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• We studied the scaling properties of an etching model reproducing hillock patterns.
• We found that the model presents three distinctive regimes.
• Conventional and anomalous scaling was found depending on hillock apices stability.

a r t i c l e i n f o

Article history:
Received 13 April 2013
Received in revised form 1 August 2013
Available online 15 October 2013

Keywords:
Scaling
Etching models
Monte Carlo simulations

a b s t r a c t

Surface roughening due to anisotropic wet etching of silicon was studied experimentally
and modeled using the Monte Carlo method. Simulations were used to determine the con-
sequences of site-dependent detachment probabilities on surface morphology for a one-
and two-dimensional substrate models, focusing on the formation mechanisms of etch
hillocks. Dynamic scaling properties of the 1D model were also studied. Resorting to the
height–height correlation function and the structure factor, it is shown that the model
presents conventional and anomalous scaling (faceted) depending on the stability of the
hillocks tops. We also found that there is an intermediate regime that cannot be described
by the Family–Vicsek or anomalous scaling ansatz.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The miniaturization of electronic devices has been made possible by the production of microstructures with nanometer
scale. Anisotropic or orientation-dependent wet chemical etching based on KOH is a common technique to manufacture
microdevices. Si(100), is one of the most studied surfaces because of its relevance in semiconductor microelectronics. Wet
chemical etching of Si(100) with aqueous KOH results in the appearance of inhomogeneities of pyramidal type (hillocks)
[1–4].

In the past we derived a simple site-dependent etching model that reproduces the formation of pyramid hillocks in
Si(100) [5,6]. In this model, pyramid apices etch slower than expected using simple bonding energetics, which has been
attributed to a masking mechanism produced by an external agent or intrinsic surface properties [3,5]. This model predicts
how the surface changes from a relatively smooth pattern in the absence of masking to a completely texturized (hillocked)
one as pyramid tops are more stable. A morphology showing pyramids and relatively flat regions (valleys) between them
emerges at intermediate values of the hillocks apices stability.

Surfaces that exhibit irregular geometries can be analyzed in terms of the scaling properties of the surface fluctuations [7].
The dynamical scaling behavior of a growing/etching surface with evolution arises from the competition between roughen-
ing and smoothing mechanisms. A large number of theoretical and experimental studies have helped in the understanding
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Fig. 1. (a) Hillocks and valleys on a Si(100) surface etched in 2M KOH for 1 h at 60 °C. (b) Hillocks on a Si(100) surface etched in 0.3 M KOH for 1 h at 60 °C.

of possible mechanisms that generate surface roughness. Continuum and discrete growth models have provided scaling
relations between roughness and time for a growing interface as well as the roughness dependence of the spatial scale of
observation in the experiments. Surface structures that preserve a similar morphology upon a change of magnification are
termed self-affine and obey the well-known Family–Vicsek (FV) scaling ansatz, which plays a central role in growth the-
ories [8,9]. However, only a very small number of systems exhibit FV scaling. For instance, it has been reported that the
formation of features during etching or the presence of grains in film growth leads to a more complex roughening process.

Motivated by these findings and following the work of Dotto and Kleinke [10,11] andmore recently of Oliveira and Aarao
Reis [12,13], we studied the dynamic scaling properties for a model that describes etching within a RSOS model. Different
regimes that reflect the conventional scaling ansatz and anomalous scaling are obtained by simply varying the apex stability
in our model. Also, a regime that cannot be described by the Family–Vicsek or anomalous scaling ansatz was also found.

2. Silicon wet etching

Silicon surfaces associatedwith growth and etching have been and continue to be of great interest as both processes are of
technological relevance because of their role in the fabrication of microelectronic devices [1,14]. Silicon etching in aqueous
solutions, such as KOH or NH4OH, is widely used in producing a variety of devices by micromachining that requires the
production of microstructures with nanometer precision. The formation of micropyramids that accompany Si(100) etching
is a well-known phenomenon and an explanation for their appearance has been the goal of many investigations for years.
Fig. 1 shows two SEM Si(100) surfaces after wet etching in 2 M and 0.3 M KOH solutions at 60 °C. Both systems are in steady
state in the sense that further etching does not alter the statistical properties of the resulting surface characteristics. Surfaces
exhibit a rough appearance with pyramidal hillocks of different sizes. However, the morphologies are very different, as the
surface of Fig. 1(a) exhibits hillocks and relative flat regions, while no valleys are observed in Fig. 1(b).

The pyramid formation in Si(100) etching is a consequence of the high anisotropic dissolution ratios, with (100) and (110)
surfaces dissolving much more rapidly than the (111) planes [3,5]. This leads to exposing the slower etching (111) planes
that constitute the sides of pyramidal features. Thus, a restricted-solid-on-solidmodel (RSOS) is a good representation of the
Si(100) etching [15]. Besides stable sides, for hillocks to form, their apicesmust be relatively resistant to etching as discussed
in Ref. [16].

If etching at steps is much faster than at terraces and steps etch independently, step-flow etching predominates. This
means that the crystal is etched by the continuous retreat of their steps. In this case, since terraces are rarely attacked, the
surfacemorphology is dominated by step roughening that can be describedwith a one-dimensional substrate. Etching in vic-
inal Si(111) surfaces has been found to present these characteristics [17–19]with the formation of 2Dhillocks. It is found that
[1̄1̄2] steps sites are etched much faster than [112̄] step sites. When Si(111) miscut in the [1̄1̄2] direction is etched, a char-
acteristic morphology appears. The etched step presents many straight step segments oriented in the [112̄] directions that
constitute two-dimensional etch hillocks giving a shark’s tooth shape to the structure [17]. This phenomenon can also be ob-
served at the sides of the pyramids in Fig. 1(a), as they are vicinal (111) surfaces, and will be the subject of the present study.

3. Model and simulations

Weperformed simulations using the standardMonte Carlomethod. The surface step is represented by a one-dimensional
vector where each element corresponds to the height at each site. We adopted a restricted-solid-on-solid model (RSOS)
in which particles are arranged such that the heights of neighboring columns can differ at most by only one particle to
reproduce the step in a vicinal Si(111) surface. In our model, the substrate morphology is determined by the height of the
columns relative to a flat reference surface.

During the simulation, a single site is chosen at random and the detachment event takes place with a probability that
depends on the site coordination number. This is the only process that determines the final surface morphology. Other
processes, such as rearrangement of surface particles (diffusion) or redeposition, are not allowed. Site specific etch rateswere
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Fig. 2. Schematic for a one-dimensional substrate that describes the detachment probability of the three different types of sites.

chosen in order to produce hillocks. The simulation starts from a flat substrate configuration and evolves with successive
annihilations of substrate particles until it approaches steady state. We checked that steady state was reached by assessing
the evolution of the surface roughness.

Based on a model where only first neighbor interactions are considered, the parameters that determine the step mor-
phology reduce to the etching rates of three distinct types of sites that can be related to the particle coordination number.
Since we are dealing with a solid-on-solid model, all particles have at least one first neighbor at the bottom that has no
effect in computing the site-specific etch rates. The etching probabilities will be referred as pi, where i is the number of first
neighbors excluding the bottom one. So we call sites with 0, 1 and 2 neighbors, apices, kinks, and step sites respectively,
as shown in Fig. 2. For hillocks to form within a step, their tops must etch slower than it was expected from site bonding
energetics. This is due by any of the masking mechanism discussed in Ref. [6] and it was taken into account by reducing
the etching probability of apices. Kinks must be the fastest etching sites, and then a value of p1 = 1 was adopted for their
detachment probability. Different values for p2 were explored to finally adopt 0.01 as hillocks of sound sizes formed. Results
as a function of apex stability p0 will be reported. Monte Carlo simulations were carried out for arrays of different lengths;
the results presented in this paper correspond to L = 512 and L = 1000. We checked that the system was in steady state
monitoring the roughness constancy with time. Thus, the results presented here correspond to different Monte Carlo times,
from 104 for p0 = 0.5 to 2 × 106 for p0 = 0.05. Periodic boundary conditions were used to avoid edge effects.

4. Dynamic scaling

Dynamic scaling is common framework to describe the interface fluctuations observed in growth and etching processes.
Manyof these interfaces in nature are examples of self-similar objects, and their growths exhibit nontrivial scaling properties
that allow us to categorize them into universality classes [7]. The surface or interface width or roughness in 1D, W (t), is
defined as the rms deviation of the height field around its mean value:

W (L, t) =

1
L

L
i=1


h(i, t) − h̄(t)

2
, (1)

where h(i, t) is the surface height measured from the flat substrate of size L at the position i at the time t and h̄(t) is the
mean height of the interface at the same time. W (L, t) increases with time as a power law, W (t) ∼ tβ , for as long as the
lateral correlation length, ζ (t) ∼ t1/z , is smaller than the system size L. Since the correlation length ζ (t) accounts for the
spatial region of the system that has become correlated, the stationary regime is then reachedwhen ts ∼ Lz . This means that
the only characteristic scale length is the system size L. Thus, for longer times the roughness becomes a constant W ∼ Lα .
This behavior is described by the so-called Family–Vicsek [10,11] dynamic scaling ansatz

W (L, t) ∼ Lα f (t/Lz), (2)

α, β , and z are the roughness, growth, and the dynamic scaling exponents, respectively, and characterize the spatial correla-
tions of the interface, the roughness temporal evolution, and the coarsening process of the characteristic lateral correlation
length of the interface.

Since experiments may not deal with temporal evolution of the growth process one can analyze only the final interface
using other mathematical tools to compute scaling exponents. One of this is the height–height correlation function HHCF,
C(l, t), which is defined as

C(l, t) =

(h(x + l, t) − h(x, t))2

1/2
, (3)

where h(l, t) is the surface height at a distance l from a reference site and the averaging is done over distinct reference sites.
For a self-affine surface, C(l, t) scales with l as

C(l, t) ≈ lα f (t/lz) (4)

where f ∼ constant for L ≫ l.
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Another useful tool is the power spectrum (PS) or surface structure factor S(k, t) defined as

S(k, t) = ⟨h(k, t)h(−k, t)⟩ , (5)

being h(k, t) the k-th Fourier mode of the surface height deviation around its spatial average for a given time t

h(k, t) =
1

L1/2

x


h(x, t) − h(t)


exp(ikx). (6)

The dynamic scaling hypothesis reflects into the structure factor as

S(k, t) = k−(2α+1)g(t/k−z). (7)

For u ≪ 1g(u) = u(2α + 1)/z and for u ≫ 1g(u) = constant. Then:

S(k, t) ∼ k−(2α+1) u ≪ 1

S(k, t) ∼ t(2α+1)/z u ≫ 1.
(8)

However, some experimental observations deviate from the Family–Vicsek function, Eq. (2), and they have been pro-
posed to present a new type of scaling, namely anomalous scaling (AS) [10,11,20,21]. The term AS refers to the observation
that local and global surface fluctuations may have distinctly different scaling exponents. This leads to the existence of an
independent local roughness exponent αloc that characterizes the local interface fluctuations and differs from the global
roughness exponent α. A new ansatz is needed to account for this new type of scaling. Thus, the local interface width

w(l, t) ∼


h(x, t) − hl


l

1/2
(9)

scales as

w(l, t) ∼ tβ , for lz ≪ t ≪ Lz, and

w(l, t) ∼ lαloc tβ−αloc/z, for t ≪ lz, (10)

where βloc = (α − αloc)/z is an anomalous growth exponent and l is the window size see, for example, Refs. [22,23]. From
Eqs. (3) and (9), C(l, t) andw(l, t) can be easily related as C(l.t) ∼ w(l, t). In ourworkwe used the HHCF for scaling analysis.

According to the work of López and co-workers [24,25], four different possible types of scaling can be distinguished,

If αs < 1 ⇒ αloc = αs


αs = α ⇒ Family–Vicsek
αs ≠ α ⇒ intrinsic anomalous

If αs > 1 ⇒ αloc = 1

αs = α ⇒ super-rough
αs ≠ α ⇒ faceted anomalous.

(11)

α is the global roughness exponent, αloc is the local roughness exponent obtained from HHCF, and αs the spectral roughness
exponent deduced from the PS.

In our model, as hillocks appear, the surface looses its self-affinity and it is then expected that fluctuations at local and
global scales differ, given rise to the appearance of anomalous scaling. Since also it is possible to control the hillock stability
by simply varying the hillock apex etch rate, our model allows us to study how the dynamic scaling properties change as a
function of the density of hillocks and their average size. Resorting to the HHCF and PS, we studied the scaling properties as
the system changes from a smooth surface to a completely hillocked one.

5. Results and discussion

Slow-etching step sites and relatively stable hillock apices are needed for hillocks to form. Thus, kinksmust be the fastest
etching sites, and a value of 1 was adopted for their detachment probability. Step sites must be robust, and we explored dif-
ferent values for the detachment probability from them; the results presented here correspond to a probability p2 = 0.01.
Dynamic scaling exponents were obtained using Monte Carlo simulations varying the hillock apex stability p0. Fig. 3 shows
the etched profiles for several values of p0 with p2 = 0.01. It is possible to identify three types of surface morphologies. The
first one corresponds to p0 > 0.2, where the etched step morphology is relatively straight with few scattered hillocks of
very small size. As p0 is decreased (p0 < 0.2), the number of apices rapidly increases and hillocks start to be relevant. Thus,
the resulting surface morphology presents small hillocks separated by flat regions that we call valleys. This morphology,
in which hillocks form and coexist scattered on a surface of limited roughness, is regularly observed in silicon etching, as
observed in Fig. 1(b), andwe refer to it as pyramid-and-valley regime. As p0 is decreased even further hillocks become larger,
as apices have a lower probability to be removed, while etching continues at the valleys reducing their size to eventually
make them disappear given raise a completely texturized surface.

We systematically studied how the dynamic scaling properties of the system change as p0 decreases. In Figs. 4–6we show
the plots of the HHCF and PS for three values of the parameter p0, under steady-state condition, each one corresponding to
the above mentioned morphology types for L = 512. As it can be seen, for p0 = 0.5 the surface morphology is relatively flat
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Fig. 3. Simulated etch morphologies of a one-dimensional substrate with different etch rates for apex sites. The etching rate for kinks is always equal to
1 and the etching rate for step sites is always equal to 0.01. Morphologies correspond to different Monte Carlo times, from 104 for p = 0.5 to 2 × 106 for
p = 0.05 to guarantee steady state.

Fig. 4. (a) Height–height correlation function for p2 = 0.01 and p0 = 0.5, the slope, α, remains being close to that of the RSOSmodel (α ≈ 0.5). (b) Power
spectrum for p2 = 0.01 and p0 = 0.5, the slope, 2α + 1 ≈ 2, is consistent with the height–height correlation function (α ≈ 0.5).

Fig. 5. (a) Height–height correlation function for p2 = 0.01 and p0 = 0.05, the slope α ≈ 1. (b) Power spectrum for p2 = 0.01 and p0 = 0.05, the slope
2α + 1 ≈ 4 implies α ≈ 1.5. Following Refs. [24,25], these results correspond to a faceted anomalous scaling.

with a few hillocks of very small size. C(l) and S(k) curves, Fig. 4(a) and (b) respectively, have a single slope and from them
we obtain the same value of the roughness exponent αloc = αs = α = 0.47. This value is very close to that expected for
the Kim–Kosterlitz (KK) model (p0 = p1 = p2 = 1) α = 0.5. Despite the fact that p2 = 0.01, very different from the value
corresponding to the KK model, we checked that the change in the roughness exponent is due to the presence of apices as
for p0 = 1 the roughness exponent recovers the KK value. Since αloc = αs = α the system presents conventional scaling as
predicted by Family–Vicsek ansatz of Eq. (2).
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Fig. 6. (a) Height–height correlation function for p2 = 0.01 and p0 = 0.14. Two values for the slope can be distinguished: αloc ≈ 0.67 and α ≈ 0.35.
(b) Power spectrum for p2 = 0.01 and p0 = 0.14. As for the height–height correlation function, two slopes can be distinguished: αloc ≈ 0.81 and α ≈ 0.35.

At the other extreme, for p0 = 0.05where the system is almost completely texturized, both functions have a single slope
but different values αloc = 0.98 and αs = 1.49. This discrepancy between the values of the roughness exponent measured
using HHCF (αloc) Fig. 5(a) and PS (αs) Fig. 5(b) fits with a class of anomalous scaling initially termed as super-roughening
(αs > 1 → αloc = 1 and αs = α [24,25]). In our model, as p0 → 0, we measured αloc → 1, consistent with the results of
Ref. [12]. This is expected for a surface completely covered with hillocks with no valleys in between because αloc measures
the slope of the hillock sides, which is 1 for a perfect hillock under the RSOS condition. On the other hand, we also found
that αs → 1.5 for p0 → 0. Interestingly, the Fourier transform of a triangular pulse goes as k−4, which following Eq. (8),
implies αs = 1.5. The small differences between the limit values of αs and αloc with those obtained for p0 = 0.05 can be
attributed to the presence of small valleys and that the hillock slopes are not perfect, as seen in Fig. 3 in 1D and in Fig. 1(b)
in 2D. Using the anomalous scaling (AS) classification proposed in Ref. [25], these findings correspond to a faceted AS. In
Ref. [23], the hillocked morphology can be obtained using the KPZ model but the thermal noise is replaced by a quenched
columnar disorder whereas in our model, the observed faceting is consequence of local site-dependent etching since we
only included thermal noise.

For p0 = 0.14, C(l) and S(k) clearly show two slopes Fig. 6(a) and (b) respectively. These results indicate that the FV
ansatz as well as the AS are not adequate to describe the scaling behavior of the roughening in this type of behavior. Rough-
ness exponents obtained by HHCF and the PS present two different slopes which are not consistent with the FV or the AS
ansatz. Using the HHCF, at large distances the slope is 0.35 and at short distances the slope is 0.67, whereas using the PS they
are 0.35 and 0.81, respectively. We correlate these findings with those obtained in Refs. [10–13] where the presence of two
slopes can be associated with the appearance of a substructure such as grains of other type of features (hillock-and-valley
in our model) and the crossover length at which the slope changes is related to their average size.

6. Conclusions

We analyzed a simple etching model, in which the only process present is the removal of particles. The model is a one-
dimensional-RSOS reflecting the high stability of [112̄] steps sites in Si(111) vicinal surface.We found that varying the hillock
apices stability the dynamic scaling properties of the system changes from conventional to faceted anomalous scaling. In
passing from one type of scaling to the other one, there is an intermediate regime for which the currently scaling ansatz
cannot be applied to describe it. In this regime, the presence of a more than one slope in the HHCF and PS correlates with
the appearance of hillocks.
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