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Abstract: In this paper we present an optimization of the planar manufacturing scheme for stretch-
free, shape induced metal interconnects to simplify the fabrication with the aim of maximizing the
flexibility in the structure regarding to stress and strain. The Formation of trenches between silicon
islands are actively used in the lithographic process to create arc shape structures by spin coating
resist into the trenches. The resulting resist form is used as a template for the metal lines, which are
structured on top. Because this arc shape is beneficial for the flexibility of these bridges. The trench
depth as a key parameter for the stress distribution is investigated by applying numerical
simulations. The simulated results show that the increase in penetration depth of the metal bridge
into the trench increases the tensile load which is converted into a shear Force Q(x), that usually
leads to increased strains the structure can generate. For the fabrication the filling of the trenches
with resist is optimized by varying the spin speed. Compared to the theoretical resistance, the
current-voltage measurements of the metal bridges show a similar behavior and almost every
structural variation is capable of functioning as a flexible electrical interconnect in a complete island-
bridge array.

Keywords: stretchable electronics; mechanical design; structural design; numerical simulation;
fabrication strategy; island-bridge

1. Introduction

Island-bridge structures are a popular concept towards building flexible electronics, where the
islands as the rigid part are incorporated into a soft and stretchable material and connected by metal
bridges to create the electrical functionality. Although it cannot compete with flexible material-based
structures, where every component is stretchable, the island-bridge concept has the advantage, that
conventional high-performance devices can be placed on these islands, where they are isolated from
strain [1,2].

There are different ways to build the flexible interconnects between the islands. One possibility is to
fabricate the devices and metal lines in a standard process and transfer them onto a pre-stretched
substrate. Releasing the pre-stretch pops up the bridges from surface, so that they have an arc-shaped
structure and can tolerate a specific amount of strain [3-5]. By using trenches, which separate the
islands from each other, the pre-stretch can also be used to let the metal lines buckle into the depth
of the trench [6]. Of course, this transfer process is difficult to implement in a conventional processing
route. Hence, there is also the possibility to use the silicon substrate itself and structure it from the
front- and backside into islands [7]. The benefit of this approach is that the whole process stays within
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the standard planar technology, which simplifies handling and production. But on the other side
building 3D arc-shaped bridges using the trench depth is not an option anymore. Consequently,
complex designs like mesh structures or combination of specific beam structures must be used, for
the flexible interconnects, [7-9].

In this paper we show detailed investigations for our alternative manufacturing route which we use
for fabricating stretch-free shape induced interconnects [10]. Here, the focus is on the trench depth
as a key parameter. Numerical simulations were used to figure out the influence of the trench depth
on the stress distribution of the metal bridge. An analytical model for explaining the stress behavior
is established. Additionally, process optimization parameters for the fabrication of such advanced
metal bridge structures are shown.

2. Materials and Methods

2.1. Integration Concept

In our previous paper we introduced the alternative concept to fabricate arc-shaped freestanding
metal bridges into the trench depth (Figure 1). The in this way created 3D structures work as flexible
interconnects between silicon islands and are completely integrated into the silicon planar
technology. The concept also includes a flexible substrate (Figure 1, Polyimide) that simultaneously
functions as a passivation layer [10].
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(2) Bosch process for island structuring (6) Removing of Polymer
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(3) 100 nm SiO,/1500 nm PI/50 nm Al,O5 (7) Backside etch with KOH for releasing the substrate

:
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(4) BCB filling for following metal forming

%

Figure 1. Complete process flow of the alternative manufacturing route [10].

Before structuring the trenches, it is also possible to fabricate electronic devices on the subsequently
formed islands. After the Polyimide (PI) is spin coated the metal lines are structured into the trench
depth by using a forming process with a polymer, which is also spin coated. Finally, step 7 is used to
remove the backside of the silicon wafer and to release the island-bridge substrate. With this last step
the substrates also get semi-transparent.

The structures were investigated by using 2D simulations regarding to geometry parameters. While
it turned out that the stress distribution is similar to a bending under uniform line load it also shows
that the trench depth can have the most positive effect to the stress distribution compared to metal
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width, thickness and trench width. With the detailed investigations here, we want to give an
explanation about this impact of the trench depth.

The forming process for the metal bridges was done by using Benzocyclobutene (BCB), which was
spin coated into the trenches. The subsequently cleaning of the trenches to get freestanding metal
lines worked out, but also can cause damage to the interconnects as the functionality test showed. All
structures had a deviation in the resistance compared to a theoretical calculated value. Some
interconnects did not work at all, which was a problem of defects. These results showed that an
optimization of the process is needed. So, the focus of this work was set to step 4 to 6 of the
manufacturing route (Figure 1).

2.2. Design of Numerical Modelling

The numerical simulations are performed using Ansys Mechanical 2022 R1 and with the same
material parameter as in our first study [10]. Figure 2 a) shows a schematic drawing of the geometry
illustrating the trench depth D, trench width W and the metal thickness d. While W and d were set
constant at 40 um and 300 nm respectively, the trench depth D was varied to 5, 10, 15 and 20 pm. The
simulations discussed here are focused on the trench depth optimization, as it is anticipated to be the
key factor for increasing the strain, which the metal can hold in the region of elastic deformation [10].
The upper limit of the elastic deformation is called the yield strength ys and serves here as the
maximum acceptable value for the stress in the bridge. The green box in Figure 2 a) displays the part
of the concept, which was modeled in a symmetrical 2D simulation as can be seen in Figure 2 b).

;

10,000 (urn)
2,500 7,500

Figure 2. a) Sketch of the concept to illustrate trench Depth D, trench width W and metal thickness d.
The green box indicates the part for the simulation model; b) Example for a simulation model, here
with trench depth of 10 um (left). Illustration of P: and P: for the evaluation of the movement in x and
y direction (middle and right).

Since silicon is a rigid material, not the entire island is built in the model but only the upper corner
where the metal bridge arrives. As a load a displacement Uxis applied at this silicon edge to have a
stretching of the structure in x direction. First the Ux was set to 0.34 um, which was sufficient to reach
the yield strength ys of the metal bridge over the 5 um deep trench. In a second approach, depending
on the trench depth D, a specific displacement to the silicon edge was applied to reach ys of the
corresponding structure. The values for Ux for the before mentioned trench depth variations were
0.34,1.13, 2.57 and 3.98 um. For both simulations the movement in x direction of point P: at the upper
end of the metal was compared to the movement in y direction for point P2 in the middle (cf. Figure
2).

2.3. Material Processing
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Here, as mentioned in section 2.1, we focused our work on optimizing the metal deposition and
the patterning. That means we reduced the complete process flow of Figure 1 to the fabrication
scheme in Figure 3. So, we skipped the final step which would be a wet chemical etching with
potassium hydroxide (KOH) on the backside of the wafer and which is used to release the complete
island-bridge substrate to make it flexible Typically, array structures were fabricated, where th width
of the trenches is kept constant at 40 pum, while the bridges are varying between 5, 10, 20 and 30 pm
in width.. Figure 3 depicts the corresponding steps, wherein route A is focusing on the formation of
the arc shape structure. For the filling of the trenches a photoresist AZ5214 from MicroChemicals is
used. To investigate the filling behavior, the resist was spin coated with 1000, 2000 and 3000 rpm and
trench depths of 10 and 20 um are used. Finally, the process is transferred to the reference process
surface, which includes a PI layer to provide a flexible matrix for the islands (Figure 3, route B). The
Pl is spin coated with 3000 rpm and then cured during a temperature ramp up of 300 °C, at which it
holds for 1 hour. Subsequent to the trench filling 500 nm aluminum (Al) is deposited by sputtering
and structured either by wet chemical or by dry etching. For the wet chemical etching TechniEtch
Al80 from MicroChemicals is used. The dry etching is performed in a Plasmalab System100 from
Oxford Instruments with a mixture of chlorine (Cl) and hydrogen bromide (HBr). Thereafter, the
resist is ashed in a TEPLA Plasma chamber with an O2-Plasma at 300 W for 10 min, to yield/release
freestanding metal bridges.

A si & sio, 1 [ A0, [ Photoresist A

(1) Bosch process for island structuring

Route A Route B
(2A) Filling of trench and Al sputtering onto the bare (2B) Filling of trench and Al sputtering onto a prepared
substrate Polyimide (PI) substrate
I 1 T )
(3A) Metal structuring and dissolving of photoresist (3B) Metal structuring and dissolving of photoresist

R EE S

Figure 3. Material processing for the test structures: route A on bare silicon substrates, route B on a
Polyimide surface, which will be used in the reference process.

2.4. Electrical Characterisation

The conductivity of the previously mentioned structures is verified by current-voltage
measurements on interconnect loops over 96 islands in an array configuration. The structures were
designed such that one loop runs back and forth so that contact 1 and contact 2 are next to each other.
The measurements are performed by applying a current sweep from -90 pA to +90 pA with steps of
20 pA and measuring the required voltage between contact. The functionality of the structures is
evaluated based on the determined resistance R, which is compared to theoretical resistance Reneo of
the bridges. The theoretical value is calculated by using the specific resistance of Al from the literature
[11]. For the geometrical dimension of the structures the length was taken from the mask layout and
for thickness 500 nm was used. These current voltage measurements are an easy way to determine
the yield of the bridges regarding to trench and metal width.
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3. Results

3.1. Numerical Simulations

Figure 4 shows the behavior of the bridge going through a 10 ym deep trench under tensile load.
The top image depicts a comparison of the deformed and undeformed model. As can be seen, the
deformation in x direction causes a movement upwards of the middle section. In the detailed views
the stress distribution along the metal is displayed. For the middle part (orange frame) the stress is
positive (tensile) at the upper edge and negative (compressive) at the bottom. Contrary to this at the
support of the bridge (red) the tensile stress occurs at the bottom side and the compressive stress on
the opposite. Such a stress distribution is also known from the pure bending of a straight beam under
line load, which can be described as uniaxial stress state, where the stress ox at every position can be
calculated with the following equation [12]:

0,000 5,000 10,000 (urn)
2,5 7,50

582,01 Max
456,29
330,56
204,83
79,106
-46,621 A oocoooooooo oo
172,35
-298,08
423,80
-549,53 Min

Figure 4. Behavior and maximum stress distribution of a metal bridge with 300 nm thickness and 5
um width over a 10 um deep trench with 40 pm width under tensile load.

O =—2Z=——="Z €))]

Here, M is the bending moment, Iy the geometrical moment of inertia and z the distance to the neutral
plane [12]. The yield strength ys as the maximum tolerated value can be applied for ox and the
corresponding bending moment can be calculated. In our model ys was set to 545 MPa which is a
reported value for the targeted very thin metal lines (200-300 nm) [13]. Using equation 2 and 3
together with the length [ of the beam, the line load g(x) and the shear force Q(x) can be obtained:

d s @
(6x2-6x+12)
Q=5 (2x) @)

For the derivation of these equations a differential equation of 4th order with specific boundary
conditions is used to calculate a special bending case [12]. As can be seen in Figure 4, ys is most likely
be reached on the upper end of the bridge at the transition to the island. Also, the direction of the
shear force Q(x) and the angular between the horizontal plane and this directed force is marked. That
means at this point, knowing these two components, that the force in x direction, which is caused by
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the applied movement, can be calculated via a trigonometric function. The details are given in
Appendix A. Finally, the resulting deformation in x direction can be determined and used for the
simulation to compare the movement of P: and P:. The results are illustrated in Figure 5. For a better
comparability in Figure 5 a) - ¢) the individual snapshots of each geometry variation were placed in
one picture.

a) b)

| B .. o=50m)

c) d)

—e— D10-W40!
1 |—+—D15-W40

. .
—=— D5-W40
—v— D20-W40)

8 U,..(D=10 um)
U,o(D=15 ym)

max

Figure 5. Results of the simulation to compare the movement of point P1 and P2 of the trench depth
variation: a) starting point without load; b) deformation Usum, which is sufficient to reach ys of the
bridge with a 5 um deep trench; c) individual load for every depth variation to reach ys; d) plot of the
y-position of P2 over the corresponding P1 displacement in x-direction for each bridge from c)

As described in section 2.1 the simulation was done with bridges, which go through different
trench depths D. So, the interconnect in the 5 um deep trench (D5-W40) is the flattest and therefore
always the upper one, while the metal in the 20 um deep trench (D20-W40) is always the lowest.
When the same displacement Ux is applied to each model, as shown in Figure 5 b), the movement in
the y direction of the bridges is different, as illustrated by the arrows. It clearly decreases from sample
D5-W40 to D20-W40. Figure 5 c) illustrates the case that a specific Ux for each structure is applied.
This time the Uk is sufficient to reach the ys of the corresponding interconnect. The movement in the
y direction is also different, but this time vice versa to the case in Figure 5 b) When the movement of
P2 is plotted depending on Pi, as shown in Figure 5 d), it clearly can be seen that with increasing
trench depth D the slope of the graph decreases. For sample D20-W40 it is almost equal to 1, at least
until Ux <3 pum. This movement of the middle part of the bridge is assumed to cause the bending of
the metal and therefore also the specific stress distribution given in Figure 4. As described before, the
tensile force F in x direction can be connected to the shear force Q(x) of the bending. Comparing the
individual forces necessary to cause the different x-movements from Figure 5 c) shows a decrease
from trench depth 5 um to 20 pm. At the same time, when calculating the ratio Q(x)/F, it becomes
apparent that with increasing trench depth the ratio approximates to 1. For D=20 um the tensile load
is almost completely converted into the shear force Q(x). When the slope of the interconnect at the
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transfer to the island gets larger, it is beneficial for the overall stress distribution and therefore for the
achievable strain in the structure.

3.2. Process Development and Implementation

For the filling of the trenches with resist it is investigated at which speed during spin coating the
arc shape structure is achieved in the trenches. This is done for the 10 um deep trenches as well as for
the 20 um depth. Figure 6 shows two examples of a cross section in the trench with depth of 10 and
20 um. The green line represents the profile of the resist, which is equal to the final form of the metal
bridge. The profile for each spin speed is extracted for both trench depths. The diagrams in Figure 6
show the results. With increasing the spin speed, the resist gets thinner in the middle of the trench,
which means, that the penetration depth for the metal bridge gets increased. The largest difference
in both trenches is between 1000 and 2000 rpm, while the depth for 2000 and 3000 rpm is almost the
same. For a trench depth of 10 pm it can clearly be seen that with 3000 rpm the resist forms a plateau.
In the 20 um deep trench this also seems to start with the 2000 and 3000 rpm. The aim for the final
process is to get a well-formed arc shape, so for producing the final metal bridges the parameters are
set to 1000 and 2000 rpm for the 10 um trench and to 1000 rpm for the 20 pm. Care must be taken
about the wetting of the trench walls with resist. This gets particularly significant for the trench depth
of 20 um. In the corresponding FIB image, the edge of the island is not covered. This is important for
the layout of the bridges, meaning that the structures should be placed in the center of island and
trench.

Trench depth = 10 um Trench depth = 20 um

[ 1stand surface
E Si cross section
[ Resist

s 1000 rpm
— 2000 rpm
3000 rpm

- Island cross section

Figure 6. FIB cross sections of trenches with 10 and 20 um depth with the green line indicating the arc
shape profile of the resist spin coated with 1000 rpm for both (top row); extracted profiles of the resist,
which was spin coated with 1000, 2000 and 3000 rpm into these trench depth variations (bottom row).

In a next step the freestanding metal bridges are formed on top of the resist coating. As described in
section 2.2 the structures are formed on a bare silicon surface and on Polyimide coated islands, which
would be the final application. The results can be seen in Figure 7. The lithography and the
structuring itself worked for a trench depth of 10 and 20 pm. On a bare silicon surface with the 20
pm deep trench the bridge is no longer quite as well formed as an arc shape, but the bridge penetrates
quite well into the depth, which is also achieved for the 10 um deep trench. Regarding the trench
depth it can be seen that with a PI coating it is significantly reduced. As with the simulations
described the trench depth is the key factor for generating more strain in the structures. So, the PI
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filling must be taken into account as a design parameter for the trench depth meaning that the
trenches must be over etched for getting a specific trench depth in the final substrate.

rench 10 um rench 20 pm

I:I Island surface
I:I Metal

rench 20 pum on PI

I:I Polyimide coated

Island surface

I:I Metal

Figure 7. Freestanding metal bridges over trench with 40 pm width and depth of 10 respectively 20
pum: Metal width = 20 um, Without Polyimide coating (upper row), metal width = 10 um, with
Polyimide coating (bottom row).

3.3 Conductivity Measurements

To verify the functionality of the bridges the fabricated island-bridge arrays are electrically
characterized using I-V measurements and a mean value of resistance for each metal width is
determined. The results are compared to the theoretical resistance. Examples for the arrays and the
results of the functionality test can be seen in Figure 8. The theoretical values show a decrease of the
resistance with increasing the width of the metal. This can also be seen for all measured structures.
For the trenches with 10 um depth the results are quite close to the theoretical values, especially the
trench filling with 1000 rpm. There is an offset for the 5 pm width and 2000 rpm for both, the bare
silicon (green) surface and the PI coated (blue) one. For the 20 um deep trenches the results for the 5
and 10 um width are broader distributed and for the bare silicon surface no value for the 5 um width
could be determined, because no current flow could be detected. These bridges over the 20 pm deep
trenches are the most critical structures in this process. After structuring the metal, it can be observed
that the structures get thinner at the edge of the island, meaning the width of the metal. Figure §,
bottom row, shows two examples. This causes an increase of the resistance and is very susceptible to
defects. For the PI coated islands this effect gets less and the structure width of 5 um over a 20 um
deep trench are ok, but a larger difference to the theoretical resistance can be seen. As described the
PI decreases the trench depth and makes the edge of the silicon island smoother. Both can help
avoiding defects in the metal bridges.
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Figure 8. Examples for the island-bridge arrays with 10 and 20 pm deep trenches and the metal width
varying between 5, 10, 20 and 30 um (upper row); comparison of the determined resistance of each
metal width and the theoretical values (second row), dotted lines are just or guidance; problem of
reduced metal width at the edge of the island as a consequence of the lithography (bottom row).

4. Conclusions

Based on numerical modelling, we have successfully demonstrated an optimized manufacturing
route for flexible interconnects, which uses the trench depth as a design parameter which can be
completely integrated into the standard silicon planar technology. Detailed investigations on the
trench depth simulations clearly showed that with increasing the slope of the metal bridge when
reaching the island more tensile load is converted into the shear force Q(x). This effect improves the
overall stress distribution during tensile load.

To implement this structure in a manufacturing process, the filling of the trenches with resist works
well over a complete island-bridge array with a size of 0.5 x 0.5 cm. While both trench depth can be
filled with 1000 rpm during spin coating, the filling with 2000 rpm leads to even better arc shape
structures in the 10 um deep trench.

Current-voltage measurements show a decrease of resistance with increasing the width, which fits
the estimated theoretical resistance values. Although, some deviations in the practical measured
values to the theoretical ones can be expected, it must be emphasized that all metal interconnects on
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the final PI coated wafers are found to be completely operational demonstrating the scalability of this
approach.
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Appendix A

Here, the derivation for the equations from section 3.1 are shown. The following calculations are
based on [12] and [14].
With the assumption of an uniform surface load there is the general differential equation of 4th order
[12, 14]:

EIw!V=q(x)
(4)

Here, E is the young’s modulus, I the geometrical moment of inertia, w the curvature and q the
surface load. The x coordinate describes a specific point along the beam and is in the range of 0 <x <
1, where | is the maximum length of the beam. Integrating equation 4 leads to the four constants:

4 X3 X2

EIw(x)=q 7 +0] —+0p 5 +C3X+Cy

6 ©)

The constants can be solved with the boundary condition that the beam is clamped at both ends [12]:
w(0)=0
w’(0)=0
w(l)=0
w’(1)=0
4 3 2

a2t
EIW(X)—q24+q 3 +q > ©)

With the second derivation of equation (6) the bending moment M(x) can be calculated [12, 14]:
EIw" (x)=-M()=15 (6x* — 6lx + [*)
)
And with the derivation of M(x) the shear force Q(x) can be calculated:
QG0=1(2x)
8)

As described in our results the most critical point for the stress in the metal is the point next to the
edge of the island. And we mentioned that the stress should not overcome the yield strength vys.
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When using ys as ox in equation 1 from section 3.1 there is a second possibility to calculate M(x). After
that M(x) and equation 7 can be used to get q(x), which is needed in equation 8 for Q(x).

When Q(x) is solved in this way the correlation of forces can be drafted as can be seen in Figure 9.

Neutral
Plane

Neutral
Plane

Figure 9. Description of correlation of forces at the critical point at the end of the metal bridge:
Example for a bridge through a 40 um long a 10 um deep trench (left), trench with width =40 pm and
height =20 pum (right).

There are the shear force Q(x) and the normal force Fx, which come from the bending of the structure
[12]. The third one is the tensile force Frensie, because of the deformation in x direction. Finally, to get
Frensite the standard trigonometric functions can be used. Therefore, the angular ot must be determined
from the model by measuring it during the building of the model. As illustrated in Figure 9 the
angular a decreases with increasing the slope of the metal bridge. For the 20 um deep trench (Figure
9, right) it can be assumed as 0. So, Feensie can be calculated for every geometry variation and be used
for the simulations.
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