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Abstract

The bimaterial cantilever based near-field thermal radiation measurement setup

was an experimental breakthrough in the field of near-field thermal radiation. The

setup distinguishes itself from other experimental configurations at that time by

allowing a direct measurement of the near-field thermal radiation without the need

of fitting parameters. Part of this thesis was devoted to improve the measurement

setup. The improved measurement setup is then further modified to experimentally

investigate near-field thermal radiation between different geometries and materials.

To date, the challenges of alignment of two heat-exchanging bodies have

limited the existing experimental investigation on near-field thermal radiation to

plate-plate, sphere-plate, and tip-plate measurement. However, theoretical

calculations predict more interesting phenomenon beyond these three

configurations. This thesis presents a method to measure near-field thermal

radiation between two microspheres. The procedure to align two microspheres

presented in this thesis extends the existing experimental capability, which is

limited to sphere-plate configuration. This method can be further used to

investigate the effect of different curvatures of the surface, such as two spheres with

different radii, and sphere-cylinder.

Recent progress on nanoscale radiative heat transfer has generated strong

interest in controlling near-field thermal radiation. The ability to control near-field

thermal radiation plays a significant role for applying this technology into

applications such as radiative thermal diode, transistor, amplifier, and memory
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devices. Near-field thermal radiation can be tuned by changing carrier

concentration. Using a doped silicon sphere, we demonstrate the tuning effect of

near-field thermal radiation between doped silicon surfaces. This demonstration

shows the potential application of near-field thermal radiation on controlling

radiative transfer by modulating carrier concentration.

Thesis Supervisor: Gang Chen

Title: Carl Richard Soderberg Professor of Power Engineering
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Chapter 1

Introduction

Thermal radiation describes heat transfer process caused by the electromagnetic

waves. Common examples of thermal radiation include the heating effect when we

stand under the sun or put our palm above the stove or stand facing the fire.

Thermal radiation carries heat through the propagation of electromagnetic waves,

which do not need any medium to propagate.

Thermal radiation originates from chaotic thermal oscillations of charges

inside media. Thermal oscillations of electrons in metals or ions in crystals give rise

to fluctuating current densities, which in turn generate electromagnetic waves or

photons. Thus, every material experiences thermal radiation by continuously

emitting and absorbing electromagnetic waves.

The amount of thermal radiation emitted by a blackbody can be calculated

using Stefan-Boltzmann law [5],

Eb = aT4  (1.1)

where Eb is the blackbody emissive power [W/m 2 ], T is absolute temperature [K],

and a is the Stefan-Boltzmann constant (5.67 x 108 W/m 2 K 4). This is commonly

referred to as blackbody limit. A blackbody is defined as a surface that absorbs all

incident radiation, irrespective of wavelength or angle of incidence and nothing is
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reflected [6]. This law was first proposed by Joseph Stefan in 1879 after noticing

that the radiated power of a medium is proportional to the fourth power of the

absolute temperature. In 1884, Ludwig Boltzmann came up with the same

expression after analyzing a Carnot cycle in which the pressure of the liquid is

replaced by radiation pressure.

Although it was proposed earlier, Stefan-Boltzmann law can actually be

derived by integrating Planck's law of thermal radiation over the whole

electromagnetic waves spectrum. Planck's law of thermal radiation can be

expressed as [7]-[9]

EbA = lc (1.2)
;sL ekBAT-

where h is the Planck constant (6.626 x 10-34 J s), c is the speed of light (2.997 x 108

m/s), / is the wavelength of the electromagnetic wave, kB is the Boltzmann constant

(1.38 x 10-23 J/K). Planck's law of thermal radiation describes the spectral energy

density of electromagnetic waves, which is thermally excited and then emitted from

a blackbody.

1.1 The origin of near-field thermal radiation

Although it is commonly understood and widely taught especially in undergraduate

level heat transfer classes that blackbody radiation is the maximum limit of thermal

radiation emitted by a surface, actually Planck himself warned the assumption that

needs to be satisfied to derive the law that later bears his name. He wrote,

"Throughout the following ... the linear dimensions of all parts of space considered,

as well as radii of curvature of all surfaces ... are large compared with the

wavelengths of the rays considered" [9]. So, blackbody limit is the maximum limit of

thermal radiation emitted by a surface when all the characteristic dimension of the

surface is large relative to the wavelength of the thermal radiation. In thermal
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radiation the characteristic wavelength corresponds to the dominant emission

wavelength given by Wien's displacement law [5].

According to the relative length between the wavelength of the

electromagnetic wave and the characteristic dimension, the electromagnetic regime

can be divided into far or near-field regime. Far-field refers to the condition when

the characteristic wavelength is much smaller than the separation distance between

objects. In the far-field regime evanescent waves do not contribute to the energy

transfer because the evancescent field decays rapidly and become negligible when it

reaches another object. Near-field effects are considered only at a distance

comparable or smaller than the characteristic wavelength. In this regime,

evanescent waves are the reason why thermal radiation is larger- than that in the

large gap.

P ropagating
Waves

ancetWaves

Figure 1.1 Two types of thermally excited electromagnetic waves: propagating waves and

evanescent waves. Propagating wave is transmitted through the interface and propagates

freely into free space from the surface of a medium. Evanescent wave is bound to the

surface of the medium and its field decays exponentially from the surface.

When the distance between two bodies is far relative to the thermal

wavelength, the heat is carried through the propagation of electromagnetic waves in

free space. When the distance between two surfaces is small another channel to

transfer heat exists via evanescent waves. The evanescent field decays exponentially

normal to the surface, as depicted in figure 1.1. The evanescent waves do not
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contribute to the heat transfer when the distance between two bodies is relatively

far because the fields decay rapidly and become negligible by the time it reach the

other body.

500

n2 limit
CidEnt Refl ected 400

E 3d= 100 nm
300

-d= 500 nmId x
200

U.n Blackbody
Transmitted

M100 d= 1 mm

0 10 20 30

Wavelength (um)

(a) (b)

Figure 1.2 a. Propagating wave inside the optically denser medium hits the interface with an

angle larger than the critical angle causing total internal reflection. b. The spectral radiative

heat flux between two parallel plates for different gaps d. The evanescent waves

contribution becomes dominant to the heat transfer as the gap becomes smaller. The heat

flux asymptotically approach n2 limit as the gap disappears. The theoretical background is

presented in Chapter 2.

The origin of the evanescent waves can be differentiated into two physical

phenomena: total internal reflection of the propagating wave inside a medium or

the existence of surface polariton waves. Total internal reflection is a physical

condition where the propagating wave inside the optically denser medium hits the

interface with an angle larger than the critical angle as depicted in figure 1.2a.

Although there is no transmitted wave propagates into vacuum, the evanescent

wave exists on the interface. Figure 1.2b presents the spectral radiative heat flux

between two parallel plates for different gaps d. The evanescent waves contribution

due to total internal reflection overwhelms the propagating waves contribution as

28
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the separation gap becomes smaller and asymptotically approaches n2 limit as the

gap disappears, where n is the index of refraction.

Surface polariton is a coupled mode between carriers, such as electrons,

phonons or magnons, and the electromagnetic waves which propagates along the

interface of two mediums [10]. Surface polariton is confined on the interface while

its field decays exponentially to both mediums normal to the interface as depicted in

figure 1.3a. Surface polaritons are resonant modes with high density of states.

Orders of magnitude thermal energy transfer enhancement is achieved when the

frequency of surface polaritons coincides with the peak of the Planck's oscillator.

Figure 1.3b presents the spectral radiative heat flux between two parallel plates of a

polar dielectric material (glass) for different gaps d. Surface phonon polaritons

peaks are observed at 8.5 ptm and 20.3 L.m and show 4 orders of magnitude

enhancement relative to the blackbody.
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Figure 1.3 a. The evanescent field of surface polaritons decays to both directions normal to

the interface between a polar dielectric material (glass) and vacuum. b. The spectral

radiative heat flux between two glass plates at room temperature for different gaps d.

Surface phonon polaritons peaks are observed at 8.5 urm and 20.3 pm.
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Figure 1.4 compares the total radiative heat transfer contribution between

the propagating waves and the evanescent waves as function of separation between

two parallel glass substrates.
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Figure 1.4 The evanescent waves contribution (red) is orders of magnitude larger than the

blackbody limit (black) when the distance between two bodies is smaller than the

characteristic thermal wavelength.

1.2 Research progress on near-field thermal radiation

1.2.1 Theoretical investigations

In 1967, Cravalho et al. [11] were the first to analyze the role of the wave

interference and tunneling effect of the evanescent wave on the thermal radiation.

They analyzed the role of the wave interference and tunneling of the evanescent

wave between two parallel dielectric plates. Their calculation result predicted an

order of magnitude enhancement of radiative transfer when the gap reduced to sub

wavelength gap. A year later, Olivei [12] published a similar work on the effect of the

wave interference and tunneling of the evanescent wave on thermal radiation

between two parallel dielectric plates at cryogenic temperature. In 1970, Boehm

and Tien [13] analyzed the same effect between two parallel metal plates. Their
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results predicted orders of magnitude enhancement of radiative transfer. Although

these first theoretical works started the studies of near-field thermal radiation, it

was Polder and van Hove [14] who developed a general formalism to calculate near-

field thermal radiation in 1971. Their work, based on Rytov's fluctuational

electrodynamics [15], [16] to calculate radiative heat transfer, is considered as the

corner stone of the theoretical analysis of the field of near-field thermal radiation.

Polder and van Hove's work was followed by Loomis and Maris [17] who worked on

the same problem but focusing on the evanescent wave contribution to heat

transfer. More theoretical works were published between 1970-1990 [18]-[211. As

previous works, these works only considered the influence of evanescent waves

resulting from total internal reflection.

Although it is understood now that the contribution of the evanescent waves

from surface waves is orders of magnitude larger, it was Shchegrov et al [22] who

pointed out the monochromatic nature of thermal emission of surface waves in the

near-field regime. Surface waves have large density of energy resulting on orders of

magnitude enhancement of radiative transfer. Further, Carminati and Greffet [23]

showed that the surface waves significantly change the spatial correlation of the

emitted field. Later, they also demonstrated that surface waves can be converted

into highly directional propagating waves using a grating [24].

The effect of the optical properties of the materials on near-field thermal

radiation has been investigated theoretically and experimentally. Metallic surface

shows enhanced near-field radiative transfer due to the surface plasmon polaritons

[10]. However, surface plamon polaritons on metallic surfaces can only be excited at

extremely high temperature since plasma frequency of metals typically lies in the

UV-visible spectrum, impractical for technological use. On the contrary, plasma

frequency of semiconductors lies in the infrared spectrum hence surface plasmon

polaritons on semiconductor surface can be thermally excited at room temperature.

Further, since the plasma frequency can be control by changing the carrier

concentration, surface plasmon polaritons on semiconductor surface can be tuned,

hence controlling near-field thermal radiation[25], [26]. Surface phonon polaritons

on polar dielectric surfaces have also been shown to dramatically increase near-field
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radiative transfer [16]. The near-field thermal radiative transfer in advanced

materials such as graphene [27], [28], and hyperbolic metamaterials [29] have also

been investigated. Ilic et al. and Svetovoy et al. independently showed that near-field

thermal radiation in graphene could be tuned by changing the chemical potential

and the relaxation time. This can be practically done by doping or gating. This opens

a possibility of an externally controllable thermal radiative switch. Hyperbolic

metamaterials have also been found to broaden the spectrum of the near-field

radiative transfer [30]. Biehs et al. [29] shows that hyperbolic structure can turn

poor near-field emitter into a good one. Compared to monochromatic nature of

surface waves, this opens possibilities to increase near-field heat transfer over

broad spectrum for variety of applications. Phase change material Vanadium

Dioxide (V02) has also been shown to have potential applications in thermal

management. The optical property of V0 2 .changes dramatically at room

temperature. It opens possibility to tune the near-field thermal radiation by

changing the temperature of the surface [31].

The geometries of the closely spaced objects, which in the end are dictated by

the device and its application, also affect the near-field thermal radiation. Near-field

thermal radiation between thin films had also been studied as an extension of the

two parallel plates case [32]-[36]. The effects of different geometries beyond two

parallel plates have been theoretically investigated, although with less intensity, due

to the complexity of the numerical calculation. These geometries include a sphere

and a semi-infinite body [37], [38], two spheres [39], and more complicated

geometries [40]-[44]. Narayanaswamy and Chen [39] were the first to analyze near-

field thermal radiation between two spheres. Numerical calculation was performed

to solve this problem. This work is marked as the first attempt to analyze near-field

thermal radiation beyond dipole approximation [45] or proximity approximation

[46]. Krueger et al. [37] and Otey and Fan [38] extend the theoretical work on a

sphere-plate problem, which is of direct experimental relevant. Their results

confirm the validity of proximity or Derjaguin approximation to calculate near-field

thermal radiation between a sphere and a plate when the gap is much smaller than

the radius of the sphere. McCauley et al. [42] developed a general numerical method
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to calculate near-field thermal radiation between a plate and objects with arbitrary

shapes. They compare three different cases: sphere-plate, cylinder-plate, and cone-

plate. Their results may have important implications for near-field thermal writing

and surface roughness. Rodriguez et al. [41] proposed a more sophisticated

formulation based on a fluctuating-surface-current. This method is able to calculate

near-field thermal radiation between complicated geometries such as two

interlocked rings. Combining fluctuating surface-current and finite difference time

domain formulation, Rodriguez et al. [43] analyzed near-field thermal radiation

between a cylinder and a perforated surface. The near-field thermal radiation shows

a nonmonotonic behavior as a function of separation. They attributed this behavior

not only to geometry and temperature but also to optical property of the material.

Near-field thermal radiation between photonic crystals have also been analyzed.

Rodriguez et al. [40] used FDTD to analyze near-field thermal radiation between

photonic crystals. They showed that frequency-selective near-field thermal

radiation can be increased at particular frequencies and separations. Hirashima and

Hanamura [44] analyze near-field thermal radiation between pillar array structure

surfaces made of nickel. Near-field thermal radiation is enhanced through

interference of surface plasmon polaritons. This effect shows that the spectral near-

field thermal radiation can be tuned by designing the dimension of the pillar

structure.

The ability to enhance radiative energy transfer by evanescent waves had

raised the question of the radiative energy transfer limit. Pendry [47] proposed a

maximum heat transfer limit to a single mode. The results, which are linked to

quantum information theory, show that the maximum heat tunneling current in any

single mode is determined by the temperature alone. Materials with finite

conductivity are proposed to maximize the near-field radiative transfer. On the

contrary, it has been calculated that conductors do not result in significant

enhancement in near-field radiative transfer. Basu et al. [48] investigated the

maximum achievable radiative heat flux between two parallel plates by assuming a

frequency independent dielectric function with all frequencies supporting surface

waves and introducing a cutoff value on the parallel wavevector component. This
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cutoff value corresponds to the lattice constant of the crystal. Wang et al. [49]

studied the influence of all parameters in the Drude and the Lorentz models to

maximize the near-field radiative heat flux. Ben-Abdallah et al. [50] investigated the

limit of energy transfer between two arbitrarily flat media separated by a vacuum

gap. They used a general variational approach to derive an upper limit for the

energy transfer.

Since the calculation of near-field thermal radiation is based on the concept

of a local dielectric constant, the predicted radiative heat transfer had been shown

to diverge, as the separation gap becomes zero. This divergence has been criticized

by Pan [51]. To solve the problem, spatial dispersion of the dielectric constant needs

to be included in the calculation. Volokitin and Persson [52], [53] were the first to

include the spatial dependence of the dielectric constant in the radiative heat

transfer calculation. Later, Chapuis et al. [54] and Joulain et al. [55] showed that the

radiative heat transfer will eventually saturate when the separation distance goes to

zero by including the spatial dispersion of the dielectric constant. To investigate

near-field thermal radiation at around contact regime, Chiloyan et al. [56] developed

an atomistic framework based on microscopic Maxwell's equations and lattice

dynamics and compared it with the fluctuating electrodynamics approach. The two

approaches are found to be in excellent agreement for separation distance larger

than 1 nm. At sub-nanometer gaps the two approaches differ significantly as the

acoustic phonon tunneling dominates in this regime. This work showed that

continuum approach based on local dielectric constant is valid down the nanometer

regime.
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1.2.2 Experimental investigations

The challenges of alignment of two heat exchanging bodies has limited the existing

experimental setup to plate-plate [57]-[61], sphere-plate [2], [3], [62]-[66], and tip-

plate measurement [67]-[69].

1.2.2.1 Plate-plate

Experimental studies on near-field radiation commenced in the late 1960's by Tien

and co-workers. Domoto et al. [58] reported the first experimental work on near-

field radiation. They measured radiative heat transfer between two parallel copper

disks with separation gaps ranging from 2 mm to 10 mm at cryogenic temperatures

(-10 K). The temperature of the emitter was maintained at 10 K and 15.1 K, while

the receiver was maintained at approximately 4.5 K. In this temperature range,

near-field effects can be observed at large separation gaps (-100 um). Large

separation gaps significantly reduce the difficulty of aligning two parallel plates. In

this first effort, even though the near-field mediated heat transfer measured was

greater than that of the far field, the measured heat flux only made up 3% of the

total energy transfer between ideal blackbodies. Kutaladze et al. [70] reported a

similar measurement with copper disks. The separation between the disks was

reduced from 250 um to 10 um. The results shows significant enhancement on near-

field thermal radiation. Another early experimental work on near-field thermal

radiation was carried out by Hargreaves [57], [71]. He measured the radiative heat

transfer between two optically flat surfaces coated with 1000 A thick Chromium.

The temperatures of the plates were maintained at 323 K and 306 K for the emitter

and cold side, respectively. This was first near-field thermal radiation measurement

carried out at room temperature. In this temperature range near-field effect can be

observed as of -10 rim. He pushed the separation gap down to as low as 1.5 um and

was able to maintain both plates parallel at such small separation gaps by

measuring the capacitance and the interference pattern on the chromium surfaces.

At a 1.5 pm vacuum gap, the near-field heat transfer at room temperature was 5
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times greater compared to that in the far field. However, the measured heat flux was

still only 40% of that between two blackbodies.

After the early experimental investigation in 1970s, Hu et al. [29] revived two

parallel plates setup to measure the radiative heat flux between two parallel glass

substrates in 2008. The separation was maintained by using small polystyrene

spheres. The separation is limited to 1 tm due to the diameter of the spheres. Other

disadvantages of this experiment are the difficulties of aligning two parallel plates

and ensuring that both surfaces do not make any physical contact. These results

clearly showed that the radiative heat flux exceeds Plank's law of blackbody

radiation and were the first to do so. The primary contribution to the heat transfer is

attributed to surface phonon polaritons.

Ottens et al. [60] reported near-field thermal radiation measurement

between two large sapphire plates (50 x 50 mm2). The measurement setup controls

the gap and parallelism by measuring the capacitance of a pair of copper plates on

each corner of the sapphire plates. Measurements were carried out for temperature

differences ranging from 6.8 to 19 K as the gap is varied from 2 to 100 um. The

measurement results were found to be slightly higher than the theoretical

calculation. This was attributed to the flatness of the sapphire plates. Kralik et al.

[61], [72] reported near-field thermal radiation measurement between two parallel

tungsten plates with a 35 mm diameter at cryogenic temperature. The emitter

temperature is varied from 10 to 40 K, while the receiver temperature is maintained

at 5 K. The measurement results shows two orders of magnitude enhancement of

near-field thermal radiation relative to the blackbody radiation.

St-Gelais et al. [73] reported a demonstration of a microstructure platform

for near-field thermal radiation application. The platform consist of two 200 um

long parallel beams with 500 nm x 1.1 um cross section made of silicon nitride with

silicon dioxide coating as an emitter and a receiver materials. The silicon dioxide is

used since it has high near-field thermal radiation conductance due to surface

phonon polaritons at room temperature. The silicon nitride is used since it has high

tensile strength to support the long structure. Platinum is used both as resistive
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heaters and thermometers to measure the heat flux. The separation distance

between the nanobeams is tuned using electrostatic force. The platform is reported

to allow 500 nm gap variations with 10 nm accuracy. The measurement results

shows heat transfer enhancement as the separation gap between the beams is

reduced from 750 nm to 250 nm.

1.2.2.2 Tip-Plate

Xu et al. [59], [74] reported a near-field thermal radiation measurement between a

squeezed indium needle and a flat gold surface of a planar thermocouple. The

temperature difference between the needle and the thermocouple was in the range

of 40 K, while the thermocouple junction was maintained at room temperature.

While the gap was made smaller than 100 nm, the results remained inconclusive,

mainly due to the sensitivity of the experimental setup. Xu's work was followed by

Muller-Hirsch et al. [75] who reported near-field heat transfer experiment between

a tip and a plate with two different experimental setups. The first experimental

setup measured near-field heat transfer between a tungsten tip and a planar Au/Ni

thermocouple. The second experiment measured near-field heat transfer between a

Au/Ni thermocouple tip and a 100 nm gold film on a mica substrate. Both setups

was integrated in a commercial UHV-STM. The near-field heat transfer is detected as

the change of the temperature measurement as the tip-plate separation gap is

varied. Although they were not able to determine the absolute value of the heat

transfer between the tip and the plate due to the experimental setups, strong heat

transfer-distance dependence was clearly observed as the tip was retracted from

contact to 10 nm. The thermocouple tip was then used to thermally scan the surface

of the sample, showing a 10 nm resolution thermal micrograph.

In 2005 Kittel et al. [67] used similar experimental setup to measure the heat

transfer between the tip of a scanning thermal microscope and a gold (Au) or

gallium nitride (GaN) surface at separation gaps between 100 nm and 1 nm. The

temperature of the sample was lowered down to 100 K, while the tip was

maintained at room temperature, establishing a 200 K temperature difference

between the tip and the sample. Their results clearly showed heat transfer
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enhancement at small gaps and agreed well with predicted values for separation

gaps larger than 10 nm. For separation gaps less than 10 nm the measured heat

transfer saturated which differed from the divergent behavior seen in the predicted

results. The authors speculated that the observed saturation was due to the spatial

dependence of the dielectric constant. By replacing a flat plate with a STM tip, which

is assumed to behave like a point-like dipole, the problem of parallelism between

two plates is eliminated. Other concerns such as the cleanliness of the surface and

the surface roughness are also minimized because of the small surface area of the

tip. However, several drawbacks should be noted. The geometry of the tip is difficult

to model thus any comparisons between theoretical and experimental results

inherently include more uncertainty. The magnitude of the near-field radiative

transfer is also much smaller due to the small surface area of the tip. This makes the

measurement more challenging, as the sensitivity of the experiment was not

sufficient. The far-field radiative transfer between the tip holder, which has a large

surface area, and the sample most likely interfered with the near-field radiation

between the tip and the sample. Despite all these disadvantages, this is the only

near-field thermal radiation measurement, which observed a saturation of the heat

transfer when the separation gap became very small. This again is suspected to

occur because of the spatial dispersion of the dielectric constant.

Guha et al. [76] reported a near-field thermal radiation measurement

between a silica coated tungsten tip and a 840 nm thick silica membrane. The heat

transfer is measured by measuring the temperature change of the silica membrane

using Ni resistive thermometer, which also acts as a heater. A clear near-field signal

was observed as the separation gap between the tip and the membrane was reduced

from 3.5 um to 350 nm.

1.2.2.3 Sphere-Plate

In 2008, Narayanaswamy et al. [62], [77] developed a revolutionary technique to

measure near-field thermal radiation between a microsphere and a flat surface

using a bi-material cantilever. This technique elegantly solves the parallelism issues

found in two parallel plates case, while at the same time keeping the magnitude of
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the heat transfer large enough to be clearly observed. Using the this experimental

setup, Shen et al. [2] demonstrated that the near-field radiative heat transfer

between polar dielectric materials exceeds Planck's blackbody radiation by orders

of magnitude due to the existence of surface phonon polaritons.

Rosseau et al. [63] measured the radiative transfer between a glass

microsphere and a glass substrate using a similar experimental setup developed by

Narayanaswmay [62] with two modifications. The first modification is to heat the

substrate instead of the cantilever. The other modification is to use a fiber

interferometer technique to measure the cantilever deflection. These modifications

actually caused more problems rather than improving the experiment. The heated

substrate will transfer heat not only to the sphere, but also to the cantilever. The

deflection of the cantilever is then not only due to near-field effects between the

sphere and the substrate but also due to far-field radiative transfer between the

substrate and the cantilever. By placing a fiber near the cantilever to measure its

deflection, radiative transfer between the cantilever and the fiber is also very likely

to occur. Instead of isolating the measurement between the substrate and the

sphere, the placement of the fiber near the cantilever complicates the measurement

by introducing a third emitting body. Another drawback is the introduction of a

calibration factor, which depends on an unreliable assumption of the emissivity of

the silica sphere. They also included the far-field contribution through calculation.

This calculation does not seem accurate since they only include the radiative

exchange between the sphere and the substrate while in reality the size of the

sphere is much smaller compared to the cantilever. Despite all these disadvantages,

they report the radiative transfer measurement, including far-field contribution, for

separation distances between 30 nm and 2.5 mm. Their results fit the theoretical

calculation based on the Proximity Force Approximation very well. However, since

the experimental results depend on the proportionality factor that they introduced

based on an unreliable analysis, the agreement between the experimental data and

the theoretical calculation is questionable.

Shen et al. [64] measured near-field thermal radiation between gold-coated

silica sphere and substrate. Near-field thermal radiation was observed despite the
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absence of surface polaritons resonance on the gold surface at room temperature.

Zwol et al. [78] measure near-field thermal radiation between a 40 um diameter

sodalime glass sphere and vanadium dioxide layer. Their bimaterial cantilever

based experimental setup follows an earlier publication by Rousseau et al. [63].

They experimentally demonstrate that the near-field thermal radiation is enhanced

by the change in surface phonon polaritons states during the metal-insulator

transition. Zwol et al. [79] also measure near-field thermal radiation between a

silica sphere and a graphene layer, which is epitaxially grown on SiC substrate. The

near-field heat flux from graphene layer is observed to contribute dominantly at

small gaps. Shi et al. [65] demonstrated the tunability of the near-field thermal

radiation between a silica sphere and silicon substrates with different doping level.

Song et al.[4] measured near-field thermal radiation between a silica sphere and

thin silica films. The experimental setup consists of a suspended silicon heater onto

which a 53 um diameter silica sphere was attached and suspended a SiNx receiver

onto which thin silica film with varying thickness (50 nm-3 um) was deposited on a

100 nm thick gold film. Platinum resistance heater-thermometers were integrated

onto both emitter and receiver to measure the temperature change [80]-[82]. This

setup completely decouples the heat transfer and force signal, which is a problem in

the cantilever based experimental setup [62]. The measured near-field conductance

showed strong film thickness dependence as the near-field conductance decreases

as the thickness decreases. This occurred because the short wavevector surface

phonon polaritons mode cannot be excited in such thin films.

1.2.2.4 Spectral investigation

Spectral information of near-field thermal radiation had also been investigated

experimentally. Jones et al. [83], [84] combined scanning near-field optical

microscope and FTIR to spectroscopically characterize near-field thermal radiation

in the mid-infrared spectrum. Spectral near-field thermal radiation from SiC, Si02,

and PTFE surfaces were measured using a heated silicon AFM tip which served as

both a local heater and scattering probe. The scattered evanescent field is collected
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and analyzed with FTIR spectrometer. Resonance peaks due to surface phonon

polaritons were observed for respective samples.

Babuty et al. [85] combined FTIR and Thermal Radiation Scanning Tunneling

Microscope (TRSTM) [86] to study the local spectra of the near-field thermal

radiation from silicon carbide and silica surfaces. Resonant peaks were observed at

913 cm-1 and 1110 cm-1 for silicon carbide and silica repectively. Zhang et al. [87]

investigated the spectral near-field radiation of thin amorphous silica film on a

silicon substrate. Strong dependence of surface phonon polaritons resonance on the

thickness of the film was observed. Qazilbash et al. [88] investigated the insulator-

to-metal transition (IMT) of Vanadium Dioxide (V0 2) films using a scanning near-

field infrared microscope. They observed the percolative phase transition with

increasing or decreasing temperature across the IMT.

1.2.3 Technological relevance

1.2.3.1 Near-field thermo photovoltaic

The ability to increase energy transfer through the tunneling of evanescent field

when the distance between objects is relatively small creates possibilities of

potential applications. The use of the evanescent waves tunneling to increase the

performance of thermophotovoltaic has been theoretically studied [51], [89]-[91].

DiMatteo et al. [92] experimentally demonstrated the near-field thermophotovoltaic

by placing a Silicon emitter on an InAs PV cell separated by silica spacers. Whale et

al. [93]. Narayanaswamy et al. [94] proposed to use surface phonon polaritons to

improve the power density and efficiency of low temperature TPV. Laroche et al.

[91] presented a quantitative model of a near-field thermophotovoltaic. They

observed an increase of power output by a factor of 20 and 35 for tungsten and

quasimonochromatic emitter respectively comparing with a blackbody source in the

far field. The efficiency is also increased from 21% and 10% in the far field to 27%

and 35% in the near-field for tungsten and quasimonochromatic emitter

respectively. Park et al. [95] theoretically study the mechanisms of a near-field TPV

by calculating the absorbed energy distribution and photocurrent generation inside

the PV cell. They suggest an emitter-cell distance to maximize the efficiency.
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Francoeur [96] studied the thermal influence on the performance of near-field TPV.

The calculation combined near-field thermal radiation, charge transport, and heat

transfer model of the near-field TPV system. Messina et al. [97] proposed a

graphene covered PV cell. The calculation result shows that the graphene layer

modifies the optical response of the cell, resulting in new surface resonant modes

which produce a significant enhancement of the power output and efficiency of the

TPV system. Similar approach was followed by Svetovoy et al. [98] to use graphene-

on-silicon Schottky PV cell. Near-field thermal radiation has also been used to

improve the thermal emitter for near-field thermophotovoltaics application. Zhao et

al. [99] proposed a 2D tungsten grating/thin film nano structure emitter to enhance

its performance. Guo et al. [100] proposed high temperature plasmonic

metamaterials as narrowband tunable thermal sources for TPV application.

1.2.3.2 Control of near-field thermal radiative heat transfer

Researchers have also proposed mechanisms to control near-field thermal

radiation. Although, the simplest mechanism to modulate the near-field thermal

radiation is by varying the separation distance, studies have shown that there are

other modulation mechanisms can be done. One way to modulate near-field thermal

radiation is by changing the orientation angle betweent two heat exchanging bodies.

Biehs et al. [101] proposed to modulate near-field thermal radiation between

Au/SiC gratings by changing the orientation angle. This mechanism is shown to

modulate the near-field thermal radiation up to 90%. Rodriguez et al. [41], [102]

showed that the near-field thermal radiation between 2 gold cylinders can be

modulated by a factor of 3 depending on the orientation angle. Nikbakht [103]

showed that the near-field thermal radiation between anisotropic particles in many

body systems can be tuned by changing their relative orientation. Another way to

modulate near-field thermal radiation is by using phase change materials. Zwol

proposed to use Vanadium Dioxide [31] and an alloy of silver, indium, antimony, and

tellurium (AIST) [104] to modulate the near-field thermal radiation. The phase of

V02 can be change by varying the temperature (MIT of V02 happens at 340 K),

while AIST's phase can be change by applying electric field. Huang et al. [105]
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proposed to use ferroelectric materials to control near-field thermal radiation. Near-

field thermal radiation is shown to change as much as 16.5 % by varying external

electric field at cryogenic temperature.

Different mechanisms to modulate the near-field thermal radiation have

opened possibilities to control thermal radiative transfer. Devices such as thermal

diode, transistor, amplifier, and memory have been proposed. Otey et al. [106]

proposed to use 3C-SiC and 6H-SiC to achieve near-field thermal radiation

rectification. The maximum rectification (R = 0.41) was found when the hot side is

600 K and the cold side is 300 K, while the separation gap is below 100 nm. Basu et

al. [107] propose a near-field thermal radiation rectifier using a film and a bulk of

doped silicon. Rectification of 0.5 is achieved by varying the dopant concentration.

lizuka et al. [108] proposed to cover SiC with dielectric layer to achieve rectification.

Huang et al. [109] proposed to use V02 and LCSMO to achieve rectification. Zhu et

al. [110] proposed to use two different sizes of nanospheres to achieve thermal

rectification with very high contrast (>10) and large operating bandwidth.

Using three body configuration, Messina et al. [111] proposed a passive near-

field thermal amplifier. The device is made of two SiC slabs of thickness 5 um. It was

shown that the near-field thermal radiation increases when a metallic film is

inserted between the SiC plates. Using the same configuration, Ben-Abdallah et al.

[112] proposed a near-field thermal transistor using V02 as the gate material. The

near-field thermal radiation between the source and the drain, which are made of

silica, can be reversibly switched, amplified, and modulated by changing the gate

temperature around its critical value, hence, matching the near-field coupling

between the source and the gate, and the gate and the drain.

Kubitskyi et al. [113] proposed thermal memory based on metal-insulator

transition of V02. The proposed thermal memory can be used to store heat and

thermal information via an encoding temperature. The design consists if a silica and

V02 films coupled to thermal baths. Near-field thermal radiation drastically

increases the heat transfer between both membranes and the speed of natural

cooling or heating. Elzouka et al. [114] proposed the concept of

NanoThermoMechanical memory, a memory device that uses heat to record, store,
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and recover data. This concept combines near-field thermal radiation and thermal

expansion resulting in a bistable thermal system with two stable states at two

different temperatures. Challener et al. [115] demonstrated a heat-assisted

magnetic recording device which exploits near-field effect to heat magnetic

recording medium to reduce its coercivity in a confined area. Laser light is coupled

on to a gold near-field transducer to excite surface plasmons resonance. The

evanescent field is confined to a tight area, hence increasing the resolution of the

recorded data.

1.2.3.3 Near-field thermal microscope

In 1986, Williams and Wickramasinghe [116] demonstrated a 100 nm resolution

near-field thermal microscope. The probe consists of a thermocouple sensor. They

demonstrated a noncontact profiling of resist and metal films with a 100 nm lateral

resolution and 3 nm depth resolution. Although limited to electrically conductive

material, near-field thermal radiation measurement technique between a tip and a

plate [75] had demonstrated the potential of nanoscale thermal microscopy

especially at nanoscale gaps. Kittel et al. [117] demonstrated a near-field scanning

thermal microscope (NSThM), that provides thermal images of nanoscale structure

surface using the refined version of the experimental setup [67], [75], [118]. Using

the same setup Worbes et al. [69] thermally scanned a single ionic monolayer island

of sodium chloride (NaCI) deposited on a gold surface. They found that the

monolayer increases the near-field thermal radiation by a factor of 2 at few

nanometers tip-sample separation gap.

Another type of near-field thermal scanning microscope was proposed by De

Wilde et al. [86], [119]. The device consists of an AFM with a hot sample holder

combined with an infrared optical microscope and a HgCdTe detector. The AFM uses

a tungsten tip to scatter the evanescent fields on the sample surface into the far

field. The scattered waves is collected by a Cassegrain objective, and focused on a

HgCdTe detector. The measurement was demonstrated using silicon carbide

samples with gold patterns showing micrometer spatial resolution. Jones et al. [83]

demonstrated a similar idea by combining a heated AFM tip and FTIR spectroscopy.

44



The measurement was demonstrated using a PTFE flake on a silicon substrate with

50 nm spatial resolutions.

1.3 Motivation

The main difficulty to measure near-field thermal radiation is to maintain and

measure submicron separation gap between two surfaces. Since clean surfaces are

one of the most important factors in this measurement, surface contamination

results in several experimental complications:

1. Surface contamination covers the surface, changes the interface condition,

and may prevent the excitation of the evanescent waves.

2. Surface contamination such as particulates may create contact between two

surfaces and create heat conduction channel between two bodies.

3. Surface contamination such as particulates prevents nanoscale gap

measurement, since the smallest separation gap will be determined by the

size of the particulates.

4. Surface contamination such as particulates introduces uncertainty on the

separation gap measurement, since the separation gap is usually measured

from contact point.

To minimize surface contamination, the measurement area is minimized.

This strategy also makes the measurement of separation distance between two

small surfaces easier. However, minimizing the area comes with another challenge.

Since heat transfer is proportional to the area, small area means small heat transfer,

hence small measurement signal.

In the previous section, numbers of experimental setup utilizing extremely

sensitive power and temperature sensors have been reviewed. But despite recent

increase in numbers of report on the experimental investigation of near-field

thermal radiation, due to the challenging nature of this measurement, critical

questions should always be raised on the accuracy of the reported measurement

results. A fitting factor is often used to match the measurement result with the
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theoretical calculation, which raise question on the accuracy of the measurement

results itself [63], [73]. The geometry of the heat exchanging bodies also introduces

another complication, which prevents direct comparison between the measurement

results and the theoretical predictions [67], [73], [76].

The near-field thermal radiation experimental setup in the Nanoengineering

Group/Rohsenow Kendall Heat Transfer Laboratory at MIT was first set up by

Narayanaswamy [62]. This bimaterial cantilever based approach (detail in Chapter

2) was an experimental breakthrough in the field of near-field thermal radiation.

The setup distinguishes itself from other experimental setup at that time by

allowing a direct measurement of the near-field thermal radiation without the need

of fitting process. Part of this thesis was devoted to improve the measurement

setup. The improved measurement setup is then further used to experimentally

investigate near-field thermal radiation between different geometries and materials.

As mentioned above, the challenges of alignment of two heat exchanging

bodies has limited the existing experimental setup to plate-plate [57]-[61], sphere-

plate [2], [3], [62]-[66], and tip-plate measurement [67]-[69]. However, to enable

real applications, the design of the devices should not be limited to these three

configurations. This thesis presents the measurement of near-field thermal

radiation between two spheres, hence, extends the existing experimentally

capability which is limited to plate-plate, sphere-plate, and a tip-plate configuration.

Almost all of the experimental investigations on the near-field thermal

radiation between a sphere and a plate use a silica sphere as an emitter because

silica microspheres are available commercially. Although, many interesting near-

field phenomenon exist in other materials such as silicon. Plasma frequency of

doped silicon lies in the infrared spectrum hence surface plasmon polaritons on

semiconductor surface can be thermally excited at room temperature. Further, since

the plasma frequency can be controlled by changing the carrier concentration by

electrical field, temperature, or light, surface plasmon polaritons on semiconductor

surface can in theory be tuned, hence controlling near-field thermal radiation[25],

[26]. This thesis experimentally investigates near-field thermal radiation between

doped silicon.
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1.4 Thesis Outline

This thesis starts with improvement of the previous near-field thermal radiation

experimental setup. The improved measurement setup is then used to

experimentally investigate near-field thermal radiation between different

geometries and materials. Chapter 2 introduces the theoretical background on near-

field thermal radiation. In chapter 3, improvements on experimental setup are

presented. In chapter 4, the experimental setup is used to measure near-field

thermal radiation between two silica spheres, extending the existing experimentally

capability which is limited to plate-plate, sphere-plate, and a tip-plate configuration.

In chapter 5, the near-field thermal radiation measurement between doped silicon is

presented. Chapter 6 summarizes the finding presented in the thesis, and suggests a

path for future work on the measurement of near-field thermal radiation.
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Chapter 2

Theoretical Background

This chapter presents theoretical calculation and analysis of near-field thermal

radiative transfer. The theoretical foundation to calculate and analyze near-field

thermal radiative heat transfer is presented. Glass is used as an example material

due to its experimental relevance.

2.1 Theoretical Calculation of Near-Field Radiative Heat Transfer between

Two Parallel Plates

Near-field thermal radiation between two semi-infinite plates is calculated based on

fluctuational electrodynamics [15], [16]. Fluctuational electrodynamics is based on

the macroscopic idea that thermal radiation originates from random thermal

fluctuations of volume charge densities, not from the sum of the individual charges.

These fluctuations generate electromagnetic waves which then carry the energy.

Theoretical derivations to calculate thermal radiation can be divided into two parts.

First, the fluctuation-dissipation theorem is used to relate the fluctuating current

densities to the local temperature of the emitting media. Second, Maxwell's

equations are solved to calculate the electromagnetic waves resulting from the

fluctuation current densities.
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Figure 2.1 shows two parallel plates separated by a vacuum gap with a

distance d. Each plate is assumed to (1) be semi-infinite, (2) have infinite optical

thickness, (3) be at thermal equilibrium, (4) be non magnetic and isotropic, and (5)

be perfectly smooth and that the plates are parallel to each other.

0 0 d

T 2 2

Figure 2.1 Two parallel plates are separated

are maintained at different temperatures.

by a vacuum gap with distance d. Both plates

First, Maxwell's equations need to be solved to obtain the electric and

magnetic fields resulting from the fluctuation current densities.

0B
VxE+ =0

oD
VxH- = J (2.1)

V-D=p

V-B=0

D is the displacement field, E is the electric field, B is the magnetic induction, H is the

magnetic field,J is the current density and p is the charge density. The constitutive

relation between D and E, and B and H are
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D = 8) eE (2.2)
B

Eo is the vacuum electric permittivity, E is the relative electric permittivity, Po is the

vacuum magnetic permeability, and p is the relative magnetic permeability. For time

harmonic fields of the form exp(-iwt) Eq. (2.1) reduces to

V x E -iopoiH =0

V x H +icoeOFE =J (2.3)

V -E0,E = p

V -pjpH =0

Taking the curl of the first equation in Eq. (2.3) and substituting the curl of H from

the second equation in Eq. (2.3) yields

V x V x E - kE = iwopyJ (2.4)

The response field E to the current density I can be obtained by solving Eq. (2.4). To

solve Eq. (2.4) we will use the Green's function method. The dyadic Green's function

relates the vector electromagnetic field to the vector current source. The derivation

in this section follows the outline by Tsang et al. [120]. Electric and magnetic fields

are a convolution of the dyadic Green's function with the current density.

E (r, (o)= i Gope G (r, r', ) J(r', 1o)dr' (2.5)

H(ro)= fG(rr',co)-J(r', o)dr' (2.6)

J(ro)= f1(r -r')-.J(r', o)dr' (2.7)
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Ge(r,r',wt) and Gi, (r,r',(o) are the dyadic green's functions for the electric and

magnetic field. r and r' are the location of the response field and location of the

current source, respectively. Substituting Eqs. (2.5) and (2.7) into Eq. (2.4) gives

VxVxG(r,r')-k2G,(r,r') = M(r,r') (2.8)

The Dyadic Green's function is the solution for the above differential equation.

Fortunately, the dyadic Green's function for one-dimensional layered media is

widely known. In the case of propagation in homogeneous, isotropic infinite

medium with a delta source at r', the dyadic Green's function for the electric field is

given by [120]

j + dk17
81 k1dA

(k) (k_) + h(k, (k-) re

[e(-k.) (-k_ )+ h(-k-)h1(-k-) IeiKrr

(2.9)

- kJ) / k,, and h( k) = nA / k(k +kj)/ kk,, k are unit vectors

perpendicular to (ki + j ki-) , kL =ki:+kj , k = kk+kj+kz2 ,

K = k. + - ki. k, and ky are the in-plane components of the wave vector, kz is

the out-of-plane component, and k, =k + . The Green's function in layered

materials that do not contain a delta source, which we shall call the homogeneous

part, is given by [120]

G(r,r') = 2fdk1r k! A 1 (k eA re + B'21 (-k, )e-K r - iK-r'

h(-k,)-K-r}
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For the case of two parallel plates, Eq. (2.10), the Green's function for electric field in

layer 2 due to current source in layer 1 and vice versa, can be simplified to

Ge(r, r') = fdk1  (TT )K r -IKr'

+ T~I,~(k~ )I~trh~k)CI~' }(2.11)+T "h,(-k, )eK h(-iK-r'

Using Maxwell's equations it can be shown that

G1, = V X G, (2.12)

Now we can calculate the electric and magnetic fields in region 2 resulting from a

current source in region 1 and vice versa by substituting Eq. (2.11) back into Eqs.

(2.5) and (2.6). Coefficients A, B, C, D in Eq. (2.10) and the transmission coefficient

TTE and 7TM in Eq. (2.11) can be determined by satisfying boundary conditions at the

interface. The transfer matrix method is generally used to calculate these

coefficients [121], [122].

Radiative energy transfer is obtained by calculating the Poynting vector,

which is the cross product of electric and magnetic field.

(S(r, O))= Re(E x H*) (2.13)

The brackets denote a statistical ensemble average. The components of the cross

products can then be written as [123]

(E, H = iauof dr 'f dr " G, (r, r', co)Gh (r, r ', co) (Jk ( 1 ( (2.14)
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Notice that for two parallel plates we are only interested in the Poynting vector in

the z-direction.

In Eq. (2.14) the spectral density of the current density (i.e., the ensemble

average of the spatial correlation function of the current density) is required to

calculate the Poynting vector. The fluctuating current densities originate from

random thermal charge fluctuations. The Fluctuation Dissipation Theorem (FDT) is

used to relate the spectral density of the current density to the local temperature of

a medium [123]-[126].

1 COF "(wo)coO(w, T)(J (r, (o)J*(r', ()) = irn
r-t A TV'

COFe"(waO(co (r - (2.15)

O(w,T) is the mean energy of the Planck oscillator at frequency w0 and in thermal

equilibrium T.

0(), T) = --o)+ ho(2.16)
2 exp(ho/, )-l (2.16)

h = / / 2./ is Planck's constant over 27T and kR is the Boltzmann constant. The term

hwo /2 accounts for the zero-point energy and is necessary in the Casimir force

calculation. This term can however be omitted in the net radiative heat flux

calculation, since it does not provide a net flux. Eq. (2.15) can then be substituted

into Eq. (2.14) to calculate the Poynting vector. Ski assumes that the medium is

isotropic. There is no coupling between currents with orthogonal direction. S(r-r')

assumes that the currents at point r' and r are not correlated.

After a series of mathematical manipulations, the net radiative heat flux

between two semi-infinite parallel plates separated by a vacuum gap d can be

expressed as [127]
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net prop [ 1 U0/AT1 - ((,oT2)]dw x

(>=0

(0/C[ (ir01 )( 1- Tr 2)

x fko/c 0  2 krdkr
Jkr=o 411-r SPr S' exp(2ikzod) 

(.7L 01 02 ]1 (2.17)

Transfer function

00

qnet eva 1 2 (c, T) - 0(o, T2)]da X1-2 2 f OwT)- (,Dd
(0=0

lima rol)myr?
00 exp(-21mag(kzo)d) I ( ('P)imag (rd') 1
xkf1 7> cI|1-rf 4rS'exp(-2lrmag(kzo)d)t Ikrdkr (2.18)

Transfer function

where kr is the wavevector component parallel to the interface and k, is the

wavevector component perpendicular to the interface. The wave vectors in media 1

and 2 are k, = and k2 = k. , where k =o /co = 2zf/ A is the magnitude of

the wavevector in vacuum. i;* is the Fresnel reflection coefficient between medium

0 and medium 1. Superscripts denote s-polarization (TE), and p-polarization (TM),

= (k -k 1)/(k( +k-) , ; (8iko - e0k )/(ek 0 + eok1 ) , where k: = k - ,

and k- =Vk/ -- k . The boundary condition on the interface requires that the

parallel wavevector kr must always be the same. The parallel wavevector kr must

also be real since the amplitude of the wave may not change in the r-direction.

Propagating waves exist in vacuum when kzo is real (kr W/co). Evanescent waves

exist in vacuum when kzo is imaginary. In this case, the field decays exponentially in

the z-direction. Equations (2.17) and (2.18) are the net total radiative heat flux for

propagating (kr co/co) and evanescent modes (kr > w/co), respectively.
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Wavelength (urn)
[igure 2.2 Dielectiric constant of glass [1].

As an example, we calculate and analyze the near-field thermal radiation

between two parallel glass plates. Glass is chosen due to its experimental relevance.

FiUre 2.2 presents the dielectric constant of glass [. FigUre 23 presents contour

plots of the imaginary part of reflection coefficient as a function of angular

frequency and parallel wavevector for both TM and TE modes. The imaginary part

of the reflection coefficient is proportional to the energy density of the

electromagnetic waves on the surface of the emitting medium [47]. The imaginary

part of the reflection coefficient can also be considered as a generalized emissivity

[127]. The area on the left side of the light line is the propagating waves region

where the parallel wavevector is smaller than w/c. The area on the right is the

evanescent wave region where parallel wavevector is larger than m/c.
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1 2 3
Parallel Wavevector (1/m) x 106

(a)

TE

0.2
0.5

1 2 3
Parallel Wavevector (1/m) x 106

(b)

FigUre 2.3 imaginary part of reflection coefficient of (a) TM and (b) TE modes for glass. The

color bar indicates the magnitude. The white diagonal line is the light line. Note that the

color bar for TIVI modes is one order of magnitude greater than that oF TE modes.
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In figure 2.3a, the heat flux contribution from surface phonon polaritons can

be observed at angular frequencies of ~ 2.2161 x 1014 rad/s (8.5 um) and ~ 9.2791 x

1013 (20.3 um). The heat flux due to surface phonon polaritons remains significant

as parallel wavevector goes to infinity. This explains the divergence of the heat flux

by surface phonon polaritons. Evanescent waves with large parallel wavevectors

decay very fast. These modes do not contribute significantly to the heat transfer

when the separation distance is relatively large compared to the corresponding

wavelength for a particular wavevector X ~ 1/k. As the separation distance

decreases, these modes start to contribute to the heat transfer. As a consequence,

the radiative heat transfer diverges when the separation distance becomes smaller

since more modes with large wavevectors are able contribute to the heat transfer.

This existence of TM modes with very large wavevectors is a consequence of

neglecting the spatial dispersion of the dielectric constant [54], [55].

Theoretical studies on nonlocal effect of dielectric constant on near-field

thermal radiation have been done for both metals and dielectrics. Chapuis et al. [54]

study the effect of nonlocal dielectric constant in metal. The nonlocal dielectric

constant is modeled using the Lindhard-Mermin and Boltzmann-Mermin models.

The nonlocal dielectric constant does not affect the s-polarized waves, which

dominate the heat transfer between metallic surfaces. The nonlocal dielectric

constant affects the p-polarized waves by introducing an upper limit for the wave

vector. This effect only influences near-field thermal radiation for gaps smaller than

2 nm. Joulain et al. [55] demonstrate the effect of the nonlocal dielectric constant on

near-field thermal radiation by replacing delta function in Eq (2.15) with a Gaussian

function. As a consequence, the thermal current are correlated to a certain distance.

This correlation length sets a lower limit for the wavelength or an upper limit for

the wavevector that can exist in the medium. Although this correlation length is

unknown, the effect was observed as the saturation of the heat flux when the

separation distance is very small. Chiloyan et al. [56] developed an atomistic

framework based on microscopic Maxwell's equations and lattice dynamics and

compared it with the fluctuating electrodynamics approach. Both approaches are

found to be in excellent agreement for separation distance larger than 1 nm. At sub-
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nanometer gaps the two approaches differ significantly as the acoustic phonon

tunneling dominates in this regime. Of experimental interest, this regime is still not

accessible due to the limitation on the experimental setup.

Figure 2.4 shows the spectral radiative heat flux as a function of wavelength

for two parallel glass plates separated by a 100 nm vacuum gap. Resonant peaks

due to surface phonon polaritons are observed at wavelengths of 8.5 Cm and 20.3

,tm. These two peaks correspond to specific wavelengths where the real part of

dielectric constant is equal to -1, as shown in figure 2.4. Surface phonon polaritons

allow radiative heat transfer to be orders of magnitude greater than black body

radiation [2]. Another peak is also observed at a wavelength of 12.4 rim. This is

different from the other two peaks because this peak does not originate from

surface waves. This peak is due to the strong absorption of bulk polaritons as can be

seen in figure 2.4 by a peak in the imaginary part of dielectric constant while the

real part of the dielectric constant is positive.

The contribution of TE modes to the total radiative heat flux is very small.

This can be seen by looking at the spectral radiative heat flux and the dielectric

constant of glass. The real part of the dielectric constant is negative for certain

frequency ranges where surface phonon polaritons exist in TM modes.

Electromagnetic waves do not exist inside glass for these frequency ranges. While

TM modes can support surface phonon polaritons at the interface between glass and

vacuum, TE modes cannot. As can be seen in figure 2.4, the spectral heat flux for TE

modes at these frequency ranges is minimum, leading to a small contribution to the

total heat transfer.
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Figure 2.4 Spectral radiative heat transfer flux of each mode between two parallel glass

plates separated by 100 nm vacuum gap. T1 = 320 K and T2 = 300 K.
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Figure 2.5 Spectral radiative heat transfer flux between two parallel glass plates separated

by different vacuum gap. T1 = 320 K and T2 = 300 K. Heat transfer increases as the

separation gap becomes smaller.
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Figure 2.6 Spectral radiative heat transfer flux contribution between two parallel glass

plates separated by different vacuum gap. T1 = 320 K and T2 = 300 K.
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Figure 2.7 Accumulative spectral radiative heat transfer flux contribution between two

parallel glass plates separated by different vacuum gap. T1 = 320 K and T2 = 300 K.
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Figures 2.6 and 2.7 show the spectral and accumulative spectral contribution

of surface phonon polaritons to the total radiative heat transfer. Those figures show

that the surface phonon polaritons dominate the radiative transfer when the

separation gap is smaller than 100 nm. The radiative transfer becomes

monochromatic as the surface phonon polaritons becomes dominant [22].

108
SPropagating TE

E Propagating TM
10 --- Evanescent TE

-o Evanescent TM
/- Total0 i0 4  A/d 2

0 102
10

0
~-0

Q 10

0-2

1 
-- -

Cr. 10) 10 10 10 10- 10-4

Distance (m)
Figure 2.8 Radiative transfer coefficient between two parallel glass plates as a function of

separation distance. T 1 = 320 K and T 2 = 300 K. Heat transfer increases as the separation

gap becomes smaller. Evanescent wave contribution is orders of magnitude larger than the

propagating contribution due to the surface phonon polaritons.

Figure 2.8 shows the radiative heat flux between two parallel glass

substrates as a function of separation distance. The total radiative heat transfer

increases when the separation distance decreases due to contributions from

evanescent waves. When d is relatively large, the radiative transfer from evanescent

modes is negligible, since evanescent fields decay exponentially in the z-direction as

suggested by the factor e- - in Eq. (2.17). When d is relatively small, the

evanescent waves can tunnel to the other medium. The radiative transfer from

evanescent modes becomes the dominating factor at micron separation distances
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and below. This heat transfer mode can be considered as an additional heat transfer

channel [47] and consequently the radiative heat transfer can exceed blackbody

radiation, predicted by the Stefan-Boltzmann law. Asymptotic analysis shows A/d 2

dependence of the heat transfer with respect to the separation gap as can be seen in

figure 2.8, where A is a constant which depends on the temperature, and d is the

separation gap. This 1/d 2 behavior is due to the domination of the surface phonon

polaritons when the separation gap is very small.

Figure 2.9 plots the coefficient A as a function of temperature of the glass

plate. By linearizing the plot, A can be approximated as

A(T) = 3.55 x 10-12 T (2.19)

Near-field heat transfer coefficient between two parallel glass plates separated with

a gap smaller than 100 nm at room temperature can then be approximated as

h . x 2 (Thot -- Tco h) (2.20)

This approximation is best used for d 100nm and 280K < T < 400K.
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Figure 2.9 Coefficient A is plotted as a function of temperature. Coefficient A can be

approximated using the slope of the linearized plot.

2.2 Proximity approximation to Calculate Near-Field Radiative Heat

Transfer between a sphere and plate

The near-field radiative transfer between a sphere and a plate is of interest due to

its experimental relevance. But since the calculation of the near-field radiative

transfer between a sphere and a plate involve more complicated numerical

simulation, we use the proximity force theorem, which is widely used to

approximate the force between a sphere and a plate, to later compare the

experimental result with the theoretical calculation.

The proximity approximation is a simple yet an accurate tool to estimate

near-field thermal radiation between a sphere and a plate. Studies have shown that

at very small gaps, gap << radius, the approximation agrees very well with the exact

calculation [37], [38], [46].

In this approximation, the sphere is considered very large relative to the

separation distance that the curvature of the sphere changes very slowly. The

curved surface is approximated by differential flat areas, as shown in figure 2.10.
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Figure 2.10 Proximity force theorem approximates the curved surface of the microsphere

by differential flat surfaces.

The near-field radiative conductance between a sphere and a plate can be

approximated by two parallel plates solution.

G7sphere-pat e() f rR ; plate-plte (s(r-))2 2mrdrnear-f ield J=0 near-field
(2.21)

G is the radiative conductance, d is the separation distance between the sphere and

the substrate, R is the radius of the sphere, h is the radiative heat transfer

coefficient, and s = d + R - VR - r2 is the separation distance of between each

differential plate and the substrate. Eq. (2.2.1) can also be approximated as

G sphereplate (d) 21? LLP/ i4eX77utX (s) dsnear-f ield sf near-l'ieldI (2.22)

Using the proximity approximation, near-field heat conductance between a

sphere with radius I? and a semi-infinite plate which support surface phonon

polaritons can be approximated as



G,,_perepte xRdh' (2.23)

while near-field heat conductance between two spheres with radius R which

support surface phonon polaritons can be approximated as

Gnspee =,7Rdh,,,2.~pere~ ~r~I~y(2.24)

By applying Eq. (2.20) to Eq. (2.22) and (2.23), one can quickly estimate the near-

field thermal conductance between a glass sphere and a glass plate or 2 glass

spheres.

2.3 Summary

Theoretical background to analyze near-field thermal radiation based on

fluctuational electrodynamic was presented. Silicon dioxide is used as an example

material due to its experimental relevance. The physical origin of near-field thermal

radiation and its consequences are explained using detail analysis such as transfer

function, spectral heat flux, and total heat transfer. The proximity approximation to

analyze near-field thermal radiation between curved objects is also explained due to

the experimental relevance. Empirical expressions to calculate near-field thermal

radiation between silicon dioxide surfaces are presented for engineering purpose.

Theoretical analysis presented in this chapter is used to guide the experimental

investigation of near-field thermal radiation presented in the later chapters.
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Chapter 3

Near-Field Thermal Radiation
Measurement Setup

This chapter presents the near-field thermal radiation measurement apparatus and

procedures. The basic concept of the measurement is first explained. Then, the

details of the setup and procedures are presented. Finally, the problems with the

setup and the improvements made are explained.

3.1 Measurement Setup

The simplest geometry in the study of near-field thermal radiation is the case of two

parallel plates. But despite its simplicity, near-field thermal radiation between two

parallel plates is difficult to measure, mainly due to the complications involved in

aligning two parallel plates with a nanometer separation gap. Most recent

experimental investigations on near-field thermal radiation between two parallel

plates was reported by Ottens et al. [60] and Kralik et al. [61], [72]. Ottens et al.

measure near-field thermal radiation between two large sapphire plates (50 x 50

mm 2). The gap is controlled by measuring the capacitance of a pair of copper plates

on each corner of the sapphire plates. Measurements were carried out for
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temperature differences ranging from 6.8 to 19 K as the gap is varied from 2 to 100

um. Kralik et al. [61], [72] reported near-field thermal radiation measurement

between two parallel tungsten plates with a 35 mm diameter at cryogenic

temperature. The gap is varied from 1 to 300 um. The measurement results shows

two orders of magnitude enhancement of near-field thermal radiation relative to the

blackbody radiation. Due to the complications in maintaining a small separation

distance between two parallel plates both reported that they can only measured gap

as small as 1 um. Sphere-plate measurement setup was designed to solve this

problem [62]. The use of a sphere eliminates the parallelism problem suffered by

two plates.

Tip-plate is another configuration that is commonly used to measure near-

field thermal radiation. Due to its small size, this configuration minimizes the

probability of the surface of being dirty. However, the sphere-plate configuration is

still preferable than tip-plate configuration because a sphere is more amenable to

analysis compared to a tip. The geometry of the tip is difficult to model thus any

comparisons between theoretical and experimental results inherently include more

uncertainty.

To reduce the probability of the surface of being dirty and causing

uncertainties in the measurement results, a very small sphere is used in the

measurement. However, this strategy comes with a drawback. Because of its size

(-100 um), the measured near-field radiative heat flux is very small (_100s nW).

This results in a challenging problem on designing the measurement system. To

measure such a small heat flux, Narayanaswamy et al. [62] were the first to design a

near-field thermal radiation measurement setup using a bimaterial cantilever. A

bimaterial cantilever utilizes different materials with different thermal expansion

coefficients. Mismatch in the thermal expansion coefficient causes deflection of the

bimaterial cantilever. This effect is widely used for heat flux measurement. This

effect is more pronounced in a microscale cantilever due to their thickness, resulting

in reduced stiffness. A bimaterial cantilever is a very sensitive heat flux sensor. A

measurement setup employing a bimaterial cantilever has been demonstrated to

have a resolution less than 4 pW [80].
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Figure 3.1 (a) A schematic of the himaterial cantilever sensor used in the measurement

setup. As the separation gap between the substrate and the sphere is reduced, the heat flux

increases due to the near-field effect. The temperature of the sphere and cantilever

decreases due to net heat transfer from the sphere to the substrate. The change in the

temperature profile results in the bending of the cantilever, which then measured as the

near-field heat flux. (b) Equivalent thermal circuit of the bimaterial cantilever used to

measure near-field thermal radiation.

Figure 3.1a illustrates the basic idea of our measurement setup. A

microsphere is attached on the tip of Li imaterial cantilever. A flat substrate is

positioned in front of the sphere. A laser source is shined on the tip of a cantilever.

Some part of the laser beam is absorbed by the cantilever and acts as heating source

to create a temperature difference between the sphere and the substrate, while the

substrate is passively maintained at room temperature. The reflected laser is

directed to a position detector to measure the bending of the cantilever.
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The corresponding thermal circuit of the cantilever and the sphere system is

given in figure 3.1b. The temperature of the cantilever tip can be written as

7 . + +, (3.1)
"" (G, +G7 +G

P is the laser power absorbed by the cantilever, Gnear-field is the near-field radiation

thermal conductance between the sphere and the substrate, Gfarfield is the far-field

radiation thermal conductance between the sphere and the cantilever to the

surroundings, and Gcantilever is the thermal conductance of the cantilever. The

deflection of the cantilever is very small (~1 nm) such that the amount of the laser

power absorbed by the cantilever tip, P, is assumed to be constant during the

experiment. The cantilever tip is assumed to be at the same temperature as the

sphere, since the near-field thermal radiative heat transfer from the microsphere to

the substrate is very small (-100 nW). For comparison, the conduction through the

cantilever is in the order of (-100 [W).

The experiment is done based on the following idea. Gnear-field increases due to

the tunneling of the evanescent waves as the separation gap between the sphere

and the substrate becomes smaller. As a result, the temperature Ttip will decrease to

balance the heat flow following Eq. (3.1). This temperature change will cause the

cantilever to bend upwards and change the position of the reflected beam on the

position detector. A calibration factor is needed to convert the displacement of the

position of the reflected beam into near-field conductance Gnearfield. The calibration

procedures are explained in Section 3.2.

Here, we emphasize that our experimental setup only measures near-field

radiative transfer. Far-field radiation contributes to the initial bending of the

cantilever and remained constant during measurement.
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3.2 Calibration Process

The calibration process is done to convert the recorded signal during measurement

into near-field conductance. In this section, the absorbed power calibration is first

explained. This calibration is needed to convert the bending of the cantilever into

heat flux. Next, the base temperature calibration is explained. This calibration is

needed to experimentally determine the effective thermal conductance of the

cantilever along with the absorbed power calibration. The effective thermal

conductance of the cantilever is then used to determine the temperature difference

between the sphere and the substrate.

3.2.1 Absorbed Power Calibration

The temperature profile of the cantilever under vacuum conditions with a point-like

power input on its tip, as shown in Fig. 3.2, can be written as

T(x')- T, = - X).2
I G(32

P is the laser power absorbed by the cantilever tip, G is the effective thermal

conductance of the cantilever along its length direction, I is the effective length of

the cantilever, and Tb is the base temperature. The effect of the far-field radiation is

very small since the far field conductance of the cantilever Gfarfield (~60 nW/K) is

very small compared to the cantilever thermal conductance Gcantilever (- 4.2 2

W/K).
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Figure 3.2 Schematic of the cantilever with power input on its tip in vacuum. Since the

radiation loss (-60 nW/K) is very small compared to the cantilever thermal conductance (~

4.2 rW/K), ternperature profile along the cantilever is assumed to be linear.

Based on the beam theory [128], the deflection of a bi-material cantilever

with two different thermal expansion coefficients follows

1Z t +t.
=6(;' -;',) -[T(x)-,7]

dIx t tK
(3.3)

Z(\) is the vertical deflection at location x, y is the thermal expansion coefficient, t is

the thickness of the layers, T(x) is the temperature distribution along the cantilever,

and TO the reference temperatUre at zero deflection. In this case To is roorn

temperature. K is a constant defined by the thickness ratio and the Young's modulus

of the layers.

K - 4+ 6 + 4 + +E
S t E G) E1 (t)

(3.4[)

Based on the temperature profile, the slope of the cantilever tip can be

determined from Eq. (3.3).

dZ(0) =P611 T/ + T
dx2G

(3.5)
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Since in this case Tb = To, Eq. (3.5) reduces to

dZ(0) 3/PH (3.6)
Cx G

H =(y, - y1 )(t, -t,)/t 1K is a constant obtained from Eq. (3.3). The slope of the

cantilever tip is equal to half of the displacement of the reflected beam on the

position detector when the angle is very small,

=0.5 A (3.7)
dr s

Ad is the displacement of the reflected beam on the PSD, and s is the distance

between the cantilever tip and the PSD. The sensitivity of the displacement of the

reflected beam on the PSD with respect to the absorbed power is given by

S = =-(Ad) 6sIH (3.8)
aP G

This calibration is carried out by measuring the displacement of the reflected

laser beam on the PSD in response to different laser powers absorbed at the tip of

the cantilever under vacuum. The absorbed power is obtained by subtracting the

reflected and transmitted from the incident laser power. The incident, transmitted,

and reflected laser powers are measured using photodiodes as shown in figure 3.3.

Sp is then used to convert the recorded signal during the measurement into near-

field heat flux. Figure 3.3 shows an example of a power calibration.
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Figure 3.3 Laser displacement varies linearly as the absorbed power is varied as predicted

by Eq. (3.8). This power calibration is used to convert the bending of the cantilever into

near-field heat flux from the sphere to the substrate.

3.2.2 Base Temperature Calibration

Following the same mathematical procedure as previously, the sensitivity of the

displacement of the reflected beam on the PSI) to the base temperature is

S == -(12sl (3.9)
0T"

This calibration is carried oUt by measuring the displacement of the reflected laser

beam on the position detector in response to the temperature variation of the

cantilever base under vacuum. To actively vary the temperature of the base, a heater

is attached below the cantilever (Figure 3.4), while a thermocouple is attached on

the chip of the cantilever to measure the base temperatUre. Figure 3.5 shows an

example of a base temperature calibration.
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Figure 3.4 The bimaterial AFM cantilever is attached to a resistive heater using silver epoxy.

The heater is used to heat up the base cantilever. A thermocouple is attached on the base of

the cantilever to measure its temperature.
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Figure 3.5 Laser dis)lacement varies linearly as the base temperature is varied as predicted

by Eq (3.9). This calibration is needed to experimentally determine the effective thermal

conductance of the cantilever along with the absorbed power calibration (Eq. (3.10)). The

effective thermal conductance of the cantilever is then used to determine the temperature

difference between the sphere and the substrate (Eq. (3.11)).
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3.2.3 Cantilever conductance

Using Eqs. (3.7) and (3.8), the effective thermal conductance of the cantilever is

S
G = -11- (3.10)

2S,,

The temperature of the tip can be obtained using Eq. (3.2) with knowledge of the

effective thermal conductance of the cantilever, and the laser power absorbed by the

cantilever.

TS -+ T5 (3.11)

The temperature of the tip is then used to approximate the temperature of the

sphere. COMSOL simulation shows that the temperature difference between the

sphere and the surrounding is estimated to be 2 % lower than the temperature

difference between the tip and the surrounding. Detail simulation is presented in

Appendix A.

3.3 Improvements made on the experimental setup

A blue laser and a better combination of optical components are used to increase the

accuracy of the absorbed power measurement, hence more accurate cantilever

conductance. However, the improved setup cannot measure near-field thermal

radiation with very small temperature difference, which is needed for the force

measurement. The ratio of the reflectance to the absorptance of the blue laser

(0.3/0.6 = 0.5) is much smaller than that of the red laser (0.9/0.1 = 9). This limits

the smallest temperature difference between the sphere and the substrate that can

be measured. To illustrate, lets consider the following condition. The cantilever

conductance is ~ 4 pW/K. The smallest allowable detected reflected power of the

position detector is 10 LtW. This means, for the blue laser, the absorbed power is 10

,tW/0.5 = 20 [tW, and the lowest temperature difference that we can measure is 20
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LtW/4 [W/K = 5 K. For the red laser the absorbed power is 10 [tW/9 = 1.1 W, and

the lowest temperature difference that we can measure is 1.1 tW/4 [cW/K = 0.25 K.

To solve this problem, the measurement is done in two steps. First, the near-

field measurement and calibrations are done using the red laser setup (Figure 3.6).

Second, the calibration is repeated with the blue laser setup (Figure 3.7). Then, the

bending signal recorded with the red laser setup is then converted into near-field

heat flux with the calibration factor obtained with the blue laser setup.

Figure 3.6 and 3.7 compare the red and the blue laser experimental setups.

The optical components of the red laser experimental setup consist of the following.

A red (X = 635 nm) laser diode module (Lasermate LTG6354AH) is used as the laser

source. The beam is reflected on a mirror to a convex lens (Thorlabs LA1608-A-ML)

with 10 cm focal length to focus the laser beam on the cantilever. The size of the

focused laser beam on the cantilever is 60 ltm. The reflected portion of the laser

power is directed onto a four-quadrant position-sensing detector (PSD), which is

used to measure the displacement of the reflected beam and the reflected power.
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Figure 3.6 Schematic of the red laser experimental setup. The setup consists of a red (=

635 nm) laser diode module, a mirror to direct the laser beam onto the cantilever, a convex

lens, the AFM cantilever with a microsphere attached on its tip, a substrate mounted on a

piezoelectric motor and a position sensing detector (PSD). All of these components are

moun ted on a standard aluminum optical breadboard.

The optical components of the blue laser experimental setup consist of the

following. A blue (X = 444 nrn) laser diode module (Thorlabs CPS 450) is used as the

laser source. A polarizer (Thorlabs LPVISE100-A) mounted on a motorized

rotational stage (Thorlabs PRM1Z8) is used to vary the laser power. A pair of

concave lens (Thorlabs LC1715-A and LC4252-A) is used to diverge and collimate

the beam. The collimated beam is reflected on a mirror to extend the optical path

due to the space limitation of the vacuum chamber. An aspheric convex lens

(TIhorlabs AL2550-A) with 5 cm focal length is used to focus the laser beam. The

beam splitter is used to split the beam. The reflected power from the beam splitter is

measured with a photodiode (Newport 8 t8-JV, 195 pW resolution). Since the ratio

of the transmittance and reflectance of the beam splitter is measured, the

transmitted beam through the beam splitter can be calculated. The transmitted

beam through the beam splitter is the incident beam and hits the tip of the

cantilever. The size of the focused laser beam on the cantilever is 30 Imm. The
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reflected portion of the laser power is directed onto a four-quadrant position-

sensing detector (PSD), which is used to measure the displacement of the reflected

beam and the reflected power. A photodiode (Newport 818-UV) is positioned

behind the cantilever to measure the transmitted laser beam.

Mirror

Concave lens
Aspheric corivex ens

Concave lens
Beam sItt r

PoLizer

PSD

Cn I c 'eh a snoohoor"e

Fl )1In0PL~ on a pl92eag

Figure 3.7 Schematic of the blue laser experimental setup. The setup consists of a blue (

444 nm) laser diode module, a polarizer mounted on a rotating stage, a pair of concave lens

as a beam expander and a mirror to direct the laser beam onto the cantilever, an aspheric

convex lens, a beam splitter, the AFM cantilever with a microsphere attached on its tip, a

substrate mounted on a piezoelectric motor, 2 photodiodes to measure the incoming and

the transmitted laser beam and a position sensing detector (PSD). The optical configuration

is optimized so the setup will fit into the vacuum chamber.

A commercial triangular silicon nitride AFM cantilever (Bludgetsensor SiNi) is

used as the bimaterial cantilever in otr measurement setup. The cantilever is made

of 450 40 nm thick of SiN coated with 6 4 nm Cr film and 65 10 nm Au film. Its

effective length is 200 ttm. A schematic of the hi-material cantilever is presented in

figure 3.8.
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Fig'Ure 3.8 Budgetsensor SiNi cantilever is used as the bimaterial cantilever inl the

measurement setup. The triangular cantilever consists of multilayer structures of Au 450

40 nmi SiN, 6 4 nmn Cr, and 65 10 nmn [].

The measurement setup is placed inside a vacuum chamber and the measurement is

done under vacuum conditions at 10-3 Pa to avoid any air conduction loss. The

following subsections details the improvement made on the measurement setup.

3.3.1 Improved power measurement

The bimaterial based near-field thermal radiation measurement setup designed by

Narayanaswamy et al. [62] utilizes a red laser. As explained previously in section

3.2.1, one of the steps in the measurement is the absorbed power measurement

during the power calibration process. A key challenge in this process is the small

absorption of the cantilever (9 % at 635 nm wavelength), since the absorbed power

is determined by measuring the incident, transmitted, and reflected power.

Narayanaswamy and Gu [129] improved the accuracy of the absorbed power

measurement by minimizing the laser spot to just smaller than the width of the

cantilever (40 lim). Gu et al. [3] improved the accuracy of the absorbed power

measurement by orienting the incident beam perpendicular to the cantilever, hence

minimizing the size of the incident beam.

In this subsection we present further improvement to increase the accuracy

of the absorbed power measurenent. We first present the absorbed power

calibration procedure. Similar to Narayanaswamy et al. [129], a better combination

of optical components is then used to focus the incident beam into a smaller spot to
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reduce the scattered light from the edge of the cantilever. Finally, the blue laser is

used to replace the red laser to increase the absorptance. These improvements

increase the accuracy of the absorbed power measurement, which is crucial to the

cantilever calibration.

3.3.1.1 Absorbed power calibration procedure

The power calibration is done in two steps. The first step is to measure the absorbed

power. The second step is to measure the bending of the cantilever as the absorbed

power is varied. The difference between the red laser setup and the blue laser setup

is in the way the absorbed power is measured.

In the red laser setup, the absorbed power is measured by the following

steps. The first step is to measure the ratio between the absorptance and reflectance

of the cantilever. The ratio between the absorptance and reflectance is defined as

the ratio between the absorbed and the reflected power. This is obtained by

measuring the incident, the transmitted and the reflected laser power using a

photodiode (Newport 818-UV) and using the following equation

Absorbed = Incident - Transmitted - Reflected (3.12)

After the ratio of absorptance and reflectance is obtained, the measurement

setup is placed in the vacuum chamber to avoid any convection and conduction

losses. The next step is to record the bending of the cantilever in response to

different laser power absorbed. The position detector (PSD) records the

displacement of the reflected laser and the reflected power. By using the ratio

between the absorptance and reflectance, the reflected power recorded by the PSD

can be converted into absorbed power.

In the blue laser setup, power calibration process also consists of the same

two steps. But, instead of using the ratio between the absorptance and the

reflectance, we only use the absorptance. Using the knowledge of the beam splitter

ratio, the incident power is determined by measuring the reflected power from the
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beam splitter. With the knowledge of the incident power and absorptance, the

absorbed power can be determined.

The measurement of the absorbed power in the blue laser setup is more

accurate than that of the red laser setup due to several reasons. In the red laser

setup, the absorbed power is obtained by measuring the reflected power using the

PSD. The PSD is actually designed to measure relative position accurately but it is

not designed to measure absolute power due to separation between different active

areas. Also, the position of the reflected laser spot on the PSD changes as the

cantilever bends during the power calibration process. This could introduce an

error due to the uniformity of the active are of the PSD. Most importantly, due to the

size of the laser spot on the cantilever, and the bending of the cantilever during the

calibration process, some of the reflected laser and/or the scattered light do not hit

the active area of the PSD. On the other side, the absorbed power measurement in

the blue laser setup does not suffer from those complications.red laserblue laser

3.3.1.2 A smaller focused laser spot and the use of a blue laser

Since it cannot be measured accurately, the scattered laser beam that is not

specularly reflected from the cantilever is a source of error in determining the

absorptance. Low absorptance values which results by using a red laser makes the

error of the absorbed power larger. Although the scattered laser beam cannot be

measured accurately, Shen et al. [77] attempted to estimate it by placing a

photodiode in different places around the cantilever. Using this method, they

estimated that the scattered laser beam to be around 2 %. Following their method,

we measured a similar amount of scattered laser beam. However, the scattered laser

beam around the direction of the specular reflection is difficult to quantify

accurately.

Incident - Transmitted - Reflected Scattered
Absorbed = -'---' (3.13)

Measured Estimated
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The scattered light is mainly due to the reflection from the edge of the cantilever

since the size of the laser beam is larger than the size of the cantilever tip (Figure

3.9).

To minimize the error coming from the inability to measure the scattered

light accurately, the size of the laser spot needs to be minimized. Following the

diffraction limit of a lens,

427'
11'=

(3.14)

the size of the laser spot after focusing, w, can be minimized by reducing the

wavelength, X, of the laser, using a shorter focal length lens,f and increase the input

radius of the beam on the lens, d.

Reflected Incident

Scattered

Transmitted

(a) (b)

Figure 3.9 (a). The absorbed power is determined by measuring the incident, transmitted,

and reflected power. The scattered light is included as the absorbed power. (b). The

scanning electron micrograph of the cantilever. The light is scattered from the edge of the

cantilever because the laser spot is larger than the tip of the cantilever.

The improvement is realized by replacing a red laser (X = 650 nm), which

was previously used, with a blue laser (X = 444 nm) to reduce the wavelength,

replacing the previously used 10 cm focal length convex lens with a 5 cm focal

length aspheric convex lens to reduce the focal length and improve the aberration,
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and expanding the beam before it is focused with a pair of concave lens to increase

the radius of the incoming beam on the focusing lens. This improvement on the

combination of the use of the optical components reduces the laser spot from 60 im

to 30 Ltm. This ensures that the entire laser beam is on the cantilever and minimizes

the scattered light from the edge of the cantilever; hence minimizing the error

measurement of the absorbed power.

The use of a blue laser also improves the setup significantly. Previously, a red

laser (k = 635 nm) was used as the laser source. However, due to low absorptance

value at this wavelength, the incident and the reflected power of the cantilever

measured are much larger than the absorbed power. The uncertainties of the

incident and reflected power propagate to become large errors on the absorbed

power. As previously explained, the sources of the error in the power measurement

are mainly due to the unaccounted scattered light (Figure 3.6). Another source of

uncertainty comes from the photodiode as listed in Table. 3.1.

Table 3.1 The source of the error in the power measurement.

Uncertainty (%)

Non-uniformity of the silicon photodiode detector 2

Power calibration of the silicon photodiode detector 1

Linearity of the silicon photodiode detector 0.5

To reduce the error, a blue laser (X = 444 nm) is used to replace a red laser (k = 635

nm). The cantilever has higher absorptance in the shorter wavelength as can be

observed in figure 3.10. The measurement results of the absorptance, transmittance,

and reflectance of the cantilever obtained by both blue (444 nm)and red (635 nm)

lasers are also plotted.
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Figure 3.10 TM Spectral absorptance, reflectance, and transmittance at 30 degrees incident

angle of 65nm Au 6nm Cr 450nm SiN (Budgetsensor). The measurement data of both blue

(444 nm) and red (635 nm) lasers are also compared.
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Figure 3.12 TM Angular absorptance, reflectance, and transmittance of 65nm Au 6nm Cr

4SOnmn SiN (Budgetsensor) at 635nm wavelength. The measurement data of red (635 nm)

laser are also compared.

As a comparison, Table 3.2 presents the theoretical prediction of the

absorptance, transmittance, and reflectance of the cantilever for both 444 nm and

635 nm wavelengths. Significant increase in the absorptance reduces the absorbed

power measurement error significantly. By increasing the absorptance, large error

propagation due to subtracting two large numbers is avoided. Table 3.3 compares

the measurement results of the absorptance, transmittance, and reflectance of the

cantilever obtained by different lasers (444 and 635 nm).

Table 3.2 Comparison of theoretical prediction of absorptance,

reflectance of the cantilever at 444 nm and 635 nm wavelengths.

transmittance, and
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Absorptance 0.64
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Table 3.3 Comparison of the estimated total absorbed power measurement error.

444 nm 635 nn

Transmittance 0.03 0.04

Reflectance 0.32 0.83

Scattered 0.03 0.02

Absorptance (without
0.65 0.1

scattered beam correction)

Absorptance (without
0.62 01

scattered beam correction)

Cantilever conductance
3.56 .18

( iW/K)

This inaccuracy on the absorptance measurement propagates into a

systematic error on the power calibration factor, Sp. And in the end, this error

propagates into the measured near-field heat flux, because the power calibration

factor, Sp, is used to convert the bending of the cantilever into heat flux.

To see the variation of the thermal conductance of the cantilever, we

calibrate 6 different cantilevers from two different boxes. The average thermal

conductance is found to be 3.64 0.4 LtW/K. The error represents 95% confidence

interval.

3.3.2 Force cancellation

The near-field thermal radiation measurement setup is different compared to

traditional AFM or Casimir force measurements in the way that the cantilever is

oriented relative to the substrate. In AFMs or Casimir force measurements the

cantilever is oriented parallel to the substrate. Surface forces cause the cantilever to

bend. In the original near-field thermal setup, the cantilever is oriented
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perpendicular to the substrate, minimizing these forces so that the bending of the

cantilever will mostly be the resUlt of thermal effects.

The setup is further improved to reduce the force effect so that the bending

will be minimized. The cantilever is oriented with an angle relative to the substrate,

such that the counter clockwise and clockwise moment cancels each other. Figure

3.12 shows the free body diagram of the cantilever-sphere-substrate system. The

slope of the cantilever tip can be calculated by [130],

d/Z FLI
/Z_ - (cosH( K + Rsin0)-sin0(- + X + NcosU)) (3.15)

/1/'

F is force, L is length of the cantilever, E is elastic modulus, I is the moment of inertia,

0 is angle between the cantilever and the substrate, R is radius of the microsphere, X

and Y are the horizontal and vertical distance between the tip of the cantilever and

the center of the sphere (Figure 3.13).

Lx

Bimaterial canilever -

Microshe re

Figu re 3.13 A free body diagram of the cantilever-sphere-substrate system shows the force

effect can be minimized by orienting the substrate relative to the cantilever with a specific

angle.
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Following Eq. (3.15), the change of the slope of the cantilever tip due to force

between the sphere and the substrate can be made zero by making the angle

between the cantilever and the sphere such that

cosO( + Rsin&) = sin 0(-+ A + /?cos b) (3.16)
2

Figure 3.14 shows a typical sphere-cantilever system. Following Eq. (3.17),

the change of the slope of the cantilever tip due to force between the sphere and the

substrate can be minimized by orienting the substrate relative to the cantilever with

a 260 angle.

Figure 3.14 An example of a sphere-cantilever system. To minimize the force effect, the

cantilever is oriented with an angle of 260 relative to the substrate.

In practice, charge distribution on the surface of the sphere and/or the

substrate is not known. As a consequence, the location and the direction where the

force is exerted might not be on the center as depicted in Fig. 3.13. An iterative

process is done to minimize the force. Different angles of orientation are tried until

the force effect is minimized.

After the force effect is minimized, force signal can be completely extracted

from the heat transfer signal by performing measurement at very low temperature
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difference. The laser power absorbed by the cantilever is reduced as low as possible,

such that the temperature difference between the sphere and the substrate is very

small (<1K).

3.5 Summary

The red laser bimaterial based near-field thermal radiation suffers from inaccurate

absorptance measurement. In this chapter, we explain the source of the error in the

absorptance measurement. We improve the measurement setup by using a better

method in measuring the absorbed power, a smaller laser spot, a blue laser, and an

orientation angle to reduce the force effect.
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Chapter 4

Measurement of near-field thermal
radiation between silica surfaces

To measure near-field thermal radiation is a challenging task. For a long time

researchers have tried to make two parallel plates separated by nanometer gaps. It

was Narayanaswamy et al. [62] who creatively solved the problem by replacing one

plate with a sphere to eliminate the parallelism problem. Using a bi-material

cantilever, they measured near-field thermal radiation between a sphere and a

plate. Later on, Shen et al. [2] continued the work, and showed the enhancement of

the radiative transfer due to the near-field effect. Their work was a breakthrough in

the field of near-field thermal radiation. However, as explained in chapter 3, power

calibration suffers from large systematic error due to inaccuracy in the absorptance

measurement. This power calibration is used to convert the bending of the
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cantilever into heat flux. Hence, the measurement results suffer from large

systematic error.

This chapter repeats the measurement of near-field thermal radiation

between a silica microsphere and a glass substrate. The error propagation of power

calibration is shown as the comparison of the uncorrected and the corrected data.

The corrected data are then analyzed to give a better understanding of the

limitations of the measurement setup and procedures.

The second part of this chapter presents the measurement of near-field

thermal radiation between two silica microspheres. Our bimaterial based near-field

thermal radiation experimental setup is limited in a way that it can only measure

near-field thermal radiation involving a spherical surface. As pointed out before, a

microsphere is used to eliminate the parallelism problem. While usually this setup is

only used to measure near-field thermal radiation between a sphere and a plate,

here we show that it can also be used to measure near-field thermal radiation

between two microspheres. This extends the experimental capability to measure a

geometry and configuration other than sphere-plate.

4.1 Measurement of near-field thermal radiation between a silica sphere and a

glass substrate

Figure 3.1a shows a schematic of the measurement system. A silica microsphere is

attached to a bimaterial cantilever and the glass substrate is attached on a

piezostage. The silica microsphere is obtained from Microsphere-Nanosphere. The

plate is a microscope glass substrate from VWR soda-lime glass in accordance with

ISO 8037/1 standards. These samples are chosen to follow the experiment by Shen

et al [2].

4.1.1 Microspheres cleaning process

Figure 4.1 shows the SEM images of the silica microspheres obtained from

Microsphere-Nanosphere. Contaminants are found on the surface of the sphere. To

remove these contaminants, the spheres need to be cleaned. The cleaning process

starts by cleaning all the glassware used in the process such as vials, pipettes, and
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microscope glass slides with piranha solution. All the glass wares are then rinsed

with DI water. The spheres are then dispersed in acetone in a clean vial and

followed by ultrasonication process for 1 hour. The process is followed by

dispersing the spheres in methanol and another ultrasonication process for 1 hour.

Finally, the spheres are dispersed in Isopropanol and followed by another

ultrasonication process for 1 hour. The result of the cleaning process is shown in

figure 4.2. The majority of contaminants are gone. However, the spheres still suffer

from the particulates in the solutions. These particulates are left on the surface of

the sphere while the Acetone/Methanol/lsopropanol evaporates. Later, we will

explain how these particulates influence the measurement. In the future, a better

cleaning process needs to be employed to remove these particulates.

F F ''F

Ed~ ~

F F

K Fi~F~Fii~~

Figure 4.A SEM images of microspheres obtained from Microsphere-Nanosphere reveals

contami na tits on the surface.
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Fig Ure 4.2 (a) The microspheres are cleaned by ultrasonication process in Acetone-

Methanol-Isopropanol so!LItion. iis process succeeds to clean the majority of the

con tamirnant. (b) Hi- gh resolution SEM image reveals the existence of particulates.
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4.1.2 Near-field thermal radiative conductance between a silica sphere and a

glass substrate

This section only presents the measurement results. The experimental setup and

procedure can be found in chapter 3. Figure 4.3 shows typical raw data of the

measurement. The measurement is started as the separation gap between the

sphere and the substrate is 10 p.m apart. As the separation distance between the

silica sphere and the glass substrate is reduced, the radiative heat transfer

increases, indicated by the movement of the laser spot on the position sensing

detector (PSD). Contact between the sphere and the substrate is made when the PSD

signal changes abruptly. The sharp change in the signal indicates that the cantilever

does not bend continuously due to thermal effects, but because of the contact force

between the sphere and the substrate.

50

40

E- 30 Contact

.220

(n10
C

0

0 50 100 150 200
Time (arb. units)

Figure 4.3 The bending of the cantilever is translated into displacement of the laser spot on

the PSD and recorded as the separation distance between the sphere and the plate is

reduced. Contact is established when the PSD signal changes abruptly. The sharp change in

the signal indicates that the cantilever does not bend continuously due to thermal effects,

hut instead due to the contact force between the sphere and the suhstrate. This contact

97

I



point is the reference point for zero separation distance between the sphere and the

substrate.

Contact point is the reference point for zero separation distance between the

sphere and the substrate. This contact point has an important implication on

interpreting the measurement result as explained later. This raw data is then

processed by relating the recorded separation gaps with the zero reference point

and converted into near-field radiative heat flux.

To account for the statistical variation due to thermal fluctuation, the

experiments are repeated 10 times. The recorded data are averaged and then

converted into the near-field radiative heat flux by using power calibration, Sp.

As explained in chapter 3, the measurement is done using red laser. The

power calibration obtained from the red laser setup is 32 mV/ tW. The temperature

calibration is 500 mV/K. From these two calibrations, using Eq. (3.10), the

cantilever conductance is found to be 8.2 LtW/K. The calibration is then repeated

using a blue laser and the conductance is found to be 3.6 [1W/K. As we previously

explained, we know that the large difference of the thermal conductance of the

cantilever obtained from both calibrations is due to the error in the absorbed power

measurement. To obtain more accurate power calibration for the red laser, we use

the cantilever conductance obtained from blue laser calibration, 3.6 iW/K and the

temperature calibration using red laser, 500mV/K. Using Eq. (3.10) we obtain the

corrected power calibration of the red laser to be 72 mV/ iW. This corrected power

calibration is higher than that obtained using red laser by a factor of 2.25.

Figure 4.4 presents the near-field heat flux as a function of separation

distance. It compares the uncorrected near-field heat flux obtained using the red

laser power calibration (red circles) and the corrected near-field heat flux obtained

using the blue laser power calibration (blue squares). The theoretical prediction is

also plotted as a comparison. The error bar represents 95% confidence interval of

10 runs . The uncorrected near-field heat flux is higher than corrected data by a

factor of 2.25. The large difference between those two sets of data shows the

systematic error suffered from the power calibration.
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Figure 1.4 The displacement of the laser spot on the PSD is converted into near-field heat

flux using the power calibration factor. The near-field heat flux obtained using red laser

power calibration (red circles) is higher than that using the blue laser corrected power

calibration (blUe sqUares) by a factor of 2.25. The error bar represents 95% confidence

interval.

Since the thermal conductance of the cantilever is known, the temperature of

the sphere can be determined using Eq. (3.11) by dividing the absorbed power with

the cantilever conductance. The temperature of the substrate is measured using a

thermocouple. The near-field radiative conductance can then be obtained by

dividing the near-field radiative heat transfer by the temperature difference

between the sphere and the substrate, which happens to be 24.5 K. Figure 4.5

presents the near-field thermal radiative conductance as a function of separation

distance. The uncorrected data (red circles) are compared with the corrected data

(blue squares). The theoretical prediction is also plotted as a comparison. The error

bar represents 95% confidence interval. The same with the heat flux, the

uncorrected data is higher than the corrected data by a factor of 2.25 (Figure 4.5).
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Figure 4.5 The heat flux is then converted into radiative conductance by dividing the heat

flux with temperature difference, 24.5K. Both cases are compared with the theoretical

prediction. The uncorrected data is higher than the corrected data by a factor of 2.25. The

error bar represents 95% confidence interval.

Figure 4.6 presents 9 different measurement results previously taken with

the red laser setup. Each set of data is average of 10 runs. The radius of the sphere

used in each measurement varies slightly. The average radius is 48.3 Itm. Since near-

field thermal radiative conductance is proportional to the radius of the sphere

(Eq.2.22), to account for this variation, all measurement resUlts have been rescaled

with a factor of 48.3/radius. Hence, all the measurement results presented in figure

4.6 are scaled to have a radius of 48.3 [cm. The cantilever conductance, G, of each

measurement is also presented on figure 4.6. Large variation is suspected as a result

of the inaccuracy in measuring the absorbed power.
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Figure 4.6 Near-field thermal radiative conductance between a silica sphere with different

radius and a glass substrate. The thermal conductance of the cantilever varies significantly

due to the inaccuracy in measuring the absorbed power.

The same correction procedure, as we explained earlier, was done to all

previous measurement results. The correction is done by assuming that the

cantilever conductance is 3.6 0.4 uW/K. This value is an average of six different

cantilevers calibrated using the blue laser setup. Figure 4.7 presents the corrected

near-field thermal radiative conductance. All measurement results have been

corrected with a factor of 3.6/G. The corrected results are consistently lower than

the uncorrected results due to the inaccuracy in the absorbed power measurement.
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Figure 4.7 Measurement results are corrected by assuming that the cantilever conductance

is 3.6 W/K. All measurement results have been corrected with a factor of 3.6/G.

Different measurement results in figure 4.7 are then averaged and compared with

the existing near-field thermal radiation between silica surfaces measurement

results. Shen et al. [2] measured near-field thermal radiation between a silica sphere

(radius = 50 [im) a glass substrate. Shen et al. data are presented as black squares.

Gu et al. [3] measured near-field thermal radiation between a silica sphere (radius =

25 Ltm) and a glass substrate. Gu et al. data are presented as green triangles. Song et

al. [4] measured near-field thermal radiation between a silica sphere (radius = 26.5

,um) and a 3 um silicon dioxide layer deposited on a 100 nm-thick gold film. Song et

al. data are presented as red diamonds. Our measurement data are presented as

blue circles. To account for radius variation, all measurement results have been

rescaled with a factor of 48.3/radiis. Figure 4.8 compares all the measurement

results as well as prediction from theory. Our experimental data are closer to that of

Song et al. at larger separations, but deviate at smaller separations.
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FigtUre 4.8 Comparison of different measurement results of near-field thermal radiation

between a silica sphere and a glass substrate/silica layer. Shen et al. [2] measured near-field

thermal radiation between a silica sphere (radius = 50 [im) a glass substrate (black

squares). Gu et al. [3] measured near-field thermal radiation between a silica sphere (radius

25 pm) and a glass substrate (green triangles). Song et al. [4] measured near-field thermal

radiation between a silica sphere (radius = 26.5 pm) and a 3 11m silicon dioxide layer

deposited on a 100 nm-thick gold film (red diamonds). The average of 9 different

measurements presented in figure 4.7 is presented as blue circles. To account for radius

variation, all measurement results have been rescaled with a factor of 48.3/radius

(E 1.q2.22).

4.1.3 The influence of particulates on the separation gaps

As can be seen in figure 4.7 and 4.8, our measurement results deviate from the

theoretical prediction. This deviation from the theoretical prediction is most likely

due to the existence of particulates on the surface of the sphere as can be seen on

the SEM image (Figure 4.9). The SEIM image reveals the size of particulates in the

order of z 100s nm.
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Figure 4.9 The scanning electron micrograph of the contact area shows particulates on the

sUrface of the sphere in the order of lOOs om. These particulates cause an error on the

determination of the separation distance between the sphere and the plate.

As we explain earlier, the distance between the sphere and the plate is

measured relative to the contact point, which acts as the reference point for zero

separation distance between the sphere and the plate. This contact point is between

the closest peaks of the two surfaces. The definition of the zero reference point has

important implications in the interpretation of the measurement results. If there is a

particUlate on the surface, instead of having a contact point between the peak of the

sphere and the plate, this zero reference point is between these particulates. Figure

4.10 illustrates two conditions comparing the case of clean and dirty surfaces. In the

case of the clean surface, the separation distance is the actual distance between the

sphere and the plate. In the case of the dirty surface, the separation distance is the

distance between these particulates.
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Figure 4.10 The schematic of contact between (a) perfectly clean sphere-plate (h) a

particulate on the surface sphere-smooth plate illustrates the definition of contact point.

The existence of particulates on the surface cause an error on the determination of the

separation distance between the sphere and the plate.

4.1.4 Spatial distribution of near-field heat flux between a sphere and a plate

The existence of particulates on the surface might also screen or alter the

electromagnetic field. This inspires us to analyze the contribution of a particular

area of the sphere on the total near-field heat transfer between a sphere and a plate.

Since it is hard to keep the entire surface of the sphere clean, this analysis helps to

determine the size of the surface area of the sphere that needs to be clean.

Using the proximity approximation (PA), as previously explained in chapter

2, the curved surface is approximated by differential flat areas, as shown in figure

4.11.
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Figure 4.11 Proximity force theorem approximates the curved surface of the microsphere

ly differential flat surfaces.

Heat flux from individual annulus can be written as

(4.1)

q' is the heat flux. s d + ? - - rf is the separation distance of between each

differential plate and the substrate. d is the separation distance between the sphere

and the substrate, R is the radius of the sphere, h is the near-field radiative heat

transfer coefficient between two parallel plates.
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Figure 4.12 (a). An illustration of the radius of the projected area of the sphere. (b-e). Near-

field heat flux contribution as a function of radius of the projected area for different

separation gaps between the sphere and the plate. (b). Gap = 1 nm. (c). Gap = 10 nm. (d).

Gap = 100 nnm. (e). Gap =1 1m.
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Figure 4.12 (b-e) presents the theoretical calculation of the heat flux as a

function of radius of the projected area of the surface of the sphere based on Eq.

(4.1). The heat flux shows non-monotonic behavior as a function of the radius of the

projected area. This is due to the opposite trend of the radius and the near-field

transfers as the radius becomes larger. Although near-field heat transfer per unit

area is largest around the center of the sphere, when the separation gap is small,

this area is only a small portion of the total area of the sphere. As a consequence,

heat transfer from that particular area is small. The maximum transfer happens due

to the combination of high enough near-field transfer and large enough area. The

radius of the projected area where this maximum transfer occurs also changes as a

function of separation distance between the sphere and the substrate as shown in

figure 4.12 (b-e).

By integrating Eq (4.1), the normalized accumulated heat flux as a function of

the projected radius can be obtained as shown in figure 4.13. This shows the portion

of the heat flux transferred from a particular area, where the radius of the projected

area is r. As an illustration, figure 4.13 shows the area of the sphere, which transfers

90% of the energy. Of experimental relevance, for separation distance is smaller

than 1 rim, most of the heat is transferred from the area with 20 tm projected

radius. This area needs extra care in the measurement in order to better compare

the measurement with the theoretical prediction. These results will guide the

preparation process in the future experiments.
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Figure 4.13 (a) The normalized accumIulated heat flux as a function of the projected radius

between a silica sphere with 50 um radius and a silica substrate for different separation

distances. (b) Each circle shows an area, which contribute to the 90% of the near-field

radiative heat flux for different separation gaps. The heat transfer is concentrated in a

smaller area as the separation distance becomes smaller.
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4.2 Measurement of near-field thermal radiation between two silica spheres

The geometries of the closely spaced objects, dictated by the device and its

application, affect the near-field thermal radiation. Theoretical studies on the effects

of different geometries beyond two parallel plates have been investigated, although

with little intensity, due to the complexity of the numerical calculation. These

geometries include a sphere and a semi-infinite body [37], [38], two spheres [39],

and more complicated geometries [40]-[44].

To date, the challenges of alignment of two heat exchanging bodies has

limited the existing experimental investigation to plate-plate[57]-[61], sphere-

plate[2], [3], [62]-[66], and tip-plate measurement [67]-[69]. However, to enable

real applications, the design of the devices should not be limited to these three

configurations.

The effects of the curvature on near-field thermal radiation have been

investigated theoretically. Narayanaswamy and Chen [39] were the first to analyze

near-field thermal radiation between two spheres. Numerical calculation was

performed to solve this problem. This work is marked as the first attempt to analyze

near-field thermal radiation beyond dipole approximation [45] or proximity

approximation. It is found that the near-field thermal radiation between a sphere

and a semi-infinite plate and two spheres can be approximated with the proximity

approximation (PA) [37], [46]. This work experimentally demonstrates near-field

thermal radiation between two spheres. This work extends the existing sphere-plate

experiment and demonstrates the effect of the curvature on near-field thermal

radiation by comparing near-field thermal radiation between two spheres and that

between a sphere and a plate.

4.2.1 Sample preparation

The measurement is done using the bimaterial cantilever based near-field thermal

radiation measurement setup. Detailed descriptions on the complete experimental

setup and measurement technique are explained in chapter 3.

In this measurement, two silica microspheres need to be prepared and

aligned. The first sphere is glued to the edge of a microscope glass slide. The process
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is as follow. We first prepare a clean microscope glass slide. A thin layer of glue with

the size of 100 x 100 Ltm 2 is applied on the edge of the glass slide using a small tip

(One can use a cantilever tip or a tungsten tip). Clusters of microsphere are

prepared on another clean glass slide. These spheres are then poured on the area

where the glue is prepared. By chance, there will be a sphere, which will fall on the

glue (Figure 4.14a). The second sphere is glued to a bimaterial cantilever. The radius

of the first sphere is 49.4 0.4 ym and the radius of the second sphere is 49.2 0.4

Im.

'iRt
Sphere 

2

Sphere 1 Sph ere 2 R

F~40p

Bimateriat
cantilever Sphere 0

(a) (b)

Figure 4.14 (a) Two spheres are aligned optically in x and z axis. The misalignment of 5 pm

between two spheres is estimated due to the resolution of the microscopic image of the

spheres. The radius of the first sphere is 49.4 0.4 pm and the radius of the second sphere

is 49.2 0.4 pm. Using Eq. 1, the difference between the measured distance and the actual

distance is found to be smaller than 0.4 %. (b) Due to the misalignment between the two

spheres, the distance measured (g) is not the actual distance (g).

The two spheres are aligned using an optical microscope. The schematic of

the two spheres is presented in figure 4.14b. The sphere number 1 is moved relative

to the sphere number 2 in the y direction. The distance between two spheres is

determined by measuring the distance traveled by the sphere number 1 until it
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makes contact with the sphere number 2. If both spheres are perfectly aligned, the

measured distance is the normal distance, i.e. the actual distance. But, due to the

misalignment, the distance measured is not the actual distance. The relation

between the measured, the actual, and the misalignment distance can be expressed

as

R~-r2 2 R rn][ri 2[R R (4.2) d= g + RY -_M + VO -m2 + [M1 + M2~ _ [ R1 + R] (42

As shown in figure 4.14b, d is the actual distance, g is the measured distance, R, and

R2 are the radii of the spheres, mr and m2 are the misalignment distances. The

misalignment of 5 ym between two spheres is estimated due to the resolution of the

optical microscope. Using Eq. (4.2), the difference between the measured distance

and the actual distance is found to be smaller than 0.4 %.

4.2.2 Results and discussion

Figure 4.16 presents the near-field thermal radiative conductance as a function of

normal distance of two measurements. The radius of the silica microspheres used

for the first measurement are 49.4 and 49.2 [cm. The radius of the silica

microspheres used for the second measurement are 45.1 and 46.4 Ltm. The

measurement data of the near-field conductance between two silica spheres is

plotted as red squares and green triangles. The error bar represents 95%

confidence interval. The theoretical predictions of the near-field thermal radiative

conductance between two silica spheres are plotted as a red and green line for

comparison. The measurement data of the near field conductance between a silica

sphere and a glass slide is also plotted as blue circles and squares for comparison.

The proximity approximation (PA) of the near field conductance between a silica

sphere and a semi-infinite silica substrate are plotted as black and blue lines.
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Figure 4.16 The measurement results of the near-field thermal radiative conductance

between two silica spheres are plotted as a function of normal distance. The measurement

results of the near-field thermal radiative conductance between a silica sphere and a glass

substrate are also plotted for comparison. The error bar represents 95% confidence

interval. The measurement data deviate from the theoretical calculation based on proximity

due to the existence of particulates (Figure 4.4).

The measurement results between a silica sphere and a glass substrate is

performed between the sphere and the glass substrate where the other sphere is

attached. The near-field conductance between a sphere and a glass substrate are

higher than that between two spheres since the surfaces between a sphere and a

plate are separated by smaller distances than the surfaces between two spheres due

to the curvature of the second sphere. These results clearly show the effect of the

curvature on the near-field thermal radiation.
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4.3 Summary

The first part of this chapter presents the measurement results of near-field thermal

radiation between a silica sphere and a glass substrate. Our experimental data is

less than what theory predict and we suspect that particulates on the sphere are

responsible for the observation.

The second part of this chapter demonstrates the effects of the curvature of

the surface on near-field thermal radiation by measuring near-field thermal

radiation between two silica microspheres. We experimentally showed that the

curvature of the surface influences the near-field thermal radiation by changing the

distances between two surfaces. This results demonstrate the theoretical prediction

by Narayanaswamy and Chen [39], [46]. Furthermore, our experimental method to

measure near-field thermal radiation between two spheres also extends the existing

experimental capabilities, which was limited to plate-plate, sphere-plate and tip-

plate. This method can be further used to investigate the effect of different

curvatures of the surface, such as two spheres with different radii, and sphere-

cylinder as well as for studying the contribution of other types of morphology-

dependent optical modes (e.g., whispering gallery modes) to the near-field radiative

heat transfer.
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Chapter 5

Measurement of near-field thermal
radiation of doped silicon surfaces

Recent progress on nanoscale radiative transfer has also generated strong interest

in the role of surface plasmon polaritons on near-field thermal radiation. However,

surface plamon polaritons on metallic surfaces can only be excited at extremely high

temperature since plasma frequency of metals typically lies in the UV-visible

spectrum.[64] On the contrary, plasma frequency of semiconductors lies in the

infrared spectrum due to lower carrier concentrations and can be thermally excited

even at room temperature. Further, since the plasma frequency can be controlled by

changing the carrier concentration, surface plasmon polaritons on semiconductor

surface can be tuned, enabling control of near-field thermal radiation.[25], [26]

Experimental investigation have also been conducted by measuring near-field

thermal radiation between a silica sphere and a graphene layer,[79] and between a

silica sphere and silicon substrates with different doping levels.[65]

In this work, we report the first measurement of near-field thermal radiation

between doped silicon surfaces. We first explain the underlying mechanism to tune
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the near-field thermal radiation by changing the carrier concentration. Samples

preparation procedures are then presented. Finally, the experimental results are

discussed and analyzed.

5.1 Theoretical prediction

The dielectric function of doped silicon is described using Drude model [26].

E(D) = Eb1 ~ Nee 2/oEfm_ Nhe
2 ft0 m (5.1)

((D 2 +iO1/Te) (6
2 +i&W/h)

Ebi accounts for band gap transition and lattice vibration contributions, represented

by dielectric function of intrinsic silicon. The last two terms account for transition in

the conduction band (free electrons) and valence band (free holes). Ne and N7 are

electrons and holes carrier concentrations. me" and Mh* are the effective masses. Te

and Th are the scattering times for electrons and holes respectively. The effective

masses are taken as me*= 0.27mo and mih' = 0.37mo. mo is the free electron mass.

All the following theoretical predictions presented in this chapter are based

on the samples used in the actual measurement. The carrier concentration and

mobility are measured by Hall effect system and presented in Table 5.1. The

mobility is used to determine the averaged scattering time. Figures 5.1a and b show

the real and imaginary parts of the dielectric constant of doped silicon with different

carrier concentrations calculated using Eq. (5.1). The plasma frequency shifts to a

higher frequency as the carrier concentration increases.

Surface plasmon polaritons are a coupling mode between electron waves and

electromagnetic waves which propagate along the interface between two mediums

[10]. Although surface plasmon polaritons are excited on doped silicon surfaces, the

condition is actually not maximized since the imaginary part of dielectric constant is

sufficiently high (Figure 5.1(b)) [48]; hence a dampening of the resonance. A

horizontal line marks the value of -1, where the surface plasmon polariton is

excited. Surface plasmon polariton resonance shifts to shorter wavelengths as

carrier concentration increases.
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Figure 5.1 (a). Real parts of the dielectric constant for different carrier concentrations are

plotted as a function of frequency. Plasma frequency shifts to the higher frequency as

carrier concentration increases. A horizontal line marks the value of -1, where the surface

plasmon polariton is excited. Surface plasmon polaritons resonance shifts to shorter

wavelengths as the carrier concentration is increased. (b). The imaginary part of dielectric

constant is not sufficiently small; hence damping the surface plasmon polaritons.
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Figure 5.2 presents the local density of electromagnetic states (LDOS) of the

doped silicon with different carrier concentrations at a distance of 100 nm from the

surface.[131] The LDOS of SiO2 is also plotted for comparison. The surface plasmon

polaritons have a wide and short peak, since the imaginary part of dielectric

constant is sufficiently high; hence a dampening of the resonance, while the surface

phonon polaritons on glass surface have sharper and taller peaks.

15 . 5
s o.

1 x 10'

3.3 x 10"
10 3.8 . V' 10

- - 3.2x 1O 3

01-
- -0 -------

0.5 1,5 2 2.5 3

Figure 5.2 The local density of electromagnetic states of doped silicon with different carrier

concentrations and glass at a distance of 100 nm from the planar surface. The surface

plasmon polaritons shift to the higher frequency as the carrier concentration increases. The

ability to shift the spectrum of surface plasmon polaritons offers a possibility to control

near-field thermal radiation.

Figures 5.3 and 5.4 present the theoretical prediction of spectral near-field

radiative heat flux for 100 nm gap and total radiative heat transfer coefficient

between a semi-infinite silicon substrate with carrier concentration of

1.5 x 1019 cm- 3 and a 500 pm thick silicon wafer with different carrier

concentrations (3.2 x 1016, 3.8 x 1016, 3.3 x 1018, and 3.0 x 1019 cm-3). The

calculation accounts for the finite thickness of the silicon wafers, which is necessary

for the low carrier concentration wafers due to low absorption. Radiative transfer is

maximized when the LDOS of both sides are matched as can be seen in figure 5.2. As

the carrier concentration of one side decreases the overlap becomes smaller,
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resulting in smaller transfer. Theoretical prediction of spectral near-field radiative

heat flux between a semi-infinite silicon substrate with carrier concentration of

1.5 x 1019 cm- 3 and a SiO 2 substrate is also plotted in figure 5.2 for comparison.

Although SiO 2 has sharper resonance, the broader band of surface plasmons due to

higher damping leads to similar transfer rate as between two silicon surfaces.
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Figure 5.3 The spectral near-field radiative heat flux between a doped silicon (carrier

concentration = 1.5 x 1019 cM- 3 ) surface at 320K and 500 [im thick silicon wafer with

different carrier concentrations (3.2 x 1016, 3.8 x 1016, 3.3 x 1018 cm- 3, and 3.0 x 1019) and

glass at 300K separated by 100 nm gap.
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Figure 5.4 The near-field heat transfer coefficient between a doped silicon (carrier

concentration = 1.5 X 1019 C11,13) Surface at 320K and 500 pmn thick silicon wafer with

different carrier concentrations (3.2 x 1016, 3.3 x 1018 cilrs, and 3.0 x 1019) at 300K

separated by 100 nm gap.
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5.2 Sample preparation

The bimaterial cantilever based near-field thermal radiation measurement setup is a

powerful technique. However, it is limited to measure near-field thermal radiation

from a microsphere. As consequences, all of the experimental investigation using

bimaterial cantilever used silica spheres as emitters, since they are available

commercially. The availability of microspheres made of different materials, such as

doped silicon, is crucial on near-field thermal radiation research as we explore

different materials and structures experimentally.

The doped silicon microsphere used in this experiment is fabricated using an

optical fiber drawing technique and a subsequent axial thermal gradient (ATG)

capillary breakup process.[132] A silica-cladded silicon core fiber is continuously

fed at a feed speed of 10 [pm/sec through a hydrogen/oxygen flame emerging from

torch tip with orifice of 0.6 mm in diameter at a distance of 6 mm from the torch

outlet. The ratio of the hydrogen/oxygen flow rates forming the flame is 2.5 0.1

while the hydrogen flow rate is 0.4 0.1 1/min. The silicon fiber is doped with

Arsenic with carrier concentrations ranging from 1.5 0.1 x 10 cmW.

100 t ta

Figure 5.5 Optical micrograph of the fiber sample following the fabrication process of doped

silicon spheres. The fiber is heated by the flame to the temperatures at which the silicon is

molten and the silica is soft enough. The interface energy then tends to minimize itself

forcing the initially cylindrical Si core to breakup into a neckless of regular spheres.

(Cou rtesy of Alex Gumennik)
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The fiber is heated by the flame to the temperatures at which the silicon is

molten while the silica is soft enough such that the ratio of the core-cladding

interface energy to cladding viscosity allows reshaping and pinching of the molten

silicon droplets off the core in reasonable time. In the molten phase, the interface

energy tends to minimize itself forcing the initially cylindrical Si core to breakup

into a neckless of regular spheres, as depicted in figure 5.7. While exiting the flame,

the fiber cools down, and the silica solidifies below 16000 C while the Si is still liquid.

Further cooled Si solidifies against smooth solid silica, which prevents faceted

graining of solidifying silicon. This results in a smooth surface of the silicon sphere

(RMS = 30 nm). The spheres are then released from the fiber by etching the silica

cladding in hydrofluoric acid. Then, the silicon sphere is attached to the cantilever,

while the silicon substrates are glued to copper holders and mounted to the

piezostage with 1 nm movement resolution. The measurement is done following the

procedure presented in Chapter 3.

In this measurement, an As-doped silicon sphere with radius of 75 tm is

used as the hot side and a 500 [tm thick silicon wafer with different types of dopant

and carrier concentrations are used as the cold side (Table 5.1). As-doped silicon

wafer was chosen to match the dopant of the sphere, while P-doped silicon wafer

was chosen due to the availability of wafers with different carrier concentrations.

The carrier concentration and mobility of the silicon wafers are measured using a

Hall effect system, while those of the sphere cannot be measured due to its size and

are estimated to be 1.5 x 1019 cm- 3 and 9.5 x 10 cm 2/V s.[133]

Table 5.1 Carrier concentrations and mobility of the samples are measured using Hall effect

system.

Sample Type/Dopant Carrier concentration (cm- 3) Mobility (cm 2/V s)

1 n/Phosphorus 3.2 x 1016 9.655 x 102 cm2 /V s

2 n/Phosphorus 3.8 x 1016 9.46 x 102 cm 2/V s

3 n/Phosphorus 3.0 x 1019 8.43 x 10 cm 2 /V s

4 n/Arsenic 3.3 x 1018 1.718 x 102 cM 2 /V s
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5.3 Results and discussions

Figure 5.6 presents the measurement results of near-field thermal radiative

conductance as a function of separation distance between a doped silicon sphere

and silicon wafers with different carrier concentrations. Theoretical predictions of

the near-field conductance calculated with the proximity force approximation (PFA)

are also presented. The PFA accounts for the finite thickness of the silicon wafers,

while considers a semi-infinite body for the sphere side due to short absorption

depth of the high carrier concentration (1.5 x 1019 cm- 3) silicon. Following the

theoretical predictions, the measurement results show the tuning effect of the near-

field thermal radiative conductance by the carrier concentration. The near-field

conductance can be classified into the high carrier concentrations (3.0 x 1019, and

3.3 x 1018 cm- 3) and low carrier concentrations (3.2 x 1016 and 3.8 x 1016 cm-3).

Because the sphere also has high carrier concentration (1.5 x 1019 cm- 3), the near-

field conductance of the high carrier concentration is higher than that of low carrier

concentration due to better overlap between the LDOS of both sides.

The experimental data agree reasonably well with the theoretical prediction

for gaps larger than 200 nm, while deviations are clearly observed for smaller gaps,

which can be caused due to several reasons. The SEM image (Figure 5.7) reveals

numerous particulates with sizes around 200 nm, which is larger than the surface

rougness (~30 nm). These particulates introduce an error in determining the

separation distance between the sphere and the wafer. Another cause for deviation

from theory comes from surface imperfection resulting from dendrites and cracks,

visible on SEM image (Figure 5.7). Solidification of Si droplet is a complex process

happening in few stages. It starts in undercooled droplet with protrusion of

dendrites accompanied by recalescence and continues with slow gradual

solidification of the residual liquid.[134] These defects are not accounted in the

theoretical calculation, which assume a smooth and clean surface.
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Figu re 5.6 The measurement results of the near-field thermal radiative conductance

between a doped silicon (carrier concentration = 1.5 x 101) cm3) sphere (radius = 75 m)

and a silicon substrate (thickness = 500 prim) with different carrier concentrations (p-doped

with different concentrations 3.2 x 101 3.8 x 1016, and 3.0 x 10") cm t and As-doped with

carrier concentration of 3.3 x 1018 cm-f) are plotted as a function of distance. Clear change

of the conductance is observed as the carrier concentration is varied

Figure 5.7 SIM image of the doped silicon sphere reveals particulates and cracks on the

surface, resulting on the uncertainty on the measurement results.
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The other source of uncertainty is the carrier concentration of the silicon

microsphere. It is probable that the sphere has non-uniform carrier concentration.

Since some of the sphere volume solidifies gradually, due to non-unity segregation

constant, dopants are constantly extruded into the residual melt.[135] However, the

solidification is expected to happen faster than diffusion time of dopants in liquid,

such that the non-uniformity of dopant distribution is not expected to be an order of

magnitude, as for quasistatic process.

5.4 Conclusion

In summary, we measure near-field thermal radiation between a doped silicon

sphere with radius of 75 [im and a 500 [tm thick silicon wafer with different types of

dopant and carrier concentrations. The results show the tuning effect of the near-

field conductance as the carrier concentration is varied. The results also show

reasonable agreement with the theoretical prediction for gaps larger than 200 nm

despite measurement uncertainties due to the existence of particulates, dendrites,

and cracks on the surface and the carrier concentration of the sphere. This result

demonstrates the potential application of doped semiconductors materials to

control thermal radiation in nanoscale.
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Chapter 6

Conclusion

6.1 Summary

Thermal radiation at near-field can be significant higher than blackbody radiation

and this effect can be exploited for thermophovoltaic, thermal microscopy, sensing,

and nanoscale thermal management applications. To demonstrate its potential

applications, near-field thermal radiation has been investigated both theoretically

and experimentally. Experimental investigations of near-field thermal radiation

have been conducted, from proof of concept to accurate measurements, to study and

characterize this phenomenon. However, to measure near-field thermal radiation is

a complicated task, as explained in this thesis. Very careful measurement techniques

are required in order minimize errors and thus avoid inaccurate results, both of

which can lead to incorrect conclusions.

In Chapter 3, improvements to experimental systems using bimaterial cantilever

for near-field thermal radiation measurement setup are presented. The low

absorptance of bilayer cantilever to red-laser leads to uncertainties in absorptance

measurements. To solve this problem, a blue laser is used to replace a red laser. The

higher absorptance of the blue laser and a smaller laser spot result in smaller
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uncertainty in the measured absorptance and cantilever conductance. The

measured cantilever conductance is subsequently used in red-laser based

experiment that has higher sensitivity.

In Chapter 4, we repeated the measurement of near-field thermal radiation

between a silica microsphere and a glass substrate based on the newly determined

bilayer cantilever conductance. The measured near-field radiation conductance is

lower than theoretical prediction, which is most likely due to the existence of

particulates on the sphere.

We also demonstrated the effects of the curvature of the surface on near-field

thermal radiation by measuring near-field thermal radiation between two silica

microspheres. We experimentally showed that the curvature of the surface

influences the near-field thermal radiation by changing the distances between two

surfaces. Furthermore, our experimental method to measure near-field thermal

radiation between two spheres also extends the existing experimental capabilities,

which was limited to plate-plate, sphere-plate and tip-plate. This method can be

further used to investigate the effect of different curvatures of the surface, such as

two spheres with different radius, and sphere-cylinder as well as for studying the

contribution of other types of morphology-dependent optical modes (e.g.,

whispering gallery modes) to the near-field radiative heat transfer.

In Chapter 5, we investigated near-field thermal radiation between doped silicon

by measuring near-field thermal radiation between a doped silicon microsphere and

silicon wafers with different types of dopant and carrier concentrations. The results

show the tuning effect of the near-field conductance as the carrier concentration is

varied. The results also show reasonable agreement with the theoretical prediction,

despite measurement uncertainties due to the existence of particulates, cracks, and

vaults on the surface, the validity of the Drude model to predict the optical constant,

and the carrier concentration of the sphere.
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6.2 Further improvement

The bimaterial cantilever based near-field thermal radiation measurement setup

can still be further improved by following steps:

1. Although the use of a smaller-focused laser spot increases the accuracy of the

absorptance measurement as explained in Section 3.3.1.3, however it also

reduces sensitivity to measure heat flux. A shorter focal length lens and a larger

incoming laser beam are used to make a smaller laser spot (Eq. 3.14). As a

consequence, the reflected laser beam from the cantilever diverges at faster rate

and has a larger size as depicted in figure 6.1. Since the position sensing detector

(PSD) has a specific active area size, the PSD has to be placed closer to the

cantilever to make sure the reflected laser beam occupies the active area. But

since the distance between the cantilever and the detector is proportional with

the sensitivity, placing the PSD closer to the cantilever reduces the sensitivity

(Eq. 3.7).

PS Focusing
iens

PSDOo
Focusing
lens

(a) (b)

Figure 6.1 (a) A longer focal length lens and a smaller incoming laser beam result in

larger laser spot on the cantilever. (b) A shorter focal length lens and a larger incoming

laser beam result in smaller laser spot on the cantilever. However, this condition

reduces sensitivity.
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We believe there is a maximum condition where the laser spot is minimized

to reduce the scattered light, while the rate of the divergence of the laser beam is

slow enough to further the distance between the cantilever and the position.

This of course requires iterative process by trying different lenses with different

focal length on the measurement system.

2. As explained in Chapter 3, a blue laser is used due to its higher absorptance. But,

it has limitation that it cannot access very low temperature difference needed for

the force measurement. A red laser has low absorptance resulting in large error

in the power calibration.

A green laser (k = 532 tm) might be the solution for this problem since it has

an absorptance of 0.3. Following the example above, by utilizing green laser, the

temperature difference can be as low as 1 K. This might be the optimized

condition, such that the absorptance is high enough so that the absorbed power

measurement is accurate, while the setup can still access very low temperature

difference required to measure force.

3. Our measurement setup uses a commercial silicon nitride AFM cantilever

purchased from BudgetSensors. Although the sensitivity of this cantilever is

sufficient to measure near-field heat flux in the order of 100s nW, it can be

further improved by replacing this cantilever with a more sensitive bimaterial

cantilever. However, fabrication of bimaterial cantilevers involves complicated

microfabrication process. To avoid this, a rather simpler strategy is to order

customized bimaterial cantilever.

HYDRA6R-200N probes from App nano can fabricate a customized bimaterial

with the following specifications:

1. Material: Gold/Silicon Nitride

2. Shape: Rectangular

130



3. Width: 35 um

4. Length: 200 urn

5. Gold thickness: 48 nm

6. Silicon nitride thickness: 400 nm

It is predicted that this customized cantilever will double the sensitivity of the

current bimaterial cantilever.

4. The laser diode module used in the measurement setup is not designed to

operate in vacuum condition. Problem with outgassing and heating have been

noticed. As a consequence, it takes hours to stabilize the laser power and

prolong the measurement time. The fluctuation of the laser power has also been

noticed resulting on thermal drift, which in the end causes the spread of the

measurement data. To fix this, the laser needs to be put outside of the vacuum

chamber, and connected through fiber optics to measurement setup inside the

vacuum chamber.

5. The cleanliness of the sample is very important as explained in chapter 4. Any

particulates on the surface will result in large uncertainty on the measurement

result. Particulates on the surface can probably be removed by blowing nitrogen

gas to the surface of the sphere, while holding the sphere with a tweezers.

The experimental measurement setup is located in the Rohsenow and

Kendall Heat Transfer Lab, which is a general purpose lab space shared by a

large number of researchers. As such, maintaining strict control over

environmental conditions is challenging, and we recommend subsequent

nanoscale gap measurements be conducted in a cleanroom facility. Possibilities

for improved environmental control include utilizing the cleanroom fabrication

facility at MIT; or building a special localized clean room in the Rohsenow and

Kendall Heat Transfer Lab - such as a softwall portable cleanroom to increase

environmental cleanliness of the in the measurement setup.
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6.3 Further direction

Bimaterial based near-field thermal radiation measurement setup is a powerful tool

to measure near-field thermal radiation. However, this setup is limited in a way that

it can only measure near-field thermal radiation from a microsphere. This is a

crucial disadvantage since many interesting near-field thermal radiation

phenomenon have been predicted for different materials and surface structures,

which is usually fabricated in planar configuration and difficult to fabricate in

spherical form. That is why most of the experimental investigations involve silica

spheres due to their commercial availability. In the future, more effort should be

focused on the development of material and nanostructure fabrication in a spherical

form. The availability of different materials and/or structures in a spherical form,

such as silicon, which is used on Chapter 5, will certainly open new avenues for

near-field thermal radiation investigation and applications.
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Appendix A

COMSOL simulation of Bimaterial
Cantilever

As explained in the section 3.2.3, the temperature of the tip is used to approximate

the temperature of the sphere. COMSOL simulation is performed to estimate the

error due to this approximation. Following the specification of the bimaterial

cantilever, the dimensions of the cantilever are:

Length: 200 tm

Width: 30 ,m

Thickness:

Si 3 N4 = 450 nm

Au = 65 nm

The physical properties of the materials:
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Thermal conductivity:

Si 3N 4 = 3.2 W/m/K [136]

Au = 230 W/m/K [137]

Emittance:

Si3 N 4 = 0.3 [138]

Au = 0.03 [5]

Silica = 0.9 [5]

Young's modulus:

Si 3 N 4 = 220 GPA [139]

Au = 55 GPA [140]

Thermal expansion coefficient:

Si3 N 4 = 0.8 x 10-6 K-1 [141]

Au = 14.2 x 10-6 K-1 [141]

Poisson's ratio:

Si3 N 4 = 0.28 [139]

Au = 0.42 [1421

The simulation includes the effect of thermal radiation from the cantilever and the

sphere. Figure A.1 presents the simulation results showing that the temperature

difference between the sphere and the surrounding is estimated to be 2 % lower

than the temperature difference between the tip and the surrounding.
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Figure A.1 The simulation results shows that the temperature difference between the

sphere and the surrounding is estimated to be 2 O/ lower than the temperature difference

between the tip and the surrounding.
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