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Steady-state morphologies of NFetched Si(111) surfaces were investigated with scanning
tunneling microscopy and kinetic Monte Carlo simulations. In stirred solutions, dynamic step-step
repulsion, which is mediated by small etch pits, leads to the production of surfaces that are significantly
smoother than the equilibrium limit as evidenced by terrace width distributions. In unstirred solutions,
surfaces with a low density of steps show profound step bunching, while those with a high density of
steps do not. This effect is attributed to step-step attractions mediated by spatially localized autocatalytic
reactions. [S0031-9007(98)06125-0]

PACS numbers: 61.72.Cc, 61.72.Ff, 68.10.Jy, 81.65.Cf

For reasons that are not completely understood, theurface morphology is under kinetic control. In contrast,
mechanical, chemical, and even electronic propertiesshen the etching is performed in an unstirred solution, the
of nanoscale structures can be strongly influenced bynorphology is dominated by well-separated step bunches.
their surface and interface morphologies. For exampléWe will show that both of these morphologies are in-
atomic-scale roughness of the/SiO, interface in a fluenced by site-specific etching reactions, which lead to
metal-oxide-semiconductor field-effect transistor gate camynamic step-step repulsion [2]. In unstirred solutions,
reduce the mobility of electrons in the channel by a factolocalized autocatalytic etching reactions lead to step-step
of 4 [1]. Observations such as these have stimulatedttractions, which also influence the morphology. Auto-
a great deal of practical interest in the production ofcatalysis may also explain the deep etch pits that are oc-
surfaces of controlled morphology, either through etchingcasionally found on these surfaces.
or deposition. Much of the basic research in this field The 1 cm, B doped Si(111) surfaces used in these
has been directed towards near-equilibrium systemsxperiments were miscut in thé12) direction, ther-
where the rate of surface atom migration is comparablenally oxidized and annealed, then chemically cleaned us-
to the rate of reaction. In these cases, the surface momg RCA and buffered HF solutions. These procedures
phology is determined in large part by thermodynamicproduced atomically rough, but extremely clean, Si(111)
considerations. surfaces. The surface morphologies reported in this Let-

In principle, a much wider array of morphologies canter were completely determined by the final processing
be produced from chemical reactions that occur far fromstep—etching in 40% NkF (ag, Transene) in a Nat-
equilibrium; however, the evolution of surface morphol- mosphere. The etched surfaces were unreconstructed and
ogy during etching and growth is poorly understood. InH terminated [3]. After a brief rinse in ultrapure water
general, our view of chemical reactivity is based on local(Millipore) to remove residual NI, an In-Ga Ohmic
atomic-scale considerations that have an effective range abntact was applied, and the sample was loaded into a
no more than a few nanometers. Surface morphology ddJHV STM through a hydrocarbon-free loadlock. The sur-
velops over the course of many such reactions—hundredaces remained horizontal during etching, and only the up-
or thousands of monolayers may need to be removed (ger surface was analyzed.
deposited) to reach the final, steady-state morphology. Is The surface shown in Fig. 1(a) was miscut ®35°
this morphology, with its potentially long length scales, and etched for 1 houwith stirring to produce the steady-

a simple consequence of the cumulative effect of mangtate etch morphology. This morphology is dominated
short-scale events, or do more subtle perturbations comgy a surprisingly regulararray of nearly straight, single
to dominate the final surface? bilayer steps that are eadhl A in height. On an atomic

In this Letter, we report thehemical productionof  scale, these surfaces are characterized by large defect-
Si(111) surfaces that aremootherthan the equilibrium free regions(=10* A?) separated by small pits. The
limit as evidenced by a statistical analysis of scanning tunkarger pits have a pronounced triangular shape iti2)
neling microscopy (STM) micrographs. These surface®riented edges. The apparent protrusions in Fig. 1 are
are produced entirely by room temperature reactions igontaminants of unknown origin. These contaminants are
a stirred, aqueous etchant. Under these conditions, difandomly distributed, do not appear to influence etching,
fusion of adatoms and surface atoms is negligible—theand are associated with long etch times. They are likely
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destroyed by passing steps, the density of etch pits on
a given terrace increases with terrace width. Therefore,
both the kink nucleation rate and the velocity of the
etching step are linearly proportional to the width of the
preceding terrace [2]—wide terraces promote fast step
etching. This proportionality results in negative feedback
that favors the production of a regular array of steps.
Although other mechanisms can also produce narrow
terrace width distributions, these alternatives can be ruled
out. For example, dynamic step-step repulsion can also be
mediated by step collisions [2]; however, this mechanism
is most effective for closely spaced steps with ragged
—— Experiment morphologies. Given the wide terracés500 A) and
Equilibrium very straight steps in this experiment, collision-mediated
step-step repulsion is of secondary importance. We can
also rule out strain-mediated kinetic repulsion, as the
H-terminated surface is thought to be nearly strain-free
[6]. Additionally, steps oriented in thél12) direction
are terminated by an unstrained monohydride unit [7].
Coalescence of tw@l12) steps leads to the production
0 400 800 1200 of a new (111) facet.
Terrace Width (A) Surprisingly, surfaces etched in amstirred solution

FIG. 1. Steady-state morphology of Si(111) etchedstinred h?Ve a dramatically different morphology. For example,
NH,F (ag). (a) STM images showing.1 A high steps. To Fig. 2(a) shows the steady-state morphology of a surface
enhance contrast, all images combine the linear and differentiatched in unstirred NiF (ag). This morphology is domi-

168 data points. For comparison, the (calculated) equilibrium

distribution is also shown.

Probability

deposited after etching, when the sample is pulled through
the Nb-water interface.

The remarkable regularity of the etched surfaces is
confirmed by the terrace width distribution shown in
Fig. 1(b). For comparison, the expected distribution for a
(unstrained) surface in thermal equilibrium is also shown
[4]. Clearly, the distribution of steps on the etched surface
is much more regular than the thermodynamic limit.
Because surface curvature is determined by variations in
the local step density, Fig. 1(b) shows tteithing can
produce smoother surfaces than simple annealing.

This narrow terrace width distribution is the first
experimental evidence of dynamic step-step repulsion,
a kinetic effect that was recently predicted by kinetic
Monte Carlo (KMC) simulations of Si(111) etching [2].
Dynamic step repulsion is a form of kinetic feedback that
is mediated, in this system, by the small etch pits. On
this surface, etching occurs primarily at kink sites, as
evidenced by the production of very straight step edges.
Using KMC simulations [5], we estimate a kifstep etch g TN e —
rate ratio of=500. In this regime, the velocity of the 0 500 1000 1500 2000
etching step is rate limited by the nucleation of new Terrace Width (A)
kinks on the step edge. New kinks can be produced in

C A ; o FIG. 2. Steady-state morphology of Si(111) etched uim
two ways: direct etching of the step edge or collision ofStirred NH.F Q). () STM image. The number of steps

the etching step With, an et_ch pit. The second pathwgyn each bunch is indicated. (b) Distribution of terrace widths
regulates the step distribution as follows. Because pitgased on 146 data points. The equilibrium and limiting kinetic
are nucleated at a constant rate by terrace etching and adtributions are shown for comparison.

- Experiment
--------- Equilibrium
-—- Kinetic Limit

Secondary
maximum
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terrace width distribution [Fig. 2(b)]. Site-specific reac-
tion kineticscannotexplain this distribution. The dashed
line in Fig. 2(b) represents the limiting case of site-
specific etching, which is reached when the rate of kink
etching is infinitely faster than the rate of step etching
[2]. All other site-specific kinetics produce distributions
that are more Gaussian and shifted towards the mean ter-
race width. In comparison to this limiting behavior, the
experimental distribution is strongly skewed towards nar- /
row terrace widths and has a broad secondary maximum
at high widths.

Strain-mediated step bunching can be ruled out, be-
cause bunching is also seen on surfaces miscut in the
(112) direction. This surface is expected to have very dif-
ferent strain fields, aél12) oriented steps are terminated
by a highly strained vertical dihydride group [7]. _ R

This puzzing behavior can be explained by the unf1e.3;  Terace i ddbuten o, o 10 mece (ear
derlylng che_mlcal reactions. 'In basic ﬂl_JO”nef SO_IUt'OnS' tep-step repulsiod = 0.017, B = 0); (b) unstirred limit with
etching of silicon proceeds via sequential oxidation antyytocatalysis includefl4, B, f,5) = (0.017,4,6,3)]. The thin
etching reactions dashed lines represent the time evolution.

=Si—H + OH™ + H,0 — =Si—OH + H, + OH"

(a)
- Steady state
........ Equilibrium
“) = =--Mean

Probability

\ (b)

— Steady state
i\ - --Mean

Probability

(=Si)3Si—OH + 3HF — 3(=Si—H) + SiF;0H. distribution is narrower than the equilibrium limit. This

Our macroscopic etch rate measurements show that tH@ear dependence om,. has been verified by 2D KMC

overall rate of silicon removal increases linearly with simulations [2].

OH~ concentration and is independent of fluorine con- In the absence of stirring, the high reactivity of the

centration. The first reaction, oxidation, is therefore thestep edges will lead to a local increase in the OH

rate limiting step. (Back reactions are impossible. Depoconcentration at the step edges. When two steps approach

sition of crystalline silicon from an aqueous solution hasone another, these regions of enhanced concentration will

never been observed.) overlap, and both steps will accelerate. This will lead to
In combination, these two reactions anetocatalyticin ~ an attractive interaction between the steps. Qualitatively,

OH~. Because OH is both a product and a reactant in this effect can be modeled as

the rate IimiFir!g step, a single OHiqn can p(.)tentially' v« u,[1 + Bexpg—w? /f2) + Bexp(—w?/bY)].

lead to the initiation of many reactions. This effect is

amplified by the second reaction, which consumes HEIN this formulation, B is a constant describing the accel-
This reaction will also lead to aylocal increase jrH eration,w_ is the width of the terrace behind the step, and

according to f andb are constants describing the spatial extent of the
N B OH™ buildup. The last two terms describe the interaction
HE=H" + F". of the step with the OH associated with the preceding

Because of this, the overall etching reaction willlbeally ~ and succeeding steps, respectively. The asymmetry of the
acceleratedin the vicinity of highly reactive regions, OH™ distribution (i.e..f # b) is attributed to the motion
such as step edges. When the etchant is stirred, theSéthe etching step.
concentration gradients will be reduced, and the effects of As long as the steps are well separated., w- >
autocatalysis will be minimized. f, b), they will etch independently. If, however, a
Both of these effects can be qualitatively simulatedfluctuation causes two steps to approach one another,
using a simple one-dimensional model of step flowthe overlap of their respective OHdistributions will
etching [8]. In the absence of autocatalysis, the etchead to an acceleration of both steps. Furthermore, if

velocity of a given step, is proportional to f > b, as expected from simple physical arguments,
w1+ A the steps will bunch This effect can clearly be seen
Us W+ in Fig. 3(b). In this case, the principal maximum is

where A is a constant describing the dynamic step-steglue to autocatalytic step bunching. The most probable
repulsion, andv is the width of the terrace in front of terrace width is nonzero—at this width, dynamic step-

the step [8]. Starting from an array of equally spacedstep repulsion and attractive autocatalytic effects are in
steps, the resulting terrace width distribution can bebalance. The secondary maximum is due to step-step
calculated using KMC methods. Figure 3(a) shows theepulsion between the remaining nonbunched steps. The
results of one such simulation. Like the experiment, thigelative magnitudes of these two maxima are determined
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FIG. 4. Same as Fig. 2 except5° miscut. (a) STM image.
(b) Distribution of terrace widths based on 392 data points.FIG 5
The equilibrium distribution is shown for comparison. L

120 A deep etch pit resulting from 1 h of etching in
unstirred NHF (aq).

effect is solely due to site-specific chemical reactivity.

by the variablesA, B, f, and b. These simulations |n contrast, the formation of step bunches in unstirred
qualitativelyreproduce the experimental results; howeveretchants is due to the buildup of autocatalytic etch
a quantitative determination of the relevant parametergroducts. Because of this, transport processes in the
would be very difficult. etchant can play a major role in determining morphology.
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