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Kurzfassung

Das Ziel dieser Arbeit ist die Untersuchung des thermo-mechanischen Deformationsver-
haltens diinner Schichten auf Si-Substraten unter hohen Heizraten (bis zu 10* Ks™!). Die
Kriimmungsmessungen von speziellen Chips werden mit einem Setup, das fiir schnelle
Heizpulse designed wurde, durchgefiihrt. Die verwendete Methode, welche bereits von
T. Islam beschrieben wurde, basiert auf Laser Doppler Vibrometrie und wurde im Zuge
dieser Arbeit angepasst und verbessert. Sie ermdglicht die Geschwindigkeits- bzw. Ab-
standsmessung an mehreren Punkten an der Oberflache eines aktiv beheizten Halbleiter-
Chips wahrend mehrerer Heizpulse. Im Vergleich zu den von 7. Islam durchgefiihrten
Messungen, wurden zur Erstellung dieser Arbeit kleinere Proben verwendet, wodurch das
Signal-Stor-Verhaltnis durch Optimierung der Messparameter verbessert werden musste.
Zusatzlich wurden die Proben gediinnt, um die Verbiegung wahrend der Heizpulse zu
erhohen.

Ein Datenverarbeitungsprogramm, das aus den erhaltenen Daten die Kriimmung tiber
die Zeit berechnet, wurde geschrieben. In Kombination mit der gemessenen Temperatur
iiber die Zeit, liefert es die Kriimmungs-Temperatur-Beziehung.

Mit konventionellen Geraten zur Krimmungsmessung konnen nur verhéltnisméfig geringe
Heizraten (bis zu ca. 2.5 Ks™!) erreicht werden. Mit dem Aufbau, der das Laser Doppler
Vibrometer und die Moglichkeit zum aktiven Heizen beinhaltet, werden Heizraten bis
zu 10*Ks™! moglich. Der groBe Unterschied in den Heizraten fithrt zu sehr unter-
schiedlichen Kriimmungs-Temperatur-Beziehungen. Da die Heizraten im Falle einer
Uberlastung sehr hoch sind, erlaubt der in dieser Arbeit prisentierte Aufbau, die Mes-
sung der Kriimmungs-Temperatur-Beziehung unter andwendugsrelevanten Bedingun-
gen. Der bemerkungswerteste Unterschied zu Experimenten, die mit niedrigen Heizarten
durchgefiithrt werden, ist, dass das linear-elastische Verhalten bis hin zu weitaus hoheren
Temperaturen beobachtet werden kann (320°C bei hohen Heizraten, verglichen mit
120°C bei niedrigen Heizraten).



Abstract

The aim of this master thesis is to study the thermo-mechanical deformation behaviour
of thin films on Si substrates under high heating rates (up to 10* Ks™!). The measure-
ments are performed with an experimental setup for curvature measurements of specially
designed chips during rapid heating pulses. The setup is based on laser Doppler vibrom-
etry, as described by T. Islam, but has been adapted and improved within this thesis.
In particular, it allows the measurement of the velocity/displacement at several points
on the surface of an actively heated semiconductor chip during several heating pulses.
In comparison to the measurements performed by T. Islam, smaller samples were used
within this thesis meaning that the signal-to-noise-ratio had to be improved by optimiz-
ing the measurement parameters. Additionally, the samples were thinned to increase
the bow during a heating pulse.

A data processing program for deriving the curvature vs. time from the obtained data
has been developed. Combined with the measured temperature vs. time the curvature-
temperature relation is obtained.

Conventional curvature setups can only perform measurements with comparatively low
heating rates (up to roughly 2.5 Ks™!). With the measurement setup including a laser
Doppler vibrometer and the possibility of active heating, heating rates up to 10* Ks*
become possible. The big difference in the heating rates causes very different curvature-
temperature relations. As the heating rate in case of an overload event is very high,
the setup presented in this thesis allows measuring the curvature-temperature relation
at application relevant heating conditions. The most remarkable difference to experi-
ments performed at lower heating rates is that linear-elastic behaviour can be observed
until much higher temperatures (320 °C at high heating rates compared to 120 °C at low
heating rates).
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1 Introduction

Power semiconductor chips are used in many electronic systems, e.g., in the automotive
truck or sensing application. Their main purpose is to control the power densities, which
can range from mega- to microwatts. [1]

In general, a semiconductor chip consists of structured layers of different materials: semi-
conducting substrates, dielectrics used as insulating layers and power metallizations.
These materials do not only have different electrical properties but also distinguish in
terms of their coefficients of thermal expansion (CTE). This means that changes in tem-
perature lead to different thermal expansions of the respective materials resulting in
stress in the layers and shear at the interfaces. On a macroscopic scale such stresses
become apparent as the whole chip bends.

In case of an overload event in such a chip, high power (peak power may reach sev-
eral kW) may be generated within a few microseconds. Throughout its operational
lifetime, the device has to withstand many of those events, during which a big part of
the power is dissipated as heat. [2] As a consequence of the different thermal expansions,
the chip bends. It is important to understand, what happens during those temperature
cycles, as this strongly influences the lifetime.

Wafer curvature is a technique that was developed for measuring the temporal evolu-
tion of bow of whole wafers while being subjected to predefined thermal recipes. Wafer
curvature tools can conceptually be subdivided into a heating system and a system for
the curvature measurements. In most of the wafer curvature tools the wafer is located
in a chamber, which as a whole is heated, e.g., by means of electrical heating or infrared
lamps. With this passive heating possibility only low heating rates (less than 1Ks™1)
can be achieved. To increase the heating rates (up to the range of 2.5 Ks™), the tools
have been adapted by reducing the size of the heated volumes. The heating system was
changed to a heating stage instead of a whole oven. As a consequence only measurements
on smaller samples such as, for example, wafer pieces are possible with these adapted
systems.

By changing the heating possibilities from the passive methods mentioned above to active
heating via specially designed chips (so-called ”polyheaters”), shorter pulses and thus
higher heating rates can be achieved. The usage of polyheaters together with a special
setup for actuating them enables heating rates up to 10® Ks™! reaching temperatures
above 400 °C, which is close to conditions that may occur in a power semiconductor dur-
ing an overload event. [3] But as the chips are usually very small (roughly 2 mm x 3 mm),
they can not be measured with standard wafer curvature systems. Also measurements
with adapted wafer curvature systems become impossible for such samples as their scan
times are much longer than the duration of a pulse.

The aim of this master thesis is to expand a currently existing experimental setup to al-
low curvature measurements of polyheaters at very high heating rates (up to 10* Ks™').
For such fast curvature measurements a method based on laser Doppler vibrometry was



chosen, which has already been described by T. Islam. [4] Nevertheless the measurement
procedure had to be improved and a code for the analysis of the measurement data had
to be developed.

The polyheaters examined in the past had an aluminum metallization on top, but it
was exchanged by copper. The new types of polyheaters have so far never been suc-
cessfully investigated at high heating rates. At the end of the thesis, the results of the
experiments should thus provide data for the calibration of a thermo-mechanical model
of the power metallization layer in dependence of the temperature.



2 About Thin Film Deformation and Curvature
Measurements

2.1 Fatigue of Metals

In general fatigue of metals is the consequence of repeated mechanical or thermal load-
ing. Although for each cycle the maximum load is lower than the breaking load, over
a very large number of cycles subtle gradual microstructural degradation accumulates
causing fatigue and eventually break down of the specimem tested. [5]

In semiconductor chips, pulses during which the chips are heated cause thermomechani-
cal fatigue. Figure 1 illustrates the mechanical behaviour of a bilayer system representing
a substrate with a metallization on top upon variation in temperature.
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Figure 1: Schematics showing the thermally induced bow of a bilayer system.
(substrate (grey) = lower CTE, metallization (orange) = higher CTE)

As already mentioned in sec. 1, a temperature change causes the bending of the system
as the materials have different CTEs. Due to the metallization being attached to the
substrate, the bending leads to strains and stresses. Depending on the applied strain and
temperature combination different deformation mechanisms explained in the following,
may occur in the material. [6]

2.1.1 Elastic Deformations

An elastic deformation is a reversible deformation meaning that a material reaches its
initial form after having been exposed to an external force. While the force is applied,
the atomic lattice is deformed, e.g. stretched, but the atoms do not permanently change
their position. [7]

A measure for the stiffness and thus also for the ability of a material to deform elastically
is the so called Young’s modulus. It also is the coefficient describing the relation between
stress and strain in the elastic regime, which can be different for different orientations
of a material.



2.1.2 Plasticity

At low temperatures and high stresses plastic deformation occurs meaning that a ma-
terial is deformed irreversibly. The most important causes for plasticity to occur are
dislocation nucleation and glide. [8] Dislocation nucleation means that dislocations are
created as atomic bonds along a line within the lattice break up. The consequence of
the dislocation-formation is also called strain hardening, meaning that strengthening
occurs due to the increasing dislocation-dislocation interaction and the correspondingly
decreasing dislocation mobility. [9]

Cyclic strain hardening/softening: If it occurs due to cyclic loading, the strengthen-
ing of the material is called cyclic strain hardening/softening. The hardening/softening
can be observed within the first cycles, as the maximum obtained stress increases/decreases
with each cycle. Afterwards the material reaches a cyclically stable condition meaning
that it does not harden/soften anymore.[10]

2.1.3 Dislocation Creep

Generally creep is the time-dependent form of irreversible deformation. If a load is
applied to a material at an elevated temperature it causes strain to build up. [7]
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Figure 2: A diagram showing the evolution of strain (¢) vs. time (¢) if a material is
exposed to constant stress. [7]

The evolution of strain vs. time can be separated in three phases (see fig. 2): At
the beginning of phase I (transient creep) the strain rate changes rapidly and lowers
afterwards due to dislocation multiplication or rearrangement. In phase Il (power-law
creep), the strain rate stays nearly constant as the dislocation multiplication is in balance
with dislocation annihilation. Phase III is the last phase as the material is damaged
meaning that pores and/or small cracks arise. After a certain time, the material finally
breaks (indicated with the cross in fig. 2). [7]

In copper, which is the material of interest in this thesis, power-law creep is the important



form of creep at higher temperatures. In this regime dislocations move through diffusion
of vacancies or interstitial atoms. It is called power-law creep as the strain rate € is related

to stress o via a power law:
n
o
e (7). )
1

where ¢ is a constant, amongst others depending on temperature and some diffusion
constants, p is the shear modulus and n is the so called creep-exponent. The diffusion
constants change depending on whether high- or low-temperature creep (labelled as
H.T.Creep and L.T.Creep in fig. 3) is apparent. The difference between these two
regimes is that diffusion along dislocation cores is dominant at lower temperatures,
whereas bulk diffusion is more prominent at higher temperatures. [11]

2.1.4 Diffusional Flow

At even higher temperatures, dislocation creep is accompanied by the so-called diffu-
sional flow meaning that the diffusion of vacancies or interstitial atoms itself causes the
deformation. Depending on the temperature the mechanisms differ from each other and
therefore the diffusional flow regime can be subdivided into Nabarro-Herring creep and
Coble creep.

Nabarro-Herring creep: The diffusion path goes through the interior of the grain,
not along its boundary. The strain rate thus depends on the bulk diffusion constants.
Coble creep: In this case the vacancies do not diffuse through the grain but instead
follow the grain boundaries. The strain rate depends on the grain-boundary diffusion
coefficient. As the activation energy for diffusion along the grain boundaries is lower,
this mechanism occurs at lower temperatures compared to the Nabarro-Herring-Creep.

In both cases grain boundaries instead of dislocations serve as sources and sinks for
vacancies and the strain rate is proportional to the stress applied. The vacancies diffuse
from the grain boundaries, which are orthogonal to the tensile stress to the bound-
aries at which the compressive stress is orthogonal. This means that the grain involved
changes its shape meaning that also the surrounding grains have to follow. Thus, grain
boundaries have to slide. [7, 11]

2.1.5 Deformation Mechanism Maps

Partially it was already mentioned that some of the deformation mechanisms are dom-
inant at certain temperatures due to the needed activation energy. But of course all of
the deformation mechanisms can be observed only in certain temperature regimes. In
literature they are often related to the homologous temperature, which is the fraction
of the temperature to the melting temperature of the material. Also the stress is often
rescaled by dividing the shear stress by the shear modulus.

In a so-called ”deformation mechanism map” the different deformation mechanisms are
plotted for the regimes in the homologous temperature and normalized stress, at which
they dominate. Figure 3 shows such a deformation mechanism map for copper. Note



that this map is valid for copper with a grain size of d = 0.1 mm; for other grain sizes
the map looks different as deformation depends on the microstructure of the material.
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Figure 3: Deformation mechanism map for pure copper. [12]

2.1.6 Stoney Equation

If a stress develops in a thin film, which is attached to a substrate, film stress o; and
substrate curvature ¢ (measured in m™!) are related to each other via Stoney’s equation:

Esh?
=——29° . 2
o 6hf (1—1/5) ¢ ( )
In this context, hg is the thickness of the substrate, hy the thickness of the film, Fg is

the elastic modulus and vg is Poisson'‘s ratio of the substrate. [13]
But of course the equation has some limitations, which are listed below: [14]

e The substrate has to be elastically isotropic meaning that the elastic modulus and
the Poisson’s ratio have to be independent of its orientation

e The substrate has to be much thicker than the film (h; : Ay ~ 1 : 100) ensuring a
purely elastic deformation of the substrate

e The film has to be a full film meaning that the substrate has to be completely and
uniformly covered



e The temperature distribution within the whole stack has to be homogeneous

In semiconductor industry Stoney’s equation is often used to obtain information about
the stress in a certain film by depositing the material on a flat Si substrate and measuring
the curvature. But as silicon is elastically anisotropic, the original Stoney equation has
to be modified. [14]

2.2 Wafer Curvature based Stress Measurements in Thin Films

In this chapter the three experimental techniques, namely the wafer curvature system,
the adapted wafer curvature system and the laser scanning Doppler vibrometer, are
presented in more detail. Each of them has its special characteristics concerning sample
size, measurement technique and heating/cooling rates.

2.2.1 Wafer Curvature Systems

Wafer curvature is a technique, where the bow of a sample (typically a wafer or a wafer
piece) is monitored while being thermally cycled. Figure 4 shows a simplified schematics
of a k-Space wafer curvature system that is available at KA [15] It includes a so-called
multi-beam optical sensor, which allows curvature measurements based on the reflection
of an originally parallel array of laser beams hitting the curved sample surface.
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Figure 4: Schematics of a wafer curvature setup.

The sample is located in a chamber, which is heated via infrared lamps positioned at the
bottom and can be cooled by a cooling water system integrated into the chamber walls.
A thermocouple is used to monitor the temperature, which itself is used to control the
heating/cooling system. Due to the large sample size and correspondingly large thermal
mass of the chamber only comparatively low heating rates in the order of 0.2 Ks™! are
possible. As water is used for cooling, no constant cooling rates can be met.



As illustrated in fig. 5, the curvature measurement is facilitated by the laser optics unit,
which creates a laser array of several parallel beams that are directed onto the sample.
Depending on the curvature of the sample, the beams are reflected at defined angles
corresponding to a characteristic spot spacing of the beams at the CCD camera.

This means that the curvature of the sample can be calculated by measuring the distances
between the spots on the sensor. Compared to a flat reference the relative distance of
the beams hitting a curved sample is higher if the sample is convex and lower if the
sample is concave.

The sample size must exceed the dimensions of the laser array, which is around 5.0 mm x
3.3mm for the k-Space wafer curvature tool.
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Figure 5: Illustration of the principle function of the k-Space system used for curva-
ture measurements.

Figure 6 shows two representative curvature measurements performed on the k-Space
system. The curves correspond to a wafer piece (20 pm Cu on 775 pm Si, size 4 cmx 1 cm),
which was subjected to thermal cycles with heating rates of 0.1 Ks™! and maximum tem-
peratures of 320°C and 420 °C, respectively.

Both measurements start at room temperature with the wafer piece being in a ten-
sile stress state. The plot has to be read counter clockwise meaning that there is a
linear-elastic behaviour during heating until a temperature of roughly 120 °C is reached.
Afterwards the deformation mechanism changes into plastic deformation until reaching
the maximum curvature in compressive state at roughly 220 °C. During further heating
relaxation mechanisms become more and more dominating as the measured curvature



is approaching 0m~t. But as the system starts to cool down, the curvature goes back
to its original value again leaving the sample in a tensile stress.
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Figure 6: Two curvature-temperature measurements performed with the k-Space tool
on a wafer piece (20um Cu on 775 pm Si) with a heating rate of 0.1 Ks™'.
T: Temperature in °C; ¢: Curvature in m™?

2.2.2 Adapted Wafer Curvature Systems

The biggest disadvantage of wafer curvature systems is their relatively low heating rate
during the measurements. So-called adapted wafer curvature systems have higher heat-
ing rates, provide active cooling and allow measurements on smaller samples. As an
example of an adapted system, the thermal modified CT100 (tmCT100) is presented,
which was designed by T. Heidmann and described in detail in his master thesis. [16]
It is a setup allowing the determination of temperature-dependent bow of small multi-
layer systems, e.g. wafer pieces. Compared to the conventional wafer curvature system
its heating rates are higher (approximately 4 Ks™') but nevertheless it is still based on
passive heating via a heating plate.

As illustrated in fig. 7, the sample lies on a stage with dimensions 35mm x 35 mm.
The stage is provided with both, a thermoelectrical heating system as well as a cooling
system based on water and liquid nitrogen cooling. This allows maintaining predefined
heating/cooling rates over a wide span in temperatures. In addition, it is possible to
purge the temperature chamber with gas (e.g., nitrogen).
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Figure 7: Schematics showing the tmCT100 measurement setup. [16]

The curvature measurement of the tmCT100 is performed using white light interferom-
etry, which is described in the following and illustrated in fig. 8.
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Figure 8: Working principle of a white-light interferometer. [16]

The white-light sensor includes a white light source, whose light is emitted onto the
sample and the optical probe. Due to chromatic aberration the optical probe causes the
white light to split into various colors, which are focused onto individual focal planes.
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The analysis of the reflected spectrum using the spectrometer will thus result in a high-
intensity peak at a certain wavelength, out of which the distance between optical probe
and sample can be determined. As during a scan the stage is moved in x- and y-direction,
the topography of the sample is obtained. The analysis of this data leads to the curvature
of the sample.

To summarize the characteristics and limitations of the setup, the tmCT100 can be used
to measure pretty small samples (approximately 1 mm) with heating rates up to roughly
4Ks™!. The highest reachable temperature is 596 °C. [16]

2.2.3 Laser Scanning Doppler Vibrometry (LSDV)

A laser scanning Doppler vibrometer works based on the Doppler effect and can be used
to either measure the eigenfrequencies of a sample or the velocity of a moving surface.
The main advantage is that measurements on several points of the objects surface can
be performed with a high temporal resolution.

For obtaining the curvature, the velocities of five points are integrated to obtain their
displacements and a fit is performed for every time step (see sec. 3.4).

Doppler effect:

The Doppler effect can occur for all kind of waves such as, for example, sound or light.
As light waves are the only important wave form in this work, the following paragraph
focuses on them. A light source, e.g. a laser, emits light with a defined constant fre-
quency. If the emitted light waves hit a moving object the reflected beam has a different
frequency. The moving object this thesis focuses on is the surface of a polyheater during
a temperature cycle.

o1 02

Figure 9: Schematics illustrating the Doppler effect

O1 and O2 are two stationary observers detecting the light emitted by the moving light
source S. As the source is moving towards O1, he will observe an increased frequency,
whereas O2 will observe a decreased frequency as S moves away.
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The relation of emitted and reflected beam can be described via
Jo="— (3)

where fo is the frequency perceived by the observer, f; is the frequency of the incident
beam (in our case emitted by the laser), v is the velocity of the moving object and ¢ is
the speed of light. [17] As shown in fig. 9, the frequency can either increase or decrease
depending on the position of the observer. If the source moves towards an observer,
the wave maxima are compressed, which means that the frequency increases. On the
other hand an observer from whom the source moves away will perceive a beam with a
decreased frequency.

Vibrometer:

Laser scanning Doppler vibrometers are widely used for measuring velocities and dis-
placements, respectively, of all kinds of samples. Their resolution ranges down to fem-
tometer no matter how near/far the sample is. Another advantage is that the measure-
ments are performed with light meaning that it is a non-destructive but also a very fast
measurement technique. But there are also disadvantages: One of the most crucial ones
is that vibrations of the environment have a huge impact on the measurement. Another
one is that the laser beam is always focused on only one point. [18]

Principle function:
Figure 10 illustrates the basic setup and the principle function of an LSDV.
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Figure 10: Schematic structure of an LSDV. [19]

A laser emits a light beam of a certain frequency fy. This beam is split into a reference
beam and a test beam at the first beam splitter. By following the path of the reference
beam one can see that it is directed straight to a second beam splitter. The test beam
on the other hand has to travel through a Bragg cell, which is used to shift the lights
frequency by a frequency f,. This is necessary for distinguishing the direction of the
sample’s surface movement as f;, increases in case the sample moves towards the detector

12



and decreases in case it moves away. After passing the next beam splitter, the laser
beam hits the target. If the latter is moving, the frequency of the laser beam changes
according to eq. 3. The beam is reflected by the sample and guided towards the upper
beam splitter, where it combines with the reference beam. The merged beam travels to
the photo detector, where it creates an interference pattern. [18]

The velocity of the target in direction of the laser beam is calculated using eq. 3, if the
”observer frequency” (which in fig. 10 is the sum of fy, f, and f4) as well as the incident
frequency f; are known.

13



3 Experimental Methodology

3.1 Device under Test (DUT)

The devices under test were so-called ”polyheaters”. These are special chips, which were
designed for chip-bow measurements at very high, application relevant heating rates, [3]
but also for several other experiments. [4, 20, 21, 22, 23, 24, 25| Within this master
thesis polyheaters were used for curvature measurements during a short temperature
pulse.

3.1.1 Structure of Polyheaters

Their structure resembles power semiconductors but some parts are replaced/changed
to simplify testing. Figure 11 shows a schematic of a polyheater in cross-section. There
are four layers needed for its functionality, which are explained in the following. The
layers are separated by oxide layers for electrical insulation.

1. A silicon substrate with a nominally fabricated thickness of hg; = 120 pm. Silicon
is the standard base material for most industrially fabricated semiconductor chips
and for this reason also the polyheaters investigated within this thesis are based on
silicon substrates. The purpose of the substrates is to provide mechanical stability
during thermo-mechanical loading.

2. A highly phosphorus-doped polycrystalline silicon (polysilicon) layer with a thick-
ness of hp = 300nm. Due to doping its resistance can change but using the
formula for a typical sheet resistance, its resistivity is approximately Rgpeer = 20 €2
at room temperature. When an electric current flows through this resistive layer,
it is heated due to Joule heating. The produced heat H is related to the applied
current /(t) via

tpulse
H= / I(t)* - Rgpeer (t)dt (4)
0

where t,,. is the duration of a pulse. The resistance of the polysilicon changes
with time as the polysilicon is heated.

The heating power can easily reach several Watts causing a fast temperature rise
of several Kelvin per millisecond. It does not only cause the polysilicon to heat up
but also spreads over the surrounding materials.

3. A small aluminum line, which is used as temperature sensor based on a 4-point
resistance measurement. As the resistance of the temperature sensor lies in the Q-
range, the measurement error has to be very low. In general a resistance measured
using the 4-wire method does not include the resistance of the connections lines,
which in case of the 2-wire method would be added resulting in incorrect values.
The 4-wire method is based on a current force and a voltage sense circuit. The
first provides a stable DC current, which is forced through the temperature sensor
resistance; the latter is used to measure the corresponding voltage drop across

14



it. The advantage is the negligible error in the voltage measured as the input
resistance of the voltmeter is very high.

The resistance of the aluminum line is then obtained via Ohm's law using the
pre-defined force current and the voltage drop measured. It is related to the
temperature according to

R(T) = R(Ty) - (1 + a(T - Ty)) (5)

where R(T) is the resistance measured in dependence of the temperature, R(Tp) is
the resistance measured at the known temperature 7Ty = 20°C, « is the tempera-
ture coefficient of aluminum and 7' is the temperature. The temperature coefficient
with respect to Ty = 20 °C was determined to a value of a = 0.003 72 K~!. The ex-
perimental setup used within this thesis allows measuring the temperature profile
during a heat pulse with a high temporal resolution. For this purpose, the concept
of 4-wire resistance measurement is employed. The voltage drop is measured using
an oscilloscope, while a 5mA current is forced through the temperature sensor
resistance.

4. The topmost 20 pm thick copper metallization, which is investigated in this work.
As after the silicon substrate it is the second thickest layer in the stack, these
two materials are the most contributing ones in terms of bow of the polyheater
during a temperature pulse. The bow during increasing temperature is caused as
the layers have different CTEs. Previously aluminum was used instead of copper
but it was replaced as copper has better thermal and electrical properties resulting
in a slower thermo-mechanical fatigue. [26]

Figure 11: Schematic cross-section of a polyheater (not to scale).



3.1.2 Layout

An optical microscopy image of a polyheater as a whole is shown in fig. 12. It has a size of
roughly 2mm x 3mm and the square shaped copper plate in the center (circled in green)
is the part, which is investigated during the thermo-mechanical chip bow experiments.

The outer copper pads are used to electrically contact the polyheater. The big ones
labelled as ”Polysilicon” are the contacts to the polysilicon layer, to which the power
pulses are applied as well as at which the voltage drop and the current are measured. It
is important to mention that the polysilicon has roughly the size of the central copper
plate meaning that only the central part of the polyheater is actively heated during a
power pulse.

1000 pm

Figure 12: Top view of a plate polyheater recorded using a light microscope.

As labelled in fig. 12, the outer four of the smaller pads on the left side correspond
to the temperature sensor that was used for the measurements described in this thesis.
The force circuit of the 4-wire measurement explained in sec. 3.1.1 is connected via Tr_
and Tr, and Ts_ and Ts, are for sensing the voltage.

There is a second temperature sensor (not labelled) on the right side of the chip to make
the polyheater completely symmetrical. However, it was not used during any of the
measurements.

3.1.3 Thinning

As the curvature scales with the square of the substrate thickness (see eq. 2), the DUT
was thinned to increase the signal measured. For the thinning, an Allied X-prep Precision
Milling/Polishing System at Infineon Villach was used. Since the thinning procedure
was used the first time for polyheater samples in this work, it is desribed in detail in the
following using the information given in the brochure of the system mentioned. [27]

The X-Prep is a Computerized-Numerical-Control-based machine, which can be used
for milling, polishing and grinding. Samples can be thinned with high precision, i.e.,
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1 pm accuracy for the z-axis. Despite the spindle it also includes a camera, which allows
sample imaging. The process can be divided in five steps, which are:

1. Mounting: The mounting is performed by gluing the sample onto a glass carrier
in order to ensure that it does not slip away during the milling and polishing
steps. Within this procedure a glass carrier is put on a heating plate heated up to
a temperature of 150 °C to allow the melting of a wax. To prevent the sample from
breaking during the following milling and polishing processes, one has to ensure
that it is completely underlaid by the wax. Afterwards the glass carrier is taken
off the heating plate and one has to wait some minutes until the wax is solidified.
The glass carrier with the sample attached on it can now be put into a special
fixture of the X-prep, which is fixed on the holder.

2. Levelling: For a uniform material removal, each sample has to be aligned in par-
allel with the horizontal plane, in which the tool moves. After inserting the special
levelling tool a dual-axis tilt control is performed. The correction is repeated until
the sample is levelled up to a tolerance value set by the user. During operation, the
tolerance was set to its minimum value of 0.5 pm, which means that the distance
between all edges of the sample and the tool is accurate to 0.5 pm.

3. Milling: For the milling one has to consider that the metal bond diamond tool
has to move over the edges of the sample to ensure a complete material removal.
The exact position depends on the size of the tool as it should be around half of
its diameter. Afterwards the desired amount of material to be removed as well as
the rotating speed, the feed rate and the overlap (set to 75 %) of the tool have
to be entered and the ”Position mode” has to be enabled. The latter means that
the tool is kept at a constant height during milling by changing the force applied.
Before starting the milling process, it is important to fill the stage with a solvent-
free lubricant to ensure cooler cutting temperatures for avoiding overheating of the
sample as well as minimizing tool wear.

4. Polishing: For every polishing step, first a new polishing attachment has to be put
on the polishing tool. Therefore a small disc with the size of the polishing tool (in
our case 1.5 mm) has to be glued onto the socket. A diamond compound is applied
onto the sample together with a drop of the lubricant mentioned above. The
compound consists of small polycrystalline diamonds with a size of either 30 pm,
9pm, 3pm or 1pm. For each step only one of them can be used. The selection
depends on the desired final surface roughness. Again the same parameters as
during milling have to be set. There are only two differences: The overlap has
to be set to 85 % (for 30 um and 9 pm polishing paste) or 95 % (for 3pm and
1 pm polishing paste) and the mode has to be changed to ”Position Force mode”
meaning that the tool presses on the sample with a constant force. For polyheater
samples only the 30 pm and 9 pm polishing pastes were used so the force was set
to 1.2N.
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5. Dismantling: At the end the glass carrier is taken out of the fixture. It is put
in an acetone bath for dissolving the wax, which takes several hours. Finally the
individual samples can be taken out.

After the thinning process is completed, the substrate thickness of the sample is measured
with an infrared interferometer. As an example, the results of a sample which was
thinned to a silicon thickness of 60 pm are shown in fig. 13. The microscope image
(fig. 13a) shows that the surface is not perfect as it includes some bumps, which arised
during the thinning step and could not be polished away completely. This occurred for
every sample thinned but as the steps are not unique, also the surface of each sample
is individual. Also the interferometer measurement (fig. 13b) shows that the surface is
a little bit rough. Nevertheless the whole thinning processes for all the samples used
in this thesis met the substrate thickness desired very well and is reproducible within
roughly 3 pm.
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(a) Bottom view image of a sample (b) Result of the interferometer measurement

Figure 13: Example sample after the whole thinning process.

3.2 Measurement Setup

In this subchapter the whole measurement setup including the probecard, the setup for
pulsing the DUT, the programmable current source providing arbitrarily programmable
current pulses and finally the LSDV for the velocity measurements are presented and
explained.

3.2.1 Probecard

A probecard is a special mechanical construction that allows electrically contacting the
individual pads of a chip using contacting needles. Instead of using wire bonded and
packaged devices, the usage of a probecard allows working with bare chips. As for the
curvature measurements presented in this thesis the polyheaters are required to have
an exposed metallization surface the usage of packaged devices would anyhow not be
possible. In addition packaged samples are glued to a leadframe, which decreases the
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bending drastically. The basic components of the probecard used within this thesis are
listed in the following:

e A carbon alignment plate used to place the polyheaters precisely

e A moveable lid including several contacting needles, which can be opened for
changing the sample

A screw to fix the moveable lid to the ground plate

A cable to connect the probecard to the polyheater setup

If the moveable lid is opened, the probecard looks as shown in fig. 14. One can see
the carbon alignment plate, allowing to precisely position a polyheater on the probecard
such that its pads can be contacted by the needles when closing the lid. It also ensures
that the sample stays in place during the measurement. As briefly mentioned in sec.
3.1.2 and shown in fig. 12 the polysilicon pads are much bigger than the ones used
for measurements. The reason for this is that high currents have to be applied to
the polysilicon (peak values above 2 A are possible). By distributing the current over
multiple needles the current in the individual needles can be reduced. As for the 4-wire
resistance measurements of the temperature sensor only low force currents are used (as
mentioned in sec. 3.1.1) it is sufficient to contact the respective pads by just one needle
each.

Test socket for
polyheater chips @

TIPS. Messtechnik
Date: 07.2016
Layout: T_4356V1
Board 2/2

X~ Front

Figure 14: The exposed probecard showing the carbon alignment plate (black) with
the polyheater placed in its center.
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3.2.2 Polyheater Setup

S. Moser, G. Zernatto et al. described the original version of the polyheater setup,
which allows stressing polyheaters in situ while monitoring their degradation by means
of scanning electron microscope imaging and electrical measurements in their paper. [3]
This chapter explains the setup as well as the upgrades that were implemented within
this thesis: the installation of both a programmable current source and the laser scanning
Doppler vibrometer, which are necessary for performing the chip bow experiments.

Figure 15: A photograph of the setup used for pulsing the samples. The different com-
ponents are: programmable current source (1), PXI chassis (2) and HV box (3).
e.

Figure 15 shows the already modified setup designed to provide heating pulses to study
the thermo-mechanical behaviour of polyheater devices at high heating rates. As high-
lighted in fig. 15, the components of the experimental setup are:

1. A programmable current source (described in more detail in sec. 3.2.3) together
with the power supply

2. A PXI chassis, which contains several technical instruments comprising a digital
multimeter used for electrical resistance measurements, an I/O module for gener-
ating pulses and a digital oscilloscope for characterising the pulses

3. A high voltage box (HV box) where the needle card is placed inside to avoid
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measurements being affected by the environment, e.g. by the air condition in the
lab

Figure 15 also shows the vibration isolation table, on which the whole setup and also
the scanning head of the vibrometer are mounted to minimize environmental vibrations.

As can be seen in fig. 16, one wall of the HV box has a hole, through which the
scanning head of the LSDV can be put. This allows the laser to directly hit the sample.
The probecard is mounted on a special holder, which allows movements both in hori-
zontal and vertical directions in order to precisely align the needle card with respect to
the LSDV. At the top of the needle card the cable from the polyheater setup can be
plugged in.

Figure 16: A photograph showing the inside of the HV box. The probecard (1) is
mounted on a holder and placed in front of the front lens (2) of the scanning head of
the vibrometer. On top of the picture the cable (3), via which the probecard (and its
inserted polyheater) is connected with the polyheater setup, can be seen.
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3.2.3 Programmable current source

The specially designed programmable current source (ARCTIS system) integrated to
the polyheater setup is designed for repetitively stressing a DUT using piecewise linear
current pulses.

The desired current profile during a pulse is defined by a vector of up to 16 data pairs
consisting of a time and an associated current coordinate. When reproducing one such
predefined current pulse the individual data pairs are interpolated by straight connection
lines resulting in a piecewise linear (PWL) current profile. Considering the resolution
of the system, this basically allows arbitrary shaping of current pulses, which are then
applied to the DUT. One disadvantage of the setup by Moser and Zernatto [3] is that it
is only capable of providing rectangular shaped voltage pulses with a non-linear heating
characteristics. The adaption of the system towards the programmable current source
was a necessary step to achieve linear heating and cooling rates during pulses.

In general, when defining an arbitrary pulse using the ARCTIS setup it is important to
keep four points unchanged. At the beginning of every pulse, two points with a current
value of 50 mA are necessary to ”pre-charge” the controller of the I-driver. At the end
of every pulse, two points with a current value of 0 A are needed as the last point of
the pulse is kept until the device is shut down. During the experiments the step at the
beginning was not only used for pre-charging but also for triggering the LSDV (see sec.
3.3.2).

3.2.4 LSDV setup

The basics of the LSDV were already explained in sec. 2.2.3. As mentioned, the LSDV
is from Polytec. Its main parts arei. explained in the following and shown in fig. 17:

e Scanning head PSV-400: It is the most important part of the setup as it com-
prises all the components shown in fig. 10. The included helium-neon laser is
characterized by a wavelength of 633nm and the Bragg cell has a modulation
frequency of 40 MHz. Besides the optical components, the scanning head is addi-
tionally equipped with a video camera, which provides a video image of the samples
surface. [28]

e Junction box: It is used to connect all the other components and includes the
inputs (e.g., for a reference signal), the outputs of the internal frequency generator
as well as digital inputs and outputs, which are, e.g., used for the external trigger.

e Vibrometer controller OFV-5000: The signal of the scanning head is decoded
by one of the two available velocity decoders VD-07 or VD-09. This is done by
creating an analogue voltage signal proportional to the velocity of the samples
surface.

e Data management system: This is a PC, which provides the software for con-
trolling the LSDV as well as collecting and saving the measurement data obtained.
It also includes an analysis tool for post-processing the raw data.
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Figure 17: The different components of the LSDV setup. The junction box (1), vi-
brometer controller (2) and data management system (3) together with the external
oscilloscope (4). Although the scanning head is not on the picture, it is the fourth im-
portant part of the LSDV setup.

3.3 Measurement Procedure

The goal of each measurement is to obtain the raw data, which is used to calculate the
curvature-vs-temeprature curves. Therefore several steps have to be performed including
the definition of the current profile to reach the desired maximum temperature with a
constant heating rate. Also the settings for the LSDV have to be set to ensure optimal
measurement conditions as well as to define the points at which the LSDV measurements
are performed. As a separate pulse for each point is needed, the reproducibility of both,
the current pulse as well as the vibrometer measurement, is important. As the material
changes within the first few pulses (see sec. 4.2.2), the curvature measurements are
started after 10 pulses are performed.

3.3.1 Preparations

At first the LSDV is turned on as it takes about 30 minutes to heat up the He-Ne laser.
During this time the remaining steps described in this section can be done.

The sample, which needs to be tested is put into the probecard. For thinned chips, an
additional "spacer” has to be used to achieve the required height that is needed for the
needles to contact the pads of the polyheater well. The spacer simply is a polyheater
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thinned to 60 pm as the samples used for the measurements presented in this thesis
are thinned to a substrate thickness of 60 pm and the probecard was initially designed
for polyheaters with 120 pm thick substrates. After the thinning the copper pads of
the spacer were etched to make sure that the spacer does not influence the curvature
measurement.

After the polyheater is put in, the probecard can be mounted on the holder, which has to
be placed in focus of the laser beam emitted from the scanning head. The connection to
the polyheater setup should be checked by measuring the resistance of the temperature
sensor at room temperature using the digital multimeter integrated in the PXI system.
Finally, the HV box can be closed, the power supply unit can be turned on and the
pump of the scanning electron microscope (a technical instrument that is loacated next
to the polyheater setup but not required for the curvature experiments) has to be turned
off to reduce environmental vibrations (see sec. 4.1.4).

3.3.2 Defining the Current Profile

If all devices (PXI, current source and the power supply) are switched on, the LabView
program can be started and the parameters for the arbitrary pulse shape can be loaded.
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Figure 18: A current pulse given by 13 time/current pairs (darkblue). The dotted line
represents the PWL signal.
t : Elapsed time in ms; I : Current in A

The pulse shape for heating a polyheater to 320°C within 100 ms is shown in fig. 18.
As mentioned in sec. 3.1.1, the heat produced is related to the integral of the current
squared. This is why a current following a square root function results in an approxi-
mately constant heating rate and thus a linear temperature increase (the temperature
profile corresponding to the current pulse plotted in fig. 18 is shown in fig. 19a). After
reaching its maximum value the current is not immediately set to 0 A but instead follows
empirically obtained time-current coordinates to enable linear cooling.
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After loading the pulse parameters, either one single pulse - usually a test pulse to
check the peak temperature - can be fired or the repetitive mode can be activated to
periodically apply pulses until a manual stop. This mode was used for the curvature
experiments, for which a wait time of 10s between consecutive pulses was set.

3.3.3 LSDV settings

The menu of the LSDV shows several setting options. They are explained in the follow-
ing and have to be individually set for each measurement as they define, under which
parameters the measurements are performed. By this means, among other things also
the highest measurable velocity as well as the duration of a measurement are defined.

General: In this part one can choose whether the measurement should be performed
in frequency or time domain. Measurements in frequency domain lead to the frequency
spectrum of the sample and can be, e.g., used to find the eigenfrequencies of a test
device. On the other hand measurements in the time domain give the velocity of the
samples surface vs. the measurement time. Polyheater measurements were thus always
performed in time domain.

Channels: This tab shows a list of the channels, which are connected to the junc-
tion box. The only important one in our case is the vibrometer channel, for which one
has to choose the input range. The lowest possible value is 200mV, the highest one is
10 V. As a lower value results in a better quality of the measurement signal, polyheater
measurements were performed with the lowest possible value (see sec. 4.1.2).

Filters: Here a high-, a low-, or a band-pass filter can be included resulting in cer-
tain blocked frequencies in the measurement. Also either velocity or displacement as
data output can be chosen. During all polyheater measurements no filters were applied
and the velocity was selected as output data.

Time: This option is only present if measurements are performed in the time do-
main. It allows choosing the sampling frequency in a range of 256 Hz to 2.56 MHz as
well as the number of sampling points and shows the corresponding measurement time.
The software allows at most 220 measurement points but due to the size of the file cre-
ated, measurements with more than 2 points cannot be exported. The corresponding
measurement time can be calculated via

number of samples

(6)

t = .
Meas sampling frequency

Trigger: The measurements can either be started manually or by means of a trigger
signal (i.e., internal, external, or analogous trigger). As the vibrometer measurements
had to be precisely synchronized with respect to the power pulse, the vibrometer was
triggered externally using an oscilloscope (see fig. 17), which in turn triggered with the
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rising edge of the voltage applied to the polysilicon layer of the DUT.

Vibrometer: Here the measurement range (in mms~! V™!) can be set. Together with
the parameter chosen in the channel options, this determines the maximum measurable
velocity vprqe according to

Umax = MT - ‘/in; (7)

where mr is the chosen measurement range and V;, the input range for the channel.

Generator: If the generator is active, a sample can be excited with, e.g., a sinusoidal
voltage signal by the internal generator of the setup. But as the polyheaters do not have
to be excited, the generator was always switched off.

3.3.4 Performing the Measurement

After all the preparations are finished, multiple measurement points on the copper sur-
face of the polyheater have to be chosen and saved to the software of the LSDV. In
sequential order, at each of these points the vibrometer is going to perform a velocity
measurement, during a pulse. As already mentioned five measurement points were used
for the experiments.

To make sure that the sample is in an equilibrium state and no "first cycle effects”
occur (see fig. 31 in sec. 4.2.2), 10 pulses are applied before the actual measurement is
started. To increase the signal to noise ratio of the data, the vibrometer measurements
are repeated three times and the data of each point is averaged afterwards. After the
three individual measurements are completed, the repetition mode of the programmable
current source is aborted by stopping the LabView program of the programmable cur-
rent source.

The velocity files can be exported in ASCII format using the analysis tool mentioned in
sec. 3.2.4. This tool is also used to export the coordinates of the individual points. As
the data for calculating the temperature is measured with the digital oscilloscope, its
data is saved in a separate file.

3.4 Data Analysis

After finishing the measurement the obtained data of temperature vs. time as well as
velocity vs. time has to be post processed to obtain the desired curvature-temperature
relation of a sample. Therefore, an analysis program was written. The environment used
to write the Python code was the Scientific Python Development Environment (Spyder),
which was released in October 2009 and initially developed by Pierre Raybaut.

The steps, which are performed with this program are shown in this sub chapter on
the base of an experiment reaching a maximum temperature of about 320°C in 100 ms.
As input data the data analysis script requires the file containing the data for the
temperature profile, the coordinate file of the measurement points on the polyheaters
surface as well as the averaged velocity of each individual point. For the latter a second
program calculating the average velocity of a point was written. It simply takes all the
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velocities measured at a certain point, averages them over time and saves the averaged
data in a separate file. This is done to reduce the noise during measurements as well
as to adjust outliers. The averaged velocities are integrated afterwards to obtain the
corresponding displacements.

3.4.1 Recalculation of Temperature

Due to the fact that the oscilloscope (temperature measurement) is not synchronized
with the vibrometer (measurement of velocities) there is a shift in time for the corre-
sponding measurement signals of one and the same pulse.
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Figure 19: The temperature signal (a) and the displacement measured (b) of one
power pulse indicating the different time scales and measuring times.

t: Elapsed time in ms; T: Measured temperature in °C; d: Measured displacement in
pm

Figure 19 shows the measured temperature signal as well as the corresponding displace-
ment measurement. As one can see, the vibrometer measurement starts 150 ms before
the pulse whereas the zero point of the oscilloscopes time scale is at the starting time
of the pulse. One part of data analysis thus is to "shift” the temperature to the time
scale of the displacement. Therefore, at first the temperature file is read in. In the next
step, the voltage drop over the temperature sensor has to be converted into temperature
values as explained in sec. 3.1.1.

For changing the time scale the temperature vs. time is interpolated and recalculated
such that it matches the time increment of the displacement measurement. Finally it is
shifted by the desynchronization time (see fig. 20) such that it is synchronized with the
vibrometer data, where the pulse starts at 150 ms.
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Figure 20: Original temperature signal (blue) and the correspondingly interpolated
and shifted result (green).
t: Elapsed time in ms; T: Temperature in °C

3.4.2 Drift Correction

As mentioned the velocities are integrated to obtain the displacements of the sample at
the different points. This is necessary as the curvature of the DUT later is calculated
from a fit through the five displacement values.
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Figure 21: Measured displacement curve (orange) for a total measurement time of
roughly 400 ms (a) as well as the linear fit (b) of the time before the pulse.
t: Elapsed time in ms; d: Measured displacement in pm

Figure 21a again shows the complete vibrometer measurement (note that starting with
fig. 21 the time scale is adjusted to the measurement time of the vibrometer in all
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following plots). In the time before the pulse (first 150 ms) no change in displacement
should be observed, as the temperature stays constant and the sample is steady. In fig.
21b, which shows the first 150 ms of the displacement curve in more detail, it can be
clearly seen that a displacement unequal to Opm is measured. In the context of this
thesis this behaviour was referred to as drift. Figure 21b also shows the linear fit of the
displacement, which is used to correct the drift for the whole pulse. The linear function
was chosen as measurements on static polyheaters (not during a pulse) indicated that
the drift has a linear characteristic.

In sec. 4.1 some settings for lowering the drift during measurements are presented. But
even if they are applied a small drift remains, which has to be corrected.

3.4.3 Calculation of Curvature

The curvature cannot be measured directly with the vibrometer; instead, the displace-
ments of five different points on the copper metallization (see fig. 22) are measured.

I |

Figure 22: Top view of the central copper plate of a polyheater including the five
points, at which the velocities/displacements are measured.
(Point 1 = blue, Point 2 = orange, Point 3 = green, Point 4 = red, Point 5 = violet)

As mentioned in sec. 2.1 and indicated in fig. 1, the copper surface of the polyheater
will bend like a parabola during a tempereture increase, which is why five points were
chosen to represent the global deformation of the copper plate. Theoretically, three
measurement points would be sufficient to fit a prabola. The number of measurement
points has to be a trade off between a high number of points as this increases the accuracy
of the fit and a possibly low number as every additional point means that the polyheater
has to be exposed to additional power cycles.

One measurement leads to the data presented in fig. 23. Note that the drift correction
as well as the constraint that all five measurements start at d = O pm has already been
applied, which would indicate that the surface of the polyheater is completely flat at
the beginning of the measurement. In fact this is not true as the polyheater is already
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slightly bend (to an unknown amount). The displacement is calculated by integrating
the velocity, meaning that all five points start at d = 0pm, which means that the
vibrometer can basically only be used for measuring changes in the displacement, not
their absolute value. As those displacements are later used for calculating the curvature,
also only changes in curvature can be measured, not the absolute curvatures.
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Figure 23: The measured displacements after the drift correction. As expected, the
central point (Point 3, green) has the highest displacement.
t: Elapsed time in ms; d: Measured displacement in pm

For every time step one obtains five displacement values corresponding to the five mea-
surement points on the polyheater. Now the analysis program has to perform a parabola
fit for each time step resulting in the fit parameters a and b according to

dry=a-r*+b (8)

where d(r) is the displacement depending on the position r of the measurement points
on the copper plate of the polyheater. The latter is calculated via

r=/22 + 42 (9)

where x and y are the position coordinates of the measurement on the polyheater ob-
tained from the coordinate file mentioned in sec. 3.4, in which the central point (Point
3) is characterized by x- and y-coordinates of 0 pm each. This is the reason why the
linear term is not included in eq. 8. The value r was chosen to be used instead of
the z-coordinate to include the possibility that not all points lie on a horizontal axis.
Although fig. 22 shows points, which all have the same y-coordinate this is not true for
all the measurements.

If the sample is now heated and thus its curvature changes, the fit parameters a and b

30



will change. The curvature of the polyheater at a given time step t* is now obtained via
c(t’) =2 a(t), (10)

as the curvature generally is given by the second derivative of a function.

Figure 25 shows the displacement values of all of the five points together with the fit
through them at seven time steps. Looking at the single diagrams already indicates the
expected result, namely that the curvature increases during heating (fig. 25a, 25b and
25¢) reaches its maximum at the maximum temperature (fig. 25d) and decreases back
to a value of 0m™! during cooling (25¢, 25f and 25g).

After the fits are performed for all time steps, the temporally resolved change in curvature
during a pulse is obtained (see fig. 24).
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Figure 24: The curvature calculated out of the fits and plotted versus time.
t ... Elapsed time in ms; ¢ ... Calculated curvature in m~*

Again note that the curvature starts at 0m~! at the beginning of the measurement due
to the constraints that have been included in the data processing script. As the curvature
is calculated out of the displacements and all the displacements start at Opum (see fig.
23), no information about the initial curvature can be obtained out of the measurements
performed with the vibrometer. Thus all of the curvature diagrams (independent of
whether the curvature is plotted vs. time or temperature) basically show the change in
curvature and not the absolute curvature itself.
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Figure 25: Displacements at certain time steps out of fig. 23 including the parabolic fit
through the points (black line).
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Combining the curvature with the recalculated temperature, also a curvature-temperature
curve is obtained (see fig. 26). This representation of the measurement data is common
in literature for thermo-mechanical experiments. But as it does not provide any infor-
mation about the duration or heating rate, it is important to perform all experiments
with a constant heating rate to ease the comparison.
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Figure 26: The finally obtained diagram showing curvature vs. temperature for a sam-
ple with 60 pm substrate and 20 pm copper thickness and a heating/cooling rate of
3000 K s~

T: Temperature in °C; ¢: Calculated curvature in m=*
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4 Results and Discussion

4.1 Optimization of the Measurement

As previously mentioned several settings can be changed in the vibrometer software.
This section includes the measurements, which were done to determine the optimal pa-
rameters. Basically the most important reason for the optimization is the minimization
of the drift and the oscillations of the signal measured. Some of the performed mea-
surements like measurements with different sampling frequencies, measurements, during
which the light in the lab was switched on/off or measurements after different waiting
times during the heat-up of the He-Ne laser did not affect the result, which is why the dia-
grams are not included in this thesis. Those measurements and the ones presented in the
following two subchapters were performed with a piezoelectric actuator. The advantage
of the piezoelectric actuator compared to polyheater samples is, that the piezoelectric
actuator can be excited at one of its eigenfrequencies (in our case f = 82kHz) leading to
well-defined movements of its surface. Because of this the results are very well suited for
drawing conclusions in optimizing the setup parameters. The excitation was performed
using the internal generator of the setup.

4.1.1 Measurement Range

Figure 27 shows five measurements with different settings of the measurement range
of the vibrometer channel. As mentioned the measurements were performed using the
piezoelectric actuator meaning that only its vibrational movement should be observed.
Instead, those movements are not visible because of the huge drift.

25l — 100 mm/sV
—— 50 mm/sV
—— 20 mm/sV

20 10 mm/sV

5 mm/sV

E 15
=
©
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0
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Figure 27: Drift of a sample measured with different measurement ranges.
t: Elapsed time in ms; d: Displacement in pm
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For measuring low velocities it is best to choose a low measurement range to decrease
the drift as much as possible. But one has to be aware that decreasing the measurement
range also decreases the maximum measurable vibration frequency of the sample. This
is why the diagram only shows the ranges down to 5mms~! V™! as the maximum mea-
surable vibration frequency of the sample afterwards falls below 20 kHz, which means
that the oscillations of the piezoelectric actuator could not be measured any more.

As typical displacements during a power pulse are in the range of some pum and the
vibration frequencies are below 20kHz, a measurement range of 1 mms~—' V~! has been
chosen for all the polyheater experiments. This is also the lowest available measurement
range that can be selected in the vibrometer software.

4.1.2 Input Voltage

As the measurement range has such a huge impact on the drift, it is best to choose the
lowest possible one for all measurements. According to eq. 7, the maximum measurable
velocity is given by the product of the measurement range and the input voltage. As
the measurement range is kept at 1mms~! V=1, the input voltage has to be increased
for measuring higher velocities. Figure 28 shows measurements with different input
voltages.
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—0.41 — 200 mV
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Figure 28: Drift of measurements performed with different input voltages for the vi-
brometer channel.
t: Elapsed time in ms; d: Displacement in pm

At first glance it looks like high input velocities should be chosen as they have the lowest
drift. However, by looking at fig. 28 in more detail, one can see that measurements with
input voltages of 200mV and 2V show less pronounced oscillations than the ones with
higher input voltages (i.e., 5V and 10 V). As it is easier to correct a linear drift compared
to these oscillations, lower input voltages are favourable.
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4.1.3 Thinned Polyheaters

It was already mentioned (e.g., sec. 2.1.6 and sec. 3.1.3) that according to Stoney’s
equation the curvature scales with the square of the substrates thickness. Figure 29
shows a comparison between polyheaters with 120 pm and 60 pm substrate thickness.

0 100 200 300
T[°C]

Figure 29: The measured curvatures of a polyheater with a substrate thickness of
60 pm (black) and 120 pm (orange), respectively.
T: Temperature in °C; ¢: Curvature in m™?

According to eq. 2 reducing the substrate thickness to half of its initial value should
result in quadrupling the curvature. But due to the limitations of Stoney’s equation, it
can only be used as a rough approximation for these samples. In fig. 29 the maximum
curvature increased from roughly 6.5m™! to 21.0m™! due to the thinning, which is ap-
proximately a factor of 3.

Nevertheless one can clearly see that the signal-to-noise ratio is much better for the
thinned sample; especially during the cool-down. Because of this, all further measure-
ments were performed on samples with a substrate thickness of 60 pm.

4.1.4 External Vibrations

In sec. 3.2.2 it was already mentioned that the polyheater setup also includes a scanning
electron microscope. The pump for the pre-vacuum is placed right next to the table, on
which the LSDV is mounted. Basically the table should avoid the impact of vibrations
on the measurement but fig. 30 clearly shows that there is still a significant difference
based on whether the pump is switched on or off.

This is why the vacuum pump and thus also the scanning electron microscope itself
always have to be switched off when performing LSDV measurements. As a consequence,
all further measurements presented in this thesis were performed while the pump was
being switched off.
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Figure 30: Measured curvature with vacuum pump switched on (grey) and off (black).
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Note that those measurements were performed with non-linear heating rates.

T: Temperature in °C; ¢: Curvature in m~

1

4.2 Polyheater Measurements

4.2.1 Overview about Measurement Parameters

The following table gives an overview about the chosen parameters for the individual
polyheater measurements. The base temperature is not listed in the table as all experi-

ments started at 20 °C, which is the room temperature in the laboratory.

Table 1: Overview of the different parameters for all measurements
hg; ... Thickness of the silicon substrate
Trnae --- Maximum temperature reached during a pulse
tpuise --- Duration of the pulse applied

Vin ... Chosen input range for the vibrometer channel
mr ... Measurement range for the vibrometer channel
Umaz --- Maximum measurable velocity according to eq. 7
hsi [nm] | Thuaz [°C | tpuse [ms| | Vin [V] | mr [nms™ ' V7 | vpee [nms™
10 1 1000
320 100 0.2 200
60 1000 0.2 200
13 0.5 1000 500
420 100
133 0.2 200
120 320 100 0.2 200
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4.2.2 Reproducibility

As the displacement profiles of five points and thus of five temperature pulses on
the surface are needed for the curvature calculation, the reproducibility of both, the
temperature-time curve as well as the vibrometer measurements is very important.

To check the reproducibility, one single polyheater was pulsed 20 times in a row. During
the pulses, the velocity was measured always at the same position on the polyheaters
surface. Figure 31 shows the corresponding vibrometer data. The maximum tempera-
ture during these pulses varied between 311 °C and 316 °C (also for the first pulse), which
is entirely satisfactory. Apart from the first pulse, also the vibrometer measurements
can be classified as reproducible. The discrepancy of the first pulse is up to a change
in material of the polyheater, not to the vibrometer measurements. In the months be-
tween the fabrication and the first measurement, the polyheater has not been cycled,
which is why significant room temperature stress relaxation has taken place. During
the first pulse strain hardening occurs (see sec. 2.1.2), which is why the displacement
curve of the first pulse looks completely different. Afterwards the copper is in a stable
state resulting in the following measurements being very similar. This shows that the
vibrometer measurements are reproducible, but that some pulses should be performed
before the actual measurement to avoid the impact of strain hardening.

4

0 100 200 300 400
t [ms]

Figure 31: 20 displacement measurements performed with the vibrometer, where the
dotted curve represents the first measurement.
t: Time in ms; d: Displacement in pm
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4.2.3 Comparison of Different Polyheaters

Figure 32 shows two measurements with the same temperature-time curve performed
on different polyheaters. Due to slight differences in the samples, e.g., Cu or poly-
silicon thicknesses, an adaptation of the current profile was needed to ensure that both
polyheaters reach 420°C in 100 ms, which equals a heating rate of 4000 Ks™!.
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Figure 32: The measured curvature of two different samples showing that different
samples give similar results.

T: Temperature in °C; ¢: Curvature in m—!

Their curvature-temperature relations look relatively similar; especially the slopes during
the start of the heating as well as cooling match perfectly. The small deviations, which
can be seen during heating at higher temperatures have several possible explanations.
One possible cause lies in the thinning process, in particular, in the polishing step. As
the polishing machine operates in constant-force mode, it means that the polishing step
is non-uniquely defined and for this reason the substrate thickness of the polyheaters
may vary within a few micrometers. But as the image of the thinned sample (fig. 13a)
shows, the substrate is also a little bit rough and small cracks may have occurred during
thinning. Another explanation for the differences is the damage of the temperature
sensor. As it is only a thin line (see fig. 11) and the pulses are comparatively long, it
damages after a low number of pulses. As often several curvature measurements were
performed on one polyheater, the temperature sensor may have been slightly damaged
during some of the measurements.
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4.2.4 Variation of the Maximum Temperature

The first measurements to investigate the deformation behaviour of a test device were
performed up to a temperature of 320°C. In comparison to wafer curvature measure-
ments performed on wafer pieces (compare fig. 6), they did not show a deviation from
the linear-elastic behaviour during heat up. This is why the maximum temperature was
increased to 420 °C.

Figure 33 shows a comparison of two pulses with similar heating rates (roughly 3000 K's™1)
but different pulse durations to reach different maximum temperatures. Now also at high
heating rates deviations from the linear-elastic regime occur, but the big difference is
the temperature, at which the deviations start. For wafer curvature measurements per-
formed with a heating rate of 0.1 Ks™' this already happens at roughly 120°C (see fig.
6), whereas the vibrometer measurements with high heating rates (3000 K s™!) show that
it happens above 320 °C.
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Figure 33: The measured curvature for two different temperature/time curves.
T: Temperature in °C; ¢: Curvature in m™—*
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4.2.5 Effect of Different Heating Rates

The final series included three measurements with different heating rates. During all
measurements a maximum temperature of 320 °C was reached, but the duration of the
applied pulse was varied (10ms, 100 ms and 1s) to achieve different heating rates. The
corresponding curvatures are plotted in fig. 34. It is remarkable that during heating
all the curves show the same behaviour although the heating rate differs by a factor of
100. But during cooling clear differences can be seen: The measurement with the lowest
heating rate has the biggest area within the hysteresis curve. This happens because
the material has more time for relaxation during the long pulse. For short pulses, the
temperature falls very fast meaning that the material can not relax that much.
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Figure 34: The measured curvature for three different heating rates.
T: Temperature in °C; ¢: Curvature in m™?
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5 Conclusion

To study the thermo-mechanical deformation behaviour of thin films on Si substrates
under high heating rates, several parameters of the laser Doppler vibrometer had to be
optimized to obtain a better signal-to-noise ratio in the curvature-temperature curves.
The most important conclusions, which should be considered for every experiment, are
listed in the following (for more details see sec. 4.1):

e Reduction of environmental vibrations, e.g., by switching off the vacuum pump of
the scanning electron microscope

e Selection of the lowest possible measurement range

e Selection of the appropriate input voltage according to eq. 7 based on the highest
expected velocity

The samples, which are specially designed chips providing active heating, were also ”op-
timized” by reducing the substrate thickness to 60 pm instead of 120 pm using an Allied
X-prep system (see sec. 3.1.3 and sec. 4.1.3). For future experiments it would be advis-
able to use samples, which are directly manufactered with 60 pm substrate thickness, to
obtain a more homogeneous and smooth silicon substrate layer. Additionally, samples
with a bigger copper surface compared to the ones used for this thesis are going to be
manufactured.

In sec. 4.2 the results concerning the polyheater experiments with high heating rates are
presented. In the past no such experiments were possible, as the measurement setup had
to be extended/improved (see sec. 3.2) to make the measurements of smaller samples
possible and a program for analyzing the data had to be written (see sec. 3.4).

The results obtained with the setup including the laser Doppler vibrometer clearly show
a significant difference to experiments performed with the (adapted) wafer curvature sys-
tems. The most remarkable conclusion from the measurements is that deviations from
the linear-elastic regime occur at higher temperatures, if the experiments are performed
with higher heating rates (at 320°C for curvature measurements with a heating rate of
3000 K s™! compared to temperatures around 120 °C for experiments with a heating rate
of 0.1Ks™).

The curvature-temperature relations obtained can be used for thermo-mechanically mod-
elling the power metallization layer. For obtaining information about the stress values,
FEM simulations are necessary as the approach of using Stoney’s equation (calculating
the film stress from the curvature data) cannot be applied (see sec. 2.1.6).
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