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Abstract
Current nanostructure fabrication by etching is usually limited to planar structures as they are
defined by a planar mask. The realization of three-dimensional (3D) nanostructures by etching
requires technologies beyond planar masks. We present a method for fabricating a 3D mask that
allows one to etch three-dimensional monolithic nanostructures using only CMOS-compatible
processes. The mask is written in a hard-mask layer that is deposited on two adjacent inclined
surfaces of a Si wafer. By projecting in a single step two different 2D patterns within one 3D
mask on the two inclined surfaces, the mutual alignment between the patterns is ensured.
Thereby after the mask pattern is defined, the etching of deep pores in two oblique directions
yields a three-dimensional structure in Si. As a proof of concept we demonstrate 3D mask
fabrication for three-dimensional diamond-like photonic band gap crystals in silicon. The
fabricated crystals reveal a broad stop gap in optical reflectivity measurements. We propose how
3D nanostructures with five different Bravais lattices can be realized, namely cubic, tetragonal,
orthorhombic, monoclinic and hexagonal, and demonstrate a mask for a 3D hexagonal crystal.
We also demonstrate the mask for a diamond-structure crystal with a 3D array of cavities. In
general, the 2D patterns on the different surfaces can be completely independently structured and
still be in perfect mutual alignment. Indeed, we observe an alignment accuracy of better than
3.0 nm between the 2D mask patterns on the inclined surfaces, which permits one to etch well-
defined monolithic 3D nanostructures.

Keywords: nanotechnology, three-dimensional nanostructures, nanofabrication, etch mask,
photonic band gap crystals, silicon photonics, integrated circuits

(Some figures may appear in colour only in the online journal)

1. Introduction

Progress in nanofabrication techniques is a key factor that
enables the rapid growth of nanotechnology and its applica-
tions, because nanostructured materials exhibit unique com-
plex behaviour. While much effort has been devoted to
developing one-dimensional (1D) and two-dimensional (2D)

structures [1–3], opportunities for three-dimensional (3D)
structures—such as a 3D photonic bandgap, sensing, opto-
electronics and nano-electronics [4–6]—have been less
explored because of the challenges in their realization. An
important additional demand for 3D nanofabrication is to use
only CMOS compatible techniques to allow for applications
in micro and nano-electronics [7, 8]. Additional requirements
to 3D nanostructures are high purity, and in the case of
nanophotonic structures, a high refractive index contrast and a
low roughness.

In this paper we concentrate on the fabrication of 3D
nanophotonic structures and in particular 3D photonic
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crystals. 3D photonic crystals have already been realized
using a large variety of techniques [9–14]. Firstly, one pop-
ular way to fabricate 3D nanostructures is the family of
template-assisted methods [15–17]. In these methods, one
first assembles a template that is infiltrated with a high
refractive index material, followed by removal of the template
by calcination or etching. A large variety of templates has
been demonstrated, such as artificial opals made from col-
loidal nanoparticles (usually polymer or silica), polymer
photoresist structured by 3D holography [18], or resist
structured by direct laser writing (DLW) [19–21]. The geo-
metry of the structures fabricated with DLW is well defined
and can be very complex. Nevertheless, subsequent inversion
to a high refractive index material introduces undesirable yet
unavoidable impurities, roughness and undesired absorption
[22]. Secondly, impressive structures have been created using
layer-by-layer methods [23, 24]. Remarkable results have
been reported on the fabrication of woodpile photonic crystal
structures [25, 26]. The main difficulty of layer-by-layer
fabrication is the alignment between layers: each layer has to
be carefully aligned with respect to the previous one. Here we
call such an alignment a planar alignment since the layers that
are being aligned are in parallel planes. In the CMOS industry
the parameter characterizing the planar alignment between
two layers is called overlay [27]. For the fabrication of an N-
layer thick structure N-1 alignment steps are needed with N-1
overlay requirements. In order to avoid a large number of
alignment steps a third class of fabrication methods has been
proposed, where 3D nanostructures are created by con-
secutively patterning an etch mask on only two adjacent
oblique wafer surfaces with only a single alignment step (n =
1), followed by deep etching [28–30]. It is important to
highlight that in this case the alignment is not planar anymore,
as the masks that are aligned with respect to each other are
lying in oblique planes. For the diamond-like photonic crystal
under study, the out-of-plane alignment should be better than
50 nm [29]. In practice an out-of-plane alignment of 15 nm
was reached [28]. Nevertheless, even one such out-of-plane
alignment step introduces a significant complexity in the
fabrication procedure, introducing deviations from perfect
alignment and extending the time needed for fabrication.

In this paper we present a new fabrication method for
monolithic 3D nanostructures. The key step is to define and
make a single-step etch mask on two inclined surfaces
simultaneously with an out-of-plane alignment ensured at the
design stage. As an example for a single-step etch mask, we
realize a pattern that yields a (110) plane of a cubic inverse
woodpile structure on one surface and a 110( ¯ ) plane on a
perpendicular adjacent surface. We describe the fabrication
process of such a so-called ‘3D mask’, as well as the sub-
sequent etching process to fabricate 3D photonic band gap
crystals with a diamond-like inverse woodpile structure (see
figure 1). We investigate the ensured alignment at the design
stage by carefully characterizing the realized structures on the
inclined surfaces. We study the nanophotonic behaviour of
the fabricated crystal by reflectivity measurements. We dis-
cuss other 3D structures that are feasible using our method
such as disordered structures and different 3D Bravais

lattices; as a proof of principle, we demonstrate a 3D mask for
a hexagonal 3D nanostructure, and a 3D cavity array. Finally
we discuss the use of various lithography techniques with our
method.

2. Fabrication process for the 3D single-step etch
mask with built-in alignment

The generic scheme to fabricate a 3D etch mask on two
inclined surfaces is shown in figure 2. First, the hard mask
material that serves as an etch stop is deposited on two
inclined surfaces, see figure 2(a). Next, the desired pattern is
projected onto the oblique surfaces, as shown in figure 2(b).
The projection is made from a side such that both inclined
surfaces can be reached. The projected pattern consists of two
parts: pattern a, designed for one surface and pattern b,
designed for the second surface. We emphasize that our
method allows for a complete freedom to independently
design the two patterns a and b. In figure 2(b) the two patterns
are designed to be similar. The two patterns are written in one
projection and are therefore by design in perfect mutual
alignment. Mask apertures for subsequent etching are opened
during the third step of the mask fabrication process
(figure 2(c)).

The fact that the pattern is projected on a non-normal
surface must be taken into account in the pattern design. The
pattern is designed in such a way that after projection on the
inclined surfaces it yields the desired structure. As is shown in
figure 2(b), the x′ and y′ coordinates in the design plane differ
from the x and y coordinates on the sample surface.

We demonstrate our fabrication process using as an
example a 3D cubic diamond-like photonic band gap crystal
made from silicon. Due to its physical properties silicon plays
an important role both in optics and electronics. As a material
that is widely used in research and manufacturing, silicon is
widely available, cheap, and has a very high purity. Among

Figure 1. SEM image of a monolithic 3D photonic band gap crystal
fabricated in Si using a single-step etch mask. The crystal has the
inverse woodpile structure with a cubic diamond-like symmetry that
consists of two sets of perpendicular pores. The top surface in the
image is the (110) crystal plane and the perpendicular surface at the
bottom is the 110( ¯ ) crystal plane. The scale bar is shown in the
image.
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the diamond-like photonic band gap structures [31] we chose
the inverse-woodpile photonic crystal. Inverse-woodpile
photonic crystals deserve particular attention in view of the
broad band gap with relative width (Δ ωgap/ωgap) of more
than 25% [29, 32, 33]. These crystals consist of two mutually
perpendicular rectangular arrays of cylindrical pores etched in
a high refractive index material. Conceptually the fabrication
of an inverse-woodpile structure is easy, although its fabri-
cation remains a challenge due to the required precise align-
ment of the perpendicular sets of pores [28, 29, 34].

We start the fabrication procedure from a single crys-
talline Si wafer. We fabricated the 3D etch mask on two
polished adjacent perpendicular surfaces of the wafer. In the
first step we deposited a 50 nm thick Cr layer that serves as a
hard mask material on two adjacent surfaces of a wafer
(figure 2(a)). We choose Cr as a hard mask material due to its
sustainability to SH6 etching [35], but other possible mask
materials such as SiN or SiC are also compatible with our
method. The deposition of Cr is done in a home-built sput-
tering machine and takes around 4 min for a 50 nm thick
layer.

The patterning of the etch mask can be performed using
several types of lithography [36] such as e-beam, focused ion
beam (FIB), deep UV (DUV) step-and-scan or nanoimprint.

Since the patterning of the etch mask is performed under an
angle θ, the depth of focus F of a lithography tool will limit
the mask size along the y-direction (figure 2(b)) to

y F sin .qD = For e-beam lithography the depth of focus can
be as large as 1.5 μm with a 100 nm pitch, depending on the
magnification, working distance and aperture size [37, 38].
For DUV lithography the depth of focus depends notably on
the pitch size and the wavelength of the UV source. For
photonic applications considered here the length scales are in
the order of the wavelength of light which is much larger
(about 20×) than the typical length scale in electronic inte-
grated circuits and therefore a micron-sized depth of focus
may be expected. In the case of nanoimprint lithography
(NIL) the stamp can be fabricated using e-beam lithography
and later transferred into a conformal mask pattern as
described for example in [39]. In our case we had focused ion
beam (FIB) milling equipment at our disposition to project the
mask and open the apertures. FIB milling is known for its
large depth of focus that exceeds F = 10 μm [37]. We placed
a sample in a FEI Nova 600 Nanolab FIB chamber under 45°
angle with respect to the ion beam gun so that both adjacent
surfaces of the wafer can be reached (figure 2(b)).

The design of a single pattern that is projected on two
adjacent surfaces consists of two parts as shown in figure 3:
pattern a intended for one surface and pattern b intended for
the second surface. In our case the surfaces are orthogonal to
each other and aligned at 45° angle with respect to the ion
beam gun in the y-direction (figure 2(b)). In the pattern design
it is taken into account that projection of the pattern is made
under an angle θ = 45° to the surfaces, meaning that x′ and y′
coordinates in the pattern design are related to the x and y
coordinates on a surface of fabricated mask as the following:
x′ = x and y y sin .q¢ = In order to form a cubic diamond-
like structure inside the silicon wafer we patterned each sur-
face of the wafer with a centred rectangular array of holes
with lattice parameters a and c, where 2a

c
= to fulfil the

criterion for a cubic crystal. Arrays of holes for two surfaces

Figure 2. Scheme for the single-step etch mask fabrication on two
perpendicular surfaces. (a) Deposition of a hard mask layer on two
inclined surfaces of a Si wafer. (b) Patterning of a mask layer in one
step on both surfaces—projection of a single 2D mask on a 3D
surface. Patterns for both perpendicular surfaces are written in one
projection and therefore alignment is ensured. (c) Apertures are
opened in the mask layer to obtain an etch mask for two intersecting
2D structures that yield the desired 3D structure.

Figure 3. Geometry of the pattern that is projected on two inclined
surfaces. The structure is designed to consist of two centred
rectangular arrays shifted with respect to each other by x′ = a′/4
such that after being projected on two 45° inclined surfaces it gives
the (110) and 110( ¯ ) faces of a cubic inverse woodpile photonic
crystal with lattice parameters a = asin 45 ´ ¢ and c = c′. The basic
building blocks are designed to be elliptical, in order to yield circles
on the mask after projection. The dashed line delimits the top part of
the pattern (pattern a) that is projected on one surface of the wafer
and the bottom part (pattern b) that is projected on the second
surface.
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are shifted by c/4 in the x-direction. The pattern is shown in
figure 3 and yields (110) and 110( ¯ ) crystal surfaces on a
surface of a wafer. The mask pattern is projected on both
surfaces in one step. Since the two patterns intended for
different surfaces are contained in one image, the alignment
between them is ensured. A patterning of a 3D mask con-
sisting of two arrays of 30 by 30 holes each takes 7 min.

After the etch mask is created, the next step is to etch
deep pores inside Si through the openings. Etching can be
done using a variety of techniques [40] such as reactive ion
etching (RIE) [41], cryogenic etching, wet etching, photo-
electrochemical etching [42, 43] or other types of etching
depending on a desired structure and mask material. Nano-
pores are first etched in one direction, then the sample is
rotated by 90° and pores are etched in the second perpendi-
cular direction. We etched deep nanopores using a deep
reactive ion etcher (DRIE) Adixen AMS 100SE as described
in [41]. It has been shown earlier that the air-silicon interface
deflects ions by only a small angle [34]. Moreover for dia-
mond-like inverse woodpile 3D photonic crystal it has been
shown that its band gap is robust to deviations of the pore
directions [44]: even with misalignments as large as 5°, the
relative band gap width is only reduced from 24% to 21% .
Since we etch both sets of pores one after another we intro-
duce an additional oxygen plasma cleaning step after etching
each set of pores. The cleaning step is needed to remove the
protective polymer layer remaining after the etching process
into the front surface of the sample.

3. Results and discussion

3.1. Fabricated structure characterization

The result of patterning a 3D etch mask in a single step is
shown in figure 4. Figure 4(a) shows four 3D masks in a row
on the edge of a Si wafer. Each of the 3D masks was written
in one step and consists of (110) and 110( ¯ ) crystal planes of
the cubic inverse woodpile crystal. The number of 3D mask
structures written along the edge of a Si wafer is only limited
by the size of the wafer. The maximum width in the x-
direction of a single structure that is written in one step is
determined by the horizontal field of view of the lithography
tool which is in our case a FIB setup. In this study the hor-
izontal field of view was 12.8 μm as set by the magnification
of 10000 ×. By decreasing the magnification or stitching the
fields of view, it is possible to increase the size of a con-
tinuous structure in the x-direction. Thus, we may effectively
consider the four closely spaced 3D patterns in figure 4(a) as
one large Lx = 40μm sized nanostructure. The size in the y-
direction is limited by the depth of focus of the tool and can
be extended by performing for example multiple milling runs
at different depths.

Figure 4(b) shows one complete mask patterned on both
wafer surfaces. Above the dashed red line there is a surface
that contains pattern a corresponding to a (110) crystal plane
of the targeted photonic crystal. Below the dashed line there is
a perpendicular surface that contains pattern b corresponding

to a 110( ¯ ) crystal surface. The design for this mask shown in
figure 3 is such that centres of the apertures in pattern b are
shifted by Δ x = a/4 to be exactly in the middle between
apertures of pattern a. The lower surface of the wafer has
some deep lines that are the result of manual polishing and
which slightly reduce the quality of the mask layer on that
side. Fortunately, the effect of such lines was found to be
insignificant in subsequent processing, although it may
introduce optical scattering.

Since patterns a and b are located on oblique surfaces we
characterize the alignment between patterns a and b that we
refer to as the out-of-plane alignment. We foresee two sources
of possible misalignment: first, the sample may be placed
under an angle different from 45° during the mask projection
step (figure 2(b)); second, the mask pattern can be rotated
with respect to the edge of the sample. In the first case the
sample tilt is precisely set by a positioning stage and

Figure 4. (a) Overview of a Si wafer with four 3D etch masks milled
in one step. The coordinates (x, y) are indicated. (b) Side view on one
of the mask patterns. The dashed line in the middle indicates the 90
degree edge of the Si wafer. (c) Zoom-in on one surface of a mask
pattern. a and c are lattice parameters with 2 .a

c
= Scale bars are

shown in each image.

4

Nanotechnology 26 (2015) 505302 D A Grishina et al



controlled with an SEM image, therefore we expect the tilt
alignment to be always better than a few degrees. For a
misalignment by 2° the dimensions of a projected pattern
result in a structural strain of only 3%. In the second case if
the projected pattern is rotated with respect to the wafer edge
by an angle δ, the apertures located at a distance y from the
edge will be displaced by x y sin· dD = from their designed
positions. In practice we expect the angular misalignment to
be less than δ = 2°, which is sufficiently small to realize bona
fide 3D nanostructures.

To characterize the out-of-plane alignment we digitally
take the grey value cross-sections from the SEM images
through a row of apertures. First we select an aperture in
pattern a and take a grey value cross-section from the SEM
image to define its central position. Then we select an aper-
ture in pattern b, take a grey value cross-section to define its
position and compare the relative position Δx of these two
apertures. In this way we determine a mutual alignment of the
apertures located on inclined planes. In figure 5(a) we have
collected two sets of data for the structure shown in figure 9.
In the first set indicated as circles we plot the out-of-plane
alignment between pairs of apertures where one aperture in

pattern a is taken in the row at a distance y = 1.4 μm from the
edge and the second aperture in pattern b is taken in the row at
a distance y = −1 μm from the edge. From the data we
conclude that the deviation of apertures positions from the
design is within the error bar of SEM accuracy. To verify the
alignment over further distances from the edge, in the second
set of alignment data, shown as squares in figure 5(a), we take
the second aperture in pattern b in a row located at y = −5.42
μm and compare their positions to the same apertures in
pattern a as before. We see that the out-of-plane alignment
stays within the resolution of SEM for both sets of data,
independent of the distance from the edge, thus providing an
upper boundary of 0.05° for rotational misalignment dis-
cussed earlier. We find here the deviation from the designed
structure (figure 3) to be at most 5 nm. In figure 5(b) we plot
the out-of-plane alignment data xD that are averaged over
four pairs of apertures within one structure for four different
structures (as illustrated e.g. in figure 4(a)). It is seen that the
average over a mask varies between x 2.3D = nm and

x 4.3D = nm with a mean of 3.0 nm. The error bars in both
figures 5(a) and (b) indicate the typical accuracy of ±4 nm of
the scanning electron microscope. Thus, we conclude that the
out-of-plane alignment data are mostly determined by the
SEM error and are better than 3.0 nm. Therefore, the out-of-
plane alignment for individual apertures is consistent with
zero deviation, in agreement with the starting point of our 3D
mask method that the two oblique patterns have built-in
mutual alignment.

Figure 4(c) shows a zoom-in to the front surface of a
wafer. We see that the elliptical apertures in the pattern design
(see figure 3) have been correctly projected to become circular
apertures with the diameter of 273 nm on the sample surface.
From figures 4 and 5 we conclude that we have successfully
fabricated a desired 3D mask structure on two inclined sur-
faces. We emphasize that the alignment between the patterns
on two inclined planes is ensured at the design stage since
both patterns are written in one projection and is within the
resolution of SEM.

After etching of deep pores in silicon in two perpendi-
cular directions, we have sacrificed one crystal in order to
view the internal structure of the sample by milling it with a
focused ion beam. Figure 6(b) shows a schematic repre-
sentation of the cut and a surface plane that is open for
viewing. The cut was made under a 45° angle to both sur-
faces. Since the pore depth is finite, starting at a certain depth
in the structure the perpendicular pores will not overlap inside
the crystal. Pores that are far from the edge of a wafer are not
deep enough in order to reach the corresponding perpendi-
cular pore, see the green line in figure 6(c). Therefore we
expect to see a region inside the crystal closer to the edge
where pores overlap and form a 3D structure. Further from
the edge we expect a region where the structure will be two-
dimensional. The SEM image of a crystal cross-section is
shown in figure 6(a). We see that using a single-step etch
mask deep pores were successfully etched in silicon. Pores
etched in both perpendicular directions form a 3D diamond-
like structure in the bulk. Far from the surface of the Si wafer
the pores are not overlapping. In the present case, the depth of

Figure 5. The out-of-plane alignment defined as a deviation Δx of
the position of an aperture in pattern a relative to an aperture on the
oblique surface in pattern b. The data were taken on the pattern
shown in figure 9. (a) Circles show measurements taken for four
pairs of apertures close to the wafer edge; apertures in pattern a are
located at y = 1.42 μm and in pattern b at y = −1 μm. Squares
show measurements for four pairs of apertures further from the edge;
in pattern a at y = 1.42 μm and in pattern b at y = −5.42 μm. (b)
Out-of-plane alignment averaged over four pairs of apertures xD
within one structure is shown for four different structures. In both
figures error bars represent the resolution of the SEM.
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the pores is determined to be 4 μm deep with an aspect ratio
(depth to width ratio) of 14. The size of the fabricated pho-
tonic crystal is limited by the depth of the pores in the silicon
[41]. We conclude from the cross-section that a single-step
etch mask with ensured alignment allows us to fabricate a 3D
monolithic nanostructure in bulk silicon.

3.2. Nanophotonic behaviour

To verify the nanophotonic behaviour of the fabricated
inverse-woodpile photonic band gap crystal, we have per-
formed reflectivity measurements perpendicular to the (110)
surface of a crystal. We used a method described in [45]; in
brief, a Fianium supercontinuum source was used as a broad
band light source. The laser beam was focused on a sample

surface with a reflective objective with a numerical aperture
NA = 0.65. Spectral measurements were performed using a
Biorad 600 Fourier-transform infra-red (FTIR) spectrometer
with a resolution of 16 cm−1. Figure 7 shows the measured
reflectivity calibrated to a gold mirror. The experimental
spectrum reveals a broad reflectivity peak from 5246 cm−1 to
6341 cm−1. The maximum reflectivity of 26% is currently
limited by the finite size of a crystal, surface roughness and a
relatively large beam size in the optical setup. The beam size
during the experiment was close to 6 μm which is larger than
the crystal size. Taking into account that crystals are neces-
sarily located at the edge of the silicon wafer, in the case
when the beam size is larger than the crystal size, a significant
amount of laser light shines into the air resulting in a low
reflectivity value. The collected reflectivity spectrum averages
over the illuminated area, therefore in the case when the beam
size is larger that a crystal size, reflection from a bulk silicon
gives rise to the reflectivity value outside the stop gap and
therefore decreases its maximum value. Nevertheless, the
reflectivity peak indicates nanophotonic behaviour of a pho-
tonic crystal fabricated using a single-step etch mask. The
expected stop gap in the Γ-Z direction according to plane
wave band structure calculations in [45] is situated from
5362 cm−1 to 6204 cm−1. Parameters for the stop gap cal-
culations were taken from SEM images of the fabricated
sample ( 0.16r

a
= and a = 679 nm). Therefore, the observed

stop band is in good agreement with the calculated stop gap
for an infinite 3D photonic crystal. From observed nano-
photonic behaviour of our sample we conclude that the
functional photonic structure has been successfully fabricated
using a 3D single-step etch mask.

3.3. Structures feasible for fabrication

There is a large variety of structures that can be fabricated
using the presented technique. In general, mask patterns

Figure 6. (a) The fabricated 3D diamond-like photonic crystal that
was opened up by focused ion beam milling. Scale bar is shown in
the picture. (b) Schematic representation of how a cross-section is
milled on a fabricated sample. The cut is made at 45° to the side of
silicon bar. Dashed lines indicate the pore geometry. (c) Schematic
cross-section that illustrates how limited pore depth appears on the
milled structure. The black line shows where pores overlap with each
other and the green line shows the depth beyond which the arrays of
pores are two-dimensional.

Figure 7. Reflectivity measurements on a fabricated 3D photonic
crystal and a non-photonic reference. The grey bar indicates the stop
gap calculated for a fabricated sample with lattice parameters taken
from SEM images: r

a
= 0.16 and a = 679 nm.
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projected in one step on inclined surfaces have an arbitrary
structure and are still in perfect alignment with respect to each
other. We consider 3D Bravais lattices that can be created
with the described fabrication process. Using different pattern
designs, it is possible to achieve structures with five Bravais
lattice systems: cubic, monoclinic, orthorhombic, tetragonal
and hexagonal. On the left side of figure 8(a) the simple cubic
lattice is shown. On the right side there is a pattern design for
the fabrication of a simple cubic structure, where all lattice
parameters are equal (a = b = c). Taking into account that the
pattern is projected on θ = 45° inclined surfaces, in the design
a a c csin 45 , sin 45¢ =  ¢ =  and b′ = b. This design
consists of two rectangular arrays of apertures aligned with no

shift with respect to each other. For completeness we note that
this design for a cubic structure is not unique, as many dif-
ferent designs are feasible. In particular, the mask design
presented in figure 3 confirms that there are multiple possible
designs for cubic structure, notably depending on the type of
cubic symmetry (simple versus face centred). Figure 8(b)
shows a simple tetragonal structure on the left side and the
design pattern for realization of such a structure on two per-
pendicular surfaces on the right side. In case of tetragonal
structure a = b ¹ c, therefore in the design pattern c a .¢ ¹ ¢
That means that the complete mask pattern for a tetragonal
structure consists of two different rectangular arrays of
apertures, one with lattice parameters a′ and b′ and other one
with parameters c′ and b′. Figure 8(c) shows the orthorhombic
structure on the left and the corresponding design pattern on
the right. For an orthorhombic structure a b c¹ ¹ , which
means that in the design pattern all lattice parameters are
different. Hence the complete design consists of two different
rectangular arrays of apertures with parameters a′, b′ and c′,
b′. On the left side of figure 8(d) the monoclinic structure is
shown, where a = b = c and the angle between two lattice
vectors is 90 .a ¹  In the pattern design this means that the
rows of apertures are shifted with respect to each other so that
the angle between vectors a′, b′ and c′, b′ is sin 45 .a a¢ = 
In figure 8(e) the hexagonal structure is shown on the left side
and the pattern design on the right side. The structure consists
of two hexagons shifted with respect to each other. Lattice
parameters are a b c= ¹ and lattice angle α = 120°. The
pattern design consists of two completely different patterns.
Pattern a is similar to the well known hexagonal graphene-
like pattern [46], whereas pattern b has a rectangular array of
apertures. Due to projection on the inclined surfaces the lat-
tice parameters in the design are a a sin 45 ,¢ = 
c c sin 45¢ =  and b b cos ,a¢ = ¢ where sin 45 .a a¢ = 
The hexagonal mask has been realized in Cr on a Si wafer by
means of a fabrication procedure described earlier in this
paper and shown in figure 9. The red dashed line shows the
90° edge of a wafer. The top side on the picture is the (0001)

Figure 8. Pattern designs for different lattice system fabrication. The
3D scheme of the structure is shown on the left and corresponding
pattern for the etch mask is on the right. (a) Cubic, (b) tetragonal, (c)
orthorhombic, (d) monoclinic and (e) hexagonal.

Figure 9. SEM image of a mask for hexagonal 3D crystal fabrication.
The dashed line shows the 90° edge of a wafer. The top side is a
(0001) crystal plane of hexagonal structure and the bottom side is a
(1010) crystal plane. The scale bar is shown on the picture.
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crystal surface of hexagonal structure and the bottom side is a
(1010) crystal plane. The 3D mask for this hexagonal struc-
ture shows clearly the flexibility of the fabrication method to
realize structures with independent patterns on inclined sur-
faces with an unprecedented out-of-plane alignment better
than 5 nm. All described 3D structures, except cubic, are
predicted to reveal sub-Bragg diffraction [47] which makes
them an interesting subject for optical study, moreover, sim-
ple cubic and hexagonal structures have been predicted to
reveal 3D band gaps [48, 49].

Besides different periodic structures it is possible to
fabricate masks that yield non-periodic three-dimensional
structures or periodic structures with controlled defects. An
interesting example is the fabrication of a 3D photonic band
gap crystal with a cavity inside. The geometry of the cavity
described in [50] can be straightforwardly realized with the
presented fabrication method by making two apertures for
crossing pores on oblique planes smaller. Moreover, it is
possible to realize an array of such cavities in a 3D photonic
crystal. In figure 10 the mask pattern for an array of 2 × 2 × 4
cavities in 3D photonic crystal is shown. The resulting 3D
array of band-gap cavities would represent the photonic ver-
sion of the Anderson tight-binding model [51] that may reveal
intricate nanophotonic phase transitions for light. Another
example is the fabrication of three-dimensional disordered or
aperiodic structures. In this case patterns a and b can be arrays
of randomly distributed apertures or incommensurable lat-
tices [52].

Since patterns a and b are independent from each other, it
is also possible to fabricate functionally different components
on inclined surfaces. Figure 1 in [28] shows an illustration of
a suggested chip consisting of two integrated circuits on
adjacent surfaces that are interconnected. Using the presented
fabrication method it is possible to make an interconnection
between different integrated circuits with ensured alignment.

In addition, it is possible to project an optically functional
device on one surface and electronic components on the other
surface. Such architecture greatly increases the density of
components on chip, makes interconnections between them
easier and provides the possibility to spatially separate optics
and electronics on chip.

The limitation for a number of possible structures comes
from the subsequent silicon etching step. So far we assume
that etching is always done with pores with direction normal
to the surface of the sample. Nevertheless there are examples
where etching under an angle has been demonstrated [53]
which can further increase the number of feasible structures.

4. Conclusions and outlook

In summary, a novel method has been proposed to fabricate a
three-dimensional etch mask in one step with built-in align-
ment. The out-of-plane alignment between structures onto
oblique adjacent surfaces has been characterized by means of
deviation from the designed structure. The out-of-plane
alignment has been found to be better than 3.0 nm. A three-
dimensional band gap photonic crystal with an inverse
woodpile structure has been realized using a mask fabricated
in a proposed way. The fabricated three-dimensional photonic
crystal reveals a broad stop gap in optical reflectivity mea-
surements. The mask designs for 3D nanostructures with five
different Bravais lattices, namely cubic, tetragonal, orthor-
hombic, monoclinic and hexagonal have been shown. The
mask for a 3D hexagonal structure and for a 3D array of
cavities had been realized on a Si wafer.

The presented method allows fabrication of 3D nanos-
tructures that enable exciting prospects in nanophotonics
including the pursuit of cavity resonances in 3D photonic
band gap crystals [50] and 3D Anderson localization of light
in photonic crystals [51, 54]. The next step for further
development of the single-step etch mask technique is to
broaden it to different types of lithography discussed earlier.
DUV lithography is particularly interesting since it is widely
used in the CMOS industry and therefore opens new possi-
bilities notably for 3D photonic integrated circuits [55, 56].
Also, patterning of inclined surfaces with accurate alignment
allows one to integrate on-chip different functional devices:
for example, an optical device on one surface and an elec-
tronic device on the adjacent surface. We therefore foresee
novel applications of our method in opto-electronics, inte-
grated photonics and sensing.
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