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Scaling laws in etched Si surfaces
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Self-affine scaling behavior of etched crystalline Si surfaces has been investigated by atomic force micro-
scope. Si surfaces were etched by a small drop~a fewmL! of NaOH solution. Percolation characteristics were
observed at the initial stages of Si~100! chemical etching. Roughness exponent~a! values increase with etching
time, from 0.6 to 0.8, and thea functional behavior with respect to the etching power agrees with the
Kessler-Levine-Tu model. Anomalous scaling behavior was characterized for etched Si~111! surfaces. The
local value of the roughness exponent is associated to the diffusional process of plateau growth. The global
value ofa is close to 0.4, a typical value for the Kardar-Parisi-Zang model, reflecting the highest growth rates
on surfaces with higher slopes.

DOI: 10.1103/PhysRevB.65.245323 PACS number~s!: 68.35.Bs, 68.35.Ct, 68.35.Rh
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I. INTRODUCTION

The chemical treatment of clean silicon wafer surfac
generally involves HF etching.1 Industrial crystalline Si wa-
fers can present dislocations or steps on vicinal terraces,
these surface defects can be disclosed by a salt solution
Silicon etching rate is a function of crystalline orientatio
doping, etching solution and stirring.2

Since the development of the atomic force microsco
~AFM! this nondestructive technique has been used to ob
three-dimensional images that can be characterized by a
tal approach such as scaling laws.3 In the last few years
surfaces were extensively studied using scaling concept4–6

However, only a few papers discuss self-affine scaling dur
surface growth generated by a chemical etching process7,8

For the same chemical conditions~concentration and tem
perature of solution, solvent class, etc.! the experimental ap
paratus design~geometric characteristics, gas flow, soluti
stirring, etc.! plays a fundamental role in the etched surfa
growth dynamics. During the chemical etching, the solut
can be stirred by natural convection~density and/or tempera
ture gradients! or forced convection~jet or ultrasonic bath!.
A less common type of natural stirring is that resultant fro
the Marangoni effect,9 where two fluids in contact presen
interfacial tension gradient, and this gradient is the driv
force to promote the fluid transport.

Recently we studied the scaling behavior of chemi
etched Si surface by AFM.10 Si surfaces were etched at di
tinct experimental conditions: sample immersed in quiesc
solution, sample immersed in solution under ultrasonic s
ring or etched by a small drop of solution. During the atta
these distinct experimental apparatuses modify the m
transport. Consequently, the corrosion front velocity and
surface growth dynamics are also modified. The functio
behavior of roughness exponents with respect to the co
sion front velocity agrees with the Kessler-Levine-T
model.11

Santra and Sapoval7 proposed a model for attack of solid
by chemical solutions. In their model, the etching rate i
randomic function, independent of the etching time or
sample environment. They assume a finite number of etc
molecules initially in contact with the surface, and a decre
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ing etching rate with the decrease of the number of etch
molecules. At the end of the etching process, the interfa
structure becomes very irregular, with a pattern similar to
one observed at a percolation threshold.

R. Cafieiro8 presented a model for chemical etching
crystalline silicon (1d11 dimension! with a local anisotropy
factor. The model discusses the intrinsic anisotropy of
etching rate, and proposes a local dynamics connected to
global equilibrium. The anisotropy factor is related to t
ratio y~111!/y~100!, wherey~111! andy~100! are the etching
rate at the corresponding crystallographic direction. T
roughness exponent varies from 0.63~nonanisotropic sys-
tem! to 0.93 ~completely anisotropic system!. The experi-
mental results8 suggest that the agitation increases and
etchant concentration decreases the anisotropic etching

Kasparian et al.2 discussed the anisotropic etching
Si~111! by NaOH at the atomic level. The first steps of th
etching process were simulated using a Monte Carlo met
and measured in real time by scanning tunneling microsc
~STM!. The etched Si surface observed by STM showed
growth of triangles, for short etching times~a few minutes!.

In our work, crystalline Si wafers were etched by a sm
drop of NaOH. The small drop increases the concentra
gradient, generating interfacial turbulence near the s
face.12,13 Etched Si surface images were obtained by AF
and these images were treated to evaluate the dyna
growth, and roughness scaling exponents values.

II. MATERIAL AND METHODS

A. Sample preparation and AFM analysis

Polished Si~100! (n doped, 0.02V cm! and Si~111! (p
doped, 7 V cm! from Virginia INC, with misalignment
,0.2°, were used. The samples~131 cm! were previously
deoxidized for;1 min in HF solution and rinsed with bi
distilled water. A 1-M NaOH solution microdrop was depo
ited on the deoxidized surface. The microdrop volume wa
mL @Si~100!# and 1mL @Si~111!#. The etching time was var
ied from 3 to 160 min, at a temperature of~2362!°C. During
the etching, the sample and the etchant drop were kep
saturated aqueous ambient~sa!, or in nonsaturated aqueou
ambient~'50% humidity! ~nsa!. After a final rinse with bi-
©2002 The American Physical Society23-1
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distilled water, the sample was dried under nitrogen flow a
stored in vacuum (1022 Torr).

The images were obtained with a Topometrix TMX 20
SPM operating in the contact AFM mode. Some samples
Si~111! sa were observed by an AutoProbe CP Resea
SPM, from ThermoMicroscopes, operating at similar con
tions. Tips of high aspect ratio~Microlever tip, radius,20
nm and angle;20°, from ThermoMicroscopes! were used,
in order to minimize the convolution effects. All images~300
3300 pixel for Topometrix and 5123512 pixel for Auto-
Probe CP Research! were acquired with a 2-Hz scan fre
quency. Image scan length was varied from 200 nm to 7mm.

B. Statistical treatment of images

The height-height correlation function~HHC! is one of
the most convenient correlation functions to characterize
perimental self-affine surfaces. HHC is defined as

HHC~r ,t !5^uh~r 2r 8!2h~r 8!u2&1/2, ~1!

whereh(r 8) is the surface height at positionr 8, h(r 2r 8) is
the surface height at the circle with radiusr centered atr 8
and^ . . . & means averaging over all images at timet. For an
arbitrary self-affine surface, HHC scales withr as HHC
;r a wherea is the roughness exponent.14

To characterize the scaling behavior of surfaces us
AFM it is necessary to have an image set with image si
varying a few orders of magnitude. Larger images pres
maximum values forr (r max) and for HHC (HHCmax). If the
surface presents self-affine behavior,r;brmax and HHC
;baHHCmax. Using the maximum values, we have

ln@HHC~r ,t !#;a ln~r !1 lnS HHCmax

r max
a D , ~2!

wherea is the slope in a log-log plot of HHC vsr. If the
sample presents a perfectly self-affine behavior, the H
curves for distinct images will collapse, and th
ln(HHCmax/r max

a ) term remains constant. This term is relat
to the image bumps or mounds. The vertical displacemen
the HHC curves obtained from images with distinct sizes
be related to the disappearance of these bumps from im
acquired at small scan size.

Another important parameter to describe the interfa
growth dynamics is the surface width@w(t)# ~or -root-mean-
squareroughness!:

w~ t !5~^h2&2^h&2!1/2, ~3!

where h is the surface height at point on thel 3 l image
matrix at timet. Surface width represents a correlation leng
perpendicular to the surface (j') and scales with time a
w(t);tb whereb is the growth exponent.15 The correlation
length parallel to the surface (j i) scales with time asj i
;t1/Z, whereZ is the dynamic exponent (Z5a/b).15

To increase the critical exponents’ evaluation accurac
set of images spanning several orders of magnitude w
acquired for each analyzed region. AFM images were trea
24532
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by a program using a mixed technique, based on
multiple-image and a single-image variography, describ
elsewhere.16

One of the most useful technique to characterize a pe
lation process on a surface is to intersect the image by
horizontal ‘‘sea’’ plane producing ‘‘islands.’’17 When these
islands aggregate, they form a percolation network. Scann
probe microscope results involving percolation were d
scribed for discontinuous films18 or for conductor-insulator
composites.19 Buzio et al.20 measured films of carbon clus
ters by AFM. They suggest that the local surface defe
present common aspects with the quenched noise at the
colation system. For our image sets the sea level was ch
at 40% of the maximum surface height. The ramified nat
of percolation clusters results in a perimeter~P! that scales
linearly with area~A! for large clusters,17 P;Af.

C. Models for surface growth

Several models can be used to describe the gro
dynamics.15 We shall be interested in models in 2d11 di-
mensions. One of the simplest is the Wolf-Villain mod
~WV!, which is a linear diffusive model:21

]h

]t
5RD2n,4h1h, ~4!

whereRD is the deposition rate,n is a constant,h is a rough-
ening term with stochastic characteristics of a fluctuat
process, and the2n,4h term accounts for smoothening b
surface diffusion. Values of roughness, growth, and dyna
exponents obtained from this model are 1, 1/4, and 4, res
tively.

One attempt to make surface diffusion a conserved qu
tity is to add a nonlinear term to Eq.~4! which results in the
Lai–Das Sarma–Villain~LDV ! equation:22

]h

]t
5RD2n,4h1l,2~,h!21h, ~5!

wherel is a constant andl,2(,h)2 is the nonlinear term
that models the fact that steps can act as a source or sin
atoms on a growing surface. The scaling exponent values
the LDV model area>2/3, b>1/5, andZ>10/3.22

López23 discussed the presence of anomalous surf
roughness in the LDV equation@Eq. ~5!#. Anomalous surface
roughness is characterized by distinct scaling relations
the local and the global surface fluctuations, with a crosso
length delimitating the local and the global regions. Ford
11 dimensions, the LDV model presents a local roughn
exponenta local>0.7.24

A typical nonlinear model for interface growth is th
Kardar-Parisi-Zhang~KPZ! model:25

]h

]t
5RD1n,2h1

l

2
~,h!21h, ~6!

where then,2h term is the surface tension term, as it ten
to smooth the interface. The nonlinear (l/2)(,h)2 term ac-
counts for growth along the normal direction~lateral
growth!.6 The corresponding scaling exponents area>0.39,
3-2
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SCALING LAWS IN ETCHED Si SURFACES PHYSICAL REVIEW B65 245323
b>0.24, andZ>1.61. A great number of experiments can
described by the KPZ model. However, this description c
be applied only to uncorrelated noise systems.

Many experiments present quenched noise, i.e., the
regularities in the domain of experimental conditions a
fixed during the essay. For these systems Kessler, Lev
and Tu proposed modifications on the KPZ model@Eq. ~6!#.
The KLT model11 describes a fluid interface moving throug
a random medium:

]h

]t
5F1n,2h1h~xW ,t !, ~7!

whereF is the pushing force applied to a piston in order
compress the fluid andh(xW ,t) represents the quenched nois
This model is typical for percolation processes, and thea
value~evaluated at the propagation front! is a function of the
piston velocity, varying from 0.93~low velocities! to 0.55
~high velocities!.11

D. Etching of Si by NaOH

The Si etching by NaOH was described by Rappich26

Initially, surface Si atoms are passivated by hydrogen, fo
ing Si-H bonds. Hydrolysis of Si-H bonds followed by a fa
consecutive hydrolysis of the Si-Si back bonds generate
unstable HSi(OH)3 molecule over the surface. This unstab
molecule, once in solution, decomposes to Si(OH)4 and H2.
In a few cases, HSi(OH)3 molecules or clusters remain o
the surface, blocking the corrosion process on selected a
A summary of the etching process is represented below:

SiH2(sur f ace)
13H2O →HSi~OH!3(sur f ace)

12H2

HSi~OH!3(sur f ace)
→HSi~OH!3(solution)

HSi~OH!3(solution)
1H2O→Si~OH!41H2.

III. RESULTS

Figure 1 shows AFM images of etched Si~100! surfaces in
saturated aqueous ambient for etching times~t! equal to~a!
20 min, ~b! 50 min, and~c! 110 min. Figure 1~a! shows the
hillocks network across the etched surface; this structure
be associated to a percolation network. Whent increases
@Fig. 1~b!#, the percolation network starts to fracture gen
ating dispersed clusters on the surface. Figure 1~c! shows a
transition to globular morphology, with an increase of t
mean cluster size.

AFM images of etched Si~111! surface in nonsaturate

FIG. 1. AFM images of etched Si~100! surface in sa:~a! 2.5
mm32.5 mm393 nm, t520 min; ~b! 3.5 mm33.5 mm3121 nm,
t550 min; and~c! 5 mm35 mm3137 nm,t5110 min.
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aqueous ambient are shown in Fig. 2, fort equal to~a! 3 min,
~b! 40 min, and~c! 110 min. For smallt, the etched Si~111!
surface in nonsaturated aqueous ambient~nsa! presents sharp
peaks, as shown in Fig. 2~a!. Figure 2~b! presentsquasiver-
tical planes related to the preferential etching rate. Fig
2~c! reveals anisotropic characteristics, with large plate
dominating the surface.

The growth exponentb is obtained from the time evolu
tion of the surface width saturation value (wsat). Figure 3
shows a log-log plot ofwsat vs t. For the same etching time
wsat for Si~100! presents values one order of magnitu
greater than for Si~111! surfaces. This increase in thewsat
can be attributed to the preferential etching rate.27 As can be
seen in Fig. 3,wsat scales aswsat;tb, with b values for
Si~100! and Si~111! in sa, and Si~111! in nsa equal to~0.36
60.03!, ~0.4160.02!, and~0.4460.02!, respectively.

Figure 4 shows a log-log plot of HHC vsr, for Si~100! in
sa, Si~111! in sa, and Si~111! in nsa. All etched silicon sur-
faces present self-affine behavior. For large radius a H
saturation value is attained for all samples, defining a s
affine/saturation region crossover length (Csat).

Etched Si~100! surfaces present self-affine behavior, wi
a increasing witht from 0.68 to 0.84. With a similar behav
ior, a evaluated from Si~111! etched in sa rises monoton
cally with t from a50.63 toa50.84. For shortt, the HHC
curves for the etched Si~111! surface in nsa present also on
one slope, as shown in Fig. 4~c1!. When t increases, the
HHC curves present two distinct slopes on the self-affi
region@Figs. 4~c2! and~c3!#. The presence of two slopes o
the self-affine region is a typical of anomalous scali
properties.23 For short radius, the local interface fluctuatio
present a local roughness exponent. A local crossover le
(Clocal) defines a transition length between the local and

FIG. 2. AFM images of etched Si~111! surface in nsa:~a! 2
mm32 mm36 nm, t53 min; ~b! 3 mm33 mm313 nm, t
540 min; and~c! 5 mm35 mm354 nm,t5110 min.

FIG. 3. Surface width saturation vs etching time for:~s!
Si~100! in sa,~h! Si~111! in sa and~n! Si~111! in nsa.
3-3
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FIG. 4. Height-height correla-
tion function vs radius log-log
plots for ~a! left column, Si~100!
in sa, ~b! center column, Si~111!
in sa, and ~c! right column,
Si~111! in nsa. Values are listed in
Table I.
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global dynamics. This etched Si surface at large times sh
a plateau structure@Fig. 2~c!#, suggesting that thea local is
associated to the plateau growth.

Table I lists critical exponents and crossover lengths v
ues obtained from Figs. 3 and 4. The dynamic exponentZ is
estimated by thea/b ratio.

Figure 5 shows a halftone representation of an image
etched Si~100! surface in sa, att550 min. In order to evi-
denciate the percolation network, the original image is in
sected by a sea plane, generating islands. The sea or th

TABLE I. Experimental values ofa, b, Z, and crossovers
lengths (Clocal andCsat) for different experimental conditions. Th
error associated toa is 60.02.

b t(min) a local a
Clocal

~nm!
Csat

~nm! Z(a/b)

20 0.68 114 1.89
Si~100! sa 0.36 50 0.82 128 2.05

110 0.84 382 2.10

10 0.63 50 1.54
40 0.64 70 1.56

Si~111! sa 0.41 80 0.77 167 1.88
110 0.82 172 2.00
160 0.84 200 2.05

3 0.65 46 1.47
10 0.87 0.45 27 129 1.02

Si~111! nsa 0.44 40 0.72 0.37 104 499 0.84
60 0.70 0.30 75 660 0.68
110 0.85 0.42 36 287 0.95
24532
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old level was chosen as 40% of the image maximum heig
Figure 6 shows a log-log plot of perimeter~P! vs area~A! for
all islands measured at halftone image. Two regions w
distinct scaling behaviors were observed at the log-log p
as is expected for a percolation system.

IV. DISCUSSION

A. Percolation in corrosion process

The propagation of high viscosity fluids into a spongeli
material is an example of an experimental system w
quenched noise.28 Buldryev et al. measured the roughnes
exponent for the fluid front profiles inside a two-dimension
sponge slice. The measureda is equal to 0.63, and this valu
suggests a direct percolation process.28 An unusual example
of a percolation system with quenched noise was descr
by R. Buzioet al.20 at nanostructured sputtered carbon film
These authors proposed that large carbon clusters depo
on the surface may act as a source of quenched noise,
gesting a bi-dimensional percolation system. This assu
tion is reinforced by thea values measured at these film
close to 0.65.

Figure 1~a! shows ahillock percolation networkacross the
image and, for initial etching times of Si~100! in sa, thea
values are close to 0.7~Table I!. However, how should one
compare the corrosion process with a percolation proce
During the Si surface etching the solution plays the role o
fluid; the HSi(OH)3 clusters block the ‘‘fluid invasion,’’
similar to the quenched noise, and the resulting surface
as the fluid invasion front.

Experimentala values at sa ambient increases with t
etching time, from;0.6 to ;0.8 ~Table I!. One of the pre-
dictions of the KLT model is that the fluid fronta value is
3-4
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SCALING LAWS IN ETCHED Si SURFACES PHYSICAL REVIEW B65 245323
inversely proportional to the piston velocity, varying fro
0.55 ~for high effective moving velocity of piston push! to
0.9 ~for low ones!.11 To apply the KLT model@Eq. ~7!# on
corrosion processes, the piston driving forceF is associated
to the etching rate and the quenched noiseh(xW ,t) is repre-
sented by the silicate mask.

The number of etchant ions inside the drop decrea
when the etching time increases and consequently the e
ing power also decreases. This experimental situation is q
similar to that discussed by Gabrielliet al.29 In that work, a
finite volumeof etching solution is in contact with a diso
dered solid. If the etchant is consumed in the chemical re
tion, the process stops spontaneously on a self-similar
face. The dynamics described by Gabrielliet al. seems to
belong to the universal class of percolation gradient.

Figure 6 shows the perimeter and area scaling relat
P;Af, for Si~100! in sa. This log-log plot presents tw
slopes, one for large areas and the other for small areas,
f51 and forf51/2, respectively.

FIG. 5. Percolation islands obtained from a halftone image
etched Si~100! surface, 5mm35 mm3121 nm,t550 min.

FIG. 6. Perimeter vs area log-log plot for islands obtained fr
Fig. 5.
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Nonpercolated or isolated islands show a globular cha
teristic, and consequentlyf is close to 1/2. On the othe
hand, percolated structures presentf.1, related to the high
perimeter/area ratio for ‘‘large percolated archipelagos.’’19

B. Local and global self-affine behavior

Recently López23 proposed an analytical approach to pr
dict when a particular growth model is expected to ha
anomalous properties, i.e., to give two independent and
tinct roughness exponents. Thelocal roughness exponen
characterizes the surface fluctuations at small distances.
existence oflocal andglobal behavior can also be found i
organic films,30 annealed LiCoO2 films,16 Al films,31 moun-
tains topographic profiles,32 and Ni evaporated thin films.33

For the Ni evaporated films, the experimental results sugg
a local diffusional behavior and a global KPZ behavior.33

Height-height correlation function for Si~111! surfaces in
nonsaturated aqueous ambient@Figs. 4~c2! and~c3!# presents
anomalous scaling behavior. Figure 2~c! shows the AFM mi-
crograph corresponding to the plot shown in Fig. 4~c3!, with
plateau structures at the surface. For short correlation ra
analysis (a local), the HHC describes the dynamic associat
to thelocal correlations, i.e., the correlations on the platea
For t5110 min, a local is equal to 0.85, lower than the the
oretical expecteda51 for a diffusional process, described b
the WV model21 @Eq. ~4!#. The underestimateda local value
can be related to the plateau edges effect: when the H
circle center is close to the facet edge, the height differe
changes abruptly, causing a decrease in thea ~mean! value
@see Eq.~1!#.

The ensemble of plateaus suggests a preferential gro
direction, and surfaces with preferential growth direction a
generally described by the KPZ model25 @Eq. ~6!#. The a
global values are consistent, within experimental errors, w
the KPZ theory of surface growth~a'0.39!.

C. Growth and dynamic exponents

Completely uncorrelated surfaces~such as in random
deposition! present growth exponentb equal to 0.5, and for
various continuous growth models6,21,25 b is equal to 1/4.
Experimentalb values for etched Si surfaces obtained fro
the data in Fig. 3 areb'0.36 for Si~100! and b'0.42 for
Si~111!, suggesting that the corrosion process can be
scribed by a weakly correlated model.

Studying interface growth at medium with pinning force
Leschhorn estimatedb;0.47.34 Leschhorn’s model was
simulated by Jost and Usadel in (2d11) using a cellular
automata. They obtained the critical exponentsa52/3 and
b54/9.35 Experimental exponents values~our work! for
Si~111! are 0.63,a,0.84 andb'0.42, suggesting that th
corrosion process is in the same universality class of visc
medium with quenched noise.

One of the possible ways to measure the correlat
length parallel to the surface (j i) is the saturation crossove
length Csat . The dynamic exponentZscl can be estimated
from the scaling relationCsat;t1/Zscl. Z can also be obtained
from thea/b ratio, and this value is a function of the corre
lation length vertical to the surface,j' . For the initial etch-

f
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ing stages of Si~111! in nsa (t<60 min) the calculated dy-
namic exponent values areZscl51.1060.05 andZ51.00
60.34. The agreement between these two dynamic expo
values, obtained from correlation lengths parallel or verti
to the surface, corroborate the possibility to describe
etched surface such as a self-affine surface.

V. CONCLUSIONS

A self-affine behavior has been characterized for etche
surfaces. Experimental growth exponents values are lo
for Si~100! ~b>0.36! than for Si~111! ~b;0.4!. Theseb val-
ues suggest a weakly correlated surface.

For etched Si surfaces in sa the roughness exponent v
increases with etching time from;0.6 to;0.8. Thea func-
c

l

v.

m

a

d

e
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tional behavior with etching time can be qualitatively d
scribed by the KLT percolation model.

Etched Si~111! surfaces in nsa present anomalous sca
behavior witha local;2/3 andaglobal;0.4. Local correla-
tions were associated to the plateau’s growth, and global
relations to the preferential growth direction described
KPZ model. These results suggest that the etching pro
belongs to the same universality class of viscous med
with quenched noise.
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