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Abstract. This paper reports on a reliability analysis made on micromachined
millimeter-wave power sensing structures by means of electrical pulses. As the main
result of the pulsed clectrical stress a degradation of the sensor bolometric termination
is observed. Different geometries are considered and the corresponding degradation
process analysed,

1. Introduction

Llectromechanical and thermal-electrical mechanisms are the most used
sensing and actuation schemes i micromachined devices. While they are mainly
used to produce deflection of microbeams, cantilevers and membranes for
actuation functions, they play a key role in sensors lo provide sensitive
transduction mechanisms [1]. An example of the latter is the widely known
principle of thermal isolation in micromachined bolometric sensors for gas flow
and microwave power measurement (Fig. 1(a)). Here thin membranes with defined
geometry and boundary conditions help to realise small areas of defined thermal
conductivity to the rest of the chip, allowing to reach high temperature gradients.
For the GaAs-based technology an Aluminium mole-content of 48% in the AlGaAs
membrane provides the maximal thermal resistance. The relatively strong
thermoelectric properties of GaAs are used to form the thermocouple measuring
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the generated temperature difference. This can result from rl power losses in a
dedicated transmission line or from the absorbed power in a matched termination
[2]. [3]. The reached sensitivities as well as the compatibility of the fabrication
process with MMIC technologies make them suitable for the integration of power
detection and monitoring functions in microwave ICs.
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Fig. 1. Schematics of the investigated power sensor device a).
here with a receiving dipole antenna for 60 GHz. Failure modes
related to mechanical b) and electrical ¢) reliability are shown.

To ensure a commercial viability to the developed devices requires thorough
reliability investigations. While from the mechanical point of view the fragility of
the thin 1 to 2 micron membrane is the main issue, limitation to power handling
capabilities can arise from the stability of the used metallisation system for the
defimtion of transmission lines and termination (Fig. 1 b) and ¢)). Here tradeoffs
are needed as. for example, to the question of using thicker membrancs which are
mechanically stable and provide a reduced sensitivity.

The rehability investigation of this work uses the transmmssion-line pulse
(TLP) method to analyse failure and degradation mechanisms of thermal power
sensing structures. It includes a first analysis on an integrated 60 Gllz bolometer
with a NiCr termination on the membrane and GaAs/CrAu thermopiles for the dc
output. This is followed by a more systematic study of termination structures with
different geometries. The main degradation mechanism has becn identified to be a
current induced metal migration at regions of high current densitics followed by a
ficld induced material transport in the damaged regions. Subsequent material
analysis support this description.
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2. Experiment Description and Discussion
a) Temperature distribution

Preliminary investigations have been made to determine the temperature
distnbution due to a dc current flow in a termination. The NiCr(80/20) termination
is here located on the top side of the 150 microns thick bulk sensor before the
backside process to sclectively etch the membrane. To determine the resulting
distribution a liquid crystal (LC) thermography has been made with a coating of
0.7°C bandwidth between 35 and 35.7°C (R35C0.7W). The temperature
distribution of Fig. 2 has been obtained for a power level of 150 mW. Comparable
results, shown in Fig. 3, have also been obtained from a thermal FEM calculation
with the ANSYS software. These results show that besides the requirement for the
hot ends of the thermocouples to be in the closest neighbourhood of the heating
resistor for higher sensitivities, the contours of the temperature distribution can be
used to define an optimal arrangement of the thermocouples.
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Fig. 2. Measured and calculated temperature distribution around the NiCr
heating resistor on the substrate. The obtained profile corresponds to
an electrical dc power level of 150 mW in the resistor.

The R35C0.7W LC-coating was used.

b) TLP Measurement set up

The used TLP reliability system is computer-controlled and mainly consists
of a parameter analyser (HP4145A), a pulse generator (HP8114A), an oscilloscope
(TDS620) for pulse response monitoring and a switching matrix. Additional probe-
hcads have been designed and realised for this purpose. A microscope camera takes
a picture after each stress cycle. All components are computer-controlled and allow
a fully automated testing procedure. A dedicated software has been written to
provide high flexibility in stress and measurement cycles. This set-up allows
device-specific stress and analysis procedures for the identification of degradation
mechanisms with any metallization. The short pulse of the TLP method is
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gencrally shorter than the thermal time constant of the sensor. This allows for
higher amplitudes of the DC input signal with minimum device heating and well-
defined electrical stress. Furthermore, a time-domain analysis of the data is
possible, allowing for precise calculation of thermal and electrical models [4], [5].

¢) Detection of degradation threshold

The threshold detection measurement is performed on resistors of different
geometry as described in Fig. 3 and the table, using electrical pulses with a length
of 100 ns. The influence of the chosen geometry on the device power handling
capabilities is determined by varying the amplitude of the pulses applied to the
device under test. Degradation is detected by the subsequent TV-measurements of
the devices after a stress cycle. A rise in resistivity is observed when degradation
occurs. Below the respective threshold voltages, no change of the resistance could
be observed, even with an increase of the pulse numbers.
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Fig. 3. Change of resistance as a function of the applied electrical stress. Relevant
geometric parameters and the corresponding values ure respectively indicated
in the insct and the table. Structures with sharp included angles show
a lower degradation threshold.

As shown in the measurement results in Fig. 3, a lower degradation threshold
is observed on the samples with lower included angle. This threshold reduction can
be explained by the current density increase in the corner region.

d) Failure mechanism investigations

The main device failure mechanism has been identified to be the degradation
of the NiCr termination resistor with increasing input power.
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Initially. the degradation occurs in the regions with the highest current
density (Figs. 4a, 2-4) and therefore highest thermal excitation. The electrons drift
towards the anode leaving positively charged ion cores to be influenced by two
types ol forces. The electrostatic force attracts the ions towards the cathode and the
momentum exchange between electrons and ion cores makes them migrate towards
the anode. This leads to a current induced metal migration of the NiCr resistor
metal and a damage to the unpassivated underlying GaAs surfacc.

The observed material transport is facilitated by the combined effect of local
high temperatures and high current densities. With progressing degradation the
resistance locally increases and therefore leads to high electric fields in the already
damaged regions (Figs. 4a., 5-9). As a result, a second material transport
mechanism is observed, which includes now also the GaAs surface. Sub-picture 8
and 9 in Fig. 4 show small particles close to the burned arcas indicating a transport
of matenal away from the damaged regions of the NiCr resistor.

This description of the degradation process is also supported by a maternial
analyse based on energy dispersive x-ray (EDX), as shown in Fig. 4b. This
technique was used immediately after degradation and it allows to show the
composition of the transported material, which includes mainly GaAs from the
substrate and a lower amount of the used metallization materials as shown in figure
4. The relatively high Cr content compared to Ni is due to presence of Cr as an
adhesion layer for Au metallisation.

a) h)

Fig. 4. a) Degradation process in the NiCr test resistor. Current induced effects
as appearing in subpictures 2—4 are followed by field induced effects from
subpicture 5 on (device 1.1). b) Energy dispersive x-ray analysis ol
the material transport in a degraded structure before cleaning
(device 2.5). The inset shows the removal of
material below the metallisation.
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3. Conclusion

The pulsed approach for the excitation of degradation mechanisms has been
used to study the reliability of a power sensor structure. The main advantage of the
degradation analysis is the possibility to stop the degradation process at any stage
for sufficient measurements and analysis. This work shows the importance of the
chosen approach for the improvement of sensor design and technology. For this
lype of resistance structures the current induced degradation mechanisms trigger
the field induced ones by producing a pre-damage into the structurc of the
underlying substrate material. Without such a pre-damage a pure field induced
degradation 1s not observed. Additional measurements and simulations are needed
for an optimal sensor design. These can include methods such as the 3 o technique
for the determination of thermal transport properties of thin multilayer structures
[6]. Coupled fields analysis are also needed for a complete design including a
maximum of the involved physical effects and reliable material data.
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