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We study the nano-pits formed during the etching of a SiO2 film by reactive Si islands at T � 1000 �C.

Combining low energy electron microscopy, atomic force microscopy, kinetic Monte Carlo simula-

tions, and an analytic model based on reaction and diffusion at the solid interface, we show that the

shape of the nanopits depend on the ratio R=xs with R the Si island radius and xs the oxygen diffusion-

length at the Si/SiO2 interface. For small R=xs, nanopits exhibit a single-well V-shape, while a double-

well W-shape is found for larger R=xs. The analysis of the transition reveals that xs � 60 nm at

T � 1000 �C. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921091]

Due to its great importance in modern micro- and nano-

electronics, the Si/SiO2 interface is one of the most studied

solid-on-solid interface, especially with the recent develop-

ment of Silicon-on-Insulator (SOI) devices that are based on

thin single crystalline Si film bounded to a SiO2 substrate.

The thermal stability of such Si/SiO2 film has been exten-

sively studied1–8 because the fabrication of microelectronics

devices requires several annealing steps. In this context, it

has been recently shown that the interface between three

dimensional Si islands and SiO2 is much more reactive than

the interface of a two dimensional Si film on SiO2.9 Indeed,

in that case, the interfacial reaction is expected to proceed in

three steps: (i) SiO2 decomposition at the interface, (ii) oxy-

gen diffusion along the interface, and finally, (iii) production

of volatiles SiO species at the island edge.9 The kinetics of

the interfacial reaction should thus depend on the quantity

L=xs, where L is the island diameter and xs the O diffusion

length at the interface.

In this paper we study the formation of nano-pits drilled

in a SiO2 film by the thermally activated reaction between Si

islands and an underlying SiO2 substrate. We show that a

careful analysis of the island motion and the shape of the pits

left by the reactive islands validates the above mentioned 3-

step scenario. More precisely we show that, depending on

the experimental conditions, two types of pit morphologies

can be found: single-well profiles or ring-shaped profiles

(which means V- or W-shaped radial profiles). Furthermore,

using an analytical model based on reaction and diffusion at

the solid interface and kinetic Monte Carlo simulations, we

show that the V-W shape transition occurs when L=xs is of

the order of unity.

We use SOI wafers fabricated by the Smart-cut process

of CEA-Leti (Grenoble, France). More precisely, we have

used two SOI wafers, thin SOI-20 (20-nm thick Si film

bonded to a 150-nm thick amorphous SiO2 on a Si wafer)

and thick SOI-145 (145-nm thick Si film bonded to a 1000-

nm thick amorphous SiO2 on a Si wafer). The SOI samples

have been prepared in ultrahigh-vacuum conditions follow-

ing the recipe described previously.10 The samples have

been studied in-situ by Low Energy Electron Microscopy

(LEEM) and characterized ex-situ by Atomic Force

Microscopy (AFM). The instruments, as well as the experi-

mental conditions, have been described elsewhere.13

The pits in the SiO2 layer have been generated in two

steps. In the first step, the SOI sample is annealed close to

800 �C. Due to its metastable nature, the Si film dewets and

agglomerates into an assembly of Si islands, as discussed in

details in Refs. 7, 8, and 12. In Fig. 1(a), a LEEM image of a

dewetting film is reported. During dewetting, the Si edge

recedes forming periodic elongated Si structures (called Si

fingers) that spontaneously break into small Si islands (dots

in Fig. 1(a)). In Fig. 1(b), we show an AFM image of the

final dewetted state in which the Si 3D crystals can be seen.

As already reported11 for a given temperature, the size of the

resulting 3D Si crystals increases when the initial film thick-

ness increases.

In Fig. 1(b), one may observe that a track is left by the

Si fingers before they break into 3D islands. These tracks

originate from the chemical reaction that occurs at the Si/

SiO2 interface under the Si fingers and are all the more deep

when the dewetting temperature is high and the reaction time

is long. For the lowest dewetting temperatures, tracks are not

observed.

In the second step, increasing further the temperature

(>900 �C) of the dewetted SOI sample activates the chemi-

cal reaction of Si islands with underlying SiO2 layers. In

FIG. 1. (a): LEEM image (E¼ 9 eV) of a 22-nm thick dewetting SOI film

(dark:Si, bright: SiO2). A dewetting front recedes and leaves behind it small

3D islands (white line: mean position of a receding h100i front, blue arrows:

direction of motion of the front). (b): AFM image of the dewetted film.

0003-6951/2015/106(19)/191601/5/$30.00 VC 2015 AIP Publishing LLC106, 191601-1
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Fig. 2, we show several sequences of LEEM images of

reacting Si islands. Figs. 2(a)–2(d) have been obtained from

the SOI-145 dewetted sample. In this case, the dewetted

state shows an assembly of islands with a quite large distri-

bution of sizes (island radius 800 6 200 nm). When the

interfacial reaction is thermally activated the Si islands

(dark zones on the bright silicon dioxide in Fig. 2) move,

shrink, and drill pits in the SiO2 film by chemical reaction (a

typical movie is given in supplementary material14).

In Fig. 2(a), all pits still contain a 3D island. The smallest

islands (dark arrows) continuously move until complete disap-

pearance (Fig. 2(c)). The largest islands (orange arrows in

Fig. 2(a)) exhibit a quite different behaviour since at the begin-

ning of the reaction they stay more or less immobile, shrink on

place then abruptly shift towards the edge of the pit they have

drilled (Fig. 2(c)). After this event, the islands move continu-

ously until complete disappearance. Notice that these moving

islands may split into two smaller islands (Fig. 2(d)) that con-

tinue to move and shrink until complete disappearance.

To be more quantitative, we have recorded the square dis-

placements of the center of mass of many Si islands. We can

thus distinguish two behaviors: the islands whose position con-

tinuously and randomly fluctuates (one can thus define the

mean square displacement (MSD) of an assembly of such

islands), and the islands whose motion is characterized by a

lag time before moving. This lag time varies from one island

to the other so that it is no more possible to define a meaning-

ful mean square displacement. In Fig. 2(e) are reported the

mean square displacement of small islands (Brownian motion)

as well as the simple square displacement of four large islands

characterized by four different lag times. The lag time corre-

sponds to the time the island needs to depin and move at

the periphery of the ring it has drilled in the SiO2 substrate. In

Fig. 2(f) is reported the size distribution of both populations

(motion with or without any lag time). It clearly appears that

the island motion depends on the island size and that two pop-

ulations of islands may be defined: a population of small

islands characterized by a Brownian motion and a population

of large islands characterized by a lag time. From Fig. 2(f),

we evaluate the transition to occur for an island radius of

450 6 25 nm.

Fig. 3 shows the SiO2 film morphology resulting from

complete disappearance of the Si islands. Since the mean

island size depends on the initial thickness of the Si film and

since the interfacial reaction ends when the Si islands have

been completely consumed, the depth of the etched pits

depends on the initial thickness of the film. Thus for SOI-20,

where the average diameter of the 3D Si islands is

300 6 100 nm, the mean depth of the pits is 100 nm whereas

for SOI-145 where the average diameter of the islands is

800 6 200 nm the mean depth of the pits is 300 nm.

Moreover, the shape of the pits clearly depends on the initial

island size. More precisely small islands (Brownian motion

during etching) have drilled single wells with a shape similar

to an asymmetric cone characterized by a V-shape along an

island diameter (Figs. 3(a) and 3(c)) whereas large islands

(with a lag time at the beginning of the etching) form ring-

shaped wells characterized by a W-shape along an island di-

ameter (Figs. 3(b) and 3(d)). Finally notice that, as reported

in our previous work,11 while the 3D islands shrink and form

pits, their mean projected area decreases linearly with time.

This observation indicates that the global consumption rate

of Si is proportional to the linear dimension of the islands,

and therefore to the length of the triple-line. Hence, the limit-

ing kinetic process in the reaction is probably localized at

the periphery of the island. However, in the framework of

the 3-step model depicted in the introduction, the width of

the etched zone should depend on the ratio L=xs.

In order to discuss the experimental results in more

details, we use KMC simulations with a Solid-on-Solid

(SOS) model with two height variables on a two-

dimensional square lattice. This model was already success-

ful in describing some of the features of the random motion

of nano-islands in the same system.11 Here, we show that it

also reproduces the main features of the V-W nano-pit shape

transition.

In the x direction, the lattice has a finite extension Lx

with periodic boundary conditions. The lattice constant a is

set unity. In the y direction, the system is infinite. We denote

an adsorbate as atom A instead of Si, and a substrate unit as

S instead of SiO2. At a site x, the A-S interface has a height

y ¼ hIðx; tÞ, on which is an A island with a height hAðx; tÞ.

FIG. 2. LEEM sequences showing pit

formation at T � 1000 �C. Images

(a)–(d): time sequence for SOI-145. The

dark (red) arrows indicate the smallest

(largest) islands. (e): linear MSD of

small islands that move continuously

(population 1) and SD of four islands

that form a ring before moving (popula-

tion 2) and are thus characterized by dif-

ferent lag times. (f): size distribution of

both populations.
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For simplicity, we assume first and second nearest neighbor

interactions between two adatoms, JAA1 ¼ J and JAA2 ¼ fJ,

respectively. The ratio f ¼ JAA;2=JAA;1 controls the anisot-

ropy of the crystal shape.11 An adatom A also interacts with

the first and the second nearest neighbor substrate units S

with interaction strengths, JAS1 and JAS2, respectively, with

JAS2=JAS1 ¼ f to reduce the number of free parameters. The

dimensionless number v ¼ JAS1=JAA1 defines the wettability

of the adsorbate to the substrate. For 0 < v < 1, the adsorb-

ate partially wets the substrate surface and forms an island.

Surface diffusion of adatoms is implemented via the

hopping of the topmost A atom to neighboring columns. The

adatom hopping rate is

WA ¼ �A exp �
X

i

niJi=kBT
� �

; (1)

where �A is an attempt frequency, summation runs over

i ¼ AA1, AA2, AS1, and AS2, ni is the number of i-th bonds

before hopping, T is the temperature, and kB denotes the

Boltzmann factor. In contrast, substrate atoms are assumed

to be frozen.

The presence of the reaction-diffusion process at the

interface is accounted for by means of four additional micro-

scopic processes. First, a S unit at the interface decomposes

in an A atom and emits two O atoms with a rate

WDC ¼ �DC e�m/=kBT ; (2)

where �DC is a constant, m is the number of lateral S-S bonds

before decomposition, and / represents the associated

energy change per bond. Second, the reverse oxidation rate

is WOX ¼ �DC. Remaining rates of oxygen diffusion along

the A-S interface and of evaporation of A and O atoms from

an island edge site are assumed constant for simplicity, and

set as WO ¼ �O; and WE ¼ �E, respectively.

In the following simulations, we choose kBT ¼ 0:4J; f
¼ 0:8, and v ¼ 1=2, so that the island is almost isotropic,

and its equilibrium shape is a semicircle. The interface

energy / is chosen to be rather large as / ¼ 1:5J to keep the

A-S interface smooth during the dynamics. In the following,

our reference time-scale will be the time sA of hopping of an

adatom at a surface kink site

sA ¼ ��1
A e2ð1þfÞJ=kBT : (3)

Using this time-scale, the interface decomposition frequency,

and the evaporation rate are chosen to be small �DC ¼ �E

¼ 0:1=sA, and oxygen interface diffusion �O ¼ 10=sA is large.

We have performed simulations starting from a semi-

circular island on a flat substrate. The initial radius is varied

from R0 ¼ 40a to R0 ¼ 100a. We observe a transition from a

V-shape with a single minimum for pits produced by small

islands, to a W-shape with two minima for pits produced by

large islands. The V-W transition is obtained around R0 � 80a.

Such a transition is similar to experimental observations.

However, in most KMC simulations, the islands do not split

in two small islands in the final of the process as observed in

experiments. This difference could be a consequence of the

two-dimensional nature of the KMC model.

In order to gain a better understanding of the origin of

the V-W transition, we use a simple analytical model based

on oxygen reaction-diffusion dynamics at the interface.

Following the same lines as in the KMC model, the evolution

equation of oxygen concentration CO at the interface follows:

@tCO ¼ DO@xxCO þ K0 � K1C2
O; (4)

where DO is an oxygen diffusion constant along the interface,

K0 is a rate of oxygen creation, which is twice the SiO2 decom-

position rate, K1 is the kinetic coefficient for the reaction of Si

oxidation. These coefficients can be related to the KMC model

as follows: K0 ¼ 2WDC; K1 ¼ WOX, and DO ¼ a2WO=2.

Since two oxygen atoms are emitted by SiO2 decompo-

sition which decreases the interface height hI, whereas two

O’s are consumed by the Si oxidation which increases hI, the

interface height profile hI is determined by the reaction as

@thI x; tð Þ ¼
1

2
�K0 þ K1C2

O

� �
: (5)

When O atoms reach the triple line at x ¼ L6, they com-

bine with Si to form SiO, which evaporates. In order to

describe this process, we use the condition

FIG. 3. AFM images of SOI-20 (a) and

SOI-145 (b). Corresponding character-

istic profiles are given in (c) for SOI-

20 and (d) for SOI-145.

191601-3 Leroy et al. Appl. Phys. Lett. 106, 191601 (2015)
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J6 ¼ 7DO@xCO ¼ �ECOðx ¼ L6Þ; (6)

where �E is the evaporation kinetic coefficient defined above,

and J6 is the O flux to the triple lines.

Finally, global mass conservation reads

dN

dt
¼ � 1

2
Jþ þ J�ð Þ; (7)

where N is the total number of Si atoms in the island. The

factor 1/2 accounts for a fact that the evaporation of one SiO

corresponds to a decrease of 1/2 Si atom in the island; 1
2

Si

þ 1
2

SiO 2 ! SiO ".
We now wish to grasp the main qualitative behavior of

the solutions of the model by making some additional

assumptions. First, we assume the x! �x symmetry, with

Lþ ¼ �L� ¼ L=2. In addition, we make the following sim-

plification: we assume that the interface profile exhibits

small slopes as compared to the island shape. Moreover, we

assume that the island profile stays close to the Wulff-

Kaishew equilibrium profile with a fixed contact angle h, and

we have N ¼ L2f ðhÞ=X. If the surface is isotropic, the con-

tact angle is simply related to the KMC model parameters

via cos h ¼ 2v� 1, and the equilibrium shape is a portion of

circle, leading to

f hð Þ ¼ h� sin h cos h

4 sin2h
: (8)

Finally, we assume that the O concentration is close to

the equilibrium concentration of oxygen at the interface

Ceq ¼ ðK0=K1Þ1=2
. We therefore linearize the model for

small concentration deviations dCO ¼ CO � Ceq. The linear-

ized diffusion equation (4) can then be solved exactly. The

interface shape under the island for jxj < LðtÞ=2 reads

hI x; tð Þ ¼ �
f hð Þ
2xs

cosh
x

xs

� �ðL tð Þ

L0

LdL

sinh L=2xsð Þ ; (9)

where L0 is the initial extent of the island-substrate interface.

Once the island edge passes the position x, the interface

height hIðxÞ is frozen. Therefore, the final frozen surface pro-

file hSðxÞ of the nanopit when jxj > LðtÞ=2 in the presence of

the island, and for all x once the island has completely disap-

peared is

hS xð Þ ¼ � f hð Þ
2xs

cosh
x

xs

� �ð2x

L0

LdL

sinh L=2xsð Þ : (10)

As in the KMC simulations and in the experiments, two

types of a final nano-pit profiles can be identified. First, for

small initial island sizes, when L0 � xs, a pit has a conical

V-shape profile

hSðxÞ ¼ f ðhÞðL0=2� jxjÞ: (11)

In the opposite limit of large islands, where L0 � xs, a

pit has a W-shaped profile

hS xð Þ ¼ 2f hð Þ L0

2
þ xs

� �
e jxj�L0=2ð Þ=xs � jxj þ xsð Þ

� �
; (12)

with two minima close to the triple-line at

jxminj ¼
L0

2
� xsln 1þ L0

2xs

� �
: (13)

This leads to one of the main conclusion of our analysis: the

pits exhibit a transition from a V-shape to a W shape profile

when increasing the initial island size L0.15

We have compared these results with the KMC simula-

tions. The island profile is reconstructed by adding the island

height to the substrate profile. The morphologies are strik-

ingly similar, with a V-W transition observed in both cases

as the island size increases, as shown in Fig. 4. However, the

simulations indicate an asymmetric island shape in the late

stages, which is not accounted for in the reaction-diffusion

model.

The numerical solution of the reaction-diffusion model

with h ¼ p=2 indicates a crossover for L0=2xs � 5:6 in

Fig. 4(b). This is not in quantitative, but in good qualitative

FIG. 4. (a) Superimposed snapshots of

KMC simulations of the island (red

line) and nano-pit (green line) profiles

for various values of the Si island

radius. Model parameters Lx¼ 256,

�0 ¼ 10=sA; �E ¼ 0:1sA, / ¼ 1:5 J,

and kBT ¼ 0:4J, leading to xs � 27.

The V-W transition appears for

R0=xs � 2:9. (b) Reaction-diffusion

model for different island sizes (from

top to bottom R0 ¼ 2; 4; 8 (arbitrary

units)). The shaded (orange) area rep-

resents the Si island at different times,

and the lower curve is the final corre-

sponding nano-pit shape. Reaction-

diffusion model parameters: KO¼ 1,

K1 ¼ 1, DO¼ 1, and h ¼ p=2, leading

to xs ¼ 2�1=2 � 0:707. The transition

is observed for R0 � 4, i.e., R0=xs

� 5:6.

191601-4 Leroy et al. Appl. Phys. Lett. 106, 191601 (2015)
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agreement with the simulations in Fig. 4(a), which indicate a

crossover at L0=2xs � 2:9.

As a conclusion, in spite of crude assumptions, the good

qualitative agreement between the models and the experimen-

tal results validate the 3-steps scenario of interfacial reaction

between a 3D Si island and its underlying SiO2 substrate. As

initially suggested, the quantity L0=xs plays a great role on

the kinetics of the reaction and thus on the pits the Si islands

etched in the underlying SiO2 substrate. Moreover, the exper-

imental V-W pit shape transition is recovered in both models

and enables to estimate that the transition roughly takes place

for L0=2xs � 3 to 6 (at least in a 1D scheme). Extrapolating

this result to our 3D experimental case we can estimate that,

at T � 1000 �C, xs � 40 to 80 nm.

The work was supported by ANR-13-BS04-0004-02

Grant. We thank O. Kononchuk (SOITEC company) and J.

C. Barb�e (LETI-Grenoble) for providing us SOI samples.
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