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ABSTRACT

The functionality of flexible electronics relies on stable performance of thin film micro-electrodes.
This Letter investigates the behavior of gold thin films on polyimide, a prevalent combination in
flexible devices. The dynamic behavior of gold micro-electrodes has been studied by subjecting
them to stress while monitoring their resistance in situ. The shape of the electrodes was
systematically varied to examine resistive strain sensitivity, while an additional encapsulation was
applied to characterize multilayer behavior. The realized designs show remarkable tolerance to
repetitive strain, demonstrating that curvature and encapsulation are excellent approaches for

minimizing resistive strain sensitivity to enable durable flexible electronics.
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Recently, flexible electronics have garnered increasing attention, due to the possible impact
on mainstream electronics such as the development of highly sophisticated flexible mobile phones
and wearable computing devices."? Flexible electronic gadgets such as flexible keyboards are
already on the market and their demand has been significantly increasing. Most of these commercial
devices incorporate polyimide as the flexible substrate in order to define circuit paths for surface-
mounted devices which are the rigid functional elements. Consequently, these devices are not fully
flexible. Recent research has demonstrated that flexible thin film transistors,* flexible solar cells,*
flexible batteries,” and LCD displays® can be realized on fully flexible substrates. However, in order

to enable the development of next generation, truly flexible devices, a detailed analysis of every

individual component of such flexible electronic devices has to be carried out.

Contrary to conventional electronic devices, where the technology was almost exclusively
developed on silicon substrates due to its crystal structure, dupability and band gap, the choice of
substrate in flexible electronics is not trivial due to the availability of many possible candidates such
as polyethylene terephthalate (PET)” or polydimethylsiloxane (PDMS),®° each with its unique
capabilities and disadvantages. Amongst them, polyimide provides very good adhesion, thereby
enabling the metal films on top to stretch with the substrate until rupture, while still maintaining
their electrical conductivity.’® This is in contrast to other flexible materials that suffer from
temperature instability and incompatibility with acids or solvents, both crucial factors for micro-
fabrication. Furthermore, polyimide is stable at relatively high temperatures of up to 400 °C and is
unaffected by acid exposure, making it an excellent choice for a robust substrate that is compatible

with current micro-fabrication techniques.

However, in order to fully realize truly flexible next generation electronic devices, featuring
full functionality even under stress, a fundamental understanding of metalized polymer films and

their behavior under load is extremely important. Furthermore, to ensure that a working device is



not affected by the movement or deformation of the substrate, the resistive strain sensitivity must be

reduced drastically.

In this work, we explore the design of electrodes that show minimal alteration in resistance
when being subjected to strain. In exploring possibilities for strain-independent micro-electrode
configurations, we chose a prevalent material combination of gold as the conductor and polyimide
as the flexible substrate for experiments. Gold, as a conductor in flexible and stretchable devices,
has been utilized and studied extensively.’®*® The research has shown that gold can be stretched
dramatically and still maintain its electrical properties. The conducting mechanism of well-adhered
gold thin films on polymeric substrates that are stretched far beyond the elastic limit of the metal,
relies on strain delocalization, which enables the build-up of micro-island structures. Such islands
stay in contact even at stress levels exceeding the bulk gold rupture strain.® Furthermore, gold

provides excellent conductivity and is inert at the elevated temperatures used in this experiment.

In order to study the strain sensitivity of gold-coated polyimide films, we use well-defined
electrodes that are subjected to constant load and release. During the load—release cycling of the
substrates, the resistance of these patterns is constantly measured in situ. To study resistive strain

sensitivity, curved electrode patterns as well as encapsulation’” of the electrodes are used.

The gold micro-electrodes are realized on polyimide substrates utilizing standard micro-
fabrication techniques. Initially, as a support substrate, a microscope glass slide is utilized
[Fig. 1(a)], which is thoroughly cleaned to avoid contamination. The polyimide substrate (Kapton
film, DuPont), with a thickness of 25.4 um, is affixed by laminating it to the glass slide using a UV
sensitive tape [Fig. 1(b)]. Gold films of 200 nm thickness are subsequently deposited on to the
polyimide layers by electron beam evaporation (PVD75, Kurt J. Lesker) at a rate of 0.1 nm/s

[Fig. 1(c)]. The structuring of the gold layer is carried out using a standard photolithographic



process followed by an aqua regia (HCI:HNO3:H,0::3:1:2) etch process and a subsequent
deionized water rinse to shape the gold layers [Fig. 1(d)] . The photoresist is then stripped with
acetone, rinsed with isopropanol and dried with high purity nitrogen, to prepare the pattern for
bonding. The subsequent interfacing of the electrodes is carefully carried out using the two-part
silver bonding epoxy with gold ribbon. For the polyimide encapsulated samples, an identical
process is carried out, albeit for an additional encapsulation step. To encapsulate the features, a
positive photo-patternable polyimide (HD8820, HD Microsystems), was spin-coated on the pattern,
followed by a 180 s soft-bake at 120 °C. The polyimide was then exposed to UV light for 45 s to
expose the contact pads. The development is completed in a developer bath (AZ316 MIF,
Microchem) for 2 min. A schematic of the development result is illustrated [Fig. 1(f)]. The spun-on
polyimide film is then cured in a furnace in a nitrogen environment. The curing process involves the
samples being initially heated to 150 °C (with a ramp rate of 4 °C/min). This is followed by a slow
ramp (2.5 °C/min) to 320 °C, which is completed by a 60 min cure to fully cross-link the polyimide
precursor. The curing process of the polyimide is completed with a gradual cooling to room
temperature. The electrodes are then interfaced by bonding with conductive silver epoxy similar to
the unencapsulated electrodes. Both unencapsulated and encapsulated samples [Fig. 1(e) and Fig.
1(g), respectively] were then released from the glass substrate by a flood exposure of the adhesive

UV sensitive tape.

A static reference sample was also produced analog on a glass slide on which a 200 nm
thick layer of gold was deposited using electron beam evaporation. While a thin adhesion layer of
titanium or chromium are normally required to promote adhesion of gold to glass, to enable directly
comparable results to the polyimide samples, this layer was avoided. The metallization was carried
out on the same hardware to ensure comparability. A standard lift-off procedure was carried out,
producing an exact replica of the features on the polyimide substrate using the image reversal

capabilities of the AZ5214E photoresist.



The as-synthesized dog-bone shaped patterns (straight electrodes) shown in Fig. 2, were
2 mm in length, 100 um in width and terminated by 500 pm x 500 um bonding pads. In addition to
the straight electrodes, serpentine electrodes with multiple 60°, 90°, and 120° curves were also
realized in order to study the impact of curvature on the resistive strain sensitivity. The total length
of these electrodes was 2,094 um, 3,141 um, and 4,188 um respectively. A width of 100 um and

thickness of 200 nm of the electrode was consistently maintained for all samples.

Before the start of the dynamic tests, static tests were conducted to determine the initial
resistance of the structures as well as the quality of the gold layers. A calibrated 4-point probe
measurement setup*® was used to determine the sheet resistance of the reference sample as well as
the gold film on the polyimide substrate. Figure 3 shows the sheet resistance of gold on glass to be
0.199 Q/sq and a corresponding resistivity pauclass = 3.98 X 10® Qm. This value is in agreement
with values reported in literature for thin gold films on glass.’® Interestingly, a lower sheet
resistance (0.178 Q/sq and a corresponding resistivity of pawpolyimide = 3.57 X 10 Qm) is measured
for the gold film grown on the non-crystalline polyimide substrate. The resistance measurements for
the micro-scale electrodes were obtained using an Agilent digital multimeter after taking into
account the wire resistance of the measuring equipment. Figure 3 shows that the measured values
for different curvatures of the resistor patterns are in close agreement to the theoretical calculations

that were obtained using the resistivity values from 4-point probe measurements.

Dynamic measurements were conducted in order to test the resistive strain sensitivity of the
polyimide-based samples. The tests were conducted using a custom-built fully-automated stretching
apparatus with a step resolution of 2.5 um. The displacement of the samples was controlled by a
linear stage actuated with a micrometer screw driven by a stepper motor (Trinamic PD-110-42,

Germany). The resistance was measured using an Agilent multimeter after every displacement step.



The stepper motor and multimeter were controlled by a LabView program which applies the
displacement mappings automatically. The resistance measurements were acquired with accurate

synchronization with the displacement.

Strain—resistance measurements were performed on the straight and serpentine electrodes,
both non-encapsulated and with the spin-on polyimide encapsulation. Figure 4(a) shows a
comparison of a straight micro-electrode with a strain of 3% applied 20 times with successive
recovery to 0% strain. A significant reduction in the strain sensitivity of these straight micro-
electrodes is observed after encapsulation. The trend is visible throughout all tests, as curvature and
encapsulation are considered [Figs. 4(b-d)]. However, the reduction in strain sensitivity of the
encapsulated counterparts becomes less severe with increasing curvature. Furthermore, a constant
reduction of strain sensitivity is achieved by curvature. When comparing the conventional (straight)
unencapsulated design with the strongly curved and encapsulated micro-electrodes, a reduction in

resistive strain sensitivity of ~1,100% was achieved.

The observed result from the straight electrode indicates that elastic deformation is not the
only parameter that influences the metal layer during the multiple stretching cycles. This appears
counterintuitive since the resistance returns to its initial value after every stretching cycle. The
change in resistance of an ideal straight gold resistor with pure dimensional elastic change in shape
can be estimated by:?

A+¢)

R=R
0(1-1)5,)2

1)

where, Rq is the initial resistance, v the Poisson’s ratio of gold (0.44), and & the induced strain (3%
or 0.03). A theoretical estimation of resistance change for serpentine electrodes is intricate as the

strain distribution is not uniform throughout the curved area, as demonstrated by Gonzalez et al.**



Using Equation (1), a 5.8% increase in resistance is estimated for the straight electrode.
However, the experimental findings indicate a change of ~22%. This large discrepancy can be due
to the micro-cracking in the gold film as a result of the applied stress. Such micro-cracking is a
known phenomenon in well-adhered metal thin films on elastomeric substrates stretched beyond
their elastic limit.'® This causes the resistance to increase beyond the theoretically expected level.
The micro-cracks allow the gold to deform beyond its bulk rupture stain and return to its initial
resistance. The occurrence of micro-cracking on the straight electrodes was verified by electron
microscopy.’® It was further demonstrated that micro-cracking decreases rapidly with an increasing

degree of electrode curvature.'?

Such behavior can be explained using observations made in previous work on different
elastomeric substrates. In previous work, extensive simulation and in situ testing of serpentine
electrodes have shown that such a configuration improves maximum stretch ability of these patterns
on elastomeric substrates.? In case of metal layers on polyimide, the limiting factor for reversible
stretchability is not failure of the conductor itself, but the plastic deformation of the substrate.
However when operated within the elastic limit of the polyimide substrate, the resistive strain
sensitivity of gold electrodes on polyimide is drastically improved when formed in a serpentine
shape. Encapsulation is expected to improve the strain distribution by further delocalizing the stress
in the films. This is expected to result in less micro-cracking, thereby making the elastic
deformation dominant. As expected, the stretching experiments on straight and serpentine shaped
electrodes demonstrate that the resistance is significantly lower after encapsulation (Fig. 4). When
comparing the initial strain sensitivity of the non-encapsulated electrode with the encapsulated 120°
serpentine pattern a substantial reduction (~1,100%) in resistive strain sensitivity achieved.
Throughout all tests all patterns show no notable degradation when subjected to multiple stretching

cycles, verified by optical and electron microscopy imaging.



In summary, we have examined the properties of gold thin films and straight and serpentine
micro-electrodes on polyimide substrates. The static thin films were characterized by 4-point probe
measurements to determine the resistivity of the thin films. Gold micro-electrodes on polyimide
with varying serpentine shape with systematic variation of curvature were realized to test the impact
on resistive strain sensitivity. Furthermore, we encapsulated these micro-electrodes with spin-on
polyimide to evaluate the behavior when subjected to strain. Curvature and encapsulation proved to
be independently effective tools to reduce the sensitivity of these patterns when subtracted to strain,
with the combination of the two factors reducing strain sensitivity by ~1,100% (for the encapsulated
120° serpentine structures over unencapsulated straight micro-electrodes). These findings highlight
the significance of electrode geometry design for durable flexible electronics, and the potential to

use the curvature and encapsulation to control strain sensitivity.
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FIGURE CAPTIONS

FIG. 1. Schematic of the fabrication process for gold patterns on polyimide films with selective
encapsulation. (a) A glass slide serves as a rigid support substrate during fabrication. (b) Polyimide
film is temporarily affixed to glass by lamination. (c) A 200 nm thick gold layer is deposited on the
polyimide surface by electron beam evaporation. (d) The gold micro-electrode patterns are defined
by standard photolithography and wet etching. (e) The final freestanding device. (f) For further
analysis, samples from (d) are encapsulated with spin-on polyimide, which is photolithographically

defined with openings. (g) The final freestanding device with encapsulation.

FIG. 2. Schematic of the thin film metal patterns subjected to the static and dynamic tests. Straight

resistors and serpentine resistors with arc segment angles of 60°, 90°, and 120° were studied.

FIG. 3. Static measurements of the reference gold pattern on glass and the pattern subject to test on
polyimide vs. theoretical resistance of the pattern calculated based on resistivity from four-point

probe measurements.

FIG. 4. In situ strain—resistance measurements comparing unencapsulated and spin-on polyimide

encapsulated micro-electrodes with (a) straight geometry and (b)-(d) serpentine geometry with arc

angles of 60°, 90°, and 120°, respectively.
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