phase boundary fro
A to B. P5exp@DEa /kBT#, whereDEa is the difference be-
tween the adatom formation energies onA andB, kB is the
Boltzman constant, andT is the temperature.P is also ex-
pressed asceq

0 (B)/ceq
0 (A), whereceq

0 (A) and ceq
0 (B) are the

equilibrium adatom concentration at the straightA and B
steps, respectively.

In order to solve the diffusion equations on the surfa
with A andB phases, we need to know the difference in t
diffusion constant, kinetic coefficient, and adatom format
energy~same as the equilibrium adatom concentration! be-
tweenA andB. However, because mass transport on Si~111!
near the phase transition temperature is governed
diffusion,7,15 the time evolution does not depend strongly
the kinetic coefficients. Therefore, we assum
aKA(B)6 /DA(B)51. We also found that the calculated tim
evolutions do not depend separately onD and ceq

0 , but de-
pend on their multipleDceq

0 . We have already estimate
D737ceq

0 (737)/D131ceq
0 (131)50.05 around Tc .16 We

used this value to simulate the evolutions of the island
vacancy island areas as shown in Fig. 1. However, th
37 domain around the vacancy island has a complica
shape, and the shape changed with time in a manner tha
difficult to predict. Therefore, we first assumed that the
cancy island is surrounded by a continuous 737 domain
with the widthl. The calculations showed that the decay r
of the vacancy island strongly depends onl. As l increases,
the time taken for the vacancy island to disappear rap
increases initially but is saturated later, which explains
reason why the ES effect changes with the 737 width. The
size evolutions calculated atl 50.2mm are indicated by sold
lines in Fig. 1. The agreement between the experiment
calculation is quite reasonable. However, thisl value is less
than half of the actual 737 width surrounding the vacanc
islandA in Fig. 1. This discrepancy arises because in rea
the vacancy island was not uniformly surrounded by 737,
but with gaps of 131 which eventually became doma
boundaries. These 131 gaps served as preferential diffusio
paths of adatoms, which would cause a faster decay than
idealized vacancy island surrounded by a uniform 737
band.

The next step is to calculate the size evolution includ
the actual 737 domain shape. However, as mentioned e
lier, we could not predict how the 737 domains change in
shape with time. Therefore, we first obtained the decay
of the vacancy island as a function of the area from sequ
tial frame-captured LEEM video images. Then, we calc
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lated the decay rate using the positions of the steps an
37 domains determined from the LEEM images. In the
calculations, the steps outside the larger vacancy island w
ignored. Additionally, only the 737 domain around the va
cancy islandA contributes to the decay rate. Figures 3~b! and
3~d! show LEEM images taken att50 and 140 s in the sam
experiment that contributed to the data in Fig. 1, a
Figs. 3~c! and 3~e! show the corresponding geometrie
of the steps and 737 domains used in the calculations.
Fig. 3~a!, the measured and calculated decay rates are plo
as a function of the vacancy island area by the op
and filled circles, respectively. The solid and dash

FIG. 3. The dependence of the decay rate on the area, w
was converted from the time evolution of the vacancy island a
shown in Fig. 1. Open circles denote the measured data. Solid
dotted curves are converted from the calculated results indicate
solid and dotted plots in Fig. 1.~b! and~d! are LEEM images taken
at t50 s andt5140 s with a field of view of 12.5mm. ~c! and ~e!
are corresponding geometries of the steps and 737 domains used
for calculating the decay rate. The calculated decay rates are
cated by filled circles in~a!.
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curves in Fig. 3~a! were obtained by converting the da
corresponding to the solid and dashed plots in Fig. 1
the dependence of the decay rate on the area. Figure 3 s
that the calculated decay rates using the actual 737 domain
shape are in reasonable agreement with the measured
From the above discussion, we infer that the smaller m
diffusion constant on 737 than on 131 and preferential
formation of 737 at the upper step edges effectively cau
an asymmetric diffusion barrier during phase transitio
resulting in the preferential slowing down of the vacan
island decay.

The atom density in the 131 phase is 0.06–0.07 bilayer
higher than that in the 737 phase.8 Therefore, the area of th
island increases and the area of the vacancy island decre
during the phase transition from 131 to 737, because ex-
cess atoms diffuse to steps. The asymmetric diffusion ba
also plays an important role in this step motion during

FIG. 4. ~a!–~c! LEEM images of an island on a larger islan
~d!–~f! a vacancy island inside a larger vacancy island.~a! and ~d!
were taken before the 131-to-737 phase transition.~b! and ~e!
after the phase transition. In~c!, ~a! is overlaid on~b! after the
contrast of~a! was reversed, and~f! was made from~d! and~e! by
the same procedure. The dotted lines in~c! and ~f! indicate the
positions of the island and vacancy island edges before the p
trasnsition, respectively, and the solid lines indicate the adatom
ture areas of the center island and center vacancy island, w
were calculated assuming the difference in the atom den
between 131 and 737 is 0.065 bilayers.
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phase transition. Figures 4~a! and 4~b! show LEEM images
of an island on a larger island before and after the ph
transition. In Fig. 4~c!, 4~a! is overlaid on 4~b! after the con-
trast of 4~a! was reversed, and the dotted line indicates
position of the center island edge before the phase transi
Figure 4~c! clearly shows that the island area increased a
the phase transition. The solid line in Fig. 4~c! is the region
inside which atoms created during the phase transition
fused to the top island, and was calculated assuming
difference in the atom density between 131 and 737 is
0.065 bilayers. The calculated capture area is cl
to the area of the larger island. This is because the asym
ric diffusion barrier appeared at the upper side of t
larger island. On the other hand, in the case of a vaca
island inside a larger vacancy island@Figs. 4~d!–4~f!#,
the asymmetric diffusion barrier around the smaller vaca
island restricts atoms from diffusing into the small
vacancy island. Therefore, the capture area is much sm
than the area of the larger vacancy island as shown
Fig. 4~f!.

All the above discussion suggests that the asymmetric
fusion barrier caused by 131 and 737 is sufficient to ex-
plain the phenomena and the real ES barrier is unneces
In order to support this inference, we measured the a
change of an island on a larger island during the 131-to-7
37 phase transition under two different conditions. Und
the first condition, the islands were cooled so slowly tha
37 nucleates only at the upper step edges. In this case,
to the asymmetric diffusion barrier, excess atoms created
the larger island prefer to diffuse to the step of the sma
island rather than to the step of the larger island. Under
second condition, the sample is cooled so quickly throu
the phase transition that 737 nucleates on the terraces
well as at the steps. In this case, the asymmetric diffusio
less pronounced. On the contrary, if there is a real ES ba
at the step, the island area should change similarly regard
of the cooling rate. We compared the capture areas of
islands cooled slowly and quickly. The capture areas w
always larger on the slowly cooled sample than on
quickly cooled sample. This provides further support that
asymmetric diffusion barrier rather than the real ES barrie
the cause of the asymmetry in the thermal decay and
change between vacancy island and island during the p
transition.

In conclusion, we observed thermal decay of islands a
vacancy islands on Si~111! in situ using LEEM. By compar-
ing the measured size evolutions of islands and vaca
islands with calculations, we showed that the smaller surf
mass diffusion constant on 737 compared to that on 131
and the preferential formation of 737 at the upper step
edges produces the asymmetric diffusion barrier during
phase transition. This asymmetric diffusion barrier plays i
portant roles in the surface morphology changes includ
the step wandering instability during Si homoepitax
growth.17
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