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ABSTRACT OF THE DISSERTATION 

 

Thermal Conductivity of Polycrystalline Semiconductors and Ceramics 

by 

Zhaojie Wang 

Doctor of Philosophy, Graduate Program in Mechanical Engineering 

University of California, Riverside, September 2012 

Dr. Christopher Dames, Chairperson 

 

In the solar energy, thermoelectric, and solid-state laser industries, polycrystalline semiconductors 

and ceramics have been widely researched and applied to integrated devices.  While the thermal 

conductivity (k) of single crystals has been well-studied, k of polycrystalline materials is attracting more 

attention because it varies a lot with different processing techniques, alloying, impurities, porosity, and 

microstructures.  As nanotechnology causes an evolution in the state of the art materials, researchers are 

also becoming interested in using nanostructuring to engineer properties including k in these materials with 

nano-scale grains. 

This thesis investigates the thermal conductivity of some representative bulk polycrystalline 

semiconductors (Si, Si1-xGex, and Mg2Si1-xGex) and ceramics (Al2O3 and AlN) used for different 

applications.  The samples are made by collaborators using a current activated, pressure assisted 

densification (CAPAD) method.  The k of these samples is measured by the 3ω method and analyzed using 

kinetic theory and Matthiessen’s rule.  For pure Si, the importance of grain size and pores on k is 

emphasized.  A revised frequency-dependent (non-gray) model is proposed to better describe the phonon 

scattering mechanism at grain boundaries.  For Si1-xGex, the impact of homogeneity on k is observed.  For 

Mg2Si1-xGex, the combined effects of alloy scattering and grain boundary scattering are discussed because 

they can potentially benefit the search for high efficiency thermoelectric devices.  For Al2O3 and AlN, the 
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method of preparation of powers and additives are observed to have profound effect on k, due to 

segregation at grain boundaries, and this can be tuned to give much better thermal performance for high 

power laser applications as compared to current Nd:YAG based devices. 
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Chapter 1: Introduction 

Polycrystalline materials have been on the earth as long as monocrystalline (or single 

crystalline) materials and non-crystalline (or amorphous) materials.  However, the first known use of 

the word ‘polycrystalline’ can only be tracked back to 1918 according to the Merriam-Webster 

dictionary, soon after Sir William Lawrence Bragg discovered the Bragg law of X-ray diffraction 

(XRD) in 1912.  A monocrystalline solid has a continuous lattice structure extending to the edges 

without grain boundaries.  On the other hand, a polycrystalline solid is composed of numerous 

crystallites with randomly directed orientations (i.e. non-textured) and different sizes, and there are 

grain boundaries (GBs) between the grains.  While the perfect monocrystalline materials are extremely 

rare in natural environment, polycrystalline materials are relatively common in the form of metals, 

semiconductors, and ceramics.  Unlike monocrystalline solids, most polycrystalline (assuming they are 

non-textured) solids are isotropic in their properties and easier to be made into bulk size up to large 

scale, which makes them economical for mass production.
1, 2

  

Crystalline materials have been widely used in semiconductor industry for a long time.  Both 

monocrystals and polycrystals are appealing from different perspectives.  For example, in the solar 

energy industry, monocrystalline silicon was used as the first photovoltaic cell.
3, 4

  More recently 

polycrystalline silicon became popular and even though it has lower efficiency now dominates the solar 

cell market, because it is much cheaper to produce.
4-6

  Usually, GBs are expected to degrade the 

performance of a solar cell, because the presence of the GBs will degrade the electrical property of a 

solar cell.
7
  However, new discoveries found that GBs can be tailored to optimize the solar cell 

efficiency.
8, 9

 

Similarly, GB’s benefit has also been found in thermoelectric (TE) applications.  Recent 

reviews by Dresselhaus and Snyder et al. summarized how GBs or other nano/micro-structures in bulk 

material will further reduce the thermal conductivity but maintain or only slightly undermine the power 

factor and thus improve the efficiency of TE materials,
10, 11

 which provides a way to make good bulk-

sized thermoelectric devices much more economically than nanowires (NWs) or nanotubes (NTs). 
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In the solid-state laser industry, people are also seeking good ceramic laser materials. 

Polycrystalline ceramics are considered to be good candidates to overcome the shortcomings of 

conventional non-crystalline glasses and monocrystalline ceramics.
12

  For example, the polycrystalline 

ceramics will dissipate more heat than non-crystalline glass because of their higher thermal 

conductivity.  If compared with monocystalline materials, polycrystals also have superior potential for 

scaled-up synthesis and ability to be heavily and homogeneously doped by rare-earth (RE) elements.  

GBs are also playing an important role in polycrystalline ceramics because they will not only scatter 

photons but also phonons,
13

 even though it was found that the scattering of photons happens at residual 

pores instead of GBs.
14  Polycrystalline neodymium-doped yttrium aluminium garnet (Nd:YAG) has 

already been synthesized and compared with monocrystalline Nd:YAG.  They have similar optical 

properties except for lower optical-to-optical conversion efficiency in polycrystalline one.
15

  Because 

polycrystalline materials have many merits, to choose a right host material with high thermal 

conductivity and to develop a good synthesis method to make a compact ceramic bulk with high and 

homogeneous REs doping will be the most appealing. 

However, polycrystalline materials in bulk size are never that ‘clean’ to model or analyze 

compared to single crystal.  Although the thermal conductivity of single crystals has been well-studied, 

thermal conductivity of polycrystalline materials is raising a lot of discussion because it varies a lot by 

different processing techniques, alloys, and microstructures.
16

  The analysis will be even more 

complicated when some of impurities, pores, or disorder are introduced during the synthesis.
17-19

  As 

nanotechnology causes an evolution in the state of the art materials, the grain size of polycrystalline 

materials is also falling into nano-scale regime.
20

  This offers new ways to make nano-bulk material.  

People are also getting interested in investigating unconventional properties including thermal 

properties in these materials with nano-scale grains.
21-23

 

 

1.1     Importance of thermal conductivity in polycrystalline materials 

 In the semiconductor community, thermal conductivity is a very important property in 

determining device performance.  Both high and low thermal conductivity are desirable for different 
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applications.  For example, in compact and high power electronic devices, high thermal conductivity is 

preferred because it helps to dissipate heat and prevent local temperature rise.  The thermal 

conductivity of laser materials primarily is limited by the intrinsic thermal conductivity of the selected 

host material such as Nd:YAG.  However, if we switch to host material with high thermal conductivity 

such as AlN or Al2O3, these materials are limited by their low solubility of RE dopants thus cannot 

produce light in the visible range.  By a current activated, pressure assisted densification (CAPAD) 

method,  Prof. J. E. Garay's group at UC Riverside can successfully dope enough RE dopants into 

polycrystalline AlN and Al2O3 to emit visible light.  However, from the thermal conductivity 

perspective, the introduction of grain boundary and RE dopants will increase the phonon scattering and 

thus deteriorate the thermal conductivity, which makes it important to understand the scattering 

mechanisms of grain boundaries and dopant. 

On the other hand, in thermoelectric applications, a low thermal conductivity is necessary to 

achieve a high efficiency.  Thermoelectricity has been studied since 1834 when thermoelectric effect 

was first found by Peltier.
24

  Thermoelectrics are widely used to generate electricity by taking 

advantage of a temperature difference, or to provide cooling by consuming the electrical power 

accordingly.
25

  Compared to conventional power generation and refrigeration machines, thermoelectric 

devices feature reliable solid state operation and environmental benignity. 

There are three important properties to determine a good thermoelectric: Seebeck coefficient, 

S, electrical conductivity, σ, and thermal conductivity, k.  The efficicency of a thermoelectric module is 

determined by the dimensionless figure of merit    
   

 
  , where T is the absolute temperature.  

Today the value of ZT is around 1 in commercial materials, which results in is too low efficiency for 

most applications, and potentially if we can improve ZT to 3 or more in a low-cost material, we will 

have an outstanding breakthrough.
26, 27

  To achieve this objective, a promising path is the development 

of nanomaterials, because nanostructured materials, such as nanowires, superlattices or even quantum 

dot composites, will exhibit an extra ability in enhancing of the power factor     and reducing thermal 

conductivity.
10, 11, 27-29

  Recently, a lot of reports have shown that ZT can be improved through changing 

the nanostructure of the materials,
10, 30-39

 but better understanding is still needed in this area. 
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 A feasible way to reduce the thermal conductivity in materials is to increase the scattering of 

phonons by the nanostructures.
40-52

  However, there are debates arguing not all nanostructures will 

efficiently scatter phonons, but impurity/alloy and strain are also playing important roles.
53, 54

  Thus, 

better understanding, design, and characterization of the nanostructures including impurities and alloys 

are very important for engineering a good thermoelectric material.  Polycrystalline semiconductors and 

ceramics provide us a good media to study the impact of nanostructures and impurity/alloy on thermal 

conductivity not only because current activated, pressure assisted densification (CAPAD) and high 

energy ball milling (HEBM) could be used to control the grain size and alloy level, but also it is the 

closest product to the final bulk devices for industrial scalable production. 

 

1.2   State of the art polycrystalline semiconductors and ceramics 

synthesis technique 

Material Typical 

application 

Powder 

source 

Milling 

type 

Final grain 

size [nm] 

Density Thermal 

conductivity 

at 310 K 

[W/m·K] 

Si Photovoltaic, 

Thermoelectic 

Commercial, 

Prof. L. 

Mangolini’s 

group at 

UCR 

HEBM 20 - 550 82%- 

99.5% 

3- 80 

Si0.92Ge0.08 Thermoelectic Commercial HEBM >1000 >99% 2 -3 

Mg2Si1-xGex Thermoelectic Commercial HEBM >1000 >99% 2.3 - 8 

Al2O3 Laser Commercial HEBM 200 - 300 >99% 24 - 26 

AlN Laser Commercial LEBM, 

HEBM 

1300 - 4700 >99% 54 - 92 

Table 1-1. A summary of the materials studied in this thesis.  All were densified by Prof. J. E. Garay’s 

group using the CAPAD technique. Here LEBM refers to ligh energy ball milling. 

 

 

In this thesis, J. E. Alaniz, A. Wieg, E. Penilla, and Dr. Y. Kodera from Prof. J. E. Garay’s 

group at UC Riverside synthesize and characterize some typical polycrystalline semiconductors and 
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ceramics made for different purposes of use.  All the materials that used in this research are listed in 

Table 1-1. 

1.2.1  Powder preparation 

Powder synthesis is a key starting step to make a polycrystalline/nanocrystalline material.  For 

industrial applications, it is important to find a scalable and economical way to make powders.
55-57

  The 

methods for semiconductor and ceramic powder preparation can be classified as solid-phase method, 

gas-phase method, and liquid-phase method.
58, 59

  By definition, a crystal is a unit lattice in which 

atoms are arranged in a specific position, whereas a grain is bunch of crystals arranged in a same 

direction.  Because the sample’s grain size depends on the starting powder’s crystallite size, the smaller 

the crystallite, the smaller the grain size that could be achieved in final sample.  In this research, most 

of nano/micro powders are bought by Prof. Garay's group from commercial companies.  These 

powders have high purity with specified agglomerate (a combination of a lot of small crystallites) size.  

To make nanocrystalline silicon with smaller grain size, we also have used silicon nano powder made 

by Ozgul Yasar from Prof. Lorenzo Mangolini’s group at UC Riverside.  They used a nonthermal 

plasma synthesis method and succeeded to scale up a conventional system to produce nanocrystaline 

silicon.  Silicon powder with crystallite size between 5 nm and 15 nm has been produced at a rate of 

hundreds of milligrams per hour by using silicon tetrachloride (SiCl4), which is a low-cost silicon 

precursor.
60

 

To break the crystallite agglomerates into smaller size, help dopants distribute evenly, and 

improve alloy homogeneity, the pretreatment of powder is also a necessary step before densification.  

Kuo et al. also found that ball milling time will have an effect on thermoelectric properties.
61

  There are 

usually two ways to pretreat powder: tumble ball milling or planetary ball milling.  Distinguished by 

their different comminution efficiencies, tumble ball milling is called low energy ball milling (LEBM) 

and planetary ball milling is called high energy ball milling (HEBM).
62-64

  HEBM is usually more 

efficient than LEBM.  HEBM was characterized to improve densification at a much lower processing 

temperature.
2
  In addition, HEBM is also preferred for its benefits in preparing homogeneous alloys 

and making nanocrystals.
62, 65-67

  In this thesis, Andrew Wieg from Prof. Garay’s  group compare the 

effect of LEBM and HEBM on microstructures of AlN samples, while most of other samples are 

pretreated by HEBM. 
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1.2.2  Densification processing: current activated, pressure assisted densification 

(CAPAD) method 

There are a lot of synthesis methods to make polycrystalline/nanocrystalline materials, many 

of which have been summarized by Meyers et al.
22

  To obtain a bulk-sized polycrystalline 

semiconductor or ceramic material, micro/nano sized powder preparation and hot/cold press sintering 

have been reported to be a popular and economical way.
34-37, 68, 69

  Most of these sintering techniques 

take advantage of high temperature, high pressure, and quick processing time.  However, there is a 

debate about the naming: although current-activated powder densification methods have been widely 

named as spark plasma sintering (SPS), field-assisted sintering technique (FAST), or pulsed electric-

current sintering (PECS), there is little convincing evidence showing there are sparks or plasma 

occurring during the process.  Later on, Garay summarized these synthesis techniques by different 

features and named this processing technique as the current activated, pressure assisted densification 

(CAPAD) method.
2
 

 Compared to conventional densification methods, the CAPAD method is superior in its 

control of density and grain size because it manipulates the magnitude and duration of current and 

pressure applied.  The high sintering temperature comes from Joule heating.  When the sample powder 

is electrically conducting, the uniformity of the flowing current (~1000 A to 10,000 A) ensures the 

uniformity of the temperature distribution inside material powders.  The high pressure (~100 MPa) 

helps to compact the powders and reduce the porosity of the material.  The control of time determines 

the grain growth of samples.
1, 2

 

 The CAPAD apparatus used by the Garay group is shown in Fig. 1-1.  It consists of a custom 

made stainless steel chamber with water cooled copper electrodes.  Powder is loaded into a set of 

graphite plungers and a die for each sample.  In addition, the inside of the die and the ends of the 

plungers are wrapped in graphite paper to prevent fusion of the samples to the dies.  A typical 

experimental process of Si sample is described as below.  During the process, vacuum is set to below 

1.0 x10
-2 

Torr.  Then a pre-set DC current was applied to raise the temperature of the powder to a 

designed value by Joule heating at a rate of approximately 200 
o
C/min.  Meanwhile, the pressure (~100 

MPa) is also applied with a high rate (~35 MPa/min) by an Instron load cell.  Fig. 1-1 (a) shows the 
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whole apparatus in working status and Fig. 1-1 (b) is a zoom-in at the central working area.  The bright 

red color comes from the high temperature created by Joule heating.  Fig 1-1 (c) gives a cartoon 

illustration of all major components and parameters applied.  Fig 1-1 (d) shows the enlarged sample 

powder area and gives a photo of a finished sample compared with a coin. 

 

Figure 1-1. The CAPAD apparatus. (a) Photograph of the whole apparatus. (b) Enlarged photo of 

sample area. (c) Schematic of the whole apparatus. (d) Core parts and photo of sample.  Images 

courtesy of  J. E. Garay group, UC Riverside. 
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1.3     Microstructure characterization  

1.3.1  Microstructure characterization methods 

Several characterization methods are used by Prof. Garay’s group to analyze composition and 

micro/nano structure of materials in this research, including energy-dispersive X-ray spectroscopy 

(EDS), X-ray Diffraction (XRD), scanning electron microscope (SEM), and transmission electron 

microscopy (TEM). 

EDS is widely used to determine the elements contained in a sample by analyzing the energy 

spectrum of X-ray radiation.
70

  In experiment, EDS is applied to check the impurities and oxidation of 

the samples.  XRD is used to identify the crystal structure in crystalline material.
71, 72

  SEM is used to 

characterize the samples’ micro/nano structures including grain size and chemical composition/phase.
70

  

There are usually two different scanning modes of SEM: one is secondary electron analysis (SE), the 

other is back-scattered electron analysis (BSE).
73

  By SE, we identify grains, and by BSE, we check the 

homogeneity.  The details will be given later in Chapter 3.  TEM is used to identify the micro/nano 

structures with higher resolution than SEM.
74

 

The Archimedes method is used by Prof. Garay’s group to measure the density of the 

samples.
75

  The Archimedes method should be more accurate than using volume measured by caliper 

measurements, because the latter are subject to errors if there are any irregularities in the sample shape. 

 

1.3.2  Grain size characterization 

The grain sizes of the Si and Si0.92Ge0.08 samples are measured by J. E. Alaniz, while the grain 

sizes of the AlN samples are measured by A. Wieg.   The diameters of approximately 200 distinct 

grains or more were measured from an SEM image.   By having the distribution of the grain sizes, we 

could obtain the average grain size, Davg,2D and logarithmic mean, µ and standard deviation, .  

However, this diameter from 2D image is different from the actual 3D size.
76

  These two characteristic 

average diameters 2

2,


eD Davg   and 3eDavg   are discussed in Chapter 2, as the quantity 1e  

which gives the standard deviation of the distributions as a percentage of Davg. 
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1.4     3ω thermal conductivity measurement procedure 

We measure the thermal conductivity using a standard 3ω method.
77, 78

  Fig. 1-2 gives a 

typical illustration of the measurement setup.  The surface of the polycrystalline sample is well-

polished, and then a thin dielectric layer is deposited to make a good insulation. Finally, the metal wire 

and its probes for current and voltage (I+, I-, V+, V-) are deposited on the dielectric layer.  A brief idea 

about the 3ω method is as follows: inputting a current with a specific frequency ω, will cause a Joule 

heating at frequency 2ω.  The temperature also fluctuates by 2ω, and the electrical resistance of the 

metal wire will correspondingly change by 2ω.  By 1ω current and 2ω resistance, we could detect a 3ω 

voltage signal that depends on the thermal properties of the sample as will be detailed below.   This 

provides us a way to obtain the thermal conductivity. 

 

Figure 1-2. A schematic of a typical 3ω measurement of Si sample. Size of grains, phonon mean free 

path, and meaesurement thermal wavelength may vary for different samples. 

 

  As shown in Fig. 1-2, the thermal wavelength in the substrate depends on the heating 

frequency used in measurement by 

   √
  

  
.     (1-1) 

Here DS stands for the diffusivity of sample and ωH is the heating frequency.  The larger the frequency, 

the smaller the wavelength.  By calculating the wavelength, we can choose the frequency range (10- 

1000 Hz) used in measurement. 
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1.4.1  3ω heater line design and microfabrication  

Although some of the samples in this thesis are expected to be electrically insulating because 

the starting powder is undoped, oxidized, or with high band-gap, as was confirmed on some sample by 

probing with a multimeter, to further ensure electrical insulation all Si, Si1-xGex, and Mg2Si1-xGex 

samples are polished and then spin-coated with 110 nm of dielectric hydrogen-silsesquioxane (HSQ: 

FOx from Dow Corning) prior to microfabrication.  On the other hand, AlN and Al2O3 are insulators by 

their own nature, so there is no need to add an insulating layer.  Then a gold heater line is patterned by 

photolithography and a liftoff method, with typical heater dimensions 10 µm in width, 250 nm in 

thickness, and 1 mm (or 0.5 mm, depending on the sample surface area) in length between the inner 

voltage probes.  A 10 nm layer of chromium is used to improve adhesion between the gold and sample.  

Pressure nitrogen gas gun and hot plate are used to clean and dry the samples’ surface before the 

evaporation step.  A typical image of a deposited gold wire on a sample is shown in Fig. 1-3. 

For all samples, care is taken to ensure the traditional Fourier law applies.  For example, 

because the heater’s length and width are much larger than the grain size or mean free path of phonon 

for all samples, as shown in Fig. 1-2, these measurements are thus an effective average over numerous 

grains, justifying the use of the continuum heat diffusion equation
77 to analyze the resulting data. 

Considering later we will use a current source to execute the measurement, which means there 

is a maximum limit of the current input (~74 mA rms for Keithley Model 6221), it is important to make 

a narrow and thin heater line (or pick a higher resistivity metal such as platinum) for creating enough 

Joule heating to give a detectable 3ω signal.  A detectable temperature fluctuation is given by 

    
  

  

 

   
   .    (1-2) 

Here   stands for electrical resistance of heater,     and     are 1ω and 3ω voltage signal 

correspondingly.  Usually the minimum detectable ∆T is around 0.5 K.  

However, there is always a competing factor which is the roughness of the sample surface.  If 

the roughness is larger than the thickness of the metal line, the evaporator deposition process is very 

likely to fail.  Thus it may cause a bad uniformity of the heater line and causes the inaccuracy or failure 

of the measurement. 
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Figure 1-3. A typical setup of a 3ω measurement. The sample is polycrystalline Si described in 

Chapter 2. 

 

1.4.2  3ω data processing 

There are two ways to extract thermal conductivity from the    signal.  One is in-phase part, 

the other is out-of-phase part.  Cahill states the in-phase (or ‘slope’) method is more accurate and 

reliable than the out-of-phase method.
77

  For the slope method, as soon as we have slope of 
    

      ))
 

(that is, the change of 3 voltage with ln frequency),     (the 1ω voltage signal),   (electrical 

resistance of heater),   (heater length) and 
  

  
 (rate of change of the resistance with temperature), then 

the thermal conductivity of the substrate can be obtained by
77

 

  
   

 

      
     )

    
 
  

  
.    (1-3) 
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Because a Keithley Model 6221 current source was used in this measurement, we are using I1 

instead of V1.  The equation can be rewritten by, 

   
    

 

   
 
     )

    
 
  

  
.    (1-4) 

The maximum limit of the AC current source is about 74 mA rms.  There is always a 

competing effect between the insufficient 3ω signal caused by using too small of a current and the 

background temperature rise caused by using too large of a current.
78, 79

  By choosing different current 

magnitude, we can also get a slope of     changing with    
 .  The equation is expressed by, 

   
 

   
 

     )

(
    

     
 )

)

 
  

  
.    (1-5) 

Thus, this improved method can be named as ‘slope of slopes’ method to include the effect of 

current dependence by picking four linearly-distributed values of the cube of the current,    
 .  Thus we 

exclude experiment current uncertainty by ‘slope-of-slopes’ method. 

A typical range of the 3ω voltage is -2 mV to -500 µV, while a typical value of the AC 

temperature signal is 0.5 K to 2 K.  Except for the AC temperature signal, there is also an undesirable 

steady (DC) background heating effect caused by Joule heating.  In the experiment, if the thermal 

contact between the sample and stage in the cryostat is not perfect and Joule heat is large, the local 

temperature near the heater line can be increased significantly above the ambient temperature.  

Depending on the ambient temperature (<100 K), Joule heating magnitude and material, this 

temperature rise can be as large as 25 K as observed in Si samples.  To monitor and adjust this 

temperature rise,     is also recommended to be recorded to make the correction.  Details will be given 

in Chapter 2. 

For these measurements to extend to temperatures above 310 K, a high temperature annealing 

protocol is recommended to ensure stability of the metal lines.  For these measurements to extend to 

temperatures well below 50 K, the nonlinearity of the resistance vs. temperature calibration    )of the 

gold heater line is an important consideration.  Therefore we use an analytical Bloch-Grunesien 

function 
80, 81

 to fit the    ) calibration data for some samples, which is then differentiated analytically.  
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1.5     Modeling of thermal conductivity in polycrystalline materials 

In solid materials, heat is usually carried by both phonons and electrons, 

            
,     

(1-6) 

where kph represents the phonon contribution to the total thermal conductivity and kel represents the 

electron part.  In this thesis, we focus in the phonon part.  From the basic kinetic theory of gases, the 

phonon thermal conductivity of materials has the form of 

    
 

 
        ,

    

(1-7) 

where Cph is heat capacity per unit volume, vg is the average particle group velocity, and Λ is the mean 

free path, which represents the distance between collisions of the phonon. 

To calculate the thermal conductivity, we can calculate the specific heat, group velocity and 

mean free path separately and combine them to get the thermal conductivity.  By summing over all the 

phonon polarizations in a material, and considering frequency dependent properties, the phonon 

thermal conductivity can be expressed by 

   
Pol

effgphph dTvCk
Max





),(
3

1

0

,   (1-8) 

where ω is the phonon frequency, ωMax is the cutoff frequency, and Λeff(ω,T) is the effective mean free 

path which is determined by the frequency temperature and polarization.  For simplicity we neglect 

heat transfer by the optical phonon branches, which has been shown to be a good approximation for 

Si,
82

 and lump the three acoustic branches into one triply-degenerate branch.   

We use two different model dispersion relations to evaluate Eq. (1-10).  Our primary model 

uses a Born-von Karman (BvK) dispersion relation, 

         (
  

   
)

,

    (1-9) 
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        )   
,
     (1-10) 

where q is the wavevector, q0 is equivalent to a Debye cutoff wavevector, η is the number density of 

primitive unit cells, and the maximum frequency ω0  can be calculated from the sound velocity vs using 

   
 

 
    .     

(1-11)
 

The single-branch effective sound velocity is calculated using 

    (
 

 
   

   
 

 
   

  )
    

  

,

    (1-12) 

where vsL and vsT  are the sound velocities for LA and TA phonons. 

The phonon scattering mechanisms of Eq. (1-3) include impurity/defect scattering Λimp, 

Umklapp scattering Λumkl, and grain boundary scattering Λbdy, combined using Matthiessen’s rule,
83, 84

 

     
      )      

    )       
      )      

      ).  (1-13) 

For impurity scattering we use the common Rayleigh expression, 

    
      

    
 ,    

(1-14) 

and for Umklapp scattering we use 

      
      

         )    .    
(1-15)

 

Although the mechanism of impurity, point defect, and umklapp scattering are well-

understood by previous work
85, 86

, there is still a big uncertainty about how to model the grain boundary 

scattering term.  The characteristic length of boundary scattering mean free path is usually treated as 

the average grain size independent of frequency.
13, 33, 35, 87-93

  By studying the thermal conductivity of 

polycrystalline Si at low temperatures down to 16 K, we find the actual characteristic length of 

boundary scattering mean free path is smaller than the average grain size.  We also identify a frequency 

dependent grain boundary scattering term.  All of these details will be addressed in Chapter 2. 
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1.6 Outline of the thesis 

This thesis is widely concerned with the impacts of nano/micro-structure and impurity/alloy 

effects on the thermal conductivity of several common polycrystalline semiconductors and ceramics, 

from both theoretical and experimental perspectives. 

Chapter 2 is about the most fundamental semiconductor material: polycrystalline silicon. 

Made by the CAPAD method, undoped polycrystalline silicon is systematically investigated by varying 

the grain size and porosity. We critically evaluate the previous GB scattering laws, and propose a better 

alternative.  The samples are provided and characterized by J. E. Alaniz from Prof. J. E. Garay’s group 

at UC Riverside. 

Chapter 3 describes two promising polycrystalline thermoelectrics: Si0.92Ge0.08 and Mg2Si1-

xGex.  By using different powder preparation procedures, the importance of homogeneity on the 

thermal conductivity is investigated. By varying the alloy composition, x, of Mg2Si1-xGex, the 

importance of alloy scattering in reducing the thermal conductivity is also recognized.  The Si0.92Ge0.08 

and Mg2Si1-xGex samples are respectively provided and characterized by J. E. Alaniz  and Dr. Y. 

Kodera  from Garay’s group at UC Riverside. 

Chapter 4 presents several polycrystalline ceramics for applications in lasers (Al2O3 and AlN).  

By comparing different doping levels and powder preparation methods, the influence of impurity 

scattering is highlighted.  The Al2O3 samples are provided and characterized by E. Penilla from Garay’s 

group at UC Riverside.  The AlN samples are provided and characterized by A. Wieg from Garay’s 

group at UC Riverside.  Finally, Chapter 5 summarizes the major contributions of the thesis and points 

out some future directions. 



16 
 

1.7 References 

1. Alaniz, J.; Morales, J.; Garay, J. MECHANICAL PROPERTIES Aluminum Nanocomposite 

Materials Bulk Metallic Glasses 2010, 58. 

2. Garay, J. E. Annual Review of Materials Research 2010, 40, (1), 445-468. 

3. Chapin, D.; Fuller, C.; Pearson, G. Journal of Applied Physics 1954, 25, 676. 

4. Goetzberger, A.; Hebling, C. Solar Energy Materials and Solar Cells 2000, 62, (1–2), 1-19. 

5. Buresch, M., Photovoltaic energy systems. 1983; p Medium: X; Size: Pages: 335. 

6. Zhao, J.; Wang, A.; Green, M. A.; Ferrazza, F. Applied Physics Letters 1998, 73, 1991. 

7. Möller, H. J., Semiconductors for solar cells. Artech House Boston^ eMA MA: 1993. 

8. Visoly-Fisher, I.; Cohen, S. R.; Ruzin, A.; Cahen, D. Advanced Materials 2004, 16, (11), 879-

883. 

9. Visoly-Fisher, I.; Cohen, S. R.; Gartsman, K.; Ruzin, A.; Cahen, D. Advanced Functional 

Materials 2006, 16, (5), 649-660. 

10. Dresselhaus, M. S.; Chen, G.; Tang, M. Y.; Yang, R. G.; Lee, H.; Wang, D. Z.; Ren, Z. F.; 

Fleurial, J.-P.; Gogna, P. Advanced Materials 2007, 19, (8), 1043-1053. 

11. Snyder, G. J.; Toberer, E. S. Nat Mater 2008, 7, (2), 105-114. 

12. Ikesue, A.; Aung, Y. L. Nat Photon 2008, 2, (12), 721-727. 

13. Goldsmid, H. J.; Penn, A. W. Physics Letters A 1968, 27, (8), 523-524. 

14. Ikesue, A.; Aung, Y. L. Journal of the American Ceramic Society 2006, 89, (6), 1936-1944. 

15. Rabinovitch, Y.; Tétard, D.; Faucher, M. D.; Pham-Thi, M. Optical Materials 2003, 24, (1–2), 

345-351. 



17 
 

16. Berman, R. Proceedings of the Physical Society. Section A 1952, 65, (12), 1029. 

17. Cahill, D. G.; Watson, S. K.; Pohl, R. O. Physical Review B 1992, 46, (Copyright (C) 2010 

The American Physical Society), 6131. 

18. Slack, G. A. Journal of Applied Physics 1964, 35, (12), 3460-3466. 

19. Slack, G. A. Journal of Physics and Chemistry of Solids 1973, 34, (2), 321-335. 

20. Birringer, R.; Gleiter, H.; Klein, H. P.; Marquardt, P. Physics Letters A 1984, 102, (8), 365-

369. 

21. Gleiter, H. Progress in Materials Science 1989, 33, (4), 223-315. 

22. Meyers, M. A.; Mishra, A.; Benson, D. J. Progress in Materials Science 2006, 51, (4), 427-

556. 

23. Wojciechowski, S. Journal of Materials Processing Technology 2000, 106, (1–3), 230-235. 

24. Bell, L. E. Science 2008, 321, (5895), 1457-1461. 

25. Rowe, D. M.; Bhandari, C., Modern thermoelectrics. Prentice Hall: 1983. 

26. Vining, C.; Rowe, D.; Stockholm; Rao, K., History of the International Thermoelectric 

Society. In Thermoelectrics Handbook, CRC Press: 2005; pp AI-1-AI-8. 

27. Majumdar, A. Science 2004, 303, (5659), 777-778. 

28. Kanatzidis, M. G. Chemistry of Materials 2009, 22, (3), 648-659. 

29. Minnich, A. J.; Dresselhaus, M. S.; Ren, Z. F.; Chen, G. Energy & Environmental Science 

2009, 2, (5), 466-479. 

30. Chen, G.; Dresselhaus, M. S.; Dresselhaus, G.; Fleurial, J. P.; Caillat, T. International 

Materials Reviews 2003, 48, 45-66. 



18 
 

31. Venkatasubramanian, R.; Siivola, E.; Colpitts, T.; O'Quinn, B. Nature 2001, 413, (6856), 597-

602. 

32. Harman, T. C.; Taylor, P. J.; Walsh, M. P.; LaForge, B. E. Science 2002, 297, (5590), 2229-

2232. 

33. Bux, S. K.; Blair, R. G.; Gogna, P. K.; Lee, H.; Chen, G.; Dresselhaus, M. S.; Kaner, R. B.; 

Fleurial, J.-P. Advanced Functional Materials 2009, 19, (15), 2445-2452. 

34. Poudel, B.; Hao, Q.; Ma, Y.; Lan, Y.; Minnich, A.; Yu, B.; Yan, X.; Wang, D.; Muto, A.; 

Vashaee, D.; Chen, X.; Liu, J.; Dresselhaus, M. S.; Chen, G.; Ren, Z. Science 2008, 320, (5876), 634-

638. 

35. Joshi, G.; Lee, H.; Lan, Y.; Wang, X.; Zhu, G.; Wang, D.; Gould, R. W.; Cuff, D. C.; Tang, 

M. Y.; Dresselhaus, M. S.; Chen, G.; Ren, Z. Nano Letters 2008, 8, (12), 4670-4674. 

36. Ma, Y.; Hao, Q.; Poudel, B.; Lan, Y.; Yu, B.; Wang, D.; Chen, G.; Ren, Z. Nano Letters 2008, 

8, (8), 2580-2584. 

37. Wang, X. W.; Lee, H.; Lan, Y. C.; Zhu, G. H.; Joshi, G.; Wang, D. Z.; Yang, J.; Muto, A. J.; 

Tang, M. Y.; Klatsky, J.; Song, S.; Dresselhaus, M. S.; Chen, G.; Ren, Z. F. Applied Physics Letters 

2008, 93, (19), 193121-3. 

38. Zhao, X.; Yang, S.; Cao, Y.; Mi, J.; Zhang, Q.; Zhu, T. Journal of Electronic Materials 2009, 

38, (7), 1017-1024. 

39. Ohta, M.; Biswas, K.; Lo, S.-H.; He, J.; Chung, D. Y.; Dravid, V. P.; Kanatzidis, M. G. 

Advanced Energy Materials 2012, n/a-n/a. 

40. Kim, W.; Singer, S. L.; Majumdar, A.; Zide, J. M. O.; Klenov, D.; Gossard, A. C.; Stemmer, 

S. Nano Letters 2008, 8, (7), 2097-2099. 

41. Chen, G. Journal of Nanoparticle Research 2000, 2, (2), 199-204. 



19 
 

42. Yang, F.; Ikeda, T.; Snyder, G. J.; Dames, C. Journal of Applied Physics 2010, 108, (3), 

034310-12. 

43. He, J.; Sootsman, J. R.; Girard, S. N.; Zheng, J.-C.; Wen, J.; Zhu, Y.; Kanatzidis, M. G.; 

Dravid, V. P. Journal of the American Chemical Society 2010, 132, (25), 8669-8675. 

44. Martin, P. N.; Aksamija, Z.; Pop, E.; Ravaioli, U. Nano Letters 2010, 10, (4), 1120-1124. 

45. Girard, S. N.; He, J.; Li, C.; Moses, S.; Wang, G.; Uher, C.; Dravid, V. P.; Kanatzidis, M. G. 

Nano Letters 2010, 10, (8), 2825-2831. 

46. Chen, G.; Narayanaswamy, A.; Dames, C. Superlattices and Microstructures 2004, 35, (3-6), 

161-172. 

47. Dames, C.; Chen, G., Thermal Conductivity of Nanostructured Thermoelectric Materials. In 

Thermoelectrics Handbook: macro to nano, Rowe, D. M., Ed. CRC Press: Boca Raton, FL, 2005. 

48. McConnell, A. D. G., K.E. Annual Review of Heat Transfer 2005, 14, 129-168. 

49. Cheng, W.; Ren, S.-F. Solid State Communications 2008, 147, (7-8), 274-277. 

50. Takashiri, M.; Miyazaki, K.; Tanaka, S.; Kurosaki, J.; Nagai, D.; Tsukamoto, H. Journal of 

Applied Physics 2008, 104, (8), 084302-6. 

51. Zhu, G. H.; Lee, H.; Lan, Y. C.; Wang, X. W.; Joshi, G.; Wang, D. Z.; Yang, J.; Vashaee, D.; 

Guilbert, H.; Pillitteri, A.; Dresselhaus, M. S.; Chen, G.; Ren, Z. F. Physical Review Letters 2009, 102, 

(Copyright (C) 2010 The American Physical Society), 196803. 

52. Tian, Z.; Garg, J.; Esfarjani, K.; Shiga, T.; Shiomi, J.; Chen, G. Physical Review B 2012, 85, 

(18), 184303. 

53. He, J.; Androulakis, J.; Kanatzidis, M. G.; Dravid, V. P. Nano Letters 2011, 12, (1), 343-347. 

54. Li, X.; Maute, K.; Dunn, M. L.; Yang, R. Physical Review B 2010, 81, (24), 245318. 



20 
 

55. Johnson, D. Advances in Ceramics 1987, 21, 3. 

56. Reed, J. S. 1988. 

57. Sacks, M. D.; Lee, H. W.; Pask, J. A. Ceram. Trans 1990, 6, 167-207. 

58. Ganguli, D.; Chatterjee, M., Ceramic powder preparation: a handbook. Kluwer Academic 

Publishers: 1997. 

59. Ring, T. A., Fundamentals of ceramic powder processing and synthesis. Academic Pr: 1996. 

60. Mangolini, L.; Thimsen, E.; Kortshagen, U. Nano Letters 2005, 5, (4), 655-659. 

61. Kuo, C.-H.; Hwang, C.-S.; Jeng, M.-S.; Su, W.-S.; Chou, Y.-W.; Ku, J.-R. Journal of Alloys 

and Compounds 2010, 496, (1-2), 687-690. 

62. Basset, D.; Matteazzi, P.; Miani, F. Materials Science and Engineering: A 1993, 168, (2), 149-

152. 

63. Filio, J. M.; Sugiyama, K.; Saito, F.; Waseda, Y. Powder Technology 1994, 78, (2), 121-127. 

64. Zhang, D. L. Progress in Materials Science 2004, 49, (3–4), 537-560. 

65. Benjamin, J. Metallurgical and Materials Transactions B 1970, 1, (10), 2943-2951. 

66. Calka, A.; Radlinski, A. P. Materials Science and Engineering: A 1991, 134, (0), 1350-1353. 

67. Koch, C. C.; Cho, Y. S. Nanostructured Materials 1992, 1, (3), 207-212. 

68. Greskovich, C.; Chernoch, J. P. Journal of Applied Physics 1973, 44, (10), 4599-4606. 

69. Savvides, N.; Goldsmid, H. J. Journal of Materials Science 1980, 15, (3), 594-600. 

70. Goldstein, J., Scanning electron microscopy and X-ray microanalysis. Springer: 2003; Vol. 1. 

71. Warren, B. E., X-ray Diffraction. Dover Pubns: 1990. 



21 
 

72. Als-Nielsen, J.; McMorrow, D., Elements of modern X-ray physics. Wiley: 2011. 

73. Lloyd, G. E. Mineralogical Magazine 1987, 51, (359), 3-19. 

74. Reimer, L.; Kohl, H., Transmission electron microscopy: physics of image formation. 

Springer Verlag: 2008; Vol. 36. 

75. Cawthorne, C.; Sinclair, W. Journal of Physics E: Scientific Instruments 1972, 5, 531. 

76. Mendelson, M. I. Journal of the American Ceramic Society 1969, 52, (8), 443-446. 

77. Cahill, D. G. Review of Scientific Instruments 1990, 61, (2), 802-808. 

78. Dames, C.; Chen, G. Review of Scientific Instruments 2005, 76, (12), 124902-14. 

79. Wang, Z.; Alaniz, J. E.; Jang, W.; Garay, J. E.; Dames, C. Nano Letters 2011, 11, (6), 2206-

2213. 

80. Putnam, S. A.; Cahill, D. G.; Braun, P. V.; Ge, Z.; Shimmin, R. G. Journal of Applied Physics 

2006, 99, (8), 084308-6. 

81. Chen, Z.; Jang, W.; Bao, W.; Lau, C. N.; Dames, C. Applied Physics Letters 2009, 95, (16), 

161910-3. 

82. Broido, D. A.; Malorny, M.; Birner, G.; Mingo, N.; Stewart, D. A. Applied Physics Letters 

2007, 91, (23), 231922-3. 

83. Lundstrom, M., Fundamentals of carrier transport. Cambridge Univ Pr: 2000. 

84. Chen, G., Nanoscale energy transport and conversion: a parallel treatment of electrons, 

molecules, phonons, and photons. Oxford University Press, USA: 2005. 

85. Vining, C. B. Journal of Applied Physics 1991, 69, (1), 331-341. 

86. Grovenor, C. R. M. Journal of Physics C: Solid State Physics 1985, 18, (21), 4079-4119. 



22 
 

87. Bhandari, C. M.; Rowe, D. M. Journal of Physics C-Solid State Physics 1978, 11, (9), 1787-

1794. 

88. Kang, C.; Kim, H.; Park, S.-G.; Kim, W. Applied Physics Letters 2010, 96, (21), 213114-3. 

89. Yang, H.-S. E., J.A.; Thompson, L.J.; Bai, G.-R. . Mat. Res. Soc. Symp. Proc. 2002, 703, 

V4.7.1-V4.7.6. 

90. Parrott, J. E. Journal of Physics C: Solid State Physics 1969, 2, (1), 147-151. 

91. Minnich, A. J.; Lee, H.; Wang, X. W.; Joshi, G.; Dresselhaus, M. S.; Ren, Z. F.; Chen, G.; 

Vashaee, D. Physical Review B 2009, 80, (Copyright (C) 2010 The American Physical Society), 

155327. 

92. Yang, H.-S.; Bai, G. R.; Thompson, L. J.; Eastman, J. A. Acta Materialia 2002, 50, (9), 2309-

2317. 

93. Rowe, D. M.; Shukla, V. S. Journal of Applied Physics 1981, 52, (12), 7421-7426. 

 

 



23 
 

Chapter 2: Thermal conductivity of nanocrystalline silicon 

2.1   Background of nanocrystalline silicon 

  Silicon has already been a famous semiconductor material in recent decades.  Being naturally 

abundant and environmentally non-toxic, silicon is a perfect candidate for mass production in industry.  

As the most common semiconductor material, silicon has been widely used in semiconductor industry 

and is known for fostering the internet technology and clean energy booms.
1-3

  There are three major 

different forms of pure silicon in bulk size: monocrystalline, polycrystalline and amorphous silicon.  

The fundamental structural differences between these forms lead to totally different macroscopic 

properties, such as optical and thermal properties.  For example, at room temperature, the thermal 

conductivity of bulk monocrystalline Si is 148 W/m·K,
4
 while that of amorphous Si is 2.6 W/m·K,

5
 

with polycrystalline Si ranging from 10 to 30 W/m·K.
6
  Among these different forms, polycrystalline 

silicon varies the most in its properties by different grain sizes and dimensions.  In a bulk-sized sample 

of polycrystalline silicon, with the size of individual grains (or crystallites) increasing and the number 

of grains decreasing, the properties are getting closer to a bulk-sized sample monocrystalline silicon.  

In the opposite way, the properties are approaching a bulk-sized sample amorphous silicon.  Thus, the 

distinct difference in properties between the monocrystalline and amorphous silicon gives 

polycrystalline silicon a big variance in its properties, which makes it extremely important to 

understand the relationship between properties and crystalline structures in polycrystalline silicon 

because of its wide application in solar panel industry and potential use as a good thermoelectric.
7-9

 

  When the grain size of a polycrystal falls into nanoscale (1 to 100 nm), we call it nanocrystal.  

Nanocrystalline materials have many potential applications because they allow the performance 

advantages of nanostructuring to be achieved via low-cost, bulk scale synthesis.
10-14

  For example, it is 

well known that boundaries and interfaces scatter phonons and can greatly reduce the thermal 

conductivity.
6, 15

  In nanograined thermoelectric materials it has recently been shown that it is possible 

to achieve this low thermal conductivity while preserving the electronic power factor,
12, 13, 16-19

 thus 

increasing the thermoelectric figure of merit ZT in nanograined materials at much lower cost than in 

epitaxially grown superlattices.  It also raises interest in the idea that by using more grain boundary 
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scattering thermal conductivity could be further decreased to make a good thermoelectric.
12, 13, 19-21

  

Most of previous works usually use an average grain size to represent the phonon MFP (mean free path) 

from the grain boundary scattering, and combine different scattering MFP by Matthiessen’s rule like 

Eq. (1-13).  In addition, most of them only get the average grain size but neglecte to characterize the 

whole distribution of grain sizes.
9, 16, 20, 22-26

  Meanwhile, characterization of the porosity and size of 

pores are also playing important roles in determining a material’s thermal conductivity.
27-30

 

  Also to be noted, the thermal conductivity of polycrystalline Si thin films have already been 

studied by K. Goodson’s group in early years,
6, 31, 32

 but there is an apparent difference from the 

thermal conductivity of bulk-sized polycrystalline silicon in two scenarios:  (a) Thin film 

polycrystalline silicon is very likely to be anisotropic between in-plane and out-of-plane properties 

depending on the film thickness and the homogeneity of grain structure,
6, 31, 32

 while bulk-sized 

polycrystalline silicon is isotropic in macroscopic properties because the orientation of these grains are 

randomly distributed.  (b)  In the thin film, the boundary scattering from the film’s boundary (when the 

film thickness is comparable to the average grain size
32

) is not negligible compared to the boundary 

scattering from grain’s boundary, while in bulk it is negligible considering the size of a bulk sample in 

every dimension is at least thousands of times larger than the average grain size. 

  Most contents of this chapter are based on Ref. 43.  To investigate the decoupled effects of 

grain size and porosity on the thermal conductivity, a series of undoped bulk-sized nanocrystalline 

silicon samples are experimentally synthesized by varying grain size and porosity, and their thermal 

conductivity are measured by the 3ω method. A model is developed to explain and predict thermal 

conductivity.  Compared to Ref. 43, this chapter also includes additional results about a new sample 

using smaller Si powder (~20 nm) made by Prof. Mangolini’s group at UCR. 

 

2.2   Sample synthesis procedure and characterization 

2.2.1  Powder preparation 

There are a total of six samples are made with different Si powder sources by J. E. Alaniz 

from Prof. Garay’s group at UCR.  The starting material for four out of six samples was approximately 

one gram of commercial available silicon powder with an average grain size of < 50 nm and a typical 
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agglomerate size of 10 - 15 m.  The coarsest sample, with the largest final grain size after processing, 

was made from one gram of a coarse commercial powder with an agglomerate size of -100+325 mesh 

(approximately 44 - 150 m); note that the grain size of this latter powder is much smaller than 

suggested by the mesh size, because the grains were always found to be joined into large agglomerates.  

Because these starting powders were exposed to atmosphere, we expect that they have a native SiO2 

layer of thickness around 1 nm
33

 on the outermost surface of each agglomerate.  Approximating a 

typical agglomerate as a sphere of 10 m diameter, we estimate an SiO2 concentration on a volumetric 

basis of 0.06%.  To check for oxygen and other possible impurities, both starting powders and several 

samples produced from each powder were analyzed with x-ray diffraction (XRD) and energy-

dispersive x-ray spectroscopy (EDS) spot checks, with no impurities observed above the detection 

threshold (approximately 5 atom% for XRD and 0.5 atom% for EDS).   

The finest sample, with the smallest final grain size after processing, was made by Prof. 

Mangolini's group at UCR from a home-made silicon powder with size between 5 nm and 15 nm has 

been produced using silicon tetrachloride (SiCl4), which is a low-cost silicon precursor.  The 

nonthermal plasma synthetic route has been proposed for the production of photo-luminescent silicon 

quantum dots with narrow size distribution (3±0.5 nm) by using silane (SiH4).
34

  The same reactor has 

been scaled up to produce silicon nanocrystals at a rate of hundreds of milligrams per hour, compatible 

with the fabrication of bulk-sized parts. 

 

2.2.2  Sample Densification 

These samples were densified by J. E. Alaniz using current activated, pressure assisted 

densification (CAPAD), also known as spark plasma sintering (SPS) or the field assisted sintering 

technique (FAST).
35-37

  The processing apparatus used in this work has been described previously in 

Chapter 1
37

 so here we give only a few key details.  To prevent fusion of the samples to the die, the 

inside of the die and the ends of both plungers were wrapped in graphite paper.  Each sample was cold-

pressed at 70.5 MPa for approximately 1 minute and the processing chamber was evacuated below 1.0 

x10
-2 

Torr prior to the application of any current.  The DC current was then applied gradually to 

increase the temperature at approximately 200 C/min to the target temperatures given in Table 2-1.  
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This process typically requires currents ranging from 1600 A to 1900 A.  For the three densest samples 

the target temperature was held for one or more minutes to facilitate densification.  For all six samples 

the current ramp was accompanied by a simultaneous presure ramp at 35.3 MPa/min to the maximum 

pressure of 106 MPa. 

Sample Code 550(99%) 144(99%) 76(99%) 80(97%) 64(83%) 20(80%) 

Starting 

Powder 

(agglomerate 

or crystallite) 

Commercial 

coarse (-

100+325 

mesh) 

Commercial 

fine (grain 

size < 50 

nm) 

Commercial 

fine (grain 

size < 50 

nm) 

Commercial 

fine (grain 

size < 50 

nm) 

Commercial 

fine (grain 

size < 50 

nm) 

Home-

made 

nano (5 

nm < 

grain 

size < 

15 nm) 

Processing 

Temperature 

[C]   1200 1190 1054 950 

Hold Time 

[min] 1 2.5 2.27 0 0 0 

Density, r 

(% of pure 

Si) 0.995 0.994 0.991 0.967 0.83 0.82 

Average 

Grain Size of 

2D log-

normal 

distribution: 

[nm] 642 153 81 85 70 20 

Average 

Grain Size of 

3D log-

normal 

distribution: 

[nm] 550 144 76 80 64 <20 

Standard 

deviation of 

distribution, 

normalized 

to Davg 0.48 0.28 0.3 0.26 0.35 N/A 

Table 2-1.  The processing conditions, densities, and average grain sizes of the samples used in this 

study 

 

Table 2-1 summarizes the other processing conditions used to control grain size and porosity.  

The first column gives a code for each sample, of the form Davg(%), where Davg is the average grain 

size in nm, and  is the density normalized to that of pure single crystal (bulk) silicon.  The second 

column gives the processing temperature.  Temperatures above 1200 C are approximate because those 

experiments were current-controlled rather than temperature-controlled, due to limitations of the 

thermocouple used.  Samples processed at higher temperature and longer hold times have larger 
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average grain sizes and higher densities due to thermally-activated grain growth and densification.  The 

first three samples in Table 2-1 were designed to span a large range of grain size while maintaining 

very high density (>99%), while the fourth and fifth samples were designed to have similar small 

grain sizes as the third sample but with significantly lower densities (97%).  The last sample was 

made with a similar density to the fifth sample but far smaller grain size. 

 

2.2.3  Sample characterization 

The density of the samples was measured by J. E. Alaniz using an Archimedes method after 

the samples were polished to remove residual carbon from the graphite paper. 

Fig. 2-1 shows SEM micrographs of fracture surfaces on samples 550(99%), 144(99%) and 

76(99%), polished surfaces on samples 80(97%) and 64(83%), and a TEM image on sample 20(82%).  

Note the prominent porosity in the last three samples while no porosity is evident for the first three 

samples.  The grains are approximately equiaxed. The grain sizes were measured from similar images 

of fracture surfaces for all six samples, which are included in Table 2-1.   

The grain sizes of the samples are measured by J. E. Alaniz.  The diameters of approximately 

200 distinct grains or more were measured from an SEM image. As shown in Fig. 2-2, for each sample, 

the measured distribution of grain sizes is well-approximated by a log-normal curve,
38
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where         is the fraction of grains on the 2D fracture surface with diameters between   and 

    . Here  and  are the logarithmic mean and standard deviation, respectively, and the subscript 

2 on N and  indicates that this distribution corresponds to a 2D section through the sample. 

In the present study it is the analogous three-dimensional (3D) distribution, )(3 DN that is 

most important. Relating 
2N  to 

3N is a well-studied problem. The two principal complications are (i) 

the fact that a 2D planar cut is more likely to sample large grains than small ones, biasing 2>3, and 

(ii) if the 2D planar cut sections individual grains, it tends to underestimate their true diameter.  Here 
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we note that the 2D sections used for grain counting are based on fracture surfaces, not a polished plane, 

and thus we assume that to a good approximation the observed SEM diameter of a given grain is an 

unbiased estimate of that grain's true diameter (that is, assume no significant sectioning artifacts at the 

level of each individual grain).  Thus we have the simple relationship
39, 40
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Comparing Eqs. (3) and (5) shows that both 2N  and 
3N  have the same logarithmic spread, , and  

2

23  
.
      (2-4) 

The comparison between these two characteristic average diameters of most of samples is 

listed in Table 2-1.  The distribution of grain sizes for sample 20(82%) is not shown.  It is necessary to 

mention that no grain sizes exceeding 30 nm can be found during TEM analysis. 

 

Figure 2-1. SEM and TEM micrographs of the samples used in this study.  SEM images (a)-(c) are 

fracture surfaces, while (d) and (e) are polished surfaces to facilitate clear visualization of the pores. (f) 

is the TEM image for the sample with smallest grain size (note the scale bar is 10 nm), and the grain 

boundaries of several grains are indicated with colored dashed lines. 
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Figure 2-2. Grain size distributions )(2 DN for the 5 samples excluding 20(82%).  In all cases the 

measured distributions (gray lines) are well-approximated by log-normal distributions (colored lines) 

with the parameters given in Table 2-1.  The bins for the measured distributions are equally spaced by 

factors of )15/1(10 , that is, 15 bins per decade.  

 

2.3   3ω Measurement procedure 

We measure the thermal conductivity of all the samples using a standard 3ω method which 

has been introduced in Chapter 1.
41, 42

  

2.3.1  3ω heater line design and microfabrication 

Although these samples are expected to be electrically insulating because the starting powder 

is undoped (given silicon band gap is 1.11eV around room temperature and as mentioned before, a thin 

SiO2 shell of thickness around 1 nm is expected around agglomerates), as was confirmed on several 

samples by probing with a multimeter, to further ensure electrical insulation all samples are polished 

and then spin-coated with 110 nm of dielectric hydrogen-silsesquioxane (HSQ: FOx from Dow 

Corning) prior to microfabrication.  Then a gold heater line is patterned by photolithography and a 

liftoff method as introduced in Chapter 1.  Another detail is, before putting the gold heater line, we 

evaporated a 10nm adhesive layer of chromium to make a better contact.  From Fig. 2-1 (d) and (e), we 

can see the pores are isolated, so there is no worry about any other liquid or chemical solutions got 

absorbed during the microfabrication.  But care is still taken to clean and dry the samples’ surface 

before the evaporation step. 
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Because the heater’s length and width are much larger than the grain size for all samples, as 

shown in Chapter 1, Fig. 1-2, these measurements are thus an effective average over numerous grains, 

justifying the use of the continuum heat diffusion equation
41 

to analyze the resulting data.  Although the 

MFP in bulk Si will be increasing at low temperatures, the effective MFP is still limited by the grain 

size which is calculated to be smaller than the heater’s width even when reaching the low temperatures.  

Thus the traditional Fourier law applies. 

 

2.3.2  3ω data processing and background temperature rise issue 

The basic steps for 3 data processing have been introduced in Chapter 1.  Another important 

detail is that the temperature of the gold heater line and adjacent silicon may be significantly higher 

than that of the cryostat’s cold finger, particularly at low  .
43-45

  Therefore, for every data point we 

monitor the average value of the heater line’s resistance and use its      calibration to determine its 

temperature, which is then used as a better indicator of the temperature of the silicon immediately 

beneath the heater.  The small temperature drop through the HSQ layer has been neglected because we 

estimate that it contributes less than 5% error in the assigned temperature. 

The temperature increase at low temperatures was observed in almost all the samples during 

measurement as shown in Fig. 2-3(a).  This could be explained by bad contact in adhesion layer 

between sample and experiment stage at low temperatures.  In experiments, we used silver glue to 

expect a good contact resistance, however, because of the different rate of thermal expansion or 

contraction when reaching low temperatures, there turned out to be cracks in the silver glue, and some 

sample is likely to be partly detached from the stage.  This accident will cause a large thermal 

resistance and a non-negligible temperature drop aross this bad contact, and thus impede heat 

dissipation to   .
44

  It also needs to be noticed that the specific heat of silicon is decreasing 

significantly at temperatures lower than 100 K, and this could make the situation worse because a quick 

temperature rise will be achieved by a Joule heating even occurring over a very short time. 

To give a quantitative estimate of the worst contact condition, we give a comparison between 

the calculated temperature rise of the sample and experimental results as shown in Fig. 2-3(b).  The 

estimate is an absolute worst-case based on an assumption of complete detachment between sample 
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and stage, and using these parameters: the typical maximum measurement current I1ω, 74 mA in rms, 

the typical heater line resistance R, 20  at room temperature with a typical temperature coefficient of  

  

  
         , the measurement period , 60 seconds, Si sample mass M, 1 gram, and the specific 

heat of silicon from literature.
4
  We can conclude that (a) the thermal contact resistance will give a big 

influence on the temperature rise during the measurement, and our contact condition is not the worst, 

(b) the specific heat decreasing will cause temperature rise at low temperatures with a little heat 

produced by the Joule heating. 

 

Figure 2-3. A correction of temperatures caused by the joule heating effect. (a) Temperature rise 

monitored by recording V1ω  and calibrating the heater resistance. (b) A logarithmic plot of Fig. 2-3(a) 

but including the calculated temperature rise for comparison based on the worst contact condition (total 

detachment) between sample and stage. 

 

  This background temperature rise could be minimized by using a large mass sample with 

higher specific heat, or improving the heat contact resistance between sample and stage by using soft 

contact foil and clamps when the measurements are covering a large temperature range.
44

 

 

2.4  Experimental results, modeling and analysis 

  Fig. 2-4 shows the complete experimental results for the six nanocrystalline Si samples 

measured in this study.  The nanocrystalline samples’ thermal conductivity, k, is always smaller than 
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that of single crystal Si,
4
 most dramatically at lower T and for smaller-grained samples with lower 

density.  By comparison with the single crystal data, it is clear that most of the measurements in this 

work are in the ballistic regime where the phonon scattering is dominated by grain boundaries and 

porosity effects.  Umklapp scattering is also important in the larger-grained samples near room 

temperature, as is apparent from the negative slope in the )(Tk  curve. 

 

Figure 2-4. Measured thermal conductivity for nanocrystalline silicon samples labeled by 

Davg(density). 

 

2.4.1  Debye model vs. BvK Model 

The basics of modeling have been introduced in Chapter 1.  Here we just give some specific 

details for silicon.  

Our primary model uses a Born-von Karman (BvK) dispersion relation.  As described in 

Chapter 1, Eq. (1-12), vsL (8973 m/s) and vsT (5398 m/s) are the sound velocities for LA and TA 

phonons in silicon, respectively, each taken as averages of the [100], [110], and  [111] directions.
46

  For 

comparison purposes, below we also present selected results obtained using a Debye dispersion relation.  

The Debye dispersion relation is widely used
6, 22, 26, 47

because of its simplicity, but it is also known to 
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assign too high of a group velocity to high-energy phonons, resulting in fit bulk MFPs that are too 

small, and thus missing out on the full thermal conductivity reduction present in nanostructures of 

moderate size.
46

 

The least-squares fit minimizes the root-mean-square (RMS) average of the difference of the 

logarithms of modeled and experimental thermal conductivities, 

  
N

exptmodelNRMS kk
1

21 lnln ,     (2-5) 

As given in Table 2-2, we fix the parameters A1, B1, and B2 for BvK and Debye models 

separately by fitting each model to literature data for the temperature-dependent thermal conductivity 

of bulk silicon.
4
  The high-temperature portion of the fit for the BvK model is shown in Fig. 2-5.  

While the mechanisms of impurity/alloy and umklapp scattering are set by previous work, there is still 

a big uncertainty about how to model the grain boundary scattering term.
31, 47

  

              Parameters 

Model 

ω0/2π [THz] vs [m/s] A1 (×10
-45

) [s
3
] B1 (×10

-19
) [s/K] B2 [K] 

Debye 11.03 6084 1.81 2.69 167 

BvK 7.02 6084 1.69 1.53 140 

Table 2-2. The best fit parameters A1, B1 and B2 for Debye and BvK models, two models for bulk 

silicon overlap with each other in the given temperature range. 

 

Fig. 2-5 gives a comparison between BvK model and Debye model, both using a gray 

boundary scattering term.  Because this type of model clearly fails to capture the T
2
 trend at low 

temperature, we fit it to the measured data only for T > 64 K, minimizing the squared error of the 

logarithms of k.  By both best fitting at temperatures over 64 K but losing the low temperature fitting, 

we can conclude BvK model is a better description compared to Debye model. 
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Figure 2-5. Best fit of BvK (gray boundary scattering) model and Debye (gray boundary scattering) 

model of T > 64 K on samples 550(99%), 76(99%) and 64(83%) 

 

2.4.2  Boundary scattering term is a characteristic length not equal to average 

grain size 

The widely used approach to account for grain boundary scattering is gray, with       

    .
9, 20, 22-26, 48-50

  Here we allow Λbdy not equal to Davg.  For a gray grain boundary scattering model, 

the resulting k(T) curves are shown in Fig. 2-5 by the lines.  The resulting best-fit values for Λbdy are 

given in Fig. 2-6.  It is clear that the simple expression            (solid line in Fig. 2-6) is not the 

best description of this data. Instead, 

             ,     (2-6) 

is a better formula, where  is allowed to deviate from unity.  From the comparison in Fig. 2-6, Eq. (2-

6) is apparently a better description.  For the 3 fully dense samples we find α ranges from 0.50 to 1.02, 

with a geometric mean of 0.72 for BvK model of three fully-dense samples.  

For the widely used Debye model in analyzing grain boundary scattering, we also calculated 

α , which ranges from 0.31 to 0.76 for three fully dense samples.  For those researchers who prefer to 

use a Debye model, these results suggest that α = 0.44 should be used, rather than 1 which has been 

very commonly used. 
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Figure 2-6. Best-fit values of the characteristic MFPs for boundary scattering as a function of average 

grain size for models using either (a) Born-von Karman or (b) Debye phonon dispersion.  The larger 

points with black borders are for frequency-dependent grain boundary scattering, obtained by fitting 

Fig. 2-4 with Eq. (2-7) for all T, while the smaller points are for gray grain boundary scattering, 

obtained by fitting Fig. 2-4 with Eq. (2-6) for T>64 K.  In the Debye model, these two sets of points are 

almost indistinguishable.  The solid lines are traditional used α = 1 and the dashed lines are geometric 

mean of three fully-dense samples.  The sample 20(82%) is not presented because the grain size is a 

rough estimate and we don’t have careful characterization of the grain size distribution. 

 

Figure 2-7. A plot of logarithm of thermal conductivity vs. logarithm of temperature for temperatures 

lower than 63 K.  The experimental data follow a T
2
 trend rather than T

3
, showing that the boundary 

scattering is frequency-dependent (non-gray) rather than gray. 
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2.4.3  Low temperature features and frequency-dependent (non-gray) boundary 

scattering model 

All five samples in Fig. 2-7 show an unexpected power law of 2Tk   at low temperature, in 

marked contrast to the 
3T  power law that is typically seen in bulk single crystals,

4
 nanowires,

15
  and 

thin films.
6
  From elementary kinetic theory, the familiar 

3Tk  trend arises from the 3T  specific heat 

well below the Debye temperature TDebye, combined with strong boundary scattering that is independent 

of frequency (“gray”).  For the data in Fig. 2-4 the important phonon wavelengths are only a few 

nanometers,
51

 which being much smaller than the grain sizes confirms that the phonon dispersion 

relation should be well-approximated by the bulk (3D) phonon dispersion with its 
3T  specific heat.

52
  

Therefore we conclude from the 2Tk  trend observed in Fig. 2-7 that the grain boundary scattering 

must have significant frequency dependence.  Thus, surprisingly, the widespread assumption
9, 20, 22-26, 50, 

53
 of gray grain boundary scattering is in fact a poor approximation for these samples below about 70 

K. To capture the T
2
 trend at low temperature, this frequency dependence will be quantified as 

 0 Λ /bdy avgD   
.    

(2-7)

 

The frequency dependence of Eq. (2-7) is justified analytically because it is easily shown that setting 

bdy proportional to 
n

shifts the limiting behavior of low-temperature thermal conductivity from 

3T to 
3 nT 

.  An atomistic justification of Eq. (2-7) will be presented later.  Eq. (2-7) introduces a 

numerical constant  which, like 0, depends on the choice of dispersion relation used in the model.  

To fix , we require that that the frequency-dependent model of Eq. (2-7) yields the same value of  as 

the gray model of Eq. (2-6) in the limit of strong boundary scattering and 
DebyeTT  .  In this limit 

we find 
3
2 for a Debye dispersion and ...7097.0   for a BvK dispersion.  Fig. 2-8 gives an 

illustration about how β converges in high temperatures.  Recognizing that there is little difference 

between these two values, and considering that most real acoustic phonon branches should be bounded 

by the Debye and BvK approximations, for most purposes the value 0.70  should suffice.     
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Figure 2-8. A plot of how β converges at high temperatures for nanocrystalline silicon. 

 

Figure 2-9. Measured (points) and modeled (lines) thermal conductivity for nanocrystalline silicon.  

The lines are fits using a Born-von Karman (BvK) dispersion relation and include both gray (dashed 

lines: Eq. (2-6)) and non-gray (solid lines: Eq. (2-7)) expressions for grain boundary scattering, using 

the characteristic lengths given in Fig. 2-6(a).  At low temperatures only the non-gray model captures 

the T
2
 trend evident in the experiments.  The dashed lines for samples 550(99%), 76(99%), and 

64(83%) are the same as the solid lines described in Fig. 2-5.  Sample 20(82%) is not presented 

because the grain size is a rough estimate and we don’t have measurement below 100 K. 
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To give a quantitive justification of how good are the fittings for different models, Table 2-3 

shows the RMS errors RMS calculated by Eq. 2-5 for every different model fitting.  We can make a 

conclusion that BvK dispersion plus a frequency-dependent boundary scattering MFP will give the best 

fitting to the experimental data. 

                Samples 

Models 

550(99%) 144(99%) 76(99%) 80(97%) 64(83%) 

Average 

of 5 

samples 

BvK+ Λbdy [non-

gray]  
14% 4% 5% 5% 9% 7% 

Debye+ Λbdy [non-

gray] 
22% 19% 18% 21% 15% 19% 

BvK+ Λbdy [gray] 59 % 33% 31% 29% 20% 32% 

Debye+ Λbdy [gray] 89% 77% 76% 75% 69% 77% 

Table 2-3. rms errors in ln fit RMS for every different model fitting and samples using Eq. (2-5).  

Sample 20(82%) is not presented because the grain size is a rough estimate and we don’t have 

measurement below 100 K thus the modeling tells slight difference which cannot be distinguished. 

 

2.4.4  Atomistic interpretation of frequency-dependent grain boundary scattering 

We now give an atomistic interpretation of the unanticipated 
1~  bdy frequency 

dependence of Eq. (2-7).  At the scale of individual grains, the MFP for boundary scattering is 

determined by the specularity and transmissivity of phonons at each grain boundary.  For example, for 

reflections by boundaries parallel to the heat current, Ziman
54, 55

 derived a frequency-dependent 

expression for specularity, 
2 2 2[ (16 ) / ]p exp     , where η is the surface roughness

56
 and λ(ω) is 

the phonon wavelength.  Rough boundaries have p=0 and scatter the phonons diffusely, lowering the 

thermal conductivity.  Similarly, heat transfer perpendicular to a single interface can be described by 
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t(ω), the phonon transmissivity.  The transmissivity has been modeled for model interfaces using 

Green’s functions,
57

 molecular dynamics,
58-60

  and acoustic and diffuse mismatch models.
47, 61

 

However, even if the p(ω) and t(ω) functions are assumed known for the boundaries of 

interest, calculating the corresponding bdy is still a challenge.  One approach uses molecular dynamics 

simulations combined with finite element methods,
60

 though this lacks an analytical form.  Here we 

introduce a simple analytical framework.  The polycrystal is approximated as a superlattice nanowire, 

which incorporates the effects of scattering by boundaries both parallel to and perpendicular to the 

transport direction, ultimately leading to
46
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(2-8) 

Even without detailed knowledge of p(ω) and t(ω), we can still gain further insight into Eq. 

(2-8) by considering the limiting behaviors of each effect separately.  First, consider the limit where the 

overall transport is limited by the transmissivity.  This limit is expected more often in practice because 

high-quality grain boundaries should have large p, and also because a separate analysis of the effective 

k of a nanocomposite with superlattice grains of random orientation showed that the overall transport is 

most often limited by scattering perpendicular to interfaces.
62

  In this limit Eqs. (2-7) and (2-8) can be 

solved for transmissivity, giving 

 0

3
/

4

t


  





.    

 

(2-9) 

In the limit of small frequency, Eq. (2-9) can be linearized as  


4
31t ,

      

(2-10) 

where   1

0


  .  This form is consistent with various atomistic simulations

57-59, 63
 which also 

predict 1t  as 0  and can be roughly approximated with a slope ddt /  that is a negative 

constant for 
02

10   , particularly for LA modes.  
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Similarly, Eq. (2-8) can also be evaluated in the opposite limit where bdy is dominated by 

specularity effects, yielding      11p , which, to leading order, is also linear in ω: 

21p .     

 

(2-11) 

This trend is not consistent with Ziman’s specularity equation,
54, 55

 which for small ω and 

assuming linear dispersion can be written  2/21 svp  , that is, parabolic in ω.  However, 

atomistic simulations of specularity by Zhao and Freund
57

 show 1p   at 0   and decreasing for ω 

> 0, with a law of decrease varying from parabolic in ω (as in Ziman’s expression) to linear in ω (as in 

Eq. (2-10)).   

Summarizing this discussion, because various atomistic simulations predict p(ω) and 

especially t(ω) that approximately follow the forms of Eqs. (2-10) and (2-11), based on the analogy of 

Eq. (2-8) we have shown that the 
1  power law introduced Eq. (2-7) is in fact expected from 

atomistic considerations. 

 

2.4.5  Size effect and pore effect 

To highlight the effect of grain size, Fig. 2-10 shows the thermal conductivity as a function of 

average grain size for the fully-dense samples (>99%) at three selected temperatures.  The 

experimental points are obtained by power law interpolation from the main dataset of Fig. 2-4, and the 

modeling curves are based on the best fit as shown in Fig. 2-9.  At low temperature the power law is

1k D , as expected for a system dominated by boundary scattering, while for higher temperatures and 

larger grains the k(D) power law becomes weaker due to the increasing importance of umklapp 

scattering. 
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Figure 2-10. Thermal conductivity vs. average grain size for fully dense samples 550(99%), 144(99%), 

and 76(99%) at three temperatures.  The modeling curves use the non-gray BvK model with α=0.72. 

 

Figure 2-11. Normalized thermal conductivity vs. porosity for the fine-grained samples 76(99%), 

80(97%), and 64(83%) at three temperatures, compared with traditional models for porous media.
64-66
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Fig. 2-11 shows the porosity dependence of the thermal conductivity for the three samples that 

all have approximately the same grain size (within 11% of 72 nm).  To facilitate comparisons, for 

each temperature the k values in Fig. 2-11 are normalized to the k values of the almost-fully dense 

sample, 76(99%).  Three classical models for the thermal conductivity in porous media, based on 

Fourier’s Law, are also shown.
64-67

  The dashed line of Euchen
64

 is equivalent to the famous "Maxwell 

Garnett" result.  These classical theories are most appropriate for isolated pores that are approximately 

spherical, which as shown in Fig. 2-1(d) and (e) is a good assumption for sample 80(97%) but less so 

for sample 64(83%). 

It is clear that the porosity effect in these measurements is stronger than any of the classical 

theories.  Although the slightly non-spherical pore shapes may result in a minor additional reduction in 

k,
68

 we believe that ballistic effects are more important.  Classical theories are based on diffusive 

transport, and thus require pore sizes much larger than the phonon MFPs, which in these 

nanocrystalline samples are comparable to the grain size Davg.  However, it is clear from Fig. 2-1(d) 

and (e) that the pore sizes are very nearly equal to the grain size, so these samples violate the diffusive 

assumption in the neighborhood of each pore.  These ballistic effects are obviously most dramatic for 

sample 64(83%) which has almost as many pores as grains. 

 

2.5  Summary 

We made a systematic experimental and modeling analysis on undoped nanocrystalline silicon.  

By varying the average grain size and porosity, the impact on thermal conductivity is discussed. 

Temperature-dependent thermal conductivity is measured using 3ω method thus low temperature T
3
 is 

identified and analyzed.  Kinetic Theory plus Matthiessen’s rule was used to model to results.  

This chapter leads to two major conclusions.  First, the very common strategy of setting 

          is not the best approximation for grain boundary scattering.  If a frequency-independent 

model is desired for simplicity, it would be more accurate to use           , that is, Eq. (2-6), 

where for a Born-von Karman model dispersion 0.86 0.38   is recommended for Si.  If a Debye 

dispersion is preferred, 0.47 0.29   is a better choice, although as shown in Table 2-3 the Born-
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von Karman model always outperforms the Debye model.  These recommended values for  are for 

fully-dense samples (porosity < 1%), and  can be greatly reduced for samples with greater porosity as 

shown in Figs. 2-7 and 2-12.  

The other major result of this study is to identify a frequency dependence in the mean free 

path of grain boundary scattering. As given in Eq. (2-7), the recommended frequency dependence is 

        , and as shown in Table 2-3 this non-gray model outperforms the gray model for either 

choice of dispersion relation.  Although the difference between gray and non-gray models appears 

minor in Fig. 2-9 above 70 K, the ω
-1

 frequency dependence may still be an important consideration 

even at room temperature when combined with other frequency-dependent scattering mechanisms.  

This is commonly the case in optimized thermoelectric materials which typically involve significant 

scattering by alloy and impurity atoms (        ), as well as nanoparticle inclusions proposed for a 

“multiscale” approach to phonon scattering.
21, 69
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Chapter 3: Thermal conductivity of polycrystalline Si1-xGex 

and Mg2Si1-xGex 

3.1   Background of polycrystalline Si1-xGex and Mg2Si1-xGex 

  As good candidate materials for semiconductor devices, both Si and Ge are metalloid elements 

in group IV of the periodic table, while Mg is an alkali earth metal element that has a similar atomic 

weight to Si.  Furthermore, Si and Mg are listed as the 2
nd

 and the 8
th
 most abundant elements in 

Earth’s continental crust.
1, 2

  All of these elements are non-toxic, safe, and easy to obtain.  With the 

development in synthesis techniques and the wide application of these materials in the semiconductor 

industry, the importance of characterizing different combinations of these elements’ polycrystalline 

alloy form and to understand their impact on thermal conductivity has become increasingly prominent. 

 

3.1.1  Background of polycrystalline Si1-xGex 

  Although silicon has been wide recognized as the representative of the electronic technology 

tide, silicon germanium has been the key power that propels the development of high-speed 

optoelectronics and popular personal mobile devices.
3-6

  By varying nanostructure and doping, it is also 

a potential thermoelectric material in the renewable energy industry.
7-13

  Single crystal silicon and 

germanium have the same cubic crystal structure as diamond, and their high similarity (4% difference) 

in lattice constants gives them the unlimited solid solubility in each other. Because Si and Ge are 

miscible at all compositions, it is possible to systematically investigate how the properties of silicon 

germanium alloys change with its composition, x, to find out the best value for different applications.
14-

18
  However, bulk-sized monocrystalline Si1-xGex is not easy to obtain because of the big splitting of the 

solidus/liquidus phase boundary,
19-21

 thus polycrystalline Si1-xGex is more common in the form of a 

bulk sized alloy for scalable mass production.  

  There are several ways to synthesize a sample of polycrystalline Si1-xGex alloy.  To obtain a 

film structure, molecular beam deposition (MBD) and low pressure chemical vapor deposition 

(LPCVD) are two of the most common ways.
22-24

  To obtain a bulk sample, hot pressing is recognized 
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to be a popular and economical way.
10, 11, 25

  For the samples reported in this chapter, J. E. Alaniz from 

Prof. Garay’s group at UC Riverside uses the CAPAD method which has been introduced in Chapter 1. 

  Si1-xGex alloy has been well studied as a good thermoelectric material in high temperature 

applications (above 600 K) after doping.
10, 11, 26-28

  By focusing on the nanostructures of silicon and 

germanium, several studies on the thermal conductivity have been reported previously in Si/Ge 

superlattice nanowire,
29

 Ge−Si core-shell nanowire,
30

 Si/Ge nanocomposites
31-34

 and doped bulk-sized 

crystalline Si1-xGex alloy
7, 10, 11, 35-38

.  Among these studies, Rowe et al. emphasized the importance of 

boundary scattering, 
7, 35

 while Dames et al. pointed out the additional scattering effect caused by 

interface contrast between Si and Ge.
29

  Mingo et al.
39

 and He et al.
40

 calculated the influence of 

silicide particles and nanopores on the thermal conductivity of silicon germanium alloy.  However, 

even in a homogeneous undoped alloy Si1-xGex system, some detailed issues of the phonon scattering 

mechanisms are still not fully understood, especially when Garg et al. found a 15% decrease in thermal 

conductivity could be caused by anharmonic scattering of phonons from mass disorder.
18

  As indicated 

by Fig. 3-1, the inhomogeneity influence on the thermal conductivity could be very interesting and 

important, when Malachias et al. show that these various compositions are possible and local 

inhomogeneity does exist.
41

 Because during the mass production process, depending on the 

homogeneity of the powder preparation, sometimes a sample that is nominally homogeneous could be 

locally inhomogeneous, and this has been observed in several experiments. For example, the Si-rich 

part and Ge-rich part both can be present in a bulk-sized polycrystalline Si1-xGex alloy sample.
25

  From 

a thermal conductivity perspective, such local inhomogeneity effects could be interesting but not clear 

yet.  According to Lee et al.
42

 and Singh et al 
43

, a Si/Ge superlattice will have a lower thermal 

conductivity than the homogeneous Si1-xGex alloy with comparable superlattice periods in submicron 

size. 

  The microstructure comparison between inhomogeneous (composite) and homogeneous (alloy) 

Si1-xGex can be illustrated by Fig. 3-1.  The global compositions of two bulks as shown in Fig. 3-1(b) 

and (c) are both Si0.5Ge0.5.  Figure 3-1(c) shows different alloy level in grains, some grains are Si-rich 

and the others are Ge-rich, which is called by ‘inhomogeneous’ or ‘composite’, while Fig. 3-1(b) 

shows the same degree of alloying in every individual grain, which we describe as ‘homogeneous’. 
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Figure 3-1. Illustration of inhomogeneity and homogeneity of different samples, (a), (b), (c), and (d) 

are all with the same global composition of Si0.5Ge0.5.  From (a) to (c): single crystal alloy, 

polycrystalline alloy, and composite. (d) is the extreme case that composed by pure Si grains and pure 

Ge grains. 

 

  Ideally, we expect the thermal conductivity of the homogeneous sample to be lower.  Consider 

the extreme case shown in Fig. 3-1(d), if the inhomogeneous sample has grains composed of pure Si 

grains and pure Ge grains, both of individual Si and Ge grains should have higher thermal conductivity 

than the Si1-xGex alloy grains.  Assuming that the grain sizes are similar (similar boundary scattering 

mean free path, Λbdy), the bulk sample composed by Si1-xGex alloy grains should have a lower thermal 

conductivity compared to the bulk sample composed by pure Si grain and pure Ge grain, because Λimp 

for Fig. 3-1(d) is larger than that for Fig. 3-1(c).  However, the transmission of a phonon through a GB 

can depend on the contrast at that GB.  In one limit like Fig. 3-1(b), because of the same composition 

of all the grains, there is no material contrast across the GB, thus the scattering by that GB will be 
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relatively weak.  In the other limit like Fig. 3-1(d), due to the stronger material contrast across the GB, 

the GB scattering will be stronger.  If assuming the same physical grain size, the Λbdy term for Fig. 3-

1(b) can be larger than the Λbdy term for Fig. 3-1(c) when they have similar Λimp.  This trend means that 

the thermal conductivity of Fig. 3-1(c) might actually be lower than that of Fig. 3-1(b).  To investigate 

this inhomogeneity effect, in this chapter, J. E. Alaniz from Prof. Garay’s group at UC Riverside makes 

two Si0.92Ge0.08 samples with different homogeneity by CAPAD method. The thermal conductivity is 

measured to emphasize the impact of local inhomogeneity on the phonon scattering.   

 

3.1.2  Background of polycrystalline Mg2Si1-xGex 

  Mg2Si1-xGex is a kind of thermoelectric material based on Mg2Si (Mg2B
IV

, here B
IV

= Si, Ge 

and Sn).
44

  Unlike Si, Ge, or Si1-xGex which has a diamond cubic structure, the Mg2B
IV

 alloy 

crystallizes in a face-centered cubic (FCC) lattice, where the basis consists of one Mg atom and three 

B
IV

 atoms.  Here Ge and Sn are substitutive atoms to Si and only occupy the Si sites, which is just like 

what is happening in Si1-xGex.  Because of its elements’ abundance and environmentally-benign nature, 

Mg2Si-based alloys (Mg2Si1-x-yGexSny) have been predicted to be a good thermoelectric candidate to 

replace PbTe alloy in middle temperature (300 - 800 C) applications as shown in Fig. 3-2.
44-50

  The 

low density (<2 g/cm
3
, compared to 8.16 g/cm

3
 for PbTe) also makes Mg2Si very appealing compared 

to other elements because it can minimize the weight of devices in real applications.  Ge and Sn atoms 

are expected to give additional alloy scattering to reduce the thermal conductivity due to the large 

atomic mass contrast between Si, Ge, and Sn atoms.
51, 52

 Furthermore, to achieve a high figure of merit, 

ZT, researchers also introduce various additives or doping elements such as Al, Bi, Ag and Cu to the 

Mg2B
IV 

material system.
53-59

  The doping of these additives makes the analysis of phonon scattering in 

Mg2B
IV 

material system complicated.  Besides the scattering from these impurities, the changing of 

phonon scattering with degree of alloying for different material systems is not fully understood yet.  

We are also interested in the influence of the grain boundary scattering on the thermal conductivity for 

these alloys. 
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Figure 3-2.  Experimental data for the art thermoelectric materials and a prediction for nano Mg2Si1-x-

yGexSny solutions
26, 44

  The dashed lines are the conventional material, while the solid lines are the 

nanostructured material for comparison.  Redrawn after Minnich et al.
26

 

 

  To investigate the thermal conductivity of these Mg2Si-based alloys, we only focus on the 

undoped Mg2Si1-xGex solid solutions.  Also, it is well studied that micro/nano-structures and 

nanoparticles play an important role in reducing the thermal conductivity.
9, 45, 60-62

  Compared to 

monocrystalline Mg2Si1-xGex alloys,
63, 64

  polycrystalline Mg2Si1-xGex  should not only be superior due 

to its cheap and convenient synthesis, but also give additional boundary scattering to further reduce the 

thermal conductivity. The figure of merit, ZT  is thus expected to be improved though boundary 

scattering will have a negative effect in reducing the electrical conductivity.
65

 

  In this chapter, Y. Kodera from Garay’s group at UC Riverside makes five samples of 

undoped Mg2Si1-xGex solid solution.  Thermal conductivity measurement is executed and a model is 

applied to predict the effects of alloy composition and grain size on the thermal conductivity. 
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3.2  Sample preparation and thermal conductivity measurement 

3.2.1 Si0.92Ge0.08 samples preparation and characterization 

  Two Si0.92Ge0.08 samples are prepared by the current activated pressure assisted densification 

method (CAPAD) that has been introduced in chapter 1. The synthesis is executed by J. E. Alaniz. 

The powder of both Si0.92Ge0.08 (equivalent to approximately 20wt% Ge) samples is prepared 

from pure Si plus separate pure Ge through planetary high energy ball milling using the same 

parameters but varying milling time.  High energy helps to efficiently break down agglomerates (~40 

µm) and grains, also thermal and mechanical energy facilitate reactions which can be used to control 

alloying and grain size simultaneously.
66

  The particulate size after milling of the inhomogeneous 

sample is measured to be 4.8 µm by SEM and for the homogeneous sample, it is 5.4 µm.  The 

homogeneous sample takes more milling time (48 hours) than the inhomogeneous one (12 hours) thus 

allows the Si and Ge particles to become more evenly distributed.  After densification by the CAPAD 

method,
67

 secondary electron (SE) and back-scattered electron (BSE) microscopy are used to evaluate 

the phase distribution, as shown in Fig. 3-3. 

 

Figure 3-3. SEM images of two Si0.92Ge0.08 samples and comparison of two different imaging modes: 

(a) secondary electron image – topography of the inhomogeneous sample, (b) secondary electron image 

– topography of the homogeneous sample, (c) back-scattered electron analysis – composition of the 

inhomogeneous sample, (d) back-scattered electron analysis – composition of the homogeneous sample. 

All images were taken by J. E. Alaniz. 
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BSE is a common method for detecting different chemical compositions or phases in 

materials.
68

  For our Si0.92Ge0.08 samples, because Ge atoms are heavier, they will backscatter electrons 

more strongly than the light Si atoms.  Thus Ge-rich parts will appear brighter in the image.  In Fig.3-

3(a) and (b), we can see the secondary electron topography of the samples.  In Fig. 3-3(c), by using 

BSE, we can see light spots surrounded by darker areas, which correspond to the Ge-rich aggregates in 

a silicon matrix as determined through Electron Dispersion Spectroscopy (EDS).  The strong contrast 

in Fig.3-3(c) indicates the sample is inhomogeneous and in Fig. 3-3(d), the color is more uniform 

which means the sample is homogeneous. 

The density of the samples is measured using an Archimedes method by J. E. Alaniz after the 

samples are polished to remove residual carbon from the graphite paper.  The densities for both 

samples are about 99-100% of theoretical, so they are fully dense.  The oxidation levels between two 

Si0.92Ge0.08 samples are expected to be similar to each other because they are processed at same time 

under an inert atmosphere in a glove box. 

 

3.2.2  Mg2Si1-xGex samples preparation 

  To study the alloy effect on thermal conductivity, five Mg2Si1-xGex samples are designed with 

x=0, 0.25, 0.5, 0.75, and 1.  The starting powders for Mg2Si1-xGex samples are listed in Table 3-1.  Y. 

Kodera synthesizes Mg2Si sample directly by using commercially-available Mg2Si powder.  Ball mill is 

used for powder preparation and the ball/powder weight ratio was 10/1, with a milling time of about 48 

hours.  The other four samples are prepared by different combinations of the commercially available 

Mg, Si, and Ge powders as listed in Table 3-1.  Planetary ball mill (Premium-7, Fritch) is used to 

prepare the powders.  Revolution/rotation ratio and revolution speed are set to -1.18/1 and 300 rpm.  To 

ensure the homogeneity, milling time is executed twice for about 6 + 6 hours.  The material of jar and 

ball are stainless steel and Si3N4 and ball/powder weight ratio is also 10/1. 



56 
 

Starting Powder Size Purity Melting Point  

[
o
C] 

Supplier 

Mg2Si -20 mesh (≤840 µm) 99.5% 1102 Alfa Aesar 

Mg -325 mesh (≤44 µm) 99.5% 650 Alfa Aesar 

Si -325 mesh (≤44 µm) 99.5% 1410 Alfa Aesar 

Ge -100 mesh (≤149 µm) 99.999% 938 Alfa Aesar 

Table 3-1.  The starting powders for Mg2Si1-xGex sample preparation. 

 

  The five samples are all densified by the CAPAD method.  The maximum processing 

temperature is set to 850-860 
o
C, which is below the Mg2Si melting point.  A multi-step heating 

process is used. The steps consist of two different heating rates, 150 
o
C/min and 50-100 

o
C/min.  The 

heating is started with the former rate until 200 
o
C, then the slower rate was used until 350 

o
C (below 

the melting temperature of Mg) to complete the reaction between unreacted starting materials (Mg, Si 

and Ge).  The heating rate was then set to higher one then changed to lower at 650
o
C to complete 

densification.  The applied pressure is 100 MPa with no holding time.
67

  The densities for all samples 

are about 99-100% confirmed by Archimedes method examined Y. Kodera. 

  Because the technique of etching to make the grain boundary clear for observation was not 

resolved yet, we are not able to provide exact information of the grain size distribution from all the 

samples.  As shown in the SE images in the left column of Fig 3-4, the step shape fracture of surface 

suggests cleavage fracture (cracking), which also suggests the presence of relatively strong grain 

boundaries and the high degree of densification.  The fracture surface and the size of unreacted grains 

(see Fig3-4(f)) suggested that grain size is less than 5 µm. 

BSE images as shown in the right column of Fig 3-4 indicate that these Mg2Si1-xGex samples 

exhibit a very homogeneous structure (and a small amount of unreacted area).  This is consistent with 

the X-ray Diffraction (XRD) result provided by Y. Kodera in Fig. 3-5.  From this figure, we can 

conclude there are no pure Mg, Ge, or Si phases present in these samples.  Furthermore, by zooming in 

on the prominent (2 2 0) peak around 40, it is clear that there is a very smooth transition between 

different compositions, which indicates that the alloys are homogeneous and single phase. 
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Figure 3-4. SEM images of Mg2Si1-xGex samples.  The left column is SE while right column is BSE, 

and the rows are organized from x=0 (top) to x=1 (bottom).  Images of the Mg2Si0.25Ge0.75 sample were 

not taken.  Images courtesy of Y. Kodera. 
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Figure 3-5. XRD data of the five samples.  The data was provided by Y. Kodera. 

   

3.2.3   3ω thermal conductivity measurement 

  The thermal conductivity of all seven samples is measured by the 3ω method described in 

Chapter 1.  Because of the small bandgaps of Si0.92Ge0.08 and Mg2Si1-xGex, they tend to be electrically 

conductive, which is examined by probing with a multimeter on the samples’ surface.  To insulate the 

metal heater line from the Si0.92Ge0.08 and Mg2Si1-xGex samples, all samples are polished and then spin-

coated with 110 nm of dielectric hydrogen-silsesquioxane (HSQ: FOx from Dow Corning) prior to 

microfabrication.  Later, a gold heater line is patterned by photolithography and a liftoff method, with 

heater dimensions 10 µm in width, 250 nm in thickness, and 0.5 mm in length between the inner 

voltage probes. 

Because the heater’s length and width are much larger than the MFPs for all samples, and 

given that alloy scattering is very strong over the measurement temperature range even at low 

temperatures, these measurements are thus an effective average over numerous grains, justifying the 

use of the continuum heat diffusion equation
69 

to analyze the resulting data.  Thus the traditional 

Fourier law applies. 

  The measurement was executed in the cryostat in vacuum.  We used the ‘slope of slopes’ 

method to include the effect of current dependence by varying the magnitude of input current   
  , 
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which has already been introduced in Chapter 1.  The temperature coefficient of resistance (TCR) is 

calculated by a simple slope ratio between the resistance and temperature instead of an analytical 

Bloch-Grunesien function described in Chapter 1, because the low temperature stops at 80 K and the 

above 80K the linearity of the line is a good approximation. 

  During measurement, temperature rise is also observed in all the samples as mentioned in 

Chapter 2.  Temperature rise (1.7 - 3.3 K) is less than 5% of the absolute temperature for all the 

measurements, and the correction is made to adjust temperatures. 

 

3.3  Experimental results and analysis 

3.3.1  Thermal conductivity of inhomogeneous and homogeneous polycrystalline 

Si0.92Ge0.08 

  The 3ω measurement results of Si0.92Ge0.08 samples are presented in Fig 3-6.  By adding 8% 

Ge atoms, the thermal conductivity of the homogeneous Si0.92Ge0.08 is largely reduced by a factor of 50 

at 300 K and factor of 540 at 80 K as compared to bulk single crystal silicon.
70

  If compared to the 76 

nm (99% dense) nanocrytalline Si sample we measure in Chapter 2, there is still a 10 times reduction in 

thermal conductivity at room temperature as shown in Fig. 3-6.  Considering the grain sizes of 

Si0.92Ge0.08 samples are in the range of tens of microns which is definitely larger than 76 nm of 76(99%) 

silicon sample, and given all these samples are all fully dense, this huge reduction indicates the thermal 

conductivity of Si0.92Ge0.08 in this temperature range is highly impacted by alloy scattering. 

  For further comparison, the inhomogeneous sample and the homogeneous sample are plotted 

together with literature data as shown in Fig. 3-6.  At room temperature, our homogeneous Si0.92Ge0.08 

sample has a thermal conductivity of 2.0 W/m·K, which is four times smaller than the prediction of 10 

W/m·K by Abeles’ model for bulk single crystal alloy.
37

  This may be due to the difference of our 

polycrystal structure and the single crystal structure.  We can also observe the inhomogeneity causes a 

50% increase in thermal conductivity in room temperature and up to 77% increase at low temperatures.  

This comparison highlights the importance of characterizing the homogeneity of the samples before 

any measurement.  Compared to the Si0.8Ge0.2 samples from Lee et al.
42

 and Zhu et al.
13

, our Si0.92Ge0.08 

samples have a lower thermal conductivity even though we have smaller amount of Ge added, which 
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may be caused by the difference in grain size.  Because they did not mention their samples’ grain size 

(indicated to be large grains) and we don’t have exact grain size characterization on our sample, this is 

not conclusive yet.  But it is still interesting to point out that in the study from Lee et al., their 1 µm 

thick Si0.85Ge0.15 alloy thin film has a slightly lower thermal conductivity than the Si0.8Ge0.2 bulk sample, 

which might also be explained by the size effect.  Furthermore, they observed thin film superlattice 

samples have a lower thermal conductivity than the thin film alloy sample, which is exactly in contrary 

to our observation that the homogeneous sample has a lower thermal conductivity.  However, it can be 

explained by the fact that they have a lattice period size (3 -13 nm) involved besides the thin film 

thickness (0.9 – 1.8 µm), while we have comparable grain size in our two samples.  If we compare our 

results with a n-type Si0.95Ge0.05 alloy sample from Zhu et al., their sample has less Ge but smaller grain 

size (5-20 nm), it is not conclusive because the alloy scattering and boundary scattering are both 

important in this temperature regime.  To make a conclusion, the homogenous sample may give us 

much lower thermal conductivity even for the same composition. 

 

Figure 3-6. Experimental data of inhomogeneous (composite) and homogeneous (alloy) Si0.92Ge0.08 

samples plotted with literature data
13, 42

 and 76 nm (99% dense) nanocrystalline Si sample introduced in 

Chapter 2.  Here Si0.8Ge0.2  RTG refers to radioisotope thermoelectric generator with a typical grain 

size of 1 -10 µm used by NASA.
11, 13
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3.3.2  Thermal conductivity of polycrystalline Mg2Si1-xGex 

  The thermal conductivity measurement results of Mg2Si1-xGex samples are plotted in Fig. 3-7.  

The electrical contribution to thermal conductivity is expected to be negligible in these samples 

because the contribution is calculated to be less than 0.06% over the whole temperature range by 

measuring electrical resistivity (by Y. Kodera) and using Wiedemann Franz Law.  As we can see, our 

polycrystalline samples Mg2Si (x=0) and Mg2Ge (x=1) have lower thermal conductivity than what has 

been reported for single crystal samples,
44, 52

 which corresponds to the fact that the bulk MFPs longer 

than the grain size will be scattered by grain boundaries.  Compared to Mg2Si (x=0), Mg2Ge (x=1) has 

a lower thermal conductivity which is also not surprising because the atomic weight contrast between 

Mg and Ge (1: 2.98) is much larger than the contrast between Mg and Si (1: 1.15).  The alloys (x=0.25, 

0.5, and 0.75) have lower thermal conductivity than the pure crystals (x= 0, 1) because the 

impurity/alloy scattering is stronger when Mg, Si, and Ge atoms are all present in the lattice. 

 

Figure 3-7. Experimental measurements of polycrystalline Mg2Si1-xGex, as compared to single crystal 

reference data.
44, 52

  The solid lines are from the model. 

 

  To better understand the scattering mechanism in the alloys, we apply the same modeling 

method as described in Chapter 1 to all five samples.  Because low temperature measurements are not 

reached experimentally, we use a gray boundary scattering model for simplicity.  The parameters used 

in modeling are listed in Table 3-2.  Only acoustic modes are included, and optical modes are omitted 
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because they are flat.
52, 71

  The parameters   , ηPUC and ωcutoff of Mg2Si and Mg2Ge are taken from the 

literature,
72-74

 and A1, B1, and B2 of these two samples are obtained by best fit to the k(T) data from the 

literature.
52

  Then we use a rule of mixtures to calculate the parameters   , ηPUC, ωcutoff, B1 and B2, for 

Mg2Si0.75Ge0.25, Mg2Si0.5Ge0.5 and Mg2Si0.25Ge0.75.  The boundary scattering mean free path Λbdy and the 

parameter A1 are obtained from fitting of all these samples separately. 

x 
vs   ηPUC ωcutoff  A1 B1 B2 λbdy 

[m/s] [m
-3

] [rad/s] [s
3
] [s/K] [K] [nm] 

0 (Mg2Si) 5,146 1.57E+28 3.20E+13 3.75E-45 1.73E-18 108 339 

0.25 4,956 1.56E+28 3.07E+13 2.46E-42 1.90E-18 104 464 

0.5 4,766 1.55E+28 2.95E+13 5.95E-42 2.07E-18 99 1000 

0.75 4,576 1.54E+28 2.83E+13 6.23E-43 2.24E-18 95 154 

1 

(Mg2Ge) 
4,387 1.53E+28 2.70E+13 2.43E-44 2.41E-18 90 258 

Comment  
Literature for 0,1, then rule of 

mixtures. 
Fit all 5 

Fit x=0,1, then rule of 

mixtures 

Fit all 

5 

 Table 3-2. Parameters used for modeling polycrystalline Mg2Si1-xGex. 

 

 

Figure 3-8. Best fit models of polycrystalline Mg2Si1-xGex and their experiment data.  

 

  By using all parameters of Mg2Si1-xGex from Table 3-2, we could obtain the best fit for our 

polycrystalline Mg2Si1-xGex samples.  The fit results are shown in Fig. 3-8.  We can see the fits are 
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good over the whole temperature range (RMS error better than 9%).  Because we have two free 

parameters A1 and λbdy for fitting, a sensitivity analysis is needed for these two fit parameters.  By a test 

calculation on sample Mg2Si0.5Ge0.5, we conclude that a 25% change in λbdy results in less than 5% 

change in A1. 

  As shown in Fig. 3-9, then we use the model to give a plot of thermal conductivity vs. Ge 

composition.  The model agrees roughly with the literature data with similar trend.
44

  Compared with 

Zaitsev’s polycrystalline samples at 300 K (x= 0, 0.2, 0.4, 0.6, 0.8, 1) 
44

, our samples have a very close 

value within 1% at x=0 and 1 and a similar trend, given that Zaitsev did not mention grain size for his 

samples.  Most of our λbdy fall in the range of a couple hundreds of nanometers (Table **), which is 

smaller than the grain size estimated from observations of the micro-structure from Fig. 3-4.  

Compared to bulk samples (1 mm grain size curve), Figure 3-4 shows that at least 3 three times 

reduction of thermal conductivity is predicted for grain sizes around 1 µm to 10 nm for all the samples 

at 300 K and 100 K, which indicates the potential for further reduction by making nano-grains.  Also 

from Fig. 3-9(a) and (b), we can see the alloy scattering has larger impact on large grain size 

polycrystalline Mg2Si1-xGex than the small one.  At the extreme compositions near x=0 and 1, for 

example, even a small percentage addition of alloy atoms can reduce thermal conductivity of large-

grained samples, which is consistent with the conclusion drawn from Si0.92Ge0.08.  To make a further 

comparison of the alloy impact on Mg2Si1-xGex and Si1-xGex, we plot the reference value together in Fig. 

3-10.  We can see the small amount of Si or Ge have larger reduction in thermal conductivity of pure Si 

and pure Ge than of Mg2Si and Mg2Ge.  This is not surprising because Mg2Si and Mg2Ge are already 

heavily impacted by alloy scattering because of their material atom mass contrast.
52
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Figure 3-9. The impact of alloy composition x on the thermal conductivity of polycrystalline  

Mg2Si1-xGex (a) at 300 K and (b) at 100 K.  The solid lines are from the model with different grain sizes 

as indicated.  The round points are measurements from this work, and square points are literature 

measurements for bulk (Martin et al.
52

) and polycrystalline (Zaitsev et al.
44

). 

 

Figure 3-10. A comparison of thermal conductivity vs. Ge composition between the Mg2Si1-xGex 

(polycrystal) and Si1-xGex systems (single crystal) at 300 K.
15, 44

  The thermal conductivities are 

normalized by their values at 50% Ge of both materials systems. 
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3.4  Summary 

  In this chapter, we discussed the importance of alloy scattering and grain boundary scattering 

in reducing the thermal conductivity of polycrystalline materials by experimental investigation of two 

Si0.92Ge0.08 and five Mg2Si1-xGex samples made by CAPAD method. 

  We concluded the amount of 8% Ge atoms reduced the thermal conductivity largely by 

introducing the alloy scattering compared to pure Si sample, and this reduction is even stronger than 

the prediction of Abeles’ model.  The inhomogeneous (composite) polycrystalline Si0.92Ge0.08 was seen 

to have a 50% increase in thermal conductivity compared to the homogeneous (alloy) polycrystalline 

Si0.92Ge0.08 sample. This may be important because it raises the importance to carefully characterize the 

homogeneity of alloys. 

  Through experiments and modeling, we also investigated the thermal conductivity of the 

Mg2Si1-xGex alloy system.  We concluded that polycrystalline Mg2Si and Mg2Ge have higher thermal 

conductivity than polycrystalline Mg2Si0.75Ge0.25, Mg2Si0.5Ge0.5 and Mg2Si0.25Ge0.75.  This is consistent 

with references and observation in Si0.92Ge0.08, which can be explained by introducing more alloy 

scattering into the lattice.  Further reduction in thermal conductivity can be expected if we can make 

smaller grains, because in the experiment temperature regime (80 K to 310 K), both of alloy scattering 

and boundary scattering are significant. 
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Chapter 4: Thermal conductivity of polycrystalline Al2O3 

and AlN 

4.1  Background of polycrystalline Al2O3 and AlN 

  As the most common form of crystalline Al2O3, the  phase is famous by its names of 

corundum, sapphire, or ruby.  Differentiated by crystalline structure, besides α-Al2O3 form, alumina 

also exists in other phases.
1
  However, α-Al2O3 is more recognized by its application in solid-state laser 

devices. In 1960, the first crystalline ruby laser, Al2O3:Cr
3+

, was successfully built by Maiman from 

Hughes Research Labs.
2
  By adding other dopants, alumina can exhibit different lasing colors, for 

example, golden by Ni and Cr, yellow by Ni, red by Cr, blue by Ti and Fe, green by Co, Ni and V, and 

purple by Ti, Fe and Cr.
3
  α-Al2O3 is trigonal crystal-structure which indicates it has anisotropic 

thermal conductivity. However, this anisotropy in polycrystalline samples can be neglected for two 

reasons: (a) the anisotropy ratio of sound velocity of α-Al2O3 is estimated to be 0.93 compared to 1 of 

cubic structure,
4
 and (b) polycrystalline samples will have crystallites randomly oriented in all 

directions which can be treated as isotropic for a macroscopic sample.
5, 6

  It has also been demonstrated 

that polycrystalline Al2O3 with rare earths (REs) dopants could be used as a photoluminescent 

material,
7-9

 and contrary to the conventional thought that grain boundaries will scatter more light, its 

small grain size causes a low diffuse transmission and a high in-line transmission thus resulting in 

increasing bulk transparency.
10

 

  While Al2O3 has been embraced as a popular host material for solid-state laser application, 

AlN still remains a potential candidate.  This is partially because the equilibrium solubility of RE ions 

is very low in AlN (typically < 0.1 mol%),
11, 12

 which means low energy transferred to be used as laser 

gain medium for optical applications.  However, AlN is still appealing because it has a wide bandgap 

of 6.15 eV,
13

 which give it the potential to emit photons over the whole visible spectrum if sufficiently 

doped with RE ions.  Besides its wide bandgap, AlN is also superior because its high thermal 

conductivity allows it to dissipate heat efficiently.  The thermal conductivity of AlN could have a value 

up to 272 W/m·K for a polycrystal at 300 K,
14

 compared to only 46 W/m·K for pure polycrystalline -

Al2O3.
15

  It is important to note that AlN has a wurtzite crystal structure, which means the thermal 
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conductivity is also anisotropic for the single crystal.  However, this anisotropy is negligible in 

polycrystalline samples because the difference of thermal conductivities parallel and perpendicular to 

the c-axis is less than 20% at low temperatures and less than 5% at room temperature.
16

  From Table 4-

1, we can see the anisotropy ratio of AlN is 0.96, very close to 1 for the cubic. 

  Thermal management is a serious concern in modern solid-state laser technology.
17

  Most state 

of the art solid-state laser materials could be summarized by the following major groups: glasses, 

oxides, and other non-oxide ceramics.
18

  Although being superior in their ease of fabrication into bulk 

sizes, glass laser host materials are always constrained by their low thermal conductivity caused by 

their amorphous structure.  For example, fused quartz (SiO2 in amorphous phase) at room temperature 

has a thermal conductivity of 1.38 W/m·K.
19

  Thus crystalline laser host materials with their dopants 

are going to play a more important role.
3
  As a representative example, crystalline yttrium aluminum 

garnet (YAG) is currently the most widely used solid-state laser host material.  After doping with 1 mol% 

neodymium, it becomes neodymium doped yttrium aluminum garnet (Nd:YAG).  However, Nd:YAG 

also faces problems like limitation in power output and duty cycle caused by low thermal conductivity 

like most oxides do.  For instance, the thermal conductivity of single crystal Nd:YAG is 14 W/m·K,
20

 

obviously higher than fused quartz, but it is still too low to perform as a good high-power laser host 

material. 

  Because of its potential to have a higher thermal conductivity among most laser ceramic 

crystals as shown in table 4-1,
16, 19, 21-23

  AlN has been anticipated to be a good host material if it could 

be successfully doped with sufficient RE ions.
24

  So far, the successful approach to such doping has 

been ion implantation, because it is a non-equilibrium process.
13, 25-28

  Ion implantation enables the 

nitride host material to accommodate higher concentrations of RE dopant (typically 1- 2 mol%) than 

the typical equilibrium concentration of ~0.1 mol% (Table 4-1).  However, the high concentration 

region is only present within 1 m of the surface, thus ion implantation is not a scalable method to 

synthesize bulk-sized materials. 
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                 Laser materials 

Properties 

-Al2O3 

Corundum 

AlN YAG 

Crystal structure Trigonal (32/m) Wurtzite, 

ZnS(2H) 

Cubic 

Lattice constant at 300 K 

(Å) 

a=4.785, c=12.991 a=3.11, c=4.98 a=12.01 
29

 

Cell volume (Å
3
) 237.47 41.71 1733.01 

30
 

1730-1745 
31

 

Anisotropy ratio 
32

 0.93 
4
 0.96 1 

Number of atoms per 

primitive unit cell, n 

10 
33

 4 
34

 80 
35

 

Thermal conductivity 

@300K (W/m·K) 

Single crystal: 

kc = 18.4±3.5, 

kab = 17.7±3.1; 
36

 

kc = 25.2, 

kab = 23.1; 
37

 

Polycrystalline: 

30;
38

 

46;
15

 

36;
19

 

Single crystal: 

kc = 320 
14

 

285 
16

 

Polycrystalline: 

40-272 
14, 39

 

 

12.22 
29

 

8 
40

 

Density (g/cm
3
) 3.96  3.24 

38
 4.3 

40
 

Specific heat capacity @ 

300 K (J/g-C) 

0.753 0.6 0.8
40

 

Debye Temperature (K) 1026 
41

 1150 
42

 

940 
43

 

750 

Young's Modulus (GPa) 345 312±4 
43

 280 
44

 

Melting Temperature (K) 2317 3273 2243
40

 

Band gap (eV) 9.3
45

 6.15
13

 6.5
46

 

Typical equilibrium 

solubility of RE ions 

(mol%) 

3 for chromium 0.1 3 - 10 for chromium 

Table 4-1. Comparison of some key properties of current and potential laser materials from the 

literature.
37, 42, 47-49

 

 

  In this research, Andrew Wieg and Yasuhiro Kodera from Prof. Garay’s research group at UC 

Riverside use a CAPAD method as a non-equilibrium method to dope sufficient Tb (≥ 0.5 At%) into 

AlN host material.  They successfully synthesize 19 mm diameter and 1 mm thick transparent bulk-
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sized polycrystalline Tb doped aluminum nitride (Tb:AlN), and characterized the samples’ micro-

structures and their photoluminescence (PL) properties.  For these samples, the contribution of this 

thesis research is to measure their thermal conductivity in comparison with the traditional Nd:YAG
50

 

together with polycrystalline alumina samples.  The alumina samples are made by Elias Penilla from 

Prof. Garay’s group, and the samples are also synthesized by CAPAD method with various dopants. 

 

4.2  Sample synthesis and characterization 

4.2.1   Synthesis and characterization of Al2O3 samples 

  The CAPAD method has been introduced in Chapter 1.  Three alumina samples are produced 

by Elias Penilla under the same experimental conditions, but with different dopant concentrations.  The 

first one is undoped, and the last two are doped with 0.1 mol% chromium and 0.25 mol% chromium, 

respectively.  The undoped samples were made directly from as-received powder (powder size: 200- 

300 nm, TM-DAR-Al2O3 from Taimae Chemical Co.), while the doped samples are treated by 

planetary ball milling to prepare powder and dopant.  The powder weight for all the samples is around 

1.5 grams.  The processing temperature was set to 1200 C with heating rate of 200 C/min.  The 

pressure applied was 105 MPa with a loading rate of 10 kN/min.  The holding time is 10 minutes.  As 

determined by an Archimedes method, all the samples are 99% dense or above. 

  A SEM image of the undoped sample is shown in Fig. 4-1.  From the second electron (SE) 

image, we can clearly see the grain boundaries, and grain sizes are close to the as-received powder size, 

which indicates no apparent grain growth during the densification process.  Grain growth may be 

expected for doped Al2O3, but we don’t have image to prove it. 
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Figure 4-1.  SEM image of the undoped alumina sample after polishing and thermally etching.  Image 

by Elias Penilla. 

 

4.2.2  Synthesis and characterization of AlN samples 

  The powder of one undoped AlN sample is as-received (Tokuyama, agglomerates size: 1-2 

µm), while the AlN powders with various dopants such Tb and TbN are pretreated with planetary ball 

milling (high energy ball mill, HEBM) or tumble ball milling (low energy ball mill, LEBM).  HEBM 

and LEBM are both executed under an argon atmosphere.  LEBM takes 8 hours at low speed, 50 rpm 

with a Ball/Powder mass ratio of 40/1, while HEBM takes 3 hours at 450 rpm with a Ball/Powder ratio 

of 10/1.  All samples are prepared by Andrew Wieg and Yasuhiro Kodera.   

  The processing temperature of CAPAD method is 1700 C for all the AlN samples with high 

heating rate of 200 C/min and a pressure of 105 MPa.  The reason for choosing such a high 

temperature because the density of AlN sample was found to be 99% or higher above 1450 C.  

Typically, the processing time is 15 minutes.  Figure 4-2 gives a quantitative illustration of the 

relationship between the relative density and processing temperature.  We can see the higher density 

will make the undoped sample more transparent, which is critical for laser applications. 
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Figure 4-2. The impact of processing temperature on the relative density and the transparency of six 

undoped AlN samples. (Only the highest density sample is discussed in text.)  Courtesy of Andrew 

Wieg. 

 

  Table 4-2 gives the sample information provided by Andrew Wieg. The nomenclature used to 

name these seven AlN samples is: [dopant atom mole percent] + [dopant type] + [powder pretreatment 

method (A for as-received, L for LEBM, H for HEBM)].  For example, 0.5TbN(L) means 0.5 mol% 

TbN dopant prepared by low energy ball milling.  From the table, comparing sample 0(A) and 0(H), we 

can make the conclusion that HEBM broke the initial powder agglomerates and crystallites into smaller 

size thus the final grain size is obviously smaller.  Also, the table shows that adding dopants promotes 

grain growth, because the grain sizes of all doped samples are larger those of the two undoped samples.  

This is consistent with other studies which also showed that the presence of additives will increase the 

grain size during sintering.
39, 51
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Sample Code Powder 

Treatment  

Dopant type and 

amount (mol%) 

Average Grain Size of 

Finished Samples: 

DavgD 2,
 , [µm] 

20% uncertainty 

0(A) As-received None 2.64 

0(H)  

 

HEBM 

 

None 1.28 

0.25Gd(H) 0.25 mol% Gd 3.42 

0.25Tb(H) 0.25 mol% Tb 4.22 

0.25TbN(H) 0.25 mol% TbN 4.72 

0.5TbN(H) 0.50 mol% TbN 4.32 

0.5TbN(L) LEBM 0.50 mol% TbN 3.32 

Table 4-2. AlN sample synthesis parameters and grain size characterization.  All samples were 

prepared by Andrew Wieg at a temperature of 1700 C and hold time of approximately 15 minutes.   

 

  Figure 4-3 gives micrographs of four major samples to compare their microstructures.  For 

example, (d) shows secondary (SE) and back scattered electron (BSE) images of AlN doped with 0.5 

mol% Tb, using TbN as a dopant source and pretreated by HEBM.  Comparing Figs. 4-3(a) and (b), 

although these two samples contain the same amount of Tb, the presence of TbN helps to minimize the 

dopant segregation at grain boundaries.  Also, from the comparison of Figs. 4-3(c) and (d), we can see 

that HEBM will improve dopant diffusion into the interior of the AlN grains, rather than remaining at 

the grain boundaries.  
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Figure 4-3. SEM images of Tb:AlN samples showing the effect of dopant type [(a) vs. (b)] and milling 

method [(c) vs. (d)]. Micrographs taken by Andrew Wieg. 

 

4.3  Thermal conductivity measurement results and discussion 

  The thermal conductivity of all the samples was measured using a 3ω method.  The details of 

measurement have already been introduced in Chapter 1. 

 

4.3.1  Thermal conductivity of Al2O3 samples 

  The thermal conductivity measurements of undoped and chromium-doped alumina are 

presented in Fig. 4-4.  Compared to literature values of polycrystalline Al2O3 as listed in Table 4-1, our 

undoped polycrystalline samples have a relatively low thermal conductivity, which could be caused by 

a smaller grain size given our grain size is only 200- 300 nm as shown in Fig. 4-1.  This can also be 

supported by the comparison with the samples from study of Smith et al.,
52

 whose measurements of 

samples with average grain sizes ranging from 1.5 to 20 µm gave thermal conductivity values higher 

than our samples.  It is interesting to observe that the doped samples have a higher thermal conductivity 

than the undoped one over the whole temperature range, especially at higher temperatures.  A similar 

trend is also present in the measurements of the AlN samples, to be discussed later in Fig. 4-5.  This 

may be caused by grain growth in the doped samples.  Another possible explanation is the electron 

contribution to the thermal conductivity due to the dopant.  Figure 4-4 (as well as the logarithmic plot 

in Fig. 4-8 below) also shows that all the alumina samples exhibit a nearly T
-1

 trend.  This means the 
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thermal conductivity is dominated primarily by umklapp rather than grain boundary scattering and that 

the heat capacity is approaching the constant Dulong-Petit limit in this temperature range. 

 

Figure 4-4. Thermal conductivity of undoped, 0.1 mol% chromium and 0.25 mol% chromium-doped 

alumina samples, compared with literature data.
19, 52

  The data series are labeled as (relative density)%, 

(approximate grain size). 

 

4.3.2  Thermal conductivity of AlN samples 

  The measurements of all seven doped and undoped AlN samples are presented in Fig. 4-5.  

Figure 4-6 shows that the thermal conductivities of these samples basically follow the trend of average 

grain size.  Because boundary scattering is strongest at low temperature, the dependence of k on D is 

more prominent at 80 K.  As shown in Table 4-2, sample 0(H) has the smallest average grain size,  

estimated to be 1.28 µm, which also gives the lowest thermal conductivity, even though there is no 

doping or second phase present in grain interiors and boundaries.  Correspondingly, 0.5TbN(H) and 

0.25TbN(H), which have much larger average grain sizes of 4.32 µm and 4.72 µm as well as clean 

grain boundaries, present the highest thermal conductivity over the whole measured temperature range. 

  Comparing samples 0.25Tb(H) and 0.25TbN(H), though there is the same amount of Tb 

atoms present in both samples, 0.25Tb(H) has a much smaller thermal conductivity.  Given the fact that 

sample 0.25Tb(H) has only a slightly smaller grain size compared with sample 0.25TbN(H) (4.22 µm 
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vs. 4.72 µm, a difference of 11%), the reduction is still well beyond the trend which can be explained 

by grain size alone.  This is also evident in Fig. 4-6 where sample 0.25Tb(H) is a noticeable outlier 

below the trendline for both temperatures.  We believe this further reduction can be explained by Fig. 

4-3(a) and (b), which shows that sample 0.25Tb(H) has more segregation at grain boundaries than 

0.25TbN(H).   

  Similarly, comparing sample 0.5TbN(L) and 0.5TbN(H), we can also conclude that more 

segregation and presence of the second phase (inhomogeneity) can cause a reduction in thermal 

conductivity, which has also been observed by Watari et al.
53

   This analysis is more convincing if we 

put sample 0.25Tb(H) and sample 0.5TbN(H) together for comparison.  These two samples have 

similar grain size: 4.22 µm for 0.25Tb(H) and 4.32 µm for 0.5TbN(H).  Given that 0.5TbN(H) has 

double the amount of Tb
3+

 dopants as 0.25Tb(H), it is reasonable to expect that the additional dopants 

will scatter more phonons thus causing 0.5TbN(H) to have a smaller thermal conductivity.  However, 

Fig. 4-6 shows an unexpectedly high thermal conductivity of 0.5TbN(H) as compared with that of 

0.25Tb(H).  Inspection of Fig. 4-3 confirms that this might be readily explained by the observation that 

samples made with TbN rather than Tb have significantly less segregation at grain boundaries, thus 

causing sample 0.5TbN(H) to have weaker grain boundary scattering than sample 0.25Tb(H). 

  Because the measurement temperature is not high enough, the T
-1

 trend is not reached, which 

can be clearly observed in Fig. 4-7.  Also, temperature is not low enough to see the domination of 

boundary scattering effect.  Thus the measurement temperature range is a mixed regime. 

  In Fig. 4-7, the same experiment results of AlN samples are plotted in comparision with 

several from the literature.  All of the present samples exhibit low thermal conductivity compared to 

single crystal AlN samples measured by Slack
16

 and larger grain (~8 m) samples measured by 

Watari
53

, which is mainly due to the smaller average grain size and partially because of doping.  

However, our AlN samples are still presenting a higher thermal conductivity above 100 K compared 

with traditional PL materials such as YAG and alumina, as shown in Fig. 4-8. 
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Figure 4-5. Thermal conductivity of AlN samples listed in Table 4-2. 

 

 
Figure 4-6. A plot of thermal conductivity vs. average grain size for the AlN samples listed in  

Table 4-2.  Data is shown for two temperatures (310 K and 30 K).  
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  Watari et al. commented that at room temperature, grain boundary scattering is not a key 

effect in reducing the thermal conductivity because their samples had much larger grains.
54

  However, 

in our comparison and characterization, we believe boundary scattering is still an important phonon 

scattering mechanism. 

 

Figure 4-7. A summary plot of thermal conductivity of AlN samples listed in Table 4-2 as compared to 

literature values
16, 53

. 

  

  As shown in Fig. 4-7, Watari et al. measured two samples, one is 8 µm grain size without 

grain boundary phase, the other is 5 µm grain size with a 1 nm thick Al2Y4O9 grain boundary phase.  

The combinined effect of smaller grain size and an Al2Y4O9 grain boundary phase is expected to cause 

more phonon scattering at temperatures below 500 K.  However, this can also be explained by more 

oxygen content in grains according to their study.
53

  The presence of the oxygen impurity reduces the 

thermal conductivity of AlN according to previous studies.
16, 39, 54, 55

  In our study, by introducing the 

doping of TbN instead of Tb
3+

 ions alone, the same amount of stoichiometric quantity of N is 

maintained between AlN and TbN, thus prevent the oxidation of excess Al.  This effect can also 



84 
 

observed in Fig. 4-5 which shows that samples 0.5 TbN(H), 0.25TbN(H), and 0.5TbN(L) all have 

higher thermal conductivity than the 0.25Gd(H) and 0.25Tb(H) samples. 

 

Figure 4-8. A summary plot of thermal conductivity of selected solid-state laser materials: AlN, YAG 

and Al2O3
16, 19, 20, 53, 56

. 

 

  By plotting these laser materials together in Fig. 4-8, we can conclude AlN has excellent 

potential for high power applications because of its high thermal conductivity over all the temperature 

range.  At room temperature and above, Al2O3 is also a good substitute for YAG in effectively 

dissipating heat.  Both of AlN and Al2O3 exhibit better ability to dissipate internal heat than YAG, thus 

they can be potentially used as host material for intensive laser devices and high powder application. 

 

4.3.3  Comparison of heat Dissipation for different laser materials  

  The internal temperature rise in a solid state laser rod is important because it can limit the 

power output of the laser, due to thermal lensing effects and thermal stress effects.
18

  To analyze the 

thermal conductivity effect on heat dissipation inside a laser rod, simulations are made for the internal 

temperature rise in terms of the optical power (internal volumetric heat generation,  ̇ ), the rod 

geometry (radius, R, and length, L) and thermal conductivity, k.   
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From a steady-state one-dimensional heat flow in cylindrical coordinates with a heat source, we have 

   

    
 

 

  

  
 

 ̇

 
  ,    (4-1) 

where r is the radius variable from 0 to R.  Given the boundary conditions: 

           ,     (4-2) 

with heat generated equals heat lost at the surface: 

 ̇           
  

  
       .    (4-3) 

Because the temperature function must be continuous at the center of the cylinder, we can state that 

  

  
         .     (4-4) 

Solve Eq. (4-1): 

  
  ̇  

  
         .    (4-5) 

Using boundary conditions by Eqs. (4-2) and (4-4), we can get: 

    

               
 ̇  

  
.    (4-6) 

Thus we have the temperature difference at radius r from the ambient temperature, 

        
 ̇

  
       .    (4-7) 

At the rod’s centerline, r = 0, we have 

         
 ̇

  
  ,    (4-8) 

which represents the internal temperature difference from rod’s centerline to its surface. 

  Given a fixed sample geometry, we can see that the internal    from surface to core always 

goes like  
 ̇

 
.  Therefore, for a fixed constraint on the maximum allowable ∆T, higher thermal 

conductivity means higher power can be used.  Simulation results are shown in Fig. 4-9 for the selected 

samples.  The higher thermal conductivity of Tb:AlN shown in Fig. 4-9(a) leads to much smaller 

temperature nonuniformities than the state of the art Cr:Al2O3 gain material shown in Fig. 4-9(b).  

Tb:AlN has a much broader operating range (shown here as a blue region) and both Tb:AlN and 

Cr:Al2O3 exhibit better ability to dissipate internal heat than Nd:YAG which is shown in Fig. 4-9(c). 
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Figure 4-9. Simulation of internal temperature difference from rod’s centerline to the surface as a 

function of rod radius and volumetric heat generation rate for samples (a) AlN sample 0.5TbN(H) (k= 

92 W/m·K), (b) Al2O3 sample with 0.1 mol% chromium (k= 26.4 W/m·K), and (c) YAG sample 

Nd:YAG (k= 14 W/m·K) 
50

 at 310 K. 
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4.4  Summary 

  In this chapter, we investigated the thermal conductivity of several ceramics for possible laser 

applications.  CAPAD method is used by coworkers to make our Al2O3 and AlN samples.  Thermal 

conductivity is measured by the standard 3ω method.  Compared to the traditional laser material YAG, 

AlN is superior in its far higher thermal conductivity of 92 W/m·K compared to 14 W/m·K, thus 

dissipating heat efficiently.  We have shown that the thermal conductivity can be enhanced by 

increasing the grain size and improving the homogeneity and reducing the grain boundary segregation.  

It is very encouraging news from a thermal conductivity side.  But the optical performance of the 

polycrystalline AlN remains to be proven, and this is the goal of ongoing research.   
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Chapter 5: Summary and Future Directions 

 

5.1  Summary 

 The major contributions of this thesis are systematical measurement, analysis, and modeling 

of the thermal conductivity of several polycrystalline semiconductors and ceramics, summarized below. 

 Chapter 2 gives a quantitative evaluation of the decoupled contributions of grain size and 

porosity to the thermal conductivity of polycrystalline silicon.  Using the CAPAD method, colleagues 

prepared six undoped polycrystalline silicon samples with average grain sizes ranging from 550 to 20 

nm and porosities from 18% to less than 1%.  The 3ω method is used to measure the thermal 

conductivity at temperatures from 310 to 16 K.  By observing the unexpectedly strong reduction in 

thermal conductivity caused by nanoscale porosity, we emphasize the importance of careful 

characterization of samples’ density.  At low temperatures, we observe a      trend in the 

nanocrystalline silicon samples which cannot be explained by the traditional frequency-independent 

(gray) model.  By assuming the mean free path for grain boundary scattering is inversely proportional 

to the phonon frequency, a frequency-dependent (nongray) model is proposed to interpret the thermal 

conductivity over the whole temperature range and shown to be consistent with asymptotic analysis of 

atomistic simulations from the literature.  In all cases the recommended boundary scattering length is 

smaller than the average grain size, which is useful for modeling and designing integrated devices 

made with polycrystalline materials.  

 Chapter 3 extends the work from polycrystalline silicon to polycrystalline Si0.92Ge0.08 

composites and polycrystalline Mg2Si1-xGex alloys, again made by colleagues using the CAPAD 

method.  By comparing two Si0.92Ge0.08 samples with similar grain sizes, we observe the 

inhomogeneous (composite) polycrystalline Si0.92Ge0.08 has a 50% or more increase in thermal 

conductivity compared to the homogeneous (alloy) polycrystalline Si0.92Ge0.08 sample, which raises the 

importance of characterizing the material homogeneity.  In single phase polycrystalline Mg2Si1-xGex 

alloy samples, we measure thermal conductivity of five samples with x=0, 0.25, 0.5, 0.75, 1, and 

interpret the alloy scattering using the rule of mixtures.  The modeling results match well in overall 
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trend with experiment results and literature values, which gives us a fact that alloy scattering and 

boundary scattering are both important in the measurement temperature range. 

 Chapter 4 interprets the thermal conductivity of the of candidate laser materials laser materials 

polycrystalline Al2O3 and AlN.  By CAPAD method, sufficient rare earth (RE) ions are successfully 

doped into polycrystalline Al2O3 and AlN samples separately made by colleagues, which could be good 

substitute for the current state of the art Nd:YAG laser material.  Although the thermal conductivity of 

the doped polycrystalline Al2O3 and AlN samples is not as high as single crystal Al2O3 and AlN, the 

polycrystalline samples still exhibit much higher thermal conductivity than traditional Nd:YAG, 

making these results promising for high power laser applications. 

 

5.2  Future Directions 

 By understanding the basics of heat transport in materials, we are able to design better 

polycrystalline semiconductors and ceramics with desired thermal conductivity for different 

applications. 

To make a good polycrystalline thermoelectric material, low thermal conductivity is preferred, 

which can be achieved by combining the grain boundary scattering and alloy scattering of phonons.  A 

deeper characterization or study of grain boundary conditions such as composition, roughness, and 

thickness can help to systematically understand the boundary scattering.  On the other hand, porosity is 

also a non-negligible effect on the thermal conductivity reduction, which is much stronger than 

classical Fourier-law based theories.  The pores’ size and distribution need to be further investigated to 

understand their impacts on thermal conductivity.  Alloy scattering is well known to be an effective 

factor in reducing the thermal conductivity.  However, careful characterization of the difference 

between alloys and composites of nominally the same composition needs to be further studied because 

we have observed their different impact on thermal conductivity which cannot be ignored.  Modeling 

work is also necessary to explain the boundary scattering and alloy scattering along with these 



94 
 

characterization details. These works could help to better understand the physics of phonon transport in 

materials and aid the search for good thermoelectric materials with high ZT. 

For laser materials, we are looking for higher thermal conductivity to better dissipate heat in 

high energy and compact devices.  By the colleagues’ CAPAD method, enough RE ions are doped into 

polycrystalline ceramics, which enables the researchers to choose from some host materials with 

intrinsic high thermal conductivity although the optical performance still needs to be studied.  With 

different doping levels, more studies are needed to explain and quantify the dopants’ effect on thermal 

conductivity.  The type of dopant is also non-negligible because of the atomic mass contrast.  

Furthermore, the effect of dopant segregation at grain boundaries reducing thermal conductivity is 

observed in this work and remains interesting for further study.  Because the extent of segregation 

depends on the methods for preparing powders with additives, it raises the importance of carefully 

characterizing the dopants’ spatial distribution to quantify the relationship between segregation and 

thermal conductivity.  
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