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Relation between macroscopic and microscopic activation energies
in nonequilibrium surface processing

M. A. Gosdvez* and R. M. Nieminen
Laboratory of Physics, Helsinki University of Technology, 02015 Espoo, Finland
(Received 22 April 2003; published 22 September 2003

Realistic Monte Carlo simulations show that the apparent macroscopic activation energy is only partially
explained by the expected expression for the average over the microscopic activation energies for surface
processing. An additional term accounting for the existence of fluctuations in the fractions of particles has to be
taken into account. In all cases considered, the additional term can be accurately estimatpddbgriori
analysis of the temperature dependence of the surface densities. In addition, we demonstrate that the relative
contribution of the different competing microscopic processes to the macroscopic activation energy can be
accurately obtained during the simulations, allowing for the unambiguous identification of the particular
surface species which effectively control the process. As an example of the nonequilibrium open interfaces to
which the results apply, the case of wet chemical etching of crystalline silicon is considered. The results can be
directly applied to surface growth.

DOI: 10.1103/PhysReVE.68.031604 PACS nuni$)er68.08—p, 81.65.Cf

[. INTRODUCTION processes, a self-organized nonequilibrium steady state with
well-defined average values for the observables is reached in
During surface growth and chemical etching, the interfacéhese open systenisurfaces Depending on the problem,
is an example of an evolving nonequilibrium open systerrthe local dynamics may not even be related to an underlying
driven by the environment through the deposition or removaHamiltonian, but to a set of local activation energies which
of particles. The moving surface reaches a steady state with&ffectively control the formation of transient species between
well-defined apparent macroscopic activation enefgly- the different microstates. In these cases, the usual techniques

tained from an Arrhenius plpfor the overall growth or etch of equilibrium statistical dynamics cannot be used to obtain

rate. Since the macroscopic evolution of the surface—its motN€ averages. Furthermore, some observables—such as the

tion, roughness, and morphology—can be modeled by thEOtal energy—are not well defined. Only the number of par-

local dynamics stemming from a reduced set of microscopiée'(lfllsrS reg;g;/g? ;;%T'rgﬁgggﬁgf (t)?;?ig I)";]t:\iga;emaé]:nitr?e
activation energie$l,2], it is physically meaningful to ex- gy P 9

ect an analytical or numerical relation between macrosco iand take indeed well-defined macroscopic values. The prob-
P y Plfemn is to unveil the relation between these macroscopic val-

and microscopic activation energies. . ues and the microscopic realizations of the observable.

The problem of understanding how the macroscopic be- 15 irose of this paper is to describe several one-
havior of a system is related to the interplay between thejimensional and two-dimensional interface systems where
microscopic motion of the interacting particles and the conype apove mentioned unexpected relation between macro-
figurational degeneracy of the available microstates is solvegcopiC and microscopic activation energies is observed in the
in statistical mechanics in terms of a compromise betweeRontext of anisotropic wet chemical etching. In particular, it
internal energy and entropy at any temperature. If the systemgill be shown that the macroscopic activation energy of the
is in thermal equilibrium and its Hamiltonian can be defined,etch rate is explained by the sum of two terms. One of them
the macroscopic value of an observable is obtained simply asorresponds to the average of the microscopic activation en-
the (ensemblgaverage of the values taken by the observableergies, and the other accounts for the existence of fluctua-
over a large numbefideally infinite) of microstates[3]. tions in the fractions of particles at fixed temperature. As an
However, if the system is far from equilibrium—as is typi- important side result, it will be demonstrated that the relative
cally the case during surface growth and wet chemicalveight of the different microscopic processes for the deter-
etching—it is not always clear how the macroscopic valuesnination of the activation energy can be accurately obtained
of the observables can be found from their microscopiaduring the course obnesimulation, even if the energy con-
counterparts. As an example, the determination of the exactibution of each process may not be easily determined. In
relation between the macroscopic activation energy of th@ur opinion, this is a most important issue, since it allows for
growth/etch rate and the microscopic activation energies ofhe unambiguous identificatioof the particular surface spe-
the atomistic processes occurring at the surface turns out tes which effectively control the etching process, allowing a
be a nontrivial problem which has been traditionally over-quantitative measure of the relative importance of majority
looked and exceedingly simplified. and minority surface sites. The results directly apply to other

Typically, as a result of an iterative sequence of localsystems in surface science, in particular to surface growth.

We will consider three types of systems, representing
three different levels of modeling of the etching procdsg.
*Electronic address: mag@fyslab.hut.fi 1). After giving a general overview of the common features
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1D interface 2D interface The dynamics of the surface consists of random removals
of sites according to the probabilitigs . In principle, the
etc?anf microscopic activation energi€g may be considered as pa-
5as| 44 rameters that can be varied at will. However, in the most
J‘ulid' realistic of the models presented hé&ec. V), the activa-
e

tion energies are obtained from a local energy function that
considers the geometry of the neighborhood, the number of

FIG. 1. (Color onling lllustration of the interfaces considered in bonds that need to be broken. and the interactions between
this study:(a) The 1D interface between a 2D square crystal and th ’

environmentan etchant (b) The 2D interface between crystalline L e .
silicon and an etchatfis portion of~30x 30 nn? vicinal Si(111) is local activation energies; can be thought to effectively con

shown. (c) The M-state thermal flipping chessboafEFC): an ana- trol the formation of transient species between the mi—_
Iytically solvable 2D model for evolving surfaces. crostates of the surface before and after the removal. In this

way, the evolution of the system in these models is not as-
to the three models in Sec. Il and defining in Sec. Il the etctsociated to any global energy function or Hamiltonian for the
rate, the activation energy, and the other quantities requiredyhole systenwhich would include the surface, the etchant,
a simplified two-dimensional exactly solvable surface modekhe bulk, and the species in solution formed as products of
is presented in Sec. IWFig. 1(c)]. A more realistic model for the reactioh This does not mean that such a function would
a two-dimensional solid with a one-dimensional surface isnot exist. However, it can be anticipated that the form of that
presented in Sec. YFig. 1(a)] and a full three-dimensional function will be very complex and, before it is resolved, we
model for the simulation of anisotropic wet chemical etchingmust content ourselves with simplified approaches, such as
of silicon is considered in Sec. [Fig. 1(b)]. Finally, we  the local dynamics used in this study. Accordingly, the mac-

draw our conclusions in Sec. VII. roscopic evolution of the surface can be obtained using a
Monte Carlo scheme which randomly chooses surface sites
[l. OVERVIEW OF THE MODELS and decides whether they are removed or not according to

In this study we consider one-dimensioréD) and 2D the probabilitiesp; , such as that in Ref6].

open moving interface&surfaces” embedded in 2D and 3D During the time evolution, the state of the surface is char-
environments, see Fig) for use in the modeling and under- acterized by the current numbers of particles of each type

standing of anisotropic wet chemical etching. We presenfNalh=1, OF equivalently, by the current fractionff,
here the general common features to these interfaces. =N, /N}h_; . Actually, onlyM — 1 of the{f }\_, variables

At any time, the interface is composed Mf(not neces- are required to describe the system, siggf,=1. For
sarily constantparticles(labeled as=1,2, ... N) with re-  fixed values of the parameteff,, ;E.}"_,, and as a result
moval probabilities of the iterative sequence of local processes, the surface
reaches a self-defined steady state independent of the initial

o E lkgT
Pi=Poi€ (1) state and characterized by well-defined average values

M-1
whereT is the temperaturekg is the Boltzmann constari; {(fa)ta=1-
is the microscopic activation energy for the removal from
sitei, andpy; is a prefactor. Each of thid atoms currently in

the surface belongs to one bf different types of sitegalso lll. ETCH RATE AND ACTIVATION ENERGY

referred to as particle/atom types, labeled as A. Etch rate

=1,2,...M). All sites of typea share the same prefactor ] ] )

Po. but may have different activation energies. The etch rate is defined as the distance traveled by the

The reason for choosing this Arrhenius form for the mi- moving surface per unit ime. When the etching process has
croscopic removal probabilitiep; lies in the experimental reachgd the steady state, the etch rate is simply the ratio of
fact that the macroscopic etch rate typically follows anthe distance traveled by the center of méssn) of the
Arrhenius dependence on temperati#g]. This choice pre- Surface AZc, to the period of time elapsedit: R
cisely guarantees the macroscopic Arrhenius behavior in thg AZcm/At. During a simulationAZ. , can be determined
limiting case that the surface is made of only one type oS the sum of all individual shiftsAZ.); of the surface
particle. For more types of particles, it is not mathematicallyfollowing eachsuccessful ever(tS), i.e., the sum over all
guaranteed that a combination of microscopic Arrhenius desuccessful particle removai {S} occurring duringAt,
pendencies will lead to a global Arrhenius behavior. How- A7 1
ever, if the etching process is controlled by only a few types —_cm_ - 2 (AZ¢ )i - 2)
of particles(perhaps only ong then this choice is expected At At Ty '
to provide the correct macroscopic dependence. As will be
shown by means of the simulations reported in this work,
this assumption typically performs well even for the caseAlthough (AZ. ,); is typically positive, occasionally it may
when more than one surface species control the etchinge negative if the removal of siténvolves a reduction in the
process. total number of surface sites. In particular, certain site types
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of the most realistic of our models for wet chemical etching .
(e.g., the trihydrides, see Sec.)\typically contribute to the (NTy=" 2> (N)(Pa). (6)
motion of the c.m. with a negative shift on average. Alterna- “

tively, we may consider the sum ovall events(i e {A}),  \yhere(p,) is the average probability of removal of a surface
independently of whether or not the event is a successfuli;, ¢ typea

removal,
AZep 1 > P
— T AZ D . 3 iea !
At = At 2 (AZem)iP ) = @
Herep; is the removal probability of surface atdiras given g‘a 1

by Eq.(1). Note that thgpositive/negativeshift of the c.m.
of the surface due to the removal of ato{AZ. )i, may (“ie«” stands for the sum over all events concerning the
be calculated independently of whether the atom is removedites of typea) and(N,) is the average number of sites of
or not. In principle, Eqs(2) and(3) give statistically identi-  type «,
cal results for very long timeat. In practice, Eq(3) pro-
vides a more robust estimatighetter statisticsof the etch 1
rate as it provides averages owat events while Eq.(2) (Na)= At ga 1. 8
averages over only a fraction of them.

Equation(3) suggests that the etch rate is composed ofNote that(N,)(p,) is the average number of particles of
two factors: one purely geometricahe c.m. shiftsand one type a that are removed per unit time, denoted @’GL)-

purely numeri(_:a(the nur_nber of removed particlesndeed, Thus Eq.(6) is just the sum of the removed particles over all
the etch rat&R is proportional to the average number of sur- ) . <1
particle types{N")=3 (N/]).

face atoms removed from the surface per unit tifNe), e
(iii) The rate of removal of particleeN') may also be

expressed in terms of thaverage fraction of particles re-
moved per unit timéf'),

Zc.m.

RA
At

=AZ(N'), (4)

and the proportionality constaAtZ is precisely a measure of : :
the average shift in the c.m. of the surface per removed atom. (ND=(N)(FT)=(N) Z, {fa){Pa). ©)
AZ is an exclusively geometrical feature of the etch rate. In
particular, it is independent of temperature. Althou§Z  Here we have definedf,) as theaverage fraction of par-
may take different values for different surface orientationsticles of typea,
AZ does not depend on temperature for a fixed orientation.
In this way, the temperature dependence®aind(N') are (t >_<Na>
the same. This is an important observation because the ap- “(NY T
pearance of negative c.m. shiftAZ. ,); may affect the in-
terpretation of the relative importanéeeighd of the differ-  As done for interpreting Ed6), we can think of the last term
ent particle types for the calculation of an average. Actuallyjn Eg.(9) as a sum over the fractions of particles of each type
the interpretation becomes meaningless if some of théhat are removed per unit timE<:fI1>:<fuz><pa>]: <fT>
weights are negative. However, the use(bf') is free of =3 (f1).
these artifacts and allows unambiguous interpretation, as
shown in this study.

There are three alternative ways to determine the rate of
removal of particle$N') during the simulation.

(i) As in the case of the etch ra® (N') can be deter-
mined during the simulation using onluccessful events

(10

B. Activation energy

In relation to the etch ratR, the activation energi, is,
by definition, the slope of the cunie=R(B) in an Arrhen-
ius plot, whereg is the inverse temperatug@=1/kgT,

(NTy=(1/At)S ic{gl, or, alternatively, usingll events E_ JinR 1R 11
"9 Rip (v
W= 3 p, (5)
At & Very often, this curve is a straight line for wide ranges@of

and the activation energy is thus a constant. However, it is
Note that the average of the n_umber _of_surface atdins yorth to keep in mind that, in principle, E¢L1) allows E,
(not a constant can be written similarly as(N) to be any function of3.
=(LA) 2 qal. _ As discussed in the context of E¢d), the geometrical
(i) The rate of removal of particlgN') can be written in  factor AZ is independent of the temperature. Thus the acti-
terms of a sum over the different types of surface sites vation energy may be written as the logarithmic derivative of
=1,2,... M, the rate of removal of particles,
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multiplied by the average removal energy CCEQPQ), and

in form (173 it has the typical form of an ensemble average.
However, this turns out to be a simplified approach. The

Note that in principle, we have three alternative equivalenprevious intuitive reasoning does not take into account the

expressions for the rate of removal of particQéEI Y [namely,

fact that the fractions of particled ,} Y, are functions of

Egs.(5), (6), and(9)]. Although all three expressions provide temperature. Due to the normalization conditibpf, =1,

the same values fqiN') in the simulations, the final expres-

the fluctuations in the surface fractions at fixed temperature

sion for the activation energy is found to depend on theare asymmetric about the average val@®sc. IV C 3, a

choice. If we consider Eq9) and recognize thatN), (f,),

phenomenon that is macroscopically observed as a preferred

and(p,) may be functions of the temperature, the derivativedirection of change for each of the surface fractions when the

in Eq. (12) can be expressed as the sum of three terms,

EM P =E+ES +EP
= E<N>+§ <WL>E<fa>+§a: (WE@p ., (13

where

dIn{X)

E(X)Z_ &B ’ X:Na fz;w Pa

(14

and(w!) is theaverage normalized fraction of removed par-

ticles of typea:
£1
iy ()

(i) 3 (e

(15

However, the use of Ed6) as an alternative fofN') in Eq.
(12) results in the last two terms:

Egvm:EguEgP):Z‘ <WL>E<fQ>+Z,( (Wa)Epp,)

(16)
and the use of E(5) results in the last term only:
'E{A} piE|
le
2= (173
, > P
ie{A}
Ea: (fa){Pa)Ep,)
= (17b
> (f(pa)
=2 (WWEq,).- (179

Intuitively, in an initial approach to the determinationtf,
one would expect Eq(17) [in either form(17a), (17b), or
(179] to be the correct expressipn]. For instance, in either
form (17b) or (170, it represents the surtover all species
of the average amount of particles leaving the surfaméj)

temperature is changed. As an examplévliE 2, one of the
surface fractions increases with temperature while the other
decreases. This type of variations(ifi,) with temperature

is considered in Egs(13) and (16) through the terms
Et,,#0.

Similarly, one would initially expectN) to change(in-
crease with temperature. However, this can only happen if
the formation of overhangs on the surface is very frequent.
On the other hand, for conditions producing single-valued
surfaces, which is the case in wet chemical etchihg, does
not vary with temperature. Thus, for the purpose of modeling
wet chemical etching,N) is independent of the temperature
and the use of E(q16) instead of Eq(13) is justified.

Equation(16) is the central result of the present study. By
determining the temperature dependence of the removal
probabilities(p,) and the surface fractiond ), it will be
shown that the two contribution&{” +E{" accurately de-
scribe the macroscopic activation energy of the etch rate. In
particular, it will be shown that, in the worst caggl” and
E{" can be accurately estimated iragosteriorianalysis of
the temperature dependence of the removal probabilities and
surface fractions, respectively. An additional interesting fea-
ture of Eqg.(16) is that the relative weight of each particle
type for the determination of the macroscopic activation en-
ergy is given by the average normalized fractions of removed
particles(w!), which can be easily computed at any tem-
perature during each simulation. As we will see, this will
enable an estimation of the relative importance of the differ-
ent species in the etching process. In particular, it will be
shown that the relative contributiors of the different atom
types to the total macroscopic activation energy, defined
from Eq.(16) as

<WL>(E<fQ)+ Ewp,)

E = ’

2 (Wi (B +Eqp,)

(18)

are described approximately kzéyvl} in all models consid-
ered, even exactly in one particular modgkc. 1V).

Let us stress the fact that the activation ener@g@ in
Eq. (16) correspond to fluctuations in the numbers of par-
ticlesN, at each temperature. To see this, note first that, as a
result of the temperature independencedj, we have
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1 f,) can be of either typethe transition matridl satisfies the
S (f) B following normalization conditions:
3 1 a((N)fL)) moot mo1=1,  motm=1. (22)
(N)(fa) Ip The local dynamics of the system consists of random re-
1 (N, movals of white and black sites with probabilitipg and p,

=— N 0B (19 leading to the appearance of white or black sites according to
@ B the probabilitiesr, ;. The macroscopic evolution of the sys-

Thus, in order to determinE; , it will be sufficient to find €M IS otr)]tained as Ln?)icated in Sefc. . Tge .stactjefof t?e Sys-
an expression fod(N,)/dB. In order to do so, we may tem is characterized by, e.d, (asfo is obtained fromf,

; . : . ?—f1=1) and the total number of sitd¥ is constant. The
consider the expression for the fluctuations in the numbers A\ stem is purelv two dimensional and there are no heiaht
particles((5N,)?)=(N?)—(N,)? in the grand canonical en- y pure’y 9

changes associated to the site removals. In consequence, the
semble for open systems, etch rate in this model can only be defined as the rate of
A(N,) removal of particle$N'). The equivalent fractional measure
= 9B (20 (§1y will be used.

The important feature of the current model is that it offers
where u,, is the chemical potential of the species This  the possibility to study the relation between macroscopic and
leads to the following expression féXN )/ 3: microscopic activation energies without the additional diffi-

culties involved in more realistic models of wet chemical
(Ng) _ g 21) etching. The interesting feature of the model resides in the
B B

use of the temperaturé and not in the existence of two
states. In fact, the number of states may become arbitrarily
Thus, Eqs(19) and(21) formally demonstrate that the acti- |arge(sayM) without further complications. We will refer to
vation energieE<fa> are directly related to the fluctuations in the proposed-particle model as thethermal flipping chess-
the numbers of particledl,. Unfortunately, it is not clear board Figure Xc) shows a snapshot of th1=3 TFC
how the chemical potentialg,=dE/IN, can be deter- model.
mined, since the total enerdy has not been defined. Note that the two-state TFC modeME=2) can be
The previous interpretation of the termE{”  mapped to the 2D Ising modg8], although no interactions
:Ea<WL>E<f , as originating from the fluctuations in the between the_ neighbors have be_e_n defined through a Hamil-
: tonian and, in general, the transitions between the two states
are partial(as implied by a general transition marixihe
relation between the two models becomes clearer in the par-
ticular case that the transition matrix is chosen as

700 7701) _ ( 0 1) (23)
mT10 T11 - 1 0 '

(N2)—(N,)?

((NZ2)=(N)?)

Mot B

numbers of particledN, illustrates the fact that, as long as
the explicit expression for the dependence(bf) on tem-
perature is not availabléor, otherwise, a method to deter-
mine the chemical potentials is devisethe determination
of the activation energieE<fa> can be done onlg posteriori (

by using the simulated data fdif,) at different tempera-
tures. This is precisely the approach taken in the present

work in order to understand how th‘? macroscopic activationy,  nich case every white site that is removed is replaced by
energy of the etch rate takes a particular value. Inudentallya black site, and the reverse. In principle, Meparticle TFC

thterr](_e eXf'StS ah_ncr)]rllztrlwal met;';mmglfullrr:ogel Ofl V,\[’.Et ﬁhe_?:]'.calcan be similarly mapped to thgstate Potts modéB].
elching for whicht¢ ) can be caiculated analytically. 1S tne TEC model contains the basic ingredient for the

will be the subject of Sec. IV. simulation of chemical etching, namely, that the removal of
one surface site produces the incorporation of new sites into
IV. THERMAL FLIPPING CHESSBOARD (TFC) the surface and/or a transformation of the site type of the

already existing neighboring surface sites. This essential fea-
ture is incorporated in the model by the use of the transition
Consider a two-dimensional system composed of twamatrix II. The TFC model is convenient for two reasons:
types of siteg"white” and “black” or, equivalently, “1”and first, because the total number of particheén the system is
“0” ) in which the white(black sites have a probabilitp;  fixed; second, because there are no geometrical changes in-
=pore” E1%8T (po=poce” Fo’*8T) to be removed from the volved in the site-type transformations. These two features
system, independently of the state of their neighborhood. Theliffer from the typical case found in more realistic models of
removal of a white(black site leads to the appearance of achemical etchingSecs. V and VIl and will allow us to dem-
black (white) site with probabilitym, .o (7y_,) and of a onstrate that the deviations in the determination of the mac-
white (black site with probabilityzr,_,; (7¢_o). The tran-  roscopic activation energyoccurring both in this and the
sition matrix I1= (7 ,g)=(m,_p) characterizes the prob- more realistic modejsare neither related to fluctuations in
ability of any conversion between the two species. Sincehe total number of particleN nor to complicated geometri-
every removed site is always replaced by another(gitéch  cal effects.

A. The M-particle TFC model

031604-5
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In the TFC model, the transition matrixr(, ) is a param- where —p,f, is the number of particles of type being
eter, independent of other variables such as the removaémoved an(}:"ﬁ"zlwﬁapﬂfﬁ corresponds to the number of
probabilitiesp,, and the temperaturg This turns out to be a particles being created due to the removal of all other types.
useful difference with respect to the more realistic systemstere IT=(,5)=(m,_. ) is the transition matrix whose el-
in which the transition matrix depends on the removal probement,,= 75 ., describes the probability that a site of
abilities, the temperature, and the underlying geometry of théype a will be created following the removal of a site of type
bulk structure. In fact, the independencelbfrom tempera- 3. Since the removal of one particle always leads to the
ture allows one to solve analytically the TFC model exactlyappearance of another particle, the transition matrix satisfies
for any numberM of particle types. This makes the TFC the normalization condition
systems ideal for testing and judging the goodness of our

approach for thda posterior) determination of the contri- M
bution E{"” in Eq. (16) in more realistic models of wet > map=1 (Y a=12,... M). (25)
etching. p=1

B. Analytical solution of the M-particle TFC model We are interested in finding the values fof that are solu-

, ) ) ) tions of the steady state of ER4) (9f ,/dt=0) and simul-
Consider theM-particle TFC model introduced in the pre- taneously satisfy the restriction:

ceding section. At any instant, the rate of change in the frac-
tion of particles of typex is given by the master equation

M
of, M 2 fo=1 (26)

Wz—pafa‘Fﬁzl Wﬁapﬁfﬂ (V a:lazy---M)v

(24 In the steady state, E§24) can be written as

T —1 1 31 Ty piuf1 0

v =1 UEY) e pafs 0
13 Ty mp—loo.e M3 psfs =] 0|, (27

Tim Tom kY s ayy—1 Pufu 0

S——t

A= -1 g 0

where IT' is the transpose ofl and | is the identity matrix. Writingm,,—1=—2 4. ,7,5 from Eq. (25 shows that
det(A)=0. Thus, one of thé/ equations is redundar¢.g., the last oneand may be substituted by E@6), as in

(m11—1)pg T21P2 m3103 ©rr TM1PM fy 0

T19P1 (m2—1)p, T32P3 co Tm2PM fa 0
1301 T23P2 (m33=L)p3 -+ Tm3PM fs|=| 0. (28)

1 1 1 o1 for 1

After some algebra, the solution to E@8) is found to be  andM?, is the matrix minor corresponding to elemeXy,,

(notef,—(f,) andp,—(p.)) of matrix A. For instance, iM =3 one gets
Ca C1=1— oo~ agt MyTg3— Wogsy, (31)
(fa>:vv|<p—a> (@=12,... M), (29 and similar relations foc, andcs.
E s The eigenvalue-problem form of E€R7) suggests an al-
A=1(Pp) ternative way to solve for the steady-state surface fractions
f,. The idea is to solve first for the eigenvec-
where tor g=(91,92, - -.,Om) corresponding to the eigenvalue
A A=1 of ' and to find f as (1,5, ..., fy)
c,=de(My, (B0 =(gy/p1,92/Ps, - - - Gu/Py). This can be done by multi-
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plying IT by itself several times until the result does not vary, ~ (fa) Ep,)
and taking ¢,,9,, . . . .Om) as any of the rows of the result- €=, (34)
ing matrix[10]. This procedure is computationally more ef- > (f)Ep

ficient for the determination of the,’s (asg,’s) if the num-
ber of particle typesM is large. The advantage of the
approach followed in the derivation of EqR9) is that it
provides an exact analytical expression §6g) in terms of
the removal probabilitieép,) and the transition matriXI.
The physical meaning of E@29) is intuitively simple as

does not lead to a simplified expression. This suggests that
the normalized fractions of removed particlés) are a

natural measure of the relative importance of the different
surface sites for the macroscopic activation energy, as they

it states that the average number of parti¢es of type a clearly are(by definition for the etTch .rateR itself. Actua'llyz

at the surface is inversely proportional to their removal prob\Ve Will see that, althougte, #(w,) in the more realistic

ability (p,) and proportional to the removal probabilities of Mdels, the two measures take similar values and the nor-

the rest species through the normalizing factormalized fractiongw)) can be used as indicators of relative

SN_1cg/(pg). Note that, in addition to the steady-state con-'mportance.

dition for the master equatiofEq. (24)], the derivation of

Eqg. (29 makes use of very general relations, such as Egs. C. Results for the TFC model

(25 and(26). Therefore, it would seem that E9) is very

general and should be valid also for other models of wet )

chemical etching. This is not the case, as will be shown in We report on results for the TFC model on square regions

Sec. V. containing N=2500, 10000, and 40000 sites for two-
Due to the temperature independence of the coefficientBarticle (M=2) and three-particleNM =3) systems. Since

¢, in Eq. (29), an exact expression for the macroscopic acthe TFC model is analytically solvable for ary (Sec.

tivation energy can be obtained for tHé-particle TFC IV B), the purpose of this section is not to provide numerical

the fact that, according to Eq30), the coefficientsc, examp!es hqw t.he values of the temperature—averaged mac-

are completely determined by the transition matik roscopic activation energy can be acqurately describeal in

which, being an input parameter in this model, is fixedPOSteriori analysis of the resylts at dlfferent temperatures.

for all temperatures. Thus the evaluation @& \= This will support the analysis made in the more realistic

—dIn{(f )/a(LkgT) [using Eq.(29)] for the determination of models of wet etching.

the macroscopic activation energy according to @) be- triVIiZ;Irtl:/fli:s?tiovr\]/err::;t?iildei\r/et\:lvobeXEarT(]ggs(ég;g;i c;isdeBc;f the
comes straightforward. The result is 9 Y Eq

and a third examplécaseC) for a more general transition
matrix, chosen as

1. Macroscopic activation energy

M
Bip=— E<pa>+ﬁzl (fa)Epp - (32
“lo65 03 (39

0.25 0.73

Thus, the macroscopic activation energy can be determined ) )
by substituting Eq(32) into Eq. (16) to get Two representative examples for the case of different ener-

gies [11] (E;=0.3 eVE,=0.5€V) are considered: A
M equal prefactorsfy;=pgo=5x10%) and B andC) differ-
E.= > (f)Ep.- (33 ent prefactors ;= 5x 103,p00=2x 10°). ForM=3 (case
a=1 D) the transition matri¥dl, the microscopic activation ener-

giesE, (in eV), and the prefactorp,, are chosen as fol-
Equation(33) provides a very simple relation between the |ows:

microscopic energieE<pa> and the macroscopic enerdsy,
for the M-particle TFC model with temperature-independent 0.00110 0.08056 0.91834
transition matrix. The simplicity of this result is surprising. I=| 0.02937 0.47202 0.49841
After all, the macroscopic activation energy in the TFC

model is literally the “total energy” of the surface. However, 003961 0.58581 0.374%8
this result should not be overinterpreted by expecting the

same to be true in other models. In particular, BBf) fails B 0.0 Po1 1.0
to provide the macroscopic activation energy in the case of E»|=| 03], Poz | =| 5X10°|. (36
temperature-dependent transition matrices, which is the case = 05 Pos 2% 10P

in more realistic approaches to wet chemical etching. More-

over, it is easily verified that in the TFC model the relative This choice ofIl corresponds to the transition matrix of a
contributionse,, of the different atom types to the total mac- one-dimensional interface with three types of particles at low
roscopic activation energy, defined in E(L8), take the temperaturéSec. \), whose microscopic activation energies
simple valuee,=(w!), while the alternative definition from and prefactors are similar to those of H86) and whose
Eq. (33, dynamics are dominated by slow etch pit formation followed
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TABLE I. Summary of parameters for cas&sB, andC. that the combination of microscopic removal rateach fol-
lowing the Arrhenius behaviprdoes not guarantee linear
N Po1 Poo  Ei(eV) Eg(eV) II Arrhenius behavior for the global macroscopic régec. I)).
As a result, the macroscopic activation energy is not constant
A 100100 5x10° 5x10° 0.3 0.5 Eq.(23 but, rather, 8smooth funcE[)ion of temperatur?a),/ as shown in
B 100<100 5x10° 2x10° 03 05  Ea(23  the inset. Nevertheless, the assumption of linear macroscopic
C  50x50 5x10° 2x10° 03 05 Eq(35  pehavior and constant activation energy is reasonably good
D#  50x50 as the range of temperatures of interest in wet chemical etch-
ing is small. This is shown by the similarity between the
®Parameters for cade from Eq. (36). slope of the linear fiE!"™~0.44 eV and the average slope

) ) of the exact curvéE,)~0.42 eV (inse). Closer results are
by fast step propagation. A summary of the choice of paramgptained for cases—C.
eters for cased, B, C, andD is given in Table I. Let us now pretend for a moment that the temperature
Figure 2a) shows the rate of removal of particlés') as  dependence off ,) is not analytically knowra priori (as it
a function of temperature for cag® as an example of the is the case for the more realistic models of wet etchisg
typical behavior obtained in all cases. The exact curve in théhat an exact expression for the macroscopic activation en-
main frame is obtained by plottingf') from Eq. (9) with ergy[as Eq.(33) for the TFC modecannot be derived. It is

(f,) from Eq.(29) andc, from Eq. (30). In the case of the still possible to understand how the macroscopic activation
excfact curve for the magroscopic activation eneligyin the energy(considered as an average over all temperatures, i.e.,

. ; ; essentially as the slope of the lineay fifets its value. The
|_nset, E_q.(33) is used. The agreer_nent betv_veen the SImUIa'macroscopic activation energy obtained from the linear fit of
tion points and the exact curvenain frame is very good.

Fig. ing li fits f i
Note that the exact curve is slightly bent, illustrating the factsrl]%wzr(lai)n(i?& gozr()e;gt%gcrilCvg?thlr;ﬁ:rvéliegrfgra fhag Cc:())nlts;ibu-

1

10° [ T - 10°g T
C oS . F 05 .
- En-_0.4382 eV ; X Einfl0.4284 ev
i _oas} i 0.45F
. g N I
| ot 10 “ o4 e .
(E,)=04243 eV (E, )=0.4243 eV ]
0025 5003 0.0035 | =~ 03025 0.003 0.0035
T E hyt 1T
107 3
. : - 1 o Simulation
o Simulation H - - - Linear fit -
- == Linear fit (a) — Exact ()
1 —_ 4| |
Exact 18
0.0025 0.003 0.0035 .0025 0.003 0.0035
1/T 1T
T - - T 7
1073} 02 . - 10%'f © Simulation (@ -
_— - = - Linear fit
El"=0.1285 eV e EERE
.15}
—0.4 g """""
10 - w”® -1
o1 ™~
(E,)=0.1243 eV oz
TN, 05 0.0025 0.003 0.0035 107 ]
10 1T - =
10-0.5 n _
o Simulation 107°%- (E, )=__0'0757 vl 4
- =+ Linear fit 0.003 0.0035
1077} — Exact (c) T
0.0025 0.003 0.0035 0.0025 0.003 0.0035
1T 1T

FIG. 2. (Color onling Arrhenius plot of(a) the rate of removal of particlgd ') and the surface fractior®) (f;), (c) (f,), and(d) (f)
for caseD.
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correspond to the temperature-averaged values over the
0.499 | simulated temperatures.

0.098 The previous procedure, although not strictly required for
the exactly solvable TFC model, illustrates the method that
will be applied in the more realistic models of wet etching in
B 0.435 | order to describe the temperature-averaged values of the
0.035 macroscopic activation energies. It shows that the
(temperature-averagedmacroscopic activation energy—
| described approximately by the slope of a linear fit—can be

approximated by evaluating the teri{’) == (W/)E , a

posteriori from the temperature dependence of the surface
[ ] glin-fit fractions(f ).

Dl 0:438 | ] e®
0.047 - E(p) 2. Non-Gaussian statistics

0.441

0 01 02 03 04 05 06 As commented in Sec. I'II B, the f!uctuations in the num-
Activation energy (eV) bers of particles\,, (or, equivalently, inf,) are expected to
o be asymmetric about their mean val{fe,), due to the con-
FIG. 3. (Color onling Activation energyE';”'f" explained as the  straint> f,=1 (0<f,<1).
sumEP +EY [Eq. (16)] for casesA-D. As an example of this typical feature, Figa#shows the
probability density functiorP(f,) at three temperatures for
tions EP and E{" [defined through Eq(16)]. Figure 3 caseA (Sec. IV C 1. Following Ref.[12], P(f,) is shown as
shows that the terniE(" alone fails to explain the macro- the quantitycP(f;) plotted against {;—(f;))/o for better
scopic activation energy in all four cases and that the terngomparison of the different probability densities. Hereis
E{? accurately describes the deviations. The macroscopihe standard deviation of the datag=[ZP(f;)(f;
activation energy is thus explained as the sEf+E(.  —(f1))’]"% If P(fo) were drawn in this figure, a mirror
Note that the value oE{” is computed at each temperature reflection of the shown curves abodt ¢-(f,))/o=0 would
during the simulationfusingE, ,=E, in Eq. (17) with the be obtained.

iah N by Ea.(151 b . h The main feature of the probability densities is the asym-
weights(w,,) given by Eq.(15)] but, since the temperature o skewness Figure 4a) shows that, as the temperature
dependence dff ,) is not knowna priori (as we are pretend-

) i ’ i " - < is decreased, the distribution becomes more skewed and the
ing), E5” can “only” be determineda posteriorifrom the  mean value decreases. Similarly, the skewness of the distri-
temperature analysis of the values obtained in the simulgy,tion increases as the system size is decrefBeglire
tions. This is done in Figs.(B)—2(d), where it is shown that 4(b)], although in this case the mean value does not depend
linear fits to the simulation results fdf,) can be used to o size. The reason for this increase in skewness with de-
provide approximations to the values of the slof&s ).  creasing temperature and decreasing size can be found in the
The values quoted in Fig. 3 f&", E{", andE®+E{"  constraintz ,f,=1, with 0<f,<1.

10 T T T T 10 T T T | —e— 200x200 [3
—e— 388K, (f)=0.00253 —=— 100x100 |3
.| —=— 348K, (f)=0.00128 —v— 50x50
oL R | - 308K, (f)=0.00055 | ] L. T-ek — Gaussian
N=100x100 L
107 - 107k .
g F g f ]
© B © B
107k - 107 -
107 ¥ E 107 -
Fo ° 3 F 3
- 0 2 - L
o[ 1 e L 1 @ 5. (b) | L | L |
1 T -
04 2 6 8 LR _ Z 4 6

2 0
() /o () /o

FIG. 4. (Color online Probability density functiorP(f) for the fluctuations in the fraction of particles of type fI<{(f;) for caseA: (a)
at three different temperatures in logarithmic and nattrede) scale, andb) for three system sized=50x50, 100 100, 200< 200.
(f)=0.002 53 for all cases ith).
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T Type 1 self-defined transition-probability matrix. Consider a one-
ype 0 Type 2 ) . “ Y .
\ dimensional “surface petween a square Iatt|¢whos_e
° Type 3 nodes represent atoms in the bulnd the etchant region
/ A (represented by the empty nodes of the lajtidde surface
4+ is defined as the set of occupied nodes having less than four
links to neighboring occupied nodes and, thus, it may contain
t M =3(+1) types of surface sitgFig. 5. The sites having 0
I links (type 0 are included for completeness, since overhangs
can occur in our simulations. As already commented in Sec.
FIG. 5. Schematic representation of the one-dimensional intertl B, these are rare events for the choice of parameters used
face showing the four types of atomx€0,1,2,3) depending on to model wet etching and, in practice, they have negligible
their number of links. influence in the behavior of the interface. This explains the
previous notation M=3(+1)" for the number of atom
In the case of the variation with temperature, note that th?ypes.

mean values(f;) and (fo)=1—(f;) get more separated ~ The |ocal dynamics of this system consists of random
from each other and, co_rrespondmgly, closer to their limiting,emovals of particles from the surfadeith probabilities
values(0 and 1, respective)yas the temperature is decreasedpa: Pose a7 0=0,1,2,3) and a Monte Carlo scheme

[legend in Fig. 4a)]. Since(f,) cannot become less than can be used, as previously, in order to determine the macro-

zero and(fo) cannot be larger tha.” 1 the quc-tuat|ons arescopic evolution of the surface. After each removal, the site
forced to occur more frequently within the region between

the two mean values. As a result, the positive taiPgf ) type of each neighboring atom needs to be updated. Keeping

grows at the expense of the negative tail, and the reverstéaCk of all created/updated site types corresponding to each

occurs forP(f ). site removal allows one to obt_ain the transitio_n_ matfIx

The increase of skewness with decreasing system size is (7ap) = (7a-.p), Which describes the probability that a
explained by the inherent discreteness bf) in small sys- site of typeg will be created foIIowm_g the remov_al of a site
tems. In Fig. 4b), where the mean valugf,) does not de- of type a. The statelof the system is characterized by, e.g.,
pend on size, the average number of particles of type {f1.f2.fs}, sincef, is obtained from=,f,=1. The total
((N1)=N(f,)) is about 101 foiN=200x 200, about 25 for number of siteN (not constant fluctuates about the value
N=100x 100, and about 6 fal=50x 50. Thus, in absolute imposed by the horizontal size of the system. The rate of
terms, the fluctuations of; to the left of (N;) are more removal of particlesf') will be used as a measure of the
restricted in the smalle_r systems gnd, as a result,_th_e smallggch rateR=AZ<N>(i‘T>.
systems spend more time at the rightbf;). In the limit of
large system size, the fluctuations become Gaussian, as sug-
gested by Fig. db).

We stress that, even though the distribution of the fluctua- We consider an interface with linear sike=200 and re-
tions depends on the system size, the average values of g@lort on four representative cases of parameter values, as
macroscopic quantitieésuch as(f,), <WL>' (fT> and the shown in Table Il. The choice of parametersbrwas made
macroscopic activation enerdy,) are size independent. In to provide comparison with the TFC model of Sec. IV C 1.
addition to Fig. 4b), this is supported by the excellent agree- The parameters i result in an atomistically flat surface,
ment between the exact curves and the simulation resulgharacterized by slow etch pitting and fast step propagation.
(pointg provided in Fig. 2 forN=50x50 (and similar fig- In F, the surface becomes rougher as the rates of etch pitting

B. Results for the 1D model

ures for case&—C, not shown. and step propagation are more similar. Althouglalso re-
sults in an atomistically rough surface, it is included as an
V. ONE-DIMENSIONAL INTERFACE anticipation of the more realistic simulations presented in

Sec. VI. Based on this example, we will see that the average
activation energy associated to an atom type does not corre-

We turn now to the next level of difficulty in the modeling spond to the mean energy if the microscopic activation en-
of wet chemical etching by considering an interface with aergy of that atom is uniformly distributed over an interval.

A. Description of the 1D model

TABLE Il. Parameter values for casé&s F, G, andH.

Pox Po2 Pos Poa E; E, E; E4
E 5x10° 5x10° 5x10° 5x10° 0.3 0.3 0.5 0.3
F 1.0 5x 10° 5x10° 1.0 0.0 0.3 0.55 0.0
G 1.0 5x 103 5x10° 1.0 0.0-0.F 0.3-0.5° 0.55-0.8% 0.0
H 1.0 8x 10* 5X10° 1.0 0.0 0.4 0.75 0.0

8Random activation energies are uniformly chosen from the shown interval. Energies are measured in eV.
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FIG. 6. (Color online (a) Rate of removal of particleé‘T) for case<, F, G, andH. (b),(c) Determination of the activation energiE@[)
(«=0,1,2,3) andEs ) («=1,2,3) for caseS. In (¢), (f,)masterCOIresponds to the values calculated using [2§). The casex=0 is not

shown ag/f)<10°.
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FIG. 7. (Color onling (a) Activation energyE!"™™ explained as the sue{” + E{"’ [Eq. (16)] for casesE-H. (b) Relative contributions
€, [EQ. (18)] compared to the normalized fractio(w[y) [Eg. (15)] for casesE-H. Straight lines are guides for the eyes.
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We determine the macroscopic activation energy correthere exists a nonlinear effect associated to the update of the

sponding to the etch rate from the Arrhenius pldfihvs 3 atom type of the neighboring sites, which is not present in
in Fig. 6@ and provide an example of the temperaturethe TFC model. _ o

analysis of p,) and(f,) for caseG in Figs. §b)—6(c). In all Finally, Fig. 7b) shows the relative contributions, of

four cases, the macroscopic activation enefglf'{") differs each atom type to the total macroscopic activation energy for
from the values provided bg(” [Eq. (17)] and the differ- CaSes-H and compares them to the normalized fractions of
ences are explained by the fluctuations in the numbers gemoved particlegw,). This shows that the weightsv,)
particlesE(" . A summary of the results for all four cases is €1 be used during a simulation as indicators of the relative
given in Fig. 7a). importance of the different site types, even if the actual val-

It is interesting to note that, although the activation enerU€S Of E(ry and E(, ) (required to evaluate,) are not
gies for the microscopic removal probabilitipsare distrib- ~ known.
uted uniformly in intervals for case (Table II), according to The results of this section show that, also for the one-
Fig. 6(b) the average activation energy for each particle typedimensional interface system, thgemperature-averaged
E(p,) does not correspond to the mean value of each energjiacroscopic actlvatz%n energy can be approximated by
interval. Actually, the values obtained from the linear fits in €valuating the terniy” a posteriori from the temperature
Fig. 6(b) are in excellent agreement with thoget shown depquence of-the surface fractioffs,). Even though '_[he
obtained during the simulations by using Ef7) restricted explicit expression for the temperature dependendé gf is

to the atom type considerdie., i € @): not known and the value of the activation energy cannot be
calculated at each temperature during a simulation, the
D weights(w!) can be used to identify the relative importance
2 PiE; of the different sites.
S — 37)
i;a Pi VI. ANISOTROPIC WET CHEMICAL ETCHING
OF SILICON

This iIIustrateg the fact that E€L7) is physically meaningful A. Realistic model
when all particles are of the same tyfiee., have the same ) . ) o o
prefactors, although different activation energiaad there Anisotropic wet chemical etching is a nonequilibrium

are no fluctuations in the surface fractions. However, if the?focess in which both the microscopic roughness and mor-
different activation energies for the same atom type are nd?hology, and the macroscopic orientation-dependent etch
distributed uniformly over an energy interval but, rather, rate a_re_determl_ned by the r@latlve values of the microscopic
form a discrete set of energies, the problem of determining@tomistio reaction rates. Goheez et al. [13] have shown
the average activation energy for an atom type becomes fothat the origin of thelarge differences in site-specific rates
mally equivalent to the problem of determining the macro-iS found in two microscopic mechanisms: the weakening of
scopic activation energy for the whole surface. The averagBackbonds following OH termination of surface atoms and
activation energy for each site type cannot be calculated du,_the eX|ste_znce of significant mtera_ctlon between the terminat-
ing the simulations using E437) but, rather, a variation of INg species(H/OH). The weakening of the backbonds de-
Eq. (16) applied to the different subtypes within the samekends only on theotal numberof hydrpxyls attached to the
site type. As we will see in realistic simulations of wet tWo atoms sharing the bond and is independent of the par-
chemical etchingSec. V), surface atoms belonging to the tlcular distribution of the OH groups between the two atoms
same site-typexr (i.e., sharing the same prefactpg,) can [13], in such a way that each backbond is Weal_<ened by the
have very different activation energies, depending on the loS@me energy~0.4 eV for every OH group that is attached
cal coverage by H and OH groups, thus forming discrete sett9 €ither atom. Thus, the energy of a bond between an atom
of energies. In that case, E7) will not provide the aver- terminated byi OH groups and an atom terminated py
age activation energy of the atom type considered. groups (,j=0,1,2,3) can be written as

Figure 6c) shows that the average surface fractighg) —eg—(i+]) (39
in the one-dimensional interface model are not described by €ij = €0 e
Eq. (29) ({f,)masterin the figurg. The disagreement is not _
due to numerical error and similar results are obtained fowhere €, is the bond energy between two bulk atoms (
casesE, F, andH. The reason for the failure of EqR9) in ~ ~2.7 eV). Correspondingly, the total bonding energy for a
the current model lies in the fact that the transition matrix issurface atom withn first neighbors is simply the sum of the
determined by the removal probabilitiéand the underlying €nergies of the bonds:
geometry, so that it is not an independent parameter as it is
implicitly assumed in the analytical derivation of Sec. IV B. n
A physically more meaningful argument is that in the TFC Ebond5=2 €mm;» (39
model, for every particle that is removed, a new replacing =1 :
particle appears, but, in the current model, the removal of
one particle may be followed by the incorporation of two where we have considered the most general case, in which
particles or no particles at all. Besides, in the current modethe target atom is terminated by OH groups (h<4-—n)
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and thejth first neighbor {=1,2, ... n), having itselfn; (4) Type 2B: Vertical two-bonded atoms at idefl21]
first neighbors, is terminated byn; OH groups (n;<4 steps,vertical step dihydrides
—n;). (5) Type 2C: Horizontal two-bonded atoms at ideal

The oth'er microscopic mechanism of majpr importance i TZT] steps,horizontal step dihydridesplus all other pos-
wet chemical etching, namely, the interaction between th ible two-bonded atoms.

surface terminating groupg$l/OH), occurs only in the pres- 6) T . :
L i ; ype 3A: Three-bonded atoms at idgdlll) surfaces,
ence ofindirect second neighborsl4,15. Due to these in- terrace monohydrides

teractions, hydroxyl termination of the target atgemd its : . =
first neighbory involves additional energy terms, not taken (7) Type 38: .Three-bonded atoms at_lde[3121] steps,
step monohydridesplus all other possible three-bonded

into account in Eq(39). As a result, the totallocal) energy

of a surface atom can be expressed as the sum of three terA®MS: .
[14]; Note that the atoms of type O are included for complete-

ness since they can occasionally appear in connection with
the formation of overhangs. This is, however, a rare event in
E=Eponast 2 (e5hm+Eomion) + 2 (€brm+ebNion). the simulations and has no measurable effect on the evolu-
(4g)  tion of the surface. These atoms are remogeeith probabil-
ity 1) as soon as they are encountered and, accordingly, we
where Epgngs is the energy of EQ.(39 and =(ely,; can say that in this model the surface contaifis 6(+1)
+edtion) [Z(ebim+eonon 1 symbolically denotes the to- types of atoms.
tal energy from the interactions between the OH groups ter- The six pairs of parameters p{,E;) for Types
minating the target atorfTA) [the first neighbor§FN)] and ~ 1,2A, ...,3B can be determined from comparison to experi-
H and/or OH terminating the indirect second neighbors ofnent. The idea is to choose the parameters so that the rela-
the TA(FN). The geometrical restrictions to hydroxyl termi- tive values of the etch rates of a number of surface orienta-
nation in the presence of indirect second neighbors is a mantions (six, in principle agree with those from an experiment.
festation of the important role of steric hindrance in aniso-By adjusting the parameteps, the simulated etch rates will
tropic wet chemical etching. In the present model, the sourcghift up/down in an Arrhenius plot. Similarly the slopes of
of steric hindrance is identified as thel/OH-terminateid  the etch rates can be controlled by tuning the paramé&ers
indirect second neighbors. Alternatively, it is also possible to choose the parameters
Note that, although the parametersind e, used for de-  (Po,E.) based on comparison of the simulated surface mor-
scribing the bonding energy are fixed by the first-principlesphology with that from experiments. An example of this ap-
ab initio study [13], the interaction energiessy;/o), and ~ Proach is provided in Ref2].

egﬁ’/.ﬂN can be used as tunable parameters in order to describe Note that due to the different possible combinations of the

different etchants. Once an etchant is chosen, its concentrigfminating species H and OH around a surface site, the ac-
tion is described in the model by the amount of surface covlivation energiesAE take different values for atoms of the
erage by OH groups. same type. This situation resembles that of c@stor the

As with the previous simpler models for wet chemical ©ne-dimensional interface in Sec. V, where the activation en-
etching, the local dynamics of this model consists of randon®rdy of each atom type was randomly chosen from a uniform

removals of surface sites with probabilities distribution in an energy interval. However, in the current
case the distribution is not uniform, but rather, a discrete set
p=pee “F/keT, (41)  of activation energies. Thus, the problem of determining the
average activation energy for an atom type is formally
where the activation energyE is defined as equivalent to the problem of determining the macroscopic
activation energy for the whole surface and E2j7) should
AE=max0E-E.). (42) ot be expected to be valid.

Here,py andE; are parameters describing the different sur-
face atom types(as po, and E, previously. We have ) ] ]
dropped the index: to stress the fact that the local enefgy In this section, we report on the relation between macro-
is calculated using the same expresdigg. (40)] for all site  SCOPic and microscopic activation energies for the two sur-
types. The use of the function maxgd; E.) mimics the face orientations of silicon with highest technological inter-
Metropolis algorithm{16]. Following the discussion of Gos- €st: S{100 and S{110). TAEN  TAEN

avez et al. in Ref. [14], and the notation used in surface  The parameters of the modedgyion. €onm » (Po.Ec)
studies of Si111) [17], we consider the following surface andé] are chosen to simultaneously provide the formation of

B. Results for the realistic model

site types. pyramidal hillocks on S1L00) and nosed-zigzag structures on
(1) Type 0: Nonbonded atoms that have not been revicinal Si(110), as shown in Refi2]. In the case of $100),

moved,unlinked we consider the fully texturized steady-state surface, com-
(2) Type 1: Singly bonded atomgrihydrides also re-  pletely covered with pyramidg2].

ferred to askinks Figure 8a) shows the etch rate of the two surface orien-
(3) Type 2A: Two-bonded atoms on ide&l00) surfaces, tations considered, both as the rate of removal of particles

terrace dihydrides (f'y and as the actual etch ra®e The similarity between the
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FIG. 8. (Color online (a) Etch rateR and rate of removal of particle(éﬁ) for (100 and(110). (b),(c) Determination of the activation
energiesE<pa> andE<fa> (a=0,1,2A, . ..,3B) for (100. (d) Temperature dependence of the normalized fractions of removed pa{'\?@ﬁs
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FIG. 9. (Color onling (a) Activation energyE!™™ explained as the surE"+E{" [Eq. (16)] for Si(100 and S{110. (b) Relative
contributionse,, [Eq. (18)] compared to the normalized fractio(wL) [Eg. (15)] for Si(100) and S{110). Straight lines are guides for the
eyes.
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activation energies demonstrates tiatis proportional to  should not be understood as a general proof that equal mac-

(f1), as claimed in Sec. Il A. In order to understand theroscopic activation energies imply the same microscopic pro-
origin of the macroscopic activation energy for(10) in  cesses. The present work shows that the macroscopic activa-
this fully texturized regime, the posteriorianalysis of the ~tion energy is a very complicated quantity that cannot be
temperature dependence of the removal probabilities  identified with only one atomistic process and that, in prin-
and the surface fractiond,) is provided in Figs. &) and C|_ple, similar numgrlcal valu_es can be_ obtained for it with
8(c). The activation energie&, , andE s , are obtained as different combinations of weights for different processes.

the slopes of the linear fits. Figuréd® shows the tempera-
ture dependence of the weights), illustrating that, even

thOUgh the removal probabilities and the surface fractions By using the case of anisotropic wet chemical etching as a
may vary strongly, the normalized fraction of removed par-particular example of nonequilibrium systems with open
ticles is comparatively a rather smooth function of temperamoving surfaces, it is shown that the macroscopic activation
ture. Taking the average values(of!,) over all temperatures energyE, (defined as the slope of the etch rate in an Arrhen-
[legend of Fig. &)] and using them in Eq(16) together jys plop is explained by the sum of two ternis” +E(".
with the values determined fd, ) and Es ) show[Fig.  The first termE{®—sometimes wrongly identified as the ac-
9(a)] that the macroscopic activation energy is described agivation energy itself—corresponds to the average of the mi-
the sum of the two termg&{” +E{ [Eq. (16)]. This figure  croscopic activation energids, ,, and the additional term
shows that also the macroscopic activation energy @18l (" accounts for the existence of fluctuations in the fractions
can be described as the sum of these two terms. of particlesf,, at fixed temperature. This shows that the de-
Finally, we show the relative contributions, of each  geription of the macroscopic activation energy as a “total

atom type to the total macroscopic activation energy in Figgrface energy,” such a8,(f,)E, ,, is not valid for these

9(b) and compare them to the normalized fractions of re-s stems and will lead to erroneous interpretations of results
moved particlegw/). According to this figure, the etching Y P '

der the. ch diti is dominated b thAs a matter of fact, the “total energy” concept is shown to
process under the chosen conditions 1s dominated by tq ¢orrect only in the particular case that the transition ma-

same surface sites in these two surface orientations: hOfiZOlﬂ:IX (.5 does not depend on temperature, which is not the
. . . _ ap '
tal step dihydrides (@), step monohydrides &) and ver case in realistic models of growth and etching. In these mod-

tical step dihydrides (B). The fact that the contribution els, () is a complex function of the removal probabili-

from 3B is larger in(110 than in(100 stems from the fact Ees, of the temperature, and of the geometrical structure of

that the step monohydrides are the natural termination of ial h h icul | .
(110 (100% in the ideal surface and about 60% in these\m:a éﬂgtriirgl’ chﬁin%vm ?%/I; ;Sg;ﬂcu ar examples considered

simulations while in (100 they appear mostly at pyramidal . .

ridges ano? at the st(eps) betv)\;ee?lp(ﬂe])-terrgcespgcl)rming Itis _shown that the correction _terEg) can be accurately
e pyramidl face] (bout 403  hese smuatons, cf. ST DR POseronanae of e epere te,
Fig. 8(c)]. Although the presence of the horizontal step dlhy_model is presented in which this term can be calculated ana-

drides (Z°) on these orientations is only a small fraction lytically. Further work would be needed if the corresponding

(below 1% in both surfaces, as shown in Figcgfor (100, analytical expression for the more realistic models is desired
their relatively high removal probabilityFig. 8b)] makes yt P . : '

. . . It is also shown that the normalized fractions of removed
them dominate the etching process. The same applies to the

; : ; . particles(w!) can be used as indicators of the relative im-
\@rgc{a:lazgaopn d(;? );dggffeg) ,a\;vglﬁgv\?nreinp:;i)rétf;n(fggace portance of the different surface sites for the growth/etch

These results show quantitatively that the minority specie rocess. This enables a quantitative measure of the way how

do control the etching process and that usually the macro-he minority species do.mlnat'e the process'and stresses the
act that the macroscopic activation energy is a complicated

scopic activation energy cannot be attributed to only onxt . ) . . o
single species, not especially to the majority species, as i nction and shou_ld not be |(_J|ent|f|ed w_|th_one atomistic pro-
ess only; especially not with the majority species on sur-

extended practice in wet chemical etching. We conclude th L ce. as seems o be extended practice in arowth and etchin
the weights(w!) can be used during a simulation as indica- ' X practice in grow ng.

tors of the relative importance of the different site-types,
even if the actual values (f“a) and Ep,) (required to

evaluatee,) are not known.

The previous discussion allows us to conclude that, in the This research was supported by the Academy of Finland
fully pyramid-covered regime of €i00), the microscopic through its Center of Excellence Progrd@rant No. 2000-
mechanisms controlling the etching process are the same 2905. M.A.G. is thankful to Dr. A. Ayuela for useful discus-
in Si(110), even if these two surface orientations display verysions in relation to the microscopic origin of the fluctuation
different morphologies, as shown in REZ]. This conclusion term.

VII. CONCLUSIONS
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