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Abstract

A thermal electric finite element method (FEM) analysis was used to investigate the
thermal properties of individual electrically driven platinum microheaters. The results
suggest that the temperature regulation mechanism used is reliable despite changes
in the structural properties of the platinum due to electromigration and annealing
effects. The temperature distribution was found to be very localized around the heaters,
especially for heaters of width under 2 ym, in agreement with experiments. The results
suggest that by using thicker oxide layer the radiation efficiency and the heater lifetime
can be increased substantially. Time dependent analysis gave a response of the order
of tens of nanoseconds for submicron wire width, suggesting they could be useful where
infrared pulses at frequency lower than 10 MHz are needed. Alternative substrates are
suggested and their effect on the thermal properties are investigated. A bi-directional
current power regulation system able to run at 20 kHz was designed to decrease the
effect of electromigration and extend the heater lifetime.

Utdrattur

Raf- og varmaeiginleikar stakra rathitadra orvira ur platinu voru greindir med ein-
ingaradferdinni. Nidurstoournar benda til pess a0 pratt fyrir breytingar i efniseigin-
leikum vegna békunar og rafflutnings pa sé adferdin sem notud er til hitastigsreglunar
areidanleg. Varmadreifingin reynist vera mjog stadbundin umhverfis hitaranna, sérstak-
lega umhverfis hitara af breidd undir 2 pum, { samraemi vio tilraunir. Synt var fram
4 ad meo pvi ad nota pykkara oxio-lag ma auka nytni og liftima orhitarana verulega.
Greining 4 timahadum eiginleikum beirra sem fall af breidd leiddi 1 1j6s vidbragdstima
i staeroarprepinu tugir nandsekindna. Pessi stutti viobragostimi bendir til pess ad hi-
tararnir geetu hentad sem pilsadir innraudir ljosgjafar sem nyta ma 4 tidnum upp ao
~ 10 MHz. Lagodar eru fram tillogur um 6énnur undirlég og ahrif peirra & varmaeigin-
leika hitaranna rannsakadir. Nyr ridstraumsaflreglari sem getur keyrt & allt a0 20 kHz
var hannadur. Me0d pvi ad nota ridstraum ma minnka ahrif raflutnings og par med
hugsanlega lengja liftima hitaranna verulega.
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1 Introduction

Recently the use of nanostructures to control the spectral and directional properties
of thermal radiation has attracted a lot of interest because of a number of interesting
applications (Ingvarsson et al. 2007). Theoretically it has been predicted that propaga-
tion of surface waves produces long-range correlation between charge fluctuations at a
material surface (Carminati & Greffet 1999). Patterning the surface appropriately can
therefore be used to enhance the coherence of the thermal radiation. This has been
observed in periodic structures of both dielectric (Greffet et al. 2002) and metallic
materials (Laroche et al. 2005, Tsai et al. 2006).

Nanoscale optical antennas exploiting this effect have been fabricated to provide a
local-field enhancement under irradiation of an external light source in the visible and
infrared range (Alda et al. 2005, Cubukcu et al. 2006, Hamann et al. 2000). The main
concern of our research group at the University of Iceland and our collaborators at
IBM’s T.J. Watson Research center in New York however is using resistive electric
current heating of metallic microwires to produce a localized near-field in the infrared
regime without the need for an external driving field. Generally we refer to these wires
as microheaters.

This thesis is centered around the thermal electric properties of the heaters and ways
to extend their lifetime and suppress the radiation from the substrate they are grown
on. The contents in the following chapters is organized as follows:

In chapter 2 the main objective is to introduce the reader to the microheaters. Their
typical structure and the temperature regulation mechanism will be presented. Their
most critical breakdown mechanisms, electromigration and annealing effects will be
introduced and the fabrication process discussed in details. A short general discussion
about thermal radiation will be given, followed by a survey of our group’s work where
their most important optical properties, enhanced emission, infrared spectra and co-
herence properties will be discussed. The chapter ends with a short discussion about
potential applications.

In chapter 3 an attempt the measure the heater spectra in the 600 — 1800 cm~! range
is discussed. A strong emission from the silicon /silicon dioxide substrate was observed,
which made it impossible to isolate the heater spectra. Finally, the drawbacks of heater
arrays and ways to suppress the radiation contribution of the substrate by using other
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materials or suspended heaters are addressed.

The concern of chapter 4 will be a finite element analysis on single microheater struc-
tures. The temperature-power relation and the effect of changes in the heater resistivity
and thermal conductivity will be investigated, to examine the validity of the assump-
tions used for the temperature regulation mechanism covered in chapter 2. The tem-
perature distribution will be explored for different heater widths and oxide thicknesses,
in order to tell if a substrate radiation is expected to be significant. The emission
efficiency and expected lifetime of the microheaters will be investigated as a function
of oxide thickness and different methods to increase both discussed. A time dependent
analysis is used to study the thermal response time of the structure, and with respect
to the results its potential as a pulsed high frequency IR light source addressed. Fi-
nally the thermal electric properties of heaters deposited on top of two promising new
substrate materials, cadmium selenide (CdSe) and crystalline sodium chloride (NaCl)
are investigated.

In chapter 5 a new power regulation system designed to elongate the lifetime of the
heaters is discussed. The fact that the heating of the microheaters is independent of
the current direction is exploited by using a bidirectional current stress at a frequency
of few kHz. Using such a high frequency current has been shown to increase the lifetime
of various interconnects substantially, and the same is expected for the microheaters
although it has not been tested extensively.



2 Microheaters

Figure 2.1: Schematic of a typical metallic microheater (yellow) grown on a silicon sub-
strate (grey) with a thin electrically and thermally insulating SiO, layer (violet) on top.

What we refer to as a microheater is a thin film, rectangularly shaped metallic con-
striction of length [, width w and thickness d. The heaters are usually grown on top of
a silicon substrate with a thin electrically and thermally insulating SiO, surface layer
as shown in Figure 2.1. A four-wire configuration allows heating of the microheater by
passing an electric current [, through the two outer source wires while at the same time
monitoring the voltage drop V}, over the heater through the two inner sensing wires,
thus allowing us to maintain the power dissipation P, in the heater at some desired

value using
Ph = Vil X ]h (21)

and a digital feedback loop while monitoring the heater resistance
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continuously.

2.1 Temperature regulation

The resistance of metallic wires can be calculated by

[
R=o— 2.3
07 (2.3)
where o is the resistivity of the metal, [ the length of the wire and A the cross-section
area (A = w x d). The resistivity has been shown to increase linearly with temperature
T according to
0= 00(1+ aAT) (2.4)

and hence we can write

R = Ry(1+ aAT) (2.5)

where Ry (o) is the resistance (resistivity) at room temperature Ty, « is the thermal
coefficient of resistance (TCR) and AT = T — T, (Young & Freedman 2007). If we
further assume that AT is linearly related to the power dissipation we can define the
thermal tmpedance T as

_dT AT T-T, T-T,

— oL - 2.
dP AP P-PR P (2.6)

T

where we have assumed no power dissipation Py = 0 mW at room temperature Ty. By
plugging Equation 2.6 into Equation 2.5 one obtains

R:Rg(l—FOéTP):Ro—FRQOéTP. (27)

Hence by measuring the resistance R as a function of applied power P and fitting it
with a linear function of the form

R=Cy+CP (2.8)

one can get the thermal impedance 7 from the fitting parameters

C
- — 2.9
"= Coa (2.9)
From Equation 2.6 we then achieve the power-temperature relation
T — 1T,
P= ¢ (2.10)
T

To obtain the necessary data we
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1. Measure the I,-V}, characteristics of the heater.
2. Fit Vi (1) linearly in the low current section and extract Ry from the slope.

3. Calculate dissipated power and heater resistance using Equation 2.1 and Equa-
tion 2.2 respectively for all the data points.

4. Plot R versus P, verify linearity and fit with Equation 2.8 to extract 7 from the
fit coefficients, using Equation 2.9.

5. Extrapolate to the necessary power for the desired temperature using Equa-
tion 2.10

Figure 2.2: Heater of length | = 6 um and width w = 250 nm (a) before and (b) after
break down due to electromigration and/or annealing effects.

When the metallic heaters are heated up electrically their resistivity will be influenced
by both annealing effects and electromigration. Annealing occurs by the diffusion of
atoms so that the material progresses towards equilibrium. The high temperature
increases the rate of diffusion by providing the energy needed to break bonds. The
movement of atoms affects the grain size, grain distribution and density of dislocations
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in metals, hence altering their resistivity (Wikipedia 20094, Annealing). Electromi-
gration is caused by the gradual movements of the ions in a conductor due to the
momentum transfer between conducting electrons and diffusing metal atoms, resulting
in material transport (Wikipedia 2009b, Electromigration). As the structure size in
electronics decreases, the practical significance of this effect increases due to higher
current density. The typical current density at which electromigration occurs in metal
interconnects is 105 — 10" A/em? (Ho & Kwok 1989).

An independent experimental study has shown that although the resistance-temperature
relationship of these metallic heaters can be influenced at high temperatures and high
currents, the relationship between applied power and temperature rise in the heater
remains unaltered (Ingvarsson et al. 2007). Therefore by keeping the applied power
constant, we are able to maintain the temperature of the heater quite accurately at a
desired value (estimated to be within +2%).

2.2 Fabrication

The microheaters have been fabricated both in the nanocenter at the University of
Iceland and by our collaborators at IBM. In this section the microheater fabrication
process at the University of Iceland will be illustrated, but it should be almost analogous
to the process used by our collaborators at IBM.

2.2.1 Lithography

Lithography in general is a process used in micro-fabrication to selectively remove parts
of a thin film or the bulk of a substrate. The technique has been primarily developed
by the semiconductor industry. It uses light (photolithography) or a particle beam (e.g.
electrons in e-beam lithography) to transfer a geometric pattern to a resist (a light- or
a particle-sensitive polymer) on the sample’s surface. An example of the lithography
process is explained in steps in Figure 2.3. Further explanations and comments to each
panel follow:

a. Keeping the sample clean is of central importance since the small structures
can be easily contaminated by even small dust particles. If organic or inorganic
contaminations are present on the wafer surface, they are usually removed by wet
chemical treatments using organic acids such as TCE (trichloroethylene), followed
by acetone and methanol. The cleaning process is carried out in a cleanroom to
avoid dust particles.

b. When the sample surface is clean the resist can be applied. When choosing the
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a. Cleaned Si/SiO, substrate
b. Spin-coated with a negative resist

Sample exposed with UV light
C.

through a mask
The exposed portion of the photoresist

d. : :

dissolved by a resist developer
e. Metal film DC sputtering deposition
f. Lift-off in acetone bath

Figure 2.3: Photolithography using a negative resist and metal film deposition. Further
explanations in text.

7
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resist type the desired resolution, the printing type (i.e. UV, e-beam, X-ray) and
the characteristics of etching and deposition have to be considered. Resists are
classified into two groups: positive resists and negative resists (Wikipedia 2009f,
Photoresist):

— A positive resist is a type of resist in which the portion of the resist that is
exposed becomes soluble to the resist developer. The portion of the resist
that is unexposed remains insoluble to the resist developer.

— A negative resist is a type of resist in which the portion of the resist that is
exposed becomes relatively insoluble to the resist developer. The unexposed
portion of the resist is dissolved by the resist developer.

To uniformly coat the resist on the substrate, the substrate is usually spun by a
spinner at a few thousand RPM for some seconds after pouring the resist over it.
The sample is also occasionally pre- and postbaked in an oven or on a hot plate.

Unfortunately, the surface of many of the materials we want to put resist on
oxidize very easily. The surface oxide forms long range hydrogen bonds with
water adsorbed from the air. When the resist is spun onto such a surface, it
adheres to the water vapor rather than to the surface, and poor adhesion results.
To suppress this effect an HDMS (Hexamethyldisilazane) primer, which serves
as an adhesion promoter for the photoresist, can be used. It can either be spun
onto the wafer in a process called Liquid priming or by depositing a thin layer
by maintaining the wafer in an HDMS vapor in a process called Vapor priming.

c. Two methods are primarily used to write the pattern on the resist.

— Using an opaque plate with holes or transparencies that allow light to shine
through in a defined pattern. This technique is the most commonly used in
photolithography, where the sample is exposed with UV light in an mask
aligner, through a photomask. This is shown in Figure 2.3

— Scanning a beam of particles in a patterned fashion across the surface. In
e-beam lithography this is the most commonly used technique (Wikipedia
2009f, Electron beam lithography).

d. A resist developer is used to remove the exposed (non-exposed) portion of the
positive (negative) resist. Some resists should be baked after exposure, for hard-
ening before etching.

e. Now the sample is ready for etching, deposition or other processes:

— FEtching: A liquid or plasma chemical agent removes the uppermost layer of
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the substrate in the areas that are not protected by resist.

— Deposition: A material layer is deposed over the sample surface, usually by
some vapor deposition method (e.g. physical vapor deposition)

f. The remainder of the resist is removed together with the material covering it
with a solvent (e.g. acetone), and only the material that was deposited through
openings in the pattern and in direct contact with the underlying layer stays.
This process is referred to as "lift-off".

This process can be repeated numerous times to create complex integrated circuits. In
a modern CMOS fabrication process the wafer will go through the photolithographic
cycle up to 50 times (Wikipedia 2009e, Photolithography).

Due to the diffraction limit the resolution in photolithography is limited by the wave-
length of the light. Hence exposure with UV light gives a resolution in the pum range.
In electron beam (e-beam) lithography however the resolution limit does not come from
the diffraction, but rather from other factors such as aberrations in the electron optics,
mechanical vibrations, diffusive scattering of electrons and finite polymer size in the
resist. For most resists it has turned out to be difficult to go below a limit of 20 nm
resolution (Wikipedia 2009¢). The most severe limitations of e-beam lithography are
low throughput and high cost.

2.2.2 Microheater fabrication

The microheater fabrication takes two lithographic cycles:

1. First photolithography is used to grow several identical contact pads on top of a
Si/Si0y wafer.

a) The Si/SiOq substrate is cleaned in an ultrasound acetone bath for 2-3
minutes and then rinsed by methanol and isopropanol. This step might be
unnecessary when a new wafer is being used.

b) The sample is prebaked at 140°C for 5 minutes.

¢) An HDMS vapor priming is used for 12 minutes.

d) A negative photoresist ma-N 1410 (micro resist technology) is spin-coated
over the substrate at 4000 RPM for 30 seconds.

e) The sample is postbaked at 100°C for 1.5 minute.
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f) The sample is exposed to UV light in an aligner, through a photomask for
6.2 seconds at 22.0 mW x cm~2 intensity.

g) The resist is developed for 45 seconds by using ma-D 533/S (micro resist
technology) developer.

h) The sample is rinsed using purified water and then blown dry using No.
i) Cleaned for 30 s in gentle Ar/O, plasma.

j) Sample mounted on a sample holder in the sputtering chamber and the
chamber evacuated down to 1 x 10~7 mbar

k) A 5 nm thick Cr adhesion layer and 100 nm thick Cu layer are deposited at
rates of 0.5 A /s and 1.2 A /s, respectively.

1) The sample is immersed in acetone bath for approx. 30 minutes for lift-off.
Then it is rinsed in methanol and blown dry using N, gas.

m) The metallic pattern checked under a microscope.

2. The microheaters are patterned individually between the contact pads using e-
beam lithography.

a) The sample is prebaked at 170°C for 5 minutes.

b) A positive PMMA (4% poly-methyl methacrylate in anisole) resist (micro
resist technology) is spin-coated over the substrate at 4000 RPM for 30
seconds.

¢) The sample is postbaked at 170°C for 5 minutes.

d) The pattern is transferred to the resist using e-beam writing. Each heater is
rastered (pixel by pixel) onto the wafer individually using a focused electron

beam.

e) The pattern is developed for 30 seconds using MIBK (methyl isobutyl ke-
tone):IPA (isopropanol)=1:3 developer.

f) Rinsed by isopropanol (stops development) for 30 seconds and blown dry
using Ny and checked under microscope.

g) Sample mounted on a sample holder in the sputtering chamber and the
chamber evacuated down to 1 x 10~7 mbar

10
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h) A 5 nm thick Cr adhesion layer and 50 nm thick Pt layer are deposited at
rates of 0.5 A/s and 1.0 A/s, respectively.

i) The sample is immersed in acetone bath for approx. 30 minutes for lift-off.
Then rinsed in methanol and blown dry using Ny gas.

j) The metallic pattern checked under a microscope.

Table 2.1: Emissivity of some common metals (Newport 2009).

Material | Temperature [°C] | Emissivity ¢
Platinum 538 0.10
Silver 538 0.03
Gold 538 0.03
Copper 538 0.05

The 5 nm Cr adhesion layer is to prevent peeling of the Cu and Pt layers from the
silicon dioxide layer. Cu is used for the contacts because of high electric conductivity
o, ease of contact and low cost. Pt was chosen for the microheaters due to its resistance
to corrosion and oxidation and high emissivity €, as seen in comparison to some other
metals in Table 2.1. Microheaters of gold (Au) and of a nickel-chrome alloy have also
been fabricated.

2.3 Blackbody radiation

Blackbody radiation emitted by a heated object is generally considered incoherent and
unpolarized with a spectrum described by Planck’s law (Hecht 1998). Planck’s law
describes the emitted power per unit area of emitting surface, per unit solid angle, per
unit frequency and is written in the frequency form as

2h V3

IP(V7 T) = C_thl’/kBT 1

(2.11)

where h is the Planck’s constant, ¢ is the speed of light, v the radiation frequency and
kp the Boltzmann constant (Rybicki & Lightman 1979).

Each surface element on a Lambertian surface radiates with the same intensity regard-
less of the angle from which it is viewed. Lambert’s cosine law states that the radiant
intensity observed from a Lambertian surface is directly proportional to the cosine of
the angle 6 between the observer’s line of sight and the surface normal (Hecht 1998,
Wikipedia 2009d), which corresponds to the size of the observed area. By integrating
I,(v,T) over all frequencies and over the half-sphere into which a flat surface element
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Figure 2.4: Blackbody spectra for different temperatures.

S emits according to Lambert’s cosine law one obtains

o0 onh [ keT\* m*
P= /dQ/ dvAL,(v,T)cos(0) = AL2 (B—) T (2.12)
S 0 C h 15
The result is called the Stefan—Boltzmann law and is usually written as
P 27k
=_= T = ospT* 2.1
A~ Ioe2pst 0P (2.13)

where H = P/A is the power per unit area and

2m0 kg
0SB = —— =
5B 15e2p3

is the Stefan—Boltzmann constant (Rybicki & Lightman 1979). Real objects are not
perfect blackbodies. Nonetheless, most objects resemble a blackbody at certain tem-
peratures and wavelengths (Hecht 1998). Hence it is useful to write similar expression
for real objects

~5.670 x 107% Js'm 2K ~* (2.14)

H = eoggT* (2.15)
where € is called the total emissivity. For all materials 0 < € < 1 and equals unity only

for ideal blackbodies (Hecht 1998). Using the definition of a wavenumber

v 1
J— — = — 2.16
v=-=5 (2.16)
one can as well write Planck’s law, Equation 2.11, in wavenumber form I,(7,T') using
that

L(v, T)dv = L,(#,T)dp . (2.17)

12



2.3 Blackbody radiation

From Equation 2.16 we get

d
dv =~ (2.18)
c
and from Equations 2.11, 2.16, 2.17 and 2.18 one obtains
~3
[(5,T) = 2he*—~ (2.19)

chck/kpT _ 1"

The wavenumber form of Planck’s law is plotted in Figure 2.4 for a few realistic tem-
peratures for microheaters.

In the same way using that

v=c/\ = dv = —c/N\d\ (2.20)
and that
(1w, T)dv| = |1,(\ T)dA (2.21)
the wavelength form of Planck’s law is obtained
2hc? 1
I, T) = 2 (2.22)

\> ehe/AkpT _ 1"

By finding the maximum of Equation 2.11 by solving

0L,(v,T)
— =0 2.23
5 (2.23)
for vmax one obtains the frequency form of Wien’s displacement law
Vmax = %kBT (2.24)

where o = 2.821439 is a constant resulting from numerical calculations. Wien’s dis-
placement law says that as the temperature is raised, the bulk of the radiation shifts
to shorter wavelengths and higher frequencies (or wavenumbers). Due to the linear
relationship between v and v from Equation 2.16 the maximum of Equation 2.19 is at

, o
Umax = —% — — kpT. 2.25
Y c ch B ( )

By finding the maximum of Equation 2.22, A\..., one obtains the wavelength form of
Wien’s displacement law

he 1 b
kBT T
where § = 4.965114 is a constant resulting from numerical calculations. b = 2.8977685x
1073 mxK is called Wien’s displacement constant.

>\max -

(2.26)

Note that the frequency and wavenumber solutions differ only by a constant, but the
wavelength solution has different form, that is

~ . Vmax 1
c 7 Amax

(2.27)

Vmax -

since the relationship between v and A from Equation 2.20 is not linear as the relation
between v and ».
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2 Microheaters

2.4 Enhanced thermal emission

In this section a fundamental experiment on microheaters will be illustrated along
with its results. The experiment was the first research on the optical properties of such
heaters done by our research group and our collaborators at IBM. The thermal emission
was observed to show a high polarization and dipole-like angular radiation pattern. A
simple analysis of the radiation intensities suggested a significant enhancement of the
thermal radiation for very narrow heater structures. All figures in this section are from
Ingvarsson et al. (2007) and are used with the author’s permission. For a more detailed
discussion, see Ingvarsson et al. (2007).

Platinum microheaters of fixed length | = 6 ym and thickness d = 40 nm, but varying
width w from 125 nm to 4 um were fabricated as described in subsection 2.2.2. Using
the process explained in section 2.1 and the independently measured thermal coefficient
of resistance for platinum ap; = 0.002 K~! the thermal impedance 7 was determined
and used to find the T'(P) relation.

As the heater warms up it starts to radiate according to its temperature, and the
optical signal is measured using the setup shown in Figure 2.5. The thermal emission
is picked up with a high numerical aperture IR lens (NA = 0.7), analyzed by a linear
rotatable polarizer and observed using liquid Ny cooled InSh detector array. The InSh
camera detector is sensitive in the 1 —5 pum spectral region but has a shortpass filter at
4.1 pum wavelength. During the experiment the temperatures of the microheaters were
between 80°C and 800°C, which corresponds to emission peaks at wavelengths between
Agoec = 8.2 pum and Aggpec = 2.7 pum respectively for blackbodies, as predicted by
Wien’s displacement law in Equation 2.26. A simplified model of the spectral response
of the system taking into account the responsivity of the InSb detector, the temperature
dependent Planck function and the finite width wavelength window predicted that the
measured intensity should scale with temperature as I oc 737,

In the experiment the radiation intensity signal I was recorded as a function of the
angle of the wire grid polarizer 6, as shown in Figure 2.5. This was done both with
and without the microheater turned on. The signal obtained when the heater was
turned off was subtracted from the one obtained when the heater was turned on, in
order to eliminate a residual background part of the signal. In Figure 2.6 typical
thermal emission intensity data of a microheater are shown as a function of the linear
polarizer angle 6. Both curves in the figure show I(0) obtained from the same heater.
The red curve shows I(f) when the heater was rotated 90° with respect to its original
position when the blue curve was obtained. We see that the polarization pattern shifts
accordingly. This was done to make sure that the observes signal was real, not an
artifact due to the setup. The same experiment using a thin platinum film was also
performed and no polarization was observed.

14



2.4 Enhanced thermal emission

to InSb detector

thermal
radiation>

BN

linear polarizer

Figure 2.5: Schematic of the IR microscope experimental setup (Ingvarsson et al. 2007).

Thermal emission, I(8) (a.u.)

90 270 450 630

Angle of analyzer 6 (degrees)

Figure 2.6: The thermal radiation intensity I as a function of the polarization angle 6.
If the heater is rotated by 90° the thermal emission intensity signal is shifted accord-

ingly (Ingvarsson et al. 2007).
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Figure 2.7: Extinction ratio F, total radiation efficiency Riota and unpolarized radiation
efficiency Rynpolar @s a function of heater width w for fixed heater length [ = 6 um (Ing-
varsson et al. 2007).

—&— 300 nm
@ 500 nm

30 25 20 15 10 05 1.0 15 20 25 30
Intensity(au)

Figure 2.8: Angular thermal radiation patterns for two microheaters of different widths.
The axis of rotation lies in the plane of the substrate and perpendicular to the heaters
long axis. (Ingvarsson et al. 2007).
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2.4 Enhanced thermal emission

For analysis the polarization curves are fitted with the function
1(0) = I, cos*(0) + I, (2.28)

where I, and I, are the polarized and unpolarized light intensity amplitudes respec-
tively. The extinction ratio is then defined as

E=22 (2.29)

To quantify the polarized and unpolarized parts of the radiation for different geometries
the radiation efficiencies are defined for both the total radiation

[271(0)do
Riotal = OATW (2.30)
and the unpolarized part
21l
Ruynpor = A3 (2.31)

In both cases the intensity is normalized with respect to the microheaters surface area
A (w x 1) and the average temperature dependence of the heaters T334,

Figure 2.7A shows the extinction ratio E as a function of heater width for various heater
temperatures. It shows that as the width of the heater is narrowed, a strong increase
in the extinction ratio is observed. This implies that the thermally-driven charge
fluctuations are getting more confined. An almost constant total radiation efficiency
Riota is observed for the wider heaters, as predicted by the Stefan—Boltzmann law
Equation 2.15. However a large enhancement in Ry, is found for narrow heaters. For
comparison the unpolarized radiation efficiency Rynpeo in Figure 2.7C changes much less
with heater width. The relatively small dependence of Ry,po 0n heater width indicates
that the actual hotspot dimensions scale directly with the heater size.

In this experiment it is unclear how much of the radiation enhancement in Figure 2.7B
actually originates from the geometrical confinement, but not from things like surface
roughnesses, interference effects with reflections from the Si/SiO, interface or by other
means. Fluctuating electric fields are induced as predicted by fluctuation-dissipation
theory (Rytov et al. 1987), giving random currents in every volume of the heater which
can be thought of as a dipolar antenna that emits radiation. In bulk material the
phase relation between these dipoles is random, but as the structure becomes smaller
than the wavelength, an increased correlation is expected due to close proximity and
geometrical alignment of the emitting dipoles.

Further support to this interpretation was observed when the angular radiation pattern
from two different microwires of widths of w = 300 nm and w = 500 nm maintained
at 500°C was measured. The sample was rotated in 2.5° steps around the axis in the
plane of the substrate and perpendicular to the heater’s long axis while measuring
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2 Microheaters

the emission intensity using liquid Ny cooled InSb detector and a lens of NA = 0.28
(for higher angular resolution) as a function of the angle of rotation ¢. In Figure 2.8
radiation pattern for the narrower wire w = 300 nm resembles almost perfectly the
radiation pattern from a dipole, while the wider wire w = 500 nm deviates a little.

The antenna-like polarization pattern suggests a high degree of spatial and temporal
coherence of charge fluctuations within the heaters. The strong resemblance between
the (far-field) radiation patterns for narrow wires and of dipoles could suggests a dipole-
like near-field as well. A dipole gives relatively strong near-fields which suggests that a
strong near-field could be produced using thermally heated microwires (Jackson 1998).

2.5 Thermal radiation spectra

(b)

LLLLL
FTIR

spectrometer movement
«—

InSb
detector lens BE mirror

<-> lens

h7

nano-heater

Figure 2.9: (a) Scanning electromicroscope image of an 8 x 0.8 um? heater. (b) Schemat-
ics for the experimental setup, where the radiation emitted by the microheater is analyzed
with the FTIR system. (Yat-Yin Au et al. 2008).

In this section we will discuss the results from Yat-Yin Au et al. (2008). Infrared
radiation from individual platinum microwires was measured using Fourier-transform
infrared spectrometry. The spectra were measured as a function of heater width for
polarization directions parallel and perpendicular the the heater’s long axis. It was
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2.5 Thermal radiation spectra

observed that when the heater width approaches zero the signal with polarization
parallel to the heater converges to a finite value, while the perpendicular polarized
part drops below the detection limit. As a result this leads to strongly polarized
radiation for very narrow wires in accordance with the results from Ingvarsson et al.
(2007) discussed in section 2.4. A \/2 plasmon resonance was observed, attributed to
charge oscillation correlations across the heater’s width. All figures in this section are
from Yat-Yin Au et al. (2008) and are used with the author’s permission.

Platinum microheaters of fixed length [ = 8 pm and thickness d = 50 nm, but varying
width w from 200 nm to 8 um were fabricated as described in section 2.2. The exper-
imental setup is illustrated in Figure 2.9. A single heater is brought into focus with
a reflective objective of NA = 0.5 and focal length f = 5.41 mm. The infrared light
is analyzed using a rotatable wire-grid polarizer before entering a Fourier-transform
infrared (FTIR) spectrometer (for more details see chapter 3). The resulting optical
signal is then focused onto a liquid Ny cooled InSb detector using a collective ZnSe
lens. Performing a fast Fourier transform on this signal then gives the emission spectra
from the radiating samples.

The heater was maintained at 7' = 750 K and the resulting thermal emission spectra
measured as a function of heater width for polarization directions parallel and per-
pendicular to the heater’s long axis. In Figure 2.10 the spectral data obtained as a
function of the heater width for (a) the parallel and (b) perpendicular polarizations is
shown after correction with respect to the FTIR system and the related optics. The
parallel and perpendicular spectra from each heater have been normalized with the
same number, chosen such that the parallel intensity peaks for all heater widths had
equal height. This is done purely for visualization purposes. At 750 K thermal black-
body radiation peaks at an energy below the detector cut-off (~ 1800 cm™!) as seen
in Figure 2.4. Hence only the high energy tail of the spectrum is inside the detection
window. For an ideal blackbody the Planck spectrum depends only on the temperature
and is independent of the geometry of the source (with amplitude depending on surface
area). In Figure 2.10a the shape of the spectra is mostly unchanged. On the other
hand a substantial modification of the perpendicular spectra is observed, as shown in
Figure 2.10b. At heaters widths w > 2 um the spectra for the two polarization direc-
tions are almost identical. However as the heater width w is decreased below 1.0 ym
the peak of the perpendicular spectrum is shifted into the detection range to roughly
2500 cm ™!, As the heater width decreases the peak shift is accompanied by an overall
decrease in the intensity until it falls below the sensitivity limit once the heater width
w reaches ~ 0.2 pm.

By integrating the spectra from 2000 cm™! to 3500 cm™*

3500 cm— 1
= / JA— (2.32)
2

000 cm—1

for both polarization directions and plotting the result as a function of heater width

19



2 Microheaters

O

= M & O o Width (pm)

- oo e Width (pm)

©
oo
] |
[ Intensity (a.u.) |

1
oo
» o

04 | | — Adetn 104

=)

rJ

y

;

F

3

;
[ ]
(o8]

T | f T T T
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000

wavenumber (cm-1) wavenumber (cm-')

Figure 2.10: FTIR spectra obtained from heaters of " = 750 K for polarization directions
(a) parallel and (b) perpendicular to the heater long axis (Yat-Yin Au et al. 2008).
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Figure 2.11: Integrated intensity as a function of heater width w for both parallel (circles)
and perpendicular polarization (crosses) (Yat-Yin Au et al. 2008).
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2.5 Thermal radiation spectra

w Figure 2.11 is obtained. Circles and crosses represent parallel and perpendicular
polarizations respectively. The intensity dropped from [(w = 8.0 um) = 3 x 1072 to
I(w = 1.0 um) = 4 x 1073 for w = 8.0 um and w = 1.0 um heaters respectively,
independent of polarization direction. The ratio between the observed intensities gives

I(w = 8.0 pm)

I(w = 1.0 pm)
compared to factor 8.0 between the heaters surface areas. This agrees with the classical
theory of blackbodies, that the total radiation should scale with the heater surface
area. However, as the heater’s width decreases further below 1 pum, the integrated
intensity for the parallel polarization consistently stabilize at a finite value around
Iparaiel = 3 x 1073, This indicates that at these length scales, the heater’s surface
area is no longer the dominating factor in determining the radiation intensity for the
parallel polarization. On the other hand the intensity of the perpendicular polarization
continues to decrease with heater width in the w < 1 pum range. This results in strongly
polarized emission from heaters with w < 0.8 um, in accordance with the results from
Ingvarsson et al. (2007) discussed in section 2.4.

~T5 (2.33)

Let us define the intensity ratio

Lperp(w)
Lpara(w)
where Iperp(w) and I, (w) represent the integrated intensities of a heater of width

w for perpendicular and parallel polarization respectively. We also define the reduced
intensity ratio at a given width w as

(2.34)

r(w) =

. r(w)

r(w) = (8 ) (2.35)
Figure 2.12 shows experimental data of the reduced intensity ratio averaged over three
different spectral windows: 2000 — 2500 cm™! (red), 2500 — 3000 cm™! (green) and
3000 — 3500 cm ™! (blue). The reduced intensity ratio for all spectral windows start
out at 1.0 in the wide heater limit (w > 2.0 ym) and approach zero in the narrow
width limit (w < 0.4 pm). As w decreases we see that 7(w) drops at larger heater
widths w as lower energy windows are used (E = hck, so higher k& means higher
energy). This is another manifestation of the shift of the perpendicular polarization
spectral peak to higher wavenumber shown in Figure 2.10b. Furthermore a resonance-
like bump appears in Figure 2.12 before attenuation, with the data from the higher
energy windows showing more prominent bumps.

A simple model can be used to explain the essential features of these spectra. Let us
assume there are individual microscopic electric dipoles both parallel and perpendicular
to the heater long axis evenly distributed across the heater’s metallic surface. Further
assume they are being continuously stimulated by the thermal environment resulting
in radiation at their natural oscillation frequency w with polarization in the parallel
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Figure 2.12: Reduced intensity ratio as a function of heater width w averaged over values
in the ranges 2000 — 2500 cm™! (red), 2500 — 3000 cm~! (green) and 3000 — 3500 cm™!
(blue) (Yat-Yin Au et al. 2008).

or perpendicular direction respectively. An observer located far away will virtually see
all the oscillating dipoles at the same point, hence the optical contribution from each
oscillator to the optical electric field £ will be equivalent. By assuming that the i-th
dipole is located at r; on the heater surface and oscillating with an amplitude P(r;)
the intensity can simply be expressed by

= (B < >_ P

where the angular brackets denote time averaging. (P*(r)P(r’)) is recognized as the
correlation function over all possible values of r and r’ on the heater surface. The indi-
vidual dipoles should in the absence of collective surface waves (i.e. surface plasmons)
oscillate independently from each other [i.e. (P*(r)P(r')) o< 6(r —1’)]. The dependence
of the intensity data on the heater width can be understood by the fact that surface
plasmons travel mostly parallel to the direction of charge oscillations and are therefore
affected in the region when w < 1 um (Carminati & Greffet 1999). Across the width
of the heater, dipole oscillations resulting in parallel polarized radiation do not interact
through surface plasmons and therefore correlation between these dipoles is minimal,
whereas dipole oscillations resulting in perpendicular polarization are communicated
by surface plasmons and are therefore strongly correlated. Therefore we expect ra-

> = 3 (P (r)P(x))) (2.36)

]

22



2.5 Thermal radiation spectra

diation with parallel and perpendicular polarization to respond differently when the
heater width varies.

Since for the perpendicular polarized case correlation between dipoles across the heater
width is likely to be mediated by surface plasmons the correlation function is assumed
to take the form (P*(r)P(r")) = O(w,T)g(x — x’) where

g(x) = exp (— %) cos <27TT$> (2.37)

where \ is the wavelength of the corresponding surface plasmon for a given wave
number of radiation and 0 represents the correlation decay length. ) is related to the
electromagnetic wave in free space with wavelength Agee by

A= )\free/n (238)

where n is the effective refractive index for the surface wave. By assuming a penetration
depth of \/27m and averaging between the free space above and the substrate below,
an effective refractive index of n = 1.665 is determined. The function g(z) describes
a traveling plasmonic wave with attenuation. O(w,T) is assumed to describe the fre-
quency w and temperature 7" dependence in position x and 2’. Its contribution does
not enter the final result of the reduced intensity as upon division in Equation 2.35 it
disappears. The correlation function is assumed to reflect with 180° phase shift at the
two edges and to obey the principle of superposition (well know for plasmons). The
overall correlation between x and z’ after taking the existence of edges into account
becomes

flaa') = > (=1)"glw — My(z')) (2.39)

n=—oo

where M, (z") denotes the n-th image of 2’ on the two sides behind the edges i.e.
M, (z") = wn + (=1)"a’ (2.40)

The heater is assumed to be located within x € [—0.5w,0.5w|. By inserting Egs.
2.39 and 2.40 into Equation 2.36 the intensity I,e, can be calculated by solving the
convolution problem. The parallel polarization intensity I;.., is simply obtained by
linearly fitting the parallel polarization data in Figure 2.11. Writing I, = cw+ 8 and
fitting gives o = 0.00288 and [ = 0.00143. The fitted function is plotted in Figure 2.11.
Using the fitted function for I,a, and I,ep, from Equation 2.36 the reduced intensity
ratio 7(w) can be produced, the result is shown as solid line in Figure 2.12.

Even though the above analysis is by no means rigorous representation of the physical
system it succeeds reproducing the fact that 7(w) drops at larger heater widths w and
the height of the resonance bump increases at higher wavenumbers. The simple model
provides certain physical insight into how surface plasmons play an important role in
the observed variation of radiation intensity with heater width. From this analysis we
conclude that the bump occurring around 1.0 pm in Figure 2.12 corresponds to a \/2
resonance.
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2 Microheaters

2.6 Coherence properties

As discussed in section 2.3 blackbody radiation is considered incoherent and unpo-
larized and the spectrum can be described by Planck’s law in Equation 2.11. The
coherence properties of light are important for most characterization methods that use
light to probe the sample under investigation. IR thermal light sources are especially
important due to their applications in nanoscale molecular characterizations, biological
sample characterizations and in the development of efficient thermoelectric radiation
sources.

In this section a short overview of the results from coherence measurements from our
collaborators at IBM will be given (Levente J. Klein et al. 2008). All figures in this
section are from Levente J. Klein et al. (2008) and are used with the author’s permis-
sion.

We know from elementary physics that two waves can add together to create a larger
wave (constructive interference) or subtract from each other to create a smaller wave
(destructive interference), depending on their relative phase (Young & Freedman 2007).
If the two waves have a constant relative phase they are said to be coherent and the
degree of coherence is measured by the interference visibility (Hecht 1998).

Infrared
detector

Objective
NA 0.5

Si
SiO,
Mirror

Figure 2.13: The experimental system used to interfere the thermal radiation from a
microheater with its image in an Al coated mirror attached to a piezotube (Levente J.
Klein et al. 2008).

Platinum microheaters of fixed aspect ratio (I/w = 10.0), widths w from 125 nm to
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2.6 Coherence properties

2 pum (= lengths from 1.25 um to 20 pm) and Pt thickness d = 45 nm were fabricated
as described in section 2.2. The experimental setup is illustrated in Figure 2.13. An
Al coated mirror attached to a piezotube (10 pm travel distance range) is positioned
close to the microwire. Both the thermal radiation from the heater and from its mirror
image is passed through the Si/SiO, substrate, which is transparent in the measured
range. The radiation signal is then observed as a function of the optical path difference
2Az using a liquid Ny cooled InSb detector (sensitive in the 3.0 — 5.0 ym wavelength
range). Due to a finite depth of focus of the detection system, only the radiation
from the heater is detected when the mirror is far away, but as the mirror approaches
the microwire the radiation from the image starts to contribute. The radiation signal
observed can then be described by

I = Il + [2 + 2\/ ]112Re ’712(7’) (241)

where [; is the thermal emission intensity from the heater and I the intensity from
its image. The coupled term originates from the self-interference between the emission
from the heater and its image; v12(7) is the complex degree of coherence function and
7 the time delay between the radiation coming from the heater and its image. The
coherence function ~;5(7) describes the time correlation between the heater’s radiation
and its image. Hence it determines the appearance of interference fringes (Hecht 1998).
The degree of coherence is determined from the magnitude of the coherence function
|712(7)|. A perfectly coherent light source has degree of coherence |y12(7)| = 1.0 and
a completely incoherent light source has |y12(7)| = 0.0. Since the radiation from the
heaters originates from thermal fluctuations it was expected a prior: to be only slightly
coherent |y12(7)| < 1.0.

As discussed before, the fringe visibility is used to compare the interference for different
wires and temperatures and is defined by
2Imax - Imin,l - Imin,?

V= 2.42
2[max + [min,l + [min,Q ( )

where I, is the value of the maximum interference peak and Ii min and I5 min are the
two neighboring minima. An example of such interference fringes is given in Figure
2.14(a). For thermal radiation signals with similar amplitude (I; ~ I5) it can be shown
(Hecht 1998) that the measured fringe visibility is equal to the degree of coherence

V = |yl . (2.43)

This relation allows estimating the degree of coherence using the fringe visibility results.
The degree of coherence for a radiation source with a known spectral distribution
I(v,T) can also be theoretically calculated by

712(7'):/ (v, T)e *™ " dy (2.44)
0

where v is the frequency and 7 is the time delay between the interfering light sources.
The time delay can be determined by the optical path difference 7 = 2Az/c, and
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Figure 2.14: (a) Interference fringes for a w = 125 nm heater at 300°C and 500°C. (b)
The fringe visibility as a function of the optical path difference for a w = 125 nm heater
at different temperatures.

can be used with Equation 2.44 to calculate the coherence properties of blackbody
radiation. In Figure 2.14(a) the interference fringes from a narrow w = 125 nm heater
at 300°C and 500°C are shown. The peak-to-peak fringe distance corresponds to 5 pum
average detection wavelength, in good agreement with what was expected from the
wavelength form of Planck’s law Equation 2.22. Calculating the fringe visibility using
Equation 2.42 and plotting the result as a function of optical path difference 2Az
for different temperatures gives Figure 2.14(b). The coherence length can then be
determined from the figure as the distance where the fringe visibility reaches 10%
(Berkley & Wolga 1962). An increase in the coherence length from ~ 20 pm at 500°C
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2.6 Coherence properties

to ~ 26 pm at 300°C is observed. For comparison the classical blackbody radiator has
a coherence length of ~ 2 um at 600°C and ~ 5 pum at 300°C. A much longer coherence
length is therefore observed, than what is expected from a blackbody, but it decreases
with increased temperature as for a blackbody.
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Figure 2.15: (a) Interference fringes for heaters of different sizes at 500°C. (b) Degree of
coherence as a function of optical path difference for microheaters of variable width w
compared to that of an ideal blackbody.

In Figure 2.15(a) we see the interference fringes from wires of different sizes, all at
temperature 1" = 500°C. By comparing the degree of coherence for the four wire
sizes to the theoretical degree of coherence for a perfect blackbody, Figure 2.15(b) is
obtained. The coherence length for blackbody radiation is ~ 4 um while the 125 nm
wide heater yields a five times larger coherence length of ~ 20 um. A general trend
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2 Microheaters

is observed, wider and larger heaters have shorter coherence lengths and as the width
approaches w = 2 pm it becomes comparable with blackbody radiation.

2.7 Potential applications

We have seen in previous discussions that narrow wires show a high level of coherence,
strong polarization and enhanced dipole like far-field pattern. The coherence enhance-
ment in far-field radiation corresponds to a strong near-field due to less efficient can-
cellation of higher order multipole terms (Martin et al. 2001). All this indicates that
the heaters can prove to be a good near-field source. A strong near-field is interesting
for variety of applications.

Theoretically it has been predicted that strongly overlapping near-fields provide a
better heat transfer mechanism than when the objects are in direct physical con-
tact (Domingues et al. 2005). This might to be of importance in thermovoltaic (TPV)
energy conversion applications (Laroche et al. 2006). There is also interest in con-
fining the near-field to an extremely small region for applications such as thermally
assisted magnetic recording (Koji Matsumoto et al. 2006) and near-field optical mi-
croscopy (Cvitkovic et al. 2006). Other potential applications would be e.g. solar
energy utilization, space thermal management, high-efficiency light sources etc. (Ing-
varsson et al. 2007).

In this section we will discuss two applications using the microheaters, where the phys-
ical concept has already been proven.

2.7.1 Thermally excited near-field source

Despite many impressive advances in near-field optics and microscopy it remains a
challenge to create a reliable strong near-field source, which can be used to excite
samples with a spatial resolution far beyond the diffraction limit. In near-field op-
tical microscopy applications there are two conventional approaches to the near-field
source. One is the aperture-based method using the field that “leaks” through upon
illumination of a sub-wavelength aperture as seen in 2.16(a). This method provides
excellent background rejection but typically produces weak near-fields. The second
is the aperture-less method that uses external electromagnetic field to excite a sharp
probe tip in order to generate a highly localized near-field as seen in figure 2.16(b). In
contrast to the aperture-based method the apertureless method can give strong near-
field, but it suffers from a strong background illumination (low near-field vs. far-field
intensity ratio).
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Figure 2.16: The are two conventional approaches to the near field-source: (a) the
aperture-based source and (b) the aperture-less source. (c) The thermally excited near-
field source needs no external driving field.
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2 Microheaters

Our idea is to place a microheater at a probe tip and use it as a electrically (ther-
mally) driven near-field source, without the need for any external driving field, as seen
in 2.16(c). An application for a U.S. patent has already been filed (still in progress),
and the physical concept been proven (Hendrik F. Hamann et al. 20065). A heated
IR near-field source was approached by a pyroelectric detector (near-field receiver) and
the transferred total power from the source to the detector measured as a function of
the distance between the two. A very strong and short-ranged power flow was revealed
within the near-field region validating the claim of generation of a significant near-field
radiation from the thermally excited source. The decay length constant (1/e) was esti-
mated ~ 10 nm, which promises comparable lateral resolution to existing technology.
The estimated power transfer from the tip to the pyroelectric detector is estimated to
be in the uW range, which is sufficiently strong for many applications (Martin et al.
2001).

2.7.2 Phase-change storage

Phase-change memory is a type of non-volatile digital medium. One example of such
material is GeySbeTes (GST), which is important in modern optical and electrical
storage due to how rapidly it can be switched between amorphous and crystalline
phases by applying appropriate heat pulses. GST is amorphized by pulsed heating
above the melting temperature (~ 600°C) for ~ 10 ns with subsequent rapid cooling.
Recrystallization on the other hand is accomplished by a heat pulse below the melting
temperature but above the glass-transition temperature (~ 200°C) for ~ 100 ns.

In most commercial phase-change storage applications the heat pulses are achieved
by a sharply focused laser diode, and the state of the recorded bits sensed with the
same laser at a lower power. Although phase-change storage is already widely used in
optical information technologies (e.g. DVD, CD-ROM) the storage density is limited
by the diffraction limit of the laser (~ 15 Gb inch™2 with a blue laser diode), which
will impede further direct improvements of the technology in the future.

Heater Lead

/ / o
Wuﬁiﬁ&ﬁm Crystalhzatmn} L
GST YV Yy Amorphization .
si/sio.  Low thermal -— High thermal
2 conductance conductance
Figure 2.17: |llustration of an all-thermal-phase-change storage concept (Hendrik F.

Hamann et al. 2006a)

Our collaborators at IBM have already demonstrated the use of microheaters to write,
erase and read the phase of GST at competitive speeds (Hendrik F. Hamann et al.
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2.7 Potential applications

2006a). A microheater of size 1 x 3 um? was directly patterned on a phase-change film
as shown in Figure 2.17. Amorphization was realized by a 10 ns 1.5 V pulse (~ 700°C)
whereas 0.7 V for 100 ns (~ 500°C) was sufficient for crystallization. The recording
speeds were governed by the amorphization and crystallization kinetics. The phase of
the film can be read using low currents by sensing the thermal impedance of the heater
which depends on the phase of the film beneath the heater.
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3 FTIR spectrum measurements

As discussed in section 2.5 the radiation spectrum has been measured for wavenumbers
7 from 1800 cm ! up to 10000 cm~!. The peak of the heater spectra is however expected
in the unknown lower wavenumber region, somewhere in the 1000 — 1800 ¢cm™! range.
In this section an attempt the measure the spectra above 600 cm~! using heater arrays
will be discussed. A strong emission observed from the substrate will be addressed
along with some ideas how to suppress its contribution.

3.1 Experimental setup

The experimental system used is shown in Figure 3.1, and is similar to that discussed
in section 2.5. The numerical superscripts in the following text refer to elements in
Figure 3.1.

The microheater sample! is mounted on a nanopositioning piezo stage?, controlled by
a piezo controller®. A computer® controlled sourcemeter® is connected to the heater
contact pads, and is used to measure and regulate the power dissipation in the heater.
The emitted light is collected using an reflective objective®, passed through a linear
wire grid polarizer” and into a FTIR spectrometer®.

After traversing through the FTIR spectrometer the light passes through an iris diaphragm?
which is used to block other light than that from the heater. The light is then focused
with a ZnSe plano-convex lens'® (f = 50mm) into a light detector!!.

A few different detectors and preamplifiers'? are available in our lab. In the experiment
discussed in section 2.5 an IS-1.0 (InSb) detector from Infrared Associates, sensitive in
the 1800 — 10000 cm™! range was used. Here however a liquid Ny cooled FTIR-16-0.1
MCT (mercury cadmium telluride) detector from Infrared Associates, sensitive in the
625—5000 cm ™! range is used. The preamplifier is connected to the FTIR spectrometer,
where the signal is transferred to the computer and the spectra extracted.

A Fourier-transform infrared (FTIR) spectrometer is basically an interferometer which

the incoming IR light is guided through. By splitting the beam of light into two paths
and varying one of the pathlengths continuously (by moving a mirror) a interference
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Figure 3.1: Schematic of the FTIR experimental setup used. Detailed explanation is found
in main text.

pattern is produced. Performing a fast Fourier transform (FFT) on this signal then
gives the emission spectra from the radiating samples.

For alignment a light from a halogen lamp'® is reflected by an half-transparent mirror'*
onto the sample. The (visible) light is then reflected back from the heater surface and
through the whole optical system. The detector and a CCD cameral!® are placed on a
translational stage so that both can be moved easily into the optical path. A coarse
alignment is first made by optimizing the position of the lenses and moving the heater
into the field of view by recording its position with a CCD camera and monitoring it on
a screen!”. A finer alignment is then made by modulating the light with a chopper!?,
while maximizing the observed signal in a lock-in amplifier with respect to the positions
of the heater and lenses. The mirror is then removed and the halogen lamp turned off,
and the same maximization process repeated with the IR light from the heater. Then
the chopper is removed and the spectra can be measured.
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Figure 3.2: Microheater array with ten heaters if length [ = 50 ym and width w = 0.6 pum.

3.2 Results

The signal-to-noise ratio (SNR) of the FTIR-16-0.1 MCT detector and amplifier turned
out too be to low for measuring the emitted radiation from single microheaters. Thus
platinum heater arrays with ten heaters of fixed length [ = 50 pym and widths w =
0.6 pm as shown in Figure 3.2 were fabricated as discussed in section 2.2.

Their spectrum was measured for polarization directions both parallel and perpendic-
ular to the heater. The result is shown in Figure 3.3. In the figure we also see the
spectra measured from the substrate 50 ym from the actual heater structure, which
is heated up due to the high power dissipation in the microheater array (~ 1.5 W).
The exact temperature of the substrate is not known, therefore we cannot compare the
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Figure 3.3: Thermal spectra from the heater array and the substrate for polarization
directions both parallel and perpendicular the heaters.

35



3 FTIR spectrum measurements

amplitude of the heater and substrate spectra directly.

The spectra have not been corrected with respect to the system response curve, hence
we see both water vapor (~ 1700 cm™!) and COy (~ 2400 cm™!) absorption dips. The
alignment of the system is not perfectly reproducible and it has been shown that the
transmission is not the same for the two polarization directons, henceforth the ampli-
tude can not be compared between measurements. However, by comparing the shape
of the spectrum from the heater array and from the substrate we can speculate that
from ~ 600 cm™! to ~ 1700 cm ™! the radiation from the substrate dominates that of
the heater array, and up to ~ 3000 cm~! some substrate contribution is expected. The
peaks observed around ~ 1100 cm ™! originate from the substrate, and are most likely
due to an oxide interstitial (anti-symmetric stretching) defect in the silicon (Stavola
1999). However, the broad peak seen between ~ 1600 cm™' and ~ 3500 cm™! we
believe stems from a surface plasmon perpendicular to the long axis of the heaters, as
discussed in section 2.5. We would also expect to see a peak for the parallel polariza-
tion. However, in this case the peak position is expected to be at lower energy (see
section 2.5) and the shape of the spectrum should also agree roughly with the classical
blackbody spectrum. In this case it is merged with the substrate peak, and there is no
simple way to separate the two of them to extract the heater contribution.

As discussed above heater arrays were used to enhance the radiation signal. The use
of heater arrays however has a few drawbacks. When using single heaters the power
regulation system will keep the power dissipation in the wire constant despite changes
in the structural properties due to electromigration and annealing. However when
arrays are used the breakdown mechanisms will not change the properties of all the
heaters at the same rate, causing variation in the power dissipation and temperature
of individual heaters. For the same reason the breakage of one heater will increase the
power dissipation in the others, which can cause a chain reaction and eventually lead to
a breakdown of the whole structure. By using a fixed voltage instead of fixed power it is
however possible to increase the stability of the structure, but due to electromigration
and annealing effects the resistivity of the heaters will increase and therefore slowly
decrease the power dissipation and the temperature of the array. In both cases the heat
transport is expected to be lower for the center heaters, causing higher temperature
than in the outermost heaters. This difference and drift in temperature of individual
heaters makes the array structure ill-suited for experiments and application where
stable fixed temperature is needed. Furthermore the array geometry and the high
power needed gives rise to substantial substrate radiation as we saw in the last section.

Although we do not expect as strong substrate radiation from single heaters as from
heater arrays, we nevertheless see that the silicon /silicon dioxide substrate is not well
suited for experiments and applications in the 600 cm~'—2500 cm ™! region (wavelength:
5 — 16 um). Figure 3.4(a) shows the transmittance through a 10 mm thick sample of
silicon, but high transmittance implies low absorption and emissivity according to
Kirchhoft’s law of thermal radiation (Sato 1967). For convenience the relation between
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Figure 3.4: Transmittance through a 10 mm thick samples of (a) silicon (Si), (b) silicon

dioxide (Si0O3), (c) zinc selenide (ZnSe) and (d) crystalline sodium chloride (NaCl) from
ALKOR Technologies (2009).

the wavelength A and the wavenumber 7 is shown in Figure 3.5

It shows that silicon has high transmittance in the 1400 cm™! — 6000 cm™! (1.5—7 pm)
range, and therefore low emissivity. The emissivity is however high from 600 cm™? to
1400 cm™! (7 — 16 um). The transmittance through silicon dioxide shown in Fig-
ure 3.4(b) suggests that below 5000 cm™! (above 2 um) some emission contribution
can be expected. This confirms that the silicon/silicon dioxide substrate is not well
suited as a heater substrate when radiation below 1400 em™ (> 7 pm) is of any
importance.

To get rid of the emission from the substrate, other substrate materials with low emis-
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0.1 1 10 100

100000 10000 1000 100
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Figure 3.5: The relation between the wavelength A and the wavenumber o
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sivity in this range could be used. The substrate also has to have low thermal and
electrical conductivity, as discussed in chapter 4. One option is zinc selenide (ZnSe)
which has fixed transmittance of ~ 64% from 600 cm ™! to 12500 cm™! (0.8 — 17 pm), as
shown in Figure 3.4(c). Cadmium selenide (CdSe) and cadmium telluride (CdTe) also
have similar properties, i.e. a high fixed transmittance in the 600 cm~! — 5000 cm™*
(2.0 — 17 pm) range of 70% and 67% respectively. These substrates are however all
rather expensive for day-to-day laboratory usage, but could be useful expedient for
some applications.

A more inexpensive option is crystalline sodium chloride (NaCl) or potassium chlo-
ride (KCI1). Both materials have high transmittance of more than 80% in the 600 —
30000 cm ™! (0.3—16 pm) range, as shown for NaCl in Figure 3.4(d). They are however
both hygroscopic, which makes the sample more sensitive to moisture and could make
the fabrication more difficult.

The heating of the substrate could also possibly be decreased by using suspended
heaters without any direct contact to the substrate. This can be achieved by growing
the heaters on top of silicon/silicon dioxide substrate and use chemical etching (i.e.
hydrofluoric acid) to remove the silicon dioxide around and under the platinum film

and if needed also part of the silicon layer (using KOH solution) as described in Zhang
et al. (2005).

By using any of the suggested substrates or suspended heaters the dielectric surround-
ings of the heater changes. This might affect the forming of collective surface waves,
and possibly change the optical properties of the heaters.
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4 Finite element analysis

Nowadays computers are relatively inexpensive and powerful. Therefore the use of
computer models as a design tool has grown tremendously in recent years. The most
used method is probably the finite element method (FEM), but it can be used in va-
riety of fields to reduce both design and production cost significantly. In this chapter
the main objective will be FEM analysis of the microheater structure, where tem-
perature distributions, temperature-power relations and other characteristics will be
investigated.

4.1 The finite element method (FEM)

The finite element method is a numerical procedure that has been developed into a
key technology in the modeling and simulations of various engineering systems. The
method finds approximate solutions of partial differential equations (PDE) as well as of
integral equations to solve problems involving stress analysis, heat transfer, electromag-
netism, fluid flow and much more. The development of the method began in earnest
in the mid 1950s, and was mostly formalized by civil engineers for structural analysis
(Desai & Kundu 2001), but was soon extended to other fields as well. By the late 1950s,
the method had developed into essentially in the form used today (Zienkiewicz et al.
2005), and in late 1960s NASA developed the first finite element software, NASTRAN.
Even though a FEM software was already being used in late 1960s, the method was not
provided with a rigorous mathematical foundation until in 1973 (Strang & Fix 1973).
The method has gained popularity in the academia as well as in industry because of its
versatility and how easily it can be applied to problems involving complex geometries
and boundaries.

The basic idea, is to approximate a continuous system having infinite degrees of freedom
with a computational model having finite degrees of freedom as follows: After the
geometry of the structure has been modeled it is subdivided, or discretized into a
suitable number of small pieces called finite elements. This process is generally called
meshing, and is mostly done automatically by an meshing algorithm, although manual
refinement might be necessary. The interfaces between the elements are called nodal
lines or nodal planes, and the intersection of the nodal lines nodal points. Suitable
choice of elements is highly dependent on the problem and characteristics of the body.
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4 Finite element analysis

Figure 4.1: Discretization for an irregular boundary.

One dimensional bodies (e.g. beam) are most commonly subdivided in line elements,
whereas for two-dimensional bodies, triangles and quadrilaterals are the natural choices.
Three-dimensional bodies are usually partitioned by hexahedrons or tetrahedrons. If
the boundary of the body is irregular it can still be approximated by straight lines as
shown in Figure 4.1, but more advanced approximation to the boundary can also be
applied (e.g. quadratic functions).

Within each of the elements, simple smooth functions (e.g. polynomials), so called
shape functions are used to describe the distribution of the unknown quantity ¢ (e.g.
temperature, electric field) over the domain of the element. We write ¢ as

¢ = N1¢1 + Naga + N33 + ... + Ny (4.1)
where ¢1, ¢a, -+ , @, are the values of the unknown quantity at the nodal points and
Ni, Ny, -+, N, are the shape functions, or interpolation functions (Desai & Kundu

2001). The element type and the shape function should be chosen carefully to represent
the physical system at hand as well as possible. By choosing the appropriate shape
functions an exact solution can in some cases be obtained e.g. linear shape functions in
case of a first-order linear PDE or quadratic shape functions in case of a second-order
linear PDE. In general the solution obtained is not exact and it can be highly dependent
on mesh density and element type. The computation time can increase substantially
with the number of elements, therefore it is important to use a fine mesh only where
the rate of change of the unknown quantity is great and a coarser mesh elsewhere.

A number of alternative methods are possible for derivation of element equations.
The most important being the variational method and the method of weighted residu-
als (MWR). The variational method is based on minimization of a functional and is
applicable when a variational principle corresponding to the problem at hand exists
(e.g. Hamilton’s principle). The method of weighted residuals however is applicable to
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problems for which the differential equations are known regardless of the existence of
a variational principle. The MWR is based on minimization of the residual left after
an approximate or trial solution is substituted into the differential equations governing
a problem (Desai & Kundu 2001). A number of alternative schemes are available to
achieve the minimization of the residues; the most popular being the Galerkin method.

Use of either of the two foregoing methods will lead to equations describing the behavior
of an element, which are commonly expressed as

—

ki=q (4.2)

where k is element property matriz, ¢ is a vector of unknowns at the element nodes and
Q is the element nodal forcing vector. These variables have different names depending
on the fields e.g. in stress analysis k is called the stiffness matrix but in heat conduction
the conductivity matrix. To obtain equations for the behavior of the entire body the
element equations are assembled into a global equation. By modifying the global
equation to take the boundary and initial conditions into account the final set of linear
equations is obtained

Kr=R (4.3)
where K is a assemblage property matriz, ¢ is a assemblage vector of unknowns at the
nodes and R is the assemblage nodal forcing vector. Equation 4.3 can be solved using
any of the well known algorithms for solving a system of linear equations e.g. Gaussian

elimination or some iterative method.

In case of nonlinear material properties (e.g. thermal conductivity that changes with
temperature) or coupled fields (e.g. piezoelectricity or thermal electric coupling) more
advanced solution schemes are necessary. The Newton-Raphson methods and the Mod-
ified Newton-Raphson methods are the most common methods to solve such finite el-
ement problems (Zienkiewicz et al. 2005). In the Newton-Raphson scheme the load
(e.g. force or heat flux boundary condition) is divided into several load steps and each
load step divided into several substeps. In each substep a new property matrix K is
found with regard to ¢ and R and the solution is found in an iterative way. The modi-
fied Newton-Raphson method is the same as the Newton-Raphson method, except the
property matrix K remains unchanged throughout all substeps in each load step and
is only reevaluated in the beginning of each load step (ANSYS Inc. 2007).

After solving for the primary quantity, very often additional or secondary quantities
must be computed from the primary quantity (e.g. conductive heat flux in the simu-
lation of heat transfer or electric field in electric simulations). This process is usually
straightforward once the primary quantities are known, by using the physical relations
between the primary and secondary quantities. One concrete example would be find-
ing the electric field E (secondary quantity) from the voltage potential ¢ (primary
quantity) by using some elementary numerical methods and the relation

E=-Vo. (4.4)
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In recent years many finite element software products have become available, such
as the commercial packages Abaqus, ANSYS, Comsol and the open-source software
Elmer. We chose ANSYS for the thermal electric analysis of the heater structure, due
to its robust meshing features, which are especially important because of the thin film
structures, steep gradients and high element aspect ratios.

4.2 PDE's of thermal electric coupling

The heat generation in a microheater originates from resistive heating when electric
current passes through the resistive material. This effect is called Joule heating and can
be formulated by two nonlinear coupled partial differential equations, one describing
the temperature field and other the voltage potential.

Heat transfer in continuous solid material can be described by Fourier’s law
q=—kVT (4.5)

where q is the local heat flux, k the material’s thermal conductivity and T the tem-
perature. The energy balance in an infinitesimal volume can be described by the heat
continuity equation

oT
pCor TVa="r (4.6)

where p is the material density, C, its specific heat capacity and P the heat generation
per unit volume. Then

or
pCy 5 + V(—kVT) = P (4.7)

is obtained by combining Equation 4.5 and Equation 4.6.

Maxwell’s equations tell us that in the absence of a time varying magnetic field
VxE=0, (4.8)
where E is the electric field. Hence we can express the electric field by
E=-Vo¢ (4.9)
where ¢ is the scalar voltage potential. Then we can write the electric current density
j as
j=0E=—-0V¢ (4.10)

where o is the conductivity of the material. By combining the expression for charge
conservation

V.j=0 (4.11)
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and Equation 4.10 one obtains

V- (oVe) =0. (4.12)

If ¢ were known one could use Equation 4.9 and Equation 4.10 to find E and j respec-
tively, and then obtain the heat generation by

P=j-E=0E*=0|V9|*. (4.13)
Then by plugging Equation 4.13 into Equation 4.7 we get
ar 5

pCpa + V(=kVT) =0|Vo|~. (4.14)

So to solve for T and ¢ one has to solve Equation 4.12 and Equation 4.14 simultaneously
for the given geometry and boundary conditions. It should be noted that the material
properties o, k and C}, are all explicit functions of temperature 7" and hence also implicit
functions of position. This causes high nonlinearity of the system of equations, and an
iterative method is needed to solve it.

At the boundary of each subdomain, ANSYS offers a choice between the following
boundary conditions for the temperature field: fixed temperature, thermal insulation,
fixed heat flux, convective flux and radiation flux. The fixed heat flux, convective
flux and radiation flux conditions can all be used simultaneously to account for mixed
boundary conditions involving heat transfer due to both convection and radiation:

n-(—kVT) = o + (T - TOOZ+SJSB(T4 —Ti ) (4.15)
fixed outward flux convec;i,ve flux radiat;gn flux

where n is a normal vector to the boundary, qg represents the fixed outward heat flux
normal to the boundary (e.g. due to external source or drain), h is the convective
heat-transfer coefficient, T, the external bulk temperature, ¢ and osg the emissivity
and Stefan—Boltzmann constant respectively, and T,,,, the ambient temperature. The
bulk temperature 7T,, and the ambient temperature 7},,, do not necessarily have to be
the same. T, is the temperature of the fluid surrounding the object of interest while
Tamb 18 the temperature of the enclosure (e.g. room walls or the sky).

The thermal insulation boundary condition is a special case of the fixed heat flux
condition where gy = 0 and no convective or radiation flux is present:

n-(—kVT)=0 (4.16)
giving no heat transfer across that boundary.

Fixed temperature boundary condition, as the name suggests, is simply fixed temper-
ature of a boundary 0S at a given temperature Ty

T, =T (4.17)
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For the voltage field, no boundary conditions corresponding to the convection flux and
the radiation flux for the temperature field exist. Fixed electric field (or current) flux
and fixed voltage boundary conditions however exists, and as for the temperature field
the special case of zero flux is called insulation boundary condition.

4.3 Structure and boundary conditions

Many different implementations of the microheaters have been fabricated and used at
the University of Iceland and by our collaborators at IBM; three typical examples are
shown in Figures 2.1, 2.9a and 4.2. For the FEM simulations, a structure like the one
shown in Figure 4.2 was used. It was selected because of its quadrilateral symmetry
and overall simplicity. Although it has only two contact lines, the physical properties
are expected to be essentially unaltered. The four wire configuration shown in Figures
2.1 and 2.9a is only necessary in practice to measure the current and voltage drop over
the microheater, to find the power dissipation. This information can be extracted by
other means from the simulation results. Most of the microheaters used recently have
been made from platinum on a 100 nm thick silicon dioxide layer on top of a 0.5 mm
thick silicon wafer. The same thicknesses were used for most of the simulations.

Figure 4.2: A simplified wire structure.
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Compared to the heater size the Si/SiO, wafer is practically infinite in the lateral
directions (~ 5 cm). Semi-infinite volumes can not be modeled directly in ordinary
FEM software, thus we must ensure that the side lengths are long enough not to affect
the solution at the area of interest (usually 100 pum - 1 mm, depending on heater size).
If the side lengths are chosen long enough the vertical sides can safely be assumed
to be at room temperature T, = 300 K. The finite silicon thickness of 0.5 mm can
be modeled directly, and since the backside is usually in good contact with a metallic
microstage it can be assumed to be fixed at room temperature. In the simulations the
ends of both the right and the left connection pads were held fixed at V/2 and —V/2,
respectively as shown in Figure 4.2.

The energy loss due to radiation can be estimated by the Stefan-Boltzmann law, from
Equation 2.15. If we assume that we have a platinum heater (ep; &~ 0.10) of length
[ =8 pm and width w = 1 pym at temperature 7' = 700 K, a rough estimate of its
radiation energy loss gives

Pr ~ AEPtUSBT4 (418)
= 1.0 pm x 8.0 um x 0.1 x 5.670 x 107 Js'm?K~* x (700 K)* (4.19)
~ 10 nW (4.20)

which can safely be neglected when compared to the total energy loss of the order of
~ 10 mW, as known from experiments. The convective heat transfer coefficient hcony
for a macroscopic plate in air is of the order of heony ~ 10 W/m?K (Holman 1986),
and the external bulk temperature 7, ~ 300 K. The convective loss can therefore be
estimated

Prony ~ Aheony(T — Tio) = 1.0 pm x 8.0 ym x 10 W/m?K x (700 — 300) K  (4.21)
~ 30 nW (4.22)

also negligible compared to the conductive energy loss, even if h¢ony would be enhanced
substantially due to microscopic effects.

Air is very good thermal insulator with thermal conductivity around one-fiftieth of that
of silicon dioxide. By simulations it can be shown that the conductive heat transfer
to the atmospheric air is at most of the order of few hundred nW, which can safely
be neglected. This leaves the conductive heat transfer through the substrate into the
microstage as the dominating heat transfer channel.

By straight forward inspection one can see that the temperature field has to be sym-
metric about both the long-axis of the heater and the axis perpendicular to the long
axis (in the plane of the wafer). The electric potential on the other hand is symmet-
ric about the long-axis and antisymmetric about the axis perpendicular to the long
axis. This quadrilateral symmetry allows us to analyze the system by modeling only
one-fourth of it, which reduces the analysis run time significantly as well as demands
on computer resources. Minimizing the total number of nodes and elements becomes
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4 Finite element analysis

Figure 4.3: An example of the meshing of a simple wire structure. As discussed in the
text it is only necessary to model one-fourth of the heater structure due to symmetries.

especially important when modeling three dimensional structures, considering how fast
the number of nodes grows and how many elements are needed for detailed studies.
For the same reason it is very important to use a high element density close to the
heater where the rate of change of the fields is great and low element density farther
away. An example of meshing is shown if Figure 4.3, but in real simulations much
higher element density is used.
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4.4 Material properties

As discussed in section 4.2, the thermal electric analysis requires the knowledge of
certain material parameters, such as the thermal conductivity k£ and electric resistivity
0. For accurate simulations the temperature dependence of these parameters must be
taken into account. Measurements have demonstrated that both thermal and electric
conductivities are altered substantially in thin films compared to their corresponding
bulk materials (Yamane et al. 1997, Zhang et al. 2005). This discrepancy between
the thin films and the bulk materials is considered to be caused by structural defects,
surface scattering and grain boundary scattering, and is usually increased as the film
thickness decreases (Zhang et al. 2005).

In ANSYS the temperature dependent material properties may be specified either as
polynomial expressions or as tables with discrete values at given temperatures. ANSYS
then uses linear interpolation to evaluate the temperature dependent parameters at
temperatures not given explicitly in the table. In this section material properties and
related assumptions used in the FEM model will be discussed.

4.4.1 Silicon

Silicon is the principal component of most semiconductor devices, and is the most used
material in the semiconductor industry. The reason for its extensive use is that it
remains a semiconductor at higher temperatures than most other semiconductors, a
native oxide is easily grown in a furnace and it is relatively inexpensive. The micro-
heaters are grown on low doped silicon wafers of density ps; = 2330 kg/ m® and electric
resistivity pgg; 10—20 Qcem, as given by manufacturer. Due to the high electric resistivity
of the insulating silicon dioxide layer (gsi0, = 1.0 X 10 Qcm) a negligible proportion
of the electric field applied to heaters penetrates into the silicon layer. Hence the exact
value of the electrical resistivity of the silicon is of little significance, and an average
value of pg; = 15 Qcm was used.

As discussed in section 4.3 the silicon substrate serves mainly as a heat sink, and hence
its thermal conductivity ks; is of great importance. The thermal conductivity has
been shown to be practically independent of doping level for 7' > 100 K (Thompson
& Younglove 1961), therefore the well known thermal conductivity of intrinsic silicon
was used (Efunda 2009). The specific heat at constant pressure Cf; is also negligibly
affected at low doping level (Zakirov et al. 2003), thus the specific heat of intrinsic
silicon was used (COMSOL AB 2007).

All relevant properties of silicon are summarized in Table 4.1, where modified SI units
with base length 1 um are used for convenience.
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4 Finite element analysis

Table 4.1: Bulk silicon properties.

Property Symbol Value Units Reference
Density Psi 2330 x 10718 kg/(pm)? Shackelford
& Alexander
(2001)
Electrical resistivity 0s; 1.5 x 1077 TQum
Thermal conductivity Esi Efunda (2009)

-at 300 K 148 x 10 pW/(um x K)

- at 350 K 119 x 10 pW/(um x K)

_at 400 K 08.9 x 105  pW/(um x K)

_at 500 K 76.2 x 10°  pW/(um x K)

_ at 600 K 61.9 x 105 pW/(um x K)

- at 800 K 422 x 10 pW/(um x K)

~at 1000 K 31.2x 105 pW/(um x K)

Specific heat Cs; COMSOL AB
(2007)

_at 300 K 7141 x 102 pJ/(kg x K)

_at 400 K 7915 x 1012 pJ/(kg x K)

_at 500 K 835.7x 1012 pJ/(kg x K)

~at 600 K 861.8 x 102 pJ/(kg x K)

_at 700 K 880.0 x 1012 pJ/(kg x K)

_ at 800 K 896.4 x 102 pJ/(kg x K)

~at 900 K 012.1 x 102 pJ/(kg x K)

4.4.2 Silicon dioxide

The thin layer of silicon dioxide serves as a thermal and electric insulator. Many of its
properties are strongly dependent on fabrication methods, and its density can vary from
2000 — 2300 kg/m? (Shackelford & Alexander 2001). However, essentially all deposited
and thermally grown oxides in semiconductor processing are amorphous, hence density
of po = 2200 kg/m® (Petersen 1978) and specific heat Co for the amorphous phase
(COMSOL AB 2007) was used. Its electrical resistivity oo also varies widely, but in all
cases it is many orders of magnitude larger than that of silicon or the metal film. Thus
its exact numerical value is of little significance and we chose oo = 1.0 x 10'® Qm.

The thermal conductivity of the silicon dioxide layer is probably the single most impor-
tant parameter in the model presented. Measurements have shown that the normal-to-
plane thermal conductivity ko, of amorphous silicon dioxide decreases with decreasing
film thickness, and the effect can be significant for films under ~ 1 ym thickness (Kato
& Hatta 2005). However, no satisfying measurements have been done on the in-plane
thermal conductivity ko of thin films, hence the bulk thermal conductivies shown in
Table 4.2 were used for ko). Plenty of measurements have been done on the normal-
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Table 4.2: Amorphous bulk silicon dioxide properties.

Property Symbol Value Units Reference
Density 00 2200 x 1018 kg/(pum)? Petersen (1978)
Electrical resistivity 00 1.0 x 1010 TQ x pm Shackelford
& Alexander
(2001)
Thermal conductivity ko Shackelford
& Alexander
(2001)
~at 300 K 1.36 x 105 pW/(um x K)
~at 350 K 143 x 105 pW/(um x K)
- at 400 K 1.50 x 10 pW/(um x K)
- at 500 K 1.62 x 105  pW/(um x K)
_at 600 K 1.72x 105 pW/(um x K)
_at 700 K 1.80 x 105 pW/(um x K)
~at 1000 K 1.85 x 105 pW/(um x K)
Specific heat Co COMSOL AB
(2007)
~ at 300 K 716.3 x 1012 pJ/(kg x K)
~ at 400 K 864.9 x 1012 pJ/(kg x K)
_at 500 K 965.4 x 102 pJ/(kg x K)
~at 600 K 1031.9 x 1022 pJ/(kg x K)
_at 700 K 1081.3 x 102 pJ/(kg x K)
_ at 800 K 11244 x 102 pJ/(kg x K)
- at 900 K 1158.4 x 1012 pJ/(kg x K)

to-plane thermal conductivity ko, at room temperature (Kato & Hatta 2005) and
its behavior is well known as a function of film thickness as shown in Table 4.3. Tts
temperature dependence on the other hand is not well known when the film thickness
decreases, and to the best of our knowledge no satisfactory measurements exist. We
simply assume ko has the same temperature dependence as its bulk counterpart, and
scale the bulk thermal conductivity linearly by comparing its value at room temper-
ature in Table 4.3 to that of bulk in Table 4.2 (e.g. for 100 nm film we multiply the
bulk thermal conductivity with 1.10/1.36 for all temperatures). To estimate ko, for
film thicknesses not explicitly stated in Table 4.3 a linear interpolation is used.

4.4.3 Platinum

As discussed in section 4.3 most of the microheaters are made of platinum, thus its
properties are of central importance. We use the density ppy = 2144 kg/m? of bulk
platinum, and due to lack of data for the specific heat Cp; of thin films we chose to use
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Table 4.3: The dependence of the silicon dioxide normal-to-plane thermal conductivity
ko, on film thickness (Kato & Hatta 2005).

Thickness Thermal conductivity ko |
500 nm 1.18 x 10° pW/(um x K)
200 nm 1.14 x 105 pW/(um x K)
100 nm 1.10 x 10° pW/(pm x K)
50 nm 1.03 x 10° pW/(pum x K)

that of bulk platinum, shown in Table 4.4.

The resistivity of platinum depends strongly on fabrication methods and film thickness.
The resistivity of a 50 nm thick sputter deposited platinum film has been measured
both at the University of Iceland and by our collaborators at IBM to be

opiazoo k = (3.0 £ 1.0) x 1077 Qm (4.23)

compared to 1.0 x 107 Qm for bulk platinum; so the resistivity is tripled for such a thin
film. Further the thermal coefficient of resistance ap; of the thin film was measured

ap; = (0.0020 4 0.0001) K™, (4.24)

or half that of bulk platinum ap pyyx = 0.0039 K~! (Serway 1998). In all the simulations
a platinum thickness of 50 nm is used, hence the above values of opiazo0 k and ap; are
used with Equation 2.4 to find the resistivity gp; as a function of temperature. The
result is shown in Table 4.5.

Table 4.4: Platinum bulk properties.

Property Symbol Value Units Reference
Density PPt 2144 x 107'®  kg/(pm)®>  Shackelford & Alexander
(2001)
Specific heat Chpy Platinum metals review
(2007)
- at 300 K 132.2 x 10'*  pJ/(kg x K)
- at 400 K 135.1 x 10  pJ/(kg x K)
-at 500 K 138.0 x 102 pJ/(kg x K)
- at 600 K 140.9 x 10'*  pJ/(kg x K)
-at 700 K 143.8 x 102 pJ/(kg x K)
- at 800 K 146.7 x 10'*  pJ/(kg x K)
- at 900 K 149.6 x 10  pJ/(kg x K)

The Wiedemann—Franz law states that for metals at not too low temperatures (T 2 ©;
where © is the Debye temperature) the ratio of the thermal conductivity k to the
electrical conductivity o = 1/p is directly proportional to the temperature
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4.5 Temperature-power relation

Table 4.5: Platinum electrical resistivity and thermal conductivity.

Property Symbol Value Units Reference
Electrical resistivity Opt

- at 300 K 3.0 x 10713 TQ x pm

- at 400 K 3.6 x 10713 TQ x pm

- at 500 K 4.2 x 10713 T x pm

- at 600 K 4.8 x 10713 TQ x pm

- at 700 K 5.4 x 10713 TQ x pm

- at 800 K 6.0 x 10713 T x pm

- at 900 K 6.6 x 10713 TQ x pm

- at 1000 K 7.2 x 10713 T x pm
Thermal conductivity kpi

- at 300 K 50.0 x 10°  pW/(um x K)

- at 400 K 55.6 x 106  pW/(um x K)

- at 500 K 59.5 x 106  pW/(um x K)

- at 600 K 62.5 x 10¢  pW/(um x K)

- at 700 K 64.8 x 10¢  pW/(um x K)

- at 800 K 66.6 x 105 pW/(um x K)

- at 900 K 68.2 x 105 pW/(um x K)

- at 1000 K 69.4 x 10° pW/(um x K)

where the proportionality constant L is called the Lorenz number. It has been demon-
strated that the Wiedemann—Franz law holds for thin metal films, albeit the Lorentz
number £ is altered compared to the bulk value (Choi et al. 2006). The Lorentz number
has been measured

L~50x107° WQ/K? (4.26)

for a 50 nm thick platinum film (Zhang et al. 2004, 2005), compared to Lpux =~
2.6 x 1078 WQ/K? for bulk material. The Lorentz number £ and the film resistiv-
ity opy were used to predict the temperature behavior of the thermal conductivity
using Equation 4.25, the result is given in Table 4.5.

4.5 Temperature-power relation

By solving Equation 4.12 and Equation 4.14 simultaneously using the material prop-
erties for silicon, silicon dioxide and platinum discussed in subsections 4.4.1, 4.4.2
and 4.4.3 respectively, one can solve for both spatial and temporal thermal electric
behaviour of the system. The steady-state solutions are found using the static analysis
type in ANSYS, and the time-dependent properties using the transient analysis type.

The thermal electric properties were found for microheaters grown on top of dop =
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4 Finite element analysis

100 nm thick oxide layer and of fixed length [ = 8 ym and thickness d = 50 nm, but
varying width w from 200 nm to 8 pum. The wire geometries in the numerical models
correspond to the heaters studied experimentally in Yat-Yin Au et al. (2008) discussed
in section 2.5.

By solving the system of equations for each geometry using different voltage boundary
conditions one can find the voltage drop over the heater V4, the current that passes
through it I, and the temperature in the microheater center 7. This is done for few
different voltage boundary conditions and then the piecewise cubic hermite interpolating
polynomial (PCHIP) interpolation algorithm is used to interpolate for the intermediate
values.

Plotting the voltage drop V4, as a function of the current [, for each heater width w
gives the result in Figure 4.4. The points shown in the figure are the values from the
simulations, and the continuous lines are obtained by interpolation between the points.
The general [,-V}, behavior, a near-constant slope at low [, which increases when
I, increases (and hence T increases), resembles the behavior shown in experiments,
although direct comparison is difficult due to varying measured resistivity of platinum
op; as discussed in subsection 4.4.3.

In the same simulations the temperature 7" in the microheater center is recorded, and
by computing the power dissipated in the heater using Equation 2.1 and plotting the
temperature 7" as a function of the dissipated power P, results in Figure 4.5. We see
that a essentially linear F,-T relation is observed for each heater width w. This result
supports the assumption that AT is linearly related to the power dissipation P, as
discussed in section 2.1.

The slopes of the curves in Figure 4.5 give the inverse of the thermal impedance Zyy

1 dp,

—=— 4.27
Ly, dT ( )

discussed in section 2.1. Figure 4.6 shows inverse thermal impedance 1/Z;;, plotted as
a function of heater width for the fixed heater length | = 8 pum. As expected 1/Z;y
increases as the heater width increases, although the slope reduces with heater width.
This decrease in the slope is probably due to propertionally lower heat flow in the
lateral direction in the silicon dioxide layer.

If the same process is performed for heaters of fixed width w = 300 nm but varying
length [ from 0.4 pm to 15 pum Figure 4.7 is obtained. For heaters of length [ above
~ 5 pm the inverse thermal impedance 1/Zy, increases linearly with heater length [
as shown by the blue linear fitting curve. However, as the heater length [ decreases
the relative “heat leakage” into the well thermally conducting contact pads increases ,
hence the slope of the curve decreases.
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Figure 4.4: Voltage V4 as a function of the current I, for heaters of length [ = 8 um and
width w from 200 nm to 8 um.
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Figure 4.5: Temperature of the microheater center T" as a function of power dissipated
P, for heaters of length [ = 8 um and varying width w from 200 nm to 8 um.
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Figure 4.6: Inverse thermal impedance 1/Z;, as a function of heater width w for heaters
of fixed length [ = 8 pum and width w from 200 nm to 8 um.
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Figure 4.7: Inverse thermal impedance 1/Z;, as a function of heater length [ for heaters

of fixed width w = 300 nm and length [ from 0.4 pum to 15 um.
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Figure 4.8: The temperature distribution of a heater of length [ = 8 um and width
w=1pm

4.6 Temperature distributions

Using the voltage-temperature relation obtained in the simulations discussed above
one can interpolate (using PCHIP) and find the voltage boundary condition that gives
700 K microheater center temperature 7. Repeating the calculations using the interpo-
lated voltage boundary condition gives us the temperature distributions around wires
fixed at T'= 700.0 K (within 0.1%).

By plotting the temperature in the plane of the substrate along the axis perpendicular
to heater long axis Figure 4.9 is obtained. The solid lines show the temperature along
the (Pt/Air)-silicon dioxide interface and the dashed lines the temperature along the
silicon dioxide-silicon interface.

The steep temperature gradients indicate that the temperature distributions are very
localized around the heaters. For the narrow wires w < 2 pum the temperature of the
substrate does not exceed 350 K, however as the heater width increases the surface
temperature increases and for the wider heaters w 2 6 um the surface temperature
exceeds 400 K.
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Figure 4.9: Temperature along the axis perpendicular to the long axis for heaters of fixed
length [ = 8 um and varying width w held at fixed temperature 7' = 700 K.

Using the temperature distributions obtained one can estimate the proportional radia-
tion contribution of the silicon substrate when the heater radiation is measured in our
FTIR system. The optical system can be focused on the heater so that the field of
view gets a circular shape of diameter ~ [ with the heater in the middle. With respect
to Figure 4.9 we see that the silicon close to the heater is at ~ 380 K is radiating as
of platinum at 700 K for the widest heater of w = 8.0 um. We scale the contribution
with respect to the visible surface areas Ap; and Ag; and assume that the substrate
underneath the heater is shielded and is therefore neglected. We use that the emission
constant of platinum is around ep; =~ 0.1 (Deemyad & Silvera 2008) and that of silicon
around eg; ~ 0.05 (for 300 K < T' < 500 K) in the 1800 em ™' — 6000 cm ™' region. By
applying Stefan-Boltzmanns law in Equation 2.15 one gets

_Is | Asi_ 0.05x 380"
S0+ =T T 0.1 x 7008

x 0.57 ~ 0.03 (4.28)

where Is; and Ip, are the radiation intensities for silicon and platinum respectively.
This gives ~ 3% contribution from the substrate in the 1800 cm™! — 6000 cm™! region.

In the 600 cm~! — 1800 cm™! region however the emission of silicon increases up to
€si ~ 0.35 while the platinum emission is nearly unchanged ep; ~ 0.1. An estimate
with the same assumptions then gives

_Is | Asi_ 0.35x 380"
S1800— = . T 0.1 % 7008

x 0.57 ~ 0.17 (4.29)

suggests a stronger substrate radiation of ~ 17% in the 600 cm~! — 1800 cm™! region.
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4.6 Temperature distributions

These ratios are increased even further for more narrow heaters where more substrate
is radiating at lower temperatures. For w = 1.0 um ratios of ¢1g90+ ~ 0.1 and <100 ~
0.7 were obtained, and for w = 0.2 pum ratios of ¢ggor ~ 0.6 and ¢g90- ~ 4 were
obtained. This is yet another manifestation of the dominating substrate radiation in
the 600 cm~! — 1800 cm ™! range encountered for the arrays discussed in chapter 3, and
as address there this suggests that the silicon/silicon dioxide substrate is not well suited
for optical heater applications in this wavenumber range. In the 1800 cm ™! —6000 cm ™!
range however the silicon/silicon dioxide substrate is acceptable for most purposes.

Outside the heater area the temperature is practically identical above and below the
silicon dioxide layer. Below the heater however, a large temperature drop is observed
through the silicon dioxide layer. The temperature drop decreases with the heater
width, such that more of the silicon substrate is heated. This is seen more clearly in
Figure 4.10, where the temperature is plotted along the line through the heater and into
the silicon /silicon dioxide substrate. We see the temperature in the silicon substrate in
the main figure, and in the inset a zoom in of the platinum layer (—0.05—0.00 um) and
the silicon dioxide layer (0.00—0.10 um). Due to the large contrast between the thermal
conductance of the platinum and silicon dioxide layers, kpy > ko, practically uniform
temperature 7" = 700 K is observed through the platinum layer. For the narrower
heaters w < 2 pum almost all the temperature drop takes place through the silicon
dioxide layer, but as the heater width increases, more and more of the temperature
drop occurs in the silicon substrate. Even though the temperature drop in the silicon
layer is significant, it drops below 301.0 K at around 100 pum for even the widest heater
w = 8 pum, indicating that the fixed temperature boundary condition at the bottom
of the silicon substrate (thickness 0.5 mm = 500 pum) is far enough away, not to affect
the solution at the area of interest.

In Figure 4.11 the temperature is plotted along the heater long axis at the platinum-
silicon dioxide interface. The solution should however also apply to the platinum top
surface, but as we saw in Figure 4.10 the temperature is more or less the same at each
side of the platinum layer. We see that the heating of the contact pads is significant,
both because of heat leakage from the heater constriction into the pads and because of
heating due to higher current density in the pad close to the connection. The heating
increases with the width of the heater, and for the wider ones, w 2 6 pm, the contact
pads are heated up by more than 100 K close to the connection (within ~ 10 pm).
The heating of the contact pads, as shown in Figure 4.8 could result in a substantial
unpolarized thermal radiation contribution from the contact pads, especially if the
experimental system is not highly focused on the heater area.
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Figure 4.10: Temperature through the center and into the substrate for heaters of fixed
length [ = 8 um and varying width w held at fixed temperature 7' = 700 K.
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Figure 4.11: Temperature along the long axis of heaters of fixed length [ = 8 pum and
varying width w held at fixed temperature 7' = 700 K. The shaded area represents the
extent of the heaters, starting from their center.
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4.7 Effect of the metallic layer properties

4.7 Effect of the metallic layer properties

As discussed in section 2.1 it has been shown that for most metals the resistivity
increases linearly with temperature 7" as described by

0= 0o(1 +aAT) (4.30)

where oq is the resistivity at room temperature Ty, « is the thermal coefficient of
resistance (TCR) and AT =T — T (Young & Freedman 2007).
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Figure 4.12: Temperature of the microheater center T" as a function of power dissipation
P, for normal platinum resistivity gp; and increased by 50% 1.5 X ops.

By linearly increasing the platinum resistivity op; by 50%, that is multiplying the
resistivity by 1.5 independently of temperature 7', and carrying out the simulations,
Figure 4.12 is obtained. It shows, as expected, that linear scaling of the resistivity
does not change the temperature-power relation, and the two lines overlap almost
completely. This is reasonable since linear scaling of the resistivity will not alter the
Joule heating density, only the current-voltage relation (increasing o decreases the
current I;, and increases V4 such that P, = I;, x V4 will be unchanged).

However by scaling the thermal coefficient of resistance ap; by 50% and keeping og
unchanged the Joule heating density will be altered. Proportionally more energy will
be produced where the temperature is high compared to the unscaled case, that is in
the center of the heater. Nevertheless the temperature-power relation is barely altered

as shown in Figure 4.13. Only a small decrease of less than 0.5% in the temperature
T is observed at B, ~ 50 mW (T ~ 900 K).
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Figure 4.13: Temperature of the microheater center T" as a function of power dissipation
B, for normal platinum TCR ap; and increased by 50% 1.5 x apy.
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Figure 4.14: Temperature of the microheater center T" as a function of power dissipation
B, for normal platinum thermal conductivity kp; and scaled by £50%.
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4.8 FEffect of the silicon dioxide layer thickness

Figure 4.14 also shows that scaling the platinum thermal conductivity kp; by £50%
also reproduces the same temperature-power relation as for the unscaled case, as shown
in Figure 4.14. This suggests that majority of the heat produced in the heater is trans-
ported directly into the substrate through the silicon dioxide layer without spreading
much around in the platinum layer. If this was not the case increasing the platinum
thermal conductivity kp; would increase the heat flow into the contact pads and con-
sequently lower the heater temperature for a given power F.

We have seen from figures 4.12 and 4.13 that the magnitude and temperature depen-
dence of the heater resistivity is unimportant for the temperature-power relation, and
Figure 4.14 shows the same for the thermal conductivity. The suggest that the tem-
perature regulation mechanism discussed in section 2.1 is reliable despite changes in
the structural properties of the metal due to annealing and electromigration.

From this we also deduce that these simulations are roughly valid for any type of metal
used in the heater as long as the thermal conductivity of the heater is much higher
than that of the oxide (Kkpeater => ko) which is valid for most metals.

4.8 Effect of the silicon dioxide layer thickness

In section 4.6 we saw that most of the temperature drop occurs over the thin silicon
dioxide layer, and in section 4.7 that the properties of the metal have no great impact on
the thermal properties of the structure. This makes the silicon dioxide layer the single
most important layer of the structure. As discussed in subsection 4.4.2 the normal-to-
plane thermal conductivity ko, depends on the layer thickness. By using the values
given in Table 4.3 and interpolate for the intermediate values, one can investigate
with the FEM model how the thermal properties of the heater change with the silicon
dioxide layer thickness dg.

In Figure 4.15 we see the temperature of the microheater center, 7', as a function
of dissipated power B, for heater of length [ = 8 ym and width w = 1 pum but
varying silicon dioxide thickness dp from 50 nm to 500 nm. A linear relationship is
observed as before, and apparently much lower power dissipation is needed when a thick
(do ~ 500 nm) silicon dioxide layer is used. This is seen more clearly in Figure 4.16
where the inverse thermal impedance (Equation 4.27) is plotted as a function of do.
By assuming that the radiation power P, from a heater at a given temperature is
independent of silicon dioxide thickness we see that the radiation efficiency

5

= B (4.31)

&r

of the device can be increased by a factor of ~ 3 by using do = 500 nm instead of
do = 100 nm.
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Figure 4.15: The temperature of the microheater center T" as a function of power dissi-
pation B, for varying silicon dioxide layer thickness do (I = 8 um and w = 8 um).
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4.8 FEffect of the silicon dioxide layer thickness
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Figure 4.17: Current density j at temperature 7' = 700 K as a function of silicon dioxide
thickness do.

This increased radiation efficiency however comes at a price; increasing the silicon
dioxide thickness will bring interference with the light reflected at the silicon-silicon
dioxide interface closer to our measurement regime. To estimate the position 7 of the
first interference peak we can use the well known relation

1
4do

Dy = (4.32)
for interference in thin films (Young & Freedman 2007). The results for the dif-
ferent oxide thicknesses are shown in Table 4.6. These values imply that we can
safely use oxide thickness up to 350 nm without getting significant interference in
the 600 cm™! — 5000 cm™! wavenumber region. However for dg = 500 nm we expect
the first interference peak to overlap with our measurement regime.

In Figure 4.17 the current density j in a heater of length [ = 8 ym and width w = 1 ym
held at T'= 700 K is plotted as a function of silicon dioxide thickness dg. A current

Table 4.6: The position of the first interference peak 7 for few oxide thicknesses do.

Oxide thickness dg | Interference peak position 7
50 nm 50000 cm~—!
100 nm 25000 cm ™!
200 nm 12500 cm~!
350 nm 7150 cm~!
500 nm 5000 cm~!
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4 Finite element analysis

density j of more than 1 x 107 A /cm? is observed, indicating that even though platinum
is relatively resistant to electromigration (high melting temperature), the significance
of electromigration is substantial (becomes significant at 10° — 10" A/cm? for most
metals as discussed in section 2.1). The mean time to failure of a metallic wire due to
electromigration can be estimated by an empirical model developed by J.R. Black at
the end of the 1960s:

By
Thailure = Pe’“BT (4.33)

where A is a constant depending on the cross-sectional area and FE, is the activation
energy (Black 1969). We see from Figure 4.17 that by using silicon dioxide thickness
do = 500 nm instead of dp = 100 nm, we can decrease the current density needed to
obtain the same temperature T by factor ~ 2, resulting in lifetime increase of factor
~ 4 according to Equation 4.33.

The lifetime of Joule heated microwires will probably always be limited by electromi-
gration, due to the high current density. There are however a few conceivable ways to
reduce the effect of the electromigration, and consequently increase the lifetime of the
device. Firstly, a thicker silicon dioxide layer could be used as discussed above. Since
the power temperature relation is essentially independent of the type of metal used a
more electrically resistive one with high IR emissivity, such as some nichrome (Ni,Cr,)
alloy could be used to decrease the current needed (P, oc j2p), the effect on the optical
properties is however not clear. A thicker metallic layer could be used to distribute the
power dissipation over larger volume (not very efficient since P, o j?). Last but not
least it has been shown that using bidirectional current stress (e.g. square wave volt-
age) can increase the lifetime of devices encountering electromigration substantially. A
power regulation system using bidirectional current was designed, and is discussed in
details in chapter 5.

The temperature distribution is also affected by the thickness of the silicon dioxide dg
as shown in Figures 4.18, 4.19 and 4.20. In Figure 4.18 we see that the temperature
distribution perpendicular to the long axis of heaters becomes more and more smeared
out as do increases. As expected a larger temperature drop over the silicon dioxide
layer is observed as its thickness do increases, as seen more clearly in Figure 4.19.
Due to the increased temperature drop over the silicon dioxide layer, not as much
of the silicon substrate is heated up, probably resulting in shorter response time (see
section 4.9). In Figure 4.20 we see that the temperature along the long axis of heaters
drops slightly more close to the contact pads for the thicker silicon dioxide layers, but
the heating of the contact pads is essentially unaltered.
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Figure 4.18: Temperature along the axis perpendicular to the long axis of heaters at
T = 700 K on varying silicon dioxide thickness do (I =8 pum, w =1 um).
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Figure 4.19: Temperature through the center and into the substrate of heaters at 7" =
700 K on varying silicon dioxide thickness do (I =8 um, w =1 pm).
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Figure 4.20: Temperature along the long axis of heaters at 7' = 700 K on varying silicon
dioxide thickness (I = 8 um, w = 1 um). The shaded area presents the extent of the
heaters.

4.9 Thermal response time

Equations 4.12 and 4.14 can be solved in time with appropriate material properties and
boundary conditions using the transient analysis type in ANSYS. By applying a bias
voltage V' at time ¢t = 0.0 ns that results in a steady-state temperature of T,,, = 700 K
at room temperature Ty = 300.0 K the heat up process can be investigated. Heaters
of fixed length [ = 8 yum and varying width w from 200 nm to 8 pm, all grown on a
do = 100 nm thick silicon dioxide were simulated. The result is shown in Figure 4.21,
where the center temperature T is plotted as function of time . We notice that the
time it takes the heater to reach T' = 650 K increases with the heater width w, due to
more substrate heating.

By defining the thermal response time 77 as the time it takes the heater to reach a
given temperature T when starting at 7" = 300 K we can plot 700 x and 7450 x as
a function of heater width w, resulting in Figure 4.22. A short response time 7g50 K
between 10 ns and 20 ns is observed for the narrower heaters w < 2 um, however
for the wider heaters w 2 2 pm it blows up and for w = 8 um a response time of
Teso k = 250 ns is observed. This is in accordance to Figure 4.10 where we saw that
for w = 2 pm the substrate heating starts to increase rapidly.

This short response time for the narrower wires indicates that they could be useful
for electro-optical applications where short light pulses are needed, but as discussed in
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Figure 4.21: Temperature in the heater center T" as a function of time ¢ for heaters of
fixed length [ = 8 um and varying width w from 200 nm to 8 um.
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Figure 4.22: Thermal response times 7409 k and 750 k as a function of heater width w
for fixed heater length [ = 8 um.
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section 4.8 the lifetime of the heaters is seriously limited by electromigration, rendering
them unsuitable as a continuous light sources. Pulsed infrared light sources however
have variety of applications, such as in digital media writing/reading, fluorescence
spectroscopy and biochemical analysis.

4.10 Single layer cadmium selenide substrate

One of the materials suggested as a substrate material in chapter 3 was cadmium
selenide (CdSe), which has low transmissivity in the 600 cm~'—5000 cm™! (2.0—17 ym)
range. Its thermal conductivity kcgse has been shown to follow the relation

kcase(T) = 13.5613 — 0.02680393 x T + 1.86478 x 107° x T* (4.34)

in the 300 — 700 K range (Capper 1994), shown in Figure 4.23. Its electrical resis-
tivity can go as low as gcgse = 1.0 Q2m, although it is highly dependent on dopant
concentration.

deSe [W/mK]
~

O 1 1
300 400 500 600 700

Temperature 7' [K]

Figure 4.23: Thermal conductivity kcgse of cadmium selenide as a function of temperature
T.

By using a single layer cadmium selenide substrate instead of the double layer silion-
silicon dioxide the temperature-power relation for a platinum heater of width w =
1.0 pm and length [ = 8.0 um in Figure 4.24 was obtained. For comparison the
temperature-power curves for the silicon-silicon dioxide substrate is shown for two
different oxide thicknesses, do = 200 nm and dp = 350 nm. It shows that using a single
layer cadmium selenide gives a nonlinear temperature-power relation and relatively high
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Figure 4.24: The temperature of the microheater center T' as a function of power dissi-
pation B, for two silicon dioxide layer thicknesses and a cadmium selenide substrate.
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Figure 4.25: Temperature along the axis perpendicular to the long axis of heaters at
T = 700 K for two silicon dioxide layer thicknesses and a cadmium selenide substrate.
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Figure 4.26: Temperature through the center and into the substrate of heaters at 7" =
700 K for two silicon dioxide layer thicknesses and a cadmium selenide substrate.
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Figure 4.27: Temperature along the long axis of heaters at 7' = 700 K for two silicon
dioxide layer thicknesses and a cadmium selenide substrate. The shaded area presents
the extent of the heaters.
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temperature for a given power. However by looking at the temperature distribution
shown in Figures 4.25, 4.26 and 4.27 we see that the it is very smeared out in all
directions. This will lead to increased unpolarized radiation from the contact pads
and a longer thermal response time. Crystaline sodium chloride (NaCl) has a similar
thermal conductivity as the CdSe and will therefore show similar behavior. However,
due to the low emissivity of these material they might still be useful as heater substrates,
especially in the 600 cm™ — 5000 cm ™! (2.0 — 17 pm) range where the silicon-silicon
dioxide substrate is disadvantageous, as discussed in chapter 3.

From this we deduce that to be able to get a localized temperature distribution without
getting a strong substrate radiation a double layer structure must be used. A substrate
material with high thermal conductivity and a thin thermally and electrically insulating
film on top must be used, preferably both with low emissivity in the wavenumber range
of interest.
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5 Power Regulator

In the last decades the importance of electromigration has increased drastically as the
size of electronic devices has scaled down deeper into the submicron region. At the
same time its effect on reliability of electronic devices has been studied extensively both
by the industry and academia. The lifetime 7¢.ure has been shown to decrease as the
current density j and temperature 7" increase, as described by Black’s Equation 4.33
(Black 1969). Further it has been shown experimentally that the lifetime 7y can
be increased by using bidirectional current stress (e.g. square wave), and is shown
to increase with its frequency f (Liew et al. 1990, Tao et al. 1993). The lifetime
increase by using a bidirectional current can be significant, e.g. Al-2% Si interconnects
under current density of 1.5 x 107 A /cm? at room temperature were found to last for
~ 1 minute under DC current load compared to ~ 100 hours under AC current load
at frequency f = 1.0 kHz (Tao et al. 1995). This healing effect is caused by a reversed
mass transport as the polarity is changed.

The heating in the microheaters should be independent of current direction, and should
therefore be unaltered by using AC square-wave current instead of DC. Since no sat-
isfying commercial AC power regulation system was found to exist, we designed our
own to extend the lifetime of the platinum heaters. In Figure 5.1 an electronic circuit
that controls the voltage V4, applied over a microheater of resistance R, and measures
the current Iy is shown.

The circuit is a combination of two push-pull transistor amplifiers (using C557B PNP
and C547B NPN transistors), both connected to an external power source giving V., =
15V and V. = —15 V. The resistances Rp = 1.0 k() at the gates of the transistors
are simply to protect the transistors from static currents and transients. The output
current from the amplifiers is controlled by two operational amplifiers (TLO71CP) that
are also connected to the same external power source. The principle of a four-wire
measurement is exploited by connecting the inverting inputs (-) to the sensing pads of
the heater, and the current pads to the output of the amplifiers. This way the effect
of the contact resistances Rcy1, Rco, Rcz and Roy will be eliminated due to negligible
current passing through the inverting inputs. This gives a voltage drop

over the heater. A known current sensing resistance Rg is placed between the heater
and the lower amplifier and the voltage drop Vs over it measured. From the measured
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Figure 5.1: An electronic circuit that controls the voltage V}, applied over a microheater
of resistance R}, while measuring the current I},.
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voltage Vs one can calculate the current passing through the heater

Vs

Iy = —
h Rs

(5.2)
The voltage drop over the sensing resistance can be no larger than ~ 14.3 V due to
the base-emitter voltage drop over the transistors. The sensing resistance Rg must
be selected with this in mind, such that |Vg| < 14.3 V but large enough for V5 to be
measured accurately. Preferably a power resistance is used to minimize changes in Rg
as a function of current I;,.

This kind of a circuit was able to follow an input voltage square wave of frequency up
to f = 20 kHz. It may easily be optimized for higher frequencies by selecting electronic
components designed especially for higher frequencies.

By using a computer controlled DAQ-board to control V;, and measure V; one can
calculate and control the power dissipation in the microheater (P, = Vi, X I},) at a
frequency f, while changing the polarity at a much higher frequency f > f,. This way
the polarity of the heater can be changed at a high frequency despite relatively low
power regulation frequency f; ~ 10 — 100 Hz.

The use of the presented power regulation system has not yet been proven to extend
the lifetime of the platinum heaters. However, based on the effect of high frequency
bi-directional current stress on the lifetime of various other metalization systems in
the literature we expect to see an increase in their lifetime, which could increase the
practical significance of the heaters substantially.
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6 Summary and conclusion

In chapter 3 the thermal radiation from platinum microheater arrays was investigated.
It was observed that from a platinum heater array with ten heaters (I = 50 um and
w = 0.6 pum) the contribution from the silicon /silicon dioxide substrate was significant.
From ~ 500 cm™! to ~ 1700 cm ™! it dominated the contribution from the heater array,
and up to ~ 3000 cm ™! non-negligible substrate contribution is expected. Two different
ways to decrease the substrate radiation were suggested. Firstly other substrate mate-
rials with desirable thermal and optical properties can be used e.g. cadmium selenide
(CdSe) or crystalline sodium chloride (NaCl). Secondly suspended heaters without
any direct contact to the substrate could be fabricated to reduce the heating of the
substrate.

To investigate among other things the heating of the substrate for single heaters, a
thermal electric analysis was performed using the finite element technique. The heater
temperature T was found to be practically linearly related to the electrical power
dissipation A,. Further it was found that changing the electrical resistivity o or thermal
conductivity k& of the metal film barely alters the temperature-power relation. This
suggests that the assumption used for the experiments that AT is linearly related to
the power dissipation B, is valid despite the effect of annealing and electromigration
on the properties of the metal film.

The temperature distribution in plane of the heaters was found to be very localized,
especially for the narrow heaters w < 2 um where the substrate temperature at each
side did not exceed 350 K when the heaters were kept at T' = 700 K. For the wider
heaters w 2 6 um the surface temperature however exceeds 400 K. From the obtained
temperature distributions a rough estimate of the radiation contribution of the silicon-
silicon dioxide substrate was performed. It implies that its contribution can not be
neglected, especially not for wavenumbers 7 under 1800 cm ™!, where it dominates the
heater radiation for narrower heaters w <1 pm.

The temperature was found to be uniform throughout the metal film, and most of the
temperature drop happened through the silicon dioxide layer. For the narrow heaters
w < 2 pum the heating of the contact pads was negligible, but for the wider heaters
w 2 6 pm the contact pads are heated up by more than 100 K close to the connection
(within ~ 10 pm) which could result in a substantial unpolarized thermal radiation
contribution from the contact pads.
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6 Summary and conclusion

For a heater of length [ = 8 ym and width w = 1 pum it was shown that by using an
oxide thickness do = 500 nm instead of do = 100 nm the ratio between the radiation
power and the electric power could be increased by a factor of ~ 3. It would also
lower the required current density by a factor of ~ 2 resulting in a lifetime increase
of factor ~ 4 according to Black’s equation. The temperature distribution however
gets somewhat more smeared out when thicker silicon dioxide layer is used, possibly
causing more substrate radiation contribution. Using thicker silicon dioxide will also
bring interference with the light reflected at the silicon-silicon dioxide interface closer
to our measurement regime, which could overlap with our typical measurement regime
for do > 350 nm.

Another method discussed to increase the heater lifetime is to use high frequency
bidirectional current to decrease the effect of electromigration. It has been shown
for various interconnects to increase the lifetime by orders of magnitude. A power
regulation system that exploits this effects and is able to run at a frequency up to
f ~ 20 kHz was designed as discussed in chapter 5.

The lifetime of the heaters, if driven by a DC current will probably always be limited
by electromigration, due to the high current density needed j > 1 x 107 A/cm?. This
renders them unsuitable as continuous light sources, but they could still be practical
for pulsed optical applications where short light pulses are needed. Time dependent
finite element analysis gave a thermal response time of the order of tens of nanoseconds
for the narrower heaters. This suggests that they could be useful where short infrared
pulses at frequency lower than ~ 10 MHz are needed.

Analysis of a heater structure with a single layer cadmium selenide substrate shows that
the temperature distribution gets very smeared out, resulting in an increased unpolar-
ized radiation from the contact pads and a longer thermal response time. Crystalline
sodium chloride (NaCl) has a similar thermal conductivity as the CdSe therefore we
expect it to behave similarly. However, due to the low emissivity of these materials
they might still be useful as heater substrates, especially in the 600 cm™! — 5000 cm™*
(2.0—17 pm) range. From this we deduce that to be able to get a localized temperature
distribution without getting a strong substrate radiation a double layer structure with
a strong thermal conductivity contrast must be used.
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