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Abstract

Raman spectroscopy is well established over a broad range of interdisciplinary applications,

which include optical imaging, crystallographic probing, spectroscopy and thermometry. The

basis of this thesis is Raman thermometry with nanodiamond, i.e. nano-scale diamond crystals,

and its application for characterising integrated transistor circuits. Firstly, an extensive review

of Raman scattering, spectroscopy, thermometry and diamond properties is developed. Then,

attention is focused on the experimental implementation of Raman thermometry with bulk and

250 nm diamond crystals. As an initial experimental step and under well-controlled conditions,

the temperature dependence of the Raman line shift and width is characterised. In a second

step, a preliminary measurement on a real semiconductor chip is carried out. The results open

up a path towards the practical and robust implementation of a nanoscale temperature sensor

for device characterisation.
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1
Introduction

Observing the ‘small world’ was an impossible dream of the early Greek atomists, but advances

in optics, material science and quantum physics have allowed us to peer into the ‘small world’.

Mankind’s ability to develop compact, reliable and nanoscale technology relies on having a view

into this ‘small world’. For instance, the transistor went from being the size of a coffee mug to

within the size of a DNA strand, developed in parallel with high-resolution micro-machining,

optical lithography and imaging techniques, stimulated by the development of the laser. Our

pursuit of ever smaller and more powerful technologies relies on our ability to develop methods

for probing properties of the nano-world.

1



2 Introduction

1.1 Project Scope and Background

Localized temperature sensing at the nanoscale is of major significance for today’s technology,

in particular for developing integrated transistor circuits, the fundamental logic components

in modern information technologies. The operational reliability and efficiency of these devices

is directly related to their ability to efficiently and effectively dissipate heat. The problem of

locally monitoring temperature at the nanoscale is usually tackled by utilising optics-based

thermometry techniques, such as infra-red (IR) laser spectroscopy, temperature readout via

fiber Bragg gratings (FBG) and conventional Raman thermometry. All of these methods are

spatially limited by diffraction and/or device dimensions. Recent studies have employed nano-

materials of sub-diffraction limited sizes, which act as thermometers with spatial resolution set

by the scale of the nanomaterial itself [1, 2].

Raman spectroscopy is a firmly established method for characterising material properties.

It provides information on sample doping, purity, strain, electric and magnetic fields, lattice

orientation and thermal properties. The advent of the laser providing coherent monochromatic

light has made Raman scattering an attractive spectroscopy technique over a broad range of

disciplines, with applications in biology, geology, chemistry and quantum physics [3–6].

Diamond is a unique material with extraordinary thermal, electrical, optical and mechanical

properties. Due to its hardness diamond produces strong Raman spectra compared to other

materials making it one of the first materials to have its Raman signal characterised. Nanodia-

mond (ND) probes have received increasing interest in the fields of medicine, thermal sensing,

magnetometry and quantum information technology [7–9]. Diamond synthesis by CVD growth

has been developed to the point where impurity levels and general crystal quality can be con-

trolled to a high degree. Nanodimaonds can be produced by ball milling of grown diamond

films or by controlled detonation of explosives such as TNT.

This thesis investigates the thermal characteristics of the first-order Raman line in bulk

and (detonation) nanodiamond material. The parameters of Raman peak position and line

width are studied in each case, and contrasted with previous studies. The applicability of

nanodiamond Raman thermometry as an alternative for highly spatially resolved temperature

measurements of integrated transistor circuits is explored.
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The work for this thesis was conducted over a nine-month period. While the initial plan

for the thesis was designed to be predomoninantly experimental in nature, unforeseen technical

difficulties in the diamond lab (complete AC failure over months, broken AFM/confocal setup

that was not fixed properly by manufacturer) meant a significant delay in the start of the ex-

periments. In order to bridge the delay in experiments, more time was devoted to exploring

and understanding the theory behind Raman scattering and thermal Raman sensing. Hence,

the background (theory) section in this thesis is somewhat longer than was initially antici-

pated. About 4 months into the project, with no working AFM/confocal system available, we

decided to build a separate confocal setup providing the capability to carry out basic Raman

measurements.

The general idea for the project was developed in collaboration with an industry partner

and the present thesis is a starting point for an ongoing collaboration in the future. Due to the

nature of the research and the highly competitive semiconductor device market, the partner

would like to remain undisclosed. During the Masters project, the author of this thesis was

given the opportunity to spend two weeks in a placement position at the industry partner,

learning about their design and testing processes for integrated semiconductor chips. This

greatly helped the understanding of the requirements for our nanoscale Raman thermometers

to be applicable and useful.

1.2 Thesis Overview

The subject of this thesis is Raman thermometry with diamond and its practical application

to electronic devices.

Chapter 2: Raman Thermometry

This chapter reviews the physics of Raman scattering, the basic concepts behind Raman ther-

mometry and discusses the special properties of diamond as a ‘Raman active’ material. The

electronic, optical and thermal properties of diamond are reviewed along with a short discssion

of the Nitrogen Vacancy (NV) defect in diamond. The historical context of Raman scattering

from diamond is considered along with the dependence of its Raman signal on temperature.
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Raman thermometry with diamond is briefly compared to more recent work on temperature

sensing with NV spins. Finally, Raman thermometry for device characterisation is discussed.

Chapter 3: Methodology

The methodology chapter introduces the basic concept of confocal microscopy, and describes

the home-built confocal microscope used for Raman thermometry, along with the other parts

necessary to run the experiment in particular excitation source and detectors. Spatial resolution

and detection efficiencies of our setup are briefly discussed.

Chapter 4: Raman Thermometry with Diamond.

The first part of this chapter presents and analyses measured temperature dependencies of

Raman line positions and widths for bulk diamond, and for 250 nm nanodiamond material.

The second part discusses the first temperature measurements on a Gallium Nitride (GaN)

integrated transistor circuit with our nanodiamond Raman thermometer. Feasibility and reli-

ability of the results are discussed.

Chapter 5: Outlook

Based on the results presented in chapter 4 further conclusions are drawn and possible paths

for future work outlined.



2
Raman Thermometry

This chapter first discusses theoretical results on first-order Raman processes. It then describes

the special material properties of diamond before introducing the Klemens/Raman thermal

models and reviewing their early application to Raman characterisation of diamond. Further

it briefly introduces some alternative temperature-sensing techniques that make use of specific

defect centers in the diamond lattice. Finally, a short review of standard optical thermometry

of integrated transistor circuits is given.

2.1 Raman Scattering

Raman scattering dates back as early as 1928 and was first performed by C.V. Raman. Using

filtered and focused sunlight. Besides the resonant Rayleigh signal he also detected scattered

light at a red-shifted characteristic frequency which clearly depended on the specific liquid/gas

5
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Rayleigh 
scattering, 𝑣0

Stokes Scattering, 
𝑣0 − 𝑣1

Molecular Vibration
Frequency: 𝑣1

Incident light, 𝑣0

Anti-Stokes Scattering, 
𝑣0 + 𝑣1

Figure 2.1: Basic representation of a diatomic molecule undergoing Raman scattering in the form
of the Stokes/Anti-Stokes scattering.

sample. To honor his contribution this form of light scattering became later known as Raman

scattering, for which he revived the Nobel prize in 1930 [10].

2.1.1 First Order Raman Scattering

Generally speaking, Raman Scattering is material-dependent inelastic scattering, arising from

the modulation of the scatter’s response to the light field due to vibrations and potentially

molecular rotations.

Classical Picture

In order to understand how molecular vibrations give rise to Raman scattering we now briefly

review the basic idea behind the vibrational diatomic lattice model, as shown in figure 2.1.

The diatomic model reduces a molecular vibration to the problem of two atoms connected

by a spring and determines the modulation of the molecular polarisability due to the atoms’

vibrations.

The electric field of the excitation light induces a dipole moment P determined by the

polarisability α. The relative motion of the atoms in the diatomic lattice causes an amplitude

modulation of the polarisability at characteristic frequencies. Typically the modulation is small
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compared to the inter-atomic distance, leading to a linear response in most cases.

In general the polarisability can be approximated by a power series expansion as follows

α = α0 +
∂α

∂r1

∣∣∣
r1=0

r1 +
∂2α

∂r1∂r2

∣∣∣
r1,r2=0

r1r2 + ... (2.1)

Here r1 = r0 cos(2πν1t) and r2 = r0 cos(2πν2t) are two different vibrational modes with

frequency ν1 and ν2 such that ∂α
∂r1

∣∣∣
r1=0

and ∂2α
∂r1∂r2

∣∣∣
r1,r2=0

are the first and second order Raman

scattering contributions respectively [11]. This gives the first order dipole moment term to be,

∂α

∂r1

∣∣∣
r1=0

r0E0

2
[cos(2π(ν0 − ν1)t) + cos(2π(ν0 + ν1)t)] (2.2)

where the cosine term with frequency ν0 − ν1 is the Stokes and the (ν0 + ν1)-term is the

anti-Stokes line. Raman spectroscopy as a technique is based on the detection of stokes and

anti-stokes signals. Under normal conditions the Stokes line is often the dominant signal hence

in spectroscopy literature it is known as ‘the Raman line’. Equation 2.2 implies the selection

condition ∂α
∂r1
6= 0 necessary for the induced dipole moment and thus the vibrational mode to

contribute to Raman scattering. This means vibrational modes must constitute a change in

polarisability, with amplitude, to be ‘Raman active’.

Raman scattering not only occurs in molecules, but also in solids. There are no rotational

Raman shifts only vibrational ones. In the solid state context vibrations are referred to as

phonons. These phonons are quasiparticles that arise through quantisation of the classical

vibrational modes of a solid. Like in the classical case, phonons can be ‘Raman active’ or

‘Raman inactive’.

The quantum description of the Raman scattering process can be separated into light-

electron and electron-lattice interactions, and we can distinguish again between harmonic and

anharmonic terms. Figure 2.2 represents a first-order (harmonic) Raman process. For describ-

ing temperature dependence of Raman line position and width anharmonic terms are important.

In the case of Stokes scattering, an excitation photon ωE is absorbed into the material

via electron excitation HRE. This changes the electron potential between lattice atoms HRL,

inducing an optical phonon ωP . The interaction with the phonon leads to a frequency shift of

ωP for the photon subsequently re-emitted by the solid, satisfying energy conservation.
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Figure 2.2: First order Raman scattering process. ωE is incident excitation radiation, ωP is the
induced optical phonon, ωS is the Stokes/Raman signal, HRE is the radiation-electron interaction,
HRL is the radiation-lattice interaction and HER is the electron-radiation interaction [11].

Higher-order contributions to Raman scattering such as anharmonic interactions contribute

significantly less to the scattering intensity, especially in a covalently bonded lattice (homopolar)

such as diamond [12]. However, anharmonicities are important for investigating temperature-

dependent Raman cross sections, as we will see later on.

Quantum mechanics introduces a time-energy uncertainty, and probabilistic interpretation

of photon and phonon creation and annihilation events. Energy conservation remains satisfied,

so the scattering process is the sum of all creation and annihilation event probabilities. The

polarisability tensor is the central result of Raman scattering theory and directly reflects energy

conservation through the resonant form, shown in equation 2.3.

αnm =
∑
E

[PE,L/R
n PR,E

m

HRE − ~ck
+

PE,L/R
m PR,E

n

HRE + ~ck′
]

(2.3)

This form of the equation is usually denoted Kramers, Heisenberg and Dirac (KHD) form

[13]. Here, αnm is the 3 × 3 polarisability tensor for the first order Raman scattering process.

PE,L/R,PR,E are the transition dipole moments from electron to lattice/Stokes-radiation in-

teraction and radiation to electron interaction respectively. HRE is the radiation to electron

interaction energy as shown in figure 2.2. k, k′ are the incident and radiated wave-vectors re-

spectively. The polarisability tensor is summed over all electron interactions (E) possibilities

consistent with energy conservation.

Following the description of Jayasooriya and Jenkins in Chapter 3 of ‘An Introduction to

Laser Spectroscopy ’ [14], we separate the molecular state into its vibrational and electronic

components:
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|Mn〉 = |ψn〉 |φxnν〉 (2.4)

Mn is the state of the nth molecule with electronic and vibrational components ψn and φxnν

respectively, where ν is the vibrational frequency of the mode, x is the co-ordinate of vibration.

Applying equation 2.4 to the polarisability tensor (equation 2.3) we get,

αν,ν
′

nm =
∑
E

[〈φx0,ν |PE,L/R
n |φxE〉 〈φxE|PR,E

m |φx0,ν′〉
HRE − ~ck

(2.5)

+
〈φx0,ν |PE,L/R

m |φxE〉 〈φxE|PR,E
n |φx0,ν′〉

HRE + ~ck′
]

=⇒ αν,ν
′

nm = 〈φx0,ν |
∑
E

[PE,0
n (Qx)P

0,E
m (Qx)

HRE − ~ck
+

PE,0
m (Qx)P

0,E
n (Qx)

HRE + ~ck′
]
|φx0,ν′〉 (2.6)

= 〈φx0,ν′ |α|0,0〉nm (Qx) |φx0,ν〉 (2.7)

In equation 2.6 we assume Raman scattering only from the vibrational and electronic ground

state |0, 0〉 [14, 15].

As in the classical picture, vibrational modes cause only small changes in the translational

dipole moment. We again employ the small amplitude approximation taking the series expan-

sion about Q0 the vibrational equilibrium co-ordinate.

αν,ν
′

nm (Qx) = αnm(Qx)δν,ν′ +
∂αnm

∂Qx

∣∣∣
Q0

〈φx0,ν | (Qx −Q0) |φx0,ν′〉+ ... (2.8)

The Dirac brackets imply a symmetry selection rule, with only transitions satisfying ν = ν ′± 1

(involving one quantum of energy) contributing to Raman scattering. As before the derivative

of the polarisability with respect to the vibrational co-ordinate must not vanish around its

equilibrium position (when Qx = Q0).

2.1.2 Raman Scattering Properties

Equipped with the main results of Raman scattering theory we now move to investigate fun-

damental properties of Raman scattering.
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Wavelength Dependence

The intensity I of the Raman scattered photons, as with Rayleigh scattering, scales as I ∝ 1
λ4

.

Excitation with short-wavelength or high-energy light improves the signal to noise-ratio, with

equations 2.3, 2.10 and 2.12 following the ∝ 1
λ4

wavelength dependence.

Investigations have looked into wavelength dependence of the Raman scattering cross-section

using different gas species. Employing wavelength sources in the range 200-600nm the wave-

length and scattering cross-sections were characterised and compared with theory, showing

agreement within 10% [16].

Polarisation Dependence

Considering equation 2.3 which relates the components of the incident electric field to induced

polarisation components. We separate αnm into a sum of its Raman polarisability tensors [17],

|αnm|2 =
∑
k

|eiR
k
ijej|2 (2.9)

for ei,j polarisation vectors and Rk
ij the kth polarisability tensor. Each αij element of Rk

ij, an

electric field in the jth direction will polarise in the ith direction. Diagonal elements represent

the Raman scattering in the direction of the applied electric field and Rk
ij can be separated

into Raman tensors over species-specific lattice orientations. For example, diamond has nine

characteristic polarisability tensors Rk
ij over its cubic lattice orientations, which is discussed in

more detail in the following section.

Scattering Cross-Section

Scattering cross-section is the probability that an incident photon is scattered into a unit solid

angle, otherwise described as photon flux or scattering rate over a solid angle. For Raman

scattering, this is represented by the Kramer-Heisenberg dispersion equation [14, 18].

dσ

dΩ
=

kk′

16π2ε20

∣∣αnm

∣∣2 (2.10)

where k and k′ are incident and scattered wavenumbers respectively, ε0 is the permeability of

free space and αnm is the polarisability tensor (equation 2.3). Integrating over all space gives

the total scattering cross-section.
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The scattering cross-section is proportional to photon flux and thus laser field and scattered

Raman intensity (or power). We can therefore write the differential cross-section in the more

applicable form [18]

dσ =
PR
PL

NlΩ =
IRλL
ILλR

NlΩ (2.11)

where PR and PL are the Raman and laser powers, while IR, IL and λL, λR are the Raman and

laser intensities and wavelengths respectively. N is the number of molecules intercepted, l is

the detected beam width and Ω is the scattering solid angle.

The scattered Raman power PR parameters include polar and azimuthal angle co-ordinates

(θ, φ), scattering solid angle Ω and wavelength. PR is proportional to laser power, unit cross

section, number of intercepted molecules, detected beam width and solid angle.

Scattering Efficiency

Normalisation of the Raman scattering cross-section by cross sectional area, yields the dimen-

sionless scattering efficiency coefficient S (usually also denoted as scattering matrix). Scattering

efficiency is the ratio of scattered power to incident power intercepted by the cross-section area.

It is polarisation, frequency, species, beam width, spot size and power dependent and is given

by [11]

S =
2~w4

sN
2

ρc4Ω
(ñ(ν0, T ) + 1)|αnm|2 (2.12)

ws is the scattering frequency, N is the number of molecules per unit volume intercepted by

the laser beam, ρ is the species density, Ω is the solid angle, ñ(ν0, T ) is the Bose-Einstein

distribution function and αnm the Raman polarisation tensor (as in equation 2.3) [19]. S is a

dimention-less quantity with higher values implying improved scattered to incident photon flux

ratio through Ω.

2.2 Diamond

Unique in many ways and with outstanding material properties, diamond provides a versatile

platform for implementing novel optical, electronic and quantum technologies. The diamond

field has seen a tremendous boom of applications over the past decade.
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𝟎

𝑎

4
(1,1,1)

𝑎1

𝑎2

𝑎3

Figure 2.3: Cubic unit cell of a diamond lattice, adapted from [22]. (a) 2-dimentional cross-
section, each number represents the carbon atoms position scaling in the unit cell. (b) 3-dimentional
representation, 0 and a

4 (1, 1, 1) are the basis points, a1, a2 and a3 are the Bravais lattice vectors for
which translations remain invariant. a = 0.356 nm while nearest neighbours are 0.154 nm apart at
ambient temperature [22].

2.2.1 Properties of Diamond

Crystallographic Properties

The carbon atoms in the diamond lattice have sp3-hybridisation and therefore form strong

covalent bonds in a tetrahedral structure [20]. The lattice structure of diamond can be throught

of as a face-centered cubic ‘fcc’ lattice with a two-atom basis. Each carbon atom has four

neighbouring carbon atoms. Hence the diamond lattice consists of two fcc displaced along the

diagonal (yellow arrow in figure 2.3). Note that the tetragonal diamond lattice structure itself

is not a Bravais lattice but can be reduced to two interpenetrating ‘fcc’ Bravais lattices [21].

Electronic Band Gap Properties

Diamond is one of the best insulators available with an indirect electronic band gap of 5.4 eV and

7.5 eV direct band gap [23, 24]. Comparing to technologically relevant semiconductor material
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such as GaN which has a direct band gap of 3.4 eV and excitation wavelength at approximately

365 nm (near UV). The excitation wavelength for diamond is in the deep UV, namely 165 nm

[25], making diamond an ideal material for high power semiconductor applications.

Thermal Properties

Pure crystalline diamond can reach a thermal conductivity of 22 Wcm−1K−1 due to the nature

of valence electron sharing in a covalently bonded lattice [26, 27]. In comparison, Copper and

GaN thermal conductivities are 4 Wcm−1K−1 and 1.3 Wcm−1K−1 or 5 and 17 times smaller

than diamond, respectively [28]. Diamond has a specific heat capacity of 6.195 J/mol·K at 300

K [29]. This is low compared to the specific heat capacity of GaN of 35.5 J/mol·K at 300 K,

meaning GaN is a better thermal insulator compared to diamond which requires 6 times less

energy to increase in temperature by one degree.

The thermal expansion constant in diamond ranges from 0 − 3 × 10−6 K−1 over the range

0-500 K and at room temperature is approximately 1 × 10−6 K−1 [30, 31]. This is 2.5 and 3

times smaller than crystalline Silicon and GaN which have expansion coefficients 2.6×10−6 K−1

and 3.1×10−6 K−1 respectively [32, 33]. This implies that the diamond lattice is tightly bound

and able to maintain a solid phase at high temperatures, consistent with its high melting point

at 4500 K [34].

Diamond has a high Debye temperature of 1960 K (almost half its melting point temper-

ature), the temperature required to excite all phonon modes [35]. For comparison, Copper

and GaN have Debye temperatures of 310 K and 1000 K respectively [36, 37]. Higher Debye

temperatures imply higher density of states at higher phonon frequencies, and thus generally a

’stiffer’ material, which is the case for diamond.

Optical Properties

Pure diamond is considered to be optically transparent, with a 70% transmission in the wave-

length range from 225-2000 nm and for wavelengths greater than 6000 nm. In the IR range

2000nm-6000nm, carbon-carbon absorption causes transmission to drop to 50% [38]. Diamond

has a relativily high dispersion coefficient of dn/dλ = 0.044 1/nm, approximately double that
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Table 2.1: The thermal properties of diamond as experimentally measured at ambient temperature
unless otherwise specified.

Properties Values References

Band Gap (Indirect, Direct) 5.4 eV, 7.5 eV [23, 24]

Thermal Conductivity 22 Wcm−1K−1 [26]

Specific Heat Capacity 6.195 J/mol ·K [29]

Thermal Expansion From 0-500 K: 0− 3× 10−6 K−1 [30]

Debye Temperature 1960 K [35]

Melting Point ≈ 4500 K [34]

of glass given a refractive index change of 2.42-2.46 over 390-750nm wavelength range [39, 40].

This gives diamond its characteristic sparkle as multi-wavelength or continuous light is dispersed

into its monochromatic components.

The NV Defect in Diamond

Not all diamond species appear clear and transparent, with possible colours over almost the

entire visible spectrum such as pink, brown, orange or blue [41]. The characterisitic diamond

colour is caused by impurities and/or defects (more commonly called colour centers) where an

atom of the carbon lattice is replaced with a different atom and/or a vacancy [39]. The most

common and best-understood colour centre in diamond is the Nitrogen-vacancy (NV) defect.

It consists of a molecular complex, which is formed when one carbon atom is replaced by a

nitrogen atom with an adjacent vacancy site, illustrated in figure 2.4.

The NV defect in a diamond lattice unit cell has threefold rotational symmetry around

the [111] axis, as described by the C3v cyclic group of three elements [22]. The NV center

is interpreted to act as an artificial atom with an atom-like level structure which allows for

optical addressing and readout. The NV center has two possible charge configurations: neutral

and negative, NV0 and NV−, having different zero phonon lines (ZPL) at 575nm and 637nm

wavelengths respectively [42]. The NV− is the most common charge state (six electrons) of an

NV center as NV0 require local environment conditions allowing the donation of an electron

from NV− to another location, producing NV0 with only five elections. Its basic energy level
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Figure 2.4: Representation of the (a) NV center in a diamond lattice unit cell and (b) the NV−

and NV0 photoluminescence spectra. The dark and light points representing the nitrogen and vacancy
center respectively. Here [100], [010] and [001] are the usual x,y,z lattice vectors. This figure is adapted
from [22].

structure is displayed in figure 2.5.

In figure 2.5 D = 2.88 GHz is the energy difference between the ms = 0 and ms = ±1

(doubly degenerate state, assuming no external magnetic field) spin ground states at room

temperature. As we will discuss later D = D(T ) is temperature dependent and can be readout

using optically detected magnetic resonance (ODMR).

2.2.2 Raman Scattering from Diamond

The Raman spectrum of diamond was first measured in 1930 using early IR spectroscopy

techniques [43]. In fact, diamond was one of the first materials to have its Raman spectrum

measured, likely motivated by diamond having a high Raman scattering efficiency able to be

detected/imaged by early spectrograph equipment.

The Raman peak position was first measured to be at 1332 cm−1 by Ramaswamy in 1930

and further investigation of various diamond species done by Bhagavantam [44, 45]. Robertson

and Fox in 1934 measured the Raman spectrum with two different types of uncategorised but

visually distinguishable diamond samples. They found the Raman peak deviated slightly from
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Figure 2.5: NV− energy level configuration in diamond. The red lines are spin conserving 637
nm dipole transitions. The orange energy levels represent the ground (3A2) and exited (3E) spin
states with D being the frequency splitting (ms = ±1) at room temperature. The ms = ±1 states
are degenerate with no external magnetic field. Inter-system crossing to the singlet levels provides a
non-radiative decay path that initialises the spin into the ms = 0 state.

the expected 1333.2 cm−1 position for pure diamond [46].

Based on these early experiments, the theory was developed to a point where measured and

predicted Raman spectra could be compared. In 1934, using classical crystal dynamics, Nath

was able to derive a frequency expression for the triply degenerate Raman frequency mode

with a theory value of 1346 cm−1 for the Raman shift, while describing its cause through ‘The

origin of the principal Raman frequency is due to the vibration of the two lattices relative to one

another, each being considered as rigid ’ [47]. In other words, the Raman frequency originates

from the vibration between the two interpenetrating ‘fcc’ rigid sub-lattices of diamond in 3

possible directions. Theory and experimental investigations into the Raman spectra of diamond

continued, developed by Krishnan, Raman, Nayar and others [48–51].

The 1950’s and 1960’s saw the development of higher order anharmonic Raman scattering

theories, with emphasis based around diamond/cubic structured materials. Klemens investi-

gated anharmonic lattice interaction theory by considering local lattice vibrations caused by
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lattice defects. The anharmonic interaction is assumed to originate from a 3 phonon interaction

with the local (presumably optical) phonon decaying into two acoustical phonons. Starting from

a perturbation Hamiltonian and second order perturbation theory, Klemens found an expres-

sion for the inverse phonon relaxation time with a temperature dependence factor N ′′+N ′+ 1

[52]. N ′′ and N ′ are Bose-Einstein factors which represent the equilibrium occupation numbers

of the modes k′′ and k′ which interact with the optical mode. Further developments by Kle-

mens introduced the overtone approximation w′′ = w′ = w/2 where w is the original optical

phonon frequency. Then the temperature dependence factor is 2N + 1, forming the basis of the

Klemens model for thermal Raman dependence [53]. With increasing temperature the ther-

mal occupation factor increases along with the inverse relaxation time, causing shorter phonon

decay times.

However, Klemens overtone approximation does not account for non-overtone decay branches.

A review study by Menendez shows that almost half of the phonon decay paths in diamond are

overtone processes. However, for silicon and germanium the number of overtone decay paths is

an order of magnitude smaller than non-overtone decay paths so the Klemens approximation

would not sufficiently describe the Raman thermal dependence of these materials [54].

Alternatively, Cowley developed a theory to explain Raman scattering from diamond like

crystals, employing the use of the Shell Model for harmonic frequency calculations and anhar-

monics for nearest neighbours. Based on one and two phonon interactions and starting from the

Raman polarisability dependence, Cowley is able to determine the Raman polarisability matrix

elements. This leads to temperature dependent expression for one and two phonon interac-

tions and simulated calculations of the peak shift and inverse phonon decay time (linewidth)

at different temperatures of Germanium [55].

It should be noted that Klemens anharmonic decay model and Cowleys harmonic shell

description with anharmonic nearest neighbour coupling were motivated by the work of Loudon.

He did extensive investigations into the polarisation dependence of Raman scattering efficiency

with various structured elements including diamond [11].

Anharmonicities describe the temperature dependent processes that cause the Raman linewidth

dispersion and peak position shift to higher frequency, as described in the next section.
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2.3 Raman Thermal Characteristics

2.3.1 Line Shift Temperature Dependence

The Raman scattering cross-section for longitudinal optical (LO) phonons has a resonant fre-

quency term with a temperature dependent frequency shift constant [56]. The frequency shift

is proportional to a principle factor containing the temperature dependence in a sum of Bose-

Einstein factors, the size of which is dependent on the number of phonons assumed in the pro-

cess [54, 56]. The 3-phonon process (one optical phonon decaying into two acoustical/thermal

phonons in the LO mode) is given by

Ω(T ) = Ω(0)
(

1 +
2

e~w/2kBT − 1

)
(2.13)

where Ω(0) is the the peak shift at 0 K, w is the Raman active optical phonon frequency and

~, kB are the usual constants.

The form of equation 2.13 has been extended include 4-phonon processes, the decay of an

optical phonon into 3 acoustical/thermal phonons giving

Ω(T ) = Ω(0) + A
(

1 +
2

e~w/2kBT − 1

)
+B

(
1 +

3

e(~w/3kBT )2 − 1
+

3

e(~w/3kBT ) − 1

)
(2.14)

A and B are fitting parameters [56].

The three and four phonon decay models (equations 2.13 and 2.14) are able describe low

temperature changes in the Raman line. However, at high temperatures the 3-phonon decay

model does not account for additional contributions from 4-phonon decay effects. Experimen-

tally we are limited to ∼ 500 K so higher order phonon decay effects are insignificant [56] over

this temperature range.

2.3.2 Linewidth Temperature Dependence

Similarly, the peak width is governed by the decay time of the LO phonon into longitudinal

acoustical (LA) phonons. Klemens regarded the two LA (w1, w2) phonons to sweep the fre-

quencies between 0 − Ω(0) and Ω(0) − w1. This accounts for the Raman line width, while a

temperature increase causes the contributing frequency range to increase.



2.3 Raman Thermal Characteristics 19

For the three and four phonon processes we have [56]

Γ(T ) = Γ(0)
(

1 +
2

e~w/2kBT

)
(2.15)

Γ(T ) = Γ(0) + A
(

1 +
2

eB~w/2kBT − 1

)
+B

(
1 +

3

e(~w/3kBT )2 − 1
+

3

e(~w/3kBT ) − 1

)
(2.16)

The thermal dependence is identical to that of peak position since it comes about from a

proportionality dependence of the Raman scattering cross section [54, 56].

2.3.3 Fluorescence Temperature Dependence

Besides Raman peak shifts and linewidths, the intensity ratio of Stokes versus Anti-Stokes line

can be used to extract the temperature of the sample. The ratio is exponentially depdendent

on temperature and is given by

IAS
IS

=
(wi + wp
wi − wp

)4
γe

~wp
kBT (2.17)

where IAS and IS are the Anti-Stokes and Stokes intensities, wi, wp are the incident photon

and phonon frequencies, respectively. The first term accounts for the scattering cross section

frequency dependence. γ is the correction factor for the detection efficiency and usually taken

as a constant [57].

Measuring this ratio tends to provide more consistent results compared to just the intensity

change of the Stokes line with temperature, which requires very good baseline flourescence sta-

bility. The Stokes anti-Stokes intensity ratio for diamond was first measured by Krishnan where

he achieved good agreement between theory and experimental values [58]. However, later ex-

perimental studies demonstrated a systematic deviation of the experiment from the theoretical

expectation even when correcting for absorption [56, 59]. It was shown that for temperatures

above 750 K, the systematic error of the Stokes/Anti-Stokes ratio becomes significant. The

cause has been attributed to thermal dependences of the instrumentation and the diamond

sample itself.
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Table 2.2: List of all the significant Raman thermometry characterisation studies with diamond.
N/S implies the information was not specified and S-AS is the Stokes Anti-Stokes ratio.
Authour-Date Diamond Species Thermal Measurments Temperature Range Excitation Source-Power Resolution References

Krishnan-1946 Bulk-Type: N/S Peak frequency shift, FWHM 358-1249 K 253.7 nm- Power: N/S N/S [60]

Borer-1971 Bulk-Type I, II and Synthetic Peak frequency shift, Half Width 25-1000 K 488 nm- Power: N/S N/S [61]

Anastassakia-1971 Bulk-Type IIa Peak frequency shift, FWHM, S-AS 10-1000 K 633 nm-Power: 25mW Spectral resolution: 1 cm−1 [62]

Zouboulis-1991 Bulk-Type: N/S Peak frequency shift, FWHM 300-1900 K 406.7 nm- Power: N/S Thermal resolution: ∼10 K [63]

Herchen-1991 Bulk-Type IIa Peak frequency shift, FWHM, S-AS 293-1850 K 458 nm-Power: N/S Spectral resolution: 0.1 nm [59]

Cui-1998 Bulk-Type IIb, CVD Peak frequency shift, S-AS 300-2000 K 488 nm-Power: N/S
Thermal resolution: ∼10 K

Spectral Resolution: 2 cm−1
[57]

Liu-2000 Bulk-Type IIa Peak frequency shift, FWHM 77-873 K 514.5 nm-Power: N/S
Thermal resolution: 5 K

Spectral resolution: 0.2 cm−1
[64]

2.4 Raman Thermometry with Diamond

2.4.1 Bulk Diamond Thermometry

Raman thermometry with bulk diamond species have been experimentally studied for the past

60-70 years. Krishnan gave the first thermometry results for diamond where he observed the

Raman peak shift of 15 cm−1 between 85oC and 976oC degrees [60]. There was little motivation

to reproduce this experiment until the advent of the laser in the 1960’s, as exposure times as

long as 2 hours were required to observe the Raman signal. The Raman peak position and

width temperature dependence was remeasured in 1970 using early argon (λ = 488nm) and

He-Ne (λ = 638nm) lasers, over the 10—1000 K temperature range [61, 62]. During the early to

late 1990’s Raman thermometry studies of diamond were conducted with temperature ranges

up to 2000 K, close to the Debye temperature [63]. Cui in 1998 was the first to measure the

Raman temperature dependence of chemical vapor deposition (CVD) diamond [57]. While Liu

in 2000 performed micro-Raman thermometry of diamond with an effective scattering region

of 2.5 µm by 5 µm, from 77-873 K [64].

2.4.2 Nano-Scale Diamond Thermometry

There has been little motivation to seriously characterise the Raman thermal dependence of

nanodiamond (ND). Nanocrystaline diamond can be effectively treated as bulk material for

sizes above 20—50nm [65, 66]. This is described as the Gaussian Confinement Effect which

predicts an uncertainty in the optical phonon wave vector of ∆q ∼ π/d for a material grain of
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size d [67]. For ND sizes below 20 nm the relative Raman peak position and broadening effects

due to phonon confinement are difficult to account for, especially if the grain boundaries need

to be quantified. However, we do not use NDs below 100nm in this investigation, making a

detailed description of the phonon confinement effect unnecessary.

2.5 Alternate Thermometry Methods in Diamond

Nanoscale thermometry from diamond is not limited to interpretations of the Raman effect.

Colour centers such as, the NV− and Silicon vacancy (SiV−) centers in diamond provide optical

transitions that can yield temperature information.

2.5.1 NV-Spin Temperature Sensing

Temperature sensing with the NV center makes use of the ground state spin, which has a zero-

field splitting of D between the ms = 0 and ms = ±1 projections, as shown in figure 2.6. The

temperature dependence of D(T ) is due to localised thermal lattice expansion around the NV−

centres, thus D(T ) is expected to change linearly with temperature [68, 69]. The application of

microwaves resonant to D causes transfer between the spin states, which is visible as a contrast

in the photoluminescence (PL) intensity. Sweeping the microwave frequency and monitoring

the PL intensity produces an ODMR spectrum, from which the D resonance can be readout.

The width of the ODMR resonance may be limited by the spin coherence time of the NV

center, and so extending this can improve the temperature resolution. This can be achieved by

applying the microwaves in controlled pulses to dynamically manipulate the spin. Coherence

times represent the Rabi oscillation duration (state evolution time), and increase the sensitivity

of the temperature measurement, resulting from better signal to noise ratio [71]. Microwave

pulse sequences employed to increase coherence time include:

• Hahn Echo pulse sequence: Initalises from ms = 0 to ms = 1 spin state by a π pulse, and

the evolution time τ back to the ms = 0 is readout.

• Thermal Echo pulse sequence similar to the Hahn Echo manipulates the spin from ms = 0

to ms = −1 and ms = 0 to ms = 1, assuming a static external field. This is achieved by



22 Raman Thermometry

Figure 2.6: Zeeman diagram of the triplet NV− ground state. With |±1〉 the zero-field doubly
degenerate state. Red dashed line is the zero field line and its frequency D(T) from |0〉 is temperature
dependent [70].

two sequences of triple π pulses.

• TCPMG-N (Thermal Carr-Purcell-Meiboom-Gill) pulse sequences which are similar to

TE pulse sequences except they flip the spin 2N more times increasing the coherence

time.

• CPMG-N is a subsequence of the TCPMG-N sequence which only performs N spin flips,

having short coherence times compared to TCPMG-N.

The sensitivity achieved by NV− thermometry is very high, examples include 130 mK√
Hz

or ∼

1 K for high purity nanodiamond and using a TCPMG-8 pulse sequence thermal sensitivities of

10.1 mK√
Hz

or ∼ 2 mK have been achieved [70, 72]. These are significant improvements compared

to resolutions achieved by Raman thermometry methods, as can be seen by comparison with

table 2.2. This method requires system sensitivity, calibration and setup processes that are

significantly more difficult, requiring high fluoresce detection efficiency and the isolation and

addressing of single NV− in diamond. For industrial applications where cost and complexity are

more severe penalties than reduced thermal resolution, Raman thermometry with nanodiamond

remains an attractive option for nano-sacle temperature sensing.
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2.5.2 SiV Temperature Sensing

The Silicon vacancy center in diamond has gained significant attention as an alternative to

the NV center in recent years, especially on the basis of its superb optical photoluminescence

properties [73, 74]. SiV− is a spin half system with the spin remaining degenerate in the absence

of a magnetic field, and therefore does not provide ODMR spin temperature sensing. However,

the ground and excited states of SiV− both have two-fold orbital degeneracy, which is lifted by

spin-orbit interaction to produce quite large splittings [75]. At low temperature ranges (below

about 100 K) when the fine-structure of the ZPL can be resolved, the intensity of PL transitions

provide information about the thermal Boltzmann population distribution in the excited state.

This can be used for thermometry, although the exact orbital splitting depends on transverse

strain and so individual calibration would be required for each SiV− center. This technique is

not available at ambient conditions, since the ZPL transitions are thermally broadened and the

fine structure cannot be resolved.

There is a thermal shift in the optical frequency of the ZPL that could in principle be used for

thermometry [2, 76–78]. However this shift is also sensitive to strain along the SiV− symmetry

axis and so the calibration problem remains. It has also been reported that the exited state

lifetime changes with temperature, and this could be used as a temperature readout alternative

[79]. Application of the SiV centre in practical temperature sensing is yet to be established.

Thermometry techniques that build on the optical transitions of specific colour centers in

diamond have one other key disadvantage for general applications. The optical wavelengths

of interest are fixed by the colour center, and may fall into awkward absorption/ionisation

bands of the device to be studied. The Raman line has a position shifted relatively from the

excitation laser, and so the wavelengths of interest can be freely selected by choosing appropriate

illuminations sources.

2.6 Applications to Electronic Devices

Conventional micro Raman thermometry has been utilised as an optical alternative to stan-

dard resistance temperature measurements. It enables Raman temperature readout of regions
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inaccessible by resistance thermometry. An example relevant to this thesis is Raman thermom-

etry on GaN and Aluminium Gallium Nitride (AlGaN) High Electron Mobility Transistors

(HEMTs). They employed a modulated a 532 nm frequency doubled diode laser (pulsed)

which was pulse synchronised optically (10-15 ns) and electrically (200 ns at 3.5-6 W), the

GaN, AlGaN, SiC and Sapphire Raman signals where measured over 300-350 ns. The heating

regime caused by the electrical pulse and cooling regime after the pulse was measured produc-

ing a peak temperature representative of the local maximum temperature in the measurement

region [80].

A similar investigation comparing Raman and IR thermometry and thermal mapping has

been conducted. It demonstrated the order of magnitude increase in spacial resolution of Raman

thermometry compared to IR, based on the diffraction limits of the 488 nm laser and 2-5 µm

IR sources. IR showed to have better depth of field (DoF) by an order of magnitude, due

to IR being less absorbent. The IR temperature resolution represented better sensitivity, but

IR temperature measurements are spatially averaged over larger regions, compared to Raman

temperatures [81].

Micro-scale thermometry with diamond on GaN and AlGaN HEMT gates has been demon-

strated. A micron sized diamond was placed on a T-gate and T-gate field plate acting as a micro

scale Raman thermometer. Temporal resolutions of 10 µs were demonstrated, any shorter and

the micro-diamond might not have been in thermal equilibrium. The T-gate electrical pulse

power was 6 W/mm and 7 W/mm for the field plate T-gate for 10 µs pulses. For the T-gate

the diamond came within 10o of the simulated peak gate temperature a 30o improvement on

conventional Raman thermometry coming only within 50o of the peak temperature. The field

plate gate limited the heat transfer to the diamond, causing a peak Raman temperature within

30o of the simulated peak temperature, while the conventional Raman thermometry of the GaN

remained relatively the same as the T-gate measurement [1].

This thesis takes the concept of micro-Raman thermometry into the nano-scale regime, making

use of the high-qualtiy nanodiamond size sorting and processing at Macquarie University.
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Methodology

This chapter describes the experimental process and solutions employed to address the challenge

of locating and addressing single 250 nm nanodiamonds. The general concept of confocal

microscopy is introduced along with a detailed description of our lab-built confocal microscope.

3.1 Confocal Microscopy

‘Confocal’ means ‘together-focus’, and for a microscopy application, the illumination and de-

tected florescence are both focused by the same optical components. The idea is to detect

fluorescence from the same sample region that is illuminated. Confocal microscopy as de-

scribed by ray optics is a single point detection of a sample, although in actuality there is a

detection volume. This is volume is parameterised by the Abbe diffraction limit in the lateral

25
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Figure 3.1: Conceptual ray optics diagram of a confocal microscope. Light that is not in the focal
plane of interest (orange dashed lines) is not detected. The reflected light (blue arrows) is reflected
from a point of interest on the sample, focused through a pin hole and detected.

directions by,

Dlat =
0.44λ

NA
(3.1)

and in the axial direction by,

Daxial =
1.5nλ

NA2
(3.2)

generating a focal slice or 2-dimensional plane in ray optics [82]. Confocal microscopy can be

described by the concept of a point spread function (PSF) which is the detected signal of a point

like object. Each point object creates its own intensity PSF. The overall PSF (and intensity)

of the illumination volume, is the product of point object PSFs, with the pin hole aperture size

accounted for. Confocal microscopy has the advantage of lower background noise and higher

special resolution, particularly in the axial direction, compared to wide field microscopy.

A confocal microscope requires a raster or other form of scan to generate a wider field of

view image [82]. The image is generated pixel by pixel which can be a lengthy process at low

photon counts. This can be improved with the use of intense light sources such as lasers.

Confocal microscopes are quite modular and can be adapted to particular experiments but

the general concept remains the same. An example includes the reflection design used by Minsky

[83] which places a mirror behind the sample or a transmission setup which detects light from

the opposite (relative to excitation direction) side of the sample. However, the configuration

used for this thesis is a reflection (without the mirror) confocal microscope, which collects only



3.2 Lab Built Confocal Microscope 27

Figure 3.2: Generalised diagram of our lab built confocal system optimised for 532 nm excitation.
The green arrows represent the 532 nm excitation beam, and the yellow/orange arrows represent
the return fluorescence signal. The output fiber is manually swapped between the avalanche photo-
detectors and the monochromator. The objective lens was mounted in a periscope configuration.

scattered light in the beam path direction.

3.2 Lab Built Confocal Microscope

A compact confocal imaging system mounted on a bread board was built with the intended

capability of single nano-diamond and NV− centre addressing. The system is designed to detect

the bright NV− fluorescence and diamond Raman signal at 572 nm from 532 nm excitation.

The beam path is controlled by wavelength appropriate single mode fibers (Thorlabs, P3-

460B-FC), silver protected mirrors (Thorlabs, PF10-03-P01), Olympus 100× inf/0/FN26.5 ob-

jective lens with numerical aperture (NA) 0.9 and a 45o 550nm cutoff dichroic mirror (Thorlabs,

DMLP550). This reflects the 532nm beam for sample illumination and transmits the 572nm

Raman and broad range 570-800 nm NV fluorescence signal. The 532 nm notch filter (Semrock

NF01-532U-25) reduces the detected 1-2% laser scatter leakage from the dichroic. This means

reduced laser scatter counts detected by the Avalanche Photo Diode (APD) photon detectors,
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making Raman and fluorescence the dominant count source. The confocal microscope was

operated using the Qudi software suite [84]

3.2.1 Resolution and Efficiency of Confocal System

The collection efficiency of the system is found by taking the sum of collection efficiencies for

each component along the detection path, and is η ∼ 4%. The objective lens has a collection

efficiency of ηobj = 38%. While the remainder of losses came from the dichoic mirror (≤1%

loss) , silver mirrors (≤ 2.5% loss), single mode fiber (70 % coupling loss, 6% attenuation loss),

1200 g/mm grating (50% loss), CCD camera (10 % loss).

The spacial resolution of the system for 532 nm source is laterally, ∼ 260 nm from equation

3.1 and axially ∼ 1 µm, determined by the diffraction limits. Both the Raman signal and

NV fluorescence is emitted isotropically (equally in all directions), so relative to the emission

emission sphere, only a small solid angle is detected. The signal flux is determined by the

Raman and NV− scattering cross sections.

3.2.2 Excitation Source

Our excitation source was a Coherent OBIS 532 nm diode laser. Producing a high quality

Gaussian beam (M2 ≤ 1.1) and spacial (transverse) mode TEM00 giving good beam circularity,

as shown in table 3.1.

3.2.3 APD Photon Detectors and Imaging Counters

Signal counts were detected by passing the signal from the output fiber into a prearranged

Avalanche Photo Diode (APD) coupling setup. To further avoid detector saturation a 650 nm

long pass filter was placed prior to the APD aperture. Perkin Elmer, SPCM-AQR-14 APDs

were used as photon detectors with peak detection efficiency at 650 nm. The APD has a

refresh time resolution of 400 ps and a 50 ns designed dead time between Transistor-Transistor

Logic (TTL) pulses. TTL pulses are only generated when specific voltage, current and timing

parameters are met, with 5-10 ns pulse widths.
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Table 3.1: Coherent OBIS 532LS Operational Specifications.

Model OBIS 532LS

Wavelength 532 nm

Power Range 1-160 mW

Spacial Mode TEM00

Beam Quality (M2) ≤ 1.1

1/e2 Beam Diameter 0.7± 0.05

Beam Divergence ≤ 1.2 mRad

Pointing Stability ≤ 5 µRad/oC

Noise (20 Hz to 20 kHz) ≤ 0.25 RMS

Polarisation Ratio 100:1, ±5o Vertical

Long Term Stability (8 hrs) ≤ 2%

Warm Up Time ≤ 5 mins

The APDs were connected to a National Instruments (NI) signal counter box (NI PXIe-1078)

with an NI PXIe-6363 X-series signal counter/timer card. TTL pulses generated by the APD

were timed and counted by this card which is operated in parallel to an NI PXIe-8360 module

control card connected to the Attocube ANSxy50 and ANSz50 continuous scanner stack. This

provides simultaneous scan and signal counting capability which along with Qudi laboratory

module management suite produces confocal images over an 30µm × 30µm area [84].

3.2.4 Translation, Scanning and Thermal stages

An Attocube piezo stepping translation stack (two ANPx51 and an ANPz51) connected to an

Attocube ANC300 piezo controller was employed. While the Attocube scanner stack connected

to an Attocube ANC250 10V amplifier was secured on top of the translation stage. The At-

tocube ANP stages have a weight limit of 25g and with the stack assembled this is reduced to

6.5g. With the resistor heating element weight ∼5g and insulation ∼3-5g we exceeded the rec-

ommend weight limit however operation was still reliable. With this stage setup we performed

the characterization studies given the sub-gram weight of the samples.
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Figure 3.3: Image of our Attocube piezo stack. 1. The 100x objective lens, 2. 5 W resistance
heating element, 3. Insulating layer of silicon and heat sync, 4. ANSxy50/z50 Attocube continuous
scanning stages, 5. ANPz51/x51 Attocube stepping translation stages.

The device sample weight was in excess of the Attocube translation stage weight limit so a

thorlabs linear XYZ (MBT613D/M) replaced the ANPx51 and ANPz51 piezo stepping stages.

The Attocube scanning stack was glued to an aluminum slab screwed to the linear stage. The

device mounted on the heating element was within ∼ 10-15g of the ANSxy50 and ANSx50

weight limits.

The thermal control element of the stage is a 39Ω, 5W resistor. The resistor was wire bound

to the heat sync with silicon insulation in between, shown in figure 3.3.

A platinum resistance thermometer (PT100) was pasted to the surface of the thermal resistor

using conductive silver paint. This was used for temperature readout connected to a multimeter.

It is designed to be at 100Ω at 0o C and a 0.4Ω increase in resistance corresponds to one degree

increase in temperature, with a 20s response time and 0.3o temperature accuracy.
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3.2.5 Monochromator

A Princeton Instruments SpectraPro Acton 2500i monochromator was used, with a Pixis 100

CCD Camera (specifications given in table 3.2). The CCD camera has 1340 × 100, 20 × 20

mm pixels with 100% fill factor. Two gratings were mounted on a triple turret a 300 g/mm

grating and a 1200 g/mm grating with a 750 nm blazing. Collimated light from the confocal

output fiber is focused into the monochromator using a 150mm lens.

Utilising a Raman spectrometer for this application would have been the optimal solution

providing the best throughput and resolution. However we did not have the resources available

to acquire or borrow a this device, but our current spectrometer provided sufficient counts and

resolution for accurate Raman line detection.

Table 3.2: Princeton Instruments SpectraPRO Acton 2500i Monochromator Specifications.

Spectrometer Model Spectra Pro Acton 2500i

Focal Length 500 mm

Aperture Ratio f/6.5

Scan Range 0-1400 nm

CCD Resolution

@ 435.8 nm, 20 µm slit width
0.09 nm

Linear Dispersion

@ 435.8 nm
1.52 nm/mm

PMT Resolution 0.05 nm

Wavelength Coverage 41 nm

Grating Size 68×68

Wavelength Accuracy ±0.2 nm

Repeatability ±0.05 nm
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Here we present the experimental work completed over the course of this project. Results are

presented in terms of the first order Raman peak shift and line width broadening for both bulk

and nano diamond temperature characterisations. These characterisations provide the basis to

determine the Raman temperature for a device measurement. Finally, we demonstrate the goal

of this thesis, a device measurement on a GaN FET gate, and discuss the validity and potential

of nanodiamond as a high spatial resolution temperature sensor.

4.1 Bulk Diamond Characterisation

In order to demonstrate the capabilities of our confocal system, Raman spectroscopy was

performed on a bulk diamond sample. The diamond sample is type IIa with dimensions

2× 2× 0.5 mm, and it was implanted in some regions with nitrogen. The dose was low enough
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Figure 4.1: The first order Raman line of the bulk diamond sample plotted over the complete
wavelength of the monochromator with the 1200 g/mm grating.

to produce spatially isolated nitrogen-vacancy centres for previous studies (∼ 1 part per bil-

lion). The diamond was glued to the resistor heating element on our Attocube scanner and

translation stages.

The current to the resistor was increased at 0.01 A increments, which were the smallest

allowed by the Dick Smith Q1770 power supply. A total of 252 Raman spectra measurements

with 50 current increments up to 0.49 A were performed (5 measurements per increment) over

a two day period. An example spectrum is shown in figure 4.1.

These measurements were conducted with the uncoated glass beam sampler confocal setup

(instead of the dichroic mirror in figure 3.2). This beam sampler only reflected between 4-5%

(0.65 ±0.005 mW) of the 14.5 ±0.05 mW input beam for illumination of the diamond. Our

return signal beam after the bulk optic had power 0.01 ±0.005 mW, most of which was laser

scatter. All Raman spectra where taken with a 30 second monochromator exposure time using

a 1200 g/mm grating. This gives a 40 nm wavelength range (shown in figure 4.1) leaving the

532 nm laser/Rayleigh line just out of detection range.
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Figure 4.2: The first order Raman line of the bulk diamond sample with fitted Gaussian and
Lorentzian profiles.

Gaussian and Lorentzian profiles where both fitted to the Raman line as illustrated in figure

4.2, and the peak position and line width were determined from the fits. It is evident in figure

4.2 that the measured Raman spectrum was a closer fit to the Gaussian profile. The expected

line shape depends on the factors that limit the spectral resolution.

The OBIS diode laser is unlikely to contribute to the broadening since the laser linewidth is

less than MHz, well below the observed linewidths. Since the diamond sample was previously

used for single-site nitrogen-vacancy measurements, the concentration of such defects in the

diamond sample is too low to cause any broadening. No NV spectra were observed in this

study.

Misalignment of the diffraction grating is not significant in this case as the spectrometer

was carefully aligned by minimising the point density function on the CCD camera. Slit width

was well defined, with the return beam passing through a single mode fiber having a mode field

diameter of ∼3-4 µm (an effective pin hole). A 150 mm focal length lens was used to focus the

light into the monochromator, producing a light cone that did not fill the grating (a 16 mm
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Figure 4.3: Temperature dependent Raman peak shift characterisation of the bulk diamond from
Gaussian fits. The orange and green curves are the least squares fit of the three phonon and four
phonon decay models respectively to the data (blue solid points). The red and purple curves represent
the three and four phonon thermal decay models respectively as least squares fits to the digitised
literature data (solid brown points) [57, 63, 64].

focal length lens would be required to achieve that for 532 nm light). Underfilling the grating

reduces the resolution slightly, although in this case the observed resolution was still close to

the expected instrument performance.

It is concluded that the measured width of the Raman line essentially represents the resolu-

tion limit of the spectrometer. For this reason a Gaussian profile is used to fit the spectra [85].

This makes it unnecessary to include Raman line characterisations based on Lorentzian fits as

peak position would remain the same for both Gaussian and Lorentzian and more accurate line

widths can be determined from Gaussian fits.

The three and four phonon decay models fitted to the relative peak shift Data in figure

4.3 and 4.7 are given by equations 2.13 and 2.14 respectively. The three phonon decay model

(equation 2.15) is used to fit the Raman linewidth data in figures 4.5 and 4.8.

Figure 4.3 represents the change in Raman peak position relative to an assumed 532nm
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Figure 4.4: Gaussian fits to the first order Raman lines of bulk (blue data with orange Gaussian
curve) and ND data (green data fitted red Gaussian curve). The position shift is due monochromator
realignment.

laser line position. The discontinuity in the data around 375 K was caused by a change in

lab temperature conditions from day one to day two, causing possible changes in the laser

wavelength (within ±2 nm tolerance), monochromator alignment in both coupling and grating

position and the temperature of the diamond itself.

The temperature resolution is estimated by taking the average fitting error in figure 4.3

and determining its relative temperature change from a chosen reference position value of 1332

cm−1. The temperature error caused by the fitting error was estimated to be 3.8 K. However

taking into account the average temperature readout error of 2 K, the Raman peak position

temperature characterisation has possible errors between 5-10 K.

The Raman peak is an energy shift from the excitation laser, which was assumed here to be

at 532 nm. To achieve better overlap with the literature data, a calibration offset was required.

This correction factor was calculated by taking the average difference of the Raman peak

positions with there expected position on the three phonon decay curve fitted with digitised



4.1 Bulk Diamond Characterisation 37

300 325 350 375 400 425 450 475
Temperature (K)

0.135

0.140

0.145

0.150

0.155

0.160

Ch
an

ge
 in

 F
W

HM
 (n

m
)

Klemens Fit (Bulk Diamond) Data (3 Phonon Decay Process)
Bulk Diamond Data

Figure 4.5: Temperature dependent characterisation of the Raman width broadening from Gaus-
sian fits for the bulk diamond sample

data from Zouboulis, Cui and Lui [57, 63, 64]. It was hoped to account for the observed ∼0.35

nm/10.5 cm−1 offset of the Raman line position from its expected position, shown in figure

4.4. However, an unquantified intrinsic error is induced by this correction factor, which doesn’t

perfectly account for the spectral offset.

A good understanding of the monochromator resolution is required to accurately characterise

and compare the thermal dependence of the Raman line width. Since the actual Raman line

width is below the resolution of most monochromators, the measured line widths result from

limiting instrument resolution. However, some thermal broadening is still detectable. Lui

reviews this in a table showing the evolution of extracted Raman line-widths of different studies

over time with good experiment and theory agreement being found for a Raman line width of

1.01 cm−1/0.03 nm (for 532 nm excitation) for temperatures 300 K or less [64, 86]. However,

Figure 4.5 shows we did not achieve such accuracies making it difficult to graphically compare to

literature data, but we were able to observe a general increase in the line width with increasing

temperature.



38 Raman Thermometry with Diamond

Figure 4.6: Image of the evaporation nanodiamond sample after being removed from the furnace.

It was assumed that the temperature of the diamond was close to that readout by the

PT100 thermocouple which was glued to the resistor with a thermally conductive silver paint

adhesive. In figure 4.3 and 4.5 the readout error of the thermocouple increased with temperature

even after it was left to thermally stabilize for 3-5 minutes. It is possible this was caused by

variations of the resistor surface temperature which was exposed to thermally unstable ambient

lab conditions.

4.2 Nanodiamond Characterisation

A nanodiamond sample was prepared in order to characterise the Raman spectrum from smaller

crystals. We used high grade 250 nm size nanodiamonds that were sorted to within 10-20 nm

of the specified size. The nanodiamonds were in distilled water solution with 1 mg/1 cm3

concentration. A small ∼ 1-3 µL drop on the edge of the container housing the nanodiamonds

was selected (containing tens of millions of nanodiamonds) using a 20 µL pipette, and was

placed on the center of a glass sample slide which had been wiped clean with acetone. The

sample was then placed in a furnace for 15 minutes at 550oC to remove impurities and reduce

the evaporation time. The high concentration of nanodiamonds formed a visible ring around

the edge of the droplet from its water tension, as shown in figure 4.6. We do not expect

nanodiamonds to be outside the droplet ring but it is possible isolated single nanodiamonds

exist in the center of the ring.

We experienced difficulty maintaining position on a ND as the Attocube scanner stage would
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drift, most likely caused by exceeding the Attocube’s operational weight limit. Scanner stage

drift was also observed as distortions and diagonal offsets in the confocal image generation,

limiting our ability to repeatedly address nanodiamonds positions. In order to measure strong

Raman signal from nanodiamonds for this characterisation, the measurement was made on the

dense ring. It should be noted the monochromator was realigned before taking these measure-

ments in an attempt to eliminate the offset observed during the bulk diamond investigation.

This change in calibration is indicated in figure 4.4

Raman spectra were recorded for illumination power of 6.4 mW ± 0.05 mW. The heating

process was repeated as for the bulk diamond sample, with the resistor incremented 50 times

up to 0.49 A producing a maximum temperature of ∼ 450 K. Figure 4.7 shows the Raman

peak position as a function of temperature. These data are plotted as the Raman shift relative

to the assumed 532 nm laser line position. We estimated the temperature resolution of the

nanodiamond Raman peak shift to be 22.5 K, which is almost double that obtained for the

bulk diamond investigation.

An artifact in the data which is analogous to an oscillation motion is clearly visible. This

was caused by a drift of the translation stage with temperature, changing the measurement

region to one which is warmer. The position of the confocal microscope was reoptimised eight

times during the measurement process, which is observed as the number of troughs and peaks

in figure 4.7. These artifacts suppressed the slight curvature required to properly fit the phonon

decay models, instead both three and four phonon decay models follow the same effective linear

relation (over lapping). In any case the data maps well to the literature data after correcting

for possible monochromator offset. Figure 4.7 displays promising but not optimal Raman

temperature readout curves over the current temperature range.

Again, the Raman line width was measured as function of temperature, as shown in figure

4.8. The oscillation artifacts are also present, although harder to distinguish with the larger

errors.

The errors in both figure 4.7 and 4.8 are caused by Gaussian fits which are not optimal,

as shown in figure 4.4. The base line spectral noise is zeroed in both Bulk and ND cases and

we have not accounted for the broad Nitrogen vacancy florescence, saturating the base of the

nanodiamond Raman line. This means our Raman peak widths do not represent the true full
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Figure 4.7: Temperature dependent Raman peak shift characterisation of the ND evaporation
sample from Gaussian fits. The orange and green curves are the least squares fit of the three phonon
and four phonon decay models respectively to the data (blue solid points). The red and purple curves
represent the three and four phonon thermal decay models respectively as least squares fits to the
digitised literature data (solid brown points) [57, 63, 64].

width half maximum of the nanodiamond Raman line. Deconvolution analysis of the Raman

would be required to extract the entire Raman line and determine its actual width. This means

the results in figure 4.8 do not exibit the accuracy required to reliably readout the Raman

temperature with errors ranging from 20-30% and non-optimal Gaussian fits.

The ambient temperature peak widths are almost identical to those of the bulk diamond

line-widths at the same temperature. We interpret this as confirmation of the bulk diamond

treatment of the 250 nm NDs, i.e. they are large enough that the phonon confinement effect

contributes little if any line-width broadening or frequency shifting of the Raman line [65, 66,

87].
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Figure 4.8: Temperature dependent characterisation of the Raman width broadening from Gaus-
sian fits for the nanodiamond evaporation sample. The orange line is the least squares fit of the three
phonon decay model to the data (blue solid points).

4.3 GaN FET Device Measurment

4.3.1 FET setup and Operation

With a solid understanding of the Raman temperature dependence it is possible to apply Raman

thermometry with nanodiamond to an electronic device measurement. Here we are using an

eight finger Gallium Nitride (GaN) Field Effect Transistor (FET). The FET is designed with

the gate channel open when unbiased (in depletion mode), it requires a positive drain and

negative gate voltage relative to a ground source (which limits the drain current) in-order to

achieve high drain voltages and channel powers up to a few Watts per gate width.

In this case we applied an open channel condition, allowing high current through put but

low voltage. This is a result of the basic power supply available to us at the time. However,

we were able to achieve powers up to half a Watt in open channel mode which we expected to

produce detectable heating.



42 Raman Thermometry with Diamond

0.1 0.2 0.3 0.4 0.5
FET Power (W/mm)

300

320

340

360

380

Ra
m

an
 T

em
pe

ra
tu

re
 (K

)

Temperature from ND Characterisation
Tempertaure from Bulk Diamond Characterisation
Temperature from Literature Data

Figure 4.9: Raman temperature measurement of 250 nm ND on a GaN FET gate from Gaus-
sian fits. Blue, orange, and green points represent the calibrated Bulk diamond, nanodiamond and
literature Raman temperatures.

The size, in particular the width, of the FET governs the amount of power which can be

handled. For multi-finger FETs the width is taken as the product of the number of fingers and

the width if a single gate. Our FET has 8 fingers and a gate width of 125 µm so the FET width

is 1 mm.

The 250 nm nanodiamonds sample was prepared by diluting a small batch of nanodiamonds

to a concentraion of 0.05mg/cm3 (hundreds of millions of nanodiamonds). The batch sample

was then sonicated for 10-15 minutes to prevent nanodiamonds from clustering. After soinica-

tion about ∼ 0.25 mL of the diluted nanodiamond solution was placed in an micro-AIR Omron

nebuliser and sprayed directly onto the GaN device. We calculated one nanodiamond for every

20 drops which are 5µm in size, from the nebuliser.

The Raman temperatures measured in figure 4.9 were from nanodiamond/s on the gate as

shown in the confocal scan in figure 4.10. The FET gate has gold material for the field plate and

the source and drain elements, and gold causes broad florescence. The nanodiamond Raman
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Figure 4.10: Confocal scan of one of the 8 finger FET gate regions. Scan was taken over a 15µm
× 30µm region.
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line was more intense than the gold florescence allowing for peak position extraction. However,

deconvolution analysis of the spectrum would be required to extract the Raman line-width, and

time limitations have prevented this analysis. This is not a severe limitation, since it has been

established above that the peak position provides a more sensitive temperature measurement

than linewidth.

Each Raman temperature point is an average of five measurements, allowing the ambient

condition fluctuations to be quantified and included in the error. These were found to be

insignificant. The calibration data errors were averaged for peak shift, and in each case an

estimated error was determined. The average temperature readout error for the calibration

curves was also considered. The ND calibration curve errors for bulk diamond and nanodiamond

were particularly significant ∼ ±25 degrees. The horizontal error is systematic to the power

supply which only displayed current and voltages to two decimal values.

The errors quantified in figure 4.9 do not account for all possible uncertainties. As previously

discussed, the relative Raman peak position to the Rayleigh scattering line wasn’t directly

calculated due to limited (40 nm) spectral range. Again, there is an intrinsic uncertainty that

comes with our assumption that the Rayleigh line is centered at 532 nm. Even through we

attempt to correct for this uncertainty using known aligned literature data, this uncertainty

carries through to our device measurement.

We expect the temperature power relation on the gate to be non-linear given the dependence

of thermal conductivity of GaN is non-linear [28]. Over small temperature range we can assume

an approximately linear change in thermal conductivity for both GaN and gold [28, 88]. We

observe a large Raman temperature increase between 0.085 W/mm and 0.19 W/mm, ∼ 15

degrees, possibly within our detection resolution of 5-15 K for bulk diamond calibration. The

Raman temperature seems to reach a saturation point after 0.19 W, the cause of which is

unknown. However, it is possible that the Raman temperature readouts after 0.19 W/mm are

actually temperature changes below our detection resolution, meaning they appear as noise.

This would account for the drop in temperature at 0.52 W/mm. If what we extracted was

representative of temperature (unlikely option) then further investigation is necessary. Either

way it would be interesting to see further investigations to discern with certainty what we are

detecting and extracting is representative of the actual temperature of the nanodiamond.



5
Outlook

The experimental results presented in this thesis are a first step towards the implementation

of a robust nanoscale thermometer based on Raman scattering from nanodiamonds. The ini-

tial characterisation of diamond samples has been successful, and a preliminary application

of this technique to industrially-relevant devices has been shown. While the results as such

look promising and warrant further pursuit of this interesting research direction, there is still

considerable work to do before true nanoscale temperature read-out can be claimed.

Unfortunately, thermometry on a single nanodiamond with subdiffraction limited spatial

resolution could not be demonstrated in this work due to technical limitations of the basic

confocal setup and the shortage of effective lab time. The most severe limitation in this regard

was the Attocube scanner used for confocal microscope imaging, which was unable to provide

the stability and repeatability required to locate and track an isolated ND throughout the

temperature measurement. The lab is equipped with a more capable AFM/confocal platform,
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but this was unavailable for the duration of this project due to an unexpectedly prolonged

rebuilding operation. When it is operational again the measurements on single nanodiamonds

should be easily within reach.

Once single nanodiamond Raman scattering is well-established, one can push for smaller

sizes of ideally 100-150 nm, a length scale that is technically relevant due to the typical widths

of wires on semiconductor chips. It would also be beneficial to improve the capabilities of the

spectrometer. Given that the Raman signal scales with the volume of the nanodiamond, every

photon counts and so improved collection efficiency would increase the measurement speed. The

Quantum Materials and Applications (QMAPP) group at Macquarie University is collaborat-

ing with a colleague in Astrophotonics who is a world-expert in building astro-spectrographs.

He and his group have developed an advanced spectrometer that would be ideally suited for

diamond Raman spectroscopy. This instrument has an anticipated improvement in both reso-

lution and throughput by at least a factor of two compared to the currently used system, and

the ability to record spectra over several hundred nanometers with high resolution. As well

as improving the signal-to-noise ratio, these features would allow for reading out the position

of Stokes/Anti-Stokes and Rayleigh line in a single exposure, enabling an accurate readout of

relative peak positions.

Before nanodiamonds can be used for nanoscale temperature read-out in a robust and

routine fashion, more research steps are needed. Different nanodiamonds of very similar size

need to be characterised and their Raman signals compared. A ’universal’ nanodiamond Raman

thermometer can be realized only if it can be experimentally proven that nanodiamonds of

the same size all show essentially the same temperature variation of their Raman signals.

Questions of thermal contact and thermal conductivity between substrate and nanodiamond

would clearly play a role here. Such investigations will also touch upon more fundamental

questions of heat transport and the very definition of temperature at the nanoscale. In fact,

having a suitable nanoscale thermometer at hand could allow for the exploration of a whole new

range of physics questions connected to heat transport and thermodynamics at the nanoscale.

The work presented here has opened the door to these fascinating questions only by a small

gap. The students following up in this project will hopefully be able to push the door right

open and fully enter into this fascinating area of research.
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