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Step free energies, surface stress, and adsorbate interactions for CI¢800) at 700 K
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The evolution and equilibrium morphology of($00) with 0.1 monolayer of adsorbed Cl was studied at 700
K with variable temperature scanning tunneling microscopy. Chlorine caused surface roughening with mono-
layer pits and regrowth islands. The aspect ratio of these features then increased with their size because of the
surface-stress anisotropy. By analyzing the equilibrium feature shape as a function of size, we found that the
ratio of step free energies féx- and B-type steps was,/F,=2.44 for regrowth islands and 3.33 for pits.
These ratios are higher than for clearil®D), F,/F,=2.13, because the steps are destabilized.
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I. INTRODUCTION Il. EXPERIMENT

. . . . The experiments were carried out in an ultrahigh vacuum
Clean Si(100)-(x1) and the energies of its o in- system with an Omicron variable temperature STM and an

equivalent steps have been studied extensiv&ep free appended sample preparation chambaperating pressure
energies are essential to the understanding of many surfac P pie prep gp

_11 .
properties, including surface equilibrium morphologies and 4X10 " Tom). The Si wafers were type, B doped to

interactions between surface particles. Swartzentrabat? 0',01—0-(:129 cm, anld Orientfed within 0.5° oflejo)bwiéh
determined the distribution of kink separations and kinkMiScut 8lond100]. Clean surfaces were prepared by degas-

lengths, Barteliet al3 measured step fluctuations and equi-SINg at 8_7153 K'for 12 h and then heating to 1475 K for 90 s at
librium island shapes, and Zandvliet and co-workéesam- ~ <1%10 Torr.  The surface defect area was
ined the statistics of step profiles. Zielasek and co-workers™0.01-0.02 ML, primarily in the form of dimer vacancies.
studied the intrinsic surface-stress anisotropy and island A solid electrochemical cell derived from AgCl doped
shapes near thermal equilibrium. Adsorbates can be expect&dth CdCl, provided a flux of CJ when a voltage was ap-
to modify the characteristics of steps, and this paper showglied. Clean Si surfaces were exposed at room temperature to
that it is possible to quantify changes in step free energies.achieve 0.1 ML coverage. The adsorbate concentration was
The halogen-3100) systems are of great importance sci- determined directly from the STM images since Si dimers
entifically and technologically because halogen-based etctwith Cl can be distinguished from bare diméts® The
ing is used throughout the microelectronics industry. Hencesamples were then heated to 700 K for extended imaging.
the processes and consequences of the production of pits and An optical pyrometer was used to monitor the sample
regrowthﬁisllsgnds on Si(100)-¢21) have attracted extensive temperature, and a relation between temperature and heating
attention?™>To date,.hOWeVer, there. have been no studies Obower was determined. During scanning1 the temperature
the step free energies on (800 with halogen adatoms, \as adjusted by varying the heating power. Filled-state im-
though such investigations would provide insights into theages were acquired with PtIr tips in the constant current
effects of a large class of adsorbates. mode. In our analysis, we considered only pits and islands
In this paper, we examine the influence of 0.1 ML of Cl that were at least-50 nm away from nearest neighbors and

on S(100 at 700 K. At this temperature, Cl causes surfacesteps to minimize feature-feature and feature-step interac-
roughening that is manifested as extended regrowth islandgns.

and pits, but the temperature is too low to activate etching
via dihalide desorptioA®° Variable temperature scanning
tunneling microscopy(STM), was used to determine the
equilibrium shapes of islands and pits as a function of their
sizes. Analysis then showed that the aspect ratio of both is- The image in Fig. 1 represents the equilibrium surface
lands and pits increased with their sizes. Within the theoretmorphology of 0.1 ML CI-Si100). It was acquired after the

ical framework proposed by Lét al,'* where the equilib- sample had been at 700 K for 4.6 h. Chlorine causes the
rium island shape is determined by both step free energiesurface to roughen at this temperature as Si atoms are ejected
and surface stress, we then determined the ratio of step framto the terrace and dimer vacancies are create@hese
energies foiS, and Sy steps and the ratio between step freespecies are mobile and their coalescence produces large re-
energy and surface strain energy. Our emphasis on rouglgrowth islandgRI's) and pits. At 700 K, repetitive scanning
ened surfaces provides a new way to study surface energeaif the same area shows that dynamic equilibrium was
ics, complementing previous work that focused on islandseached within a few hours at 700 K. Subsequent imaging
established during the early stages of epitaxial grdwtAi 2  showed that individual features continued to undergo
and involving real time investigation in true equilibrium. changes, as expected, with the appearance/disappearance of

Ill. RESULTS AND DISCUSSION
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FIG. 1. Representative image of the equilibrium morphology for

0.1 ML CI-Si(100 at 700 K (300300 nnf) showing three ter- 0 > 4 6 P

races that descend from upper right to lower ISf. steps are Time at 700 K (h)

straight and almost unchanged compared to cleét08), while Sg

steps have large peninsulas, gulfs, and even overh@aogshown. FIG. 2. Most large features fluctuate in size and shape for a
Regrowth islands, Rl's, and pits are bounded by their &rand  syrface in dynamic equilibrium at 700 K, but the images(an

Sg steps. capture the decay of a large pit. The decay ratijrs independent

of pit size and local environment, implying a detachment-limited

small RI's and pits and the growth and decay of largerprocess as dimer vacancies escape into the surrounding terrace.
ones'?

The image in Fig. 1 shows two steps with t8g step  For the large pit in Fig. 1, the step lengths are 59 nm and 19
running parallel to the dimer row direction a8} running  nm, respectivelyaspect ratio is~3.1).
perpendicular to it. There is one RI and one large pit, and \hile most large features fluctuated in size but survived
both are bounded b$, and Sz steps. The Rl is elongated under conditions of dynamic equilibrium, others simply de-
perpendicular to the substrate dimer row direction; it iScayed. Figure @) shows a series of images (120
~1484 nnf in area and~208 nm in perimeter. The pit ex- x 120 nn?) that focus on the decay of one such pit. Over the
tends along the substrate dimer row direction; it iscourse of 450 min, it shrank from 4234 nnf to ~ 120 nnt
~813 nnf in area and- 180 nm in perimeter. Small Ris and and it had disappeared 90 min later. Figutb)Zhows that
pits are not visible at this resolution as the scan area is 30fhe area decreased linearly with time. This implies that mass
X300 nnf. Such features are not considered in our analysisransport associated with decay is limited by the detachment
because they undergo rapid fluctuations under conditions @&f the dimer vacancies from step eddé8The area decay
dynamic equilibrium. Comparison to clean(B)0 shows rated A/dt=502+ 15 nnt/h is proportional to the product of
that the effect of 0.1 ML ClI on the step profiles is profound. average step mobility and average step stiffness at 7860 K.
For the clean surfac&, steps have a low kink density while  The shape of a two-dimensional island on a surface is
Sg steps are much less regular because the energy neededdéermined by the ratio of its step free energies, in the ab-
form a kink in anSg step is much lower than that for @,  sence of surface-stress anisotrépyzor Si100), dimeriza-
step. Here, th&, steps have similar profiles to those on thetion results in a very anisotropic surface stress that is tensile
clean surface. However, the development of large peninsulagong the dimer bond and compressive along the dimer
and gulfs inSg steps demonstrates that even small amountsow.> Li et al}* studied the effect of stress on the equilib-
of Cl change the effective substrate dimer-dimer interactionsium shape of an island using continuum elasticity theory.

The shape of the RIs for CI-&i00) is also quite different They found that the surface stress anisotropy influences the
from what has been observed in(B)0) homoepitaxy. island shape, and that the island aspect ratio depends on the
Zielaseket al?® reported islands that were elliptical at small island size. With this theoretical model, Zielasatkal® stud-
size and “American-football’-like at larger size. In contrast, ied surface-stress-induced island shape transitiong 10Sj
those observed here are much smaller and are approximateiyd Middelet al?* investigated the surface-stress anisotropy
rectangular with th&, step length bounding an island being in Ge(100. We can extend these analyses to consider the
greater than th&g step length. For example, the lengths of influence of adsorbates on the surface-stress anisotropy. We
the S, andSg steps for the island in Fig. 1 are 58 nm and 34focus on the effects of 0.1 ML of Cl since feature-feature
nm (aspect ratio~1.7). Hence, the free energy of tf8  interaction is unavoidable at higher coverage where the fea-
steps,F,, is smaller than that o8 steps,F,,. This is also  ture density is high and the features are sriall.
manifest in pit profiles because they elongate alSpgteps. The Si(100)-(2<1) surface has twofold symmetry and
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the surface-stress anisotropy. Note that the force monopole
points outward along th&, steps and inward along tHgy
steps. Figures(8) and 3c) show the aspect ratia?=a/b,
of RI’s and pits as a function of their siz&=\/ab. The
measurement was done over a large area during a time lapse
from ~6 h to ~72 h after the surface reached 700 K. The
results of Figs. @) and 3c) represent the analysis of 90 RI's
Bg/l/ and 107 pits that were far away from other features and step
! --- edges. The sizes range fromB845 nnt to ~ 10543 nmi for
V— RI's and from ~315 nnf to ~6836 nn? for pits. While
there is scatter in the experimental points in Figd) &and
(b_) Re.growth Islands 3(c), the increase in aspect ratio with size is apparent. The
slanted solid lines represent the best fit to the model de-
scribed below.
The total free energy for an individual feature, including
step and strain energies, can be calculated as

::::::

5] 7]
T
1

£y

Aspect ratio (a/b)

1 - Fiotal= Fstep+ Fstress= 2aF,+2bF,
ol 14 . 1 T
20 30 40 50 60 70 80 90 100 110 t3 ufry,F(ra)]-F(ry)drdry, (1)
D = (ab)"?(nm)
{c) Pits
7 —t1 rrIrrrr 15 rrrr -7
6} - whereF is the stress anisotrofit is pointing outward along
% 5L F/F =333 ] S, steps apd inward along; steps, see Fig.(@], F, andF,
‘g W ba . . " are the unit length step free energies $grand Sy steps, and
= .'/ LT ey - ] ufr,,F(r,)] is the displacement at poinj induced by the
% 3 i LI tihe T force F at pointr,. Adapting from Liet al,'* the total free
] (] "a b .
2L =+ . . - energy can be written
Q |
2 1L D,=55nm
l] [ 1 1 L 1 L 1 L 1 1 L 1 L 1 L
10 20 30 40 50 60 70 80 90 F oaF.+2bF D
= a
D = (ab)"*(nm) total _ #%7a ® +1PG(c)—Px2(1— »)In—
ES Es Qo
FIG. 3. (a) shows a schematic of 2D pits with a rectangular
shape of lengtla and widthb. The dashed lines signify the direction ,8202+ 1 D
of dimer rows.F represents the elastic force monopole along the pit =PX| a 72+ +G(c) | —PX2(1~- V)ln;,
periphery induced by surface-stress anisotropy, and it points out- peitp 0
ward along theS, steps and inward along tt& steps. The aspect 2

ratios of regrowth islandgb) and pits(c) show an increase with
increased feature size. The areas range frer845 nnf to
~10543 nmi for islands and from~315 nnf to ~6836 nn? for

pits. The slanted solid lines represent the best fit to the theoreticaVhere Eq=[ (1+ v)/27x]F?, i.e., the interaction energy of

ngsel’gf'd'r;ga_zoiig'gaapdﬁ ,:to'sfi\/%;g ',Sl?r?ds ‘?nd" . two parallel force monopoles at unit separatiéh= |F| is
—6.8=0.7 andg=0. 00 TOr PitS-a= VFaPp/ts 1S NE TAU0 OF 40 apsolute value of surface-stress anisotrépy,2(a+b)

the average step energy to the strain ener id/F 4 /Fy is the . . . . .
ratio of st?ep freg energ?es. From the modglyfci)r ste; fnbae energieé‘?’ f[he perimeter of the island or pity= \/FéFb/E_S is the
optimum ratios ofF, /F,=2.44 and 3.33 indicate specific sizes of 'atio of the average step energy to the unit strain engsgy,
D,~50 and 55 nm for regrowth islands and pits. The aspect ratio is= VFa/Fp corresponds to the ratio of step free energies of
the same as the step free energy ratio. S, and S steps,u and v are the Young's modulus and
Poisson ratio for silicon, and, is a cutoff length in the
biaxial strain so we approximated the feature shapes as reaange of the surface lattice constant. Note that the island
angles. Figure @) is a schematic view of two-dimensional strain energy has two terms, both proportional to the perim-
(2D) rectangular pits of lengtla and widthb. F represents eterP but with different signsG(c) is a dimensionless geo-

the elastic force monopole along the pit periphery induced bynetric factor given by
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( 1 are more destabilized than those surrounding the islands be-
24 — e cause of the higher CI concentration.
c To study the effect of Cl on the surface-stress anisotropy,
G(c)=—¢ 2(1—v)| clIn——se—r— we compare the ratio between step free energy and strain
1 energy for clean $100 and CI-S{100. For clean
2 c’+——c Si(100)-(2x1), Zandvliet and Elswijk analyzed the terrace
L c? width distribution and determined the stress anisotrépy
=80-130 meV/&.?® Zielaseket al® used the above model
) 1 1 to study the shape of an island during homoepitaxial growth.
c +_2+E They found thatF=68+3 meV/A? at 1128 K, F=84
1 ¢ c 11 +4 meV/A? at 968 K, and that the stress anisotropy in-
+ —In 2cIn——2—In— : : i .
c [ 11 e ¢ ce creased with decreasing temperature. Using the stress anisot-
c

[

c+—
c

2y = ropy value F=80 meV/A, we deriveda=7.0 for clean
2 c Si(100)-(2x1). The present analyses yietd= \F F,/Eg
=6.8 for the Cl modified $100), which is comparable to
that of the clean surface. This means that Cl adsorbates have
a similar effect on the step free energies and the intrinsic
surface-stress.

- The contribution of strain energy to the total free energy
appears as two terms with opposite sign in B2}, namely,
PG(c)—PXx2(1-v)In(D/ay). For small islandgpits), the

/ first term, PG(c), dominates and the contribution of the

€©)] strain energy to the total energy is positive. Consequently,
the minimization of the total free energy requires a smaller

The aspect ratia®=a/b for the features studied falls in the perimeter and a more isotropic shape than what would be

range 2—-4.5 an¢(c) lies in the range 3.7-5.7. predicted if only the step energies were considered. Con-

This model of the free energy of a pit or island predictsversely, the second term dominates for large islafits),

that there should be a favored aspect ratio for a given featurgnd the contribution of the strain energy is negative. Thus,

size at a given temperature sineg, F,, andEg are con-  the strain energy favors a larger perimeter and a larger aspect

stant. We can fit the theoretical curves to experiment by adratio.

justing the values ofa and B and using u=1.5 It is clear from Figs. &) and 3c) that the aspect ratios of

X 10" N/m?, »=0.177 and a,=3.84 A for CI-S{100. RI's and pits increase with feature size. In contrast, the ratio

The best fits in Fig. 3 correspond ©@=6.8=0.7 andB  of step free energies is constant at a given temperature. From

=0.64+0.05 for RI's anda=6.8+0.7 and3=0.55-0.06  the best fit, the ratios of step free energies yield a specific

for pits. The ratio of step free energies is thép/F,  size ofDy=~50 and 55 nm for islands and pits, where the step
=2.44 for islands and 3.33 for pits. free energy ratio is the same as the aspect ratio. Minimiza-
It is instructive to compare these results to those for cleation of the second term in Eq(2), PG(c)—PXx2(1

Si(100 where the step formation energies have been studied v)In (D/ay), which represents the contribution from

extensively and the values proposed by Zandvliet andurface-strain energy, also results in the same values.

co-workerg®2” are well accepted, namel§,=52 andE, The value of surface-stress anisotropy has not been deter-
=120 meV/(2a).Using these values, we can determine themined for CI-S{100), and the absolute step free energies
step free energy since entro@y , can be included aB,, cannot be precisely derived. However, they are expected to
=E,p— TSy p- At 700 K, the entropy term contributes about be smaller than those of clean(B)0) because Cl destabi-

5 meVA2a for S, steps and 20 meVZa) for Sy steps(see  lizes dimers at steps through adsorbate-adsorbate steric re-

Ref. 27 for a detailed discussipnTherefore,F,=47 and pulsion or back bond weakenifg®® This gives rise to

F,=100 meV/(2a) for theclean surface at 700 K and rougher steps.

Fy/F,=2.13. This explains why it is easier to form kinks on

Sg than onS, steps so thabg steps are rough whilg, steps

are straight. The effect of Cl is to increase the values of IV. CONCLUSIONS

Fy/F,, thereby producingSg steps that are rougher than

those on the clean surface while leaving ®e steps little Analysis of the equilibrium shapes of Si islands and pits

changed. demonstrates that their aspect ratio depends on their size.

It is intriguing that the ratios of step free energies areThis is because the intrinsic surface-stress anisotropy drives
different for islands and pits. This difference reflects the facffeatures to have a greater aspect ratio as they grow. We were
that the adsorbate coverages are different on the three egble to calculate the ratio of step free energkgg/F,, and
posed layers of $100), namely on the regrowth islands, the the ratio of average step free energy to strain energy,

main terrace, and in the pits. As reported by Nakayama/F,F,/Es. Experiment shows that the addition of 0.1 ML

et al,'® the coverage is the highest on the main terrace an€l to Si(100)-(2< 1) destabilizes the step edges, resulting in

the lowest on the islands. Hence, steps the surrounding piteugherSg steps than seen for clean(8)0. Hence, there is

1

[ 1
—2(1-3v) \/ ¢*+ —
C 02

+4 ct—

(1-4v)
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a higher ratio of step free energies when Cl is present and thieom a qualitative to a quantitative description of the effects
surface is in equilibrium. The observed higher ratio of stepof halogens on Si surfaces.

free energies for pits compared to islands is attributed to the
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