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SUBSTRATES EMPLOYING SURFACE-AREA
AMPLIFICATION, FOR USE IN
FABRICATING CAPACITIVE ELEMENTS
AND OTHER DEVICES

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a continuation of Inter-
national application No. PCT/EP2018/068632, filed Jul. 10,
2018, which claims priority to European Patent Application
No. 17305897.5, filed Jul. 10, 2017, the entire contents of
each of which are incorporated herein by reference.

FIELD OF THE INVENTION

[0002] The present invention relates to the field of elec-
trical/electronic device fabrication. More particularly, the
invention relates to substrates, fabrication methods and
fabricated devices that employ surface area amplification
techniques.

BACKGROUND OF THE INVENTION

[0003] In various applications it can be advantageous to
make use of so-called “surface-area amplification” tech-
niques, that is, techniques to increase the surface area of a
surface without increasing the footprint covered by the
projection of the surface onto a plane. Two examples of such
applications will be described below for the purposes of
illustration only; these examples are not exhaustive.
[0004] For example, in a chemical sensor a particular
chemical species may be detected by virtue of the adsorption
of molecules of this chemical species on the surface of a
layer of sensing material (e.g. a metal oxide layer). By
increasing the surface area of the layer of sensing material
it may be possible to improve the sensitivity and/or detection
speed of the sensor. A surface-area amplification technique
in this case may involve forming the sensing layer by
depositing the sensor material on a substrate that has a
textured surface, that is, a surface that has relief features
(e.g. projections or pillars and/or depressions or trenches,
recalling that in this field a “trench” need not be an elongated
hole but may, for example, be a hole having the same length
and breadth dimensions, such as a hole having a square or
circular cross-section, as can be seen in the appended
figures).

[0005] As another example, it is known to form three-
dimensional capacitors by depositing alternate electrically-
conductive, electrically-insulating and electrically-conduc-
tive materials on a textured substrate surface, i.e. on a
substrate surface that includes trenches extending generally
in the thickness direction of the substrate and/or on a
substrate surface which has pillar-type structures rising from
it. The surface area of the electrode layers and dielectric
layers may be amplified, and thus the capacitance density
may be increased, by increasing the aspect ratio of the
texture features upon which the electrode layers and dielec-
tric layers are formed: for example, by making the trenches
deeper, and/or by making the trenches narrower so that a
greater number of trenches can be provided for a given
footprint.

SUMMARY OF THE INVENTION

[0006] However, problems can arise when efforts are
made to increase the degree of surface-area amplification
using the above-described techniques.
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[0007] Considering the example of 3D capacitors, it may
be desired to deposit the functional layers (e.g. metal-
insulator-metal layers) on a substrate having trenches that
are 1-30 um deep but only 30-100 nm wide. In this confined
geometry it is difficult to deposit materials on the trench
surfaces. Conventionally, techniques such as chemical vapor
deposition (CVD) or atomic layer deposition (ALD) could
be employed in order to introduce a precursor into the
trenches so that the precursor species can react with the
trench wall material and form a desired layer of metal (or
insulator). However, in extremely confined spaces, such as
trenches having large aspect ratio, the diffusion rate of the
precursor species is limited and/or uneven and this may lead
to one or more of the following problems:

[0008] a very slow deposition rate

[0009] a poorly conformal deposition, resulting in varia-
tion in film thickness or film material properties,

[0010] high processing costs.

[0011] A technique that has been employed in order to
form a template for use in forming 3D capacitors involves
using anodization to create a textured substrate surface
(upon which the electrode layers and dielectric layers of the
capacitor are subsequently deposited). For example, an
aluminum layer may be formed on a silicon substrate and
then an anodization process may be performed to create a
high density of uniform, self-assembled trenches, or
“pores”, in the aluminum layer. Strictly speaking the pores
are defined in an aluminum oxide layer that forms during the
anodization process; hence the pores are said to be formed
in AAO—anodic aluminum oxide. In some cases the oxide
layer at the bottoms of the pores is removed so that the
interior of each pore can be brought into communication
with an electrically conductive layer provided at the side of
the template remote from the mouths of the pores.

[0012] FIG. 1 illustrates a template of the above-described
kind formed by anodization and shows that the footprint of
this template (i.e. the surface area occupied by a projection
of the template onto a plane) is much smaller than the
surface area provided by the internal surfaces of the pores,
in combination with the surfaces of the lands between the
pores, in the template.

[0013] Although it may be beneficial, in view of improv-
ing capacitance density, to use anodization to form a tem-
plate for production of 3D capacitors, the pore depths in
AAO that are produced using the above-described technique
are usually no greater than 10 um because, in general, the
layer of the metal to be anodized has limited thickness.
Difficulties arise if an attempt is made to form the layer of
aluminum (or other metal for anodization) to a thickness
greater than 10 or 15 um. Typically the metal for anodization
is deposited by a CVD or physical vapor deposition (PVD)
process, and attempting to deposit a layer thicker than 10-15
um or so may result in one or more of the following
problems:

[0014] excessively long process time (leading to loss of
productivity)

[0015] requirement for more frequent cleaning of fabrica-
tion equipment (and, thus, higher maintenance costs),
[0016] poor control of the film micro-structure (overheat-
ing, re-organization).

[0017] Nevertheless, there is a desire to be able to increase
the degree of surface amplification that can be achieved.
[0018] The present invention has been made in the light of
the above problems.
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[0019] The present invention provides a substrate com-
prising a base layer having a first principal surface compris-
ing a plurality of first trenches and intervening first lands,
characterized by a cover layer of thickness greater than 5 pm
provided on said first principal surface of the base layer and
covering the first trenches and first lands substantially con-
formally, wherein:

[0020] the surface of the cover layer remote from the first
principal surface of the base layer comprises a plurality of
second trenches and intervening second lands defined at a
smaller scale than the first trenches and first lands,

[0021] the thickness of the first lands is greater than 1 pm,
and
[0022] a ratio R=D/H is greater than 0.5 where D is the

size of the free space between the surfaces of the cover layer
(12) covering two adjacent first lands (4) and H is the height
of the first lands.

[0023] As stated in the preceding paragraph, and as can be
seen in the appended figures (notably FIG. 5A), the cover
layer covers the first trenches and first lands conformally, i.e.
the cover layer follows the contours of the underlying first
principal surface of the substrate, and along its length the
cover layer has substantially constant thickness. Thus, on a
macro scale, the texture of the first principal surface is
reproduced by the perimeter of the cover layer. However, the
perimeter of the cover layer is itself textured at a smaller
order of magnitude; in other words, the second trenches and
second lands are provided in the cover layer in parts of the
cover layer which overlie the first trenches, in parts of the
cover layer which are formed on the side walls of the first
trenches and in parts of the cover layer which overlie the first
lands in the first principal surface of the substrate.

[0024] With current fabrication processes it is unlikely to
achieve perfect conformity of the cover layer with the
contours of the texture of the base layer. However, in
substrates according embodiment of the invention a high
degree of conformality is provided, preferably achieving a
conformality ratio of 70% or more. The conformality ratio
indicates the uniformity of the thickness of the cover layer
all along the texture of the base layer. In cases where the
conformality is ideal the cover layer exactly follows the
contours in the base layer’s surface. Various approaches may
be used to quantify the conformality ratio. For example,
where ThicknessMax is the maximum thickness of the cover
layer, ThicknessMin is the minimum thickness of the cover
layer and ThicknessAvg is the average thickness of the cover
layer, the conformality ratio may be defined as (Thickness-
Max-ThicknessMin)/Thickness Avg.

[0025] The above-described substrate makes use of a
multi-order surface-area amplification technique in which a
cover layer having a textured surface whose texture features
are at a first, relatively small scale, is provided conformally
over a base layer surface which is itself also textured and has
texture features on a second, relatively larger scale.

[0026] In effect this technique combines two orders of
texturing to enhance the overall surface area provided by the
substrate: a first order of texturing is provided by the first
trenches and first lands in the first principal surface of the
base layer, and a second order of texturing is provided by the
second trenches and second lands in the surface of the cover
layer that faces away from the first principal surface of the
base layer.

[0027] By providing the textured cover layer on a base
layer which itself has appropriate, larger-scale texture fea-
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tures the overall surface area provided by the substrate can
be increased compared to a case where the textured cover
layer is provided on a flat base, without increasing the
footprint of the substrate.

[0028] Compared to a substrate in which a textured cover
layer is provided on a flat (untextured) base layer, the
above-described substrate according to the invention can
incorporate second trenches having a lower aspect ratio and
yet achieve the same (or increased) overall surface area. A
lower aspect ratio facilitates circulation of gaseous or liquid
materials within the second trenches and may increase the
speed and/or uniformity of deposition of material layers on
the walls of the second trenches.

[0029] Compared to a substrate in which a textured cover
layer is provided on a flat (untextured) base layer, the
above-described substrate according to the invention can
incorporate a thinner cover layer and yet achieve the same
(or increased) overall surface area. In a case where the cover
layer is thinner, for example 10 pm or less, it may be
possible to improve the control of the micro-structure of the
cover layer. Further, in a case where the cover layer is
thinner, for example 10 um or less, the process time required
for production of the cover layer may be reduced to a
practical time period and/or the requirement for cleaning of
the fabrication equipment may be reduced to an acceptable
level, allowing maintenance costs to be reduced.

[0030] The thickness of the cover layer is greater than 5
um, the width of the first lands is greater than 1 pm, and the
ratio R is greater than 0.5. By setting the width of the first
lands greater than 1 pum the physical integrity of the first
lands is promoted during the process of fabricating the
substrate, thus reducing the risk of breakage or shape
distortion. By setting the thickness of the cover layer greater
than 5 um a substantial degree of surface amplification may
be obtained. By setting the ratio R greater than 0.5 the ability
to form the cover layer in conformity with the shape of the
underlying first lands and first trenches is promoted.
Respecting this combination of features may provide better
uniformity in the capacitive elements and reduce the risk of
defects, thus producing an enhancement in the yield of the
substrate’s fabrication process.

[0031] In certain embodiments of the invention the ratio
R=D/H is in the range 0.5 to 3.0, where D is the gap between
two adjacent first lands covered by the cover layer and H is
the height of the first lands. In the case where the ratio R is
in the range 0.5 to 3.0 conformity of the cover layer to the
contours of the underlying first trenches and first lands is
promoted and a non-negligible improvement in surface-area
amplification factor may be achieved.

[0032] In certain embodiments of the invention the first
trenches have sidewalls that are perpendicular to the first
principal surface of the base layer or extend at an angle of
less than 90° to the first principal surface. In other words, the
first lands which provide the texturing of the base layer may
have various cross-sectional shapes varying from almost
flat, through trapezoidal, to rectangular (with the cross-
section taken in any plane perpendicular to the wafer sur-
face).

[0033] The first trenches may interconnect and form a
continuous contour that intersects with itself. In this manner
a continuous flow path is formed and this may improve the
speed and uniformity of diffusion of gaseous or liquid
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materials within the first trenches, for example during depo-
sition of cover layer material on the first principal surface of
the base layer.

[0034] The cover layer may be an anodized layer, for
example an anodic aluminum oxide layer, and the second
trenches may be pores in the anodized layer. In this case the
pores in the anodized layer are liable to be nanometric in
scale and this produces a significant increase in the surface
area provided by the substrate. The first trenches and first
lands in the first principal surface of the base layer may be
micrometric in scale, enabling simpler fabrication processes
to be used to texture the first principal surface of the base
layer.

[0035] The cover layer may be electrically insulating and
a stack of three thin film layers may be provided over, and
conformally cover, the second trenches and second lands.
The first layer of the stack may be electrically conductive,
the second layer of the stack electrically insulating and the
third layer of the stack electrically conductive. The stack of
three films may thus form a capacitive structure having high
capacitance density.

[0036] In a different case, the cover layer may be electri-
cally conductive and a first thin film layer may be provided
over, and conformally cover, the second trenches and second
lands of the cover layer, the first thin film layer being
electrically insulating or electrically conductive. Such a
structure may be used, inter alia, to form a chemical sensing
element having a large sensing area. Alternatively, in a case
where the first thin film layer is electrically insulating and a
second thin film layer is provided over, and conformally
covers, the first thin film layer, this second thin film layer
being electrically conductive, the layered configuration may
form a capacitive structure having high capacitance density.
[0037] The present invention further provides a capacitive
element employing a capacitive structure as described
above. The capacitive element may have high capacitance
density.

[0038] The present invention still further provides a Sys-
tem in Package module comprising a substrate or capacitive
element as described above, integrated with an integrated
circuit. Such a System in Package module benefits from the
improved properties of the substrate as described above.
[0039] The present invention yet further provides a chemi-
cal sensor element as described above, in which the first thin
film layer is a chemical sensing layer adapted to adsorb
selected molecules. By virtue of the increased surface area
of the sensing layer the reaction speed and/or sensitivity of
the chemical sensor element may be improved.

[0040] The present invention still further provides a
method of fabricating a substrate, comprising:

[0041] forming a base layer having a first principal surface
defining a plurality of first trenches and intervening first
lands, and

[0042] forming a cover layer over said first principal
surface of the base layer to conformally cover the first
trenches and first lands, the surface of the cover layer remote
from the first principal surface of the base layer comprising
a plurality of second trenches and intervening second lands
defined at a smaller scale than the first trenches and first
lands.

[0043] By fabricating a substrate according to the above
method the surface area provided by the substrate is ampli-
fied without needing to increase the aspect ratio of the
second trenches.
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[0044] Different approaches may be used to provide the
texture in the first principal surface of the base layer.
According to a subtractive approach the base layer is a
monolithic layer and the texture in the first principal surface
is created by etching this monolithic layer. Only a small
number of process steps are required for the subtractive
approach. According to an alternative, additive approach,
the base layer is formed by providing a first sub-base-layer
which has an untextured (flat) surface and forming, on that
flat surface, a second sub-base layer which consists of
projections that constitute the first lands. The additive
approach enables different materials to be used for the first
sub-base layer and second sub-base layer, which increases
design freedom.

BRIEF DESCRIPTION OF THE DRAWINGS

[0045] Further features and advantages of the present
invention will become apparent from the following descrip-
tion of certain embodiments thereof, given by way of
illustration only, not limitation, with reference to the accom-
panying drawings in which:

[0046] FIG. 1 is a diagram to illustrate surface-area ampli-
fication;
[0047] FIG. 2 is a diagram schematically representing a

cross-section through a portion of a substrate according to an
embodiment of the invention;

[0048] FIGS. 3A and 3B illustrate different patterns of
texturing a base layer in substrates according to the embodi-
ment of FIG. 2, in which:

[0049] FIG. 3A illustrates a texturing pattern in which a
continuous trench surrounds projections/pillars rising from a
root surface of the base layer, and

[0050] FIG. 3B illustrates a texturing pattern in which
discrete trenches are formed in a continuous land region;

[0051] FIG. 4(a) to FIG. 4(d) shows magnified views of
part of a cover layer in the embodiment of FIG. 2;

[0052] FIG. 5A is a diagram schematically representing a
cross-section through a portion of a substrate according to an
embodiment of the invention that uses a monolithic base
layer;

[0053] FIG. 5B is a diagram schematically representing a
cross-section through a portion of a substrate according to an
embodiment of the invention that uses a base layer including
first and second sub-base-layers;

[0054] FIG. 6 is a diagram schematically illustrating a
functional layer formed on a cover layer of a substrate
according to an embodiment of the invention;

[0055] FIG. 7 is a diagram schematically illustrating a
capacitive structure according to an embodiment of the
invention;

[0056] FIG. 8 is a diagram schematically illustrating a
capacitive structure according to an embodiment of the
invention;

[0057] FIG. 9 is a diagram schematically illustrating a

System in Package module according to an embodiment of
the invention; and

[0058] FIG. 10 is a flow diagram, illustrating steps in a
fabrication method according to an embodiment of the
invention.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0059] A substrate 1 according to an embodiment of the
invention will now be described with reference to FIGS. 2
to 5B.

[0060] The substrate 1 according to the embodiment of
FIGS. 2 to 5B comprises a base layer 2 whose first principal
surface 2A has texture features consisting of first trenches 3
and first lands 4. The first trenches 3 and first lands 4 are
relatively large scale texture features. In the description
below it shall be assumed that the texture features in the first
principal surface of the base layer 2 are micrometric fea-
tures, i.e. trenches and lands having dimensions of the order
of micrometers. However, the invention is not limited to the
case where the relatively large-scale texture features in the
base layer 2 are micrometric.

[0061] The pattern of the texture features in the base layer
2 is not particularly limited. According to a first patterning
approach, illustrated in FIG. 3 A, the texture features consist
of first lands 4 in the form of projections (or pillars) rising
from a root level 2R of the base layer, and the spaces
between the projections correspond to a continuous trench 3.
The first lands 4 may be equidistant from one another but
this is not a requirement. The first lands 4 may be arranged
at lattice points, for example on a hexagonal or cubic lattice,
but this is not a requirement. When there is regularity in the
pattern of the texture features (e.g. constant trench width and
shape) then fabrication is simplified because, for example,
layout and process control are made easier. For example, in
the case where the lands 4 are equidistant and set on a
regular lattice, the trench (corresponding to the space in
between the first lands 4) has a more even width/depth, thus
facilitating the circulation of gas (etchant or deposition
precursor) during the fabrication process.

[0062] In the case illustrated in FIG. 3A the projections
constituting the first lands 4 may be formed in various
shapes. The following is a non-exhaustive list of some
example shapes for the first lands 4: cylindrical, paral-
lelopipedal, pyramidal, tetragonal, or having a cross-sec-
tional shape (in the plane parallel to the first principal
surface 2a) in the form of a cross, a tripod or any other
rotationally-symmetric shape. Moreover, it is not essential
for the first lands 4 to have a rotationally-symmetrical shape;
the texture may, for example, comprise simple parallel linear
trenches separated by linear walls. In implementations using
parallel linear trenches separated by linear walls, the circu-
lation of gas (etchant, or deposition precursor) during fab-
rication processes is facilitated in the case where the
trenches intersect to form a continuous trench.

[0063] The first trenches 3 have sidewalls 3s which may
extend at an angle of less than or equal to 90° relative to the
first principal surface 2A of the base layer. With sidewalls
angled in this manner the first lands 4 have constant cross-
section, or may taper somewhat, as they extend away from
the root level 2R of the base layer 2. This type of shape
facilitates creation of a conformal layer when cover layer
material (describe below) is deposited over the first lands 4
and first trenches 3, and good conformality serves to pro-
mote uniformity of porosity that is created in the cover layer.
[0064] According to a second patterning approach, illus-
trated in FIG. 3B, the texture features consist of a continuous
land region 4 having multiple discrete trenches descending
into the thickness direction of the base layer 2. It should be
mentioned that FIG. 3B is highly schematic and, in practice,
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the mouths of the first trenches 3 would open out to a greater
extent than is illustrated (in order to promote conformal
deposition of the cover later described below). The shape
and spacing of the discrete trenches is not particularly
limited. However, when the cross-sectional area of the
trenches is substantially constant along the length of the
trenches this helps to promote conformality in a cover layer
deposited over the land region 4 and discrete trenches.
[0065] The patterning approach illustrated by FIG. 3A
makes use of a continuous trench and, compared to the FIG.
3B case where discontinuous trenches are involved, has an
advantage in terms of improved gas circulation during the
etching process and improved conformality of a cover layer
deposited over the first lands 4 and first trenches.

[0066] FIG. 2 is a diagram schematically representing a
cross-section through a portion of a substrate according to an
embodiment of the invention. As can be seen in FIG. 2, a
cover layer 12 is formed over the first principal surface 2a
of the base layer 2 and conformally covers the first trenches
3 and first lands 4. FIGS. 4(a) to 4(d) show magnified views
of a portion of the cover layer 12 so that structure of this
cover layer 12 can be understood. FIG. 4(a) is a diagram
representing a perspective view whereas FIG. 4(b) is a
diagram representing a cross-sectional view. FIG. 4(c) is a
TEM high-resolution image of the cover layer 12 viewed
from the side and FIG. 4(d) is an image of the cover layer
12 viewed from above.

[0067] Texture features consisting of second trenches 13
and second lands 14 are formed in a surface 12A of the cover
layer 12 that is remote from the base layer 2. The second
trenches 13 and second lands 14 are relatively small scale
texture features, that is, they are at a smaller scale than the
texture features in the base layer 2. In other words the
dimensions of the texture features in the cover layer 12 (i.e.
the diameter of the second trenches 13 and the pitch of the
second trenches 13) are smaller than the dimensions of the
texture features in the base layer 2.

[0068] Inthe description below it shall be assumed that the
texture features in the surface 12A of the cover layer 12 that
is remote from the base layer are nanometric features, i.e.
trenches and lands having dimensions of the order of nano-
meters, for example pores formed in AAO. However, the
invention is not limited to the case where the relatively
small-scale texture features in the cover layer 12 are nano-
metric. Nevertheless, it is preferred for the texture features
in the surface 12A of the cover layer 12 to be sub-micro-
metric and more preferred for them to be nanometric.
Likewise the invention is not limited to the case where the
second trenches are formed by an anodization process, other
processes could be used (e.g. anisotropic etching).

[0069] Although problems may arise, as described above,
if the thickness of the material that is anodized to form the
cover layer 12 is made greater than about 10 or 15 pm, it is
undesirable to form the pre-anodization material layer
excessively thin because this restricts the overall surface
area that can be obtained in the finished structure. For certain
applications it is advantageous to set the thickness of the
cover layer 12 to more than 5 pum so that a substantial surface
area is obtained when fabrication of the multi-order textured
substrate is complete.

[0070] The texture features in the base layer 2 may be
produced using a subtractive process as shall be described
with reference to FIG. 5A. More particularly, according to
the present subtractive approach the texture features are
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formed in a monolithic base layer 2, for example by etching
the base layer using lithographic techniques to achieve the
desired patterning of the first lands 4 and first trenches 3. In
this case the base layer 2 is “monolithic” insofar as a
common layer forms the first lands and forms a root portion
from which the lands extend, but this does not exclude the
possibility that one or more additional layers may be lami-
nated on the base layer 2.

[0071] Alternatively, the texture features in the base layer
2 may be produced using an additive process as shall be
described with reference to FIG. 5B. More particularly,
according to the present additive approach a base layer 2
having the desired texture features is produced using a first
sub-base layer 2a having a substantially planar shape (or, at
least a substantially flat, untextured surface) upon which a
second sub-base layer 25 is formed. Portions of the second
sub-base layer 25 form the first lands 4. The second sub-base
layer 2b may, for example, be deposited on the first sub-base
layer 2a as a continuous layer and then etched to leave
behind the first lands 4. Although FIG. 5B illustrates a case
where there are two sub-base layers 2a, 26 it is to be
understood that the desired relatively large-scale texture
may be produced using three or more than three sub-base
layers.

[0072] In the embodiment illustrated in FIGS. 2, 5A and
5B, additional layers 10 and 11 are interposed between the
base layer 2 and the cover layer 12. The additional layer 10
is a metal layer that may be used to promote adhesion
between the base layer 2 and the material of the cover layer
12. This metal layer 10 may also serve for implementing
electrical interconnection. Various materials may be used for
the metal layer 10 including, but not limited to aluminum,
titanium or copper.

[0073] The additional layer 11 is an anodization stop layer
that serves to control the depth of the pores formed in the
cover layer 12 in the present example embodiment in which
the second trenches 13 are formed in the cover layer during
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an anodization process. Various materials may be used for
the anodization stop layer including, but not limited to:
titanium or tungsten. Further information regarding the
anodization stop layer 11 is given below in relation to a
fabrication method described with reference to FIG. 10.
[0074] Different layers (or extra layers) compared to lay-
ers 10, 11 may be interposed between the base layer 2 and
the cover layer 12 depending on the materials used to form
the base layer 2 and cover layer 12 and/or depending on the
fabrication techniques used to form the cover layer 12.
Likewise, the layers 10 and 11 may be omitted in suitable
cases.

[0075] Simulations have been performed to evaluate how
dimensions of the texture features of the base layer 2 affect
the degree of surface-area amplification that may be
achieved.

[0076] A first set of simulations computed the surface-area
amplification ratios that could be achieved in the case where
a 10 um thick AAO cover layer is formed on a textured base
layer 2, a ratio R=D/H takes a value of 1 (where D is the size
of the free space between the opposed surfaces of the cover
layer 12 that covers two adjacent first lands 4, and H is the
height of the first lands 4) and different values were used a)
for the height H of the first lands (or depth of the first
trenches), and b) for the width W of the first lands 4 (or the
gap between adjacent trenches).

[0077] Table 1 below shows the results of this first set of
simulations and includes surface-area amplification values
“Amplification max” determined according to an optimistic
computation formula which maximizes likely surface-area
amplification as well as surface-area amplification values
according to an “optimistic” computation formula which
maximizes the surface-area amplification ratio as well as
surface-area amplification values “Amplification min”
determined according to a pessimistic computation formula
which minimizes likely surface-area amplification ratio. NB
the height and width values included in Table 1 are
expressed in micrometers.
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[0078] TABLE 1

Height
05| 10)] 20|40 | 80 | 160 | 320 | 64.0 | 128.0|256.0
05 |I10.1 | 02 ] 03 | 05|09 1.3 18 | 23 2.6 2.8
1 0102103 ]05]|009 13 1.8 23 2.6 2.8
2 02102]03]05]| 09 1.3 1.8 23 2.6 2.8
é 4 0210304 |06 |09 13 1.8 |ﬂ 22 ||| 2.6 2.8
=
-§ 8 03104 05 )06 |09 13 1.7 2.2 2.5 2.7
S | S
= S
= § 16 05(105] 06|07 09 1.2 1.6 22 2.4 2.7
g
< 32 |06 | 07|07 |08 |09l 12 | 15 | 19 ||| 23 2.6
64 08108 ] 08| 09K10 1.1 1.4 1.7 2.1 24
128109 [ 09| 09 | 09|10 | 1.1 12 | 15 1.9 22
256 |09 |1 09| 09|10 | 1.0 1.0 1.1 1.3 1.6 1.9
Height
051 10)] 20|40 | 80| 160|320 | 640 | 128.0256.0
0.5 1.0 | 1.1 1.2 [ 13 | 16 1.9 22 2.5 2.7 2.9
1 1.0 | 1.1 12 | 13 | 16 1.9 22 2.5 2.7 2.8
f§ 2 1O 1T | 1.2 [ 13 | 15|18 | 22 | 25 2.7 2.8
g
g 4 1.0 | 1.1 12 | 1.3 | 15 1.8 2.1 |ﬂ 2.5 2.7 2.8
B
;:j < 8 1O | LT | 1.1 | 13 | 14|17 | 21 | 24 ||| 26 2.8
= S
g = 16 1.0 | 1.1 1.1 1.2 114 1.6 1.9 23 2.6 2.8
g =
32 1.0 | 1.0 | 1.1 1.1 | 1.3 1.5 1.8 2.1 2.4 2.7
64 10|10 10 | 1.1|)§12 | 13 16 | 1901l 22 2.5
128 1.0 1.0 | 1.0 | T.1TJ|} 1.1 1.2 1.4 1.6 1.9 23
256 l1o | 10| 1010 | 1.1 | 1.1 12 | 14 1.6 2.0
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[0078] In Table 1 the cells that are NOT within the triple
bold outlined areas correspond to combinations of width and
height values that give significant improvement in term of
surface amplification and that provide base layer geometries
that are more realistic from a processing and/or robustness
point of view. Therefore they correspond to combinations of
width and height values that are preferred in the case where
a 10 um thick AAO cover layer is formed on the textured
base layer 2, and ratio R=D/H takes a value of 1.

[0079] In Table 1 a single bold outline surrounds a group
of six cells that correspond to combinations of width and
height values that yield particularly significant benefit in
term of surface amplification and provide base layer geom-
etries that are realistic from a process and robustness point
of view. Therefore they correspond to the more preferred
range of setup for the width and height parameters in the
case where a 10 um thick AAO cover layer is formed on the
textured base layer 2, and ratio R=D/H takes a value of 1.
[0080] In Table 1 a double bold outline surrounds a single
cell that corresponds to a combination of width and height
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values that provides the maximum amplification for an
acceptable Height/Width ratio that is realistic from a process
and robustness point of view. Therefore it corresponds to the
setup that is currently considered to be optimal for the
process in the case where a 10 pm thick AAO cover layer is
formed on the textured base layer 2, and ratio R=D/H takes
a value of 1.

[0081] A second set of simulations computed the surface-
area amplification ratios that could be achieved in the case
where a 10 um thick AAO cover layer is formed on a
textured base layer 2, the ratio R=D/H takes a value of 0.5,
and different values were used a) for the height H of the first
lands (or depth of the first trenches), and b) for the width W
of the first lands 4.

[0082] Table 2 below shows the results of this second set
of simulations and, as for table 1, shows “Amplification
max” and “Amplification min” values determined according
to the optimistic and pessimistic computation formulae,
respectively. As for Table 1, in Table 2 the height and width
values are expressed in micrometers.
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[0084] TABLE 2

W/H
0.5 10| 20 | 40 | 80 | 160 | 320 | 64.0 | 128.0 | 256.0
0.5 0.1 1] 0.1 03 05 1] 08 14 22 3.1 38 43
1 01|02 03 05| 08 1.4 22 3.0 3.8 43
2 01|02 03 05| 08 1.4 22 3.0 37 43
=]
g 4 02103 04 105 ]| 09 14 2.1 |ﬂ 29 3.7 472
o)
o]
"§ o 8 03|04 04 06 | 09 1.3 2.0 2.8 3.6 42
= 5
'71 § 16 051 05 06 | 0.7 | 09 1.3 1.8 2.6 34 4.0
g
< 32 06 | 0.7 0.7 08 | 09 12 1.6 23 3.0 3.7
64 08 | 08| 08 | 09Il 1.0 1.1 14 1.9 2.6 33
128 09109 | 09 [ 09]l1.0 1.1 13 1.6 2.1 2.8
256 091 09| 09 1.0 ] 1.0 1.0 1.1 13 1.6 1.9
W/H
05110 20 |40 | 80 160|320 | 64.0|128.0]256.0
0.5 1.0 | 1.1 1.2 14 | 1.7 2.1 2.8 34 4.0 4.4
1 1.0 | 1.1 1.2 1.3 1.6 2.1 27 34 4.0 4.4
?§ 2 1.0 | 1.1 1.2 1.3 1.6 2.1 2.7 34 4.0 4.4
g
g 4 1.0 | 1.1 1.2 1.3 1.6 2.0 2.6 |ﬂ 33 3.9 4.4
g o 8 1.0 | 1.1 1.1 1.3 1.5 1.9 2.5 3.1 3.8 43
= S
g‘ § 16 1.0 | 1.1 1.1 12114 1.7 22 29 3.6 4.1
<
32 1.0 ] 1.0 1.1 1.1 1.3 1.5 1.9 2.5 32 3.8
64 1.0 ] 1.0 1.0 1.1 1.2 1.3 1.6 2.1 2.7 34
128 1.0 ] 1.0 1.0 1.1 1.1 1.2 14 1.7 22 2.9
256 1.0 1.0 1.0 1.0 1.1 1.1 1.2 14 1.6 2.0
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[0083] In Table 2 the cells that are NOT within the triple
bold outlined areas correspond to combinations of width and
height values that give significant improvement in term of
surface amplification and that provide base layer geometries
that are more realistic from a processing and/or robustness
point of view. Therefore they correspond to combinations of
width and height values that are preferred in the case where
a 10 um thick AAO cover layer is formed on textured base
layer 2, and the ratio R=D/H takes a value of 0.5.

[0084] In Table 2 a single bold outline surrounds a group
of six cells that correspond to combinations of width and
height values that yield particularly significant benefit in
term of surface amplification and provide base layer geom-
etries that are realistic from a process and robustness point
of view. Therefore they correspond to the more preferred
range of setup for the width and height parameters in the
case where a 10 um thick AAO cover layer is formed on
textured base layer 2, and the ratio R=D/H takes a value of
0.5.

[0085] In Table 2 a double bold outline surrounds a single
cell that corresponds to a combination of width and height
values that provides the maximum amplification for an
acceptable Height/Width ratio that is realistic from a process
and robustness point of view. Therefore it corresponds to the
setup that is currently considered to be optimal for the
process in the case where a 10 pm thick AAO cover layer is
formed on textured base layer 2, and the ratio R=D/H takes
a value of 0.5.

[0086] It can be seen from Tables 1 and 2 that, considering
the optimistic computation, surface-area amplification ratios
of 1.0 or better may be obtained by setting the height of the
first lands 4 to at least 1 pum.

[0087] It can be seen from Tables 1 and 2 that, taking both
the optimistic and the pessimistic computations into
account, surface-area amplification ratios of 1.0 or better
may be obtained by setting the width of the first lands 4 in
the range 0.5-256 um and setting the height of the first lands
4 in the range 0.5-256 pm. The mechanical strength of the
structure improves when the width of the first lands is more
than A good compromise between improved surface-area
amplification ratios and structure mechanical robustness
may be obtained by setting the width of the first lands 4 in
the range 2-8 um and setting the height of the first lands 4
in the range 16.0-64.0 pm.

[0088] In certain embodiments of the invention the thick-
ness of the cover layer is greater than 5 um, the width of the
first lands is greater than 1 um, and the ratio R is greater than
0.5. By respecting this combination of ranges the yield of the
fabrication process producing the multi-order textured sub-
strate is enhanced.

[0089] In certain embodiments of the invention the ratio
R=D/H is set in the range 0.5 to 3.0. In the case where the
ratio R is set to 0.5 or more the ability to form the cover layer
in conformity with the shape of the underlying first lands and
first trenches is promoted. In the case where the ratio R is
above 3.0 the gain in surface-area amplification becomes
negligible.

[0090] A multi-order textured substrate according to
embodiments of the present invention may be used to make
various electrical/electronic elements. In general, the pro-
cesses for making such elements involve functionalizing the
surface 12A of the cover layer 12, that is, forming one or
more layers that on the surface 12A.
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[0091] FIG. 6 illustrates a first structure that may be
produced by providing a thin film layer 26 on the surface of
a cover layer 22 that is remote from the base layer. FIGS. 6-8
illustrate in simplified form only a portion of the cover layer,
the base layer 2 is not represented. In this example the cover
layer 22 is electrically conductive and the thin film layer 26
is provided over, and conformally covers, the second
trenches and second lands of the cover layer 22. Depending
on the target application the thin film layer 26 may be
electrically insulating or electrically conductive and the
material for the thin film layer 26 (and its thickness) may be
selected accordingly. The thin film layer 26 may be formed
on the cover layer 22 by a process appropriate to the
materials of the cover layer and thin film layer and the
dimensions of the second trenches. For example, ALD may
be used.

[0092] The structure of FIG. 6 may be used, for example,
to form a chemical sensing element. In such a case the thin
film layer 26 may be formed of a material upon which
molecules of a target chemical species become adsorbed.
[0093] FIG. 7 illustrates a second structure that may be
produced by providing thin film layers 26 and 27 on the
surface of a cover layer 22 that is remote from the base layer.
In this example the cover layer 22 is electrically conductive
and the thin film layers 26 and 27 are provided over, and
conformally cover, the second trenches and second lands of
the cover layer 22. In this example the thin film layer 26 is
electrically insulating and the thin film layer 27 is electri-
cally conductive. In this way a 3D capacitive structure is
formed. A terminal 23 may be provided connecting to a
bottom electrode of the capacitive structure. Although FIG.
7 represents the terminal 23 as if it were physically in
contact with the cover layer 22, in practice the terminal 23
is attached to the base layer and connects electrically to the
bottom electrode of the capacitive structure. A terminal 24
may be provided connecting to a top electrode in the
capacitive structure. The materials for the thin film layers 26,
27, and the thickness of these layers, may be selected
according to the desired capacitance of the capacitive struc-
ture. The thin film layers 26 and 27 may be formed on the
cover layer 22 by processes appropriate to the materials of
the cover layer and thin film layers and the dimensions of the
second trenches. For example, ALD may be used.

[0094] FIG. 8 illustrates a third structure that may be
produced by providing a stack of three thin film layers 36,
37 and 38 on the surface of a cover layer 32 that is remote
from the base layer. In this example the cover layer 32 is
electrically insulative and the stack of thin film layers 36, 37,
38 are provided over, and conformally cover, the second
trenches and second lands of the cover layer 32. In this
example the thin film layer 36 is electrically conductive, the
thin film layer 37 is electrically insulative (i.e. a dielectric),
and the thin film layer 38 is electrically conductive. In this
way a 3D capacitive structure is formed in which the
conductive layer 36 is a bottom electrode, the insulative
layer 37 is a dielectric and the conductive layer 38 is a top
electrode.

[0095] In a variant of the FIG. 8 structure, an electrical
contact can be made at the bottom of the pore, by selectively
dissolving oxide formed on an anodization stop layer, such
that the conductive layer 36 contacts a metal layer under-
lying the anodization stop layer.

[0096] A terminal 33 may be provided connecting to a
bottom electrode of the capacitive structure Although FIG.
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8 represents the terminal 33 as if it were physically in
contact with the bottom electrode/conductive layer 38, in
practice the terminal 33 may be attached to the base layer
and connect electrically to the bottom electrode of the
capacitive structure. A terminal 34 may be provided con-
necting to a top electrode in the capacitive structure. The
materials for the thin film layers 36, 37, and 38, as well as
the thickness of these layers, may be selected according to
the desired capacitance of the capacitive structure. The thin
film layers 36, 37 and 38 may be formed on the cover layer
32 by processes appropriate to the materials of the cover
layer and thin film layers and the dimensions of the second
trenches. For example, ALD may be used.

[0097] FIG. 9 illustrates a System in Package (SIP) 100
that may be fabricated using a substrate according to
embodiments of the present invention, which substrate 120
may implement one or multiple capacitive elements (as well
as, optionally, various additional components for example
passive components, interconnect, and so on).

[0098] In the SIP 100 of FIG. 9 a substrate 120 according
to an embodiment of the invention is flip-chip bonded to a
mounting substrate 130, which may be a lead frame. An
active die 110 including an integrated circuit 115 is flip chip
bonded to the substrate 120. Thus, the substrate 120 accord-
ing to the invention is integrated with the integrated circuit
115.

[0099] FIG. 10 illustrates a method of fabricating a multi-
order textured substrate according to embodiments of the
present invention. The illustrated method includes forming
(S1) a base layer 2 having a first principal surface (2A)
defining a plurality of first trenches 3 and intervening first
lands (4). When the base layer 2 has been formed, a cover
layer 12 is formed (S2) over the first principal surface 2A of
the base layer 2 to conformally cover the first trenches 3 and
first lands 4. The surface 12A of the cover layer remote from
the first principal surface 2A of the base layer comprises a
plurality of second trenches 13 and intervening second lands
14 defined at a smaller scale than the first trenches and first
lands.

[0100] The texture in base layer 2 may be formed in
various ways, for example using the subtractive process or
additive process described above.

[0101] The texture in the surface 12A of the cover layer 12
may be created in various ways. In one example fabrication
process, an aluminum layer is deposited to conformally
cover the first trenches 3 and first lands 4 of the base layer
2, and then an anodization process is performed to create
pores in the aluminum layer. In the case where an anodiza-
tion stop layer, such as the layer 11 of FIG. 2, is deposited
before deposition of the aluminum layer, an oxide layer (e.g.
TiOx, WOX, etc.) is formed at the bottom of each pore. If
desired, a selective etching process may then be performed
to etch away oxide at the bottom of the pore while leaving
Al O, on the sidewalls of the pore, for example making use
of a potassium- or sodium-based buffered etch solution. In
a case where a metal layer, such as layer 10 of FIG. 2,
underlies the anodization stop layer 11 this approach may
allow electrical connection to be made at the bottom of the
pore to the metal layer 10.

[0102] Although the present invention has been described
above with reference to certain specific embodiments, it will
be understood that the invention is not limited by the
particularities of the specific embodiments. Numerous varia-
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tions, modifications and developments may be made in the
specified embodiments within the scope of the appended
claims.

1. A substrate comprising a base layer having a first
principal surface defining a plurality of first trenches and
intervening first lands, wherein the substrate includes a
cover layer having a thickness greater than 5 pm provided
over said first principal surface of the base layer and
covering the first trenches and first lands substantially con-
formally, wherein:

the surface of the cover layer remote from the first

principal surface of the base layer comprises a plurality
of second trenches and intervening second lands
defined at a smaller scale than the first trenches and first
lands,

the width of the first lands is greater than 1 pm, and

a ratio R=D/H is greater than 0.5 where D is the size of

the free space between the surfaces of the cover layer
covering two adjacent first lands and H is the height of
the first lands.

2. The substrate according to claim 1, wherein the ratio
R=D/H is no more than 3.0.

3. The substrate according to claim 2, wherein the first
trenches have sidewalls extending at an angle of =90° to the
first principal surface of the base layer.

4. The substrate according to claim 1, wherein the first
trenches have sidewalls extending at an angle of =90° to the
first principal surface of the base layer.

5. The substrate according to claim 1, wherein the first
trenches interconnect and form a continuous contour that
intersects with itself.

6. The substrate according to claim 1, wherein the cover
layer is an anodized layer and the second trenches are pores
in the anodized layer.

7. The substrate according to claim 1, wherein the cover
layer is electrically conductive and a first thin film layer is
provided over, and covers substantially conformally, the
second trenches and second lands of the cover layer, the first
thin film layer being electrically insulating or electrically
conductive.

8. The substrate according to claim 7, wherein the first
thin film layer is electrically insulating and a second thin
film layer is provided over, and covers substantially confor-
mally, the first thin film layer, the second thin film layer
being electrically conductive.

9. The substrate according to claim 1, wherein the cover
layer is electrically insulating and a stack of three thin film
layers are provided over, and cover substantially confor-
mally, the second trenches and second lands, the first layer
of the stack being electrically conductive, the second layer
of the stack being electrically insulating and the third layer
of the stack being electrically conductive.

10. The substrate according to claim 9, wherein an elec-
trical contact is made to the first layer of the stack through
the bottom of the second trenches.

11. A capacitive element comprising a substrate according
to claim 8.

12. A system in a package module comprising a substrate
according to claim 1 monolithically integrated with an
integrated circuit.

13. A chemical sensor element comprising a substrate
according to claim 8, wherein the first thin film layer is a
chemical sensing layer adapted to adsorb selected mol-
ecules.
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14. A method of fabricating a substrate, comprising:

forming a base layer having a first principal surface

defining a plurality of first trenches and intervening first
lands, and

forming a cover layer over said first principal surface of

the base layer to cover substantially conformally the
first trenches and first lands, the surface of the cover
layer remote from the first principal surface of the base
layer comprising a plurality of second trenches and
intervening second lands defined at a smaller scale than
the first trenches and first lands;

wherein the width of the first lands is greater than 1 pum,

and

a ratio R=D/H is greater than 0.5 where D is the size of

the free space between the surfaces of the cover layer
covering two adjacent first lands and H is the height of
the first lands.

15. The fabrication method according to claim 14,
wherein forming the base layer comprises etching a princi-
pal surface of the base layer to form the first trenches and
first lands, or providing a second sub-base-layer on a first
sub-base-layer, wherein the first lands and the sidewalls of
the first trenches are formed by portions of the second
sub-base-layer.

11
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