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Abstract

This dissertation details the development of a new scientific tool for the thermal
characterization of freestanding micro/nano-scale materials, with specific application to thin films.
The tool consists of a custom-designed and calibrated opto-electric system with superior spatial
and temporal resolutions in thermal measurement. The tool, termed as Suspended
ThermoReflectance (STR), can successfully perform thermal mappings at the submicron level and
is able to produce unconstrained thermal conductivity unlike other optical measurement techniques
where independent conductivity measurement is not possible due to their reliance on heat capacity.
STR works by changing the temperature of a material and collecting the associated change in light
reflection from multiple points on the sample surface. The reflection is a function of the material
being tested, the wavelength of the probe light and the composition of the specimen for transparent
and quasi-transparent materials. Coupling the change in reflection, along the sample’s length, with
the knowledge of heat conduction allows for the determination of the thermal properties of interest.
A thermal analytical model is developed and incorporated with optical equations to characterize
the conductivity of thin films. The analytical model is compared with a finite element model to
check its applicability in the STR experiment and data analysis. Ultimately, thermal conductivity
of 2 um and 3 pum thick Si samples were determined using STR at a temperature range of 20K —
350K and compared to literature as a validation of the technique.

The system was automated using a novel LabView-based program. This program allowed
the user to control the equipment including electronics, optics and optical cryostat. Moreover, data
acquisition and real-time monitoring of the system are also accomplished through this computer

application.



A description of the development, fabrication and characterization of the freestanding thin
films is detailed in this dissertation. For the most part, the thin films were fabricated using standard
microfabrication techniques. However, different dry and wet etching techniques were compared
for minimum surface roughness to reduce light scattering. The best etching technique was used to
trim the Si films for the desired thicknesses. Besides, vapor HF was used to avoid stiction-failure

during the release of suspended films.
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Chapter 1 - Introduction

Integrated circuits (ICs) and electronic and optoelectronic devices generate heat and
increase temperature under various operating conditions. Poor thermal management, however, can
result in decreased reliability or catastrophic failure of these devices.[1], [2] Additionally, thermal
characterization of these devices has become difficult due to their size reduction and monolithic
integration of sub-micrometer devices on a chip.[3] Therefore, more efficient thermal management
and temperature distribution is essential for improved performance such as less heat generation
and faster functionality.[4] Thin films, or membranes, with thicknesses ranging from one atomic
layer to hundreds of micrometers have been extensively used to improve the electrical, optical,
and thermal functionalities in engineering systems such as the gate electrode of MOS devices,[5]
solar cells,[6] polysilicon resistive temperature sensors,[7] and thermoelectrics.[8], [9] Thermal
conductivity of the film differs significantly from its bulk counterpart, with millimeter or above
dimensions, due to the geometric constraints and scattering of phonons (dominant energy carriers
in silicon) of the film.[10] Studies of silicon films have found that room-temperature thermal
conductivity decreases by more than 10% for approximately 1 pm of thin film[11] and up to 50%
for films of 100 nm[12], [13] compared to bulk silicon. The size effect becomes more pronounced
at lower temperatures as the mean free path of the bulk counterpart increases.[14], [15]

Since the 1950s, extensive efforts have been made to characterize thermal conductivity and
thermal contact resistance in bulk materials.[16]-[24] However, most conventional thermal
conductivity measurement techniques lack the spatial resolution to measure the temperature
gradient/difference or heat flux across a length scale below tens of micrometers.[25], [26] Thus,
research interest has increased to identify techniques to determine submicron temperature

distributions. This study explored experimental techniques to measure in-plane thermal



conductivity of thin films. To obtain meaningful results, this research sought to understand the
suitability and limitations of various techniques that depend on film thickness, expected thermal
conductivity relative to the substrate or supporting measurement structure, and sample preparation

restrictions related to microstructural defects or device simulation requirements.[10]

1.1 Contact Temperature Measurement Techniques

In contact methods, current is passed through a metal bridge machined on a sample film to
generate Joule heat and facilitate precise local heating and temperature measurement
simultaneously. This section briefly describes two common types of contact temperature
measurement techniques. More details about these techniques can be found in the literature.[10],

[26]-{28]

1.1.1 Steady-state Measurement Techniques

Several studies have used steady-state electrical techniques to measure in-plane thermal
conductivity of single-crystal silicon films,[29]-[32] polycrystalline silicon microcantilevers,
[33]-[37] microbridges,[38], [39] suspended membranes,[10], [40], [41] and cross-plane thermal
conductivity of amorphous-silicon.[42]-[44]

The thin film, whose temperature will be measured, is sandwiched between two metal
plates, which act as heater and sensor for measuring cross-plane thermal conductivity. The entire
device is fabricated on a large substrate or metal plate to increase its usability and allow it to
operate as a heat sink (Figure 1.1a). Two heaters/sensors are placed on the thin film for the in-

plane thermal conductivity measurement, as shown in Figure 1.1(b).
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Figure 1.1 Steady-state methods for measuring a) cross-plane and b) in-plane thermal
conductivity of thin films. In cross-plane measurement, the metal strip serves as both heater and
temperature sensor, but in-plane measurement requires a separate temperature sensor.[45]

1.1.2 Transient Measurement Techniques

Cahill et al. first introduced the 3 method, a transient electrical technique, to measure out-
of-plan thermal conductivity for disordered film, such as amorphous silicon dioxide, which has
low thermal conductivity.[46] Due to high thermal conductivity of the Si film, heat spread in all
directions, proving that the 3w method can be used to measure in-plane and out-of-plane thermal
conductivity.[10], [47]

The studies grew or deposited a passivation oxide layer on the thin film and measured the
thermal conductivity (Figure 1.2). Low thermal conductivity of the passivation layer ensured
lateral heat conduction in the thin film (Si layer). An Al heater line was deposited on the oxide
layer. Out-of-plan thermal conductivity can be measured when the heater line is wider than the Si
layer, but heat dissipated in lateral and perpendicular directions when the heater line was thin,
allowing both in-plane and out-plan thermal conductivity measurement.[48], [49] A current of 1®
frequency was sent to the heater wire, causing temperature and resistance to fluctuate at 2o due to
Joule heating. When multiplied by the sinusoidal current, this temperature fluctuation resulted in

a 3o voltage component, which was measured by a lock-in amplifier.[50], [51]



Although this method requires a complex and rigorous data analysis procedure, sample
fabrication is relatively easier than the steady-state contact method due to the use of simple

aluminum heater line.

| .
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Figure 1.2 Schematic diagram of a typical 3® method for thermal characterization of thin films,
measuring thermal conductivity of the device layer of a silicon-on-insulator (SOI) wafer.[12]

1.2 Non-Contact or Thermoreflectance Techniques

The thermoreflectance (TR) technique is a cost-effective, non-contact, non-destructive,
ultra-fast optical approach for probing steady-state, transient, and periodic surface temperatures.
Moreover, this technique provides accurate results for submicron features with excellent spatial,
temporal, and thermal resolutions.[52]

In the TR technique, a pump laser heats the sample and, as the temperature of the sample
rises, a probe laser registers the change in reflectivity. Based on the position of the lasers, this
technique can work in two ways, as shown in Figure 1.3. A common technique[13], [53], [54] uses
both pump and probe lasers on the same side of the sample (Figure 1.3a), while a novel technique,
described in this dissertation, applies pump and probe lasers on the opposite side of a suspended
thin film (Figure 1.3b).[55] As described in the following sections, existing TR techniques can be

divided into three main categories.
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Figure 1.3 Basic thermoreflectance measurement principle. a) Pump & probe are on the same
side and Si layer is attached to a substrate[53], [56], b) Pump & probe are on the opposite side
and Si layer is suspended from the substrate.

1.2.1 Transient Thermoreflectance

Transient thermoreflectance (TTR) is a pump-probe measurement to produce a sample’s
transient heating or cooling time, which is then correlated to the thermal properties of the material
using heat transfer models. In this technique, the pump and probe lasers are focused at the same
point on the sample from the same side. The pump laser power is pulsed with a duration of pico-
nanosecond to femtosecond and a repetition period of millisecond. The temperature difference
induced by the pump laser changes the reflectivity, which is measured with a second weaker laser
that can be variably delayed with respect to the heating pulse. Due to the very short heating period,
thermal penetration depth into the substrate is very small ( ~20 nm for visible light), and heat
diffusion out of this region is monitored by the TR signal as a function of time delay.[57]

Hopkins et al. showed the relationship between pump-probe time delay and TTR signal for
gold film on glass substrate (Figure 1.4a).[58] As shown in the figure, the heating cycle is the
negative delay time, whereas the cooling cycle is the positive delay time. Each point at the cooling
curve was collected by moving the delay stage on the probe side by 30 um from the previous

position. Figure 1.4b presents a typical TTR setup used by Goodson et al.[53] As shown in the



figure, the continuous wave (CW) probe beam coupled with a high-power optical microscope
could be focused on the smallest spot limited by diffraction, while the pulsed pump beam had a
diameter of approximately 1 mm at the sample surface to ensure one-dimensional (1D) heat
conduction at measurement timescales. Another variation of this technique replaces CW laser with

pulsed laser, but signal is analyzed in a similar way from the time constant.
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Figure 1.4 a) Relation between pump-probe delay and TTR signal for 20 nm Au film evaporated
on a glass substrate.[58] b) Laser path and electrical signals in TTR experiment.[53]
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By attributing 1D nature to heat conduction, the TTR signal is analyzed by the conduction
equation using the finite difference method and curve fitting. The heat conduction equation
correlates thermal diffusivity with the time constant measured in the experiment. Thermal
diffusivity is a function of heat capacity and thermal conductivity. A value of heat capacity is
assumed, using the bulk material, considering it does not change with length-scale reduction. The
curve is then fitted with the experimental data by varying thermal conductivity until the best fit is

obtained.[57], [59]



1.2.2 Time Domain Thermoreflectance

Time domain thermoreflectance (TDTR), a sophisticated variation of the TTR method,
splits a pulsed laser into two distinct routes: the pump path is modulated at a frequency, and the
probe course is pulsed signal similar to TTR method. The most common implementation of TDTR
uses an Al-coated sample (Crr = 10 K™1)[60], [61] and a mode-locked Ti:sapphire laser as the
light source.[62], [63] The laser produces a train of sub-picosecond optical pulses at a high
repetition rate of approximately 80 MHz.[64] Although typical laser wavelengths for TDTR are
approximately 800 nm,[65] researchers also have used wavelengths of 632 nm[66] and 1030
nm.[61] Pump and probe paths are focused on the sample via a single microscope objective after
the pump laser passes through an electro-optic modulator (EOM) and the probe laser travels
through a mechanical delay stage.[67], [68] Smaller probe to pump beam profile on the sample is
needed to assess lateral thermal conduction. The beam profile is generated by expanding the laser
beam before the delay stage and later focusing by objective lens. This expansion also decreases
beam divergence in the long propagation range. Because the pump and probe laser have identical
wavelengths, the photodetector detects both types of reflected laser, thereby affecting the
experimental outcome. This effect is prevented by a polarizing beam splitter (PBS), which is
effective for the cross polarization of the reflected laser beams, or by a spatial separation of the
reflected pump and probe beam for an optically smooth (< 15 nm RMS surface roughness[64])
sample. Detailed discussions of various TDTR setups are presented in the literature.[69]—[75]

The TDTR measurement process is presented graphically in Figure 1.5. Figure 1.5a depicts
heat input to the sample using a pump laser (modulation frequency <10 MHz).[64] Each impulse
of heat generates a temperature response in the sample (Figure 1.5b), which generally does not

abate before the next pulse arrives. Figure 1.5¢ shows that the probe pulses arrive at the sample



delayed from the pump pulses by time 1, determined by the position of the delay stage, and Figure
1.5d depicts the probe pulses as they sample the surface temperature.[73] Probe excitation does
not affect the measurement because it has no frequency component at the modulation frequency

and 1s not captured by the lock-in amplifier.

e
©
—e
s
L

—a Pump pulses
—— Temperature
—a Probe pulses

It

=

I T
---= Reference wave
—— Temperature
—1a Probe pulses
=== Measured signal

Rt

Time (a.u.)

Figure 1.5 TDTR measurement technique: (a) modulated pump beam input; (b) surface
temperature of the sample in response to the pump input; (c) probe pulses at the sample delayed
by a time 7; and (d) measured probe and reference signal.[76]

TDTR signal is analyzed by transfer function Z(w), where w is the thermal input
frequency. The transfer function is shown in Figure 1.6. Amplitude 4 and phase ¢ of the lock-in

output, Ae!(®ot +®) are functions of the delay between the pump and probe pulses and the physical



properties of the sample. Reference frequency wg is set by the EOM modulation of the pump

beam.[73], [77]

piwot Z(w) % Z(wg)eiwot = Aet(wot+9)

Figure 1.6 Transfer function, Z(w), with the thermal response of the system (analytical model)
and the properties of the pump and probe beams.[73]

1.2.3 Frequency Domain Thermoreflectance

The frequency domain thermoreflectance (FDTR) method utilizes the advantageous spot
geometry and analysis approach of TDTR while incorporating experimental simplicity by making
frequency, not time delay, the independent parameter.[13] FDTR can therefore be easily
accomplished using the same TDTR method by setting the delay stage at a certain location and by
adjusting the frequency of modulation. Moreover, the FDTR method can eliminate the difficulty
of the beam walk-off and the divergence involved with the mechanical delay stage owing to the
fixation of the probe period. The FDTR system can also be implemented using cost-effective CW
lasers (shown in Figure 1.7b), which achieve similar accuracy to TDTR measurement for thermal
conductivity of many thin film materials.[45], [69], [78], [79]

Two experimental FDTR setups are shown in Figure 1.7, with Figure 1.7a showing the use
of two CW lasers and Figure 1.7b demonstrating the use of one pulsed laser, as in the TDTR
method.[13], [80] The probe beam is pointed directly on the sample without going through a
mechanical stage of delay. To ensure surface heat deposition and adequate thermoreflectance, the
samples are coated with a gold transducer layer with high pump wavelength absorptivity and high

probe wavelength thermoreflectance coefficient.[81], [82] Using a photodetector and a lock-in



amplifier, the thermoreflectance change incorporated in the reflected probe beam is also extracted.
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Figure 1.7 Two experimental arrangements for FDTR: (a) system based on CW lasers; (b)
system based on pulsed laser.[13]

As mentioned, FDTR data is analyzed in a similar way to TDTR with the exclusion of
delta function (defines pulses) for CW lasers. Schmidt et al. and Malen et al. describe the

complete data analysis process.[13][83]

1.3 Previous Measurement of Thermal Conductivity

Table 1.1 and Table 1.2 summarize experimental data from contact and non-contact
methods. Since crystalline silicon and poly-silicon demonstrate different trends in thermal
conductivity, they are presented separately in Table 1.2 and Table 1.2, respectively. TR
measurements are plotted in Figure 1.8, with contact method measurements for comparison. It can
be readily noticed that most of the silicon thermal conductivity measurements are done using
steady-state joule heating method since it is a very old and established technique. On the other
hand, though optical methods have gained much popularity in recent times, few measurements on

silicon are conducted using these methods.
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Table 1.1 Previous studies on thermal conductivity measurement of single-crystal silicon films

Film Temperature | x (W/mK) @
Article Year Doping Measurement Method
Thickness Range (K) 300 K
Yu et al.[84] 1996 4 pm Intrinsic Thermal wave technique 300 128
Steady-state Joule heating and
Zheng et al.[32] | 1996 155 nm Intrinsic electrical resistance 300 2.2
thermometry
Steady-state Joule heating and
Asheghi et 0.42-1.6
1998 Intrinsic electrical resistance 20 -300 88 -138
al.[29] pm
thermometry
74 — 240
Juetal[12] 1999 Intrinsic Periodic Joule heating 300 74.7 - 101
nm
Steady-state Joule heating and
Vélklein et As/B 82-67.1/
2000 174 nm electrical resistance 100 - 350
al.[34] Doped 61.9-56.2
thermometry
Sverdrup et .
2001 S um N-type Steady-state Joule heating 100 — 200 -
al.[85]
) Steady-state Joule heating and
Asheghi et 133 -113/
2002 3 pm P/B Doped | electrical resistance 20-300
al.[30] 128 - 107
thermometry
Aubain et 68 — 258 Scanning thermoreflectance
2010 B Doped 300 70 - 125
al.[86] nm with electrical heating
Aubain et 68 — 258 Scanning thermoreflectance
2011 B Doped 300 50-110
al.[87] nm with electrical heating
Anufriev et
2016 80 nm Intrinsic TDTR 300 180
al.[88]
Wang et al.[89] | 2016 Bulk Intrinsic FDTR 300 120
Li et al.[90] 2018 Bulk Intrinsic TDTR 300 118

Table 1.2 Previous thermal conductivity measurements of poly/amorphous-silicon films

Film Temperature | x (W/mK) @
Article Year Doping Measurement Method

Thickness Range (K) 300 K
Mastrangelo et ) ) )

1988 1.3 um P-type AC heating microbridge 300 27.9
al.[91]
Steady-state current-voltage

Tai et al.[39] 1988 1.5 um P-type 300 —425 32

characteristics
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Volklein et
1992 370 nm P-type Steady-state Joule heating 80— 400 29
al.[34]
Henager et 22-99
1993 Intrinsic Thermal comparator technique | 300 0.97
al.[92] pm
Paul et al.[36] 1994 340 nm P-type Steady-state Joule heating 100 — 420 15-18
) 0.7-1.6 )
Wei et al.[56] 1995 Intrinsic Thermal wave technique 300 15-23
pm
Irace el al.[41] 1999 300 nm B doped Steady-state Joule heating 300 345
McConnel et
2001 1 pm P doped Steady-state Joule heating 20-320 57.5-49.1
al.[40]
Graham et .
193] 2003 2 -4 pum Intrinsic Steady-state Joule heating 200 —-320 59.2-514
al.
20, 58, 109 1-9,2-11,
Shiga et al.[94] 2018 Intrinsic TDTR 50-300
nm 10 - 48

1.4 Suspended Thermoreflectance (STR)

The new Suspended Thermoreflectance (STR) technique combines the advantages of
steady-state measurement and TTR technique. In fact, it not only has the ability to conduct
measurement on completely suspended films, but it can also independently measure thermal
conductivity without assuming any heat capability value from the bulk material.

In STR, a pump laser heats the sample from one side, and a probe laser scans through the
other side to detect the change in the reflectivity. The sample is so thin that there is negligible
temperature gradient along the thickness. Therefore, backside probing represents the actual
temperature of the structure. Figure 1.8 is a simplified representation of the measurement
technique. The pump laser beam goes through a beam expander, which expands the beam into a
1:8 ratio. The laser train then passes through beam splitter and is split into two equal parts. One of
which falls onto the sample after being focused by the lens, and the other goes to a Photodiode 2

where incident laser power on the beam is determined. Photodiode 1 captures any light which is
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reflected from the sample and this reflection is subtracted from the measured power of photodiode
2 to calculate the actual incident laser power. The same sequence is repeated on the probe side,
except that photodiode 4 reports the reflection from the structure associated with the temperature
change. In addition, the probe laser beam has a high divergence which is reduced by the use of two
collimating lenses.

Probe laser is excited with a sinusoidal signal from signal generator. This is so that the
reflected signal from photodiode 4 can be measured against the reference signal in lock-in
amplifier, which allows the detection of very small changes in reflection even if buried in external
noise. Photodiode 3 helps normalizing the probe side reflected signal to exclude the noise of probe

laser itself. A detailed description and function of each component is provided in Chapter 4.
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Figure 1.8 STR setup to measure temperature along the sample. Samples are inside a cryostat to
ensure ultra-high vacuum and low-temperature environment.[95]
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1.4.1 Significance of STR Over Other Techniques

Compared to contact methods, the advantages of TR methods include no observer effect in
the measurement and significantly higher spatial and temporal resolution. Likewise, compared to
other optical methods, STR can advantageously obtain measurements on a completely suspended
film. Because the TTR, TDTR, and FDTR methods have the assumption of a semi-infinite
substrate and no influence from subsequent layers in the multilayered structure, these systems do
not have the spatial constraints of many semiconductor devices.[13] Therefore, this new
Suspended Thermoreflectance (STR) method is developed.[95], [96] A freely suspended p-
cantilever beam is thermally characterized using the method.

A time constant is determined in the transient techniques by measuring the heating or
cooling time of the sample. Heat transfer models yield thermal diffusivity from the time constant.
But thermal diffusivity is a function of thermal conductivity (TC) and heat capacity. Therefore,
thermal conductivity of thin films is determined by assuming that heat capacity of the bulk material
does not change with a change in dimension. However, recent studies suggest that heat capacity is
also a function of sample thickness and temperature.[97]-[99] This characteristic of heat capacity
makes reliable thermal conductivity measurement difficult in transient techniques. On the other
hand, direct thermal conductivity is determined in STR by measuring the temperature gradient
along the length of the cantilever. Thus, TC does not depend on heat capacity.

Most of the TDTR and FDTR techniques require a metal film (Aluminum/Platinum etc.)
on top of the sample for higher light absorbance and to increase thermoreflective coefficient. In
some cases, such as GaN deposited on top of Si or SiC [100], metal to sample thermal boundary
conductance (TBC) is low, but the sample has a very high thermal conductivity (TC). As a result,

very little amount of heat is transferred to the sample and the heat will dissipate to the substrate as
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soon as it reaches the sample due to its high TC. This makes the measurement very difficult.
Application of only the thin film (with no metal absorber) helps STR avoid such issues.

Moreover, TDTR and FDTR use femtosecond to picosecond laser pulses for the
measurement. Short pulses help to achieve good temporal resolution and higher precision for high
thermally conductive materials. But they cannot penetrate deep into the substrate (normally <20
nm) due to their short duration. [101] As a result, measurements are not carried out uniformly over
the entire depth of the sample, but only on the top few nanometers. Because of the use of
continuous wave (CW) lasers, STR does not have this problem.

Unlike previously used least-square techniques, where analytical solutions are fitted to the
experimental data by varying an independent variable like thermal conductivity to find its best
value[53], [59], [63], [102], thermal conductivity can be obtained independently in STR if the
temperature of two or more points along the length of the cantilever is known.

To summarize, STR measures thermal conductivity independently without using any metal
absorber. This technique characterizes TC uniformly over the entire depth of the sample with the

help of CW lasers and a simple analytical model.
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Chapter 2 - Theory: Thermoreflectance and Heat Transfer

This chapter presents the theory for STR measurement. The first section describes the
relationship between surface temperature change and associated changes in reflection, and the
second section derives a 1D heat transfer model to analyze thermal properties, such as thermal
conductivity, of a suspended cantilever when temperatures of two or more points along the length
of cantilever are known. The third section of the chapter verifies the 1D model using FEM
simulation, and last section describes phase change along the cantilever when sample absorbs the

probe beam.

2.1 Correlation Between Temperature and Reflection

A rise in temperature triggers a change in the energy gap and extends the associated critical
point. The energy gap occurs due to thermal expansion and the electron and phonon interaction.
For most critical points, the change in thermal expansion has the same sign (i.e. direction) with
magnitude similar to the phonon shift; broadening, which is only due to the electron—phonon
interaction, is small compared to the total shift.[4], [103]

For non-magnetic, isotropic, homogeneous media, in which optical constants can be treated
as scalars, the phenomenological basis of TR spectroscopy[104] can be understood by studying
the change in the complex dielectric function.[4] The TR technique primarily measures the change

of the complex dielectric function.

(95

=& + igz (1)
where €;and €, are the real and imaginary parts of the dielectric function, respectively. The

complex refractive index is related to the dielectric function € by:[105]
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e = (7)? (2)

& =n? —k? (3)

& = 2nk “4)
where n is the index of refraction and k is the extinction coefficient. In general, change induced by
external or internal perturbation can be observed in transmission or reflection measurements.
When changes in the reflection spectrum caused by thermal excitation are observed, the method is

classified as TR thermometry.

The relationship between reflectance change and corresponding change of dielectric

function can be presented with the Seraphine coefficients ag and S,.[105]

AR
i asAe; + BAe, (5)
where
2A
Ry ©
2B
b= T B @
and
A=nm?-3k?-1) (8)
B =k (3n2 — k? —1) )

In general, n and k are the real and imaginary parts, respectively, of the complex refractive
index I = n + ikand can be expressed through the real and imaginary parts of the dielectric

function.[106]
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Finally, the change in reflection can be calculated as

AR 4(n? — 3k? — 1)An + 8nkAk 12)
R [(n+ D%+ k2]|[(n+ 1% — k2]

where An and Ak are the change in n and k resulting from the temperature change. The temperature
increase causes a shift in the energy gap (E;) and broadens the critical parameter (I") involved.
Combining these two effects, one can write

os dEg 0e dr
+ ——AT (13)

8 =35, ar “ tarar

When the broadening parameter is assumed to be constant, the relationship between

dielectric function and temperature is obtained.[4]

ds
As = — AT 14
£=7x (14)

Likewise, the equation for the TR coefficient can be obtained by taking a first-order
approximation of the relationship between surface temperature change and reflectivity change.

[60], [105]

AR 10R
— = —— AT = CrgAT 15
R ~ ROT TR (1)
Relative change in the optical reflectance per unit temperature change is termed the
thermoreflectance coefficient (C7r). This coefficient depends on probed material[107] and on the

wavelength of probe light[108] due to the association of these properties with the dielectric

function.
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2.2 One-Dimensional Heat Transfer Model

Due to the simplicity of calculation, 1D heat transfer models are commonly utilized for
thin films in non-contact methods such as TTR, TDTR, and FDTR. Moreover, in order to attribute
a 1D model to TTR and TDTR, heat conduction in the lateral direction is typically assumed to be
several orders of magnitude larger than the penetration depth into the substrate.[53], [59], [76],
[77] In FDTR, application of a 1D model includes the assumption that heat flows in the planar
direction of thin films.[83], [102] All these models assume a semi-infinite substrate and require a
complex heat transfer model to analyze thermal property in a multilayered structure.[13] Thus, by
definition, these systems do not contain the spatial constraints that many semiconductor devices
utilize.[7]-[9] Therefore, a new method was recently developed termed Suspended
Thermoreflectance (STR).[55], [96]

Heat carriers for conduction (electrons and phonons) have characteristic lengths and time
constants, and when a system’s geometry or conditions are comparable to these characteristic
values, the material’s thermal conductivity, «, change.[109]-[116] Figure 2.1 shows the thermal
conductivity of bulk silicon with geometry significantly longer than its characteristic length[117]
and silicon thin films with geometries on the order of characteristic length.[29], [40], [118] As
shown in the figure, thermal conductivity decreased by a factor of 10 when bulk transitioned to
thin film. However, these bulk and thin films are two extreme cases in which dimensional ratios
are not comparable. Therefore, the equations in this paper use a continuum-based model that does
not consider quantum, atomic, or ballistic effects. This equation will provide a fair comparison
between bulk material and microns size films [119]. Because the heat equation is a diffusive model,

deviation from this model indicated the potential presence of the aforementioned effects.
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Figure 2.1 Thermal conductivity of Si: Variation with temperature change for bulk silicon and
thin films of silicon of different doping and crystallinity. (Adapted from Ref. [29] - [32])
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The steady-state part of the 1D heat transfer model presented in this dissertation is directly

applicable to measure thermal conductivity using the Suspended Thermoreflectance (STR)

technique.[55], [96] Transient and harmonic parts are for better understanding of heat flow in the

cantilever. The model in this research was developed based on assumptions from experimental

conditions. The first assumption was that the beam is under vacuum to the extent that convection

becomes negligible. The second assumption presumed that the sample experiences a small increase

in temperature, AT<10K, making radiative effects negligible.[83] Thirdly, when temperature

changes are small, temperature-dependent physical properties of the material were assumed to

remain constant. The fourth assumption supposed heat carriers to be in local thermal equilibrium,

and are explained adequately by a diffusive transport model .[120], [121]
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The heat transfer behavior of micro/nano-cantilevers examined in this work is theoretically
divided into three regimes. In the first regime, the beam has been heated by a constant heat flux at
the free end and is operating at steady-state conditions. Analysis of this regime reveals the thermal
conductivity of the material. In the second regime, the cantilever is initially at the same
temperature as the fixed end and is then instantaneously heated at its tip. As its temperature
increases, it exists in a transient state until enough time has passed, after which it is identical to the
steady-state regime. In the third regime, the heat flux has a sinusoidal oscillation superimposed at
its tip and the system reacts harmonically. Analysis of transient and harmonic regimes provides
more in-depth comparison with finite element simulation when checking the heat diffusion
equation’s applicability to analyze thermal conductivity in the experiment. A schematic of a

cantilever beam with heat flux at the tip is shown in Figure 2.2.

Heat Flux p, C,x 1D cantilever

Steady-State /
\Tsub
X

and Transient >
L Fixed to the substrate

Harmonic /\/

I: >
Figure 2.2 1D solid bar with heat flux at the tip and constant temperature at the opposite end.
Steady-State and transient heat flux have a constant flux component, but harmonic heat flux has

frequency.

As shown in the figure, the physically fixed end of the beam is set as the origin, and the
beam extends in the positive x-direction to its full length (L). The governing equation for 1D heat

diffusion in this beam is

ou 0%u
_— = K— 16
pC 5t (x,t) Kax2 (x,t) (16)
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where the temperature (u) is a function of both time (t) and position (x), and it represents the
absolute temperature at any position on the cantilever, at any given time. The other variables are
taken from the material properties of the cantilever/sample: density (p), heat capacity (C), and the
coefficient of thermal conductivity (k). The three material constants are combined to form the

thermal diffusivity («), and the heat transfer equation is rewritten.

_K

a_pC (17)
ou 0%u
— =g — <x< <t< 18
=%z 0sx<L 0<t<o (18)

Initial and boundary conditions mimics conditions in STR experiment.[96] Therefore, the fixed
end is permanently set to the temperature of the substrate (T, ).

u(0,t) = Tgyp, 0<t<o (19)
The other end of the cantilever is excited with constant intensity or heat flux (I) and harmonic flux.
The harmonic flux contains amplitude (4) and frequency (w). For the modeled system, the

oscillation amplitude cannot exceed the constant intensity.

ou I A
— (L, t) = —+ —sin(wt), 0<t<o (20)
0x K K

A<I (21)

The initial condition specifies that the entire cantilever is initially all at the substrate temperature.
u(x,0) = Tsyp, 0<x<L (22)

Taken together, the partial differential equation, boundary conditions, and initial condition are

written as
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(Ou 0%u

at—aﬁ, 0<x<I, 0<t<o
= <t<
) glEO, t) Ts}m, ., 0<t<o (23)
— (L, t) = —+ —sin(wt), 0<t< o
0x K K

\u(x,0) = Toyp, 0<x<L
Through the process of nondimensionalization, the system becomes generalized and easier

to solve. The x interval is divided by length to generate dimensionless distance (X):

0<x<L

- <1 (24)

anll I

p=2 25
=7 @25)

Utilizing the chain rule, the spatial partial derivatives with respect to the dimensionless distance

become:

Ou_ dudx 10u (26)
ox _ 9xdx L%

’u 0 <6u> 0 (1 au) _ 10%u o7
dx2  0x\ox/ Odx\Lox/ L2 %2
To nondimensionalize time, dimensionless time () becomes a function of time, and the chain rule

is used again to take the partial derivative with respect to time. Then the partial time and spatial

derivatives are equated using Eqn. (18).

t=t() (28)
Ju _ Judt (29)
ot atdt
£ 2
Judt _ adu (30)
otdt L?0x?
dt «
a_«a 31
dt L2 G
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t=— (32)

Because dimensionless temperature () is a function of temperature, after taking derivatives again,

the final dimensionless form of the heat transfer equation is

—-T
0(u) = U= ‘sup (33)
Tsub

06 d96u_ 1 ou

A= ST = - 34
ot dudt Tgyyp ot (34)
00 dfou 1 du (35
0%  dudx T, 0% )
%0 a (00 1 02
= z(5x) =5 (36)
0x? 0x\ox/) Ty 0X?
06 _0%6 0<zx<1 0<t< (37)
e (0]
9t ox2’ =X=4 =t=
Boundary and initial conditions are written in terms of the dimensionless parameters as
’U,(O, f) = Tsub' 0 < f < 00 (38)
ou ou dx
et = —(1.1) « —= 39
ou . L - wl?, .
—(1,t) =—|I + Asin(—1)|, 0<t<w (40)
0x K a
u(x,0) = Teup, 0<x<L (41)

Dimensionless boundary and initial conditions are then generated by applying Eqn. (33) to them.

u(O, f) — Tsup _

~00,)= ——"2=0, 0<f<ow (42)
Tsub
90 .9 [u(1,b) =Ty L wl?
62( ) 6x< Tsup KTsup +Asin( a ) (43)
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u(f' 0) — Tsup _

~ 0(%,0) = =0, 0<z<1 (44)

Tsub

Dimensionless intensity (1), amplitude (4), and frequency (&) are defined from the coefficients in

Eqn. (43), and the boundary condition is rewritten as

fo M (45)

KTsub
o (46)

KTsub

wl?
o= 47)

a
a0 . a A A A

%(1, t) =1+ Asin(®t), 0<t<ow (48)

Dimensionless partial differential equation and dimensionless boundary and initial conditions form

the dimensionless initial boundary value problem shown in Eqn. (49).

(00 0°0 0<<1 0<f<
= (0.0]
ot oexz’ o r=h U=ES
9(0,8)=0, 0<f<oo
<a(g ) (49)
= (LD =1+4Asin@h), O0<i<o

In order to solve the dimensionless initial boundary value problem, the boundary conditions
has to be homogenized. Therefore, the dimensionless temperature function is rewritten as the sum
of two functions (@ and S). The first function will be used to solve the system, while the second
function must satisfy the boundary conditions.

0(x,t) =0(%,t) +S&, 1) (50)

00 a0 as
R T 51
FrAREFTIEFT: D
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2 2 2
69:69 0°S (52)

Integration of the flux boundary condition and application of the first boundary condition to the

constant of integration resultes in the homogenizing function.

s 00 ..
—=—(1,0) = in(&t 53
3% = 97 (1,t) =1 + Asin(&t) (53)
S, t) = 2| + Asin(@D)] + so (54)
5(0,8) = 6(0,£) =0 (55)
= S(&,8) = 2| + Asin(ab)] (56)

as . .
Frin XWA cos(@t) (57)

92S

— =0 58
0%2 ©8)
S(z,0) = &I (59)

The forcing term in the partial differential equation and the initial condition value are defined with

new functions, which are useful in subsequent steps.

2

99_09 % (60)

ot 0x? ot

. aS R .

F(%,t) = -5 = —X®DA cos(&t) (61)
0(0,t) = 6(0,£) —S(0,)= 0 (62)

00 26 as
— (L, ) ==1,D)-=(,1) = 63
7% (1,0) % (1,0 % (1,)=0 (63)
0(%,0) = 6(%,0) — S(%,0) = —S(%,0) (64)
G(®) = —S(x,0) = —xI (65)
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Taking the partial derivatives of S and rewriting the partial differential equation and the boundary
and initial conditions in terms of © results in the homogenized initial boundary value problem in
Eqn. (66).

( 6_@) 0%0

9F _ 0%2
00,)=0, 0<f<o

+F@® D), 0<£<1 0<i<o

A

20 (66)
o (1’ f) = 0! 0 S f S
0x

(0e]
0(%,0)=G®), 0<z£<1

When the boundary conditions were homogenized, a forcing term was added to the partial
differential equation to make it inhomogeneous.

This type of partial differential equation is solved via eigenfunction expansion. The first
step in eigenfunction expansion is to solve for the eigenvalues and eigenfunctions of the related
homogenous partial differential equation, shown in Eqn. (67).

90 9%

- 67
9t 02 ©n

Using the method of separation of variables, ©(%, ) is a product of two functions (X and T), which

are each functions of a single variable.

0% £) = X®)T® (68)
I Y
37 = g K@TO) =X —= (69)
0?0 02 d?
= — (X(RT (D)) = 0

The substitution of Eqn. (69) and (70) into Eqn. (67) and rearranging, reveals that both sides are
functions of a single variable. Each side must be equal to a constant (1) with values of £ and %.

1dT 1 d?X _

i 71
Tdt X dx? 71
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. d2X —

S X, 0<zx<1 (72)

Application of the product of functions to the boundary conditions results in

0(0,£) =X(O)T({) =0 (73)
% X(0) = 0 (74)
9 18- 1@ =0 (75)
0x ax
ax
ﬁ(l) =0 (76)

Eqn. (72), (75), and (76) together form the eigenvalue problem shown in Eqn. (77):

(dZX ~
q7Z AX, 0<x<1

1X(0) =0 (77)
| dX
kﬁ (1)=0

This eigenvalue problem has potential solutions for three cases. In the first case, A is greater

than zero:
A= k? k>0 (78)
{dzx 5 ~
o k<X, 0<x<1
4)((0) =0 (79)
| dX (1) =
W=
X(X) = ay cosh(kX) + b, sinh(X) (80)
X(0) = [ag cosh(kX) + by sinh(kX)]g—¢g =ao =0 (81)
dX ~ ~
%(1) = [agk sinh(k®) + bok cosh(kX)]g=1; = bok cosh(k) =0 (82)

Since the hyperbolic cosine function is never zero, and k is greater than zero, the only solution to

the first case is the trivial solution.
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~Xx)=0 (83)

In the second case, A is equal to zero:

A=0 (84)
de R
dx2 =0, 0<x<1
4)((0) =0 (85)
| d
( (1) =0
X(%) = apZ + by (86)
X(0)=by, =0 (87)
dXx
(D =a=0 (88)

The only solution to the second case is also the trivial solution.

~Xx)=0 (89)
In the third case, A is less than zero:
A= —k? k>0 (90)
(32;2( =—k*’X, 0<x<1

X(0) = o1

CWw=0
X(X) = ag cos(kX) + by sin(kXx) (92)
X(0) = [agcos(kX) + by sin(kX)]g—o = ao =0 (93)

dX

%(1) = [—apk sin(kX) + byk cos(kX)]¢=1 = bok cos(k) =0 (%94)

Since k is greater than zero, the only non-trivial solution to the third case is required cosine

function to be zero:
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Cos(k) =0 (95)
k, = cos1(0) = (n — %) T, n=123.. (96)

Therefore, when the constant by is unity, the eigenfunction and eigenvalues are:

1

& X, (&) = sin(k,X) = sin <(n - E) m?), n=123.. (97)
I 12

Wy = —kZ=— [(n — E) n] , n=123.. (98)

The next step of eigenfunction expansion is to expand the partial differential equation and

the initial condition using Fourier series.

=%

7 2 X, (%) 99)

2
ZT (t )d S (x) Z _K2T, (D)X, (R) (100)
0(%,0) = ) T,(0)X,(%) (101)

The redefined forcing function F(%,t) and initial condition value G (&) are also expanded as

Fourier series.

F(2,1) = Z F.(DX(R) (102)

6(2) = Z 9nXn(2) (103)
n=1

The coefficients of the forcing function’s Fourier series are found using integration by parts.
1

o2t .
fa® =7 f F(2, DX, (2)dZ = 2 f %04 cos(@D) sin(k, %) d% (104)
0

0
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1
fo(®) = —2&A cos(at) f % sin(k,X) dX (105)
0

f P sin(k,£) d% = l(f) (%(k"@) — (1) (*@)l ) (106)
0 n n £=0

cos(k,X) = cos ((n - %) n> =0 (107)

sin(k,X) = sin ((n - %) n> = (-1 (108)

. 204 cos(®t) (1)
“ () = , n=123.. (109)

(= )]

Coefficients of the value of the initial condition Fourier series are found the same way:

2 (! Y oor
gn = If G(R)X,(R)dR = zf —&1 sin(k,%) d& (110)
0 0

R 1
g = —21 f % sin(kn?) % (111)

0

2[(=1)"
gn=—"-—""—, mn=123.. (112)

NEE
[(n = 2)7]
Combining the expanded forms of the terms in the homogenized initial boundary value

problem converts the problem from a single partial differential equation to infinite number of

ordinary differential equations, each with an initial condition.

00 0920
— —F(% 1) = 113
- (dT, ) )
Y S+ RL® - O} @ =0 (114)

n=1
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dden = —k2T(®) + f,(£), n=123.. (115)
9(%,0)—G(Z) =0 (116)
D {T(0) — u}¥a(®) = 0 (117)
n=1
2T, (0) =g, n=123.. (118)

The infinite ordinary differential equations and their initial conditions combine to create infinite

number of initial value problems, as shown in Eqn. (119).

dr, . ) )
77 = kT @O+ 0, 0stseo 499 (119)

Tn(o) =Y9n

To simultaneously solve the infinite initial value problems requires the solution had to be derived

to the related initial value problem in Eqn. (120).

d . . . .
d_)t: = a,y(t) + a, cos(wt) + a5 sin(&t), 0<t<w (120)
y(0) = ag

The general solution to the related homogenous ordinary differential equation is shown in Eqn.

(123).
d

% = ayys (121)

yu(®) = cret (122)

The particular solution to the initial value problem is derived as follows:

¥p () = ¢, cos(Wi) + c3 sin(@t) (123)
dyp ~ s P ~ ~ND ~ND . ~7
= 00 sin(@t) + c3@ cos(wt) = a,y, + a, cos(wt) + azsin(@t)  (124)
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—c, @ sin(@t) + c3@ cos(wt)

(125)
= a,[c, cos(Wt) + c5 sin(@t)] + a, cos(wt) + a3 sin(@t)

_Cza = a1C3 + a3

{63&)\ = a,C, + a, (126)
a,a; + azo

)= —————— 127

2 a? + 2 (127)
aas; — a,o

3= ——— 2 (128)

a? + @2
When the homogenous and particular solution are combined and applied, the initial condition
generates the solution to the initial value problem.
y(@) = yn(®) + 3, (D) = cie®t + ¢, cos(Wh) + ¢4 sin(@t) (129)
y(0) =c; + ¢c; = ay (130)

a,a, + az@

€1 =Qay—C;=ag+ 131
1 0~ C2 0 22 + 02 (131)
a,a, + az@ . aqa, +az;® .
t) =|a at - — =~ cos(wt
y© [0 af+c’o\zl a? + @2 o)
(132)

When the coefficient of Eqn. (119) and (120) are combined and applied to the solution derived in

Eqn. (132), the solutions to the infinitely many initial value problems are

a, = —k2 (133)
20A(-1)"

a, = 2 (134)

az; =0 (135)
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2[ (=)

a0 =" (136)

2(=1)"

k2(k: + @2) (It + @2) — k2@ A)e ¥t + kZDA cos(Wi)

o Tn(f) =
(137)

W2A sin(&)f)}, n=123..
The solution to the initial boundary value problem is built from the solutions derived in the Eqn.

(68). First, the solution to (X, £) is built from Eqn. (97) and (138).

0@ ) =Z (DX, (2) (138)

n=1

o 20 o o
Z Im(;& o {1k + @) — KAl + ki cos(w)

(139)
+ @2 Asin(@t)} sin(kny?)l
The solution to (X, ), which was taken from Eqn. (56) and (140), was the solution to the
dimensionless initial boundary value problem, including steady-state, transient, and harmonic

terms, as expected

8(%,t) = 2| + Asin(@D)]

20— -
z lkz(lg‘* _|_)A2) {[IUet + @2) — k2@ A] ekt

(140)
+ k2&A cos(wi) + @24 sin(®t)} sin(k, %)

2.2.1 Steady-State Regime
The steady-state solution is obtained by having the harmonic amplitude and frequency be

zero and time be infinity.
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Oss(%) = lim 0(%, ) = &1 (141)
Applying £ and [ from eqn.(25) and (45) into eqn. (141), the dimensionless steady-state

temperature is obtained.

xI

b55(X) = (142)

KTsub

Instead of using single point measurement, slope of 3 points is used to find k for better accuracy.

2.2.2 Transient Regime
Although the operating conditions for the transient regime include constant intensity, but

the amplitude of the harmonic intensity has to be zero, in Eqn. (140).

P - 2(_1)71 ~ kZ'” . ~
& Oransient = X1+ z 2 {Ie‘ nt} sin(k,x) (143)
n=1 n

Time constant (7) defines the two-third duration of the transient response. For this system, with an
infinite number of decaying exponentials, the time constant was based on the slowest rate of decay:
1 (144)

T =
min(rate of decay)
The dimensionless time constant (7) is based on the slowest rate of decay for the

dimensionless time. In many engineering systems, the transient response is considered to be

negligible after 57.
1 1 4
t= min(kZ, n=1,2,3...) N [(1 B l) n]z T o2 (145)
2
; w4
e~k gy = e % (522) = e=5 ~ 0.674 (146)
n=1

The relationship between dimensionless time constant and time constant is shown in Eqn.
(147). The relationship between time constant, thermal diffusivity (a) and length (L) is shown in

Eqn. (148).
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t_t (147)
T T
t 4 L?
== (148)

2.2.3 Harmonic Regime
Dynamic operation in the harmonic regime means sufficient time has passed for the
transient response to die out, meaning sinusoidal oscillations as the sole time-dependent effect.

 Onarmonic = f[i + A Sin(&)\f)]

o) 2(_ )n B N
* Z lkz(k‘l + @2) {k%(UA cos(@t)

n=1

(149)
+ ®%Asin(@t)} sin(kna?)l

The first term of Eqn. (149) represents the steady oscillation of temperature along the cantilever

while the summation term contributes to the gradual change of temperature. Coupling frequency

with the time constant yields an equation for thermal penetration depth (Lp), which researchers

have used to interpret results.[73], [122]

a
L, = 2m |~ (150)
w

2.3 Comparison of 1D Model with FEM

Steady-state, transient and harmonic solutions from the previous section are compared to a
three dimensional (3D) Finite Element Model (FEM) with identical geometry, boundary and initial
conditions to verify their temperature measurement accuracy in 3D object. Silicon cantilevers with
width of 50 um, thickness of 50 um and length to width ratios (L/w) of 5-100 are considered in

order to advantageously utilize symmetry and avoid unnecessary width/thickness and
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length/thickness ratios. For steady-state and transient heat transfer analyses 0.705 mW heat is
appliedat ¥ = 1,and X = 0 is at a constant temperature of 300K. For harmonic analysis 0.58 mW
of heat is modulated as a sine wave on top of 0.705 mW. The material properties for both the 1D
and 3D models are: thermal conductivity[117] is 147 W/m-K, specific heat[123] is 679 J/kg-K and
density[124] is 2.328 g/cm’.

Figure 2.3 shows how heat is applied at the tip of the cantilever of the FEM model to match

the 1D model.

\S‘%
g
o,
S
G,

|

7 |
Y Heat

Figure 2.3 Direction of applied heat in FEM

Comparison results for the 1D and 3D models are shown in Figure 2.4 - 2.6. Dimensionless
length, time, and temperature were calculated from Eqn. (25), (32), and (33), respectively. 300 K
is used as the reference temperature to find dimensionless temperature. Although no differences
were found between the two methods for the steady-state regime (Figure 2.4), differences between
the analytical solution and the FEM varied from 0.003% to 0.2% when L/w varied from 5 to 100
in the transient regime (Figure 2.5). The harmonic mode (Figure 2.6) had a constant difference of
approximately 0.6% for all L/w ratios. Comparison results revealed the accuracy of the analytical

solution.[125]
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Figure 2.4 Comparison of 1D model and FEM for steady-state heat conduction, including three
L/w ratios (5, 50, and 100).
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Figure 2.5 Comparison of 1D model and FEM for transient heat conduction, including three L/w
ratios (5, 50, and 100).
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Figure 2.6 Comparison of 1D model and FEM for harmonic heat conduction, including three
L/w ratios (5, 50, and 100).

2.4 Phase Shift Along the Cantilever

As the thermal wave propagates through the beam, a phase shift occurs due to time delay
of thermal energy transport. The phase shift is calculated from the lag time between dimensionless
position 1 and corresponding other positions along the beam by dividing the time delay with the
period of a single wave and multiplying by the total phase of that wave. Figure 2.7 shows the
expected occurs of a larger phase shifts for longer cantilever. For example, for the beam with L/w
of 10, the phase shift was almost 0, indicating that heat propagated through the beam

instantaneously.
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Figure 2.7 Phase shift from Eqn. (149) for the temperature profile along the cantilever of
various L/w.
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Chapter 3 - Experimental Consideration

This chapter discusses 1D model applicability for real experiments in which laser heat is
introduced perpendicularly to the tip of the cantilever. The chapter also describes the testing of
temperature homogeneity in a plane (i.e., homogeneous isotherm) for backside probing and
validates the cantilever's base temperature condition by accounting for aspects such as maximum
applicable heat and minimum measurable thermal conductivity. The final section of this chapter
quantifies the cantilever’s temperature due to probe laser absorption, including a technique to

eliminate probe absorption impact while evaluating thermal properties via STR.

3.1 Comparison Between 1D Analytical Model and 3D FEM with Application

of Heat Perpendicular to Tip

After verifying the 1D analytical model, this research seeks to determine its applicability
in analyzing thermal properties in an STR experiment in which heat is applied perpendicularly to
the tip of the cantilever. All material properties mentioned in the previous chapter, such as density,
thermal conductivity, specific heat etc., are also used in the analysis. Figure 3.1 shows a 3D
representation of the cantilever and respective isotherm diagrams. Figure 3.1a and 3.1b represent
a system in which the fixed end of the cantilever is attached to a substrate. As shown in Figure
3.1a, the heat flux (laser heating) is applied laterally to the cantilever. However, since STR requires
the use of two lasers to thermally characterize a suspended cantilever, Figure 3.1b shows the use
of a pump laser to heat the cantilever perpendicularly at the tip from one side while a probe laser
scans the temperature from the other side of the cantilever. The mobile probe laser can be focused
at any point along the length of the cantilever, and a photodetector registers the change in probe

reflectivity, which is correlated to the temperature of those points using a TR coefficient.[55], [96]
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Challenges of this technique include laser selection since most of the pump and probe
power has to be absorbed and reflected, respectively. In addition, similar to other TR techniques,
the sample surface must be optically smooth to avoid unwanted scattering of light. The associated
surface temperature and contour plots in Figure 3.1c and 3.1d, respectively, show how heat was
transferred along the beam, demonstrating that, for Si with this geometry, the isotherms quickly,
within one thickness of the cantilever, became perpendicular to the heat flow. Further analysis of

the isotherm and homogeneity of temperature is presented in section 3.4.
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Figure 3.1 a) Cantilever beam with fixed end attached to the substrate with L/w of 10; b) STR
experimental setup, laser heating of the sample, and backside probing along the length; c)

surface temperature and heat flow direction only for the cantilever beam; d) isotherm contour
plot for the cantilever (Kelvin).[125]

Figure 3.2 shows steady-state temperature distribution along the length of the cantilever

with 5-100 L/w. Dimensionless length and temperature were calculated using Eqn. (25) and (33),
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respectively. Application of identical conditions to the FEM model revealed that the temperature
difference, at a given point along the cantilever’s length, between the two models decreased with
increased L/w ratios: 4.8% for L/w of 5 to 0.05% for L/w of 100. The difference is illustrated in

detail in Figure 3.5.
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Figure 3.2 Temperature along the beam via 1D steady state heat equation (line) and FEM
(points)

Figure 3.3 depicts the transient response of heat at a dimensionless position near the tip of
the cantilever. The response of each L/w ratio was plotted to 151, while the figure inset shows the
plot for 1.5 sec. Results in the figure show that deviation between the temperature of the analytical
model and the FEM increased as the L/w ratio decreased. For example, the maximum deviation
between the two models was 12.7% with L/w of 5, whereas the maximum deviation was only

0.85% for L/w of 100.
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Figure 3.3 Temperature-time relationship for transient heat transfer in the cantilever beam at a
dimensionless position of 0.995 obtained via heat equation (line) and FEM (points).

In harmonic analysis, heat is applied as a sinusoidal wave form with constant intensity and
amplitude so that each point along the cantilever experiences periodic increase and decrease in
temperature over time. Figure 3.4 shows good agreement between 1D and FEM models, with a
difference of 4.8% at a L/w ratio of 5 but only 1% at L/w of 100. As shown in the figure, the
cantilever temperature at one dimensionless point increases with increased cantilever length. A
careful inspection of the position of the temperature peaks reveals that peaks are shifting to the
right side on x-axis. This phenomenon indicates that, due to traveling longer distances, temperature

is slowly reaching peaks with an increase in the L / w ratio.
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Figure 3.4 Periodic change of temperature in the cantilever beam at a dimensionless position of
0.995 obtained via heat equation (line) and FEM (points). Diffusivity of the silicon changed the
phase of harmonic temperature distribution along the beam.

Figure 3.5 illustrates the temperature differences between 1D and FEM models at one
dimensionless point or time for all three heat conduction modes. The maximum temperature
difference is calculated for the same dimensionless position at any given time using the 3D model
as the base. For the steady-state mode, the difference between the models decreases from 4.8% to
0.05% as the L/w ratio increased from 5 to 100. The difference for transient heat transfer is 12.7%
for L/w of 5; as the L/w ratio increases, the difference became 3.7%, 1.6%, and 0.85% at L/w of
20, 50, and 100, respectively. As in the steady-state mode, the largest difference for harmonic heat

transfer is 4.8% at L/w ratio of 5, decreasing to 1% at L/w of 100.
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Figure 3.5 Difference in temperature between developed 1D model and 3D FEM model with
respect to L/w ratio of cantilever beam.

Because silicon is the most important material in the semiconductor industry, the analytical
solution is compared to a 3D FEM for silicon. The temperature difference between the models is
high for smaller L/w ratios for all three regimes, indicating that a micro/nano-cantilever beam,
with length comparable to width, acts like a 3D object, thereby preventing a 1D model from
accurately predicting its properties. However, as the L/w ratio increases, specifically L/w > 20, the
difference decreased to less than 4%, and at L/w of 100, the 3D beam demonstrates behavior
similar to a 1D object (less than 1% difference). These results are significant for analyzing thermal
properties of micro-nano electronics. Instead of using complex 3D models and finite element
simulation, the closed-form temperature equations presented in this research can be used to analyze

thermal conductivity of the micro-nano devices.
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3.2 Backside Probing Validation

Since backside probing in STR measurement reports only one temperature at a point on the
surface of the cantilever (Figure 3.1b), temperatures along a given y-z plane must be equivalent,
that is, the isotherms must be perpendicular to the heat flux (1D heat flow). This study modified
the FEM to heat the tip of the cantilever, as shown in Figure 3.1a, and then 13 points in a y-z plane
were compared, as presented in the insets of Figure 3.6 and 3.7. Temperature differences of various
L/w ratios reveales that isotherms became homogeneous at the same distance for both 10 and 100

L/w, thereby proving that homogeneity does not depend on the L/w ratio (Figure 3.6).
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Figure 3.6 Temperature distribution in 13 points along the length of the cantilever for a) L/w
ratio of 10, b) L/w ratio of 100. Length equal to one width is shown in the x-axis. Insets show
points considered in y-z plane and the color of each points represent the same color line in the

graph.

This study then investigates the dependency of a homogeneous isotherm on the width-to-
thickness ratio. As shown in Figure 3.7, the temperature of different points in a plane becomes
identical at the very beginning of the tip when the width was double the thickness. However,

temperatures of the 13 points do not become equivalent until the distance equaled twice the width
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when width/thickness was 0.5, thereby proving that homogeneity certainly depends on the width-

to-thickness ratio.
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Figure 3.7 Temperature distribution in 13 points along the length of the cantilever for a) width

to thickness ratio of 2, b) width to thickness ratio of 0.5. Length equal