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Abstract

The project focuses on the use of the laser reflectometry technique, usually em-
ployed for studying thin films, in an innovative way: conduct thermoreflectance
measurements to determine directly the junction temperature of an IGBT mod-
ule short-circuited. The thermoreflectance measurement, a non-destructive and
non-contact technique, consists in employing a laser beam and measuring the
reflected light, whose amplitude changes as the temperature of the DUT. There-
fore, itis possible to relate the measured light with the temperature. The junction
temperature is a key parameter to study the reliability of an IGBT module under
thermal stresses during operation.
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Chapter 1

Introduction

Pulsed Photothermal reflectance (PPR) technique has been largely used to
study the band structure of semiconductors and the thermal properties of
novel thin film materials. Kading et al. were the first to use PRR in 1994 to
measure the thermal conductivity of SiO; thin films [17]. Other applications
include the study of thermal conductivity of TiAISiN nanocomposite coatings
with different Al/Ti atomic ratios [27]; the study of heat transfer of carbon
nanotubes structures enhanced with Boron Nitride [16]]; the measurement of
interfacial thermal resistance between reduced graphene oxide (rGO) with
its substrate [13].

The PPR experiment consist of a pump and probe setup. The sample is
struck by a Nd:YAG (532 nm) laser pulse with a spot size (diameter of the
laser beam) of the order of the millimiters, and a pulse energy of several
millijoules. The probe laser consists of a 1 mW HeNe laser with a smaller
spot size in the order of the micrometers and a wavelength of 632.8 nm, which
is focused at the centre of the excitation spot. The pump beam monitors the
sample’s surface temperature that rises sharply and then relaxes with time
thanks to the pump beam. The temperature excursion profile depends on
the thermal properties of the surface. The surface temperature change of
the sample induces a change in the refractive index n of the surface, that
implies a change in the reflectance R. The reflectance variation AR is linearly
dependant on the temperature AT through a temperature coefficient, called
thermoreflectance coefficient c;, which is material and light dependent and
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must be derived through a calibration phase.

Recently, PRR has been used to study the temperature of integrated cir-
cuits (IC) as an "optical thermometer" [25]. The absolute temperature change
of the chip surface is directly correlated to the reflectance measurements
thanks to the calibration. In this case, the heat generation is provided by the
joule effect while a short current pulse is applied to the circuit. Thus, the
pump laser beam is not necessary. The current pulse has a width of 1us and
in general this ultra-fast technique detects reflectivity variations down to the
picosecond regime [21].

The aim of this work is to apply the Pulsed Photothermal Reflectance
technique in the field of power electronics to derive directly the junction
temperature T; of an Insulated Gate Bipolar Transistor (IGBT) module during
short-circuit.

Nowadays, the current technology, that includes thermocouples, optical
tibers and infrared cameras (IR), is not suitable to estimate the junction tem-
perature in this regime due to the slow dynamic response, which falls in
the millisecond domain, while a short-circuit measurement is in the order
of the microseconds. In traditional measurements, the sample is treated
through an invasive process that involve the decapsulation of the module,
the removal of the top gel that isolates the chip from the environment and, in
the IR measurements case, a black-paint that must be applied to increase the
emissivity of the semiconductors. Instead, the PPR technology is suitable for
ultra-fast, non-contact and non-desctructive measurements and it’s a power-
tul tool that could help estimate a key parameter regarding the reliability of
the IGBT module.

The high temperature that the module must sustain during short circuit
induce thermal stresses that compromise the long-term reliability, and as a
consequence the lifetime of the device doesn’t respect the target one. Know-
ing the junction temperature can help estimate the stresses simultaneously
at a semiconductor level and package level. This information is vital for
applying a design-for-reliability approach in the design phase.

The thesis work is divided in the following chapters:

1. Chapter 2 - Reliability of short-circuited IGBT: The chapter will treat
how the IGBT permeates in many different applications and why the



estimation of the junction temperature is important for a reliability

point of view;

. Chapter 3 - Theoretical background: explains qualitatevely the physics
theory that is behind the dependance of the reflectance with tempera-
ture on the band structure level;

. Chapter 4 - Experimental Setup: the experimental setup is described in
detail

. Chapter 5 - Experiment: presents the experiment methodology and
results. It is divided in the following way:

e Preliminary measurements, where the noise floor is evaluated;

e Measurements with semiconductor sample, where initial mea-
surements are conducted with a test sample instead of the IGBT
device;

e Calibration, done with different instrumentation and for both the
test sample and the IGBT device;

e Short-circuit measurement, that presents how the short-circuit will
be conducted in a future measurements.






Chapter 2

Reliability of short-circuited IGBTs

2.1 Reliability in Power Electronics

From the 1960s, power electronics has gradually gained importance in a wide
range of industries, from the automotive to the aereospace to the energy sec-
tor (photovoltaics PV and wind turbines), and it’s expanding in applications
for the distribution of electrical power, from the generation until the end-
user site. Many efforts have been devoted to improving the performances
of power electronic systems, especially in terms of power density and effi-
ciency, through advancements in circuit topologies, control schemes, semi-
conductors and passive components technologies [31]. Recently, a shift in
the research objectives have taken place towards the study of the reliability
of power electronics. This is due to the needs of the different industries for
more reliable power systems for safety constraints, on one side, and for more
cost-effective and sustainable solutions on the other [31]. In figure are
illustrated the recent research trends in reliability-critical applications.

2.1.1 Field experience

From field experience, it emerges that power converters are the most fragile
part in terms of failure rate, lifetime and maintenance cost. Examples are
applications in wind turbines and PV installations.
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Figure 2.1: Research objectives shift.

In wind turbines, power converters are employed to regulate the flactu-
ating input power and to maximize the energy harvested from the wind [5].
In the report [26], the 35000 downtime events of 350 offshore wind turbines
have been registered: it resulted that power electronic frequency converters
cause the 13% of failures and 18.4% of downtime.

In PV applications, PV inverters are used to convert the harvested DC
energy to the user AC grid or to integrate the output energy into the electrical
grid [19]. Nowadays leading producers provide PV modules with a warranty
of 20 years. However, PV inverters must be replaced up to 5 times during
the lifetime of a PV module due to the fact that their warranty is of only
5 years. Thus, inverters produce additional investments throughout the
lifetime of a module [31]]. In the paper alarge utility-scale grid-connected
photovoltaic (PV) system is under investigation for a period of 5 years (2001-
2006). From the study, it emerges that inverters account for the 37% of
unscheduled maintanance events and for the 59% of the related costs, as
reported in figure
As a conclusion, more reliable power electronics modules can prevent the
failure of the overall system and reduce the maintenance costs of the main
green energy producers. Thus, a comprehensive study of the reliability has
significant implications in the sustainability and the world-wide electrical

consumption.



2.1. Reliability in Power Electronics 7

PV Inverter
59%

PV Panel
15%

(b)

Figure 2.2: Field data of 3.5-MW PV plant . (a) Unscheduled maintenance events by
subsystem. (b) Unscheduled maintenance costs by subsystem.

2.1.2 Critical components in Power Electronics

At the component level, the most critical elements are the semiconductor
switching devices (i.e. IGBTs, MOSFETs, PiN diodes, ecc.) and the capacitors.
Two surveys were conducted to study the reliability-critical components in
microelectronics and power electronics systems B3]. The first survey
confirms that the semiconductor devices and the capacitors are the most
vulnerable components, which mainly fail due to temperature, vibrations
and humidity, as reported in the second survey. Steady-state temperature
and power cycling are the main stressors that lead to failure, as illustrated in

figure

Vibration/Shock
20%

Capacitor
30% Contaminants
and Dust 6% Temperature

Steady State
Humidity/ and Cyclical
Moisture 55%
19%

Semiconductor
21%

(a) (b)

Figure 2.3: Surveys on failures in power electronic systems. (a) Failure distribution among
major components [32]. (b) Source of stress distribution for failures [33].

This thesis focuses on the study of the Insulated Gate Bipolar Transistor
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(IGBT), since it is the main power device employed in many high-profile
industries, as reported in figure due to its many advantages, such as
good power handling capabilities, high speed switching capability, relatively
simple voltage controlled gate driver, short-circuit robustness, etc. [§].

IS
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o o O

e
o

Percentage of response hits (%)

(==l ]

=
MOSFET PiN diode IGBT  Thyristor IGCT GTO

Types of power device

Figure 2.4: Survey on the type of power devices employed in high-profile industries [33].

2.2 Structure of an IGBT module

The IGBT is a semiconductor device that combines the physics of the MOSFET
with the bipolar transistor. The gate driver signal is applied to the power
MOSFET structure. The output charateristic is instead typical of an BJT.
Thanks to it high input impedance, the gate driver circuit is compact and low
cost.

In practical applications, power devices are usually given in a package,
called module, where many IGBT chips and Free-wheeling diodes (FWD)
are packaged together. The package provides many advantages, such as pos-
sibility to create new power blocks designs, to provide electrical conduction
from the IGBT and FWD to external circuitry, to transfer the heat generated
by the chips to a heat sink [2]. A module presents a Direct Copper Bonded
(DCB) substrate soldered to a base-plate. The DBC provides electrical isola-
tion for the chips and a cooling system, together with the base-plate which is
connected to a heat sink. The bond wires function is to connect the emitter
to the substrate, which ultimately is connected to the external terminals. The
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Figure 2.5: IGBT Module structure
module is finally covered in silicon gel, or epoxy resin, for insulation.

Overall, the module is composed of several materials having different
Coefficients of Thermal Expansion (CTEs), which are listed in table

Material c7p(107%/K)

Al O3 6.8
AIN 4.7
SizNy 2.7
BeO 9
Al 23.5
Cu 17.5
Mo 5.1
Si 2.6
AlSiC 7.5

Table 2.1: Coefficients of thermal expansion CTE for different materials in al IGBT module

2.3 Failure Modes related to thermal stresses

During normal operation, the IGBT is used as a switch. As it turns ON
and OFF, a pulsating heating flux goes through the chip causing active tem-
perature cycling, called power cycling. The heat flux goes through all the
layers of the module and since the module is made of materials with dif-
ferent thermal conductivities (CTE) and capacitances, a thermal gradient is
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Figure 2.6: IGBT Module degradation and related failures under thermal failures

caused. Repetitive expansion and contraction of the layers with different
CTE finally induces thermo-mechanical stresses on each interface between
different materials. The region of interest of the module in this treatment
is the metallization on top of the Si chip, where bond wires are connected.
The metallization is made of Aluminum, therefore the Al/Si interface is un-
der investigation. Thermal stresses are responsible for long-term reliability

issues.

Some of the degradation effects include bond-wire degradation, solder
degradation, metallization degradation, stress corrosion of bond wires, melt-
ing due to electro-migration, localized melting of the metallization near the
bond wire pds due to current crowding, localized melting of metallization
due to hot spots formation, metling of metallization due to over temperature
[2]. Those effects can be seen in figure The most common failures are
bond-wire ageing and solder fatigue, which are coupled mechanisms since
one degradation mechanism accelerate the other and vice versa. A solder
degradation causes the local temperature increase, that accelerates the bond
wire lift-off.

IGBTs operate under harsh conditions at a high junction temperature
and can undergo random failure events, such as overcurrent, overvoltage or
short-circuits. Short-circuit events can occur due to other components fail-
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ure or unwanted turn-on of the switches caused by strong electro-magnetic
interference [7]. Random thermal and mechanical stresses compromise the
reliability of the component since they are a source of a large uncertainty in
the lifetime estimation. Thus, predicting the current, strain and temperature
distributions are vital for a design-for-reliability approach. [3]. In order to
correctly estimate the lifetime of a device, not only normal operation must
be considered, but also abnormal events such as short-circuits.

2.4 Junction Temperature estimation

As mentioned above, the power devices are the most-reliability critical part in
a power electronics system and the main stressors are the temperature swing
and the steady-state temperature, whose effect on the device are extensively
studied through power cycling. However, also short-circuit events must be
investigated since the IGBT can undergo short circuit operation in many
applications.

Estimating the junction temperature is vital from the reliability point of
view as it helps estimating some degradation effect, such as oxide degrada-
tion at the semiconductor level, die attach and bond wire degradation at the
package level [7].

Nowadays, the technologies available cannot measure directly the junc-
tion temperature in this regime. Traditional technologies, like thermocou-
ples, thermistors and optical fibers, are able to detect variations in the order
of the millisecond, which is not enough accurate in the short-circuit mea-
surement. Ultra-fast infrared camera are able to acquire variations down to
1us, but due to the low emissivity |!| of light of silicon, it is not possible to
accurately correlate the emitted light of the sample with its temperature. In
order to mitigate this effect, the device is treated by decapsulating, removing
of the gel and black-painting the surface .

Another technique is lock-in thermography, where the infrared camera

measurement is combined with a lock-in measurement approach. However,

1t is possible to correlate the temperature of a body from its irradiance thanks to the
Stefan’s blackbody radiation law, where the area of the irradiance is directly proportionae
to the fourth power of the temperature through Stefans constant
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IR camera measurement are intrinsically invasive on the device under test
and is not suitable for some applications.

An indirect technique has aso being developed: TSEP or Temperature-
Sensitive Electrical Parameter [7], where a electrical parameter temperature-
dependent can be easily monitored and then correlated to the temperature
change. In [7] the short-circuit collector current of an IGBT device is mon-
itored and the junction temperature is derived thorough the use of a map,
that linearly correlates T; with Vg and Isc.



Chapter 3

Theoretical Background

The electrical and optical properties of materials depend on their band struc-
ture, such as on the dispersion relation, that correlate the energy E(k) with
the wavevector k. In the following, the band structure of aluminum will be
investigated qualitatively in order to justify how the reflectivity varies with
temperature as mentioned in chapter 3| Firstly, the absorption coefficient
will be described in general; then it will be analyzed in the particular case
of Aluminum. Finally, the energy gap variation with temperature will be
correlated to the temperature-dependence of reflectivity and other optical
properties of aluminum.

3.1 Absorption Coefficient

A photon can be effectively absorbed exciting an electron in the higher energy
level if the levels respect the k-selection rule, where the momentum is main-
tained constant and only vertical transition are possible (see fig. [3.1a). This
limited pairs of states are called joint density of states p;(v) for the energetic
transition E = E; — E1 = hv, which is given by

1 (2m;\3/2
pi(E = hv) = ﬁ( - ) E—Ec 3.1)

1General result for Silicon. See [18]

13
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where m; is the reduced mass of the electron; Eg the energy gap of the ma-
terial.

The absorption coefficient a(fiw), that expresses how much light can pen-
etrate in a material before being absorbed, strongly depends on the band
structure of the material since a photon can be absorbed if it has an energy
equal to or higher than the energy gap Eg. The absorption coefficient de-
pends on the momentum matrix element and on the joint density of states
and can be described by the following equation

1 (2m;\3/2
— 5 2 r _
a(hw) = Colépco| 2n2( 2 ) Vhw — Eg (3.2)

where |épw|2 is the momentum matrix element calculated from the Bloch
functions of electrons in the valence and conduction bands; m; is the reduced
mass of the electron; 7 the reduce Planck’s constant. From eq. it can
be observed that the absorption coefficient is oc Vhw — E; with the cutoff
energy E = Eg below which no absorption is possible (see fig. 3.1b). Thus,
the absorption coefficient depends on the wavelength of light and on the
material considered. In figure it can be seen how the a(A) strongly
depends on the material considered since each material presents an unique
band structure.

3.2 Optical Absorption in Aluminum

3.2.1 Aluminum band structure

It the literature it has been proved that also metals present a band struc-
ture that govern their optical properties. This was done by studying the
absorption of electromagnetic energy at microwave and far infrared ranges
[4]. Particular points in the joint density of states called critical points are
responsible for their optical response [20].

In the particular case of Aluminum, it has been proved that its band structure
is almost free-electron like, presenting degenerate parallel bands. Due to this

2General result for Silicon. See [18]
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[ a(hw)

Fermi-Dirac distribution
-EG frew
(a) Representation of the k-selection rule

in the energy-momentum 1D plot with (b) Qualitative plot of the absorption coefficient vs. en-

parabolic bands approximation ergy

structure, the critical points of Aluminum lie, with the highest probability,
in simmetry points [10]. Thus, the main optical properties of Aluminum are
determined by the interband transitions of electrons within critical points.
In figure it is considered the section of [110] plane of the Brillouin zone,
where it is possible to observe how the bands split due to a small crystal
potential V. In [10] a study has been done to provide the energetic transitions
responsible for the peak present at around E¢qx ~ 1.6 €V in both the complex
dielectric constant e;(w) and absorption coefficient @(w) of Aluminun. The
peaks are illustrated in figures

The calculated band structure of Aluminum reported in fig. [3.5/is employed
to observe that the only transitions at symmetry points are

Wz’ E— W1
Y1 — Ts (3.3)
W; — Wy

The first two transitions have a gap energy of 1.4 eV, while the third one of
2eV respectively. In general, the region around W contribute to the main
peak. The peak then falls to zero due to the predominance of the free-
electron behaviour. Other transitions that contribute to the peak are those in
the proximity of the [110] axis at the ¥ zone since the second band above the
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Fermi level and the third band below are parallel. The transitions energies of
W, — Wi and X — X3 agree within an uncertainity of 0.1 eV with the peak of
€2(w), while the transition energy of W3 — Wj is 0.6 eV larger. In conclusion,
the main inter-band transitions that produce the peak in the optical constants
of Aluminum are those around the regions W and X of the Brillouin zone.

3.2.2 Aluminum Energy band gap dependence with T

The energy band gap of Aluminum is temperature-dependent. The relation
between band gap and temperature has been derived experimentally in [4] by
extending the previous study on the absorption of electromagnetic energy to
lower temperature and smaller wavelengths. In the study it was also derived
the band gap at T = 0°K, E;(0). The general result is a decrease of the band
gap as the temperature of the sample increases. This happens because as
T increases the position of the bands shift due to temperature-dependent
lattice dilation and temperature-induced transitions of electrons, different
from the normal absorption transitions. In figure|3.6|it is possible to observe
the fitted experimental data. In addition, a comparison with the theoretical
curve predicted by the BCS (Bardeen-Cooper-Schrieffer) theory is present.

3.2.3 Optical constants dependence with T

The effect of the energy gap decrease on the frequency-dependent optical
constants is the rigid shift towards lower energies of the functions. Thus, a
red shift is present and influences all the waveforms of the optical constants.
In the present experiment, the reference energy of the laser source is 1.96 eV

since
1240

633nm
As the temperature increases, the red shift causes the optical constants to

ElaserleV] = =1.96eV (3.4)

whether increase or decrease with respect to the reference laser energy, de-
pending on the waveforms. In the case of Aluminum, the peak in the absorp-

3The study includes the superconductivity feature of Al. Superconductivity is the prop-
erty of a material of having zero electrical resistance below a certain temperature, called
critical temperature Tc
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tion is positioned at Ayeqr = 775 nm, thus at a higher value than the reference
of the laser. In this case, the red shift implies a decrease in the optical con-
stants of Aluminum, as reported in figure[3.7, where the refractive index and
the extinction coefficient are plotted. A comparison with Silicon is present
to appreciate how different materials behave as their T increase. In this case,
n and k increase, opposed to the Aluminum case.
The reflectance R of a material can be derived by the following relation (see
[28]):
_(n—-1)2+k?
T (n+1)2+k2

It canbe noticed thatan increase(decrease) in n and k imply an increase(decrease)

(3.5)

in R. Consequently, the expected behavior of reflectance with temperature in
the Aluminum case is a decrease of reflectivity as the temperature increases.
In chapter 5} this relation will be experimentally demonstrated.

3.3 Thermoreflectance technique

The considerations done above can be summarized in the following equation

% = %%AT = ¢ AT (3.6)
where ¢, is the thermoreflectance coefficient that linearly correlates the
reflectance variation with the temperature. c¢; depends on the material
under investigation and the wavelength of the light source. Usually, it is in
the order of 1072 — 107°K~! [29] and it must be determined for each device
under test. By the use of a photodetector, it is possible to directly correlate the
difference in relative reflectivity with the variation of the detected voltage,

since

AR AV
T = 7 = Ct;/AT (37)

The thermoreflectance coefficient is only known for some bulk materials at
certain wavelengths and under certain experimental conditions. Therefore,
it must be determined each time the DUT and the experimental setup change
through a preliminary calibration phase. Once the coefficient is known, it is
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possible to normalize the measured voltage signal to obtain the temperature
profile. Thus, this technique enables to derive a direct evolution of the
temperature of the DUT.

A requirement for the device surface is to be coated with a metal thin film,
preferably Aluminum or Gold, for the purpose of enhancing heat absorption
and capturing the surface temperature [12].

3.4 Conclusions

In this chapter it has been justified how the reflectivity should vary with tem-
perature. This was done by analyzing qualitatively the material properties,
in particular the band structure and the relation of the optical constants with
energy. Moreover, the optical constants were related to the energy of interest,
the laser energy. In this way, it is possible to predict and verify during the
experiments if the setup correctly detects the predicted relation presented in
section
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Chapter 4

Experimental Setup

41 Overview

The devices employed in the setup are the following (fig. .1)):
e Continous Wave (CW) HeNe laser HRS015B (fig. [4.1a)) with:
- A =632.98nm
— Output Power > 1.2mW

— Beam diamater 0.65 + 0.05 mm
e Si photodetector PDASA2 (fig. 4.1b)

e USB 2.0 CMOS Camera (fig.

The devices are mounted on an cage system (fig. composed by several
optical components:

Motorized stage

Polarizing Cube Beam Splitter (PBS)

Nd Filter

Non-polarizing Cube Beam Splitter (NPBS)

Two 45° angle mirrors

e 5X Microscope Objective MY5X-802

23
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(b) Si Photodetector (c) CMOS Camera

Figure 4.1: Devices employed in the setup

Laser Operation The continous-wave HeNe laser presents two different
operation modes: frequency stabilization and intensity stabilization modes,
where a feedback system controls a heater that expands or contracts the laser
tube changing the cavity length and thus the modes allowed to oscillate (see
Appendix [B.2| for details). In this experiment, the laser is used in intensity
stabilization mode.

Microscope The microscope focuses the beam spot on the DUT. Since the
numerical aperture of the microscope is NA = 0.14, the spot size d on the
DUT can be derived from the following equation:

0.633

A

The microscope presents a working distance of 34mm, thus the device must
be positioned at this distance for a correct focusing.
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Light Path

The output light of the laser is coupled into the cage system by a 45° angle
mirror, mounted on a two adjuster kinetic mount. The light passes through a
lens and a Nd filter, which can be set in order to reduce the optical power of
the beam or it can be left inaltered. The beam goes through a polarizing cube
beam splitter (PBS) and it directly hits the sample. The sample surface is
positioned at 90° with respect to the impinging light, thus the reflected light
is perpendicular to the surface. The beam is focused by a microscope (MO)
positioned at the end of the cage system to prevent light scattering. A LED
illuminator is present and it can be turned on to visualize better the beam.
The reflected light from the surface’s sample passes through the PBS and hits
a second 90/10 non-polarized beam splitter (NPBS), which transmits 90%
of the light and reflects the 10%. The reflected light hits the CMOS camera,
whereas the transmitted light is deflected by a second 45° mirror into a lens
and photodetector. In figure 4.3|is showed a schematic of the setup.

4.1.1 Optical Alignment and Operation

Laser Turn On

To turn on the laser the key must be rotated. It takes up to 15 minutes for the
output light to stabilize. In section[5.1.2]the data from the stabilization phase
can be found. The laser is mounted on a z-y mount and can be adjusted so
that the beam is aligned inside the cage system.

Detector operation

The output of the photodetector can be connected to a multimeter to check
the alignment of the beam. Initially, the voltage on the multimeter reads a
value in the order of the mV. To achieve a correct alignment a value between
1V-3V must be read. The ND filter is removed for the initial alignment.
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DUT positioning

The DUT must be placed at 90° with respect to the beam so the reflected light
has the same direction of the impinging one. A bullseyes is used in order to
level the kinematic platform surface, where the DUT is placed. The knobs
are rotated until the bubble is placed in the centre.

Beam Focusing

The optics is mounted on a z motorized stage that permits to move the setup
up or down with high precision.

Firstly, the beam must be focused on the DUT. This means positioning the
DUT at the microscope focal length of 34 mm, which is achieved by moving
the setup on the z axis. The focusing is correct when the maximum voltage
is read from the photodetector.

Alignment

Once the beam is focused, it is adjusted so that in each point of the cage
system the beam is positioned in the centre. This is assessed by the use of
a cage plate. The first 45° angel mirrors are adjusted so that light enters in
the middle of the PBS. The second mirror is positioned to make the light hit
the centre of the Si chip on the photodetector. It is also possible to adjust
the position of the detector, which is placed on a x-y mount. The operation
is done by monitoring the multimeter to get the maximum voltage. Once
the alignment is satisfactory, the Nd filter is repositioned so to decrease the
output power of the light in order to not saturate the photodetector. Finally,
in figure 4.5/ the light path can be seen once the setup is correctly aligned.
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Figure 4.2: Experimental Setup: optical components and devices
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- W

Lens

NPBS
Lens Nd Filter
) . PBS
Mirror
MO

Figure 4.3: Experimental scheme
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(b) Laser Power Supply

(c) Multimeter (d) Nd Filter

(e) Z knob

Figure 4.4: Elements of the setup
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Figure 4.5: Light Path

Chapter 4. Experimental Setup




Chapter 5

Experiment

5.1 Preliminay measurements

The aim of the preliminary measurements is to assess the noise floor and the
offset inherently present in the setup and that will determine the uncertainty
of the future measurements. The following analysis focuses on the electrical
noise of the photodetector, the optical noise of the laser and a countermeasure
to reduce the noise. Additional results on the initial warm up of the laser are
included.

5.1.1 Noise Floor Evaluation

Photodetector Noise

Initial measurements highlight the presence of a noise floor and an offset due
to the photodetector. A dark measurement shows a dark offset amplitude,
which is —=2.36 mV, as reported in fig. [5.1a)), in agreement with the reported
datasheet value, comprised between +10mV ( see table 5.1). It is observed
that the negative amplitude of the dark offset is in part compensated by the
room light (see fig. [5.1b), that increases the negative offset to —1.22mV.

31



32 Chapter 5. Experiment

Amplitude [mV] Peak-to-Peak [mV]

Dark Offset -2.36 2.00
Ambient Offset -1.22 20.4
Laser - 24

Table 5.1: Noise Measured Data

Laser Noise

The laser output is very stable: from the datasheet the fluctuations are the
0.03% with respect to the optical output power, as can be seen in the data

in fig. 5.1 and [5.1d] The laser noise is mainly coming from the drifting

of the lasing cavity lines in and out of the gain curve and it is composed of
frequency components from less than 1Hz to several Hz.

The noise was measured both in DC coupling and AC coupling. In the
latter, the low frequency fluctuations are attenuated due to the high pass
filter of the AC coupling, which cuts out the frequency components below
10Hz (see fig. p.1€). Therefore, the noise was measured in DC coupling by
changing the offset of the oscilloscope to get a better resolution (see fig. [5.1f).
However, as the reflected laser light from the sample is measured, a much
higher fluctuations of around 30 mV pk-pk is measured from the photode-
tector, as reported in table It is concluded that the noise is not optical but
electrical and it must come from the measuring device, thus the photodetec-
tor.

As the photodetector is switched on, the noise floor increases, thus it is hy-
pothesized that the noise derives from the +12V DC power supply of the
Sensor.

Noise Reduction

An attempt to lower the noise was to substitute the sensor’s power supply
with the lab DC power. However, an improvement was not obtained (see fig
5.2), thus the floor noise considered for the setup is of around 30 mV pk-pk.
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Mgise Fifter 017
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(a) Dark noise (b) Ambient light noise

Stabilized HeNe Power Fluctuations (Datasheet)
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(c) Datasheet Raw data output light laser

¥ Moise Filter Off

(e) Laser Flactuations in AC coupling (f) Laser Flactuations in DC coupling

Figure 5.1: Devices Noise Evaluation

(a) Photodetector Ambient noise before replacing the (b) Photodetector Ambient noise after replacing the
power supply power supply

Figure 5.2: Photodetector noise comparison - before and after changing power supply
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5.1.2 Laser Stabilization

The laser can be operated in two different modes: frequency or intensity
stabilization, where whether the frequency or the output optical power of
the light is kept constant through a feedback system where the length of
the cavity is adjusted. In this experiment the laser is operated in intensity
stabilization mode. As the laser is turned on, it takes up to 15 minutes to
stabilize.

In fig. [5.3b]it is possible to observe the detected light of the photodetector
as the output light of the laser stabilizes. The initial oscillation has a fre-
quency of 2 Hz, since its period spans to 5 divisions with a scale of 100 mV
per division. After the laser is warmed up it can be used to conduct the
experiment.

5.2 Measurements with semiconductor sample

The aim of the initial measurements is to asses the relation described by
equation by testing a simple piece of semiconductor since it is more
immediate to predict and verify the relation. A piece of silicon with an
Aluminum coating was tested. The metallization is employed in reflectance
measurements to improve the reflectivity of the surface.

In this phase the setup is slightly modified: a heater replaces the kine-
matic platform thus the DUT is positioned on the heater itself during the
measurements. In this way it is possible to monitor the voltage change as the
sample is heated up. In figure 5.4is shown the preliminary phase setup.

Prewu  PiTrig

(a) Laser output not stabilized (b) Laser output stabilized

Figure 5.3: Laser stabilization
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Figure 5.4: Preliminary tests setup

5.2.1 Silicon sample with Aluminum coating

Initial measurements attest the validity of the relation described by the equa-
tion From figure it is possible to observe some photoreflectance
measurements, where the signal varies with the temperature of the sample
as it is heated and cooled down. The heater is able to go up to 300 °C, thus
to appreciate the change in the reflected light, the knob is turned to the
maximum value.

In most of the experiments it is observed a decrease of the reflected light
in the heating phase and an increase in the cooling one. However, in the first
measurement it is observed an inverse relation. Since it was an exception, the
measurement was neglected. In order to better understand how the beam
varies when the sample is heated, the CCD camera was used to visualize
the beam spot on the sample. It is observed a drift of the beam spot on the

sample as it heats up (see fig. [A.2).
5.3 Calibration - Silicon Sample

The calibration goal is to determine the thermoreflectance coefficient of the
device under investigation c;,, that depends on the material of the DUT and
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the wavelength of the source. This is done by heating the device and record-
ing both the change in the reflected voltage and the relative temperature in
order to make a map of the T versus V. Ultimately, it will be possible to cor-
relate the photothermal signal with the surface temperature by scaling the
signal by c;, [25]:

AR

AT =c,, Rq

(5.1)

5.3.1 Calibration with Infrared Camera (IR)

Setup Initially, an infrared camera was used to measure the temperature of
the sample. In particular, the camera FLIR E40 was used, depicted in figure
The camera was mounted on a tripoid in order to make the measurements
repeatable. The sample was adhered to the heater with a silicon thermal paste
in order to achieve the same temperature between sample and heater. The
measurement was done by heating the sample and saving several points
(T'(t;); V(t;)), where T(t;) is the temperature measured from the IR camera,
and V(t;) the voltage measured with the oscilloscope, both taken at the
same instant t;. This was done both during the heating and cooling phase.
Approximately 10 points were saved for each phase from 25 °C to 80 °C distant
5°C each. The heating lasted approximately 20 minutes, instead the cooling
45 minutes.

Initial measurements with the IR camera highlighted the issue of low
emissivity of the semiconductor sample. From figure it is possible to
observe that if the IR camera was pointed on the sample, the measured
temperature was much lower (47 °C) than the actual one, corresponding to
the temperature of the heater (249 °C).

Thus, the IR camera was pointed to the heater plate instead of the sample
to get a realistic temperature.

Measurements results The measurement of the voltage and the temper-
ature were taken simoultaneously on the IR camera and the oscilloscope.
Afterwards, the points were associated by referring to the same time instant.
With this procedure, the experiment was repeated and four maps were ob-
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Calibration phase  ¢(V/°C)

1 —1.821 x 1072
2 —1.625 x 1072
3 —-1.579 x 1072
4 -1.729 x 1072

Table 5.2: Thermoreflectance coefficients - slope of the heating phase of the maps

tained, as depicted in figure[5.7} The error bars indicate the uncertainty on the
voltage measurement, give by the peak-to-peak value of the measurement.
The uncertainty on the temperature measurement is not available from the
IR camera.

A comparison between the heating phases was done and a linear regression
fit was applied to the maps. In table |5.2| are listed the slopes of the maps,
which correspond to the thermoreflectance coefficient. It can be seen that
the coefficient is negative, as expected for Aluminum, and that the order of
magnitude is in the order of 1072.

Considerations

1. Non matching of the heating and cooling phases, while they should be
identical if the same physical process is investigated

2. If a certain reflected voltage is considered, i.e. 1.95V, the corresponding
temperature of the sample in the cooling phase is 40.7 °C instead in the
heating phase is 30°C.

(@) (b)

Figure 5.5: Initial measurements with the IR camera. (a) IR pointed on the sample. (b) IR
pointed at the heater plate
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This suggests the presence of a thermal capacity of the sample that
slows the heat flux as the sample dissipates heat during the cooling
phase. A delay of the heat dissipation between sample and heater can
result in registering a heater temperature which is lower than the actual
one of the sample.

. The cooling phase is shifted upwards with respect to the heating phase,

while the expected behaviour should be opposite.

The hypothesis is that the reflected voltage measurement is correct, in-
stead the temperature can be not accurate since the heater temperature

is measured.

A delay in the dissipation of the heat between the sample and the heater
implies that the measured heater temperature is actually lower than the
one of the sample.

The delay is supposed to be present only in the cooling phase, thus the
temperature registered in the heating phase is approximately equal to
the sample temperature.

Looking at the cooling phase, if a certain temperature is considered,
i. e. 35.5°C, this corresponds to the heater temperature. The reflected
voltage is 2.03V.

However, 2.03V corresponds to a temperature of 25°C in the heating
phase, that is supposed to be the actual temperature of the sample.

Theater,cooling =35.5°C (5 2)

Tsample,cooling =25°C
This means that 35.5°C is the heater temperature, while 25°C the sam-
ple’s one during the cooling phase, which is in contradiction with what
is expected since the sample should have a higher temperature that
takes a certain amount of time to dissipate.

Thus, the curve should be shifted downwards (see fig|[5.8).

. From previous considerations, what is measured is the temperature of

the heater and not the one of the sample itself. There could be a delay
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also between the heating of the heater and of the sample.

5. An optical fiber can be used in substitution of the IR camera in order to
get the exact temperature of the sample during the experiment.

5.3.2 Calibration with fiber optics

Setup Due to the considerations in the section an optical fiber was
then used to measure the temperature of the sample and carry the calibration
measurements. The optical fiber provides real-time measurement and was
placed approximately 1 cm from the laser point. Both heating and cooling
were measured. Several points were registered distant approximately 5°C
each. The heating phase lasted approx. 10 min and the cooling approx. 1
hour.

Measurement procedure In this case, the optical fiber allows to record the
temperature real-time with an accuracy in the order of the ms. Thus, the
data from the fiber optics provide a time vs temperature graph during the
entirety of the heating/cooling. The voltage instead can be saved at certain
time instants ¢; on the oscilloscope. The procedure carried to compose the
map was to associated the voltage reflected from the sample to its temperature
thanks to the time indication present on the oscilloscope and the data from
the fiber optics. Beforehand, the oscilloscope and the fiber optics software
times were synchronized. In figure is depicted how the data were
elaborated.

Measurement results In figure are depicted the maps that resulted
from the data analysis, where an hysteresis is present.

In this measurement it is possible to get a temperature uncertainty. The
time accuracy of the voltage measure is in the order of the seconds, while
the one of the temperature is in the order of the milliseconds. Thus, within
a second it was possible to attach to a selected temperature its variation,
as represented in figure When the variation was not monotonically
increasing or decreasing, as in fig. the highest and lower temperature
within the interval were considered as upper and lower bounds and the
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Calibration phase ¢4 (V/°C)

Heating -1.262 x 1072
Cooling ~-1.139x 1072

Table 5.3: Thermoreflectance coefficients - slope of the heating and cooling phase of the first
calibration maps

average was the point reported on the map. In figure[5.12blis represented the
first calibration with the temperature uncertainty for some selected points.
It can be observed that the temperature uncertainty can be neglected with
respect to the voltage uncertainty.

A linear regression fit was applied to the points in calibration n. 1 to
derive the slope and thus the c;, coefficient (fig. [5.12d). In table are
reported the results of the applied fit for both the heating and cooling phase.
As in the measurement with the IR camera, the coefficients are negative and
in the order of 1072,

Considerations

1. The voltage in calibration 1 spans from 1.34V down to 48.2 mV, thus
reducing considerably. Therefore, the laser beam intensity should re-
duce as well until it is barely visible. However, the laser beam is always
visible throughout the heating and cooling. This suggests that the
beam is beeing deflected out of the photodetector by the heater plate
movements during heating.

2. Another indicator is the presence of the hysteresis, that indicates geo-
metrical modification of the heater plate due to thermal dilatation.

3. A third factor was the order of magnitude of the c;,. From [9], it was
found that the ¢, of pure aluminum is -4.02 X 107%/°C, in contrast with
the values found experimentally, in the order of 1072.

4. Tt was concluded that the reflectivity change wasn’t correctly measured
with this setup mainly due to the geometrical movements of the heater
plate that moved the sample surface. As a consequence, the beam is
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being deflected out of the active area of the photodetector. From initial
measurements in Appendix it emerged that the laser spot was
deflected during the measurement. This is an unwanted behaviour
since only the intensity of the beam should vary as the reflectance
varies.

Ultimately, the heat generation was substituted.

5. In the next measurements, the silicon piece was replaced with the IGBT
device. In this way, it is possible to heat the chip directly by applying
a DC bias, without the use of an external heater that can disturb the

measurements.

5.4 Calibration - IGBT Device

5.4.1 First experiment

Setup The device employed is a novel IGBT module FP50R12KT4 (fig.
5.13a), which is previously decapsulated in order to remove the gel. The
IGBT was mounted on the holder in order to prevent any movement, with
a heat-insulating paper positioned under the device to limit the heat dis-
sipation. The device was fixed to the holder to ensure the stability of the
laser spot on the chip. The heat generation was provided by DC biasing the
device thanks to a DC power supply, connected such as CH 2 provided the
input (Vg, Ig) and CH 1 the output (Vcg, Ic) (figure [5.13b). For the optical
alignment, the laser beam is centered on the Aluminum metallization of the
chip, where bond wires are connected. The optical fiber was positioned on
the same chip to record the temperature (figure[5.13d), which is mounted on

an optical fiber holder (figure 5.13d).

Optical Alignment During the optical alignment, additional disturbances
are observed. Initially, the disturbances are due to an incorrect optical align-
ment where unwanted reflections from the bond wires are detected. Once
the alignment is adjusted, greater low frequency flactuations are observed
with an amplitude of approximately 60 mV, whereas in the silicon sample
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trace had an amplitude of approximately 40 mV. A complete analysis of the
noise is done in section

Measurement procedure The procedure for the calibration is the same
adopted for the silicon sample: the temperature profile over time is available
from fiber optics; from the oscilloscope some instants were saved in which
the reflected voltage was changing. Then, the temperature and voltage are
associated at a certain time instant t;. The heating through DC biasing took
approximately one hour, as the cooling and the temperature range considered
is T = [25;75]°C.

Measurement Results The resulting T versus V maps in figure show
consistency between the heating and cooling phase, however a significant
noise is present in the measurement. A linear regression fit is applied to the
points and an increasing curve is observed, while from the theory in chapter
Hlit should be decreasing for aluminum. One of the indicator of the goodness
of the fit, R?, is low for all the maps showing that the thermoreflectance
change is not properly measured since it is buried in noise. In addition, the
thermoreflectance coefficient derived continue to have an order of magnitude
too high for the typical value for pure aluminum (see table [A.).

5.4.2 Second experiment

Noise Analysis In the following analysis, the type of noise is analyzed in
order to better understand what causes it.

Both the channel and the photodetector noise, presented in section are
thermal noises and they are intrinsic of the measurement devices. This noise
has high frequency components that can be easily filtered with the low-pass
filter of the oscilloscope.

As the laser is turned on, fluctuations at low frequency appear, with fre-
quencies that range from f;,, = [10;388.592]Hz. Thus the trace presents low
frequency oscillations with a superimposed thermal noise (see figure [5.16).
The latter is filtered with the low-pass filter of the oscilloscope, with a cut-off
frequency of fc = 6kHz. As a consequence, the amplitude of the signal
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decreases from 130mV to 80mV. The lowest cutoff frequency is desired since
the signal of interest is DC. Thus, with the filter ON the contribution to the
noise is only given by the low frequency fluctuations, that cause high error
bars in the calibration maps (see figure 5.16).

Due to the regularity of this fluctuations, it was hypothesized that the cause
are electromagnetic waves frequencies that are picked up by detector coming
from multiple sources. The wavelengths of this fluctuations are calculated
as

A== 5.3
7 (5.3)

with ¢ speed of light and they range from A = [772;30000]km. This interval
falls within the radio wave wavelengths, mainly within the SLF (Super Low
Frequency) band, that covers the range from 1000 to 10000 kilometers. This
range includes the frequency for AC power grids (50 hertz and 60 hertz) [1],
which could be the possible sources of noise.

The noise is accentuated also by environmental factors, such as people talk-
ing, walking, working with electronic equipment, causing floor vibrations
that disturb the stability of the optical table.

In conclusion, both high frequency and low frequency components are
present. The high frequency noise can be filtered out with the low-pass
filter, whereas the low frequencies must be removed in a different manner.
Environmental factors contribute to vibrations of the setup that resulted in
vibrations of the sample and the laser head.

Lock-in amplifier An effective way to reject the low frequencies is by means
of a lock-in amplifier, which is composed by a homodyne detector followed
by a low-pass filter. The lock-in amplifier is able to cancel the noise if the
input signal is periodical. For this reason, an optical chopper must be used
to alternate the optical light of the laser. The signal of the chopper, which is a
square wave, will be used as a reference signal. If the frequency of the input
signal is know and identical to the reference one, then all the frequencies
different from the desired one are rejected, included the noise ones. The
new setup is suitable for conducting optical measurements where the AR
variation is very small in the order of 107 — 107°/°C where a signal-to-noise
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ration is low, as mentioned in [30].
The additional required equipment is the following:

e External heater - two peltier cells
o Lock-in amplifier SR830

e Optical chopper with controller MC2000B
A schematic of the setup is depicted in figure

Setup The output of the photodetector is connected to the input A of the
lock-in, while, the REF OUT signal of the chopper is used as external refer-
ence. The frequency selected for the chopper is f,.y = 100Hz. The selected
frequency must be such as the photodetector is able to sustain it. In this case,
the photodetector bandwidth ranges from DC to 50M Hz thus the reference
signal is adequate.

Measurement procedure In this case, the heat generation is produced by
two peltier cells in order to control better the temperature. Since the peltier
elements are current controlled, by regulating the current it is possible to set
a desired temperature.

Once a desired temperature is reached after a transient (see fig. [5.18), the
corresponding value on the lock in is saved. Then the points are plotted in a
map.

Results Two complete measurements were conducted. A linear regression
was applied to the points. This time, what was expected emerged from the
results.

Firstly, the curves are monotonically decreasing, thus the thermoreflectance
coefficient is negative. Secondly, the order of magnitude of the coefficient is
in the order of 107, as predicted for aluminum in integrated circuits [11],
where the effect of the passivation layer increases by one order of magnitude
the coefficient with respect to the pure aluminum case. Moreover, the points
are well fitted since the R? coefficient is high and both the curve are in agree-

ment with one another.
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Calibration phase ctr(/°C) R?
Heating 1 —-5.987 x 107 0.9176
Heating 2 -6.81x107* 0.9786

Table 5.4: Thermoreflectance coefficients - slope of the heating and cooling phase of the
three calibration maps

5.4.3 Conclusion

The lock-in was able to detect the small change in the thermoreflectance
coefficient and to measure it correctly for the aluminum metallization in
the IGBT module. The final value considered for the thermoreflectance
coefficient is

ey = —6.81 x1074/°C (5.4)

since this estimated value presents the higher R? value. This coefficient will
then be used to derive the junction temperature T; of the device by simply
normalizing the reflectance trace derived during short-circuit by c; (see

relation [5.1).

5.5 Short-circuit Measurement

The short-circuit measurement is conducted on a PCB board designed within
the Energy Technology department at Aalborg University for a power cycling
test for Schneider Electric (fig. [5.20). The board is made of:

e IGBT module FP50R12KT4
e Six gate drivers 1ED020I12-F

e Four DC-DC converters for the power supply - Three MGJ2D121509SC
and one NMJ12055C

e Passive components - capacitances, resistors, diodes

The IGBT module is the same model as the one used in this work for the
calibration. However, it has not been decapsulated so the gel is present.
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Since the models are identical, the thermoreflectance coefficient, which is
material dependent, is hypothesized to be the same for the two modules.

5.5.1 Desaturation signal

Since the board was not designed for a short-circuit measurement, some
modifications must be made.

The gate drivers present a desaturation signal DESAT that blocks any short-
circuit event since it is undesired during normal power cycling. Thus, in order
to conduct the short-circuit measurement this signal must be bypassed. In
a typical application, the output pin DESAT monitors the IGBT saturation
voltage (Vcg) in order to detect desaturation caused by short circuits. If the
IGBT is kept ON by the driver and the VCE is above a defined value and a
certain blanking time has expired, the desaturation protection is activated
and the IGBT is switched OFF (see [15]).

A diagram of a typical application for the driver is depicted in where
the desaturation signal is connected to the collector of the IGBT.

In the board, the desaturation is connected to a resistance Rdesat of 1KQ
and a diode called Ddesat (see 5.2I). The desaturation signal was thus
disconnected from the collector of the IGBT by des-oldering the diode Ddesat
and connecting what was the anode to the reference of the driver, or signal
GND?2. This was done by noticing that the anode of the zener diode ZDesat
is connected to the reference of the driver,which is accessible from the back
of the board, near to where the diode Ddesat was connected. By doing this,
the signal DESAT is ultimately bypassed and the inverter can undergo short
circuits.

5.5.2 Short-circuit Measurement

The additional laboratory setup required for conducting the measurement is
the following (see fig. [5.23):

e PCB board for power cycling test on an IGBT module

e Pulse generator
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e High voltage power supply - to provide the voltage supply for the IGBT
module

The measurement is done by driving the gates of leg A of the inverter with a
10us pulse with a 5V level. The short-circuit is obtained by driving both the
drivers with the same signal, as depicted in figure[5.24|

During a short-circuit, the voltage across the IGBT is high and so is the
current, which is 10 times higher than the nominal one. As a result high
switching losses are present [3]]. In figure are depicted the typical cur-
rent and voltage waveforms during a short-circuit.

It must be noted that the IGBT module is non decapsulated during the
measurements, thus the laser beam is pointed on the IGBT chip with a coat-
ing of silicon gel. This technique is desirable since it is non invasive for the
module, which does not need to be treated beforehand.

The expected measurement will be a photothermal signal of the light re-
flected from the surface of the IGBT that undergoes short-circuit. A sudden
temperature increase is expected, thus the waveform will have a pulse-like

shape, as depicted in picture

5.5.3 Results

The photothermal signal is characterized by a high noise, thus it is necessary
to apply the average function of the oscilloscope to be able to observe the
evolution of the optical light due to the short circuit. In figure the
following signals are represented:

e Vi Gate Voltage - provided by the pulse generator

e [5c Short circuit current

e Vcg Output voltage

e V/Vp Normalized Photothermal signal - with respect to DC value

In the first measurement it is possible to observe a variation in the optical
response as a consequence of the thermal excursion of the chip during the
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short circuit, proving that laser reflectometry is suitable for a short-circuit
measurement.

In the second measurement the horizontal scale of the oscilloscope was in-
creased in order to appreciate the complete evolution of the optical signal.
In figure it is possible to observe that by setting a horizontal scale in
the order of the milliseconds, a peak in the optical response is present. The
result is coherent with the expected photothermal signal (see[5.5.2).

These results prove that laser reflectometry is a technique that can be used
effectively to observe the temperature evolution due to an event, which hap-
pens with a time interval in the order of the microseconds.

It is possible to increase the temperature of the chip during the short circuit
by increasing the power supply. This is done in the third measurement in
order to observe a higher optical peak. The supply voltage was increased
from Ve = 250V to Ve = 280V (see figure[5.27a).

From the measured points it is possible to extract the value of the peak. In
this case, the peak corresponds to

— =843mV (5.5)

which can be converted in a temperature measurement, thanks to the ther-
moreflectance coefficient previously determined:
AV
AT = — =12.37°C (5.6)
Vo X ctr

The quantitative value of the temperature peak does not correspond to a
realistic value of the temperature excursion of an IGBT during short-circuit,
however this can be an developed in a future work.
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(d)

Figure 5.6: (a) IR camera FLIR E40 (b) Camera mounted on the tripoid (c) Close up of the
camera mounted ont he tripod (d) Sample on the heater with thermal paste
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Figure 5.13: (a) IGBT Device used for the measurement (b) DC power supply and device (c)
Zoom of the laser spot and the optical fiber on the chip (d) Optical fiber holder

S Mise Filter Off
1

Noise Filter Off

Figure 5.14: Noise of the IGBT measurement. Unwanted optical alignment reflections (left).
Greater amplitude flactuations (right).
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Figure 5.19: Correct calibration of the IGBT metallization. Data plotted with the 95%

confidence interval of the second fit (green)
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Figure 5.22: Typical application for the gate driver

Figure 5.23: Laboratory setup for conducting short-circuit measurements
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(a) Electrical and optical parameters of the IGBT during short circuit - horizontal scale = 40us
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(b) Electrical and optical parameters of the IGBT during short circuit. (Left) horizontal scale = 400us.
(Right) horizontal scale = 4ms

Figure 5.26: First and second short-circuit measurement
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Chapter 6

Conclusion

In this work it is proven for the first time that laser reflectometry can be
applied in the field of power electronics to detect the evolution of the junc-
tion temperature of a semiconductor device in short time intervals, in the
order of the microseconds, which was not possible with the technology cur-
rently available. This can be implemented because the variation in the laser-
produced light reflected from the metal surface is measured and correlated
to the metal’s junction temperature. This is possible thanks to the metal’s
thermo-optical property that linearly correlates the perturbation of its re-
flectance to its temperature variation.

In this work encouraging results were presented since it was possible to
observe a peak of the measured laser light produced by the temperature ex-
citation of the chip due to the high voltages and currents present across the
chip during a short-circuit event.

Estimating directly the temperature can have important consequences on the
device design from a reliability point of view.

A very important consideration is that this technique is completely non-
invasive and the results reported in this work were obtained without remov-
ing the insulating gel deposited on top of the IGBT surface since the optical
light is not influenced by the new material. In addition, the silicon gel doesn’t
modify the alluminum thermoreflectance coefficient, which was determined
for a decapsulated module.

The first part of this work was dedicated to the determination of the ther-
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moreflectance coefficient for the alluminum metallization on top of the silicon
chip.

Initial measurements were conducted with different temperature measure-
ment systems which proved to be not effective since the thermoreflectance
variation was buried in noise. An analysis of the origin of the noise high-
lighted that it was due to both electromagnetic interference and environmen-
tal factors. Consequently, alock-in detection was implemented in conjunction
with an optical chopper to alternate the laser light and two peltier cells used
as heat generation for a better temperature control. Thus, a possible ther-
moreflectance coefficient was measurement after implementing the lock-in

measurements:

¢ty = —6.81x1074/°C 6.1)

which is in accordance with typical calibration coefficients for metal layers.

Some open issues include the quantitative estimation of the junction tem-
perature and the possible reduction of the optical noise since the reflectance
peak can be buried in noise and not fully visible.
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Appendix A

Experiment results

A.1 Silicon sample with Aluminum coating

heating-cooling
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Figure A.1: Initial measurement of the laser reflectometry
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Figure A.2: Laser spot on the sample captured with the CCD during heating

A.2 IGBT - Calibration first experiment

Here are presented the results of the thermoreflectance coefficient for the
first calibration attempt for the IGBT.

Calibration phase ctr(/°C) R?

Heating 1 1.221 x 1073 0.7744
Cooling 1 1.39x 107 0.9289
Heating 2 2411 x 1073 0.7744
Cooling 2 2.627 x 1073 0.7509
Heating 3 1.277 x 1073 0.7744
Cooling 3 1.972x 1073  0.7803

Table A.1: Thermoreflectance coefficients - slope of the heating and cooling phase of the
three calibration maps

A.3 IGBT - Calibration second experiment

Here is presented the waveforms of the photodetector and the chopper. The
two signals are square wave at the same frequency of 100Hz. They present a
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phase delay of ¢ = 72°, which is present due to the physical distance between
the two components.

Fun Trig'd | { Moise Filter Off

& 200my

Figure A.3: Photodetector signal (yellow). Chopper signal (blue)






Appendix B

Equipment details

In fig. [B.1]is presented the frequency response of the photodetector.
In fig. [B.2]is presented the gain curve of the He-Ne laser.
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Figure B.1: Frequency response of the photodetector

In fig. [B.3|is presented the transmittivity of the microscope.
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Figure B.2: Laser gain curve
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In fig. are presented the devices employed in the second calibration

MY5X-822
100

o]
o
1

Transmission (%)
B 2]
(=] o

N
o
1 "

0 \ ! ! ! . :
300 550 800 1050 1300 1550 1800
Wavelength (nm)

Figure B.3: Transmittivity of the MO. In blue is indicated the suggested operating wave-
lengths

attempt of the IGBT.

(b)

Figure B.4: (a) Lock-in amplifier (b) Optical chopper head with blade
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