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Self-organizing nanochannel networks in periodically perforated semiconductor films

R. K. Annabattula and P. R. Onck*

Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747 AG, Groningen, The Netherlands
(Received 4 February 2011; revised manuscript received 26 April 2011; published 2 August 2011)

In this paper we theoretically analyze the mechanism of nanochannel formation by an evolutionary etching
process in periodically perforated semiconductor films. The compressive stresses due to lattice mismatch of
the epitaxially grown nanoscale films are gradually relaxed; leading to an evolutionary buckling process. We
quantitatively analyze the mechanics of wrinkle evolution around an isolated etch-pit, and a predictive tool to
determine the edge-to-corner channel transition is developed. The buckling wavelength increases with increasing
etch depth until the etch fronts of neighboring etch-pits merge and multiple channels coalesce. The effect of
various system parameters such as etch-pit size, periodicity, and film thickness on the channel morphology has
been studied and compared with experimental results. The good agreement provides insight into the physical
mechanisms that govern the complex interplay during evolutionary etching and channel formation.

DOI: 10.1103/PhysRevB.84.054101 PACS number(s): 68.55.J−, 68.60.Bs

I. INTRODUCTION

The buckling and wrinkling of materials are ubiquitous
in everyday life, from human skin to dried vegetables and
fruits.1 Despite the complexity of such patterns in natural
systems, many technological applications of wrinkled surfaces
in microsystems and nanosystems have been realized in recent
years. Such applications include smart adhesives,2 cellular
engineering,3 optical gratings,4 measurement of elastic moduli
of thin films,5 marine antifouling,6 fabrication of bendable
electronics,7 and microfluidic large-scale integration.8 Owing
to the numerous technological applications of patterned
surfaces, the development of nonconventional methods of
fabrication that circumvent the limitations of conventional
lithography9 has become an important field of research.
Bowden et al.10 demonstrated a promising methodology
based on the controlled buckling of prestressed thin films
on compliant substrates. Since then, buckling has been often
employed to induce regular patterns on planar surfaces, either
by buckling of stiff films on compliant substrates or by
buckle-driven delamination of films on stiff substrates. A new
approach of controlled buckling was reported some years ago,
based on the partial release and bond-back of prestressed
thin films on rigid substrates.11–13 From a theoretical point
of view, a thorough understanding of the mechanisms of
wrinkle formation is not only useful for a better design of the
buckling-induced morphologies, but also to prevent buckling
at the nanoscale in the case of prestressed multilayer architec-
tures in nano-electromechanical and micro-electromechanical
systems.14 While theoretical studies of wrinkle/buckle forma-
tion of prestressed films on rigid and compliant substrates has
been reported by many researchers,1,7,15–21 the understanding
of buckle patterns based on the “release-and-bond-back”
mechanism is only starting to emerge.11–13,22–24

Recently, a new class of nanochannel networks was
reported13 in which InGaAs films were grown on a GaAs sub-
strate separated by an AlAs sacrificial layer. Using lithographic
techniques, periodically spaced holes were introduced into the
film that were used as etch-pits, allowing the etching solution
to gradually etch away the sacrificial layer starting at the pit
locations. The spatially nonuniform etching process resulted
in ordered networks of nanochannels whose morphology can

be controlled by the size, shape, and spacing of the etch-pits.
Two important aspects set these results apart from the previ-
ously studied linear networks.12,23 First, the two-dimensional
patterning introduced spatially nonuniform stress distribution
in the plane of the film, which is absent in the one-dimensional
formation of linear channels. Second, a strong interaction
between the film and the substrate was observed to be present
in the InGaAs film system, unlike the previously studied
SiGe system.12,23 As a result, the continuous film-substrate
interaction needs to be accounted for during the evolutionary
etching process of the AlAs system. The aim of this paper is to
numerically simulate the above-mentioned evolutionary etch-
ing process and to study the influence of the system parameters
(e.g., etch-pit size, spacing, and film thickness) on the channel
morphology.

The outline of the paper is as follows. In Sec. II, we
describe the finite-element model to study the evolutionary
etching process and the simulation procedure. In Sec. III A
we investigate the buckling strain of an isolated single etch-
pit and study the influence of various system parameters
on the critical buckling strain. In Sec. III B we study the
evolutionary etching process for an isolated single etch-pit.
Next, in Sec. III C, we study the evolution of channels in a
film with periodically placed etch-pits and their interaction.
Finally, in Sec. IV, we summarize the results and draw
conclusions.

II. MODEL AND SIMULATION PROCEDURE

In this section, we describe the model to study the
nanochannel network formation based on the concept of
evolutionary etching in the InGaAs film system.13 We refer
to the process as “evolutionary etching” as the sacrificial layer
is gradually removed from the periphery of the etch-pit during
the channel evolution. Figure 1(a) shows a schematic of the
initial configuration of a 3 × 3 film array of etch-pits with
an etch-pit size W and periodicity (spacing) P . Figure 1(b)
shows a zoomed-in view of a unit cell [shown as a dashed
white square in Fig. 1(a)] of the system. Figure 1(c) shows
the partial removal of the sacrificial layer over a distance
Le, allowing the film to release its eigenstrains by forming
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FIG. 1. (Color online) Schematic showing the process of evolutionary etching: (a) Initial configuration of a 3×3 array of etch pits,
(b) zoomed-in view of a unit cell [highlighted by the white square in (a)] of the 3×3 array, (c) profile of the film after the release of eigenstrain
in a single-etch-pit (outer boundary constrained) due to the etching of the sacrificial layer up to an etch width of Le.

wrinkles. In this paper, we explore how the periodicity (P ),
size of etch-pit (W ), and the film thickness (t) influence the
channel morphology for both the single- [Figs. 1(b) and 1(c)]
and multi-etch-pit [Fig. 1(a)] systems. The thickness of the
sacrificial layer is tsl.

The process of channel formation can be described in
three steps: (i) InGaAs film is grown epitaxially on a
sacrificial layer (AlAS) covering a GaAs substrate during
which eigenstrains ε∗ are induced in the film due to the
lattice mismatch between the film and the sacrificial layer.
Then, holes of size W with a periodicity P are introduced
into the InGaAs film by photolithography to be used as etch
pits during later stages. (ii) The system is placed in an etchant
solution (hydrofluoric acid) such that the solution entering
through the etch-pits gradually removes the sacrificial layer.
The removal of the sacrificial layer allows the otherwise
constrained film to release its eigenstrain ε∗ by buckling,
forming wrinkles as shown in Fig. 1(c). The etch width Le

gradually increases until the sacrificial layer is completely
removed. This is called the release stage. (iii) After the
release phase, the system is left for drying during which the
film bonds back to the substrate, freezing in a final channel
morphology.

Using von Karman nonlinear plate theory, the total strain in
the film can be written as the sum of three contributions: ε =
εstr + εrot + εbend.25 The first term, εstr, is the strain caused by
the in-plane stretching of the material, the second term, εrot, is
the contribution caused by the out-of-plane displacement w,
and the third term, εbend, is the contribution due to bending.
The coefficients of the strains with respect to a Cartesian frame

in the X-Y plane [see Fig. 1(a)] are

εstr
ij = 1

2

(
∂ui

∂xj

+ ∂uj

∂xi

)
, εrot

ij = 1

2

∂w

∂xi

∂w

∂xj

,

(1)

εbend
ij = −z

∂2w

∂xi∂xj

= −z χij ,

where ui are the in-plane displacements and w is the out-of-
plane displacement. For the constitutive behavior of the film,
we assume that the total strain consists of an elastic part εel

and an eigenstrain part εeig: ε = εel + εeig, with the eigenstrain
given by

ε
eig
ij = ε∗δij , i = 1,2, j = 1,2, (2)

δij is the Kronecker delta. The film is in a state of plane stress
(σ13 = σ23 = σ33 = 0) so that the coefficients of the stress σ

in the film are given by

σij = E

1 + ν

(
εel
ij + ν

1 − ν
εel
kkδij

)
, (3)

where i = 1,2, j = 1,2, E is Young’s modulus, and ν is Pois-
son’s ratio of the film. To mimic the complex interplay between
the film and substrate during the evolutionary etching and
drying, we assume a phenomenological interaction relation
that consists of a short-range repulsive part and a long-range
attractive part, also often employed for van der Waals-type
interactions. For this we use a nonlinear traction-separation
relation given by26

Tn = σmax
wn

δn
exp

(
1 − wn

δn

)
, (4)
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where Tn is the normal traction, wn is the normal separation,
and σmax is the maximum normal traction attained at the critical
normal opening δn. The cohesive energy per unit area is equal
to � = ∫

wn
Tn dwn = σmaxδn exp(1).

We use the finite-element method27 to solve the boundary-
value problem described above and study the mechanism of
wrinkle evolution during etching. The film is modeled using
four-noded shell elements (S4) and the substrate is modeled as
a rigid surface. To mimic stage (i) of the experimental process
(see Fig. 1), we initially constrain the film, during which the
eigenstrains are applied. A compressive biaxial stress state
develops in the film. Next, a set of nodes within a distance of
Le from the etch-pit periphery is released (i.e., their boundary
conditions are redefined to be free while all other nodes are still
constrained), thus allowing the film to release its eigenstrains.
As a result, the film buckles into a wrinkled configuration to
accommodate the “extra skin” due to the released eigenstrains.
This process is continued with small increments of Le until
the sacrificial layer is completely removed or, in other words,
until all the nodes of the film are released. The interaction
between the film and the substrate is modeled through the
normal traction-separation relation law given by Eq. (4). The
same traction-separation law is used to prescribe the nonuni-
form traction during the bond-back process. During evolution-
ary etching we use a normal contact between the film and
substrate with rough friction, while during bond-back a “no-
separation” contact condition is employed. The simulations
are carried out using an explicit dynamic solution procedure
to overcome the local instabilities. Each incremental release
step results in a sudden jump in kinetic energy of the system.
The system is given sufficient time for relaxation in each step
to reduce the kinetic energy to zero. To speed up this process
we use mass-proportional damping.28 A similar procedure as
described above is used in Annabattula et al.23 and Annabattula
and Onck,24 to which the reader is referred for details.

III. RESULTS AND DISCUSSION

In this section, we present the results of the simulations
carried out and compare the results with the experimental
channel morphologies. In Secs. III A and III B we study
the wrinkle evolution around a single etch-pit for different
combinations of W , P , and t [see Figs. 1(b) and 1(c)]. In
Sec. III A we carry out a buckling analysis to obtain the initial
buckling strain and analyze the effect of a finite fillet radius.
We also compare the buckling strain of the current boundary-
value problem with two limiting cases studied before.23,24

In Sec. III C we study the evolution of wrinkles in a 3×3
pit array [see Fig. 1(a)] and compare the simulated channel
morphologies with experimental results. All simulations are
carried out using E = 80 GPa, ν = 0.32, a sacrificial layer
thickness tsl = 80 nm, and an eigenstrain ε∗ = 1.4% conform
the experimental setup.

A. Buckling analysis

In this section, a buckling analysis of a single-etch-pit
[see Fig. 1(b)] will be carried out to investigate the effect
of the system parameters on the critical buckling strain. The
boundary-value problem described above can be identified as

an intermediate problem between two limiting cases, i.e., a
clamped square plate24 and a linear channel.23 When the size
of the pit W is very small compared with the size of the
film P the boundary-value problem approaches that of the
clamped square plate, while for large values of W , the etch
depth (P − W )/2 is much smaller than W and the solution
approaches that of the linear channel. In the following, we
study how the critical buckling strain evolves for different
combinations of the system parameters and compare the
results to the two mentioned limiting cases. Figure 2(a) shows
(symbols) the buckling strain (εcr ) of a film with dimensions
W , P , and thickness t , normalized with the buckling strain
of a film without an etch-pit, i.e., W = 0, corresponding to a
clamped square film of size P which has a buckling strain,
given by24

εcr
s = 5.3π2

12(1 + ν)

(
t

P

)2

. (5)

Figure 2(a) clearly shows that the buckling strain converges to
Eq. (5) (see dashed line) when the pit size W reduces to zero.
The solid line in Fig. 2(a) shows the buckling strain of a linear
channel given by23

εcr
l = 1.28π2

12(1 − ν2)

(
t

Le

)2

, (6)

with Le = (P − W )/2. Indeed, for large values of W relative
to P , the results converge to Eq. (6).

The results of Fig. 2(a) correspond to square etch-pits with
sharp corners. However, as a consequence of the lithographic
production process, the corners are somewhat rounded, with
a finite radius R [see inset of Fig. 2(b)]. Figure 2(b) shows
the effect of fillet radius R on the critical buckling strain εcr

R

of a film with W = 2.5 μm, P = 4 μm, and t = 20 nm. The
results are normalized with the buckling strain of the film
with zero fillet radius (εcr

0 ) and are plotted against the
normalized fillet radius R/W . It can be clearly seen that the
buckling strain reduces with an increase in fillet radius. This
can be attributed to the reduction in the stress concentration
at the corners, which smoothes out the stress state, making it
easier for the system to buckle in a low-energy mode. This
observation is also consistent with the results of Fig. 2(a),
where a decrease in buckling strain is observed with a decrease
in etch-pit size when the system makes a transition from
the high-energy buckling mode of multiple wavelengths to
the low-energy mode of a smooth single-wavelength dome
(see Ref. 24).

B. Evolution of channels around a single-etch-pit

In this section, we present the results for the evolution
of wrinkles during the evolutionary etching process [i.e.,
the release stage (ii)] for a unit cell [Fig. 1(b)] of a large
film with periodically perforated etch-pits. The four edges
on the outer boundary of the film are constrained while
the four edges of the etch-pit are stress free, similar to the
previous section. Figure 3 shows the evolution of wrinkles in
a square film with an etch-pit size W = 3 μm, a periodicity
P = 4 μm, and thickness t = 20 nm for two values of the
etch width: Le = 0.3 μm [Figs. 3(a) and 3(c)] and Le =
0.707 μm (Figs. 3(b) and 3(d)). Figures 3(a) and 3(b) show the
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FIG. 2. (a) Normalized buckling strain (εcr/εcr
s ) as a function of normalized film size [(P − W )/P ], (b) normalized buckling strain (εcr

R /εcr
0 )

as a function of normalized fillet radius (R/W ).

evolution of buckles in the film without interface interaction
between the film and the substrate. The contours in the
figures show the out-of-plane position z of the film normalized
with H ∗ = 120 nm. The position z = 0 corresponds to the
substrate and z = 80 nm to the initial position of the fully

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
z̄ = z/H∗

Le = 300 nm

(a)

Le = 707 nm

(b)

R = 600 nm

(c) (d)

FIG. 3. (Color online) Evolution of wrinkle wavelength during
the process of evolutionary etching for a film with W = 3 μm, P =
4 μm, and t = 20 nm (a), (b)without and (c), (d) with rounded corners.
The contours show the normalized out-of-plane position (z̄ = z/H ∗)
of the film with H ∗ = 120 nm. The corresponding etch widths (Le)
are (a), (c) 300 nm and (b), (d) 707 nm, respectively.

constrained film. The maximum etch width in this case is√
2(P − W )/2 = 0.707μm (distance from the etch-pit corner

to film edge corner) which is considerably smaller than the
size of the etch-pit (3 μm), and hence the evolution of wrinkle
wavelength resembles the evolution in the case of linear
channels.23 Indeed, the wavelength and the buckling amplitude
increases as the etch width increases. Next, we study the same
case but now in the presence of interface interaction during
the evolution process (results not shown). For this we use an
interfacial energy of 0.01 J/m2 (corresponding to δn = 10 nm
and σmax = 0.37 MPa). In Fig. 4(a) we plot the z profile along
the etch-pit boundary at the end of complete relaxation (i.e.,
Le = 0.707 μm) with (solid) and without (dotted) interface
interaction. It can be observed that the height and depth of
wrinkles in the corners is larger than along the edges, for
both cases. The number of wiggles is slightly lower for the
case with interface interaction, but the profiles do not show a
significant difference. In Fig. 4(b) we analyze the effect of the

Etch-pit length

z
(μ

m
)

0 3 6 9 12
0

0.05

0.1

0.15

0.2
No Interaction
Interaction

edge 4edge 1 edge 2 edge 3

(a)

Etch-pit length

z
(μ

m
)

0 3 6 9 12
0
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0.1

0.15

0.2
20 nm
10nm

edge 4edge 1 edge 2 edge 3

(b)

FIG. 4. (a) Out-of-plane position z of the film (P = 4 μm) plotted
along the periphery of the etch-pit (W = 3 μm) for a film thickness
of 20 nm with and without interaction. (b) Out-of-plane position z

of the film (P = 4 μm) plotted along the periphery of the etch-pit
(W = 3 μm) with interaction for different film thicknesses. Both
cases correspond to R = 0.
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(a)

Le = 1070 nm

(b)

Le = 1250 nm

(c)

(d) (e) (f)

FIG. 5. (Color online) Evolution of wrinkle wavelength during
the process of evolutionary etching without interface interaction for
a film of W = 1.5 μm, P = 4 μm, and t = 20 nm without (top row)
and with (bottom row) rounded etch-pits of fillet radius 300 nm. The
contours show the normalized out-of-plane position (z̄ = z/H ∗) of
the film with H ∗ = 220 nm (see Fig. 3 for legend).

film thickness in the presence of interface interaction. For the
thinner film (t = 10 nm) it can be clearly seen that the entire
film bonds to the substrate due to the lower bending stiffness.
It can also be observed that the wavelength of the wrinkles of
the thinner film is much smaller than for the thicker film, due to
the quadratic dependence of wavelength on film thickness.23

In Figs. 5(a)–5(c) we show the evolution of the wrinkle
profile for a unit cell of a pit array with the same spacing
(periodicity P = 4 μm), but with a smaller pit size, W =
1.5 μm. Initially, for smaller etch widths Le, multiple waves
develop as in Fig. 3, but as the etch width increases, the number
of waves decreases until the wavelength equals the width of
the etch-pit and the evolution process saturates. Clearly, at the
maximum etch width Le a completely different wave pattern
has developed, consisting of corner buckles compared with
the edge buckles in the case of large etch-pit sizes (Fig. 3).
To investigate the effect of a nonzero fillet radius, we have
repeated the calculations of Figs. 3 and 5 for rounded etch-pits
with a fillet radius R of one fifth of the etch-pit size, R = W/5,
shown in Figs. 3(c) and 3(d) and 5(d)–5(f). The introduction
of a fillet reduces the stress concentration at the pit corner,
smoothing out the stress distribution along the pit periphery.
As a result, we can observe a slight decrease in the total number
of waves along the periphery and a more prominent presence
of the waves located in the corners, having a somewhat
larger wavelength. In Fig. 6(a) we quantitatively compare
the wavelength as a function of etch width for the small and
large etch-pit sizes shown in Figs. 3 and 5, with and without
rounded corners. In the initial stages of wrinkling (i.e., at small
Le), the number of wrinkles can vary, somewhat depending
on fillet radius for the small pit size, but is approximately
the same for the larger size. We also observe a plateau in
the wavelength for large Le for both the etch-pit sizes, with
wavelengths slightly smaller for the rounded etch-pits due to

Le (μm)

λ
(μ

m
)

0.2 0.4 0.6 0.8 1 1.2 1.40.6

0.8
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1.4

1.6

1.5/4
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3/4
3/4, rounded

(a)

1.5/4, t
3/4, t
3/4, t
3/5, t
2/10, t
4/14, t

ε*Le
2/t2

λ/
L

e

0 60 120 1800

1

2

3

4

linear channels

(b)

FIG. 6. (a) Effect of fillet radius R on the wavelength (λ) of the
wrinkles plotted as a function of the etch width during the evolution
for films of W =1.5 μm and 3 μm for a spacing of P = 4 μm
and thickness t = 20 nm. (b) Comparison of normalized wavelength
λ/Le with the master curve for linear channels23 for different W and P

combinations. The numbers in the legend correspond to W/P for each
case (in μm) shown in symbols, and the subscript of t corresponds to
the thickness of the film in nm.

the smaller circumference of these pits. In the case of W =
3 μm, the plateau is reached as the etch width is approaching
the boundary of the film, while in the case of W = 1.5 μm
the plateau symbolizes the transition from edge wrinkling to
corner wrinkling. Once the corner wrinkles set in there is no
further increase in wavelength around the etch-pit boundary,
but we can observe a secondary buckling29 effect at the film
boundary, as also observed in linear channels [see the buckles
in the encircled region in Fig. 5(f)]. Note the drop in the
wavelength for the film W = 1.5 μm and P = 4 μm with
sharp corners in Fig. 6(a). This is due to the presence of
edge buckles in the system which were not prominent in
their amplitude until Le=1.25 μm [see Figs. 5(b) and 5(c)].
Next, we study the wavelength variation with increase in Le

for all the film geometries studied in this paper in Fig. 6(b).
As mentioned already, the wrinkles start as edge wrinkles,
similar to the linear channel case, when the etch width Le

is still small compared with the etch-pit size W . Hence, we
can compare the results of the present simulations with the
master curve obtained for the wavelength evolution in linear
channels, studied earlier.23 Figure 6(b) shows the normalized
wavelength λ/Le plotted as a function of the nondimensional
parameter ε∗L2

e/t2. The solid line shows the linear channel
case corresponding to the situation in which the etch-pit size
W is much larger than the etch width Le and thickness t .
The symbols in the figure correspond to different geometries
(with different Le), showing good agreement with the linear
channel prediction in the small Le range and deviating from the
curve with an increase in etch width Le. Another influencing
parameter on the wrinkle morphology is the ratio of λ/W .
For a small λ/W value the system approaches a linear
channel solution, but for higher ratios the system much closer
resembles the configuration of a clamped plate with a small
hole (see Sec. III A). As a result, the system goes through a
transition from edge wrinkles (λ/W < 1; see Fig. 3) to corner
wrinkles (λ/W = 1; see Fig. 5). Hence, the identification
of that combination of parameters W , P , and t for which
the system goes through an edge-to-corner buckle transition
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FIG. 7. (Color online) (a) Influence of film geometry on edge-to-
corner buckle transition for an eigenstrain of 1.4%. The region in light
gray corresponds to the ”edge-buckle” regime, while the region in red
and blue corresponds to the ”corner-buckle” regime. The data points
correspond to the hole sizes W = {1,1.5,2,3} μm and periodicities
P = {4,5} μm. (b) Effect of eigenstrain ε∗ on the edge-to-corner
transition.

would be of interest for the design of channel morphologies.
Figure 7(a) shows the region of data points obtained from
the master curve for linear channels [solid line in Fig. 6(b)]
for different combinations of W/P and W/t values for an
eigenstrain of 1.4%. For each combination of W , P , and t

we calculate Le = (P − W )/2 and use t and ε∗ to obtain λ

from the master curve. The red region corresponds to λ > W

(corner/diagonal buckles) while the gray region corresponds
to λ < W (edge buckles). Also plotted on Fig. 7(a) are the data
points of various W,P,t values used in the simulations. When
the simulations show edge buckles, an open symbol is used,
and when corner buckles are observed, closed symbols are
used. Clearly, the theoretical prediction based on the master
curve nicely agrees with the simulations. It is interesting to
observe that for W = 1.5 μm, P = 4 μm, and t = 20 nm
the data point (open circle at W/P = 0.375 and W/t = 75)
lies just on the boundary of the transition region. This data
point corresponds to the simulation results shown in Fig. 5 in
which the film with sharp etch-pit shows edge buckles as well
as corner buckles. For rounded etch-pits the edge buckles are
absent, pushing this case fully in the corner-buckle regime and
conforming the theoretical prediction. It should be noted that
the edge-to-corner transition is based on the results for linear
channels. As a result, for small values of W/P (W/P < 0.3)
the transition to edge buckles does not occur, as confirmed
by the simulations. Instead, the system shows a pronounced
secondary buckling propagating from the edges to the center
of the film while the overall buckle pattern still remains in
a corner-buckle configuration. This regime is identified in
Fig. 7(a) as a separate region in blue. We have also added two
data points for large thickness (triangles). The filled triangle
corresponds to W/P = 0.5, W/t = 40 with a film thickness of
50 nm [i.e., t50 in Fig. 7(a)], and the open triangle corresponds
to W/P = 0.6, W/t = 40 with a film thickness of 75 nm (t75),
clearly demonstrating the corner-to-edge transition at large
values of W/P and small values of W/t , as well. Figure 7(b)
shows the lines of edge-to-corner buckle transition for different
values of eigenstrain. For a given W/P and W/t combination,
an increase in eigenstrain increases the edge-buckle region

relative to the corner-buckle region, which is due to the fact
that the wavelength decreases with increasing eigenstrain.

C. Evolution of channels in multi-etch-pit systems

In this section, the process of channel formation in a 3 × 3
etch-pit array [see Fig. 1(a)] will be studied. In particular, we
carry out simulations for different combinations of W , P for
thicknesses t of 10 and 20 nm. In the previous section, we
analyzed only one unit cell with fully constrained boundary
conditions all around. In this section, we will relax these
conditions and analyze the linking of individual unit cells
when the etch fronts of individual unit cells meet. Here, the
interaction between the film and the substrate is essential, as
we will show in the following. Figure 8 shows the evolution
of wrinkles in a 3 × 3 pit array with P = 5 μm and different
etch-pit sizes and film thicknesses W = 4 μm, t = 20 nm
(left column), W = 2 μm, t = 20 nm (middle column), and
W = 2 μm, t = 10 nm (right column). The fillet radius in
all cases is R = 800 nm. As explained in Sec. II, initially
the film is fully constrained and an eigenstrain of 1.4% is
applied, introducing a compressive equibiaxial stress state
in the film plane. Then, the evolutionary process is started
from the etch-pits as in Sec. III B. At a junction of four
etch-pits in the upper-right corner of each figure, the current
etch-front position is depicted by means of a black region,
indicating that in this region the sacrificial layer is still intact
and thus the film is still fully constrained. The figures in the
last row correspond to complete removal of the sacrificial
layer. Figure 8(a) shows the contour plots of the out-of-plane
position z of the film normalized with H ∗ = 150 nm in the
presence of interaction before the etch fronts meet. It can
be observed that the evolution of buckles around individual
etch-pits is similar to the single-hole simulations shown in the
previous section as there is no interaction between the buckles
of the neighboring etch-pits due to the constrained region in
between. Figure 8(d) shows the buckle morphology after the
merger of the etch fronts of neighboring unit cells. Note that
the film is not completely released as some portion of the
sacrificial layer is still intact (see the etch-front position in
the inset). During the moment the final strip of sacrificial
layer is removed between neighboring unit cells, multiple
buckles collapse into one buckle connecting the neighboring
etch-pits. This is due to the sudden removal of the boundary
constraint that is responsible for the typical linear channel
morphology (see also Annabattula et al.23). Figure 8(g) shows
the configuration at the end of the release process when all
the film nodes are free, except the outer film boundary. It can
be clearly seen that the system shows a well-defined channel
formation. We proceed by analyzing a situation in which the
etch-pit width is considerably reduced (W = 2 μm), but for the
same periodicity (P = 5 μm) and fillet radius (R = 800 nm),
as shown in Fig. 8(a). We analyze two values for the film
thickness: t = 20 nm and a smaller thickness t = 10 nm.
Three instances during the etching process are depicted in
Fig. 8 for t = 20 nm (middle column) and t = 10 nm (right
column). The inset at the upper-right junction again shows the
current (still intact) state of the sacrificial layer. In Figs. 8(b)
and 8(c) it can be observed that the wavelength is smaller
for the smaller thickness, conforming the scaling of the linear
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FIG. 8. (Color online) Contour plots of the normalized out-of-plane position (z̄ = z/H ∗) for films of dimensions (a), (d), (g) W = 4 μm,
P = 5 μm, and t = 20 nm; (b), (e), (h) W = 2 μm, P = 5 μm, and t = 20 nm; (c), (f), (i) W = 2 μm, P = 5 μm, and t = 10 nm. The fillet
radius of the etch-pit R = 800 nm for all the cases. The value of H ∗ is equal to (a) 150 nm, (d), (g) 300 nm, and (b), (c), (e), (f), (h), (i) 340 nm.
The dark region in the inset at the junction of four etch-pits at the upper-right corner shows the sacrificial layer still being intact.

channels, as shown by the master curve in Fig. 6(b). The t =
10 nm film has bonded to the substrate in the region where
the sacrificial layer has been etched away [see Fig. 8(c)].
However, for the t = 20 nm film, around three etch-pits the
released regions have buckled up [Fig. 8(b)], while in other
regions the film has collapsed to the substrate, similar to the

smaller-thickness film. These observations are in accordance
with the results shown in Fig. 4(b), where the thinner films
are much more susceptible for bonding to the substrate due
to the lower bending stiffness of the film. When the etching
fronts meet [see Figs. 8(e) and 8(f)], the number of waves
drastically reduces when the released wrinkles collapse. It can
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be observed that there is a strong direct interaction between
the etch-pits in the vertical and horizontal directions for
t = 20 nm, but that for the t = 10 nm film diagonal (“corner”)
interactions are also present. These interactions are still present
in the final channel morphology (bottom row), showing that
straight channels are formed, connecting the etch-pits along
the shortest distance for thicker films, while for thinner films,
a strong tendency can be observed for diagonal channels to
form.

We have also carried out the above simulations in
the absence of interface interaction. In that case, the
film lifts off completely and buckles conform the mode-
I buckling configuration, forming a dome; see, e.g.,
Annabattula and Onck.24 This phenomenon is central to
the formation of channels in these perforated film sys-
tems, exemplifying the necessity of having a rather pro-
nounced film-substrate attraction for channel formation to
develop.

Next, we proceed with stage (iii) of the channel formation
process, the bond-back stage. During bond-back we use δn =
20 nm and σmax is gradually increased, leading to � =
0.1 J/m2 at the end of the bond-back process [see Eq. (4)].
During this stage the width and height of the buckles
decrease until the final channel morphology changes from
that shown in Figs. 8(g), 8(h), and 8(i) to that depicted
in Figs. 9(a), 9(b), and 9(c), respectively. This process is
fully identical to the drape-back process studied in detail in
Annabattula et al.22,23 and Annabattula and Onck.24 Also
plotted in the bottom row of Fig. 9 are scanning electron
microscope images of the final morphologies for the exper-
imental systems for exactly the same parameters,13 showing
a very good agreement. For the case of W = 4 μm well-
defined edge channels form, confirming the experimental
findings [Figs. 9(a) and 9(d)]. Clearly, for W = 2 μm and

t = 20 nm, the shortest pit-to-pit connections are established,
although also diagonal interactions are observed to be present
[see Fig. 9(e)]. For W = 2 μm and t = 10 nm both the
simulations [Fig. 9(c)] as well as experiments [Fig. 9(f)]
indicate a trend toward diagonal channel formation in contrast
to the thick and more stable films, in which straight vertically
and horizontally connected channels form along the shortest
pit-to-pit distance. This tendency toward diagonal channels
has been observed in Malachias et al.13 to culminate in a
highly ordered diagonal network for almost circular etch-pits
of size W = 1 μm and periodicity P = 4 μm for a
thickness t = 10 nm. Such a high level of order has not
been observed to develop using the 3 × 3 etch-pit array as
used here. Malachias et al.13 have shown that such a regular
order can be obtained numerically by enforcing symmetry
restrictions as observed in the final pattern morphologies.
Possibly, the small size of the system studied here does
not properly account for the experimental conditions so that
boundary effects due to the constrained outer boundary are
still prominent.

The simulations presented in this paper provide only a
preliminary step toward a thorough understanding of the
mechanism of channel formation in these complex systems.
The present model is based on a number of assumptions,
including isotropic film elasticity, nonlinear film-substrate
interaction, uniform etching rate, limited system size, and
specific fillet radius dimensions. The present model does
give insight into the edge-to-diagonal-channel transition and
provides evidence that a nonzero interface interaction dur-
ing the etching process is essential for channel formation.
The model can be straightforwardly extended to study
the self-organization of nanochannel networks in various
other etch-pit geometries (hexagonal, pentagonal, circular) as
well.

FIG. 9. (Color online) Comparison
of the simulation results of the nanochan-
nel networks at the end of bond-back
(� = 0.1 J/m2) for (a) W = 4 μm, P =
5 μm, t = 20 nm; (b) W = 2 μm,
P = 5 μm, t = 20 nm; and (c) W =
2 μm, P = 5 μm, t = 10 nm with the
scanning electron microscope images of
corresponding experimental results (d),
(e), and (f), respectively. (a), (b) and
(c) correspond to the systems with a
fillet radius of 800 nm resembling almost
circular holes as in the experiments for
the case of W = 2 μm and P = 5 μm
[(b) and (c)].

054101-8



SELF-ORGANIZING NANOCHANNEL NETWORKS IN . . . PHYSICAL REVIEW B 84, 054101 (2011)

IV. CONCLUSIONS

A finite-element model describing the mechanism of
nanochannel formation in semiconductor films by an evo-
lutionary etching process has been presented. The critical
buckling strain of an isolated single etch-pit is found to be
an intermediate solution of two limiting cases, i.e., a linear
channel and a clamped square film. The evolution of wrinkles
around a single etch-pit has been studied for different etch-pit
sizes W , periodicities P , and thicknesses t . The results show
that, for small etch widths Le compared with the etch-pit
size W , the wavelength is much smaller than the etch-pit
size, so that the channel formation process fully resembles
the formation of linear nanochannels. When the wavelength
becomes of the order of the etch-pit size, a transition occurs
from linear edge channels to diagonal corner channels. By
using a dimensionless master curve for linear channels, regions
of P/W and W/t values have been identified in which either
one of these mechanisms dominates. This mechanism map
can provide guidelines for the design of specific nanochannel
network morphologies.

In multi-etch-pit simulations, the wrinkle evolution around
each etch-pit is similar to isolated etch-pit simulations until

the wrinkles from neighboring etch-pits merge. Due to the
relaxation of the constraints imposed by the sacrificial layer,
multiple wrinkles coalesce and form one dominant channel
connecting neighboring etch-pits. Whether a regular square
network forms or diagonal connections are established de-
pends on the thickness of the film and the film-substrate
interaction, in addition to the initial tendency to form edge
or corner channels as governed by the relative spacing P/W

and etch-pit size W/t . A minimal amount of film-substrate
bonding is required for channel formation, since in the absence
of interaction the film buckles up like a dome (first buckling
mode) without any channel network formation. For the cases
analyzed we found good agreement with the experiments,
giving insight into the physical mechanisms that govern the
complex interplay during evolutionary etching.
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