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Equilibrium morphologies for Cl-roughened Si(100) at 700-750 K:
Dependence on Cl concentration
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Adsorbed halogen atoms on(800-(2x 1) can induce roughening at temperatures where material removal
(etching is minimal. Variable temperature scanning tunneling microscopy was used to follow roughening at
700-750 K for surfaces with 0.1-0.99 ML of Cl. Dimer vacancies and Si adatoms were observed at short
times, and at longer times the progression toward a state of dynamic equilibrium was traced. Once dynamic
equilibrium was reached, the appearance of individual pits and regrowth islands changed but their densities and
mean sizes did not. The results show that the roughness depends nonlinearly on ClI coverage with surfaces
having 0.3 ML being nearly ten times rougher than those with 0.1 ML. The importance of Cl-free dimers is
stressed, and the role of Cl as an impediment for vacancy and adatom diffusion is demonstrated. Roughening
is attributed mainly to adsorbate-adsorbate repulsive interactions.
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[. INTRODUCTION that surfaces become rougher with increasing Cl concentra-
tion as the pit and regrowth island sizes diminish but their

A number of recent studies have used scanning tunnelingensities increase. For nearly saturated surfaces, the rough-
microscopy (STM) to observe atomic-scale structural ening reaction is slow, the Si and DV mobility is strongly
changes that accompany spontaneous etching of Si Byindered, and the system does not reach equilibrium over our
halogens:~8 These visualizations of post-etch morphologiestime scale of~20 h.
have led to a deeper understanding of the various reaction
pathways of etching. Inherit in etching is Si dihalide desorp-
tion and surface defect formation. However, a recent study Il. EXPERIMENT
demonstrated that roughening C.OUId be induped b_y Cl and Br The experiments were performed in an ultrahigh vacuum
at temperatures where desorption was minimal, i.e., roughs-y

) ; ) ) . stem(base pressure o£4x10 ! Torr) using an Omi-
ening without etching. This roughening pathway was de-;qn vT.STM. Thep-type Si wafers were B doped and had a

duced from STM images obtained at room temperature aftefaqjstivity of 0.01-0.012) cm. They were oriented within
processing at 775 K. Whafc Is not known about roughening ig) 5o of (100. Typical S(100-(2x 1) surfaces had an initial
the equilibrium morphologies different halogens and halogeryrface defect concentration of 0.01-0.02 ML. Cleaning was
concentrations, the way in which the surface evolves to equigone by degassing at 875 K fer12 h and heating to 1475
librium, and the underlying mechanisms that cause the sy for 90 sec. The temperature was monitored with an optical
tem to roughen. pyrometer during sample preparation. During scanning, it
In this paper, we focus on the time evolution and thewas adjusted by varying the heating powesproducibility
equilibrium morphologies for CI-$100)-(2Xx 1), with special ~ +10 K).
attention to the dependence on CI concentration at 700 K. The halogen source was a solid-state electrochemical cell
Using a variable temperature scanning tunneling microscopkased on a AgCl pellet that was doped witth % CdC}. An
(VT-STM), we have imaged samples for extended periods oépplied electric field attracted CI ions to a Pt mesh where
time. At 700 K, roughening is the dominant process ashey combined and desorbed as.Clhe current through the
single-layer pits and regrowth features form without Si re-cell was 5uA, giving a flux of 1.6<10" molecules per
moval. Healing also occurs when dimer vacan¢®¥s) and  second. Samples were exposed for varying amounts of time
mobile Si atoms are accommodated at steps. Once dynamic achieve the desired Cl coverageThe coverage was de-
equilibrium is reached, the densities and mean sizes of sutermined directly from STM images since dimers with Cl can
face features remain unchanged though individual featurelse distinguished from bare dimers when scanning with
continue to fluctuate in size and shape. The halogen concer-1.3 V sample bias at room temperature. Samples were
tration, which remains nearly constant, dictates the diffusivi-heated to 700 K after the initial coverages were established.
ties of the Si and Cl adatoms and the DVs. It also controlg=illed-state images were acquired with Pt/Ir tips in a constant
the reaction rate since roughening can only occur when thereurrent mode. Scans took 7—35 min, depending on the image
are halogen-free dimers adjacent to the reaction®sftét resolution and the scan speed. Sequential images were ac-
low and intermediate coverages, the reaction rate is high anduired by scanning from left to right, bottom to top in the
while the mobilities are too high to follow individual events, images shown in the figures, and the time identified corre-
the evolution of pits and islands can be followed. We showsponds to the start time of each scan.
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{(a) 8=0.1 ML, 35.6 h (b) =0.1 ML, 44.8 h A key element in the roughenin@nd etchingpathway is

that halogen-free dimers must exist adjacent to the reaction
site—they are the sites to which Si must escape. Figures
1-4 show the consequence of roughening as a function of Cl
concentration under conditions where there is minimal Cl
loss (confirmed by imaging at ambient temperajurst low

and intermediate coverage, the surface evolves quickly but at
high coverage, Fig. 4, the requisite bare sites are too few and
both reaction and diffusion are suppressed. As discussed be-
low, Figs. 1-3 represent dynamic equilibrium morphologies
where the details of a particular feature fluctuate, as revealed
by the images, but the size distributions and densities for pits
and RlIs do not change. The morphology of Fig. 4 reflects
transient reaction and roughening.

The images in Figs. (&) and 1b) were acquired~35.6 h
and ~44.8 h after the sample reached 700 K. The initial
coverage wad);(Cl)=0.1 ML. Early images showed tran-
sient processes related to Ostwald ripening of both pits and
Rls as DVs and Si atoms were exchanged and larger features
grew at the expense of smaller ones. Dynamic equilibrium
was reached after-2 h. The average pit size was then
~621 nnt and the average Rl size was532 nn¥. Pits cov-
ered ~5.8% of the surface area and RIs covere8.3%.

The densities of pits and RIs were 100 um 2 each.

FIG. 1. STM imagega) and(b) represent the equilibrium mor- Though these yalues did not_ change, the d.Eta”S In a given
phology for 0.1 ML CI on Si100 at 700 K. While the average image were still very dynamic. Islanty in Fig. 1(a_)' for
feature size, surface area, and density did not change, the details fX@mPple, altered its shape to a lower aspect ratio after an
a given region were still dynamic. Large features such as islands €lapsed time of~9.2 h. Over the same periot; and P,
andl, and pitP, changed shape and size over the course ®th. ~ changed shape and increased in size-+8800 and~1500
I; andP, disappeared as a consequence of attachment and detadimers, respectively. Some features also disappeared as a
ment fluctuations. While the appearance of $aein (c) has arela- consequence of fluctuations in size and shape. For example,
tively low kink density, such as for clean($00), roughening with 13 and P,, which were derived fron~1700 and~3400
Cl results in large peninsulas and gulfs at the intrinsically rougherdimers, fluctuated and finally disappeared aftet0 min and
Sg steps. LikewiseS, steps for the RI and pit features are much ~8.8 h, respectively.
more regular than th&g steps of those features. Figure Xc) makes it possible to visualize changes in the
step profile. For clean surfaceS, steps(which run parallel
to the dimer rows have a low kink density whil&Sg steps
(perpendicular to dimer rowsre much less regular because

The roughening pathway for @i00) was discovered by the energy to form a kink on a8 step is much lower than
Nakayamaet al® They reported that thermally activated that on anS, step. Step motion occurs through the exchange
roughening involved Cl-induced reactions in which DVs andof atoms with the reservoir of Si adatoms on the terraces, and
Si regrowth island$RIs) can be produced without desorp- the pattern in equilibrium reflects the interaction energies
tion, i.e., without etching. They proposed a sequence obetween dimer&®’ The limited roughness of clean Si steps
events in which a Si dimer with two Cl adatoms undergoegnakes it possible to analyze them in terms of kinks assuming
an isomerization reaction, forming SiCind a Si atom with no overhangs. Here, we see that Cl has a profound effect and,
two dangling bonds. The Si atom is thereby destabilized andlthough overhangs are not dominant, large peninsulas and
it can escape onto the terrace. The Si§pecies cannot de- gulfs characterize th&g steps, Fig. (c). This is remarkable
cay via the reverse isomerization pathway since one of the Siince it implies that Cl in small concentrations can alter the
atoms has been replaced by a vacancy. At high temperatureffective substrate dimer-dimer interactions. Converssjly,
SiCl, can desorb in a process termed vacancy-assisted deteps are not significantly altered at this coverage and they
sorption or etchindg? 1> At temperatures for which desorp- show a similar roughness to those of cleafL80).
tion is not likely, the SiCJ unit can decay by transferring the  Images for 0.3 ML CI-Sil00) showed that it took longer
Cl atoms to nearby Cl-free sites. If this happens, the nowto reach equilibrium compared to 0.1 ML. Sequential scans
bare Si atom can also escape onto the terrace. The result ishowed small islands and pits that grew, shrank, and disap-
DV and two Si adatoms that can form regrowth structurespeared as new ones were created.-B4 h, the surface had
The Cl atoms can then participate in subsequent reactionseached dynamic equilibrium and the images of Fig. 2 are
Competing with roughening are healing processes wherebgepresentative of this configuration with rapidly changing lo-
mobile DVs and adatoms are accommodated at steps, includal morphologies. Islands andl, and several surrounding
ing those associated with extended pits and islands. pits show significant changes as they captured and released

IIl. RESULTS AND DISCUSSION
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(a) 6=0.3 ML, 10.7 h

FIG. 2. (a) and(b) represent the equilibrium morphology for 0.3  FIG. 3. (a) and(b) represent the equilibrium morphology for 0.5
ML CI-Si(100) at 700 K. Islandd; andI, and several surrounding ML CI-Si(100) at 700 K(same scale as Fig).2Small Rls around
pits changed as they captured and released Si adatoms and DVsland ! in (a) changed substantially in 0.2 (). Over the same
Pits P, and P, merged and a remnant island was cut off from the period, pitsP1—P3 showed significant restructuring, and many
main terrace. The pits and RIs of Fig. 2 are a factor-of-10 smallesmall features appeared or disappeared across the surface. These
than those of Fig. 1note the scale differengePits and RI features  pits and Rls were even smaller than those 6gCl)=0.3 ML.
also occupied~2.5 times more space on the terrace for 0.3 ML
than for 0.1 ML. Roughening (ﬁA StepS is now evident with deep These p|ts and RIs were even smaller than thos@l'fm')
gulfs and overhangs. =0.3 ML. The densities of pits and RIs were4700 and
~5800um™2 each. For each of these coverages, 0.1, 0.3,
Si adatoms and DVs. Figurel® shows that pits?; andP,  and 0.5 ML, the pit density and the RI density were close to
merged and a small residual island was isolated in the centgiach other, and they increased with coverage.
of the merged area. Compared to Fig. 1, the pits and RIs The difference between pit and RI surface area was mini-
were a factor-of-10 smallefaverage pit size-54 nnt, av-  mal for 0.1 and 0.3 ML Cl, but the difference was significant
erage RI size~52 nnf). I, in Fig. 1(b) is ~13 times the  at 0.5 ML with ~18% pit and~7% RI surface coverage.
size ofl, in Fig. 2(b) andP4 in Fig. 1(b) is ~1.5 times the  This can be attributed to the smaller feature size and the
combined size oP; andP, in Fig. 2b) (note the difference  corresponding greater average step curvature. Convex steps
in scaleg. Moreover, both the pits and Rls covered4% of  involve a higher average number of broken bonds per atom
the surface area; they occupiee2.5 times more space on than do concave steps. From an energetic point of view, pits
the terrace for 0.3 ML than for 0.1 ML. The densities of pits would be favored over RIs since the surface would favor
and RIs were~2600um~2 each.S, steps, such as those concave stepfcorresponding to the perimeter of pits inside
shown, were rough and had rapidly evolving patterns. Inthe terracg over convex stepgcorresponding to the perim-
contrast to theéS, step in Fig. 1c), steep gulfs and overhangs eter of RlIs on the terrageThis effect is minimal when the
were apparent in the step of Fig. 2. feature size is large enough and the curvature is small. Al-
Figure 3 shows a surface for whigh(Cl) was 0.5 ML  though there is tenfold decrease in average feature size from
(same scale as Fig.).2Dynamic equilibrium was reached 0.1 to 0.3 ML coverage, the curvature is still too low to play
after ~8 h. As shown, the appearance of the small Risa significant role. With the increase of curvature, the energy
around island in Fig. 3@ changed substantially in 0.2 h. difference per atom at the perimeters of pit and Rl will be
Likewise, pitsP;—P5 all showed changes, and many small more profound, and this accounts for the difference between
features appeared or disappeared across the surface. Hetlee pit and RI surface area. Note that Si atoms from unstable
the pits and RIs had average sizes-@8 and~12 nnf and  RIs can be accommodated at step edges.
the surface was covered 18% by pits and~7% by RIs. Figure 4 shows an image taken 20.2 h after the sample
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0=0.99 ML, 20.2 h changes in average sizes for pits and RIs, as well as their

surface area¥.

Figure 5 shows the combined pit and RI areas as a func-
tion of time at 700 K for Cl-terminated &i00) surfaces. For
6,(Cl)=0.3 and 0.5 ML, the combined area first increased
quickly but it saturated after-4 and~8 h, respectively, as
the surfaces reached dynamic equilibrium. Results for
6;(Cl)=0.1 ML are not included because the roughening
process was completed before high quality images could be
taken (typically 1-2 h to minimize thermal drift It a took
longer time for a surface with higher CI coverage to reach
dynamic equilibrium. The effect of increased Cl concentra-
tion is to increase the density of sites where isomerization
reactions can occur but also to reduce the density of bare

FIG. 4. STM image for a surface with a high concentration of Cl dimers needed for recycling reactions and diffusion. The
where surface reactions were sluggisto few Cl-free dimersand  equilibrium surface roughness is also higher for higher cov-
the morphology evolved slowlyfrustrated diffusion This is not erage(discussed be|o)Nand many more reaction events are
the equilibrium morphology_since changes in th_e average sizes fc}required to reach equilibrium. Fa&(Cl)=0.99 ML, the sur-
pits and RIs, as _weII as their surfgce area, (_:ontlnu_ed to occur. EVigce was still in the transition stage since roughening is slug-
dent are small pits that were confined to gsmgle dimer row as Welbish at high concentration.
as others that had branched and were wider. For roughened surfaces in equilibrium, Figs. 1-3, the in-

crease in surface energy compared to a clean surface, where
reached 700 K 6,(Cl) on the terrace was 0.99 ML and the the roughness is negligible, can be related to the number of
terrace concentration decreasedCl)=0.93 ML]. Inthis ~ broken bonds. To quantify the density of broken bonds, we
case, the high concentration of Cl inhibited surface reactiongetermine the surface roughness by measuring the total
(too few Cl-free dimersand the evolution of the surface was length of the perimeters of the pits and Ris nm) and
sluggish. Over time, however, more Cl-free dimers becam@ormalized it to the surface aréa nnv), with care taken to
available as new sites on the roughened surface accommavoid regions where there were intrinsic stépghe result-
dated Cl and limited desorption occurred. This led to an ining surface roughneggn nm/nnf) is summarized in Fig. 6.
creased rate of roughening. At 20.2 h, Fig. 4, small pits hadt is 7.3 and 14.4 times greater for 0.3 and 0.5 ML, respec-
branched and some were wider than one dimer row. The RIévely, than for 0.1 ML. The roughness fom;(Cl)
reached an average length-ef7.4 dimer units. The pits and =0.99 ML is not included since the system is not in equilib-
Rls had average sizes 6f3.5 and~2.3 nnf, and the sur- rium. The low number of defects for clean(Bd0) is a con-
face was covered-8% by pits and~4% by RIs. This sur- sequence of the high bonding energies among Si atoms. Cl
face is far from equilibrium in that subsequent scans showe@toms weaken the Si-Si bond strengths and the surface
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FIG. 5. The sum of pit and RI areas plotted as a function of time  FIG. 6. Surface roughness, defined as the total length of the
at 700 K. For#,(Cl)=0.3 and 0.5 ML, the area increased quickly perimeters of the pits and RIgn nm) over the surface are@n
but then stabilized as the surfaced reached dynamic equilibrium. i), for CI-Si(100) as a function of coverage. The roughness in-
took longer for 0.5 ML since the areal density of free dimers wascreases nonlinearly with Cl coverage because correlations in par-
lower and DV and adatom diffusion was hindered by Cl. Forticle arrangements are important. Also included is a point for a
6,(Cl)=0.99 ML, the surface was still evolving; the apparent in- sample that had been heated at 750 K for 3 h, where desorption
crease in the roughening rate after an extended time reflects thetching was importantimage shown in Fig. )7 It fits well with
gradual reduction in Cl concentration on the terra@asrease in  the trend established at 700 K since the roughness is dictated by the
alternate bonding sitgs fast kinetic process, not the slow ones related to desorption.
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(a) 6~=0.5 ML, 6=0.24 ML, 3 h, 750 K the surface roughness is 14.4 times greater for 0.5 ML than
——— = ! for 0.1 ML.

What remains uncertain is the nature of the interactions
that drive the CI-SiL00 surface to a roughened state. Based
on restricted-solid-on-solid model calculations, Zhdanov and
Kasemd® proposed three general types of interactions in
roughening, namely, (i) indirect next-nearest-neighbor
adsorbate-substrate repulsi@in) attractive nearest-neighbor
adsorbate-substrate lateral interaction, &fiid) repulsive
adsorbate-adsorbate lateral interaction. Mechanigmm-
plies that Cl would be prone to adsorb on Si ad-dimers or at
the top of a step edge. Under mechanigi Cl would pre-
fer sites near step edges on the lower terrace. From STM
images, however, neither one of these tendencies was de-

FIG. 7. STM image for a sample had been heated at 750 K fotected. Moreover, Selloni and co-workEr&® found equal
3 h. Images acquired at ambient temperature showed that the initigkapilities for Cl atoms adsorbed on a pristine terrace and on
and final terrace concentrati_ons were Q.5 and 0.24 ML. Surfacg dimer next to a DV on the same row, indicating that
features similar to those of Fig. 2 are evident where the latter feamechanisrr(ii) is not dominant.
ture_s were for a surface that was roughened at a constant concen- There is substantial evidence that points to the importance
tration of 0.3 ML at 700 K. of (iii), repulsive adsorbate-adsorbate lateral interactions.

Several years ago, Riowet al?! showed the chemisorption
consequence of steric repulsions for | oi180), namely, a

roughens. A linear dependence of roughness on CI coverag€4x2) configuration at 0.5 ML coverage. Loce(4X2)
might be expected from mean-field-type considerations thategions were also observed for CIl- or Br-terminated
do not take into account correlations in the arrangement oBi(100.”*> Here, we have observed that it is rare that Cl
particles. However, Fig. 6 shows very nonlinear behavioradatoms are adjacent to each other within the same dimer
and this indicates that correlations in particle arrangementw at ambient temperature, though alignment across rows is
are important. We note that Zhdanov and Kaskhstudied ~More common. These results are consistent with inter-row
the effect of adsorption on roughening using Monte Carlg@Nd intra-row steric repulsive interactions of 26 and 61 meV,
simulations that included correlations. They reported that théeSPectively, prop(_)sedz by Herrmaanal. based on density-
roughening temperature did not depend linearly on the adunctional calculat|on§.. These repulsive interactions would
sorbate coverage. makeS, steps energetically unstable for a saturated surface.

The above results were obtained at 700 K where desorg¥loreover, steric repulsions, involving Br and I, produdgd
tion was negligible. It is important to determine how the X 2) domains in which dimer rows were separated by miss-
roughness would depend on concentration in a temperatufBd atom rows after surfaces were saturated and ettffed.
regime when desorption is possible. To do this, we heated hinally, de Wijs and Selloni calculated that thex(2) recon-
sample with 6;(Cl)=0.5 ML to 750 K for 3 h and then Structed surface is the most stable for B{8D. .
quenched it to ambient temperature. Images such as that of Though steric repulsion is important at high and interme-
Fig. 7 gave a final terrace concentration @f(Cl)  diate coverages, one might expect much less impact at low
~0.24 ML. Figure 2 shows similar features for a sample thacoverages of 0.1 and 0.3 ML. In particular, the halogens
was roughened at a constant concentration of 0.3 ML at 70§0uld be adsorbed in such a way as to reduce adsorbate-
K. Analysis indicated a roughness of 0.0624 nmnavalue adsorbate interactions. However, steric .repulswe interactions
that fit well with the trend established at lower temperature©f 26 and 61 meV cannot prevent Cl pairs from adsorbing at
Fig. 6. While the increase in temperature accelerated surfad¥ighboring dimers at 700 K as the Boltzmann factors,
processes, the final patterns were determined by the relatiRP(— E/KT), are only ~0.65 and ~0.36, respectively.
rates of those processes, and they were not significantly al€Se pairs can then meet and cause local pitting. Some pits
tered. In all cases, desorption is slow compared to the rougtg2n be healed by Si adatom capture. Others will diffuse via
ening and healing processes. The surface roughness is thatldy events and form larger features. Thus, steric repulsive
the equilibrium surface corresponding to the final CI cover-interactions are likely to be the key for roughening, even at
age, despite Cl loss and etching. low coverage. Preliminary results of Monte Carlo modeling

The results presented here demonstrate that adsorbed tflicate that zadsorbate—adsorbate interactions are dominant
plays multiple roles. First, it is the agent that causes roughtP t0 0.5 ML:
ening, and the extent of roughening increases with coverage.
Second, CI alters the diffusivities of Si adatoms and DVs,
and it determines the rate at which the surface approaches
dynamic equilibrium. An aspect of this equilibrium state is  This paper has focused on the roughening dfL@))-
that the mobile species seek to form energetically favorabl¢2x 1) under different Cl coverages at a temperature at
configurations, with partial healing of damage by DV anni-which desorption was small, with additional insight obtained
hilation or Si adatom accommodation at steps. As a resuliyhere etching was important at 750 K. We demonstrated that

IV. CONCLUSIONS
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