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Phonon, a quantized lattice vibration, plays an important role in the materials’ 

physical and mechanical properties. This makes investigations on phonon dynamics an 

indispensable subject for better understanding the physical world. For decades, people have 

been seeking ways to manipulate phonon dynamics, which are closely related to atomic 

structures and electromagnetic properties of materials, for the development of novel 

materials with desired properties and more insights into fundamental physics. This 

dissertation discusses the studies of phonon engineering in spatially confined silicon 

systems, which have been widely used in the biomedical filed and have great potential 

applications in the optoelectronic industry, as well as bulk sapphire systems using inelastic 

neutron scatterings. 

The dissertation starts with introducing the basic information about phonon 

dynamics and neutron scatterings which are the two primary subjects of my graduate 
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research. In Chapters 2 to 4, the inelastic neutron scattering experiments and discussions 

on the effects of particle size, temperature, surface oxidization, and surface 

functionalization on the phonon dynamics of silicon nanocrystals are presented. These 

effects are found to be greater on the transverse acoustic phonon modes than the optical 

phonon modes in silicon nanocrystals. In Chapter 5, the atomic structures of 3-nm spherical 

silicon nanocrystals were measured with elastic neutron scattering for the first time. The 

diffraction spectra show huge anisotropic structure variations inside the silicon 

nanocrystals compared to their bulk counterpart. In Chapter 6, the effect of the low-

concentration dopants on the phonon dynamics of sapphire was studied using inelastic 

neutron scattering. This dissertation sheds light on the phonon dynamics, as well as their 

dependence on the intrinsic and extrinsic effects, of materials with great potential 

applications and will contribute to further investigations on the phonon engineering of 

various materials. 
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Chapter 1 

Introduction 

Atoms spontaneously vibrate in nature. The atomic vibrations are closely related to 

materials’ physical and mechanical properties. This makes studying atomic dynamics an 

indispensable subject for better understanding the physical world. In analogy with the 

photon of the electromagnetic wave, phonon is introduced as a quantized elastic wave to 

mathematically describe lattice dynamics of materials. The energy of an elastic mode of 

angular frequency ω is 

𝐸 = (𝑛 +
1

2
)ћ𝜔 (1.1) 

where 𝑛  and ћ  are the number of phonon modes and reduced Planck constant, 

respectively.1 The term 
1

2
ћ𝜔 is the zero point energy of the mode (Energy at 0 K). Phonon 

not only carries heat and dominates thermal properties such as heat capacity and thermal 

conductivity in many ceramic materials, but it can also interact with other quasiparticles 

such as electrons and magnons to influence the electromagnetic properties of materials. 

The study of phonon dynamics can help people obtain fundamental insights into material 

properties, explain material performances, and explore materials’ potential for broader 

applications in contemporary industry. 

The following sections will include a brief introduction to phonon dynamics and 

neutron scattering as a powerful technique used to study phonon dynamics and other 

physical properties of materials. 

  



2 

 

1.1 Acoustic and optical phonon modes 

To better understand phonon, we consider a one-dimensional linear chain model of 

𝑁 atoms connected by elastic springs at separation 𝑎, as shown in Figure. 1.1.  

With harmonic approximation and only considering nearest neighbor interactions for 

brevity, the force act on the 𝑛th atom is: 

𝐹𝑛 = C(𝑢𝑛+1 − 𝑢𝑛) + C(𝑢𝑛 − 𝑢𝑛−1) (1.2) 

where C  and 𝑢  are the force constant and atomic displacement from its equilibrium 

position, respectively. The equation of motion can be written as: 

𝑀
𝜕2𝑢

𝜕𝑡2
= −C(2𝑢𝑛 − 𝑢𝑛+1 − 𝑢𝑛−1) (1.3) 

where 𝑀 and 𝑡 are atomic mass and time, respectively. Now we look for a solution of the 

form: 

𝑢(𝑥, 𝑡) = 𝐴𝑒𝑖(𝑞𝑥𝑛−𝜔𝑡) (1.4) 

where 𝑥𝑛 , 𝑞  and 𝐴  are the equilibrium position of the 𝑛 th atom 𝑥𝑛 = 𝑛𝑎 , the phonon 

wavevector, and the amplitude, respectively. With Equation 1.3 and 1.4, we obtain phonon 

dispersion which describes the relations between phonon frequencies and wavevectors of 

this one-dimensional linear chain model: 

𝜔 = 2√
𝐶

𝑀
|𝑠𝑖𝑛

𝑞𝑎

2
| (1.5) 

Figure 1.1 One-dimensional linear chain of atoms. 
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These phonon modes describe in phase atomic vibrations as long-wavelength 

acoustical vibrations and are called acoustical modes. The phonon group velocity defined 

by 𝑣𝑔 =
𝜕𝑤

𝜕𝑞
 of the acoustic phonon branch equals the velocity of sound in the small 𝑞 or 

the long wavelength limit. 

We now suppose the previous model contains two types of atoms with atomic 

masses of 𝑀1  and 𝑀2  per primitive basis, as shown in Figure 1.2. With similar 

assumptions, we can write two equations of motion: 

𝑀1

𝜕2𝑢𝑛

𝜕𝑡2
= −C(2𝑢𝑛 − 𝑢𝑛+1 − 𝑢𝑛−1) (1.6)

𝑀2

𝜕2𝑢𝑛+1

𝜕𝑡2
= −C(2𝑢𝑛+1 − 𝑢𝑛+2 − 𝑢𝑛)

 

We look for solutions of the form with amplitudes 𝐴1 and 𝐴2: 

𝑢𝑛 = 𝐴1𝑒𝑖(𝑞𝑛𝑎−𝜔𝑡) (1.7)

𝑢𝑛+1 = 𝐴2𝑒𝑖(𝑞(𝑛+1)𝑎−𝜔𝑡)
 

On substitution of Equation (1.7) in Equation (1.6) we have:  

𝜔2 = 𝐶(
1

𝑀1
+

1

𝑀2
) ± 𝐶√(

1

𝑀1
+

1

𝑀2
)2 −

4𝑠𝑖𝑛2𝑞𝑎

𝑀1𝑀2

(1.8) 

Figure 1.2 One-dimensional linear chain of two types of atoms. 
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Figure 1.3 shows such phonon dispersions in the first Brillouin zone which, in 

three-dimensional space, is the smallest volume entirely enclosed by planes that are the 

perpendicular bisectors of the reciprocal lattice vectors drawn from the origin. The lower 

Figure 1.3 Optical and acoustical branches of the dispersion relation for a one-

dimensional diatomic linear chain model. 

Figure 1.4 Acoustical and optical waves in a one-dimensional diatomic linear chain 

model. 
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curve is the acoustic phonon branch which describes in phase atomic vibrations. The upper 

curve describes movements where atoms vibrate out of phase. If the two atoms carry 

opposite charges, the atomic motion described by the upper curve can be excited with the 

electric field of a light wave, as shown in Figure 1.4. So, these phonon modes are called 

optical modes. 

1.2 Neutron scattering fundamentals 

Phonon dynamics can be measured with neutron scatterings. Because of many 

unique properties of neutrons, neutron scattering has become a powerful technique to study 

not only phonon dynamics but also atomic structures and magnetic properties of materials 

and has been widely applied in many areas of science. The fact that neutrons carry no 

charge allows them to penetrate deeply through Coulomb barriers into the target and be 

scattered by nuclear forces. This makes neutron scattering a better tool to study light 

elements compared to electron and photon scatterings which are more dependent on 

electromagnetic interactions.  

A neutron is normally treated as a classic particle in neutron scatterings due to its 

relatively large mass (1.675 × 10-27 kg). The kinetic energy of thermal neutrons (5-100 

meV) is of the same order as phonon energies in condensed matter so that neutron 

scatterings can provide accurate information on phonon dynamics in the scattering system 

through inelastic interactions.2 In addition, the value of the mass of the neutron results in 

the de Broglie wavelength of thermal neutrons being of the order of interatomic distances 

in solids and liquids so that neutron scatterings are able to yield structure information of 

the scattering system through elastic interactions. Neutrons also carry magnetic moments. 
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This means that neutrons can interact with unpaired electrons in magnetic atoms and 

provide information on magnetic excitations and time-dependent spin correlations in the 

scattering system. 

A typical neutron scattering experiment requires a source of neutron, interesting 

samples, and detectors, as schematically shown in Figure 1.5, where ki, kf, and Q are the 

wavevector of the incident neutron, the wavevector of the scattered neutron, and the change 

in wavevector, respectively. In the case of elastic scattering, neutrons do not exchange 

energy with the sample and |𝐤𝐢| = |𝐤𝐟|. In the case of an inelastic scattering when a 

neutron transfers its energy to the sample and creates a phonon, the phonon wavevector 

equals Q and the phonon energy equals to 𝐄𝐢 − 𝐄𝐟, where 𝐄𝐢 and 𝐄𝐟 are the energy of the 

incident neutron and the energy of the scattered neutron, respectively. The relations 

between the momentum 𝑃 and the energy 𝐸 of the created phonon and the neutron can be 

summarized as: 

𝑃 = −ћ𝐐 = ћ(𝐤𝐢 − 𝐤𝐟) = 𝑚𝑛(𝑣𝑖 − 𝑣𝑓) (1.9)

𝐸 = 𝐄𝐢 − 𝐄𝐟 =
ћ2

2𝑚𝑛
(𝐤𝐢

𝟐 − 𝐤𝐟
2)

 

where 𝑚𝑛 , 𝑣𝑖 , and 𝑣𝑓  are neutron mass, the velocity of the incident neutron, and the 

velocity of the scattered neutron, respectively. 

Figure 1.5 A schematic of neutron scattering principles. 
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1.3 Reference 

(1)  Kittel, C. Introduction to Solid State Physics, 8th ed.; Wiley, 2004. 

 

(2)  Squires, G. L. Introduction to the Theory of Thermal Neutron Scattering; Courier 

Corporation, 1996. 
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Chapter 2 

Giant Low-Temperature Anharmonicity in Silicon Nanocrystals 

2.1 Abstract 

The phonon density of states of silicon nanocrystals with particle size between 4 

and 7.5 nm was measured by inelastic neutron scattering for the first time in the 5~600 K 

temperature range. The narrow particle size distributions enable the unprecedented study 

of size effects on phonon dynamics. Giant energy decreases and broadenings of phonon 

features, and the disappearance of intermediate-energy phonon modes were observed with 

decreasing nanocrystal size. Such particle size effects are mostly attributed to the structure 

variations within the nanocrystals. The phonon modes in silicon nanocrystals show 

temperature dependence opposite to the bulk silicon, explained by the large anharmonicity 

of the under-constrained near-surface phonon features. This is supported by the abnormal 

atomic mean-square-displacement and low energy phonon population in small silicon 

nanocrystals. This work provides crucial information on the phonon dynamics in spatially 

confined materials. 

2.2 Introduction 

Semiconductor nanocrystals have attracted interest because their properties are 

different from those of their bulk counterparts. Silicon, a semiconductor with an indirect 

electron band gap, is widely used in various applications, including electronics and 

photovoltaics, along with chemical industry and medical treatment.1 Nanostructures are 

often found in silicon-based devices, such as those fabricated in the state-of-the-art 5 nm 

process. The increasing range of applications of nano silicon motivates the need for a better 
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understanding of its properties. In particular, a more detailed understanding of the thermal 

and electronic properties of nano silicon is crucial for the continued advancement of its 

applications in nano electronics. 

Previous studies show phonon confinement plays an important role in thermal 

transport in spatially confined silicon structures. Studies of silicon nanowires have shown 

a decreased thermal conductivity with smaller sample diameters attributed to the phonon 

confinement.2 Alvarez’s study on porous silicon claimed the thermal conductivity is lower 

for higher porosity and smaller pore radius as a consequence of phonon ballistic effects.3 

Chávez-Ángel reported the reduction of the thermal conductivity in ultra-thin suspended 

silicon membranes, using the Fuchs-Sondheimer model of phonon boundary scattering at 

the surfaces to explain the effects.4 The phonons are also sensitive to local strain, as 

observed by Li in the change of the thermal conductivity of the silicon nanowires and thin 

films5. 

Phonons can play important roles in the electronic and optical properties of spatially 

confined silicon systems. Silicon has an indirect band gap, and it is believed that electron-

phonon coupling is necessary for the photon absorption and emission processes. This has 

been illustrated by the observation of photoluminescence of red light from porous silicon.6,7 

Photoluminescence was also observed from silicon nanocrystals and other quantum dots. 

For example, emission through the full visible spectrum was observed under UV 

excitation8 out of silicon nanocrystals synthesized by a nonthermal plasma reaction 

scheme.9 Additionally, it was reported that the hot (phonon-free) photoluminescence has 

the opposite size dependency from the phonon-mediated counterpart.10 While quantum 

https://aip.scitation.org/author/Ch%C3%A1vez-%C3%81ngel%2C+E
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confinement in silicon nanocrystals has been extensively studied, the role of phonon 

confinement is less clear.11–15 Understanding phonon dynamics in silicon nanocrystals is 

crucial for understanding their optoelectronic properties and for applications such as 

photovoltaics and light-emitting devices. However, prior experimental measurements are 

mostly based on optical spectroscopy,15–18 which only has access to the Raman active 

phonon modes at the center of the Brillouin zone. 

In this chapter, inelastic neutron scattering (INS) experiments were performed on 

silicon nanocrystals from 4 to 7.4 nm in diameter and polycrystalline bulk silicon. Due to 

the nature of random orientations in nanocrystal samples, only the phonon density of states 

(DOS) were measured instead of phonon dispersion curves. Molecular dynamics (MD) 

simulation is used to interpret the experimental results. This work presents new insights 

into the size and temperature dependence of the phonon dynamics through the whole 

Figure 2.1 Silicon nanocrystals under TEM. 
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Brillouin zone in silicon nanocrystals, and it will provide valuable information on the 

phonon dynamics in confined systems. 

2.3 Materials and methods 

The silicon nanocrystals were synthesized by a non-thermal plasma process.19,20 

The reactor consisted of a quartz tube, through which a mixture of argon, silane, and 

hydrogen gas flowed and was evacuated by a roughing pump. The plasma discharge was 

sustained by biasing a copper electrode surrounding the quartz tube with a 13.56 MHz RF 

power supply. Downstream of the reactor chamber, the silicon nanocrystals were collected 

on a stainless-steel mesh. The size of silicon nanocrystals was controlled by adjusting the 

reactor pressure and precursor flow rates. A representative transmission electron 

microscopy (TEM) image of the silicon nanocrystals is shown in Figure 2.1 The selected 

area electron diffraction inset shows diffraction rings confirming that the particles are 

crystalline silicon. Particle size distributions were measured from TEM images and fit to 

Gaussian profiles, shown in Figure 2.2. As the average particle size increases, the 

distribution broadens moderately. 

Figure 2.2 Nanocrystal size distribution. The 

lines are Gaussian fittings. 
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INS measurements were performed on the Wide Angular-Range Chopper 

Spectrometer (ARCS), a direct geometry chopper neutron spectrometer, and the 

Vibrational Spectrometer (VISION), an indirect geometry chopper neutron spectrometer, 

both of which are at Oak Ridge National Laboratory. All the samples were loaded and 

carefully sealed in a 3/8-inch diameter aluminum can under a helium atmosphere in order 

to avoid oxidation. ARCS has an energy resolution of 4% or better of the neutron incident 

energy (Ei).
21 Neutron beams with Ei of 30, 90, and 150 meV were chosen to optimize the 

energy resolution and range, as shown in Figure 2.3. 

Silicon nanocrystals with diameters of 4, 6.5, and 7.4 nm, and bulk silicon were measured 

at ARCS at 5, 150, 300, 450, and 600 K, while the 5.3 nm sample was measured at 5 and 

300 K. VISION has an energy resolution less than 1.5% of the energy transfer.22 The 

phonon spectra of 4 and 7.4 nm silicon nanocrystals as well as bulk silicon were also 

collected at VISION at 5, 150, and 300 K.  

  

      
  

  

  

  

 

 
 
 
 
 
 
  
 
 
  
 
  
 
 
 

                  

            

            

            

             

Figure 2.3 Phonon DOS of 4 nm silicon nanocrystals at 300 K measured at ARCS by 

neutrons with Ei of 30, 90, and 150 meV. 
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2.4 Data processing 

Mantid software23 was used for data processing. The event mode data of ARCS 

measurement contains information about the detector number and the time-of-arrival of 

each scattered neutron. The momentum (q) and energy (E) transfer of each neutron was 

calculated from its time-of-flight and scattering geometry, with the knowledge of the 

distance between detectors and the sample to generate the scattering intensity S(q, E). 

Backgrounds from an empty can were subtracted from the signal. The phonon spectra were 

analyzed within the incoherent approximation, which has been shown to work reliably.24–

26 Elastic intensities were removed below 6, 7, and 10 meV for Ei = 30, 90, and 150 meV 

respectively. The low energy parts of the phonon DOSs of the silicon nanocrystals were 

extrapolated by power functions, while the low energy part of the phonon DOS of bulk 

silicon was extrapolated by the Debye model, as described in the Discussion Section. The 

energy bin sizes were set at 0.25, 0.5, and 1 meV for Ei = 30, 90, and 150 meV respectively. 

Due to the small effective sample thickness, no multiple scattering correction was 

necessary. Multi-phonon scattering correction was performed by an iterative method 

considering the S(q, E) and the multi-phonon expansion.24 The phonon spectra were also 

corrected for the thermal occupation. The event mode data of VISION was used to calculate 

the energy transfer of each neutron to produce vibrational spectra. The background from 

empty cans was subtracted after accounting for the shielding effects. Elastic intensities 

were removed below 5 meV. The thermal occupation correction was performed on these 

phonon spectra. It should be noted that the phonon spectra from VISION, an indirect 

geometry spectrometer, are different from phonon DOS because the measurement covers 
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a specific part of the reciprocal space. The inverted geometry arrangement of VISION 

granted it with improved signal-to-noise ratio, good resolution and high counting rates. On 

the other hand, the limited q range of VISION compared with that of ARCS makes it 

incapable of depicting the phonon DOS. No multiphonon scattering correction was applied 

on the VISION data. 

The strong peak near 75 meV in Figure 2.3 is from the hydrogen phonon modes 

related to the surface hydrogen terminations.27,28 The hydrogen atomic concentrations in 

our samples were estimated to be less than 2% using Equation (2.1), 

𝐶𝐻

𝐶𝑆𝑖
=

𝜎𝑆𝑖𝐴𝐻√𝑀𝐻

𝜎𝐻𝐴𝑆𝑖√𝑀𝑆𝑖

(2.1) 

where 𝐶 , 𝜎 , 𝐴, and 𝑀  are the atomic concentrations, neutron scattering cross-sections, 

areas in neutron-weighted phonon DOS and atomic mass of hydrogen and silicon 

respectively. The areas of the Gaussian fittings to the hydrogen phonon features near 75 

meV (Ei = 90 meV) were considered as the hydrogen-only mode (longitudinal and shear 

horizontal wagging modes), while the residual areas were considered as the silicon modes. 

The number of free surface bonds was estimated by constructing spherical clusters and 

subtracting the number of formed Si-Si bonds from the number of the bonds that could 

possibly form in a bulk structure with the same number of atoms. For example, this 

estimation shows there are 314 free bonds on the surface of a spherical 4 nm silicon 

nanocrystal. The hydrogen atomic concentration in the 4 nm sample was estimated to have 

a value of 0.8%, which corresponds to a 5% surface occupation if all hydrogen atoms were 

on the nanocrystal surface. These values are underestimated because the Si-H stretching 
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vibration mode (near 260 meV) was not taken into consideration, however, considering the 

small values from the estimations, the hydrogen concentrations are believed to be small. 

Even though only a small amount of hydrogen exists at the surface of the silicon 

nanocrystals, the neutron scattering signal of the mode is strong because hydrogen has a 

neutron scattering cross section 37.8 times greater than that of silicon and lighter atomic 

mass. To obtain the silicon-only phonon DOS, these hydrogen phonon features were 

subtracted after fitting them with Gaussian functions. The phonon feature near 110 meV 

was believed to be the signal of surface oxygen whose atomic concentrations were 

estimated to be less than 2% using the same method. 

2.5 Calculation 

The phonon DOS was calculated by MD simulation using the LAMMPS 

package.29–33 The position and velocity of each atom at each time step were obtained by 

solving the equations of motion with the Tersoff potential for silicon.34 Then the calculated 

trajectories were used to construct the phonon dynamical matrix, making use of fluctuation-

dissipation theory taking the form of Equation (2.2) – (2.4), before computing the phonon 

DOS by evaluating the eigenvalues. In the set of equations below, 𝐃, 𝚽, 𝐆, 𝐑, and m are 

the element in the dynamical matrix, second order force constant, the lattice Green’s 

function coefficient, the actual position of the atom under the influence of a vibration, and 

the atomic mass respectively, where 𝑘 denotes the basis atom in each unit cell, 𝛼 and 𝛽 

enumerate all x, y, and z coordinates 

𝐃𝑘𝛼,𝑘′𝛽
(𝐪) = (m𝑘m𝑘′)−

1
2𝚽𝑘𝛼,𝑘′𝛽(𝐪) (2.2) 

𝚽𝑘𝛼,𝑘′𝛽(𝐪) =  𝑘𝐵𝑇𝐆𝑘𝛼,𝑘′𝛽
−1 (𝐪) (2.3) 
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𝐆𝑘𝛼,𝑘′𝛽(𝐪) =  ‹𝐑𝑘𝛼(𝐪) • 𝐑𝑘′𝛽
∗ (𝐪)› −  ‹𝐑›𝑘𝛼(𝐪) •  ‹𝐑›𝑘′𝛽

∗ (𝐪) (2.4) 

Calculations were performed on a 4 × 4 × 4 silicon supercell with 512 atoms for 

bulk material and a 4 nm spherical silicon cluster with 1707 silicon atoms. The initial 

silicon structures used in the simulation had the space group of Fd-3m. The 4 nm spherical 

silicon cluster was set at the center of a box with a 20 nm edge length and periodic boundary 

conditions. The cutoff distance of force potential was set to 0.05 nm. Both simulations were 

performed under isothermal and isobaric conditions at 300 K and 0 bar. For MD simulation, 

the temperature damping parameter and the pressure damping parameter were 1 ps and the 

time step was 2 fs. Equilibrium was considered to be achieved when the calculated phonon 

DOS converged, which takes roughly tens of nanoseconds. The phonon DOS of the 

spherical silicon cluster was calculated at the Brillouin zone center while a 20 × 20 × 20 

Monkhorst-Pack mesh was used for the silicon supercell. 

2.6 Result and discussion 

Two main phonon features were observed in the DOS of the silicon nanocrystals, 

as shown in Figure 2.4 (a) and (b). For simplicity, the features from 0 to 30 meV are 

referred to as the low energy phonon features (LEPF), and the features from 45 to 73 meV 

are referred to as the high energy phonon features (HEPF). The LEPF and the HEPF 

correspond to the transverse acoustic (TA) and the optical modes respectively, in bulk 

silicon based on the previous calculations.35–37 The centers and the full widths at half 

maximum (FWHM) of the LEPF and the HEPF were calculated by the first and the second 

moments (Gaussian model) from the phonon DOS obtained from the ARCS measurement. 

The VISION phonon spectra were plotted using the data collected by the high-angle 
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detectors which provide stronger phonon signals at larger Q. The spectra from VISION 

were rebinned to the energy steps similar to the instrument resolutions to reduce statistical 

noise. As shown in Figure 2.4 and Figure 2.5, ARCS and VISION results agree well 

considering the significant difference in the coverage of reciprocal space. 
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Figure 2.4 A reduction in nanocrystal size reduced the phonon energies and broadens the 

phonon features. (a) (b) Phonon DOSs/spectra measured at 300 K with Ei = 30 and 90 meV 

by ARCS (darker lines), and VISION (lighter lines). (c) The center energies of the LEPF 

(lower part) and the HEPF (upper part) in the samples with different sizes. (d) The FWHM 

of the LEPF and (e) the HEPF in the samples with different sizes. The dots with error bar 

in (a) (b) show the calculated center energies and the FWHM of the corresponding phonon 

features. The dash lines in (a) (b), and (c)-(e) are guides to the eye and linear fittings 

respectively.  
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Size effects on phonons are shown in Figure 2.4. As nanocrystal size decreases, the 

LEPF experience significant energy decreases. As an example, the 4 nm sample shows the 

energy of the LEPF is 18% smaller than that of the bulk sample at 300 K. On the other 

hand, the HEPF in the nanocrystals do not show strong size dependence. Both features 

significantly broaden as nanocrystal size decreases. Additionally, the intermediate phonon 

feature near 41 meV, which is related to the top of the longitudinal acoustic (LA) phonon 

branch in bulk silicon, becomes weaker with the decrease in particle size. Temperature 

effects on the phonons are shown in Figure 2.4. The 13% energy increase of the LEPF with 

increasing temperature from 5 to 600 K was observed in 4 nm silicon nanocrystals. This is 

dramatically different from bulk silicon, in which the energies of both the LEPF and the 

HEPF features slightly decrease with the increase in temperature. The widths of both 

features do not vary much with temperature. Overall, particle size and temperature have 

much stronger effects on the LEPF than the HEPF. 
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Figure 2.5 An elevation of temperature decreases the phonon energies and narrows the 

phonon features in bulk silicon while it increases the phonon energies in silicon 

nanocrystals. (a) (b) Phonon DOSs of 4 nm silicon nanocrystals measured with Ei = 30 and 

90 meV by ARCS (darker lines), and VISION (lighter lines). (c) (d) Phonon DOSs of bulk 

silicon measured with Ei = 30 and 90 meV by ARCS (darker lines), and VISION (lighter 

lines). (e) The center energies of the LEPF (lower part) and the HEPF (upper part) in the 

samples at different temperatures. (f) The FWHM of the LEPF and (g) the HEPF in the 

samples at different temperatures. The dots with error bar in (a)-(d) show the calculated 

center energies and the FWHM of the corresponding phonon features. The dash lines in 

(a)-(d), and (e)-(g) are guides to the eye and linear fittings respectively. 

  



23 

 

2.6.1 Comparison between ARCS measurement and MD simulation 

The comparisons between the phonon DOSs of 4 nm silicon nanocrystals and bulk 

silicon obtained from ARCS measurement and MD simulation are shown in Figure 2.6. 

The discrepancy between the widths of the LEPF for 4 nm silicon nanocrystals is expected 

because the sample has a finite size distribution which further broadens the phonon DOSs. 

The energy difference in the bulk silicon comes from the empirical nature of the 

potentials.37  

2.6.2 Size-induced phonon energy shift 

According to MD simulation, the size-induced phonon behavior originates from the 

structure variations within silicon nanocrystals. This is illustrated by plotting the 

distribution of average Si-Si bond length along the radius of 4 nm silicon nanocrystals (red 

dots) and the relaxed average bulk bond length (blue dash line) at 300 K, as shown in Figure 

2.7.  

    

    

    

    

    

    

 
 
 
 
 
 
  
 
 
  
 
  
 
 
 

         

            

            
            
          
          

Figure 2.6 The comparisons between the phonon DOSs 

obtained from ARCS measurements and MD simulations at 

300 K. 
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The Si-Si bond length was calculated as the distance between two adjacent silicon atoms 

within the range between 0 and 3 Å, knowing the Si-Si bond length in bulk silicon is close 

to 2.35 Å. The average bond lengths of the near-surface atoms are found to be larger than 

the relaxed bulk silicon, while the inner core atoms are packed tighter than the bulk silicon. 

For 4 nm silicon nanocrystals, the shell is defined as the region of radius from 16 to 20 Å, 

where the average bond distance experiences a rapid increase, and the core is defined as 

the region of radius from 0 to 8 Å where the average bond length is roughly independent 

of the location.  

The longer bond length in the shell region potentially induces a capillary pressure 

on the core region of the silicon nanocrystals.38 The magnitude of the capillary pressure 

was estimated by applying: 

Figure 2.7 Si-Si bond length distribution along the radius in 4 nm silicon nanocrystals 

from MD simulation shows longer bonds near the surface. The solid lines are linear 

fittings (1.5~12.5 Å and 12.5~19.2 Å). The dash line is the relaxed average bond length 

in silicon supercell. 
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𝑃 = 𝐵
𝛥𝑉

𝑉
(2.5) 

where𝐵, 𝛥𝑉, and 𝑉 are bulk modulus, the change of volume due to the change of the 

average Si-Si bond length along the radius of nanocrystals, and the volume calculated from 

the relaxed Si-Si bond length in bulk silicon respectively. Assuming a value of bulk 

modulus at 50 GPa for 4 nm silicon nanocrystals (the bulk modulus of bulk silicon is 

roughly 100 GPa), the capillary pressure on the core region due to volume change can reach 

2~3 GPa. This capillary pressure likely induces the Si-Si bond length distribution. The core 

atoms are considered to have higher coordination numbers than shell atoms because they 

are more closely packed. A previous simulation also states the core atoms have higher 

coordination numbers, however, with larger bond lengths.39 Our calculation suggests 

otherwise. 

    

    

    

    

    

    

 
 
 
 
 
 
  
 
 
  
 
  
 
 
 

         

            

           
           
          
     

Figure 2.8 Partial phonon DOSs of different spatial regions calculated by MD simulation. 

The phonon DOS of the shell in 4 nm silicon nanocrystals deviates from that of the bulk 

the most. 
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The particle size-induced energy shifting of the LEPF is mainly attributed to the 

shell phonon modes in the silicon nanocrystals. Partial phonon DOS was calculated for the 

core and shell region, shown in Figure 2.8. The shell region shows a softer LEPF than that 

of the bulk silicon, while the core region behaves more like bulk silicon. Although MD 

simulation only qualitatively reproduces the phonon DOS, as shown in Figure 2.6, it is still 

a valuable tool to interpret the nanocrystal results. The result is consistent with previous 

work based on a different interatomic potential.40 Considering the large volume of the shell 

region, the softening of the LEPF in silicon nanocrystals can be mostly attributed to shell 

phonon modes. Compared with bulk silicon, the nanocrystals have a larger fraction of 

atoms located at or near the surfaces with distortion of the local structure.  

In addition to the near-surface shell modes, surface waves may also contribute to 

the softening of the LEPF in silicon nanocrystals, but the effect is expected to be small. 

Rayleigh waves, typical surface phonons, have lower frequencies than typical acoustic 

phonons based on theoretical calculations and Helium scattering measurements.27,41 Even 

though silicon nanocrystals have a large surface area to volume ratio, the number of the 

surface phonon modes is still small and only accounts for an insignificant portion of the 

overall phonon population. 

The energy of the HEPF in silicon nanocrystals appears unchanged with particle 

size, although their spectra were significantly different from those in bulk silicon. For 

example, the phonon mode at 60 meV has energy shifts less than 0.5 meV for all the 

samples, as shown in Figure 2.4. This is different from but not conflicting with the previous 

Raman work, where the red shift of optical phonon was observed as particle size 
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decreases.15 Raman spectroscopy only has access to the Raman active modes at the 

Brillouin zone center. On the other hand, INS measures the overall phonon DOS integrated 

over the entire Brillouin zone. 

2.6.3 Size-induced phonon broadening 

The broadening of the HEPF in smaller silicon nanocrystals might have several 

origins but is considered to be mainly from the wide Si-Si bond length distribution in 

silicon nanocrystals. The increasing average Si-Si bond length from the center to the 

surface results in changes in optical phonon energy. It is estimated that the broadening is 

consistent with the reported Grüneisen parameters in bulk silicon using: 

∆𝐸𝑖 =  −𝛾𝑖

∆𝑉

𝑉
𝐸𝑖 (2.6) 

where ∆𝐸𝑖 , 𝛾𝑖 , ΔV, V, and 𝐸𝑖  are the energy shift of the 𝑖 th phonon mode, the mode-

Grüneisen parameter, the change of volume, the volume calculated with bulk value, and 

phonon energy respectively. The estimated phonon broadening of the HEPF from the 

change of the average bond length in 4 nm silicon nanocrystals has a value close to half of 

its calculated FWHM, using 1.2 as the mode-Grüneisen parameter as reported in previous 

work.42 The breaking of structural symmetry near the surface might result in further 

broadening of the HEPF. This can also be used to explain the similar broadening of the 

LEPF.37 

The contributions to the broadening of phonon features from other origins are small, 

for example, the broadening attribute to the reduced phonon lifetime in nanocrystals 

corresponding to the boundary scattering was estimated to be small using the following 

method. The phonon linewidth can be calculated by: 
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 ∆𝐸𝑤 =  
ℎ

2𝜋𝜏
(2.7) 

where ℎ is Planck’s constant, 𝜏 is the phonon lifetime which can be estimated by 𝜏 =
𝜆

𝑣
, 

where λ and v are the phonon mean-free-path and phonon group velocity.43,44 The phonon 

group velocity was approximated to be 65% of that in bulk silicon, as previous work shows 

the Young’s modulus of 5 nm silicon nanowires equals roughly 40% of that of bulk silicon, 

and Young’s modulus is propositional to the square of the speed of sound.45 If the 

nanocrystal diameter was used as the upper limit of phonon mean-free-path, for 4 nm 

silicon nanocrystals, this broadening was estimated to be about 0.7 meV. This is much 

smaller than the broadening observed in INS, where the LEPF in 4 nm silicon nanocrystals 

is about 1.5 times wider than that of bulk silicon. As a result, boundary scattering is unlikely 

the primary origin of the broadening of the LEPF in silicon nanocrystals with a particle 

diameter of 4 nm or larger. Similarly, the LEPF broadening induced by the nanocrystal size 

distribution is estimated to be less than 10% for 4 nm silicon nanocrystals, using the particle 

size distribution (Figure 2.2) and the size dependence of the LEPF (Figure 2.4(c)). In 

addition, structural defects can affect the phonon dynamics in silicon nanocrystals, for 

example by phonon trapping.46 Additionally, the surface roughness can enhance the 

phonon scattering.47 Due to the large surface area to volume ratios in nanocrystals, this 

might introduce an extra reduction in phonon lifetime and broadening of phonon linewidth. 

The strain gradient across the nanocrystals, shown by the different bond lengths, can also 

scatter phonons and reduce their lifetime. Overall, these effects are expected to be small. 
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The anomalous size dependence of the phonon feature near 41 meV (Figure 2.4(b)) 

is very interesting and observed in both the INS result and the MD simulation (Figure 2.6). 

According to the bulk phonon dispersion relation, the feature is related to the dip of LA 

phonons near the zone boundary.35–37 The disappearing of this phonon feature in smaller 

silicon nanocrystals might have two explanations related to the loss of long-range 

translational symmetry in silicon nanocrystals. Firstly, the smaller particle size could have 

a confinement effect that pushes acoustic and optical phonon apart, reducing the population 

of intermediate phonons. It is also possible that this phonon feature is dramatically 

broadened by the Si-Si bond length distribution and phonon anharmonicity. 

2.6.4 Phonon anharmonicity in small silicon nanocrystals 

An enormous phonon anharmonicity was shown by the abnormal temperature 

dependence of the mean-square-displacements (MSD) in the small silicon nanocrystals. 

The MSD, ‹𝑢2›, was calculated from the phonon DOS with: 

 ‹𝑢2› =
3ℏ2

2𝑀
∫

1

𝐸

𝐸𝑚

0

𝑐𝑜𝑡ℎ (
1

2
𝐸𝛽) 𝐷(𝐸)𝑑𝐸 (2.8) 

where ℏ  is reduced Planck’s constant, 𝐸𝑚  is the maximum phonon energy of silicon 

modes, and 𝛽 =
1

𝑘𝐵𝑇
 (𝑘𝐵 is Boltzmann constant). The calculation was performed assuming 

that the DOS below 73 meV was dominated by silicon modes after the subtraction of the 

hydrogen peak. As shown in Figure 2.9, all the MSD increase linearly with temperature, 

except for that of 4 nm silicon nanocrystals, which was fitted by a power function with the 

exponential term of 0.7. As the linear relation between MSD and temperature is expected 
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for harmonic oscillators, anharmonic phonons likely induce the anomalous behaviors in 4 

nm silicon nanocrystals. Additionally, at temperatures above 50 K, the silicon atoms in 

smaller nanocrystals have MSDs about 3 times larger than the bulk value. This suggests 

that the atoms in smaller nanocrystals are much less confined, which is consistent with the 

softening of the LEPF in silicon nanocrystals. 

 The temperature dependence of phonon dynamics in silicon nanocrystals is 

radically different from that found in bulk silicon. The softening of phonon modes in bulk 

silicon is consistent with previous measurement37 and the expected quasi-harmonic 

behavior as a result of the thermal expansion. On the other hand, the LEPF become stiffer 

in silicon nanocrystals at elevated temperature, as shown in Figure 2.5(e). The temperature 

dependence is especially large for acoustic phonons and less so for optical ones, however, 

      
   

  

  

  

  

 

 
  
 
  
  
 
 
  
 
 
 

                  
               

        
        
          
          

Figure 2.9 The atomic MSDs as a function of temperature calculated form phonon DOSs 

show the anomalous behaviors in 4 nm silicon nanocrystals. The red line is power fitting, 

while the other lines are linear fittings. 
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the spectra weight redistributes universally, which in consistent with the phonon behaviors 

observed by Chetan Dhital, et.al.48 Pronounced redistributions of the spectra weight near 

50 and 66 meV are shown in Figure 2.5 (b). At higher temperatures, the phonons in silicon 

nanocrystals behave more and more like those in bulk silicon. This is expected because the 

thermal vibration may allow better relaxation of the strain of the near-surface atoms, 

making them more bulk-like and less anharmonic. There is also a possibility that silicon 

nanocrystals experience negative thermal expansion (NTE) at a wider temperature range 

than bulk silicon,49–55 similar to the case of Au nanocrystals.56 Pair distribution functions 

from further neutron diffraction experiments could help validate this hypothesis, for 

example, the Powder Diffractometer (POWGEN) at Oak Ridge National Laboratory is 

capable to detect small variances in d-spacings with resolution in a range of 0.0008 < Dd/d 

< 0.025. In order to control the particle size distribution, the diffraction measurement will 

be performed on the 3 nm silicon nanocrystals which will be synthesized for later 

experiments. The calculated widths of the LEPF don’t have clear temperature dependence, 

as shown in Figure 2.5 (f). On the other hand, the HEPF slightly narrows at the elevated 

temperature, although the contribution from phonon features near 50 meV is hard to 

separate, as shown in Figure 2.5 (g). 
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The energy increase of acoustic phonons in silicon nanocrystals suggests that the 

group velocity of the low-energy acoustic phonon branches increases with increasing 

temperature. The results for the 4 nm sample are shown in Figure 2.10: 

where the fitting was applied on the data points between 6 and 7.75 meV. The energy range 

was carefully chosen to avoid the intensity tail from elastic scattering while the acoustic 

phonon dispersion remains mostly linear. This is in support of the likely NTE of silicon 

nanocrystals between 5 to 600K. Furthermore, for the 4 nm sample, only the DOS at 600 

K fits well with the Debye model, which assumes linear acoustic phonon dispersion at low 

energies. In the Debye model, the phonon DOS may be written as: 

 𝐷(𝐸) =
3𝐸2

2𝑣3𝜋2
(2.9) 

where E and v are phonon energy and phonon group velocity, respectively. At lower 

temperatures, the fittings worsen significantly, and the phonon DOS becomes sub-

      
  

  

  

  

  

  

 

 
 
 
 
 
 
  
 
 
  
 
  
 
 
 

         
            

         
           
           
           
           
                  

   

      
  

  

  

  

  

  

 

 
 
 
 
 
 
  
 
 
  
 
  
 
 
 

         
            

         
           
           
           
           
              

   

Figure 2.10 (a) Phonon DOSs of 4nm silicon nanocrystals fitted with (a) the Debye 

model, and (b) power functions which were used to extrapolate the low energy part of the 

phonon DOS (below 6 meV) of silicon nanocrystals. 
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quadratic, suggesting nonlinear dispersion relations near the zone center, as shown in 

Figure. 9(a). The power fittings (𝐷(𝐸) = 𝐴𝐸𝐵) were adopted instead of parabolic fittings 

on the phonon DOS from 6 to 7.75 meV, as shown in Figure 2.10(b) for silicon nanocrystals 

in a temperature range of 5~600 K. The energy range used in fittings is compromised in 

order to avoid the signals introduced by the tails of elastic peaks. Although the elastic signal 

does not show glaring effect on the phonon DOS for most of the cases, it affects the phonon 

DOS of bulk silicon at 5 and 150 K up to 5.5 meV in terms of energy. The power fittings 

along with the exponential terms, C, of the corresponding dispersion relations near the zone 

center are listed in Table 2.1, which are also schematically shown in Figure 2.11. The 

acoustic phonon dispersion near Γ point is estimated to have an exponent ranging from 1.5 

(at 5 K) to 1.09 (600 K), whereas the value is unity in the Debye model.  

  

Figure 2.11 Schematic of (a) exponential phonon dispersions with different exponential 

terms C, and (b) their corresponding phonon DOSs with exponential terms B. 
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The intensity from elastic tails does not have significant effects on the fitting result, 

as shown by the fitting result of the elastic peak of 4 nm silicon nanocrystals at 5 K after 

thermal occupation correction in Figure 2.12. The fitting result indicates that the tail from 

the elastic scattering does not contribute to the phonon intensity in the range of interest, 

6~7.75 meV, which was used to fit the power law. In addition, the phonon DOSs of bulk 

silicon are in good agreement with the Debye model at various temperatures, as shown in 

Figure 2.13, where parabolic functions were fit to the phonon DOSs of bulk silicon from 6 

to 8.5 meV (bin size: 0.5 meV) at 5 and 600 K. The 5 K data was moderately smoothed 

using binormal smoothing to reduce fluctuation. The intensities were removed below 6 

meV for Ei = 30 meV. The low energy part of the phonon DOSs of bulk silicon were 

extrapolated by the Debye model. 

    

    

    

 

 
 
 
 
 
 
  
 
 
  
 
  
 

              

            

    

   

   

 

       

Figure 2.12 The Gaussian fit to the elastic peak shows its small contribution to the 

scattering intensity beyond 6 meV at 5 K for 4 nm silicon nanocrystals. The inset shows 

more details near the elastic peak and has the same axis labels as the main figure. The 

blue, and the black curves are phonon DOS of 4 nm silicon nanocrystals at 5 K, and the 

Gaussian fitting respectively. The dash line is guide to the eye. 
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TABLE 2.1. The power fittings of the phonon DOS of the low energy region in 4 nm silicon 

nanocrystals show the Debye model doesn’t work well hereby. 

 

The fact that the low-energy acoustic phonon DOSs in bulk silicon are parabolic 

and can be well described by the Debye model indicates that the acoustic phonon branches 

at the low-energy limit in silicon nanocrystals are nonlinear in particular at low 

temperatures. Such behaviors are rarely seen in bulk lattices and allow large populations 

of low-energy modes. Even though the Debye model works well for the 4 nm sample at 

Temperature (K) DOS:  

Exponential term (B) 

Calculated Dispersion: 

Exponential term (C) 

5 1.01 ± 0.02 1.50 

150 1.36 ± 0.04 1.27 

300 1.51 ± 0.03 1.20 

450 1.62 ± 0.06 1.15 

600 1.76 ± 0.06 1.09 

Figure 2.13 The parabolic fitting of the phonon DOSs of bulk silicon shows the elastic 

peaks have trivial effects on the data beyond the elastic cutoff. 
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600 K, the implied phonon group velocity is still lower than the bulk silicon. The results 

indicate that the long wavelength phonon modes are quite soft in nanocrystals at all 

temperatures. 

2.7 Conclusion 

The phonon DOSs of silicon nanocrystals at 4, 5.3, 6.5, and 7.4 nm were measured 

by INS from 5 to 600 K. The results agree qualitatively with molecular dynamics 

simulations. Phonon anharmonicity is found to be significant in small silicon nanocrystals 

at low temperatures, resulting from the under-constrained shell phonons. This 

anharmonicity decreases at elevated temperatures likely because of thermal relaxation. 

Gigantic size-induced softening of phonon modes below 30 meV and the universal 

broadening of the phonon features were observed in silicon nanocrystals and attributed to 

the shell modes. The increase in the Si-Si bond length towards the surface is illustrated in 

silicon nanocrystals using MD simulation and results in the structural variations between 

shell and core atoms. Enormous stiffening of phonon modes below 30 meV was observed 

in silicon nanocrystals with increasing temperature, in contrast with thermal phonon 

softening in bulk silicon. The overall phonon dynamics in silicon nanoparticles are found 

to be more bulk-like at elevated temperatures and their acoustic phonons are shown to be 

quite anharmonic with large thermal vibration amplitude. It is proposed that silicon 

nanocrystals might show negative thermal expansion in a broader temperature range than 

bulk silicon. This work provides insights into the phonon dynamics in silicon nanocrystals 

and other spatially confined nano materials. 
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Chapter 3 

Distinct Acoustic and Optical Phonon Responses to Particle Size, Oxidation, 

and Temperature in Silicon Nanocrystals 

3.1 Abstract 

Phonon, as an important momentum carrier, may play an important role in the 

photoluminescence of silicon nanocrystals. However, systematic experimental study on 

phonon dynamics in spatially confined silicon systems remains limited. We used inelastic 

neutron scattering to investigate particle size, oxidation, and temperature effects on phonon 

dynamics of silicon nanocrystals by measuring the phonon density of states of 12 and 50-

nm silicon nanocrystals with several oxidation levels at different temperatures. We found 

transverse acoustic phonon modes have much stronger responses to particle size, oxidation, 

and temperature than optical phonon modes. In specific, the strong acoustic phonon 

response to temperature suggests modulations of phonon group velocity. At intermediate 

temperature, we observed a large difference between vibrational entropies of silicon 

nanocrystals and bulk silicon. Our results shed light on the phonon dynamics of silicon-

based functional nanomaterials and facilitate further theoretical investigation on the 

electron-phonon interaction of spatially confined silicon systems.  

3.2 Introduction 

Spatially confined silicon systems have drawn an increasing amount of attention 

since the last century owing to their significantly higher emission efficiencies of 

photoluminescence (PL) than their bulk counterparts.1–5 Nowadays luminescent silicon 

nanocrystals are widely used in bio and cellular imaging industries as bio-compatible, non-



43 

 

toxic, and bio-degradable theranostic agents.6–13 PL of silicon nanocrystals also grants them 

tremendous potential in optoelectronic applications.14–19 Although many theories of PL of 

silicon nanocrystals were presented in previous studies, the mechanism of PL has remained 

a subject of discussion.20–26 A better physical understanding of silicon nanocrystals may 

prompt a revolutionary development of quantized silicon-based applications. 

PL spectrum of silicon nanocrystals was related to both intrinsic and extrinsic 

effects. Intrinsically, it was commonly related to quantum confinement.12,27–31 Previous 

works showed that strong quantum confinement in silicon increases the probability of 

radiative recombination through the direct bandgap transitions and reduces phonon-

assisted indirect bandgap transitions.29,32 Extrinsically, surface effects including but not 

limited to the surface-mediated direct-like emission, the surface chemistry, defects, and 

impurities were related to PL of spatially confined silicon systems.33–38 
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Evidence shows phonon can play an important role in the PL of silicon 

nanocrystals. Studies show the PL lifetime in spatially confined silicon is typically very 

long - approximately 3 orders of magnitude longer than those of direct bandgap 

semiconductors.3,31,39–43 PL observed under resonant excitation was also related to 

transverse optical and transverse acoustic (TA) phonon modes of bulk crystalline silicon 

by many studies to account for momentum-conservation.43–45 Additionally, the temperature 

dependence of PL of silicon nanocrystals, such as the emission wavelength, also supports 

the phonon-assisted indirect transition.41,46 Furthermore, the importance of electron-

phonon coupling in the PL of silicon nanocrystals was also shown by experiments and 

calculations.47,48 Yet, systematic experimental study on phonon dynamics in spatially 

confined silicon systems remains limited. 

In this chapter, the phonon density of states (DOS) of 12 and 50-nm silicon 

nanocrystals with several oxidation levels are measured by inelastic neutron scattering 

(INS). Particle size, oxidation, and temperature effect on phonon dynamics in silicon 

nanocrystals are studied with the help of molecular dynamic (MD) simulations based on 

empirical potentials and first-principles calculations based on density functional theories. 

Shell-core models are proposed to interpret experimental results. Large particle sizes of 

nanocrystal samples were targeted for two primary reasons. Firstly, we find large 

nanocrystal size grants us better control over their oxidation levels by adjusting the 

exposure time during experiments. In contrast, it is harder to control the oxidation level of 

small nanocrystals because they tend to get oxidized more rapidly and the hydrogen 

terminations on their surface likely expedite the oxidation process thanks to their relatively 
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large surface-area-to-volume ratios. Secondly, we would like to qualitatively investigate 

the nature of lattice vibrations of large silicon nanocrystals by comparing them with those 

of smaller silicon nanocrystals and bulk silicon. This work provides valuable phonon 

information in spatially confined silicon systems and contributes to further investigation of 

the role of phonon in the PL of silicon-based functional nanomaterials.  

3.3 Materials and methods 

The 12 and 50-nm silicon nanocrystals were synthesized by a non-thermal plasma 

process.49,50 The fabrication details are described in our previous paper and Chapter 2.51 

The surfaces of the as-produced silicon nanocrystals were terminated by hydrogen atoms. 

The as-produced 12-nm samples were divided into three batches and treated to achieve 

different oxidation levels. One batch of the 12-nm silicon nanocrystals was kept sealed 

after the fabrication to minimize oxidation and was named Sample A (12-nm, 585 mg). 

The other two batches of the 12-nm silicon nanocrystals were baked in a furnace in the 

presence of air to get their surface oxidized. The oxidation levels were controlled by 

adjusting the operation time. The two oxidized samples were named Sample B (12-nm, 

630 mg) and C (12-nm, 605 mg), respectively. The 50-nm silicon nanocrystals were 

slightly oxidized and were named Sample D (50-nm, 640 mg). The oxidation levels of 

Sample B, C, and D were estimated to be 5%, 15%, and 3%, respectively, using the energy 

dispersive spectroscopy (EDS). Sample A, which was carefully sealed and expected to 

have a low oxidation level, was not measured by EDS to avoid exposure to air. 

INS measurements were performed on the Wide Angular-Range Chopper 

Spectrometer (ARCS), a direct geometry chopper neutron spectrometer at Oak Ridge 
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National Laboratory. All the samples were loaded in a 3/8-inch diameter aluminum can. 

ARCS has an energy resolution of 4% or better of the neutron incident energy (Ei).
52 

Neutron beams with Ei of 30, 90, and 150 meV were chosen to optimize the energy 

resolution and range. Sample A was measured at 10, 150, and 300 K. Sample B, C, and D 

were measured at 300 K.  

3.4 Data processing 

Mantid software was used for data processing.53 The event data of ARCS 

measurement contains information about the detector number and the time of arrival of 

each scattered neutron. The momentum (q) and energy (E) transfer of each neutron were 

calculated from its time-of-flight and scattering geometry, with the knowledge of the 

distance between detectors and the sample to generate the scattering intensity S(q, E). 

Backgrounds from an empty can were subtracted from the signals. The phonon spectra 

were analyzed within the incoherent approximation, which has been shown to work 

reliably.54–56 Neutron signal was normalized by currents. Elastic intensities were removed 

below 5, 7, and 10 meV for Ei = 30, 90, and 150 meV, respectively. The low-energy phonon 

DOSs below the corresponding elastic cutoff (used to remove elastic background) were 

extrapolated by parabolic functions using the Debye model. The energy step sizes of 0.3, 

1, and 1.5 meV were used for Ei = 30, 90, and 150 meV, respectively. Due to the small 

effective sample thickness, no multiple scattering correction is necessary. Multi-phonon 

scattering correction was performed by an iterative method considering the S(q, E) and the 

multi-phonon expansion.54 The phonon spectra were also corrected for the thermal 

occupation. 
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3.5 Calculation 

3.5.1 Molecular dynamic simulations 

3.5.1.1 Unoxidized Nanocrystal model  

MD simulations were used to study the stricture and the dynamic of unoxidized 

silicon nanocrystals. The 3-nm diameter spherical silicon nanocrystal consisting of 705 

silicon atoms in a 20×20×20 nm3 cube was used as a model system (UN model). The small 

size of the nanocrystal in this model was chosen for reasonable computation cost. The 

initial structure of the silicon nanocrystal in the model is identical to crystalline silicon 

(Fd3̅m) with a lattice parameter of 5.431 Å. The atomic structure and phonon DOS of this 

model were calculated using the LAMMPS and Phana packages57 based on 3-body Tersoff 

potential with an interaction cutoff distance of 3.7 Å.58 The initial velocities of the atoms 

in this model were generated in a Gaussian distribution at 300 K. The linear and angular 

momentum of the initially created ensemble of atomic velocities were zeroed. The atomic 

positions and velocities in this model were updated every 1 fs by performing time 

integration on Nose-Hoover style non-Hamiltonian equations of motion under an 

isothermal and isochoric condition. The temperature relaxation parameter was set as 0.1 

ps. The calculated trajectories were then used to analyze atomic structures, as well as 

compute phonon dynamical matrix based on the fluctuation-dissipation theory.51 

Normalized phonon DOSs were obtained by evaluating the eigenvalues of the dynamical 

matrix at the Brillouin zone center after equilibrium, which takes about fifty nanoseconds, 

was reached. 
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3.5.1.2 Oxidized Nanocrystal model  

MD simulations were also used to study the oxidization effect on silicon 

nanocrystals. A similar model, in which the silicon nanocrystal was partially oxidized, was 

used in the simulation (ON model). To make the thickness of the oxidized shell of the 

nanocrystal in this model close to that in Sample C (12-nm, nominally 15% oxidized), a 

partially oxidized 3-nm nanocrystal (Si583O609) model was constructed by substituting the 

structure within 1-nm from the center of a relaxed 3-nm α-quartz (P3121) nanocrystal 

Si499O756 with crystalline silicon. The regions within and beyond 1 nm from the center of 

this nanocrystal are defined as its core and shell region, respectively. The atomic structure 

and phonon DOS of this model were calculated based on 3-body Tersoff interatomic 

potential for Si–O with similar methods.59  

3.5.1.3 Crystalline model  

The atomic structure and the phonon DOS of crystalline silicon were also calculated 

by MD simulation for comparison. The simulation was performed on a 4 × 4 × 4 silicon 

supercell of 512 silicon atoms with periodic boundary conditions (Crystalline model). The 

phonon DOS was computed by evaluating the eigenvalues on points sampled by a 

Monkhorst-Pack mesh.  

3.5.2 First-principles calculations 

Phonon dynamics and mode isothermal Grüneisen parameters of crystalline silicon 

were calculated using VASP and Phonopy based on DFT with GGA projector augmented 

wave potential and quasi-harmonic approximation (QHA).60,61 In DFT calculation, a 2 × 2 

× 2 relaxed silicon (Fd3̅m) supercell with the lattice parameter of 5.434 Å was used as a 

model to calculate force sets, from which a dynamical matrix was computed. Phonon DOS 
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and dispersion of crystalline silicon were calculated from the dynamical matrix with a q-

mesh of 31 × 31 × 31 and along high symmetry directions, respectively. The mode 

isothermal Grüneisen parameters were obtained from DFT calculations with QHA on 

smaller and larger unit cells with 1% differences in lattice parameters. The phonon DOS 

of α-quartz (P3121) was also calculated using DFT in similar methods for comparison.  

3.6 Result and discussion 

The phonon DOSs of silicon nanocrystals as well as the phonon DOS of bulk silicon 

from our previous work51 were shown in Figure 3.1(a-c), where outstanding phonon peaks 

at 78 meV are longitudinal and shear modes of the Si-H bond.62 They were fitted with 

Gaussian functions and subtracted, as shown in Figure 3.1 (b). The atomic concentration 

of hydrogen in Sample A was estimated by comparing the population of hydrogen-related 

and silicon-related phonon states with 

𝐶𝐻

𝐶𝑆𝑖
=

𝜎𝑆𝑖𝐴𝐻√𝑀𝐻

𝜎𝐻𝐴𝑆𝑖√𝑀𝑆𝑖

(3.1) 

where C, σ, A, and M are the atomic concentrations, neutron scattering cross-sections, areas 

in neutron-weighted phonon DOS, and atomic masses of hydrogen and silicon, 

respectively. Using the area of the Gaussian fit to the hydrogen-related peak in Sample A 

at 78 meV as 𝐴𝐻  and the residual after subtraction as 𝐴𝑆𝑖 , the atomic concentration of 

hydrogen in Sample A was estimated to be 2%. The hydrogen concentrations in Samples 

A, B, C, and D are in descending order. The result underestimates the hydrogen 

concentration by considering only one hydrogen-related peak. Other hydrogen-related 

modes including Si-H2 scissor at 111 meV and Si–Hx stretching mode at 270 meV 
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contribute much less due to the low hydrogen concentration.26,62 The light atomic mass and 

the large neutron scattering cross-section of hydrogen are responsible for the outstanding 

hydrogen-related phonon peaks though the hydrogen concentrations of our samples are 

low.  
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Figure 3.1 (a) Normalized phonon DOSs measured with Ei = 30 meV (solid lines) at 300 

K. Grey dots with error bar show the center and the FWHM of the Gaussian fits (dash lines) 

to TA modes. (b) Phonon DOSs measured with Ei = 90 meV (solid lines) at 300 K. 

Percentages in the legend are nominal oxidization levels determined by energy dispersive 

spectroscopy. The hydrogen-related phonon peaks at 78 meV were fitted with Gaussian 

functions (dim-colored dash lines) and subtracted. Hydrogen atomic concentrations of our 

samples were estimated to be lower than 2%. Residual phonon DOSs were normalized to 

unity between 0 and 65 meV. (c) Normalized phonon DOSs measured with Ei = 150 meV 

at 300 K. (d) Normalized MD simulated partial phonon DOSs. The core region of the ON 

model is 23% oxidized during simulation, as discussed in the text. (e) Gaussian fits to the 

MD simulated Si-Si bond length distributions show heterostructures of shell-core models. 

The fitting uncertainties are shown in the parentheses. (S) and (C) stand for shell and core 

regions, respectively. Average bond lengths in different regions are marked by green 

crosses. The populations of Si-Si bond in the oxidized cluster are scaled for comparison. 
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We found particle size has stronger effects on the TA phonon (below 30 meV) 

profile than the optical phonon (at 60 meV) profile of silicon nanocrystals, as shown in 

Figure 3.1(a-c).63–65 The size effect is illustrated by comparing the phonon DOSs of 12-nm 

(Sample A) and 50-nm silicon nanocrystals (Sample D), as well as the phonon DOS of 

bulk silicon from our previous work.51 Surprisingly, phonon DOSs of both 12 and 50-nm 

silicon nanocrystals are greatly different from that of bulk silicon. This implies that the 

lattice vibrations of large silicon nanocrystals are still substantially different from those of 

bulk silicon. As particle size decreases, the silicon phonon profile becomes broader, the 

TA phonon peak shifts to lower energies while the optical phonon peak center remains 

mostly unchanged. The size-dependent evolutions of the phonon DOSs of our samples 

agree with our prior observations.51  

We calculated phonon DOSs of nano-sized silicon models using MD simulations 

to better understand the particle size effect on the phonon dynamics of silicon nanocrystals. 

Unoxidized silicon nanocrystals were studied with a 3-nm diameter silicon sphere (UN 

model for Unoxidized Nanocrystal model). The small size of the model was chosen to 

reduce computation costs. To account for the heterostructure and study phonon dynamics 

of the near-center and the near-surface regions of silicon nanocrystals separately, the UN 

model is divided into two spatial regions. The regions within and beyond 1 nm from the 

center of the UN model are defined as its core region and shell region, respectively.51 The 

phonon DOS of crystalline silicon (Crystalline model) was also calculated using MD 

simulation for comparison. The details of our models and calculation setups are described 

in section 3.5. 
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MD simulations reveal great vibrational differences between the core region and 

the shell region of the UN model, as shown in Figure 3.1(d). The simulated partial phonon 

DOS of the core region of the UN model resembles that of the Crystalline model while the 

simulated phonon DOS of the shell region of the UN model has a significantly broader 

profile than that of the Crystalline model. Additionally, the simulated TA phonon energies 

of both core and shell regions of the UN model are smaller than those of the Crystalline 

model. By applying the relative TA phonon energy shift from the crystalline value (∂E/E) 

and the relative volume change extracted from MD simulations to Equation (3.2): 

𝛾𝑖 = −
𝑎3 ∙ 𝜕𝐸𝑖

 𝐸𝑖 ∙ 𝜕𝑎3
(3.2) 

where 𝑎 is MD simulated average Si-Si bond lengths in Figure 3.1 (e), we calculated the 

Grüneisen parameter of the UN model. The calculated TA Grüneisen parameter of the shell 

region of the UN model is 6.8, which is greatly different from and has the opposite sign to 

the first-principles calculated crystalline results, as shown in Figure 3.1 (a).66–68 Such 

dramatically different Grüneisen parameters indicate that the shell region of the UN model 

and the Crystalline model have significantly different phonon responses to the volume 

change. Assuming the thickness of the shell region does not vary strongly with nanocrystal 

size, we expect the partial phonon DOS of the shell region to become dominant for small 

silicon nanocrystals whose surface-area-to-volume ratios are large. This agrees with the 

experimentally observed phonon broadening and energy decrease of TA phonon with 

decreasing nanocrystal size. In contrast, the phonon broadening from the reduced phonon 

lifetime by boundary scattering in 12-nm nanocrystals (Sample A, ) is small and estimated 

to be 0.2 meV using 12-nm as the upper limit of phonon mean-free-path and the same 
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method in our previous work.51 Contributions from particle size distribution and surface 

roughness to the broadening of the phonon DOS of our samples are expected to be small.  

We compared Si-Si bond length distributions, which directly relate to interatomic 

interactions and local phonon modes, extracted from MD simulations to better understand 

optical phonons, as shown in Figure 3.1 (e). The peak center of the Gaussian fit to the MD 

simulated Si-Si bond length distributions of the Crystalline model is 2.357 ± 0.005 Å, 

which agrees with the reported value.69 The simulated average Si-Si bond lengths of both 

the UN model’s core (0.4% smaller) and shell (1.3% larger) regions are similar to that of 

the Crystalline model, which likely accounts for similar optical phonon behaviors in these 

two systems. This agrees with the size-independent optical phonon energy from our INS 

observations. Additionally, the simulated FWHM (Full Width at Half Maximum) of Si-Si 

bond length distributions in the UN model’s shell region is 31% larger than that of the 

Crystalline model. Such big structural differences account for the great differences in the 

simulated phonon profiles between the shell region of the UN model and the Crystalline 

model. 

Similar to the particle size effect, we found oxidation also has stronger effects on 

the TA phonon profile than the optical phonon profile of silicon nanocrystals. The 

oxidation effect is illustrated by comparing the measured phonon DOSs of 12-nm Sample 

A, B, and C with ascending oxidation levels, as shown in Figure 3.1 (a-c). At a higher 

oxidation level, the phonon profile becomes broader, the TA phonon peak splits while the 

optical peak center remains unchanged. Additionally, oxygen-related phonon modes begin 

to show up at higher oxidation levels. For example, the gigantic peak at 110 meV in the 
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phonon DOS of Sample C is the bond bending mode of the Si-H group in the HSi-O3 

configuration, as shown in Figure 3.1 (c).70 

We built a partially oxidized 3-nm diameter silicon sphere (ON model for Oxidized 

Nanocrystal model) by substituting the silicon structure in the shell region of the UN model 

with α-quartz to study the oxidation effect on silicon nanocrystals. Definitions of the core 

and the shell region of the ON model are identical to those of the UN model. The MD 

simulated partial phonon DOS of the oxidized shell region of the ON model has a broader 

profile than that of the unoxidized shell region of the UN model due to oxygen-related 

modes, as shown in Figure 3.1 (d). This shows the oxygen-related phonon modes in the 

near-surface region of silicon nanocrystals will lead to phonon broadening, which agrees 

with our experimental observation. Additionally, the simulated average Si-Si bond length 

of the ON model is also similar (the difference is smaller than the uncertainty) to that of 

the Crystalline model, which likely leads to similar optical peaks (silicon-silicon modes) 

centered at 60 meV. This agrees with the oxidation-independent optical phonon energy 

from our INS observations. 

The simulated partial phonon DOS of the core region of the ON model is different 

from the crystalline pattern due to the invasion of relaxed oxygen atoms from the oxidized 

shell region of the ON model during MD simulation. MD results show the atomic 

concentration of oxygen in the core region of the ON model is 23%. This partial oxidization 

also accounts for the larger simulated average Si-Si bond length (0.8%) and FWHM (20%) 

of the Si-Si bond distribution of the core region of the ON model than those of the 

unoxidized core region of the UN model, as shown in Figure 3.1 (e). We expect interatomic 



57 

 

interactions, which account for optical phonon modes, in the unoxidized core region of a 

partially oxidized silicon nanocrystal to behave like those of crystallin silicon and to have 

small responses to near-surface oxidization. 
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Figure 3.2 (a) First-principles calculated phonon DOS and isothermal mode Grüneisen 

parameters of crystalline silicon. (b, c) Combined first-principle calculated phonon DOSs 

(black lines) and measured phonon DOSs (red lines) with Ei = 30 and 90 meV. DFT results 

are convoluted with instrument resolution functions of ARCS. Percentages show atomic 

ratios of oxygen. Blue curves in (b) highlight the calculated changes of phonon DOS 

induced by oxygen-related modes. 
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We attribute the split of the TA phonon peak at a high oxidation level to energy 

differences between phonon modes of the unoxidized near-center region and the partially 

oxidized near-surface region of our samples. This is illustrated by comparing our 

measurements to a set of phonon DOSs obtained by combining first-principles calculated 

phonon DOSs of crystalline silicon and α-quartz with different ratios. Calculation details 

are described in section 3.5. The results are shown in Figure 3.2(b, c). Sample A, B, and 

C’s phonon peaks centered at 17 meV are in agreement with the phonon profiles of the 

combined phonon DOSs and do not show strong oxidation dependence. We attribute these 

peaks to the TA phonon modes of the unoxidized core regions of our samples. On the other 

hand, Sample C’s phonon peak centered at 7 meV is identified as an oxygen-related mode 

and is attributed to shell oxidation. Although phonon DOSs of Sample A, B, and C from 

our measurement show great oxidation-induced changes, the oxidation effects predicted by 

first-principles calculation are subtle. This is likely because the oxidized structures in our 

samples are less ordered than the oxidized structure (α-quartz) we used in the calculation. 

Phonon peak energies, such as the optical phonon peak at 60 meV, of the combined 

(calculated) phonon DOSs, are slightly different from those from our measurements likely 

because the relaxed lattice parameter used in calculations is slightly larger than those of 

our samples. 
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Figure 3.3 (a) Phonon DOS of Sample A measured with Ei = 30 meV evolves toward that 

of crystalline silicon as temperature increases. The orange dots with error bar show the 

center and the FWHM of the Gaussian fits to the DOS of Sample A. (b) Phonon DOS of 

Sample A measured with Ei = 90 meV (solid lines). The hydrogen-related phonon peaks 

at 78 meV were fitted with Gaussian functions (dim-colored dash lines) and subtracted. 

Phonon DOSs were normalized to unity between 0 and 65 meV indicated by the black 

dash line. (c) Vibrational entropy-per-atom extracted from as-measured phonon DOSs of 

Sample A and bulk silicon (round markers). Without considering the temperature effect 

on phonon DOS, vibrational entropy-per-atom calculated from the phonon DOSs of 

Sample A and bulk silicon measured at the low temperature with different thermal 

occupations (solid lines). Square markers show reference data. (d) The difference in 

vibrational entropy-per-atom between Sample A and the bulk sample is largest at 

intermediate temperature. The round markers/solid line show differences between the red 

and black markers/solid lines in (c) 
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We found TA phonon profiles of silicon nanocrystals evolve toward that of bulk 

silicon with increasing temperature, while optical phonon profiles do not show strong 

temperature dependence, as shown in Figure 3.3(a, b). In specific, the energy of the low-

energy TA phonon of 12-nm silicon nanocrystals (Sample A) increases while the FWHM 

of the Gaussian fit to the TA phonon DOS decreases by 15% as temperature increases from 

10 to 300 K.  

The group velocity of the low-energy TA phonon in silicon nanocrystals was 

compared to that of bulk silicon assuming Sample A’s TA phonon modes can be described 

by the Debye Model, which has been widely used in previous studies.71–73 The Debye 

Model describes a linear phonon dispersion which corresponds to a quadratic relation 

between phonon DOS and phonon energy. We fit the measured phonon DOSs with 

     

            

      
       
       
     
              

Figure 3.4 Quadric fits to the INS measured phonon DOS with Ei = 30 meV. 
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quadratic equations, as shown in Figure 3.4, and extracted phonon group velocities from 

the quadratic terms using: 

𝐷(𝐸) =
3𝑉𝐸2

2𝜋2ћ3𝑣𝑔
3  (3.3) 

where 𝐸, 𝐷(𝐸), 𝑉, ћ, and 𝑣𝑔 are phonon energy, phonon DOS, system volume, reduced 

Planck's constant, and phonon group velocity, respectively. The fitting range was set from 

5.1 meV to 7.2 meV, because the data points below 5 meV, where the elastic cutoff is, are 

not from the experiment, while the experimental data beyond 7.2 meV cannot be well 

described by the Debye Model, see the first-principles calculated acoustic phonon 

dispersion in Γ-L direction of crystalline silicon in Figure 3.2(a). The extracted group 

velocity of the low-energy acoustic phonon of Sample A is 34 ± 1% smaller than that of 

the bulk silicon at 300 K. Additionally, the extracted group velocity of the low-energy 

acoustic phonon of Sample A increases 10 ± 1% as temperature increases from 10 to 300 

K. We attribute temperature-induced TA phonon evolutions of silicon nanocrystals to the 

strong temperature effect on the TA phonon of the shell regions of silicon nanocrystals, 

while the temperature effect on the TA phonon of the core regions of silicon nanocrystals 

resembles that of crystalline silicon which is reported to be small.74 The uncertainties come 

from fitting errors.  
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To quantitively describe the temperature effect on phonon dynamics, we calculated 

vibrational entropies of 12-nm unoxidized samples (Sample A) and bulk silicon using as-

measured phonon DOSs (below 65 meV, Figure 3.3(b)) at different temperatures. The 

vibrational entropy-per-atom was calculated using Equation 3.4 with harmonic 

approximation: 

𝑆𝑣𝑖𝑏(𝑇) = 3𝑘𝐵 ∫ [(𝑛 + 1) ln(𝑛 + 1) − 𝑛 ln(𝑛)]
𝐸𝑚

0
𝐷(𝐸) 𝑑𝐸 (3.4)

where 𝑘𝐵 , 𝐸𝑚 , 𝑛, and 𝐷(𝐸) are Boltzmann constant, the maximum phonon energy, the 

Bose-Einstein distribution function, and phonon DOS, respectively.74,75 To illustrate the 

temperature effect on phonon DOSs, we compared vibrational entropies extracted from as-

measured phonon DOSs to those obtained without considering the temperature effect on 

phonon DOSs. The later ones were calculated from phonon DOSs measured at low 

temperatures with different thermal occupations and plotted in Figure 3.3(c). The 

calculated 𝑆𝑣𝑖𝑏,𝐵𝑢𝑙𝑘(𝑎𝑠−𝑚𝑒𝑠𝑢𝑟𝑒𝑑)  agrees with reported values.74 The small differences 

between 𝑆𝑣𝑖𝑏,𝐵𝑢𝑙𝑘(𝑎𝑠−𝑚𝑒𝑠𝑢𝑟𝑒𝑑)  and 𝑆𝑣𝑖𝑏,𝐵𝑢𝑙𝑘(𝑙𝑜𝑤−𝑇)  shows weak temperature effect on 

phonon dynamics of bulk silicon. In contrast, the big difference between 𝑆𝑣𝑖𝑏,𝐴(𝑎𝑠−𝑚𝑒𝑠𝑢𝑟𝑒𝑑) 

and 𝑆𝑣𝑖𝑏,𝐴(𝑙𝑜𝑤−𝑇)  at elevated temperature shows strong temperature effect on phonon 

dynamics of silicon nanocrystals.  
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Surprisingly, unlike the entropy difference between 12-nm unoxidized samples 

(Sample A) and bulk silicon calculated from the phonon DOSs measured at low 

temperature, the entropy difference calculated using as-measured phonon DOSs is not 

monotonous to temperature, as shown in Figure 3. (d). The 𝛥𝑆𝑣𝑖𝑏(𝑎𝑠−𝑚𝑒𝑠𝑢𝑟𝑒𝑑) is small at 

low temperatures due to low thermal occupation. The 𝛥𝑆𝑣𝑖𝑏(𝑎𝑠−𝑚𝑒𝑠𝑢𝑟𝑒𝑑) is also small at 

elevated temperatures (300 K) because the difference between TA phonon profiles of 

Sample A and bulk silicon diminishes, as shown in Figure 3. (a). The 𝛥𝑆𝑣𝑖𝑏(𝑎𝑠−𝑚𝑒𝑠𝑢𝑟𝑒𝑑) is 

the largest at intermediate temperature (150 K) because both thermal occupation and the 

difference between the phonon profiles of Sample A and bulk silicon are relatively large. 

3.7 Conclusion 

We conducted systematic experiments to study particle size, oxidation, and 

temperature effects on phonon dynamics in spatially confined silicon systems. We showed 

particle size, oxidation level, and temperature have comparable effects on the lattice 

vibrations of silicon nanocrystals. We observed strong acoustic phonon responses to 

temperature suggesting modulations of phonon group velocity. Such modulations lead to 

large differences between vibrational entropies of silicon nanocrystals and bulk silicon at 

intermediate temperatures. The great differences between phonon responses to temperature 

changes also illustrate that the lattice vibrations of large silicon nanocrystals (12 nm) and 

bulk silicon are substantially different. 

We showed TA phonon modes and optical phonon modes of silicon nanocrystals 

have distinct responses to changes in particle size, oxidation level, and temperature. 

Specifically, these changes have much stronger effects on TA than optical phonon modes. 



66 

 

We showed that one can practically use these effects to manipulate the TA phonon 

dynamics of silicon nanocrystals. In contrast, we showed changes in particle size, oxidation 

level, and temperature have much weaker effects on optical phonon modes, which may 

have stronger interaction with electrons and attribute to the PL of silicon nanocrystals.76 

However, the newly formed high-energy phonon modes due to oxidation or surface 

functionalization, such as that at 110 meV in Sample C, may play important roles in the PL 

process.77 This work provides valuable information on phonon dynamics which may 

greatly impact the PL of silicon nanocrystals by facilitating the possible Γ-X 

recombination. A deeper understanding of the mechanism of PL of silicon nanocrystals 

requires further theoretical investigations on the electron-phonon interaction of spatially 

confined silicon systems and will benefit from this work. 
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Chapter 4 

Hydrogen-Dominated Phonon Dynamics in Surface Functionalized 

Silicon Nanocrystals 

4.1 Abstract 

Photoluminescent silicon nanocrystals have been attractive thanks to their great 

potential in optoelectronic and biomedical applications. Previous studies observed a 

significant increase in fluorescence quantum yield induced by surface functionalization of 

silicon nanocrystals, however, the mechanism of which is still under debate. Because 

phonon dynamics in spatially confined silicon systems are believed to play an important 

role in the photoluminescent process, we measured the phonon density of states of the 

hydrogen-terminated and the 1-dodecene terminated 3-nm spherical silicon nanocrystals to 

investigate the effect of organic surface ligands on the phonon dynamics in silicon 

nanocrystals. We found that the phonon density of states of the 1-dodecene terminated 3-

nm spherical silicon nanocrystals are largely different from those of their hydrogen-

terminated counterparts. Additionally, we observed small temperature effects on the 

phonon dynamics of 1-dodecene terminated silicon nanocrystals due to the dominant 

neutron scattering cross section of hydrogen atoms. A small effect from the heat treatment 

on the phonon dynamics of 1-dodecene terminated silicon nanocrystals was also observed. 

This work sheds light on the phonon dynamics in surface functionalized silicon nano 

systems and will contribute to the further investigation of the origin of the 

photoluminescence in spatially confined silicon systems. 

  



76 

 

4.2 Introduction 

Silicon nanocrystals have immense industrial, biotechnological, agriculture, and 

pharmaceutical applications as non-toxic, bio-compatible, and bio-degradable agents 

thanks to their high surface area to volume ratio, versatile functionalization, and many other 

mesmerizing properties.1–10 Recently, spatially confined silicon systems have drawn an 

increasing amount of attention with the observation of their photoluminescent properties 

and their great potential in optoelectronic applications.11–16 Previous studies show both 

electrons and phonons contribute to the photoluminescence of quantum-sized silicon 

systems and many models have been proposed, however, the mechanism of the 

photoluminescence remains unclear.17–22 

The extensive studies on surface-functionalized silicon nanocrystals show surface 

functionalization can play an important role and modify the photoluminescence behaviors 

of silicon nanocrystals in many aspects.23–26 Samuel reported changes in microstructure 

associated with the thermotropic crystallization of a matrix comprised of unbound ligands 

can increase the effective excitation fluence through scattering, yielding dramatic 

improvements in photoluminescence intensity.27 Sinelnikov suggested alkanes 

functionalizations do not interfere with the intrinsic core emission of silicon nanocrystals 

while oxide moieties do affect the recombination pathways in silicon nanocrystals. 

In this chapter, phonon density of state (DOS) of the 1-dodecene terminated and 

the hydrogen-terminated 3-nm spherical silicon nanocrystals were measured by inelastic 

neutron scattering (INS) under different temperatures to investigate the effect of surface 

functionalization on the phonon dynamics in silicon nanocrystals. The effect of heat 
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treatment on phonon dynamics was also studied. This work will provide valuable 

information on the investigation of the origin of photoluminescence in spatially confined 

silicon systems. 

4.3 Materials and methods 

The 1-dodecene terminated and the hydrogen-terminated 3-nm spherical silicon 

nanocrystals were synthesized by a non-thermal plasma process28–30 using a 60 W radio 

frequency capacitive plasma at 1 Torr reactor pressure with 130 sccm of a 1.37% SiH4:Ar 

mixture. Upon leaving the powered plasma region 87.5 sccm of pure H2, and 12.5 sccm of 

H2 saturated with 1-dodecene was added which cooled the plasma while simultaneously 

using the plasma energy to functionalize the silicon nanocrystals with dodecene. The 

nanomaterials were collected on stainless steel 400-grade mesh, then transferred into a 

glovebox via an air-free transfer chamber. In the glovebox, the nanocrystals were removed 

from the mesh and placed in the center of a 1” quartz tube with quarter turn vacuum seals 

on each end. A sealed tube of 1-dodecene terminated silicon nanocrystals was then brought 

out of the glovebox, brought to vacuum conditions, and heated to 200 ºC for 1 hour before 

being refilled with argon, closing the valves on both ends and being transferred back into 

the glovebox where it was packed up to go to Oak Ridge National Laboratory (ORNL). 

INS measurements were performed on the Wide Angular-Range Chopper 

Spectrometer (ARCS), a direct geometry chopper neutron spectrometer at ORNL. All the 

samples were loaded in a 3/8-inch diameter aluminum can. ARCS has an energy resolution 

of 4% or better of the neutron incident energy (Ei).
31 Neutron beams with Ei of 30, 75, 150, 

and 500 meV were chosen to optimize the energy resolution and range. The samples were 
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measured at 15, 150, 300, 450, 600 K, and then again at 300 K to check the hysteresis 

behaviors. 

4.4 Data processing 

Mantid software32 was used for data processing. The event mode data of ARCS 

measurement contains information about the detector number and the time-of-arrival of 

each scattered neutron. The momentum (q) and energy (E) transfer of each neutron was 

calculated from its time-of-flight and scattering geometry, with the knowledge of the 

distance between detectors and the sample to generate the scattering intensity S(q, E). 

Backgrounds from an empty can were subtracted from the signal. The phonon spectra were 

analyzed within the incoherent approximation, which has been shown to work reliably.33–

35 Elastic intensities were removed below 4, 4, 7, and 7 meV for Ei = 30, 75, 150, and 500 

meV, respectively. The low energy part of the phonon DOS of the silicon nanocrystals was 

extrapolated by power functions, while the low energy part of the phonon DOS of bulk 

silicon was extrapolated by the Debye model, as described in the Discussion Section. The 

energy bin sizes were set at 0.5, 1, 1.5, and 5 meV for 30, 75, 150, and 500 meV, 

respectively. Due to the small effective sample thickness, no multiple scattering correction 

was necessary. Multi-phonon scattering correction was performed by an iterative method 

considering the S(q, E) and the multi-phonon expansion.33 The phonon spectra were also 

corrected for the thermal occupation. 

4.5 Result and discussion 

Phonon DOSs in the untreated 1-dodecene terminated and the heat treated 1-

dodecene terminated 3-nm spherical silicon nanocrystals are similar to each other and 
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significantly different from those of their hydrogen terminated counterparts from low 

energy end up to 500 meV, as shown in Figure 4.1. In specific, the phonon profiles below 

30 meV of the 1-dodecane-terminated silicon nanocrystals are about 20% broader than 

those of the hydrogen-terminated nanocrystals, as shown in Figure 4.1(a). Such 

discrepancies majorly come from the phonon modes in the 1-dodecene ligand and the near-

surface interface region. Another example is that the pronounced phonon peak at 350 meV 

in Figure 4.1(d) was reported to be related to CH3 stretching and CH2 stretching modes.36  

The temperature effect on phonon DOSs in the untreated 1-dodecene terminated 

and the heat treated 1-dodecene terminated 3-nm spherical silicon nanocrystals are small, 

as shown in Figure 4.2. The temperature-induced phonon evolutions at 90 (SiH2 scissoring 

mode), 110 (S-C stretching mode), and 350 meV are expected. This is because atoms tend 

to have larger vibrational amplitudes which will induce more phonon anharmonicity and 

result in shorter phonon lifetimes at elevated temperatures. Phonon lifetime is inversely 

proportional to the linewidth of a phonon DOS profile so the phonon peaks at 90, 110, and 

350 meV become broader with increasing temperature. The transverse acoustic (TA)37–39 

phonon profile in the hydrogen-terminated 3-nm spherical silicon nanocrystals becomes 

narrower and shifted to higher energy at elevated temperature due to thermal relaxations, 

as shown in Figure 4.2(a). This agrees with our observations from the larger-particle-sized 

hydrogen-terminated silicon nanocrystals.40,41 In addition, the phonon energy at 260 meV, 

which is related to SiHx stretching modes, in all our samples decreases as temperature 

increases. Such phonon behaviors suggest that heating removes the weakly bonded 

hypervalent SiH3 species which have slightly higher phonon energy than SiHx=1,2 and act 



80 

 

as nonradiative recombination centers. This explains the enhanced photoluminescence 

quantum yield at elevated temperatures which are reported in the previous study.42 
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Figure 4.1 ARCS measured phonon DOSs in the untreated 1-dodecene terminated (blue 

lines), the heat-treated 1-dodecene terminated (red lines), and the hydrogen-terminated 

(grey lines) 3-nm spherical silicon nanocrystals at 15, 150, 300, 450, and 600 K with Ei = 

30 (a), 75 (b), 150 (c), and 500 meV (d). The phonon DOSs are scaled for clarity. 
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Figure 4.2 Temperature effect on phonon DOSs in the untreated 1-dodecene terminated, 

the heat-treated 1-dodecene terminated, and the hydrogen-terminated 3-nm spherical 

silicon nanocrystals at 15, 150, 300, 450, and 600 K with Ei = 30 (a), 75 (b), 150 (c), and 

500 meV (d). The phonon DOSs are scaled for clarity.  
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Figure 4.3 Phonon DOSs in the untreated 1-dodecene terminated, the heat treated 1-

dodecene terminated, and the hydrogen-terminated 3-nm spherical silicon nanocrystals 

measure when heated up from lower temperature to 300 K (green lines) and when cooled 

down from higher temperature to 300 K’ (red lines) with Ei = 30 (a), 75 (b), 150 (c), and 

500 meV (d). The phonon DOSs are scaled for clarity. 
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The thermal history effect is found to be small on phonon DOSs in the untreated 1-

dodecene terminated and the heat-treated 1-dodecene terminated silicon nanocrystals, as 

shown in Figure 4.3. In contrast, it has a bigger effect on the TA phonon profiles of the 

hydrogen-terminated nanocrystals, as shown in Figure 4.3(a). The phonon DOS in the 

hydrogen-terminated nanocrystals measured at 300 K, which was cooled down from 600 

K, is compared to phonon DOSs measured at other temperatures to further investigate the 

temperature effect. Surprisingly, such phonon DOS of silicon TA modes has a similar 

profile to that measured at 600 K, as shown in Figure 4.4. This indicates that the structural 

thermal relaxation inside the silicon nanocrystals is irreversible. Thermal history likely has 

a similar effect on the TA phonon modes in the 1-dodecene terminated silicon nanocrystals. 

However, such effect was not observed from our data because almost the entire phonon 

DOSs of the 1-dodecene terminated silicon nanocrystals are largely dominated by the 

ligand-related hydrogen signals due to the lighter atomic mass and the huge neutron 

scattering cross section, which is 37.8 times greater than that of silicon, of hydrogen atoms. 

 
 
 
 
 
 
  
 
 
  
 
  
 
 
 

          

            

     
      
      
      
      
       

Figure 4.4 Temperature induced hysteresis effect on the normalized TA phonon DOSs of 

the hydrogen terminated silicon nanocrystals. 
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On the other hand, the thermal history effect on the higher energy phonon modes, which 

may have stronger interaction with electrons and contribute to the PL of silicon 

nanocrystals,43 can be small. Our observations suggest that the reported effect of heat 

treatment on the abrupt change in photoluminescence intensity of surface functionalized 

silicon nanocrystals likely does not directly relate to the modification of phonon dynamics. 

4.6 Conclusion 

Phonon DOSs of the untreated 1-dodecene terminated, the heat-treated 1-dodecene 

terminated, and the hydrogen-terminated 3-nm spherical silicon nanocrystals were 

measured using INS at different temperatures to investigate the effect of organic surface 

ligands on the phonon dynamics in silicon nanocrystals. We found that the phonon DOSs 

of the 1-dodecene terminated silicon nanocrystals are dominated by hydrogen-related 

phonon modes and are largely different from those of their hydrogen-terminated 

counterparts. Small effects from the heat treatment on the phonon dynamics of 1-dodecene 

terminated silicon nanocrystals were also observed because of the dominant hydrogen 

signals. In addition, the thermal relaxation of silicon nanocrystals was found to be 

irreversible. This work sheds light on the phonon dynamics in surface functionalized 

silicon nano systems and will benefit the further investigation of the origin of the 

photoluminescence in spatially confined silicon systems. 
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Chapter 5 

Anisotropic Structure Variations in Silicon Nanocrystals 

5.1 Abstract 

Spatially confined silicon systems, with many mesmerizing properties such as 

photoluminescence, carry great application potential in the industries of novel electronic 

devices, light-emitting devices, photovoltaic cells, and biomedical fields. Many properties 

of the silicon nano systems have been extensively investigated, however, their atomic 

structures remain elusive. In order to better understand the morphology of quantum-sized 

silicon systems, we measured the diffraction spectra of 3-nm silicon nanocrystals using 

elastic neutron scattering. We observed huge anisotropic structure variations in silicon 

nanocrystals, where the lattice constant in the [0 2 2] direction is about 1.5% smaller than 

the corresponding bulk value while the lattice constant in the [1 1 3] direction is about 1.5% 

bigger than the corresponding bulk value. Our study sheds light on the structure of spatially 

confined silicon systems from a microscopic perspective and will facilitate the 

investigations of many physical and mechanical properties of quantum-sized silicon 

systems. 

5.2 Introduction 

As the second most earth-abundant element in the crust, silicon has been widely 

used in numerous industries with electronic, construction, and chemical applications. To 

make things better, this field has grown enormously after the observations of the 

photoluminescent property of spatially confined silicon systems, which remain an area of 

great interest.1–6 Recent studies show luminescent silicon nanocrystals carry great potential 
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in the optoelectronic7–12 and biomedical industries as a novel non-toxic, bio-compatible, 

and bio-degradable material.13–20 In addition, surface functionalized silicon nanocrystals 

have also drawn an increasing amount of attention because these systems possess the 

properties of silicon nanocrystals, the functionalized ligands, and the hybrid characteristics 

arising from the synergistic interactions between the components, as discussed in Chapter 

4.21–23 

Driven by the great applications of quantum-sized silicon systems, studies have 

been carried out to investigate their physical properties, however, their atomic structures 

are still unclear, regardless of many theoretical models proposed for calculations.24,25 

Previous studies show the lattice constants of silicon nanocrystals are particle size 

dependent. This makes good control of particle size distribution a critical requirement for 

the success of the measurement. However, many synthesis methods including wet 

chemistry methods are not ideal to produce silicon nanocrystals with narrow particle size 

distribution. 

In this chapter, we measured the diffraction spectra of 3-nm silicon nanocrystals 

synthesized by a non-thermal plasma process26,27, which provides great control of particle 

size distribution, using elastic neutron scattering. This work sheds light on the atomic 

structure of spatially confined silicon systems and will benefit further investigation and the 

development of silicon-based nano-systems. 

5.3 Materials and methods 

The 3-nm spherical silicon nanocrystals were synthesized by a non-thermal plasma 

process.26,27 The fabrication details are described in our previous paper and Chapter 2.28 
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The size of silicon nanocrystals was controlled by adjusting the reactor pressure and 

precursor flow rates. The surfaces of the as-produced silicon nanocrystals were terminated 

by hydrogen atoms from the precursor silane and hydrogen gas used for the reaction. The 

synthesized 3-nm silicon nanocrystals were carefully collected on stainless steel 400-grade 

mesh, then transferred into a glovebox via an air-free transfer chamber. In the glovebox, 

the nanocrystals were removed from the mesh and placed in the center of a 1” quartz tube 

with quarter-turn vacuum seals on each end to avoid surface oxidation. 

The elastic neutron scattering measurements were performed on the Powder 

Diffractometer (POWGEN), a third-generation time-of-flight general-purpose neutron 

powder diffractometer at Oak Ridge National Laboratory. POWGEN has a d-space 

resolution of 2.5% or better.29 Frame 2 was chosen for good resolutions and counting 

statistics. The choppers rotate at 60 Hz and allow a white neutron beam with a center 

wavelength of 1.5 Å to reach samples. The d-space coverage with this frame is 0.5-12.5 Å. 

The diffraction spectra of 3-nm silicon nanocrystals were measured at 15, 75, 100, 125, 

150, 175, 200 K, and at room temperature to investigate the thermal expansion behaviors 

of silicon nanocrystals. The samples are expected to remain unoxidized during the 

measurement. 

5.4 Data processing 

Mantid software was used for data processing.30 The event data of POWGEN 

contains information about the detector number and the time-of-arrival of each scattered 

neutron. The interatomic spacing 𝑑 was calculated from its time-of-flight and scattering 

geometry, with the knowledge of the distance between detectors and the sample by 



96 

 

combining Bragg’s law and de Broglie’s equation: 

𝜆 =
ℎ𝑡

𝑚𝐿
= 2𝑑 sin𝜃 (5.1)

𝑑 =  
ℎ𝑡

2𝑚𝐿 sin𝜃

 

where 𝜆, ℎ, 𝑡, 𝑚, 𝐿, and 𝜃 are the neutron wavelength, the Planck’s constant, the time-of-

flight of neutrons, the mass of neutron, the total flight path, and the scattering angle, 

respectively. The instrument responses were calibrated using a vanadium rod of diameter 

6.35 mm, measuring for several hours to collect appropriate statistics. Backgrounds from 

an empty can were subtracted from the signals with the equation scheme: 

𝐼 =
Sample − Empty can

Vanadium rod −  Empty environment for V rod 
(5.2) 

where 𝐼 is the corrected signal intensity of the diffraction spectrum. 

5.5 Calculation 

Neutron diffraction spectrum of crystalline silicon with a space group of Fd3̅m and 

a lattice constant of 5.43 Å according to the reported values,31,32 as shown in Figure 5.1, 

Figure 5.1 The atomic structure of the silicon unit cell used for the calculation. 
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was calculated using CrystalDiffract®. The particle size was set to 3 nm. The change of 

particle only changes the widths of the diffraction peaks and does not affect the values of 

peak centers. The calculated signal intensity was weighted by the cross section of the time-

of-flight neutron. 

5.6 Result and discussion 

The diffraction spectra of our 3-nm silicon nanocrystal samples agree with the 

calculated diffraction patten of the 3-nm crystalline silicon in general, as shown in Figure 

5.2(a). Such general agreement confirms that our 3-nm silicon nanocrystal samples have 

similar short-range interatomic structures to those of crystalline silicon. However, a few 

remarkable discrepancies between our experimental data and the calculation suggests that 

the interatomic structure of our silicon nanocrystal samples can still be different from the 

crystalline structure in bulk silicon in many aspects. 

Firstly, even though the measured diffraction peaks match the calculated result 

relatively well, a few offsets of the experimental data from the calculation are quite 

pronounced, especially for the diffraction peaks at 1.36, 1.6, and 1.9 Å, which correspond 

to the interplanar spacing along [0 0 4], [1 1 3], and [0 2 2] directions, respectively. These 

diffraction peaks were fitted with Gaussian functions, as shown in Figure 5.2(b) and (c), to 

determine the average interplanar distances in the 3-nm silicon nanocrystal samples and 

compare to the calculated values. The Gaussian functions provide good fits to our 

measurements and the fitting results are summarized in Figure 5.3. 
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Figure 5.2 (a) Diffraction spectra (colored lines) of our 3-nm silicon nanocrystal samples 

measured in the temperature range from 15 K to room temperature. The calculated 

diffraction spectrum (gray line) of the 3-nm crystalline silicon is plotted as a reference. (b) 

Gaussian fits (colored dash lines) to the diffraction peaks (colored markers) near 1.36 Å. 

(c) Double Gaussian fits to the diffraction peaks near 1.6 and 1.9 Å. Notations are the same 

as (b). 
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Figure 5.3 Gaussian fitted interatomic distances of the diffraction peaks near (a) 1.36 Å, 

(b) 1.6 Å, and (c) 1.96 Å. The error bars show the fitting errors. The red lines are guides to 

the eye. The black dash lines show the calculated interatomic distances of the 

corresponding interatomic distances in crystalline silicon with a lattice constant of 5.43 Å. 
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 Surprisingly, gigantic anisotropic structure variations are observed in 3-nm silicon 

nanocrystals, as shown in Figure 5.3. The measured interplanar distance along [0 0 4] and 

[1 1 3] directions are about 0.5% and 1.5% larger than the calculated values in the 

temperature range from 15 K to room temperature, respectively, as shown in Figure 5.3(a) 

and (b). In contrast, the measured interplanar distance in [0 2 2] direction is 1.5% smaller 

than the calculated values, as shown in Figure 5.3(c). Such observations indicate that the 

atomic structures in the silicon nanocrystals are intrinsically different from that of 

crystalline bulk silicon. The differences between the structures of the spatially confined 

and the bulk system are systematically anisotropic instead of simple lattice compression or 

expansion. 

 In addition, the experimentally measured diffraction spectra are about 2 times 

broader than the calculated diffraction spectrum, as shown in Figure 5.2. Such broadening 

likely comes from the particle size distribution of our nanocrystal samples. The broadening 

greatly overshadows the temperature-induced lattice evolution of silicon nanocrystals, as 

shown in Figure 5.3, even though fitting errors are about only 0.3%. As a result, we were 

not able to extract any thermal expansion information from this experiment. Better control 

over the particle size distribution and more counting statistics will be helpful in order to 

obtain more accurate structural information about silicon nanocrystals. 

5.7 Conclusion 

Gigantic anisotropic structure variations are observed in 3-nm spherical silicon 

nanocrystals using elastic neutron scattering. The lattice constants of silicon nanocrystals 

are bigger than those of crystalline bulk silicon along [0 0 4] and [1 1 3] directions, while 
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the lattice constant is smaller than the bulk value in [0 2 2] direction. Our research sheds 

light on the atomic structure of spatially confined silicon systems and will benefit further 

investigation and the development of silicon-based nano-systems. 
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 Chapter 6 

Trivial Modifications of Acoustic Phonon Group Velocity in Lightly Cr-

doped and Lightly Ti-doped Sapphires 

6.1 Abstract 

Phonon dynamics play an important role in the thermal transport of materials. 

Modifying phonon dynamics will provide tremendous opportunities for manipulating 

materials’ properties and expanding materials’ applications, however, phonon engineering 

in bulk systems has been challenging without substantial modifications of materials’ 

chemical and mechanical properties. We measured transverse acoustic phonon group 

velocities of lightly Cr-doped and Ti-doped sapphires using inelastic neutron scattering to 

investigate the effects of small concentrations of dopants on the phonon dynamics of 

materials. Our results show trivial modifications of acoustic phonon group velocity in 

sapphire along [0 0 1] direction near the Brillouin zone centers from small concentrations 

of Cr and Ti dopants. Our results shed light on phonon engineering in bulk systems and 

will benefit further investigations about the dopant effect on phonon dynamics in 

crystalline systems. 

6.2 Introduction 

Thermal conductivity is a very important physical property of materials and is 

closely related to their applications. Materials with low thermal conductivity, which are 

good candidates for thermal barrier coatings and thermoelectric applications, are desirable 

to alleviate the global energy crisis and improve operating efficiencies in energy.1–3 On the 

other hand, materials with high thermal conductivity are extremely useful and bear great 
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potential for high-efficiency thermal interface and thermal management applications.4–9 In 

addition, materials with tunable thermal conductivity can be used as highly efficient 

thermal energy storage to answer energy conservation and environmental protection issues 

for humanity.10 

Lattice (phonon) thermal conductivity is proportional to heat capacity, phonon 

velocity, and phonon mean free path. Previous works show phonon mean free path can be 

controlled by controlling phonon-boundary scattering, making complex structures, creating 

nanostructures, and other methods which can control phonon scattering cross sections and 

rates.11–13 On the other hand, directly controlling phonon group velocity, especially for 

acoustic phonon modes whose group velocities are normally larger than those of optical 

phonon modes, is more challenging and the corresponding approach is relatively limited. 

Reductions of acoustic phonon group velocity were observed in open-frame structures with 

guest insertions (rattlers) which can also alter other physical properties such as the heat 

capacity of materials, and nanostructures whose thermal-related applications are 

limited.12,14–16  

Surprisingly, a recent work reported large reductions of acoustic phonon group 

velocities in lightly Nd-doped bulk sapphires using Brillouin light scattering.17 In this 

chapter, to better understand phonon engineering in the bulk system, we measured 

transverse acoustic (TA) phonon energies of pristine and doped sapphires with inelastic 

neutron scattering and observed trivial modifications of TA phonon group velocity along 

[0 0 1] direction near the Brillouin zone center of lightly Cr-doped and lightly Ti-doped 

bulk sapphire.  
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6.3 Materials and methods 

Undoped, lightly Ti-doped, and lightly Cr-doped sapphire samples were 

synthesized using Verneuil mothed.18 The nominal dopant concentrations of lightly Cr-

doped and lightly Ti-doped sapphires are 0.1% and 0.4%, respectively.  

Inelastic neutron scattering measurements were performed on the Cold Neutron 

Triple-Axis Spectrometer (CTAX), a conventional cold neutron triple-axis spectrometer 

with variable incident energy and sample-analyzer distances at Oak Ridge National 

Laboratory. The undoped and the lightly Ti-doped sapphire samples were oriented at [1 0 

-2] direction. Their TA phonon spectra were measured at [1 0 -1.93], [1 0 -1.925], [1 0 -

1.92], [1 0 -1.915], [1 0 -1.91], [1 0 -1.905], and [1 0 -1.9] along [0 0 1] direction near the 

Brillouin zone at room temperature with the final energy of 4 meV and energy step size of 

0.2 meV. The Cr-doped sample was oriented at [-1 0 2] direction. Its TA phonon spectra 

were measured at [-1 0 1.93], [-1 0 1.925], [-1 0 1.92], [-1 0 1.915], [-1 0 1.91], [-1 0 1.905], 

and [-1 0 1.9] at room temperature with the same energy setups. 
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Figure 6.1 shows neutron diffraction spectra of (0 0 6) planes of our samples as 

well as the reported diffraction spectrum measured by X-ray scattering.19 The lattice 

parameters were extracted from the diffraction spectra using Bragg’s law: 

𝑑 =
𝜆

2𝑆𝑖𝑛(𝜃)
(6.1)

𝜆 =
ℎ

𝑚𝑣

 

Where 𝜆 , 𝜃 , ℎ , 𝑚 , and 𝑣  are neutron wavelength, sample scattering angle, Planck’s 

constant, the mass of a neutron, and speed of neutron, respectively. The differences among 

 
 
  
 
  
  
  
  
  

        

                       

         
          
        
                 

Figure 6.1 Neutron diffraction of (0 0 6) planes of our samples and the reported diffraction 

pattern of the pristine sapphire (ICSD #63647) for comparison. 
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the measured lattice parameters of our samples are less than 0.2%. Such slight 

inconsistencies likely come from the instrument resolution. 

6.4 Data processing 

The event data of CTAX measurement contains information about the energies of 

the incident and scattered neutrons, the scattering geometry, and the number of scattered 

neutrons that reach the detector for each given number of incident neutrons. The energy 

(E) transfers of neutrons correspond to phonon energy profiles, while the scattering 

geometries contain the information of the momentums (q) of phonon modes. The phonon 

energy at each q point was determined by fitting the resolution-function-convoluted 

theoretical cross section to the experimental data S(q, E) with an iterative method. The 

resolution function was calculated from the shapes and dimensions of the source, 

monochromator, sample, analyzer, and detector, as well as the Soller collimators, the 

mosaic spread of monochromator and analyzer crystals with the Cooper-Nathans 

approximation.20,21  

Figure 6.2 shows interpolated phonon spectra of undoped, lightly Cr-doped, and 

lightly Ti-doped sapphire samples. The phonon spectra were corrected by the Phonopy-

calculated coherent one-phonon dynamic structure factors (at 300 K) at each measured q 

point and normalized, as discussed in the following section. Elastic intensities were 

removed below 1 meV. 
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Figure 6.2 (a-c) Normalized TA phonon spectra in [0 0 1] direction of undoped, Cr-doped, 

and Ti-doped sapphire samples measured by inelastic neutron scattering at room 

temperature. The signal intensity at each q point was corrected with the DFT calculated 

dynamic structure factor. 
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6.5 Calculation 

The TA phonon dispersion, the coherent one-phonon dynamic structure factors, and 

the mode isothermal Grüneisen parameters of pristine sapphire were calculated along [0 0 

1] direction using VASP and Phonopy based on DFT with GGA projector augmented wave 

potential and quasi-harmonic approximation (QHA).22,23 In DFT calculation, a 2 × 2 × 1 

relaxed α-Al2O3 (R3̅c) supercell was used as a model to calculate force sets, from which a 

dynamical matrix was computed. Phonon dispersion of the pristine silicon was calculated 

from the dynamical matrix along [0 0 1] direction. The coherent one-phonon dynamic 

structure factors were calculated at 300 K using 3.449 Å and 5.803 Å as the scattering 

lengths of aluminum and oxygen, respectively. The mode isothermal Grüneisen parameters 

were obtained from DFT calculations with QHA on smaller and larger unit cells with 1% 

differences in lattice parameters.  

6.6 Result and discussion 

The measured phonon spectra of the undoped, lightly Cr-doped, and lightly Ti-

doped sapphire samples agree well with their resolution-function-convoluted theoretical 

cross section fits at all the measured points along [0 0 1] direction in the reciprocal space, 

as shown in Figure 6.3. It is observed that the fitted phonon energy increases in a linear 

manner with increasing phonon wavevector for all three samples. Such phonon behaviors 

are expected because the measurements were carried out close to the Brillouin zone centers, 

where phonon dispersions are supposed to be linear, of sapphire samples. 
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Figure 6.3 The experimentally measured phonon spectra along [0 0 1] direction (colored 

dots) and their resolution-function-convoluted theoretical cross section fits (colored lines) 

of the undoped (a), Cr-doped (b), and Ti-doped (c) sapphire samples. The fitted phonon 

energies at different phonon wavevectors are illustrated with grey markers. 
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The phonon dispersions near Brillouin zone centers along [0 0 1] direction of the 

undoped, lightly Cr-doped, and lightly Ti-doped sapphire samples were obtained by fitting 

the phonon energies with linear functions, as shown in Figure 6.4. The fitted phonon 

dispersions of all three samples are similar to each other. We extract phonon group 

velocities from the fitted phonon dispersions using: 

𝑣 =
𝐸

𝑞
(6.1) 

where 𝐸 and 𝑞 are phonon energy and phonon wavevector, respectively. The extracted 

phonon group velocity of the undoped sapphire sample agrees with the previously 

   

   

   

   

   

   

   

 
 
 
  
 
  
 
 
 
 

                    

          

        
         
         
            

Figure 6.4 (a) The fitted phonon energies (colored markers) near Brillouin zone centers 

along [0 0 1] direction of the undoped, Cr-doped, and Ti-doped sapphire samples. The 

error bars show fitting uncertainties. The colored lines are linear fits to the phonon 

energies. The black dash line shows the DFT calculated TA phonon dispersion of 

sapphire. 
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measured values, which confirms the accuracy of our measurements and the viability of 

our analysis method.24,25 The differences among the phonon group velocities are smaller 

than 2%, as shown in Table 6.1, which likely comes from measurement uncertainties and 

fitting errors. Such small differences in phonon dispersion indicate that the small 

concentrations of Cr and Ti dopants do not have substantial effects on the phonon dynamics 

near Brillouin zone centers along [0 0 1] direction in sapphire. This dopant effect is also 

expected to be small in the whole Brillouin zone. In addition, the fitted phonon dispersion 

of the undoped sapphire sample also has similar profiles to the DFT calculated TA phonon 

dispersion of undoped sapphire. Such similarity further shows the accuracy of our 

measurements and confirms that the phonon spectra from our measurements are TA 

phonon signals.  

TABLE 6.1. Fitted phonon group velocities from the experimental data of the undoped, 

lightly Cr-doped, and lightly Ti-doped sapphire samples. 

 

Unlike the previously reported huge decrease in the TA phonon energy of sapphire 

caused by small concentrations of Nd dopant,17 our measurements show no significant 

changes in the TA phonon energy in lightly Cr-doped and lightly Ti-doped sapphire, as 

shown in Figure 6.5. Such discrepancies may come from the different dopant sizes and 

masses in sapphire samples. In contrast to Nd, whose ionic radius and atomic mass are 

about 2 times and 6 times larger than those of Al, respectively, the Cr3+ and Ti3+ are less 

than 2 times heavier than Al3+ and have similar ionic radius to that of Al3+. In addition, 

Sapphire sample Fitted phonon group velocity (m/s) 

Undoped 6040 ± 30 

Lightly Cr-doped 6110 ± 60 

Lightly Ti-doped 6010 ± 90 
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previous studies show the Cr defect in sapphire is likely to be only substitutional and can 

not significantly distort the lattice.26–28 This result in the small effect of Cr dopant on the 

phonon dynamics of sapphire as observed from our result. On the other hand, even though 

the Ti defect in sapphire can be both substitutional and interstitial and the unit cell of Ti2O3 

is about 13% bigger than that of sapphire,29–31 the low concentration of the Ti dopant likely 

cannot substantially distort the long-range lattice structure, which is closely related to 

phonon dynamics close to Brillouin zone centers. As a result, the low concentration of Ti 

dopant likely also has a small effect on the phonon dynamics near the Brillouin zone centers 

of sapphire, which agrees with our observations, as shown in Figure 6.4.  

  

 
  
 
 
  
  
  
  

      
            

        
         
         

      

Figure 6.5 A direction comparison of the experimental phonon spectra and their 

resolution-function-convoluted theoretical cross section fits of the undoped, Cr-doped, and 

Ti-doped sapphire samples at q = 0.1. 
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6.7 Conclusion 

We measured transverse acoustic phonon group velocities of lightly Cr-doped and 

Ti-doped sapphires using inelastic neutron scattering to investigate the effects of small 

concentrations of dopants on the phonon dynamics of materials. Our results show similar 

phonon behaviors along [0 0 1] direction near the Brillouin zone centers in all three of our 

sapphire samples likely because of the small concentrations of Cr and Ti dopants. Our 

results will benefit further investigations about the dopant effect on phonon dynamics as 

well as phonon engineering in bulk systems 
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Chapter 7 

Conclusions and future work 

Phonon engineering makes it possible for people to manipulate materials’ physical 

and mechanical properties for broader applications and has drawn an increasing amount of 

attention during the past decades. Within this dissertation, the phonon dynamics as a 

function of intrinsic and extrinsic effects in silicon nanocrystals and bulk sapphire were 

deeply investigated using neutron scattering techniques. We found that phonon dynamics 

in the silicon nanocrystals are greatly different from that in bulk silicon due to structure 

variations inside nanocrystal systems and can be controlled more easily. On the other hand, 

the challenge of phonon engineering in bulk systems, such as bulk sapphire in this 

dissertation, is non-trivial. Even though a more than 10% energy decrease of transverse 

acoustic (TA) phonon modes was reported in lightly Nd-doped sapphire, our study shows 

lightly Cr-doped and lightly Ti-doped sapphire likely have similar phonon dynamic profiles 

to that of their undoped counterparts due to the small modifications of crystalline structure. 

Chapter 2 discussed the large particle size effect and the temperature effect on the 

phonon dynamics of 4 – 7.4 nm spherical silicon nanocrystals as a result of their structure 

variations. Such large modifications to the phonon dynamics lead to a giant phonon 

anharmonicity in small-sized silicon nanocrystals at low temperatures. In addition, the TA 

phonon dispersions near the Brillouin zone centers in silicon nanocrystals were found to 

be non-linear and disobey the Debye model that works for bulk silicon. 
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Chapter 3 talked about the oxidation effect as well as the particle size and the 

temperature effects on bigger-sized silicon nanocrystals. TA phonon dynamics, which are 

closely related to long-range atomic structures, were found to be much more dependent on 

these effects compared to optical phonon modes. As a result, a relatively large difference 

between the vibrational entropy per atom of the silicon nanocrystal and the bulk silicon 

systems was observed at the intermediate temperature compared to those under higher and 

lower temperatures. 

Extending this study, Chapter 4 goes into the investigation of the phonon dynamics 

in surface-functionalized silicon nanocrystals. The phonon dynamics in the 1-dodecene 

terminated 3-nm silicon nanocrystals were found to be heavily dominated by the hydrogen-

related modes in the organic ligands thanks to the large neutron cross section and small 

atomic mass of hydrogen atoms. High-resolution inelastic x-ray scattering experiments, 

which can provide more information on heavier atoms, are desirable for further 

investigations into this subject. In addition, the photoluminescence experiments of our 

silicon nanocrystal samples are also desirable and will greatly benefit the study of the 

photoluminescent mechanism in spatially confined silicon systems. 

The atomic structures of 3-nm silicon nanocrystals were discussed in Chapter 5. 

Anisotropic structure variations were observed in our samples. Unfortunately, the counting 

statistics were too low to provide any information on the temperature-induced lattice 

evolution in silicon nanocrystals, which is expected to be different from the bulk behaviors. 

Such an issue can be likely solved by using the Nanoscale-Ordered Materials 

Diffractometer at Oak Ridge National Laboratory in future experiments. 
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The attempt at phonon engineering in bulk systems using small concentrations of 

dopants was discussed in Chapter 6. However, we found that phonon engineering in bulk 

systems is rather challenging. Our results showed similar phonon behaviors in undoped, 

lightly Cr-doped, and lightly Ti-doped sapphire samples along [0 0 1] direction near the 

Brillouin zone centers. Inelastic neutron scattering measurements of phonon dynamics in 

light Nd-doped sapphire, which was reported to have modified acoustic phonon group 

velocities near the Brillouin zone centers, are desirable for a deeper understanding of 

phonon engineering in bulk systems. 

Our works provide valuable information on phonon engineering in both spatially 

confined and bulk systems and will benefit further investigations into phonon-participated 

physical mechanisms, such as the elusive photoluminescence phenomenon in silicon 

nanocrystals, and the continuous development of advanced functional materials for better 

industrial performance and energy efficiency. We believe the topic of phonon engineering 

will remain attractive and its outcomes will make changes to people’s lives in the future. 

 

 

 

 

 

 




