UCL
Université

catholique
deLouvain

Ecole polytechnique de Louvain (EPL) Em

Fast ultra thin temperature silicon sensor

Dissertation presented by
Mathilde BONTEMPS

for obtaining the Master’s degree in
Electrical Engineering

Supervisor(s)
Denis FLANDRE, Laurent FRANCIS

Reader(s)
Nicolas ANDRE, Marc BEKEMANS

Academic year 2016-2017




Abstract

In this work a fast temperature sensor is studied for the application of aerospace field. The sensor
has to detect, with a fast time response, in the order of the ms, the temperature rise of a MOSFET
on to which it is placed, to avoid damaging the power circuit. The studied device is composed of an
ultra-thin SOI thermodiode placed on a membrane and coupled to a micro-heater. The response time
of the diode is measured while heating with an embedded micro-heater or with a power MOSFET on
which the device is glued. It is found to be 20 ms when using the micro-heater and 106 s when using
the power MOSFET. Numerical simulations were used to understand the device behaviour and the
computed response time varies from 3.45 ms to 170 ms with the heater and 1.29 s with the power
MOSFET. The difference with experimental measurements can be explained by the influence of the
thermal model of the power MOSFET and the metal package.






Acknowledgements

I would like to express my gratitude to my supervisors Denis Flandre and Laurent Francis for the
useful comments and remarks about my work through the learning of my master thesis.

I would also like to thank Nicolas André and Thibault Delhaye for their precious help during the work.
Without their passionate participation, my master thesis could not have been successfully conducted.
I would also like to thank Marc Bekemans, from Thales Alenia Space Belgium, for being my reader
and taking the time to explain me in details the working principle of power components.

I would also like to acknowledge all the people who were involved in my master thesis and who always
answer to my questions and help me when it was needed.

Finally, I would like to thank my family and my friends for their support during the realisation of my
master thesis.






Contents

List of symbols 1
Introduction 3
1 State of art 5
1.1 Optical temperature sensors . . . . . . . . . . ... 5
1.1.1 Ringresonator . . . . . . . . . . . .. e )

1.1.2 Temperature sensor based on fiber Bragg grating . . . . . .. ... ... ..., 7

1.2 Electrical temperature sensors . . . . . . . . . .. ... 8
1.2.1 Resistive temperature sensor . . . . . . . . . ... L Lo oo 8

1.2.2 Temperature sensor combined with a micro-heater . . . . ... ... ... ... 10

1.3 Sensors COMPAriSON . . . . .« . v v v v vt e e e e e e e 20

2 Heat transfer in the sensor 21
2.1 Theoretical heat transfer . . . . . . . . . . . . ... 21
2.2 2D representation of the device . . . . . . . . ... ... L 22
2.2.1 Die heated by a micro-heater or a power device . . . . . .. .. ... ... ... 23

2.2.2  Thinned die heated by the power device . . . . . . .. ... ... ... ..... 24

2.3 Equivalent thermal circuit of the device . . . . . . . ... .. ... ... ........ 24
2.3.1 Computation of thermal resistances and thermal capacitances . . . . . .. . .. 26

2.4 Die with substrate . . . . . . . . . .. 27
2.4.1 Die heated by the power circuit . . . . . . . .. ... ... o L. 27

2.4.2 Die heated by the embedded micro-heater . . . . . . .. ... ... ... .. .. 37

2.5 Thinned die . . . . . . . . . e e 42
2.5.1 Computation of resistance, capacitances and equivalent capacitances . . . . . . 42

2.5.2 Transient case . . . . . . . .. e e e e e 43

2.5.3 Circuit at equilibrium . . . . . .. ..o 43

2.5.4 LTSpice simulation . . . . . . . . . . .. 44

2.5.5 Comsol ® simulations . . . . . . . .. ... L Lo 44

2.6 Comparison between the results obtained for the die with substrate and the thinned die 49

3 Power Circuit 51
3.1 Choice of the power transistor . . . . . . . . . . . . . . ... e 51
3.2 Working principle of power MOSFET . . . . . .. .. ... ... .. ... .. ..., 52
3.3 Thermal model of a power transistor . . . . . . . . . . . ... ... ... ... 53

3.3.1 Thermal resistances . . . . . . . . ... 53
3.3.2 Power derating curve . . . . . . .. ..o 53
3.3.3 Safeoperatingarea . . . . . . ... 54
3.3.4 Switching characteristic . . . . . . . . . ... L 55

3.3.5 Thermal transient impedance . . . . . . . .. ... L L oL 56



4 Thin film and transfer on a PCB 61

4.1 Thinning process . . . . . . . . . o L e e e 62

4.1.1 Gel-pak . . ..o 62

4.1.2 Chemical dry etching with xenon difluoride (XeF3) . . . . .. ... .. ... .. 62

4.2 Transfer of the thinned die . . . . . . . .. .. .. . . oL 63

4.2.1 Result of transfer . . . . . . . .. 63

4.3 Monolithic integration . . . . . . . ... L L L 64

5 Results and discussion 67

5.1 Noise floor . . . . . . . . 67

5.2 Reference curves . . . . . . . . .. 67

5.2.1 Forward voltage drop in function of temperature at constant current . . . . . . 67

5.2.2  Current through the diode in function of the temperature at constant voltage . 69

5.2.3 Resistance of tungsten micro-heater . . . . . .. .. .. ... .. 0. 70

5.2.4 Voltage in the micro-heater as a function of the temperature . . . .. .. ... 71

5.3 Static measurements . . . . . ... Lo Lo 72

5.4 Pulsed measurements . . . . . . .. Lo 72
5.4.1 Measurement of the temperature by heating the micro-heater inside of the

temperature Sensor . . . . . .. ... oo e e e e e 73

5.4.2 Measurement of the temperature by heating a power MOSFET . . . . . .. .. 76

Conclusion 80

Bibliography 83



List

of symbols

Symbol Meaning Units
A Wavelength [m)]
A Resonant wavelength [m]
T Temperature [K] or [°C]
Neff Effective index /
Ng Group index of the guided mode /
aw Thermal expansion coefficient [°C™1]
or Change of the refractive index with the temperature [cC—1]
AVYS Thermal expansion effect [m]
Ay Thermo-optic effect [m]
B Bragg wavelength [nm]
Alp Shift of Bragg wavelength [nm)]
Osub Thermal expansion coefficient of substrate material [cC~1]
13 Thermo-optic coefficient [cC—1]
P, Elastic-optic coefficient /
Kr Sensitivity of optical sensor [pm/°C]
QR Temperature coefficient of resistance [Q/Q/°C]
Ry Nominal temperature sensor resistance Q]
Rc Resistance of series connections Q]
a First temperature coefficient (K]

B Second temperature coefficient [K~?]
To Room temperature [K or °C]
d Diode coefficient [V/°C]

Inip) Electron (hole) current density [A/m?]

Dyyp) Diffusivity of the electrons (holes) [m?/s]

L) Diffusion length for electrons (holes) [m]
np Electrons concentration in p-type semiconducting layer em ™3]
Pn Holes concentration in n-type semiconducting layer [em ™3]

A Junction or cross-section area [m?]

q Electric charge of the electron [C]

k Boltzmann’s constant [J/K]
Is Saturation current [A]
Na Acceptor concentration [em ™3]
Np Donor concentration [em ™3]
n; Intrinsic carrier concentration [em ™3]
Vy Extrapolated voltage at zero temperature [V]

n Process dependent parameter /
TL Time life of carrier [s]

€s Dielectric permittivity [pF/cm]




o Junction voltage V]

© | Mobility of the carriers | [em?/(V.s)]
ay, Coefficient 1.2-2

n Non ideal factor /

k | Thermal conductivity | [W/(m.K)]
p Heat capacity [J/(kg.K)]

p Density [kg/m?]

h | Convection coefficient | [W/(m?*.K)]
T Response time [s]




Introduction

Today, satellites and rockets contain many power circuits which heat up and can reach temperatures
higher than 150 °C. If the temperature of power circuits is too high, these devices can be damaged,
for example in the worst case, we could imagine that the circuit explodes. The aim of this work is to
design a fast temperature sensor which will be glued on the power circuit, to detect its temperature. If
the detected temperature is higher than 150 °C, the power circuit will be shut down to have time for
cooling down and then it will be put again in operation. The main specification of the sensor is its
speed to detect the variation of temperature. We would like to have a time response in the order of ms,
allowing system to react before damages.

Many temperature sensors can be used but the studied one is based on a thermodiode, because they are
reported to have a fast time response, in the order of ms, which is the expected response time. Moreover,
when they are built with the SOI (Silicon-On-Insulator) technology, they can reach temperature up to
650 °C, even if the maximum temperature reached by a power circuit is around 175 °C. Furthermore,
the area of a sensor based on a diode is in the order of mm? which is lower than the area of a power

transistor which is about 100 mm?2.

Four parameters have influence on response time of diode-based sensor: the first one is the choice of
the design. The second one is the choice of materials for the different layers constituting the sensor.
The third one is the planar area of the sensor and the last one is the substrate.

In a first time, the diode is coupled with a micro-heater, the heating element, and then the sensor will
be glued on a power circuit with the power circuit as heating part.Static measurements, current-voltage,
will be made to recover the I-V curve of the diode. Pulsed measurements will be done to obtain the
variation of the temperature in the diode in function of the temperature of the micro-heater or in
function of the power circuit temperature. In the same time, simulations will be made with LTSpice to
study a simplified thermal model and with Comsol ® in order to study the heat transfer through the
device.

The first chapter of this work, State of art, is a literature review which compares the existing
temperature sensors in order to justify the choice of the diode based sensor. The second chapter, Heat
transfer in the sensor presents the thermal response of the sensor to a step of temperature. In this
chapter, simulations will be made to analyse the heat transfer through the die. The third chapter,
Power circuit will be dedicated to the study of the power circuit and its thermal model. The fourth
chapter, Thin film and transfer on a PCB, will explain how to thin down a die and how to transfer it
on a final substrate to be able to measure correctly the temperature. Finally, the last chapter, Results
and discussion, is the experimental part of the work, where the time response of the die is studied
among other things like the step of temperature, the sensitivity of the die to temperature and so on.






Chapter 1

State of art

The goal of this chapter is to find the best temperature sensor suitable for the final application. Different
kinds of sensors based on different concepts and technologies will be presented along with their main
specifications, advantages and drawbacks. The sensors can be divided into two main categories, the
first one is about optical temperature sensor and the second one gathers the electrical temperature
Sensor.

1.1 Optical temperature sensors

The main interests for optical temperature sensor are their immunity against electromagnetic interfer-
ence, their robustness and their isolated sensing [1,2]. The studied optical temperature sensors are the
ring resonator and the Fiber Bragg Grating.

1.1.1 Ring resonator
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Figure 1.1: Temperature sensor based on a silicon ring resonator [1]

On figure 1.1, we can see the temperature sensor based on a ring resonator. The ring resonator is linked
to a grating coupler and when the temperature varies, the value of the refractive index changes because
of the thermo-optic effects and the circumference of the ring is also changed with the temperature. There-
fore, the variation of the wavelength, A, in function of the temperature is given by the following equation:

R IAAT + X NAT
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Where:

e A is the resonant wavelength

e Ay is the thermal expansion effect

o AMr is the thermo-optic effect

e qayy is the coefficient of thermal expansion
o ngys is the effective index

e 74 is the group index of the guided mode

o AT is the variation of temperature

Oneyy

e or = —57 is the change of the refractive index with the temperature

As we can see on figure 1.1, according to [1], the silicon ring is placed in the center of the device. Two
grating coupler, one for the input light and the other one for the output light, are at both ends of the
device. A bus connects the ring to the grating couplers.
These sensors are reported to have a fast response about 6 ps, which is faster than the specifica-
tion, the desired response time is in the order if ms. They have a small size, a few um and they
should work under high temperature until 300 °C [1]. The sensor is manufactured by using a 0.18 um
standard CMOS process and according to [1], the size of the different parts of the device are the following:

o Height of the waveguide equal to 250nm
e Slab thickness is 50nm
e The radius of the ring is 4um

e The ring-to-bus gap is 200nm

o The width of the waveguide (W) is around 500nm

These different sizes can be seen

of the zoom of figure 1.1.
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Figure 1.2: Relative output power when a pulse of voltage is applied on a heating electrode [1]



The interesting part of this sensor is the ultra fast response time, about 6p s, as it can be seen on figure
1.2 and it should work for temperature until 300°C. The way used to apply a step of temperature on
the sensor is by heating an electrode. To do this, a pulse of voltage is applied in order to generate a
heating flux and therefore an increase of temperature. The sensitivity of the device is also studied
by [1], they show that it is dependent of the width of the waveguide. They conclude that the best
sensitivity is 83 pm/°C for a waveguide width of 500 nm. By decreasing or increasing the width of the
waveguide, the sensitivity is reduced by a 10 pm/°C (pico-meter per degree Celsius).

The main issue with this kind of sensor is that we need to convert a shift of an optical wavelength
into an electrical signal. It means that we need a matched filter or an arrayed waveguide grating for
example.

1.1.2 Temperature sensor based on fiber Bragg grating

Fiber Bragg Grating (FBG) reflects a wavelength light whose value shifts in function of the temperature
and/or strain. As a consequence, it is needed to make a distinction between both phenomena. For
example, if we are interested in the influence of the temperature, we have to use packaged FGB
temperature sensor in order to be sure that the fiber Bragg grating in the package does not have any
bending, tension, compression or other strain effects [3]. When a single tube to protect the grating,
there is a compromised to do between the resistance of the fiber and the time response. Indeed, if the
coating layer is bigger, the resistance of the fiber is improved but the time response increases. On the
other hand, if the coating layer is thinner, the strength of the sensor is reduced but the time response
decreases [2].

The relationship between the wavelength and the temperature is given by the following equation [2]:

Alp = )\B(OZW +&+ (1 - Pe)(asub - aW))AT (1'1)
e A\p is the shift of the Bragg wavelength expressed in nm

e \p is the Bragg wavelength expressed in nm
e ayy is the thermal expansion coefficient of FBG expressed in °C ™!

e ¢ is thermo-optic coefficient which do not change of value with the encapsulation expressed in
oC—l

e P, is valid elastic-optic constant do not have units
e (g is the thermal expansion coefficient of substrate material expressed in °C~!

e AT is the variation of temperature expressed in °C
By using equation (1.1), we can compute the sensitivity, Krp:
IAVY:

Kpn—= —8
TTAT
By looking on given units, we can see that the sensitivity is expressed in nm/°C.

= )\B(CYW + &+ (1 - Pe)(asub - aW))
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Figure 1.3: Encapsulation of the fiber [2]



On figure 1.3, we can see the tubular encapsulation chosen in [2] which is chosen especially for the fast
heat conduction. In [2], the metal tube is filled with a special mixture, whose exact composition is not
described, instead of the air to achieve a high sensitivity and a response time in the order of ms. It is
assumed that the response time is divided into two parts. The first one corresponds to the time for
which the heat transfers from the outside to the metal tube and the second one is the time for which
the heat transfers from the special mixture to the grating of the fiber.

. dX=0. 0486

* 0, 6azeAT 48. 6ms

Figure 1.4: Temperature response curve for tubular encapsulation of a fiber Bragg grating. The step of
temperature is applied on the external environment [2]

As we can see on figure 1.4, the measured time response is 48.6 ms. The experimental sensitivity is
27.6 pm/°C. The drawback of this particular temperature sensor is that it is designed for applications
in the oceans. Therefore, even if the time response is in the order of ms, the maximum temperature
which is reached is 45 °C which is much lower than the expected step of temperature, 150 °C.

1.2 Electrical temperature sensors

There are different kinds of studied electrical temperature sensors. The first one is based on a resistance
whose value changes according the temperature and the others are based either on a diode or a
transistor combined with a micro-hot-plate.

1.2.1 Resistive temperature sensor

A Resistance Temperature Sensor (RTD) is a passive circuit element for which the value of resistance
increases with the temperature. In order to measure the resistance, it is necessary to convert it into
a voltage which will drive a differential amplifier. The use of the amplifier will remove the common
mode noise and increases the sensitivity of the device [4].

Two possible ways to measure this resistance, the first one is to connect the the RTD in one leg of a
Wheatstone bridge which is excited by a constant reference voltage or we can use a reference current
and measure the corresponding voltage drop over the RTD [4].
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Figure 1.5: Measurement of the RTD signal, using a reference current on the left figure and using a
Wheatstone bridge on the right figure [4]

On figure 1.5, we can see both ways to measure the voltage drop on a resistance temperature sensor.
The schematic on the left is limited to short distances between the sensor and the measuring instrument
because there is no lead-wire compensation. On the right schematic of figure 1.5, there is a lead-wire
compensation but the the resistance of the Wheatstone bridge has to match to the base resistance of
the sensor [4].

An important parameter for the Resistance Temperature Detector (RTD) is the Temperature Co-
efficient of Resistance (TCR) also called the apr coefficient, expressed in [€2/2/°C]. This coefficient
represents the change in the resistance per one degree of the change in temperature and it can be
used to compute the sensitivity of the device. The resistance change is proportional to the alpha co-
efficient multiplied by the change in the temperature. Consequently, we can write the following equation:

AR = apRyAT (1.2)

Where Ry is the nominal sensor temperature resistance. Therefore, to calculate the value of the
resistance at any temperature T, we can use:

RT = [R() + (aRR()AT)] (13)

The sensitivity is computed by multiplying the alpha coefficient with the value of the resistance at the
reference temperature (Ry) as follows:

KRTD = RO X QR (1.4)

The value of the sensitivity is directly proportional to the value of the temperature coefficient of
resistance. A sensor having a high sensitivity does not necessarily means the sensor will be more
accurate but it means that if the produced signal is larger, then it will be less sensitive to the lead-wire
effects and electrical noise because the signal-to-noise ratio is often increased at the sensor interface [4].
If a larger resistance is used instead of a higher sensitivity, the output voltage will be the same but
with less excitation current which helps to reduce the self-heating effect.
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Figure 1.6: Both ways to build a Resistance temperature detector

On figure 1.6, we can see both ways to construct the resistance temperature detector. On figure 1.6.(a),
the RTD is built by using a thin film of platinum or nickel-iron deposited on a ceramic substrate, then
it is etched by a laser to the desired reference resistance [4]. The advantages of this technique is that
the thin-film elements can have higher resistance with less metal over small area. Moreover their time
response is faster than the one for the technique consisting in a coil of metal wound to an accurate
value of resistance around a ceramic or a bobbin of glass [4]. The design of this RTD can be seen on
figure 1.6.(b).

The different materials that can be used to build a RTD are: platinum, nickel, copper and nickel/iron.
The best choice is to take the platinum because it has the wider temperature range (from -260°C to
650°C), moreover it is accurate, predictable, chemically resistant and stable [4].

If the reference value of the resistance platinum used to build the resistance temperature detec-
tor is 100 €2 and the value of the temperature coefficient of resistance is ap = 0.003852/€2/°C, by
using equation (1.4), the sensitivity of the RTD is 0.3852/°C.

The response time of a RTD, given at 63 % of the step of temperature, depends on the dimensions of
the sensor, the resistance of the thermal contact and the surrounding medium, air or water, [7]. As we
would like to use the temperature sensor to detect the rise of temperature in a power circuit, we will
assume that the surrounding medium is the air. Therefore, according to [7], the time response can
vary from a few seconds to tens of seconds.

1.2.2 Temperature sensor combined with a micro-heater

The other category of electrical temperature sensors is the one where a diode and/or a transistor is
combined with a micro-heater.

Temperature calibration of a micro-heater

A first method to calibrate the temperature of the device is to measure the variation of the micro-heater
resistance. A second method is computed by the forward voltage drop on the diode at a constant
current [8].

For the first method, the dependence of the tungsten resistance in function of the temperature can be
given by the following equation:

R=(Ry— R.).(14 (T —Ty) + B(T — Tp)?) + Re (1.5)

In the specific case of S. Amor et al. [8], the initial resistance of the tungsten micro-heater is
Ry = 61.5 [Q], the resistance of series connections to the micro-heater is Ro = 13 [Q], the first
temperature coefficient of tungsten resistance is a = 2.05 x 1072 [K 1], the second temperature
coefficient of tungsten resistance is 3 = 0.3 x 1073 [K~2] and Ty = 297.15 [K] is the room temperature.
If we take the reciprocal equation, we can find the variation of the temperature in function of the
resistance, and the equation is given by:

10



1/R-R
T2+ T O‘2T)O‘T T2(Cl): 1.
i <B 0) =5 5\ Ry~ Re 0 (1.6)

For the second method, at a constant current, the forward voltage drop is given by:

Vi=Vo—d(T - Ty) (1.7)

Where Vj [V] is the initial value of the voltage at room temperature, Ty [°C]| is the room temperature
and d [V/°C] is the diode coefficient [8].

Silicon diode temperature sensor

The silicon thermodiode are widely used because they can be integrated on chip with electronic circuit
and they have a wide temperature range measurement. Moreover silicon diode can work at a very low
current which is an advantage because the power consumption is lower and it reduces the self-heating
effect.

The range of temperature for which a thermodiode can operate is limited by the IC processes. When
the technology used is bulk silicon, the maximum temperature is approximately limited to 150°C and
when the technology used is silicon-on-insulator, the maximum temperature can be up to 250-300
°C [9,10].

There are two modes of operation for the silicon diode: the first one is based on a constant current,
which avoids self-current heating [11] and the second on a constant voltage [9].

Constant current mode [12]

At constant current, the forward voltage is proportional to the temperature as long as the forward
driving current is higher than the reverse saturation current [12]. For a pn diode diode, the diffusion
current is given by:

I=A(J,+J,) =qA (Z’pn + f:np> (e% —1) = I(T) (e% 1) (1.8)
Typically for a voltage comprised between 0.4 and 0.7 V. In equation (1.8), J,, and J, are the electron
and hole current densities at the physical junction, D,, and D,, are the diffusivity of the electrons and
holes respectively, n, and p, are the equilibrium electrons and holes concentrations into the p-type and
n-type semiconducting layers respectively. L, and L, are diffusion lengths for the electrons and holes
respectively and A is the junction area [13]. I is the saturation current, V is the voltage drop across
the diode and k is the Boltzmann’s constant. Therefore, the saturation current I; depends on the
temperature through the minority carriers in n-type and p-type, p, and n, respectively. Indeed, we have:

2 2
U U

np:Ni'Aapn:NiD (1-9)

Where n; is the intrinsic carrier concentration which is proportional to the temperature with the
following relationship:

V
n? o T3¢~ % (1.10)
The saturation current is given by the following;:
,(m)
Iy =CT"% \** (1.11)

where C is a constant that includes the density of states, effective masses of electrons and holes, carrier
mobility, doping density, recombination life time, junction area... [12] n is parameter which depends on

11



the process, Vj is the extrapolated voltage at zero temperature.
At this point, according to [9], if we consider that I > I, equation 1.8 becomes:

[ =1,(T) () (1.12)

And therefore, by combining this last equation with equation 1.11, we obtain the following equation:

kT
V=V, + ?(lnl —InC —ninT) (1.13)
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Figure 1.7: Plot of the forward voltage in function of the temperature in a constant current mode, for
value of current equal to 14 nA, 1 pA and 65 pA [11]

On figure 1.7, the relationship between the voltage and the temperature is observed and is almost
linear at a constant current, by assuming that the driving forward current is much higher than the
reverse saturation current.

If we want to explain the nonlinearity that appears at high temperature on figure 1.7, we can not
consider anymore that I > I; and therefore, from equation 1.8, we can write the entire expression for
the voltage in function of the current [12]:

V= quln (ISZT) + 1) (1.14)
) 0

If we use equations 1.11 and 1.15, we can write:
kT kT 1 kT I,(T)
V=V,-— lnT+ln(>+ln< +1) 1.16

We assume that we have two temperatures, a working temperature T and the reference temperature
To to keep the current constant. The last equation can be written in the following way:

kT kT, T k T ET I,(T)
V= (V + )—(V + =2 V(T )+ <T—T —Tln())—i—ln([—i— + (T, )
gt gt (To) o 0 T . 7 (1(170))

By looking at equation 1.17, we can see the voltage is the sum of a constant term (the first one), a
term proportional to the absolute temperature (the second one) and two nonlinear terms [12]. The last

12



term of equation 1.17 becomes important at temperature higher than 550°C. So for lower temperature,
we can consider that this term is negligible. The first nonlinear term of equation 1.17 can be cancelled
out either by using two different driving currents with a known ratio or by using the same current but
for two diodes of different areas and with a known ratio [12,13]. In consequence, we can conclude that
the voltage is proportional to the value of the temperature and almost linear.

Constant voltage mode [9]

In a constant voltage mode, thermodiodes can work in forward or in reverse bias. For the forward bias
mode, if we suppose that the forward voltage is higher than 0.1, the forward driving current of the diode
is much greater than the reverse saturation current. Therefore, the expression for the current is given
by equation 1.12. In consequence, we can re-organise equation 1.13 and we obtain the following equation:

q(V —=V,)
kT

1
= ST +InC + ninT (1.19)

Inl = + InC + ninT (1.18)

Where S = Q(V;Vg ) represents the sensitivity of the temperature. If we neglect the nonlinear terms, we
can see that Inl is inversely proportional to the temperature. This mode is more difficult to analyse
because the current is proportional to the exponential of the current and therefore we need a logarithmic
amplifier.

In reverse bias mode, for a temperature higher than 200°C in case of silicon, the diffusion current through
the diode and the saturation current are the same. If we take the logarithm of equation (1.11), we obtain:

—qV,
Inl = InC + ninT 1.20
nl = InC +ninT + —— (1.20)
Again, if we neglect the nonlinear terms, we obtain:
Inl = =2 (1.21)

T
We can conclude that Inl is inversely proportional to the temperature.
But, for silicon at 300K, the dominant current in reverse junction is the generation-recombination
current [14]. The density of this current is given by the following formula:

Jorg = szy(eqv/sz —1) = qn\/e(¢0 _ V)M (1.22)

2TL q NAND
Where ¢ is the electric charge of the electron, n; is the intrinsic concentration, 7z, is the time life of the
carriers, € is the dielectric permittivity of the material and its value is 1 pF/cm for the silicon, ¢ is
the junction voltage, N4 is the acceptor concentration, Np is the donor concentration [14].

SOI CMOS technology high temperature operation

A first possibility to measure high temperature is to use the Silicon-On-Insulator (SOI) technology
which consists in a silicon layer on a silicon dioxide. The use of this technique allows to measure high
temperature by isolating the thermodiode from the silicon substrate.
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Figure 1.8: Cross section of a SOI micro-hotplate [11]

On figure 1.8, we can observe the cross-section of a temperature sensor implemented in SOI CMOS
technology. It can be seen that the design is divided into two parts: electronic area which correspond
to the standard SOI and the membrane area.

This device is mainly composed of a tungsten micro-heater and a membrane thermodiode which allows
to monitor the micro-hotplate temperature accurately. The membrane is usually circular to avoid
mechanical stress at the edges. Outside of the micro-hotplate, we have another thermodiode which is
used to monitor the junction temperature of the IC chip [11].

Often, a micro-heater is composed of three rings: one inner ring and two outer ones. The inner ring
has a low resistance and compensates the heat loss caused by convection within the heater. The two
outer rings compensate the heat loss coming from the convection outside of the heater area and the
conduction [15].

The tungsten is often chosen as the material of the micro-hotplate because it allows to work at
temperatures up to 700 °C. Furthermore, this material has good mechanical strength and is more
resistant to electro-migration [11,15]. The choice of material for the micro-hotplate could be the
polysilicon or aluminium but the polysilicon has a low long-term stability [16] and the aluminium has
a maximum operating temperature lower than the one of the tungsten [17].

In [11], the size of the different elements of the device are the following:

e Diameter of the diode: ~ 34um

e Active silicon layer: 0.25um

e Buried oxyde layer: 1.0um

e Diameter of the membrane is 300 um

The use of tungsten for the metallization combined with the thin silicon layer, reduce the depletion
region and the value of saturation current is very low, a few fA. Thanks to this low saturation current,
we can see on figure 1.7 that the function transfer between the voltage and the temperature is linear
until a temperature of 500°C; at this temperature, the driving current is 65uA [11]. The value of the
current influences the slope of the curve. Indeed, if the value of the current is low, for instance a
few nA, the nonlinearity appears at lower temperature, like 300°C instead of 550°C for a current of 1
pA [13].

The choice of the value of the forward current is critical. In fact, we need a low value of the current
to avoid the self-heating. In the same time, we need a high value of this current to be sure that it is
greater than the reverse saturation current [12]. Indeed, if the value of the reverse saturation current is
comparable or higher than the value of the forward current, nonlinearities appear at lower temperatures.
The advantage with a high current is the reduction of the capacitance while with a low current, the
value of the capacitance increases.

The sensitivity of this kind of sensor is about -1.3 [mV/°C] [12] and the response time is about 15 ms [18].
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Micro-air-bridge heater: high temperature

Another way to measure high temperature is to use a pn junction diode combined with a micro-air-
bridge heater. This sensor operates with a constant voltage mode and therefore, the logarithm of the
measured current is inversely proportional to the temperature as it is shown in equation (1.21). As a
consequence, the sensitivity is given by the inclination S, which means that more the value of the slope
increase, better is the sensitivity [19].

[ Heater
Electrode / Diode
Electrode (n)

SOI Substrate

Heater

Diode Electrode

Eleetrode (p) f

Diode
Electrode

A R C— =
S0, Micro Heater
(n-Type Diffusion Resistance)

Figure 1.9: Structure of the micro-air-bridge heater [19]

On figure 1.9, we can see an implementation of this kind of temperature sensor. According to [19], the
dimensions of the device are the following:

e Diode temperature sensor: 700 pum x 700 pm
e SOI layer: 6 p thick

e pn junction of the diode: 100 um x 100 um
e Length of the micro-air-bridge: 2000 pm

For this particular implementation, The temperature sensor is composed of an operational amplifier in
front of the diode in order to apply the appropriate bias-voltage to the pn junction and to control the
value of the current which depends on the temperature. Indeed, in order to have a very low resistance,
the device has to operate in forward bias at low temperature, from -200 °C to 150 °C, and in reverse
bias at high temperature, from 150 °C to 500 °C. This low resistance allows to have a larger signal to
noise ratio [19].
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Figure 1.10: Relationship between the current of the pn junction temperature sensor and the temperature
for different forward bias voltage and reverse bias voltage [19]

On figure 1.10, we can see the variation of the current in function of the temperature for different
voltages. It can be observed that for reverse bias voltage of a value about -1 V, the sensitivity is very
high as the slope is very much titled but the exact value is not given. It can also be seen that the
maximum value of the current is about 1 mA.

-
Reverse Bias > | Forward Bias

283°C|

Figure 1.11: Dependence of the voltage with the temperature (20ms per division) [19]

On figure 1.11, we can see a response time of about 20 ms when a step of temperature is applied. We
can conclude that the main advantage of the microbridge is that heat can only flow through two or
four bridge beams which gives a better thermal isolation. But it is mechanically less stable because it
is supported only by fours beams [17].
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MOSFET temperature sensor [8]
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Figure 1.12: Two different views of the device with MOSFET [8]

On figure 1.12, we can see a cross-section and the chip of device composed with MOS transistors.
The diodes are used as temperature sensor but the influence of the temperature can also be seen by
studying the characteristics of the MOSFET.

Mobility of the carrier:
The first way to analyse the influence of the temperature is to study the mobility of the carrier. Indeed,
the mobility behaviour is given by the following equation [8]:

u(r) = um) (1)

Where «, is a coefficient with value around 1.2-2, Tj is the room temperature and T is the final

temperature. By looking this equation, we can conclude that the mobility of the carrier is reduced
with a rise of the temperature.

Threshold voltage:

The second way to study the influence of temperature is with the shift of the threshold voltage. This
variation is mostly induced by the variation of the Fermi level with the intrinsic concentration and the
new value is given by the following formula [8]:

T
VchVthoJrKT<QTO—1>

Where Tj is the room temperature in K, V;pq is the threshold voltage at room temperature expressed in
V and K7 is a negative temperature coefficient for nMOSFETs and a positive temperature coefficient
for pMOSFETs, this coefficient is expressed in [V/°C], therefore, it is equal to the sensitivity of the
transistors.
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Figure 1.13: Sub-threshold characteristics of a nMOS transistor with a width of 24 um operating in
linear regime with Vy; = 50 mV [§]

On figure 1.13, we can see that when the temperature of the micro-heater increases, the value of the
off current increases as well as the value of the sub-threshold slope S. The equation of this slope is
given by [8]:

d(loglp) nkT

S = e . In(10)

Where n is the non-ideal factor. When this non-ideal factor is equal to 1, the value of the slope should
be around 60 mV.dec™! [8].

The device on figure 1.12.(a) is built in 1 pum partially depleted (PD) silicon on insulator (SOI)
technology. The device has a circular membrane with a diameter of 600 um and in its center there
is a tungsten micro-heater with a diameter of 200 um and a thickness of 500 nm. Just beneath the
micro-heater, there is a silicon thermodiode with a diameter of 200 pm and a thickness of 250 nm. The
MOS transistor, the silicon thermodiode and the tungsten micro-heater are embedded in a 5 pm-thick
Si/Si02 membrane. All the transistors have a channel length L = 1 pm and the width of nMOS
transistor is W = 6 um, the width for the pMOS transistor is 24 um and the width of the transistor
for the CMOS inverter is W = 4um [8]. The approximately total diameter of the device is 2 mm.

In [8], it is found that the sensitivity of the nMOSFET is —3.2 [mV/]°C and the one for the pMOSFET
is 3.4 [mV/°C| when the width of both transistors is 24 pm.
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Figure 1.14: Slope of sub-threshold characteristics of the pMOSFET and nMOSFET transistors [8]

On figure 1.14, we can see the slope of the sub-sthreshold characteristics of a nMOS and pMOS
transistors. We can see that for a temperature higher than 280 °C, the degradation of the pMOS
transistor increases due to a high leakage current for a positve Vi, voltage which should come a
parasitic channel at the back Si-Box interface [8]. We can also see that the nMOSFET has a breakdown
degradation for a temperature higher than 335 °C when the drain voltage is high [8].

The self-heating effect, which introduces errors when measuring high temperature, is less significant
in SOI technology than bulk silicon thanks to the low thermal conduction of the SiOy buried oxide.
Moreover, the air cavity below the membrane increase the barrier for thermal dissipation. The self-
heating effect has less influence at high temperature because the mobility of the electron is reduced at
very high temperature but in addition to the self-heating, an avalanche effect appears at high Vs for
very high temperature as it can be seen on figure 1.15 [8].

Figure 1.15: Curves Igs — Vs, for Vys = 5 V showing the avalanche effect at high tempetature (>300
°C) for high Vys
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1.3 Sensors comparison

Silicon
Kind of sen- | Silicon ring | Fiber Bragg diode sus- Slycon . diode . Platinum re-
sor N ratin pended micro-air- Transistor MOS sistor
& & thermodi- bridge heater
ode
Technology | 0.18 CMOS NA o) 301 301 NA
used process
Temperature up to 280 for a
ran I; °C] up to 300 up to 45 up to 500 -200 to 500 pMOS and up to | -260 to 650
& 335 for a nMOS
Time re- a few sec-
sponse 6 us 48.6 ms 15 ms 20 ms NA onds to 10 s
Maximum | NA 65 jA 1 mA 65 A NA
current
-3.2 [mV/°C]
e o 27.6 -1.3 . for nMOS and o
Sensitivity | 83 [pm/°C] pm,/°C] e high 3.4 [mV/°C] for 0.385Q2/°C
pMOS
Metallization| NA Copper Tungsten NA Tungsten Platinum
Current Reference
Mode of op- Voltage con- | Constant voltage | current or
. / / constant
eration stant mode mode reference
mode
voltage
(Si;z%e of the a few um 15 mm 4 mm?®* 2mmx2mm* | d=2mm NA
References 1] 2] [11] [19] 8] [4,7]

Table 1.1: Comparison between different kinds of temperature sensors

* Estimated value of the chip with the given parameters.
By looking at table 1.1, we can see two temperature sensors are suitable according to the specifications.
The first requirement is to have a fast response time, in the order of ms. The second one is that the
planar area of the die should be lower than the one of the power MOSFET which is about 100 mm?;
The last one is that the temperature sensor should work at least at a temperature of 150 °C.
The first one is the optical temperature sensor, Silicon ring resonator, which has a small size, a few
wm, an ultra fast response, 6 us and can be heated up to 300 °C. The other sensor is an electrical one
with a diode and a micro-heater. Indeed, this sensor has a small diameter, 2 um, a low current, 65 pA,
which avoid the self-heating effect and can be heated up to 500 °C. These sensors have comparable
advantages but the sensor diode temperature sensor with an integrated micro-heater is chosen due to
their availability.
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Chapter 2

Heat transfer in the sensor

In this chapter, the heat transfer and the theoretical response of a temperature sensor to a step of
temperature will be shown. In chapter 1, we selected a sensor which detects a rise of temperature
thanks to a thermodiode. The chosen design is simulated by finite elements with Comsol ® software.
The equivalent RC thermal circuit is studied and simulated with LTSpice. A parametric study will be
done in order to study the influence of parameters on the dies

2.1 Theoretical heat transfer

The main physical phenomenon present in the sensor is heat transfer which can appear either by
conduction, convection or radiation [20].

Conduction: this heat transfer corresponds to an energy exchange by molecular vibrations in solids.
The heat flux is proportional to the temperature gradient because it is based on Fourier’s law which is
given by:

q=—k(VT) (2.1)

where VT is the temperature gradient and k is the thermal conductivity.

Convection: this heat transfer appears at the interface between a solid and a liquid or a gas. It can
also take place by the heat transfer inside a liquid or a gas by the movement of the molecules.
Radiation: this heat transfer is made by a transfer of photons. It appears when the transfer by
conduction or convection is impossible.

For the design of the sensor, we can consider that the heat propagates only in one direction and by
conduction. According to [21], we can consider that the insulation between the membrane and the
silicon diode behaves like a resistor R and that the calorific mass of the diode is C. Moreover if we
consider that the temperature of the membrane is ©, and the temperature of the diode is O¢, we can
write the following equations:

dOc(t)

> a®)in = a()our = C—— (2.2)
() = (0.(1) ~ Oc(1) (23)
= Rcdgjt ® 4 6ut) = 6.0 (2.4)
If we suppose that 7 = RC, the equation becomes:
rdggt(t) +Oc(t) = O.(t) (2.5)
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The solution is the sum of a transient part, ©¢1(t) and a stationary one, ©¢2(t). By solving the
equation characteristic 7 + 1 = 0, we have the solution r = —%. Therefore, O¢ is given by :

Oc1(t) = Ke 7 (2.6)

If a step of temperature with an amplitude 7} is applied, the stationary solution is O¢o(t) = Tiu(t).
The complete solution is:

Oc(t) = Oci(t) + Oca(t) = Ke ™ + T} (2.7)

If we consider that at time ¢t = 0, the temperature of the sensor is Ty, we find that K = Ty — 177 and
the general solution is given by:

Oc(t)=Toe * +Ti(1 —e 7)< Oc(t) =Ty + (T — Ty)e ~ (2.8)

===Step function
= Response of the sensor

Temperature ["C]

Time [s]

Figure 2.1: Simulation of sensor response to a step of temperature, applied in ¢t = 0 s, according to
equation (2.8). For this simulation, Ty = 0°C, 71 = 5°C and the time constant of the system is 20s.
Simulation done with Matlab ®.

The time constant is defined as the time needed to reach 63% of the step of temperature. Indeed,
equation of the voltage in a RC circuit is given by the following equation:

Vout(t) = ‘/;n(l - eit/T) (29)
We want to know the equation for a time t equal to 7, by using equation (2.9), we obtain:

Vout(t =7) = Vin(1 — e7!) = V5,0.63

This why the time response or time constant is defined as being the necessary time to reach 63% of the
final value.

2.2 2D representation of the device

The temperature sensor will have a circular shape to avoid mechanical stress at the edges as it was
explained in chapter 1. We will focus on the study of two implementations of the device, the first one
can be heated either by a power circuit or by the embedded micro-heater. The second one is a thinned
die, where the substrate is removed. It is heated by the power circuit. For simulation, we will consider
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a two dimensional representation which is a cross-section of the device.

2.2.1 Die heated by a micro-heater or a power device

tsisng

— Ymicro-heater

5i02
tmh-diode
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[Tdiode

t5i02box

toubstrate

L
-
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" d

membrane

Figure 2.2: Die with substrate, the dimensions are the following: tsypstrate = 400 pm, tsiogbor = 1 pm,
tdiode = 250 nm, tmetal = 500 nm, lmetal =925 Him, tmh—diode = 2 nm, tmicro—heater = 500 nm, tSiOz =
4 pm coated, tgi,n, = 500 nm, d = 2 mum and the diameter of the membrane d,,emprane = 600 pm.
This schematic is not to the scale for readability purpose.

On figure 2.2, we can see a cross-section view of the die. For this die, the heat can come either from
the micro-heater or from the power circuit on which it is glued. The Si3Ny layer is a passivation layer
which acts as a coating on the die. The substrate layer is made of a cylinder of air with a diameter
of demprane = 600 pum around which there is a torus in silicon with a width of 700 um, leading to a
total diameter of the device of 2 mm.

We are interested in studying the heat transmission along the z axis. The heat transfer through
the sidewalls of the device in x=0 and x=2 mm is neglected and there is no heat exchange with the
environment. The thermal resistance of the air, in x=0 and x=2 mm, are in parallel with the device
and are much larger than the device resistance. Moreover, the z-dimension is about five times smaller
than the x-dimension.

We consider convection is the main mechanism at the top of the passivation layer and the air and
at the interface between the substrate and the air. In case the substrate is glued on a power device,
convection on that side is replaced by heat conduction. We assume that the initial temperature of the
die is 20 °C or 293.15 K and the temperature of the air surrounding the die is also 293.15 K.
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2.2.2 Thinned die heated by the power device

tsi3ng

5i02
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Figure 2.3: Thinned die with following dimensions: tg;0,b0x = 1 M, tdgiode = 250 M, tipetar = 500 nm,
lmetal = 925 pm tsio, = 4 pm coated and tg;,n, = 500 nm. The length of the sensor, d, is 2 mm and
the length of the diode is 200 wm. this schematic is not to the scale.

On figure 2.3, we can see the thinned die heated by the power device glued below the SiOsbox layer.
We are interested in studying the heat transfer along the z axis. For the same reason than the device
shown on figure 2.2, we consider thermal insulation for x = 0 and = 2 mm. The die being glued on
the power device, we only have convection at the interface between the passivation layer and the air.
We also consider that the initial temperature of the die is 293.15 K and the temperature of the air
surrounding the die is also 293.15 K.

2.3 Equivalent thermal circuit of the device

The conduction heat transfer is analogous to an electrical circuit where the temperature difference be-
tween two points is represented by the voltage difference and the heat flow is the equivalent current [22].
This representation will help us to know the time needed for the diode to respond to a temperature
change at the sensor surface.
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Figure 2.4: RC thermal circuits [23]

Two equivalent circuits can be used to model heat transfer and they can be seen on figure 2.4. Each
layer is represented by a capacitance and a resistance. We can see that figure 2.4.(a) is equivalent to a
transmission line and it models heat conduction properties with the physical parameters of the materials.
Indeed, we could prefer the second representation, 2.4.(b), because we can say that the heat flows
through all the different layers and first charges the first layer of material before charging the second
layer, etc. As a consequence, the current flowing through the layers of the material is the same and
this circuit is correct. However, this is not physically correct because in this representation, the energy
stored in thermal capacitances depends on the temperature difference between two adjacent points,
while in reality, the energy stored in materials, here modelled as the capacitance energy, is proportional
to the absolute temperature in the material [24]. This is the reason why we prefer to use the RC
thermal model shown on figure 2.4.(a) where the capacitances are all connected to the same reference
voltage, corresponding to a reference temperature. The second model describes correctly the thermal
behaviour at the entrance but as there is no link with the physical model, the temperature distribution
inside the equivalent circuit does not have any meaning [24]. The advantage of the equivalent thermal
circuit on figure 2.4.(b), is the fact that we can see the time constant, 7, for each material, indepen-
dently from each other. Whereas the time constant of circuit 2.4.(a) is the same for all layers of material.

Nevertheless, we can switch from one representation to the other one by selecting the correct value for
the capacitance and the resistance so that the time constant of each material is equal for both circuits.
The corresponding resistances keep the same value for the two circuits. Once all the capacitances are
fully charged, they behave like an open circuit, which means that circuits on figure 2.4 are equivalent.
This implies that the resistance of each material must be the same. As a consequence, by also requiring
the same value of the time constant, we obtain [24]:

.
Crr=5% (2.10)
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2.3.1 Computation of thermal resistances and thermal capacitances

The equivalent thermal resistances and capacitances are computed based on material properties. But
before computing their values, we need to define the heat transfer between the layer of materials.

As explained in section 2.2, the main heat transfer takes place by conduction, except at the interfaces
with the air where there is convection. The equivalent thermal resistance for conduction can be
computed by the following formula:

t
kA
Where t is the thickness of the layer, k is the thermal conductivity and A is the cross-section area [25].
The equivalent resistance for convection is given by:

Reond = (2.11)

1
Rconv — ﬂ (212)
Where h is the convection coefficient and A is again the cross-section area [25].
The thermal capacitance, on figure 2.4.(a) can be given by the following formula:
Cip, = cpptA (2.13)

Where ¢, is the heat capacity, p is the density, t is the thickness of the layer and A is the cross-section
area [23].

Type of material | k [W/(m.K)] | ¢, [J/(kg.K)] | p [kg/m3] | h [W/(m?.K)]
Si 130 700 2329 /
5104 14 730 2200 /
SizNy 20 700 3100 /
w 174 132 19350 /
Air 0.0257 1005 1.205 /
Convection / / / 23.54

Table 2.1: Parameters of the different layers of materials for both devices

Materials parameters given in table 2.1 are taken from Comsol ® in order to be able to do a comparison
with Comsol ® simulations and analytical results. Except for convection, air parameters do not come
from Comsol ® and are found in [26].

Choice of convection coefficient, h, value

The value of convection coefficient, h, is comprised between 5 and 25 W/(m?2.K) for the air, when
there is no constraints. In order to determine the value of h corresponding to the device, Comsol ®
allows to simulate external natural convection [27]. The temperature step was simulated by using a
constant heat flux coming out of the SiOsbox layer. The value of h coefficient is obtained from:

q 1000

— = g = 2354 [W/(m*.K)]

With q=1000 W/m? and AT = 42.48 K.
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2.4 Die with substrate

2.4.1 Die heated by the power circuit

In a first time, we will study the heat transfer and the influence of the parameters on die shown on
figure 2.2, when it is heated by a power circuit.

R_Alu R_substrate R_SiO2box R_Si R_Si02_DM R_heater R_SiO2_MP R_Si3N4 R_Conv

Q
C_Alu Ji:_substrate C_SiO2box | C_Si J}:_SiﬂZ_DM C_heater Ji:_sm_mp Ji:_smm

Room_temperature

Figure 2.5: RC equivalent circuit of die shown on figure 2.2 when it is heated by a power MOSFET
through the substrate

On figure 2.5, we can see the equivalent RC thermal circuit of the die shown on figure 2.2 when it is
glued on a power MOSFET. The heat coming from the power transistor is represented by heat source
Q. As the heat flux flowing through the die is observed in the centre of the device, in x=1 mm, the
metallization is not taken into account.

As the tungsten micro-heater is embedded in the SiOy layer, we have to divide the SiOy layer into
two parts. the first one, called SiO2 DM, represents the part of the Si0Os between the diode and
the micro-heater and the second part, called SiOyM P, represents the part of the Si0Os between the
micro-heater and the passivation layer.

The aluminium layer between the heat source and the substrate represents the power circuit on which
the die is glued. This layer allows to avoid a heat flux directly applied on the substrate surface. If this
layer is not present, the limit condition forces the heat flux to be the same in the silicon and in the
air, which is not the reality. Indeed, the thermal conductivity of the silicon is 5000 times higher than
the thermal conductivity of the air. As the conductivity of the aluminium is important, this layer has
almost no influence on the time constant of the device.

Computation of resistances and capacitances

We can now compute the values of the resistances and capacitances by using parameters values of
table 2.1, dimensions on figure 2.2 and equations (2.11), (2.12) and (2.13). As the diameter of the
die is 2 mm, for all the layer of material, the cross-section area is 7 x 107¢ except for the diode and
the micro-heater which have a diameter of 200 um, therefore their cross-section area is 7 x 1078, As
the substrate can be seen as a composite material composed of air and silicon, its resistance and
capacitance will be computed in the following section. By using all these informations, we find the
following values:

o Ry =134 x1073K/W
o Rsiogbor = 0.227 K/W
Rg; = 0.06 K/W

e Rsio,pn = 0.455 K/W

27



e Rpcater = 0.091 K/W

e Rsio,mp = 0.341 K/W

o Rgisn, = 7.96 x 1073 K/W
o Reoony = 13522 K/W

e Rap =T7.67x107°J/K

o CSi0nbor = 5.045 x 1076 J/K
o Cg;=128x10"%J/K

e Csioppym = 1.01 x 1075 J/K
o Cheater = 4.01 x 1078 J/K

e Csiopmp =T757x1076 J/K
e Csizn, =34x107% J/K

Computation of substrate resistance and capacitance [28]

The substrate shown on figure 2.2 is composed of a cylinder of air around which there is a torus in
silicon and is treated as a composite material for which equivalent thermal resistance and capacitance
must be computed. The heat flow is given by the following equation:
k
Q= A;AT
where A is the cross section area, t is the thickness of the material, k is the thermal conductivity and
AT is difference of temperature between the two surfaces of the layer. As the heat and temperature

variation in the thermal circuit are respectively analogous to current and voltage in electrical circuit,
the thermal resistance can be computed by the following way:

AT t
Rip—subs = 6 = m
We find the same expression than for equation (2.11). But as we have a composite material, we have
to take into account the geometry. The total heat flowing through the substrate in z-direction is the

sum of the one flowing in the silicon and in the air. Assuming the variation of temperature, AT, is the
same for both materials, finally leads to [28]:

t
Aairkair + ASikSi
And by using values given in table 2.1 and on schematic 2.2, we find:

Rthfsubs =

R sups = 1.076 K/W

Now we would like to compute the thermal capacitance of the substrate layer. As a recall, the current
through a capacitance is given by the following equation:

av
I1=C— 2.14
o7 (2.14)
The enthalpy, which is the variation of energy in a material as a function of the temperature, at a

constant pressure, is given by:
dH = pcpVdT
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Where p is the density, ¢, is the specific heat, V the volume and T the temperature. If we differentiate
this equation in function of the time, we obtain:

i Vo
a PPV

By looking at the units, we see that the left member correspond to J/s which is equivalent to W,
so it is equivalent to the heat. Using again the fact that heat is analogous to the current and the
temperature is analogous to the voltage, we can make a parallel with equation (2.14) and we find that
Cip, = pcpV. Using the same method as to find the equivalent resistance, we obtain:

Cth—subs = PairCPair Vair + psicprsiVsi

By using values of parameters in table 2.1 and on schematic 2.2, we find that:
Cih—subs = 1.85 x 1073 J/K

Computation of equivalent capacitances

We have computed the values of physical resistances and capacitances of figure 2.5 but we would also
like to compute the value of equivalent capacitances that can be seen on the circuit from figure 2.4.(b).
Computing these capacitances allow us to know the time constant specific for each layer of material.
To compute the time constant of each layer of material, we have to consider, in figure 2.4.(a), the input
power source as an open circuit and all the capacitances which do not participate to the calculation of
the time constant, as open circuit too. Then, the time constant is computed by the product of the
capacitance of interest with the total equivalent resistance.

For example, if we consider the aluminium layer, the current source and all the capacitances, except the
one of the aluminium, are in open-circuit. As the value of all resistances are negligible in comparison
with the convection resistance, we have that 745, ~ 7.67 x 1075 x 13522 = 1.04 s. Applying equation
(2.10) gives C 43,/ = 76.6 J/ K. By using the same method for all the layers, we find the following values:

o Tsubstrate = 25.02 5 and Cgypsirate/) = 23.25 J/ K

* TSiOsbor = 68 ms and Cg;0,p0r/, = 299.6 x 1072 J/K
e T5; =173 ps and Cyg;y) = 2.88 x 1073 J/K

o Tsio,pm = 137 ms and Cgi0,prry) = 0.3 J/K

o Theater = 542 pus and Chegrer/) = 5.96 x 1072 J/K

o Tsiopmp = 102 ms and Cgo,pp/) = 0.3 J/K

e TsigN, = 46 ms and Cg;,n, ;) = 5.78 J/K

In this case, we considered the time constant of the material, as being a part of the all system.

Transient case

We would like to know the time constant of each material when they are considered independently
from each other. We only need to multiply the resistance of the material by the capacitance of the
material. By using values computed in sections 2.4.1 and 2.4.1, we obtain:

o Tap = 1.03 us

* TSubstrat = 1.99 ms
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* TSiOsbox = 1.15 s
e 75; =0.77 ns

e TSi0,0M = 4.6 us
* Theater = 3.65 s

* TSi0,MP = 2.58 us
e TSisN, = 27.1ns

By looking on these values, once the SiOsbox is heated, it takes 0.77 ns for the diode to heat up when
all materials are considered independent from the others. In the global circuit, however the effective
time constant is common to all materials and is mostly influenced by the highest capacitance and
highest resistance.

Circuit at equilibrium

We have to determine the power flowing through the RC thermal circuit. We know that the convection
flux is given by: @ = hAT and we know h=23.54 W/(m?.K) from section 2.3.1. If we assume the at
equilibrium, the temperature is uniform across all layers, AT is equal to the temperature step observed
on the power MOSFET. For AT = 150 K, we have Q = 23.54 x 150 = 3531 W/m?2.

In stationary case, the flux is identical in all layers and Q;, = Q. @i, corresponds to the input flux to
be set to reach the desired AT. Accounting for the die surface, 7 x 107%, we obtain P=11.1 mW.
The heat flux can also be used to determine the temperature at the interface between different materials.
According to [25], the heat flux between two materials is given by:

Tmasc - Tmzn
Rtot
With 1,4z is the temperature of the hot surface and T;,;, is the temperature of the cold surface. Ry,

is the thermal resistance between two surfaces. Using 1,4, = 150 K, we find that the temperature at
the interface between the aluminium and the substrate is given by:

q= (2.15)

T Atu—Subs = Trnaz — @R A, = 442.9998513 K

By applying this method successively, we can find:

o Tsubs—SiOspor = 442.9879077 K

o T$i0mb0n—si = 442.985388 K

o Toi_sioppn = 442.984722 K

o T50,DM—heater = 442.9796715 K
o Theater—siosnp = 442.9786614 K
o Tsi0a0P—sisN, = 442.9748763 K

Therefore, we can conclude that in equilibrium state, the temperature is approximately the same
through all the device, which confirms the initial hypothesis used to determine Q.
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LTSpice simulation
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Figure 2.6: LTSpice simulation of RC thermal circuit shown on figure 2.5. The variation of the
temperature as a function of the time is taken at the interface Si — SiO2 DM layers.

On figure 2.6, we can see the LTSpice simulation of the thermal RC circuit shown on figure 2.5 and
we can see that the time constant obtained is 26.1 s. We can notice that when we add all the time
constants obtained in section 2.4.1, the sum is 25.37 s which is approximately the same value than
the one obtained with LTSpice. It can be seen that the time constant of the system is dominated by
the one of the substrate. As the thickness of the substrate is much important than the one of the
membrane, 400 pum for 5 um, the substrate layer absorbs more energy.

Comsol ® simulations
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Figure 2.7: Comsol ® simulation of circuit shown on figure 2.2 for h = 23.54 and a heat flux of
3531 W/(m?2.K). The variation of the temperature as a function of the time is taken at the interface
Si — Si02 DM layers.
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On figure 2.7, we can see the simulation obtained with Comsol ® for a convection coefficient of 23.54.
A heat flux of 3531 W/(m?.K) is imposed on the substrate surface and corresponds to the flux required
to reach a step of temperature of 150 K as previously computed. The obtained time constant is 23 s.

Comparison with LTSpice simulation

By comparing time constants obtained with Comsol ® and LTSpice simulations on figure 2.7 and 2.6,
we can see that both values of time constants are close to each other, there is an error of approximately
13 %. This error comes from the fact that we made some approximations to compute the values
analytically that we used for the LTSpice simulation.

Influence of the meshing

In finite elements, meshing plays an important role in the solution and its influence is studied. Indeed
more the meshing is thin, more the solution will be accurate but the computation time will be increased.
For this simulation we decided to test three different kinds of meshing, named: extremely coarse,
normal and extremely fine. Their parameters can be found in the following table:

Type of meshing Extremely coarse Normal Extremely fine
Degree of freedom 80178 121401 225982
Domain elements 38751 59170 111437
Boundary elements 9985 10637 10999
Maximum element size [m] 6.6 x 10~* 1.3x107% 2x 107
Minimum element size [m] 10~* 6 x 1077 4 %1078
Maximum element growth rate 2 1.3 1.1
Curvature factor 1 0.3 0.2
Resolution of narrow regions 0.9 1 1
Computation time [s] 45 55 90

Table 2.2: Parameters of the meshings used in Comsol ® simulations

e The maximum element size allows to limit the maximum length of the elements
e The minimum element size specifies the minimum length allowed for the elements

e The mazimum element growth rate fixes the maximum rate at which an element size can growth
from a region with small elements to a region with larger elements

e The curvature factor "determines the size of boundary elements compared to the curvature of
the geometric boundary and a lower value gives finer mesh along curved boundary"

e The Resolution of narrow regions controls the number of layers of elements in a narrow region,
higher number leads to a finer mesh in narrow regions. If this number is lower than one, in
narrow region, elements can be created with an anisotropic size.

These definitions are found in [29].
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Figure 2.8: Influence of the meshing, the variation of the temperature as a function of the time is taken
at the interface Si — SiO2 DM layers. Simulation obtained with Comsol ®

On figure 2.8, we can see the influence of the meshing and we can see that all the curves overlay each
other, which means that the meshing does not influence the time response of the die. The curves
represent the variation of the temperature in the diode as a function of the time. We will use the
extremely coarse meshing because the result is the same when using the extremely fine meshing and
the computation time is reduced.

Influence of the symmetry

As it can be seen on figure 2.2, the die is entirely symmetrical along the x axis. Therefore, we can only
simulate the half of the device and impose a condition of symmetry on the central axis. We decide
to simulate the die from = = 0 to = d/2 = 1 mm and to require a condition of symmetry in z = 1 mm.
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Figure 2.9: Influence of the symmetry on the response time, the variation of the temperature as a
function of the time is taken at the interface Si — SiO2 DM layers. Simulation obtained with Comsol ®

As we can see on figure 2.9 the curves overlay each other, which implies that the condition of symmetry
can be used to reduce the computation time. For the extremely coarse meshing, the computation time
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is reduced by 8 s.

Influence of the material of substrate layer
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Figure 2.10: Influence of the material for the substrate layer. The variation of the temperature as a
function of the time is taken at the interface Si-SiO2 DM layers. Simulation obtained with Comsol ®

On figure 2.10, we can see the influence of the materials which compose the substrate layer. As
described on figure 2.2, the substrate layer is a composite material made of air and silicon. As the
thermal conductivity of the silicon is about 5000 times greater than the one of the air, almost all
the heat flows through the silicon material. Therefore, we could think that the time constant will be
reduced if the substrate is only made in silicon, but as we can see on figure 2.10 this is not the case.
The time constant of all the die is influenced by the dominant response time which is for the substrate
layer. As it was explained in section 2.4.1, the time constant of a layer depends on the value of its
capacitance and the value of the convection resistance. All the other resistances being negligible in
comparison with the convection resistance. If we use the dimensions described on figure 2.2, the
capacitance of the composite layer is almost equal to the capacitance of the silicon. As a recall, the
equation used to find the thermal capacitance of a material is given by:

Cin = peptA

In the case of the composite material, the capacitance is almost equal to the one of the silicon, which
has a volume of 1.14 x 1072 m3, a capacitance of 1.85 x 1073 J/K and a time constant is 25.02 s.
If we consider that all the substrate is in silicon, the volume of the substrate is 1.25 x 1079 m3, the
capacitance is 2.04 x 1072 J/K and as a consequence, the time constant of the substrate layer is 27.56
S.
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Influence of the metallization
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Figure 2.11: Influence of the metallization, simulation obtained with Comsol ® |, the variation of the
temperature as a function of time is taken at the interface between the Si layer and the SiO; DM layer

Another parameter which is interesting to study is the influence of the presence of the metallization
allowing to measure the current or the voltage through the diode. As we can see on figure 2.11, when
there is no metallization, the time constant obtained is greater than when there is metallization and
the error is about 4.5 %. This can be explain by the fact that the diode is on-membrane and the
heat does almost not flow through the air and so it has to flow from the silicon to the SiOsbozx layer.
As the thermal conductivity of the tungsten, which is the material of the metallization, is about 100
times higher than the thermal conductivity of SiOs, the heat will reach faster the diode by flowing
through the metallization. Nevertheless, as the error when there is no metallization is negligible, the
metallization will be neglected because it allows to reduce the time of simulation.
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Influence of the convection coefficient
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Figure 2.12: Influence of the convection coefficient on the time response of the die. Simulation obtained
with Comsol ®. The value of temperature as a function of the time is taken at the interface between
the Si layer and the SiO2DM layer

On figure 2.12; we can see the influence of the convection coefficient on the time response of the system.
The heat flux on the substrate is selected to reach the same final temperature independently of the
value of h. As it was explain in section 2.4.1, the initial flux coming from the power circuit is constant
and as once the die is in stationary case, the flux is the same through all the device and equal to
convection flux, the initial flux is equivalent to the final convection flux. As a recall, the convective
flux is given by: @ = hAT. As we keep the value of AT constant and equal to 150 K, the value of the
applied heat flux will increase with an increasing value of the convection coefficient.
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Figure 2.13: Value of the time constant in fuction of the convection coeffcient value
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By looking on figure 2.13, we can see that the value of the time constant decreases with the rise of the
convection coefficient. This is explain by the fact that the heat flowing through the die increases with
h and therefore, the diode will be heated more rapidly. We can also noticed that when the value of
the convection coefficient double, the value of the time response is approximately divided by a factor two.

Influence of the step of temperature
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Figure 2.14: Influence of the step of temperature, simualtion obtained with Comsol ®. The variation
of the temperature as a function of the time is taken at the interface between the Si layer and the
Si0O9 DM layer.

A last parameter for which it is interesting to study the influence is the value of the step of temperature.
On figure 2.14, we can see the Comsol ® simulations obtained for a step of 100 K, 150 K and 200 K.
As the initial temperature is always 293.15 K, the final temperature reached will be 393.15 K, 443.15 K
and 493.15 K for a step of 100 K, 150 K and 200 K respectively. As a consequence, we have to change
the value of the heat flux coming from the substrate layer. Therefore, as the final temperature varies,
the temperature corresponding to the time ¢ = 7 is not the same for the three steps. But as we can see
on figure 2.14, the time constants obtained for these steps are really close to each other and the error
is about 2%.

2.4.2 Die heated by the embedded micro-heater

The case where the die is heated by the embedded micro-heater is studied. This case is different than
the previous one because the heat source in embedded in the die. Therefore, the heat does not only
flow in one direction but flows in the direction of the top of the die, which is the passivation layer and
in the direction of the substrate.

In a first time, it is assumed that there are two convection resistances, one between the passivation
layer and the air and another one between the substrate layer and the air, both having a convection
coefficient of 23.54 [W/(m?2.K)] as it is explained in section 2.3.1. The sidewalls remain insulated. One
way to know the power generated by the micro-heater in the die, is by using the following equation [25]:

AT
Rtot

Where q is the power expressed in W. As shown previously, the convection resistances are big in
comparison with the other ones and in steady state, they are in parallel. Therefore, the heat flow

q= (2.16)
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required to reach a step of 150 K is:

150
=2 9
1= 6761 mW

In Comsol ® , the heat flowing through the die is expressed in [W/m?], therefore, we have to divide
the obtained value by the surface of the micro-heater. This last one is a cylinder with a thickness of
500 nm and a diameter of 100 um. Finally, we obtain a heat flow of 348399 W/m?.
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Figure 2.15: Temperature in the diode as a function of time, simulation obtained with Comsol ® for
the die shown on figure 2.2 when it is heated by the embedded micro-heater and it is assumed that
there are two interfaces with the air

On figure 2.15, we can see the variation of the temperature in the diode as a function of the time
when there is convection at two interfaces: between the passivation layer and the air and between the
substrate layer and the air. But as it can be seen on figure 2.15, the final temperature reached by the
diode is approximately 1900 K which is much higher than the targeted temperature, 443 K.

One solution to explain this difference is that we considered convection between the substrate and the
air but in reality, the die is fixed on a package, which can be considered as a heat sink, therefore the
main transfer mechanism in the substrate is conduction rather than convection. As a consequence we
can assume that most of the heat will flow through the substrate layer in the heat sink and we can
consider that the temperature at the bottom layer of the substrate is 293 K. As only the convection
resistance from the passivation layer remains, the power required to heat the device will decrease. By
still requiring a convection coefficient of 23.54 and a final temperature of 443 K, by using equation
(2.16), we obtain ¢ = 11.9 mW and the heat flow is 188452 [W/m?].
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Figure 2.16: Temperature in the diode in function of the time when all the heat flows through the
substrate layer. simulation obtained with Comsol ®

On figure 2.16, we can see the temperature in the diode as a function of the time when it is considered
that all the heat flows through the substrate layer and as a consequence, the temperature of the
substrate layer is 293 K, like the temperature of the air. This time, we can see that the reached
temperature is below 443 K and the time constant is 3.45 ms.

This case is closer to the reality but it is not right because the heat will flow in the package and therefore,
the temperature at the interface between the substrate and the package will not be exactly 293 K. The
package can be represented by a metallic layer of arbitrary thickness and thermal conductivity. The
thickness is fixed to 100 um and the thermal conductivity is selected to reach the desired temperature,
443 K, in stationary case.
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Figure 2.17: Temperature in the diode when the resistance of the package is taken into account and

the bottom of the package is considered to be at 293 K. Simulation obtained with Comsol ®

On figure 2.17, we can see the temperature in the diode as a function of the time when a resistance is

taken into account to represent the package layer. This resistance was artificially fixed to 500 €2 in order
to obtain a temperature of 448 K, in the diode, which is really close to the desired temperature, 443 K. It
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can be seen that for a temperature of 380 K, the curve is bent and the value of the slope decreases rapidly.
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Figure 2.18: Flux at the both interfaces with the air as a function of time

We decided to the look at the total heat flux at both interfaces with the air. We can see that at the
same time, both curves are bent. This can be explained by the fact that it is ultra fast, a few ms, to
heat all the die and the diode but as the resistance of the package layer is high in comparison with
the resistance of the other layer, the time needed to heat all the package is increased and therefore
influence the time constant of the die.

This approximation is the closest to reality but is not true because it does not account for leak flux, in
x=0 and x=2 mm, and if we want to simulate exactly the thermal model of the die, we also have to
simulate the entire thermal model of the package which is not known.

One solution which could improve the curve is to study the influence of the meshing.
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Influence of the meshing

As for the case when the die is heated by a power circuit, we will study the influence of three different
meshing: extremely coarse, normal and extremely fine.

Type of meshing Extremely coarse Normal Extremely fine
Degree of freedom 113359 166204 301345
Domain elements 55263 81516 148909
Boundary elements 15661 16711 17577
Maximum element size [m] 6.6 x 10~* 1.3x107% 2x107°
Minimum element size [m] 104 6 x 1077 4x107°
Maximum element growth rate 2 1.3 1.1
Curvature factor 1 0.3 0.2
Resolution of narrow regions 0.9 1 1
Computation time [s] 116 151 251

Table 2.3: Parameters of the meshings used in Comsol ® simulations
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Figure 2.19: Influence of the meshing on the time response. The variation of the temperature as a
function of the time is taken at the interface Si — SiOs DM . Simulation obtained with Comsol ®

By looking on figure 2.19, we can see that using a more precise mesh does not improve the bent of the
curve. Moreover, when we look at values given in table 2.19, we can see that the time of simulation is
divided by two when using the extremely coarse mesh instead of using the extremely fine mesh. For
that and reason and because the bent of the curve is not influenced by the meshing, we will use the
extremely coarse mesh.
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2.5 Thinned die
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Figure 2.20: RC thermal circuits applied to the special case of die shown in section 2.2.2

On figure 2.20, we can see both equivalent circuits corresponding to the design shown on figure 2.3,
where the heat comes from the power MOSFET and flows through the die by first heating the SiOsbox
layer, then the Si diode, then the SiO, layer and finally the passivation layer.

The metallization is not taken into account in a first time because we consider the heat transfer along
the z axis in the centre of the device, in x=1 mm.

In this case, we do not have to add an aluminium layer to simulate the power device. Indeed, the layer
which is glued on the power MOSFET is uniform and is the SiOsbox. As a consequence, the heat
will be the same through all the layer. For this part, we only focus on the heat transfer through the
die. The simulation with the thermal model of the power transistor and the die will be done in chapter 3.

2.5.1 Computation of resistance, capacitances and equivalent capacitances

We can now compute the value of the resistances and capacitances on circuit 2.20.(a) by using the
values given in table 2.1 and the thickness of the different layers given on figure 2.3. As the diameter
of the diode is 200 pm, its cross-section area is 7 x 1078 and for the other layers, as the diameter of
the die is 2 mm, their cross-section area is 7 x 1079, Using all of these informations, and equations
(2.11), (2.12) and (2.13), we find the following values:

e Rgiogon = 0.227 K/W
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e Rg; =0.06 K/W

e Rgio, = 0.909 K/W

o Rgisn, = 7.96 x 1073 K/W
o Reony = 13522 K/W

o Csiogbor = 5.045 x 1076 J/K
e« C5i=128x10"% J/K

e Csi0, =2.02x 1075 J/K

o Cgizn, =3.4x1070 J/K

The value of resistances and capacitances are known for circuit 2.20.(a) so we would like to apply
equation (2.10) to compute the equivalent capacitances. By using the method described in section
2.4.1 and values of resistances and capacitances previously computed, we find:

¢ TSiOsbor = CsiOgbor X Req = 68 ms and Cg;0,p05/, = 299.6 X 1073 J/K
o 75; = 0.173 ms and Cg;/, = 2.88 X 1073 J/K
s Tsio, = 273 ms and Cg,0,,) = 0.3 J/K

o Tsiana = 45.9 ms and Cg;gny// = 5.78 J/K

2.5.2 Transient case

In the previous section, we computed the time constant for all the system. We can also compute the
time constant of each material by considering one material independent of the other layers. The time
constant for each material was computed in section 2.4.1, except for the SiOs layer, which is:

TSi0, = 18.4 us

Once the SiOsbox layer is heated, the silicon diode takes 0.77 ns to heat up. As it was explained
previously 2.4.1, the effective time constant of the global circuit is mostly influenced by the highest
capacitance and highest resistance.

2.5.3 Circuit at equilibrium

As we have the same value of h than for circuit shown on figure 2.5, we can apply the method described
in section 2.4.1. Therefore, we find the following values:

o T5,0.b00—5i = 442.9974803 K
o T5i—gi0, = 442.9968143 K
o T'5i0,—5i3N; = 442.9867244 K

o T5i3N,s—air = 442.986636 K

We can conclude that once the thermal circuit will be in the stationary case, the temperature through
all the material is approximately the same.
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2.5.4 LTSpice simulation

In a first time, the equivalent RC thermal circuit shown on figure 2.20.(a) is simualted with LTSpicelV
®.
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Figure 2.21: Time response of RC thermal circuit obtained with LTSpicelV. The variation of the
temperature in function of the time is taken at the interface between the diode and the SiOs layer

On figure 2.21, it can be seen that the time constant for all the system is 388 ms. If we look at the time

constant computed for each material in section 2.5.1, we notice that if we add all the time constants,
we obtain a similar value to the one obtained with the LTSpice simulation.

2.5.5 Comsol ® simulations

The time constant of the system is computed by simulating the device shown on figure 2.3 in Comsol ®
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Figure 2.22: Time response of sensor showed on figure 2.3. Simulation obtained with Comsol ®. The
variation of the temperature in function of the time is taken at the interface between the diode and the
S104 layer

On figure 2.22, the response time of the diode obtained with Comsol ® can be seen and this value
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is 420 ms. The parameters used are a convection coefficient of 23.54 W/(m?2.K) and a heat flux of
3531 W/m? in order to reach a temperature of 443 K in stationary case.

Comparison with LTSpice simulation

By looking on figures 2.21 and 2.22, we can see that there is a difference in the obtained time constants.
Indeed, the one obtained with Comsol ® is approximately 7 % higher than the one obtained with
LTSpice. This difference is negligible and can be explained by the fact that for the LTSpice simulation,
the values of resistances and capacitances of materials were computed analytically and therefore some
approximations were made.

Now that we have the simulation of die shown on figure 2.3, we can vary some parameters of the
simulation to evaluate their influence.

Influence of the meshing

The first parameter that will be studied is the meshing. Indeed, if the number of elements in the
meshing increases, the solution should be more accurate. The different meshing are: extremely coarse,
normal and extremely fine. Their characteristics can be seen in table 2.4.

Type of meshing Extremely coarse Normal Extremely fine
Degree of freedom 50672 67111 80319
Domain elements 24373 32456 39036
Boundary elements 7525 8184 8269
Maximum element size [m] 3.3 x 107* 6.7 x 107° 107°
Minimum element size [m] 5x107° 3x 1077 2x107°
Maximum element growth rate 2 1.3 1.1
Curvature factor 1 0.3 0.2
Resolution of narrow regions 0.9 1 1
Computation time [s] 39 42 45

Table 2.4: Parameters of the kind of meshing used in Comsol ® simulations
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Figure 2.23: Influence of the meshing on the time response of the sensor. The variation of the
temperature in function of the time is taken at the interface between the diode and the SiO- layer.
Simulation obtained with Comsol ®

By looking the value of table 2.4, we can see that the extremely fine mesh should give a more accurate
mesh but when we look at figure 2.23, we can see that the obtained curves overlay each others. We
can conclude that the size of the meshing does not have influence on the obtained curve and this is the
reason why we will use the extremely coarse meshing. Indeed, its number of degree of freedom is the
lowest and its computation time is also the lowest.

Influence of the symmetry

The die shown on figure 2.3 is symmetric in the x-direction. As a consequence, we can simulate only
the half of the die, from x=0 to x=1 mm and impose a symmetry condition in x=1 mm.
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Figure 2.24: Influence of the symmetry on the time constant. The variation of the temperature in
function of the time is taken at the Si — Si0 interface. Simulation obtained with Comsol ®

On figure 2.24, the influence of the symmetry on the time response can be seen. It can be concluded
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that this condition does not have any influence as the two curves overlay. Using the symmetry condition
allows to reduce the computation time of 4 s when the extremely coarse meshing is used.

Influence of the metallization

A third parameter which can influence the solution is the presence of tungsten metallization, which
can be seen on figure 2.3.
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Figure 2.25: Influence of the metallization on the time response. The variation of the temperature in
function of the time is taken at the Si — Si0O5 interface. Simulation obtained with Comsol ®

On figure 2.25, we can see the influence of the metallization on the time response of the diode. We
can see that without the metallization, the time response is 420 ms and with the metallization, the
time response is 437 ms.The difference in time constants when using metallization or not is about 4 %,
which is negligible. Therefore, the initial hypothesis to not take into account the metallization in the
equivalent thermal circuit is verified.

Influence of the micro-heater

A parameter that we would also like to study is the consequence if a micro-heater is added on the
schematic of figure 2.3. In order to analyse this effect, we add a tungsten micro-heater, having the
same dimensions and the same distance from the diode that what can be seen on figure 2.2.
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Figure 2.26: Influence of a tungsten micro-heater on the time response. The variation of the temperature
in function of the time is taken at the Si¢ — SiO9 interface. Simulation obtained with Comsol ®

On figure 2.26, we can see the temperature in the diode when a tungsten micro-heater is added on the
die shown on figure 2.3. We can see that both curves overlay each other so there is no influence of the
micro-heater and this one can be neglected when the simulations are made. The initial hypothesis to
not take into account the presence of the micro-heater for equivalent thermal circuit is verified.

Influence of the convection coefficient

When there is air around a structure, the convection coefficient vary from 2 to 25 [W/(m?.K)] [27],
therefore, it is interesting to study the influence of this coefficient on the time response of the diode.
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Figure 2.27: Influence of the value of convection coefficient on the time response of the diode. The
variation of the temperature in function of the time is taken at the Si — SiO interface. Simulation

obtained with Comsol ®

On figure 2.27, we can see that if the value of h increases, the value of the time response decreases. We
can see that for h = 10, the time constant is equal to 1 s and for h = 23.54, the time constant is 420
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ms. Therefore, we can see that if the value of h is decreased by 13.54, the time response is increased by
150 %.

The value of Q is selected so that the final temperature reached is always the same, 443 K. Because
Q = hAT, the heat flux decreases when h decreases. As the heat fed to the die is lower, it will take
more time for the die to reach the final temperature. This explains the result shown on figure 2.27.

Influence of the step of temperature

A last parameter which is interesting to study is the influence of the step of temperature on the time
response of the diode.
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Figure 2.28: Influence of the step on temperature on time constant. The variation of the temperature
in function of the time is taken at the Si¢ — SiO9 interface. Simulation obtained with Comsol ®

On figure 2.28, the influence of the step of temperature on the time constant of the system is studied.
As the step of temperature of 150 K is a requirement, it is taken as the reference. By looking on the
values of response time obtained on figure 2.28, it can be seen that the maximum error to reference
time constant is less than 10 %. As a consequence, it can be concluded that the step of temperature
does not influence the time constant of the system.

2.6 Comparison between the results obtained for the die with sub-
strate and the thinned die

Die with substrate | Die with substrate Thinned die heated by a

Type of die heated by a power | heated by an embedded .
. . power circuit
circuit micro-heater
Meshing used Extremely coarse Extremely coarse Extremely coarse
Computation time [s] | 45 116 39
Time constant [s] 23 0.17 0.42

Table 2.5: Comparison between the simulation of the different implementations of the temperature
sensor
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On table 2.5, we can see the most important parameters for the different kinds of dies studied. We can
see that the die having the smallest time constant is the die with substrate heated by an embedded
tungsten micro-heater. But as the goal of the work is to detect the variation of temperature of a power
circuit, we have to compare the two dies heated by a power circuit.

We can see that the time constant of the thinned die is approximately 50 times smaller than the one
for the die with substrate. This can be explained by the fact that the substrate layer is very thick in
comparison with the thickness of the membrane and therefore, it takes more time to heat the diode.
If we look to the parametric study made in section 2.4.1 and 2.5.5, we can see that both dies behave
in the same way, which means that when the value of the convection coefficient increases, the time
response of the die decreases. We can also see that the step of temperature does not influence the time
response as well as the presence of metallization or not.
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Chapter 3

Power Circuit

This chapter focusses on the power circuit, indeed the power circuit is an important part of this work
as the temperature sensor will be glued on it in the order to detect a variation of temperature. In a
first time, the power circuit will be chosen and then its working principle will be explained. Finally,
the thermal model of the chosen power circuit will be studied and simulated in combination with the
thermal models of the temperature sensors.

3.1 Choice of the power transistor

As the temperature will be glued on a power transistor, it is important to understand the working
principle of this transistor as well as its thermal model. Before, we need to choose either the power
bipolar junction transistor (BJT) or the power MOSFET transistor.

The power MOSFET is chosen due to the limitations of the BJT, which are the followings [30]:

1. The bipolar transistor is driven in current and to keep the device in its ON state, it is necessary
that the base current is equal to one-fifth of the collector current.

2. As a consequence, the required base reversed current is higher to switch off the device.

3. In a BJT, both electrons and holes participate in conduction, moreover, as holes have longer
carriers lifetime, it implies that the switching speed is lower than for a power MOSFET with
similar size.

4. The last limitation of the BJT is that the forward voltage drop decreases with increasing
temperature. As a consequence, it is difficult to have several BJT in parallel.

In comparison, the advantages of the power MOSFET are the followings [30]:

e They have a faster switching frequency than the BJT, therefore, they have less switching losses.
e They can support applications with high current and high voltage.

e They can be put in parallel because the forward voltage drop increases with an increasing
temperature, this ensures a uniform distribution of the current through the different components.

The advantage of BJT compared to the MOSFET is that at high breakdown voltage, >200 V, the
voltage drop for the on-state of the power MOSFET is higher than the one for a power bipolar transistor
with similar size and similar range of voltage [30].
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3.2 Working principle of power MOSFET
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Figure 3.1: Cross-section of a power MOSFET [31]

On figure 3.1, we can see the cross-section view of a power transistor. The power MOSFET is also
called Vertical Diffused MOS because when the transistor is ON, the current flows from the source to
the drain, vertically through the device unlike planar MOSFET where the current flows from the left
to the right or inversely.
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Figure 3.2: Off-state (a) and on-state (b) of a power MOSFET [32]

On figure 3.2.(a), the off-state of a power MOSFET can be seen and the voltage between the drain and
the source appears across the p —n~ junction. In this case, both p-n junctions are reversed-biased. On
figure 3.2.(b), the on-state of the power MOSFET can be seen. It appears when the voltage between
the gate and the source is higher than the threshold voltage as a consequence, a channel forms below
the gate. The drain current flows through the n~ region, the channel, the n region and goes out
through the source contact. For this operating mode, for which vgs > 0 both p-n and p — n~ junctions
are reversed-biased [32].

When the transistor is in on-state, it shows a resistive behaviour between the drain and source terminal.
The equivalent resistance is called Rpg,,, , which is the resistance seen between the drain and source
terminals during the on-state of operation. The value of this resistance is given by the following equation:
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RDSON = Rsource + Rchannel + Rnﬁregion + Rnregion + Rdrain

When the breakdown voltage is significantly increased, the value of the on-resistance is dominated by
the resistance of the n™ region. This on-resistance increases rapidly because there are no minority
carriers to modulate the conductivity [32].

The p —n~ junction is the body the diode and it is an effective diode in parallel with the channel. This
diode is forward biased when the applied voltage vy is negative, which is not allowed for a nMOS.

3.3 Thermal model of a power transistor

3.3.1 Thermal resistances
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Figure 3.3: Junction, case and sink temperature of a power MOSFET [33]

On figure 3.3, the different resistances given in [34] can be seen as well as their location of the power
MOSFET. The meaning of these resistances can be found [35]:

e Ryjc, junction-to-case resistance, is the resistance between the junction and the case, it is a
small layer of copper used for cooling by conduction with a radiator

e Rycg, case-to-sink resistance, is the resistance between the case and the sink, used for example if
a heat sink is glued on the power MOSFET. The sink temperature being the point closest to the
power MOSFET, the value of this resistance also represents the glue used to stick the sink

e Ryja, junction-to-ambient resistance, is the resistance between the junction and the air when
there is only natural convection
3.3.2 Power derating curve

A main parameter for the thermal model of a power transistor is the power derating curve. The power
dissipation as a function of the temperature, defined the junction temperature under which the power
MOSFET should always operate [36].
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Figure 3.4: Power derating curve of power transistor with channel N (IRF540NPBF), obtained with
value given in [34]

The power derating curve shown on figure 3.4 has been obtained with the value given in the datasheet [34]
of the power transistor IRF540NPBF which has a N channel. Until 25 °C, the power dissipation is
constant and the value is directly given in the datasheet. Then in order to be able to draw all the
curve, we have to use the derating factor given in [W/°C] and it means that each time the temperature
is increased by one Celsius degree, the power dissipation is reduced by the derating factor.

3.3.3 Safe operating area

When a voltage pulse is applied on the gate of the power MOSFET, the maximum alternating drain
current is 110 A, which is much higher than the maximum continuous current, 33 A. We have to pay
attention to not damage the device, therefore we have to define the safe operating area.
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Figure 3.5: Safe operation area of power transistor used, IRF540NPBF [34]
On figure 3.5, we can see the safe operating area of the power transistor IRF540NPBF. The maximum

drain-to-source voltage is limited by the breakdown voltage and the maximum current is limited by the
the pulsed drain current. On the left side, the safe operating are is limited by the Rpgon) resistance
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which in this case is equal to 44 m$ [34]. On the right side, the safe operating area is limited by
the increase of temperature which is induced by the power dissipation as it can be seen on figure 3.4,
as a consequence, it is impossible to operate at the maximum voltage and the maximum current at
the same time. But for a pulse of short duration, order of us, a higher current and voltage can be
simultaneously applied, depending on the pulse width. The current is determined with the transient
thermal impedance [35].

3.3.4 Switching characteristic

If a voltage pulse is applied on a power transistor, it is important to know the time it takes to the the
MOSFET to react to the pulse signal. This behaviour is given by the switching characteristics.
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(a) Switching test circuit (b) Switching waveforms

Figure 3.6: Switching characteristic of the power transistor IRF540NPBF [34]

On figure 3.6, we can see the test circuit and the waveforms obtained for the power transistor with
channel N which is used for this work. The switching characteristic depends on the gate resistance,
R¢ and on the capacitances: input capacitance, C;ss and reverse transfer capacitance, C,ss [35] and
Rp is the load resistance. The different parameters, j(on), tr; ta(ors) and ty are explained just below [35]:

o td(on) is the turn-on delay time, it is the time when the gate-to-source voltage (Vjs) increases over
10 % of the gate drive voltage and the drain current rises over 10 % of the specified current. In
t = t4(on), the gate-to-source voltage is equal to the threshold voltage. This period is controlled
by the time constant given by Rg X Cjss.

o t, is the rise time, it is the time that it takes for the drain current to rise from 10 % to 90 % of
the load current. This value depends on the threshold voltage, the transconductance and the
time constant given by Rg X Cpgs.

o tq(ors) is the turn-off delay time, it is the time when the gate-to-source voltage decreases below
90 % of the gate drive voltage when the drain current drops below 90 % of the load current. It
depends on time constant give by Rg and Ciss.

oty is the fall time, it is the time that it takes for the drain current to fall from 90 % to 10 % of
the load current. The value of the fall time is influenced by the same parameters than for the
rise time.

The values of these parameters found in the datasheet [34] are: tg(o,) = 11 ns, t, = 35 ns, tyof ) = 39 ns
and ty = 35 ns.
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3.3.5 Thermal transient impedance

The thermal transient impedance is used when a pulse is applied on the power MOSFET. The value of
the impedance depends on the duty-cycle D and the time during which the heat source is ON.
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Figure 3.7: Thermal transient impedance of power transistor used, IRF540NPBF [34]

On figure 3.7, it can be seen that for a pulse width larger than 10 ms, the thermal impedance becomes
equivalent to the value of junction-to-case thermal resistance which is 1.15 °C/W [34].

Determination of the transient thermal impedance [24]

As it can be seen on figure 3.7, the value of the thermal impedance depends on the duty-cycle, D, and
the time during which the heat source, Ppjs, is ON. During the time, ¢, the temperature next to heat
source increases according to:

T(t) = Ppyr % Renye (1 _ e—t/thJcXCthJc) + TyN X et/ BinscxCrnic

And the maximum temperature corresponding to the time ¢y + ¢1, where tg is the time at which the
heat source switches ON, is:

Trax = T(to+t1) = Ppur x Runye (1 _ e—tl/RthJC’XCthJC) + Ty x et/ BenscxCingc

When the heat source is off, temperature decreases according to the relationship:

T(t) = Taax X et/ RinscxCinio
Therefore, the minimum temperature corresponding to the time tg + to, where to is the period of the
signal, is given by:

T(t) = Thrax X e~ (t2=t1)/RenjexXCrnic — Thiax X e~ t1(1=D)/DxRypjoxCrnic

Where D = §—2 Finally the maximum temperature is given by:

1 — e~ t1/RihscxCrnic

T =Ppy X R
MAX DM thJC ™ o=t /DX Ryn1c %Crnsc
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And the minimum temperature is given by:

_ o~ t1/RinscxCinic
l—e e~ t1(1=D)/DxRinjcxCinyo

T =Ppy X R
MIN DM thJC 1 — e~ t1/DxRinjcxCtric

The mean value of the heat source is given by:

T = Ppy X Ripgo x D

The thermal impedance is given by:

Tvax = Ppy X Zinjo

Therefore, by using the expression for the maximum temperature, we find that the expression of the
thermal impedance is:

1 — e~ t1/RinscxCinic

Z, t1) = R
th‘]C( 1) thJC 1 — e~t1/DXRinjecxCthic

Typical value of the transient thermal characteristics

External Heatsink
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Figure 3.8: Thermal model of a power transistor [24]

On figure 3.8, we can see the thermal model of the power MOSFET which is framed by a dot line and
then, we have to add the thermal model of the die for the application of this work. In spice simulation
file for the power transistor IRF540NPBF [37], we find:

Thermal resistance [°C/W] | Thermal capacitance [J/°C]
Rinty—ma—=0.158 Conty—mz — 0.00131
Rippo—n3=0.274 Cihno—n3 = 0.001686
Rimns_10—0.29 Conrr—mz — 0.022562

This means that for the power transistor IRF540NPBF, the n is equal to 3.

Combination of thermal model of the power transistor and the one of the dies

In chapter 2, the RC equivalent thermal circuit of the devices shown on figures 2.2 and 2.3 are studied
and in the previous section the equivalent RC thermal model of the power transistor is analysed. As
the device will be glued on the power MOSFET, we are now able to study the device formed by the
die with substrate and the power MOSFET.
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(a) Front side of the transistor [34] (b) Back side of the
transistor with die
glued on it

Figure 3.9: Front side and back side of the nMOS transistor used

On figure 3.9, both sides of the transistor used can be seen and on figure 3.9.(b), the temperature
sensor glued on it. It is assumed that the heat flux generated by the power MOSFET is uniformly
distributed through all its metallic surfaces. The ratio between the area of the die and the one of
the MOSFET is approximately 1/65, which implies that the heat flowing through the die is 65 times
smaller than the total heat generated by the power MOSFET.

Die with substrate
The RC thermal circuit of the device with substrate is combined with the one of the power MOSFET
and is simulated with LTSpicelV.

R_substrate R_S5i02box R_Si R_SiO2DM R_heater R_SiOZMP R_Si3N4 R_conv

JE_subslrale JE_SiOEboxJE_Si lc_smzmn C_heater|C_SiO2MP| C_Si3N4
e L1 [ [ T

R_TJn2 R_n2n3 R _n3TC

RJA C Tin2 |C_n2n3

€ n3TC %RconvMOS

Room_temperature

Figure 3.10: Combination of thermal circuit of the die with substrate and the MOS transistor

On figure 3.10, the complete thermal circuit of the power MOSFET and the die with substrate can be
seen. Ry is the resistance of the glue and is given in datasheet [34] as the case-to-sink resistance. The
current flowing through the resistance R.,ny1r05 represents the heat generated by the power MOSFET
which is not flowing in the die. In order to respect the ratio of 65, in stationary case, we have:
2.
RconvMOS = 7tgt5dze ~ 208 Q

With the Ryiqie being the total resistance of the die, which is dominated by the convection resistance.
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Figure 3.11: LTSpice simulation of the temperature of the diode in function of the time. The
temperature is taken at the interface Si — SiOs DM . The input heat source is equal to 0.8 W

On figure 3.11, the variation of temperature of the diode in function of the time can be seen. The
maximum temperature reached is about 30 °C which correspond to measured temperature for the
same conditions. The time constant is 1.29 s which is much lower than the one obtained in section
2.4.1. This value of response time can be explained by the fact that the thermal model of the power
transistor is not exactly known.

Thin die

We can do the same analysis but this time when the die used is thinned down. The equivalent thermal
circuit of all the device is:

R_SiO2box R_Si R_Si02 R_Si3N4 R_conv

R_glueJS_SiO%ox C_Si C_Si02 C_Si3N4
R_TJn2 R_n2n3 R_n3TC

T est oS [
v

c_n3TC R_convMOS

2}

R_JA |C_TJn2 |C_n2n3

Room_temperature

Figure 3.12: Combination of thermal circuit of the thin die with the one of the MOS transistor
The values of circuit shown on figure 3.12 are taken from section 2.5.1 and from the thermal model of

the power transistor studied previously. The Ry,e and Re.onorros have the same meaning and value
than for the case with the non thin die. This circuit is simulated with LTSpicelV.
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Figure 3.13: LTSpice simulation of the temperature of the diode in function or the time. The
temperature is taken at the interface Si — Si0Oy. The input heat source is equal to 0.8 W

On figure 3.13, it can be seen that the time constant is 1.22 s. When looking at the time constant
obtained in section 2.5.5, using the thermal model of the transistor instead of heat source increases the
response time of the system.

Comparison between die with substrate and thin die

By looking on the curves shown on figures 3.11 and 3.13, it can be seen that the two time constants
are close to each other, 1.29 s and 1.22 s, respectively for the non thin die and the thin die. Therefore,
we can conclude that the response time is not influenced by the thickness of the die anymore but is
influenced by the thermal circuit of the power device.
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Chapter 4

Thin film and transfer on a PCB

This chapter aims to study the thinning and transfer processes. Indeed, the heat transfer through the
temperature sensor and that the thermal model of the power transistor are known. Before doing the
measurements, the thinning and transfer processes have to be studied. The last part of this chapter
will study the possibility of directly build a die on the final substrate.
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Figure 4.1: Thinning procees and transfer of the die

On figure 4.1, we can see all the steps to thin down a die and to transfer it on a PCB or another shelf.
The steps will be described in the two following sections.
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4.1 Thinning process

4.1.1 Gel-pak

The first step consists in the bonding on a sheet of gel-pak.

ad

Silicone

l Polyester

Figure 4.2: Sheet of Gel-Pak

As we can see on picture 4.2, the sheet of Gel-Pak is composed of a layer of polyester and another
one with silicone. The surface below the polyester layer is adhesive and can be stick on a glass or
something else. The chip is stick on the silicone layer by the Flip-chip technique, which means that the
top side of the chip (the one which is the passivation layer) is glued on the silicone layer thanks to Van
der Waals forces. The pads for the wire-bonding are on the passivation layer.

4.1.2 Chemical dry etching with xenon difluoride (XeF3)

The xenon difluoride is chosen for the etching of the silicon because it is very selective [38]. Indeed,
XeF, allows to remove the silicon without removing the oxide. Therefore, the die is flat after the
etching.

The chemical reaction between XeF, and Si is given by the following equation [39]:

2 XeFy +Si = 2 Xe + SiFy (4.1)

With this chemical reaction, it can be seen that when the silicon is mixed with the xenon difluoride, it
evaporates. In order to correctly etch the silicon, it is necessary to have between 80 and 100 cycles. It
is better to do less cycles and then increase them because we do not want to have over-etching and
removing SiOsbox layer. Each cycle goes on during 175 s with a pressure of 3,4 Torr for the XeFs.
Only the first cycle is longer because it is necessary to flush out the chamber.

Figure 4.3: Backside of the chip after thinning process
On figure 4.3, we can see the result after the thinning process and we can observe that the substrate

has been removed. This means that on figure 4.3, we see the pads of the die through the SiOsboz layer
The thickness of the thin die is 5 um instead of 400 um.

62



4.2 Transfer of the thinned die

Once the die is thinned down, it is necessary to transfer it on the final substrate which can be a PCB,
a power circuit for this application and so on. The first step is to put the glue epotek on the final
substrate. This glue is a silver lacquer and becomes electrically conductive with an annealing. Before
doing the annealing, it is necessary to do another flip-chip of the thin die to glue it on the power
transistor. The minimum time for the annealing is one hour at 120 °C and three hours at 100 °C.
Mostly, when the epotek is dried, the noise is reduced. The last step of the transfer consists in removing
the gel-pak from de substrate in order to be able to do the wirebonding or to use probes on the die. In
a first time, we can cut the part of the gel-pak which is out of the die and then, pentane is used to
remove Vander Waals forces.

The first critical step is to put the glue on the final substrate. If there is not enough epotek, it
is possible that the die could not stick on the substrate. If there is too much glue, holes can be created
below the die, which is unwanted because the die could be broken when removing the gel-pak.

The second step which is the annealing is quite easy to do but to be sure that the thin die glues on the
final substrate, it is better to put a PCB over the device and apply a weight on it. We have to pay
attention to have the same amount of forces applied everywhere on the die to be sure that it stays flat.
We also need to pay attention to the weight of the load. If the load is too light, it is useless and the
die should not be very well glued on the die but if the weight of the load is too heavy, the die could be
flattened because it is only 5 um thick.

Concerning the annealing, the time is also important. If the glue is not dried at the end of the annealing,
it will not be possible to do the wirebonding or to use probes to do the measurements. Even if the
epotek is electrically conductive.

The last part of the process is the most critical one because we have to remove all the gel-pak which
cover the die but without break the die. When removing the gel-pak with a pliers, if the die is touched,
we could break a diode, the micro-heater or another component of the die.

The transfer of a die which is not thinned down is less critical because we only need to put the
epotek of the power circuit and then put the die on it. The wirebonding will always work because the
die is sufficiently thick, 400 um. Even if the glue is not totally dried, this will not have any influence.
4.2.1 Result of transfer

Transfer of the die with substrate

Figure 4.4: Transfer of the die with substrate on the power MOSFET
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On figure 4.4, we can see the transfer of the die with substrate on the power transistor. We can see that all
the die is well transferred and there is no broken part. The non flat part below the die is the glue epotek.

Transfer of the thin die

Figure 4.5: Transfer of the thinned die on the power MOSFET

On figure 4.5, we can see the result of the transfer for the thinned die. On the picture on the left,
we can see that the die is totally broken and this happened because there was not enough glue on
the power transistor. On the right picture of figure 4.5, it can be seen that the thin die is well transferred.

4.3 Monolithic integration

The monolithic integration allows creation of flexible skin technologies by two possible methods. The
first one consists to directly fabricate the device on the flexible substrate. The second one is divided
into two parts. The first part consists in creating the CMOS circuit or the MEMS device on a silicon
wafer and then create the flexible substrate. According to [40], the second method is preferred because
the process for flexible substrate is not limited in temperature. Indeed, the first method require only
low temperature process. As a consequence, devices involving high temperature during the process can
not be directly created on the flexible substrate [40].
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Figure 4.6: Simplified steps of the process to create flexible skin technologies [40]
On figure 4.6, we can see the steps for the fabrication of flexible substrate according to [40]. The first

step consists in the deposition of a polymer layer on the top side of the wafer. Then the next one
resides in the etching of the silicon substrate to create an array of silicon islands which are bound by

64



flexible cables, made with polymers. In the last step, another layer of polymer is coated on the silicon
substrate to encapsulate the silicon islands.
Polymer cables could be replaced by silicon because hermetic sealing is possible for conductors fabri-

cated on them [40]. However, silicon cable are not so strong than polymer in the special case of flexible
substrate.
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Chapter 5

Results and discussion

In this chapter, measurements of dies studied in chapter 2 will be done. In a first time, the reference
curves will be obtained, then static and pulsed measurements will be realized.

5.1 Noise floor

A first important parameter to take into account is the noise floor. Indeed, the noise floor being the
level of noise introduced by the system, if the result signal is below the noise floor, it is impossible
to distinguish the useful signal from the noise. It was measured with B1500, in this case, the noise
current is measured when there is no contact between the probes and the die. With the test fixture,
the noise is measured by putting an empty package instead of the one containing the die. This means
that all the cables are present. Both measurements gave a level of noise in the order of tens of fA.

5.2 Reference curves

In order to correctly interpret the obtained results, we need to have reference curves of the voltage drop
in function of the temperature for a constant current. In order to know the temperature everywhere,
we used a heating chuck and we put the dies on it.The temperature varies from 25 to 125 °C by steps
of 25 °C. In order to obtain the best curves as possible, the dies are put on a sheet of Gel-Pak to avoid
displacement of the die when it is measured by the prober and this sheet of gel-pak was glued on a
thin PCB to have the same temperature on the dies than the one of the chuck.

5.2.1 Forward voltage drop in function of temperature at constant current

When measuring the temperature on a diode, the method of constant current is preferred because of
the almost linear relationship between the forward voltage drop and the temperature. This equation
describing this relationship is:

kT
V=V+ 7([71[— InC — ninT)
Existing devices

We first obtain the reference curves for the existing temperature sensors. We choose two different
design which can be seen on the following on figure 5.1.

67



Die 2: CCS5_72_A

Figure 5.1: Existing dies for temperature sensor. Both dies are made in technology Xfab SOIHITS,
the first one, on the left, is designed by UCL and the second one, on the right, is CCS5-72-A [41].

As it is explained in section 1.2.2 of chapter 1, the Die I on the left side is composed of a central diode,
which is a membrane diode, located just below a tungsten micro-heater, an external thermodiode, a
CMOS inverter and two nMOS and two pMOS transistors. By looking the top-view and taking into
account the pads, the size of this die is 2 mm x 2 mm [18]. The Die 2 is only composed of a membrane
diode located just below a micro-heater and a substrate diode. By looking the top-view of the die and
taking into account the pads, the size of the die is 1 mm x 0.9 mm [41]. We can now compare the
reference curves obtained for these dies.
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Figure 5.2: Forward voltage drop as a function of temperature, for a constant current of 65 yuA.

On figure 5.2, we can see the reference curves as a function of the temperature. We can observe that
the obtained reference curves are consistent with the equation because the straight line has a constant
slope. Indeed at 150°C, we will be always in the linear relationship between voltage and temperature.
With these curves, we are able to compute the diode temperature coefficient (d). This coefficient can
be found with the following equation:

Vo — Va
T—-1Ty
Where Vj is the voltage across the diode at 25°C, Tj is the room temperature, 25°C, and we keep a
constant current of 65 4 A. We choose a temperature of 100°C to compute the coefficient.

For Die 1, at 25°C, the voltage is 798 mV and at 100°C, the voltage is 719 mV. For Die 2, at 25°C,
the voltage is 870 mV and at 100°C the voltage is 817 mV. Therefore, by using equation (5.1), we
find: dpje1 = 1.1 mV/K and dpjea = 0.71 mV/K.

Vd:V()—d(T—To)jd: (51)
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By looking on figure 5.2, it can be seen that for a same temperature, the voltage reached by the
membrane diode of die 2 is 8 % higher than the one reached by the membrane diode of die 1. But as
we would also like to study the time response of the membrane diode when a micro-heater is heated,
for the rest of this chapter, all the measurements will be made with die 1.

5.2.2 Current through the diode in function of the temperature at constant volt-
age

For pulsed measurement, the equipment K4200 is used because it allows to do ultra-fast pulsed
measurement. But the pulser is in constant voltage mode and not in constant current mode. Therefore,
we are not able to bias the diodes with a current and this is why we have new reference curves for a
constant voltage mode.

As a recall, for a constant voltage, the relationship between the current and the temperature is
exponential and is given by the following formula:

a(V —Vy)

—
in T

(5.2)

When the nonlinear terms are neglected.
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Figure 5.3: Currrent through the centrale diode of Die 1 as function of temperature for three different
voltages

On figure 5.3, we can observe the variation of the current through the central diode of Die 1 as a
function of the temperature for three different voltages, the temperature varies between 25 and 125
°C. We can see that more the value of the constant voltage increase, more the current is high. The
sensitivity of these curves can be studied.
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Figure 5.4: Sensitivity of the curves obtained on figure 5.3

On figure 5.4, we can see the sensitivity of the curves obtained on figure 5.3. The sensitivity, S, is
computed in the following way:

AT
S=T

It can be observed that for a constant voltage of 0.7 V, the sensitivity is more than 6 times better
than for a constant voltage of 0.9 V. But by looking on figure 5.3, the maximum current obtained
for a constant voltage of 0.7 V is approximately 17 times lower than the maximum current obtained
for a constant voltage of 0.9 V. As a consequence, it is necessary to do a trade off between the best
sensitivity and the maximum current, this why a constant voltage of 0.8 V will be chosen.

5.2.3 Resistance of tungsten micro-heater

The micro-heater is made in tungsten so it is important to know how the resistance changes in function
of the temperature.
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Figure 5.5: Resistance of tungsten micro-heater as a function of temperature
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On figure 5.5, we can see the evolution of the resitance of the tungsten micro-heater as a function of
the temperature. With this reference curve, we are able to compute the temperature coefficient of
resistance, a. This coefficient can be found with the equation for the heater resistance, R, given by the
following relationship:

R=(Ro— Rp)[1+a(T —Ty)|+ Ry = a = (R_RT—1> x (5.3)

Ry — Rr T—-Th
Where Ry is the track resistance and is equal to 13 £ at 25°C. We can see that the resistance at 25°C
is 60.4541 © and at 100°C, the value if the resistance is 80.1837 €. Therefore, by using equation (5.3),
we find that the o coefficient is:

a=554mK™!

5.2.4 Voltage in the micro-heater as a function of the temperature

Another reference curve which is important to know is the voltage on the micro-heater as a function of
the temperature. Indeed, in a first time, by doing the measurements on a temperature sensor which is
not thinned, it allows to know which voltage to apply to obtain the desired temperature. This curve
can be seen on figure 5.6.
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Figure 5.6: Voltage on the tungsten micro-heater as a function of the temperature

On figure 5.6, we can see that until a temperature of approximately 45 °C, the relationship between
the voltage in the micro-heater and the temperature is quadratic and then it becomes linear. the total
resistance of the system is given by:

Rtat = Rcontact + Rheater

With the contact resistance being external of the membrane and the micro-heater resistance varying
with the temperature. As a consequence, the voltage through the micro-heater is given by:

V:RtOtXI

With I being the current through the micro-heater.

To find this curve, a voltage was applied on the micro-heater, then the diode was biased with a constant
voltage of 0.8 V and its current was measured thanks to the equipment Keithley K4200 and a test
fixture. Finally by using the reference curve on figure 5.3, we were able to determine the temperature.
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5.3 Static measurements
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Figure 5.7: Forward voltage drop in the diode when a constant current, 14 nA, 1 uA or 65 pA, is
applied and the temperature is applied on the micro-heater

On figure 5.7, we can see the result of static measurements for various constant current in the central
diode. A voltage was applied on the micro-heater and converted into a temperature thanks to the
curve shown on figure 5.6. It can be seen that the curves obtained with the measurements corresponds
to the one shown on figure 1.7 in chapter 1. This figure confirms the good working of the tested device.

5.4 Pulsed measurements

After having obtained the result of static measurements, we are interested in obtaining the result of
pulsed measurements. Indeed, in a first time, we would like to pulse the micro-heater to a known
temperature and measure the temperature with the diode. In a second time, we would like to pulse
the power MOSFET and measure the temperature with the diode.
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5.4.1 Measurement of the temperature by heating the micro-heater inside of the
temperature sensor

Setup of measurements

Test fixture

D

Signal
) generator

K4200 Ce.ntral Micro-heater
diode

"1

Frequency
Amplitude
Offset

Duty-cycle

Figure 5.8: Setup for pulsed measurements when the embedded micro-heater of the die is heated

On figure 5.8, we can see the setup used with the equipment Keithley K4200 and text fixture when
doing measurements by heating the embedded micro-heater. The equipment Keithley K4200 allows to
do pulsed measurement controlled by a constant voltage. The diode is directly controlled by the K400,
where we impose a constant voltage and we are measuring the variation of the current in function
of the temperature of the micro-heater. In order to pulse the micro-heater, we use a pulse generator
with a square signal and for which we can modify the value of the amplitude, frequency, offset and
duty-cycle. The chip is inside a text fixture, which is a kind of bunker, to avoid the influence of external
environment.

Result of a pulsed measurement
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Figure 5.9: Result of a pulsed measurement when a an amplitude of 600 mV, corresponding approxi-
mately to 90 °C, is applied on the micro-heater with a frequency of 10 Hz and for a constant voltage
on the diode of 800 mV
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On figure 5.9, we can see the result of the measured current in the diode when a pulsed voltage is
applied on the micro-heater. We can see that at approximately 12.58 ms, the high voltage is applied
on the micro-heater and that the current in the diode follows the equation (5.2). The maximum value
of the current is 164 A and the minimum value is 56 pA. Therefore, the time constant, taken at 63 %
of the final value, is given for the time when the current is equal to 124 A and its value is 10.79 ms.
For the best case of simulations obtained in section 2.4.2, the value of the time constant was 170 ms,
which is 17 times greater than the one obtained with the measures. The only way to explain this
difference is that thermal model of the package is not known. Indeed, when the package was not
simulated, the wanted temperature was not reached but the time constant was 3.4 ms and normally,
the time constant should not change with the step of temperature.

It also important to notice that the temperature applied to the micro-heater corresponds to a value of
90 °C, when looking on figure 5.6, but the one detected by the diode corresponds approximately to 58
°C, when looking on the reference curve of figure 5.3. This means that there is a difference of 30 °C
between the real temperature applied on the micro-heater and the one detected by the diode.
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Figure 5.10: Result of a pulsed measurement when an amplitude of 300 mV, corresponding to 45 °C, is
applied on the micro-heater with a frequency of 10 Hz and for a constant voltage on the diode of 800

mV

On figure 5.10, we can see the result of a pulsed measurement when a square signal with an amplitude
of 300 mV is applied on the micro-heater. It can be seen that the obtained time constant is 9.9 ms.
When a square signal with an amplitude of 600 mV is applied on the micro-heater, we obtain a time
response of 10.79 ms. As a consequence, the error between the two time constants is less than 10 %,
therefore, we can say that the step of temperature does not have an influence on the time response.
The temperature detected by the diode is about 40 °C instead of 45 °C.

Influence of the bias voltage on the diode

The first parameter which can influence the obtained result is the bias voltage applied on the diode.
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Figure 5.11: AT through the diode as a function of the bias voltage on the diode for a temperature
from 25 °C to a temperature of 91.58 °C

On figure 5.11, we can see the influence of the bias of the diode on the central diode of Die 1. For a
voltage lower than 650 mV, the current is zero regardless the applied temperature on the diode. As it
was predicted by figure 5.3, the difference in the current of the diode is much important for higher
voltage. We can analyse the sensitivity for these bias voltages.
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Figure 5.12: Sensitivity of the diode in function of the bias voltage

On figure 5.12, we can see the sensitivity of the diode as a function of the bias voltage. As it was
predicted by figure 5.4, the sensitivity decreases with the rise of the bias voltage, when the Al, seen
on figure 5.11, is higher than 0. But in the same time, the value of the current increases when the bias
voltage rises. Therefore, it can not be confound with the noise.

Influence of the frequency of the square signal applied on the micro-heater

Another parameter which influences the value the current is the frequency of the square signal applied
on the micro-heater. Indeed, in the ideal case, for each period, the micro-heater has enough time to
cool down after being heated.
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Figure 5.13: AI through the diode as a function of the frequency of the square signal applied on the
micro-heater. The amplitude of the voltage on the micro-heater is 300 mV, corresponding approximately
to 45 °C, and the voltage on the diode is 800 mV.

On figure 5.13, we can see the variation of the current through the diode when the temperature on
the micro-heater goes from 25 °C to 45 °C in function of the frequency applied on the micro-heater.
We can observe that when the frequency increases, the variation of the current decreases, this can be
explained by the fact the micro-heater does not have enough time to be completely heated up to the
maximum temperature and to completely cool down up to the ambient temperature. The important
part is to detect the rise of the temperature. But if the frequency is too high, much greater than 50
Hz, the current through the diode will be almost constant and therefore, we will not be able to detect
a rise of temperature.

5.4.2 Measurement of the temperature by heating a power MOSFET
Setup of measurements

This setup is similar to the one presented in 5.4.1, except that in this case we need to pulse the power
MOSFET. To do this, we impose a constant voltage on the drain end and we pulse the gate end. As
it can be seen in the datasheet of the n-channel power MOSFET used [34], the maximum threshold
voltage for the gate is 4 V. Therefore, we will impose a square signal of 5 V amplitude on the gate end.
For the drain end, we use a DC' Power Supply which amplifies the input voltage, comprised between
0et 5V, upto 70 V [42]. In order to still have fast measurements, we have to use the equipment
Keithley K4200 and impose a constant voltage of 0.8 V on the diode.
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Figure 5.14: Design of a PCB to facilitate the measurements

On figure 5.14, we can see the design made in order to facilitate the measurement of the die transferred
on the power MOSFET. We use three bananas sockets to impose the voltage on the three ends of the
power MOSFET. The idea is to use the wirebonding between the pads of the diode and copper parts
of the PCB and then measure the current through the diode thanks two coaxial cables.

For the thin die, the wirebonding does not work and the pads were broken because the die is too thin,
5 um. Therefore, the idea was to use probes to directly measure the temperature on the pads. But
when the power MOSFET heats up, the die expands and therefore the probes move with the pads
and then when the power MOSFET cools down, the die tightens and as a consequence, the probes are
not in contact with the pads anymore, so we are not able to measure correctly the temperature with
this method. If we want to be sure that the probes stay in contact with the pads, we have to push on
the probes but as the thickness is only 5 um, the probes goes across the pads because the glue epotek
was not enough dried. Therefore, we are not able to measure the time response of the diode when the
power circuit is the heat source and the die is thinned down. A solution could be to use the monolithic
integration presented in section 4.3, which means directly build the die on the power MOSFET.

For the non thinned die, we used the first technique with the wirebonding but at one time, the die
heated too much, more than 400 °C, and the wirebonding breaks. As a consequence, we use the probes
to put them on the pads and measure the current. Before doing any measurement, we have to be sure
that there is a contact between the pads and the probes. With this method we obtain the results that
can be seen on the following figure.
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Figure 5.15: Heating and cooling of a non-thinned die glued on a power MOSFET

On figure 5.15, we can see the result of the measurements made with the K4200 equipment and using
probes for a non-thinned die heated by a power MOSFET. By looking on figure 5.3, we can see that
the minimum value of the current which is approximately 60 uA corresponds to the room temperature
and the maximum value of the current which is about 110 @A corresponds to a temperature around 40
°C. On this figure, we can see that the time constant for the heating is 106.19 s and the one for the
cooling is 87.3 s. To obtain this curve, a current of 2 A and a voltage of 0.4 V were applied between
the source and drain and a voltage of 5 V was applied between the source and the gate. Therefore, the
power delivered by the power transistor is 0.8 W.

The time constant obtained in section 3.3.5 is about 80 times smaller than the one obtained by the
measurements. This can be explained by the fact that the distribution of the heat flux generated by
the power MOSFET is not exactly known.

The last point is that the temperature of the power transistor is not exactly known. In a first time, a
Thermo Raytek which is a thermometer without contact, was used to detect the temperature of the
power circuit. But this device is not accurate and we were not able to obtain a consistent value for
temperature. For example, the Thermo Raytek displays a value of 150 °C but the temperature detected
by the diode was above 400 °C, because the package of the transistor melt. As the simulation for the
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combination of the die with substrate and the power MOSFET does not fit with the measurements, we
are not able to predict the time constant when a thin die is used.
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Conclusion

In this work, a thermodiode based fast temperature sensor designed at UCL is studied. In aerospace
applications, this sensor can be used to detect a temperature rise in a power circuit and prevent
overheating. The main goal is to determine the time response of the sensor which must be in the order
of ms for the purpose of the application.

The time response of the sensor is measured experimentally using an embedded micro-heater or a power
MOSFET as a heat source. In order to understand the impact of the physical parameters playing a
role in the sensor response time, finite elements numerical simulations were carried out using Comsol ®
and equivalent thermal circuit were studied with LTSpice.

The time response of the diode to a heat flow is studied in three different configurations. In the first
one the embedded micro-heater is used as a power source. In the second and the third configurations,
the sensor is glued on a power circuit. The difference is that in the third configuration the die is
thinned down to remove the substrate in order to obtain a faster time response. The thinning process
and die transfer to the power MOSFET is done at UCL.

When heated by the embedded micro-heater, the response of the diode is measured to be about 10 ms.
Finite elements simulations give a time response of 170 ms. The package is found to be the determining
factor influencing the time response. The lack of information of the physical properties of this package
explains the difference between experimental results and numerical simulation.

The response time of the non-thinned die glued on the power circuit is 106 s as experimentally mea-
sured. The finite elements simulations and the thermal equivalent circuit where the power MOSFET
is modelled as a simple heat source give a response time of respectively 23 s and 26 s. These results
are comparable. When the detailed thermal model of the power MOSFET is inserted in the LTSpice
equivalent thermal model, the response time drops to about 1 s. This is found to be due to an incorrect
repartition of the heat generated by the power MOSFET between the sensor and the external ambient.

The thinned die glued on the power MOSFET is not experimentally measured. The thickness of the
die, 5 um, is too thin to perform wirebonding. Moreover the glue was not sufficiently dry to use probes
despite an extra annealing time. The numerical simulations using Comsol ® results in a response time
of 420 ms. The equivalent thermal model in LTspice modelling the power MOSFET as a heat source
gives a value of 388 ms which deviates by 7% from the finite elements simulations. Modelling with the
detailed power MOSFET thermal model results in a time response of 1 s. This value is extremely close
from the value obtained for the non-thinned die, suggesting that the time constant is dominated by
the power MOSFET rather than by the sensor.

The time constant measured for the non-thinned die is several orders of magnitude higher than expected.
Indeed, for the final aerospace application a time constant in the order of a few ms is required. The
value of the time constant for the thinned die cannot be extrapolated from the numerical simulations
due to large difference between the experimental data and the simulations results. Nevertheless the
main factors influencing the response time are identified. Determining their actual value for the studied
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device would allow to better fit the experimental results.

The next step of this work should be to measure the time response of the thinned die. In space,
radiations can have a detrimental effect on the device and their impact should be studied.
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