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ABSTRACT

Thermal Transport Measurement of Silicon-Germanium Nanowires. (August 2009)
Yunki Gwak, B.S., Korea Military Academy

Chair of Advisory Committee: Dr. Choongho Yu

Thermal properties of one dimensional nanostructures are of interest for
thermoelectric energy conversion. Thermoelectric efficiency is related to non dimensional

thermoelectric figure of merit, ZT =S’0T /k, where S , 0, k and T are Seebeck

coefficient, electrical conductivity, thermal conductivity and the absolute temperature
respectively. These physical properties are interdependent. Therefore, making materials
with high ZT is a very challenging task. However, nanoscale materials can overcome some
of these limitations. When the size of nanomaterials is comparable to wavelength and mean
free path of energy carriers, especially phonons, size effect contributes to the thermal
conductivity reduction without bringing about major changes in the electrical conductivity
and the Seebeck coefficient. Therefore, the figure of merit ZT can be manipulated. For
example, the thermal conductivities of several silicon nanowires were more than two orders
of magnitude lower than that of bulk silicon values due to the enhanced boundary scattering.

Among the nanoscale semiconductor materials, Silicon-Germanium(SiGe) alloy
nanowire is a promising candidate for thermoelectric materials The thermal conductivities
of SiGe core-shell nanowires with core diameters of 96nm, 129nm and 177nm were

measured using a batch fabricated micro device in a temperature range of 40K-450K. SiGe



v

nanowires used in the experiment were synthesized via the Vapour-Liquid-Solid (VLS)
growth method. The thermal conductivity data was compared with thermal conductivity of
Si and Ge nanowires. The data was compared with SiGe alloy thin film, bulk SiGe,
Si/SixGe;x superlattice nanowire, Si/Sip7Geos superlattice thin film and also with the
thermal conductivity of SiypsGeos calculated using the Einstein model. The thermal
conductivities of these SiGe alloy nanowires observed in this work are ~20 times lower
than Si nanowires, ~10 times lower than Ge nanowires, ~3-4 times lower than Si/SiyGej.x
superlattice thin film, Si/SiyGe;x superlattice nanowire and about 3 time lower than bulk
SiGe alloy. The low values of thermal conductivity are majorly due to the effect of alloy
scattering, due to increased boundary scattering as a result of nanoscale diameters, and the
interface diffuse scattering by core-shell effect. The influence of core-shell effect, alloy
scattering and boundary scattering effect in reducing the thermal conductivity of these
nanowires opens up opportunities for tuning thermoelectric properties which can pave way

to thermoelectric materials with high figures of merit in the future.
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CHAPTER I

INTRODUCTION

1.1 Silicon-Germanium nanowires as a thermoelectric material

Thermoelectric research started in nineteen century with Ioffe who proposed that
thermoelectric materials could be used for making durable solid state refrigerators with no
moving parts.' Today, due to increase in energy demand, thermoelectric devices are being
used as energy regeneration system.2 Thermoelectric device is an application of the
Seebeck effect which elucidates that a semiconductor generates voltage difference, when
subject to a temperature gradient. Charge carriers such as electrons and holes in a
semiconductor diffuse under the influence of a temperature gradient.’Conversely, when a
voltage is applied to a semiconductor, there occurs a temperature gradient across it. The
thermoelectric device consists of n-type and p-type semiconductors. As shown in figure 1,
when a temperature gradient is applied across the thermoelectric device, holes in p-type and
electrons in n-type diffuse to the cold side. By utilizing these physical phenomena, we can
directly convert the heat energy to the electricity. When used as a refrigerator, the electrons

in n-type and holes in p-type carrying heat are driven by a voltage difference.

This thesis follows the style of Applied Physics Letters.
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FIG. 1. The Seebeck effect diagram for thermoelectric device.

The efficiency of a thermoelectric device is measured via a non-dimensional

thermoelectric figure of merit ZT .
S’c

k

T = T (1)

where, S is the Seebeck-coefficient, O is the electrical conductivity, k is the thermal
conductivity and T is the absolute temperature. Even though efforts to increase ZT has
been going on for 200 years, the efficiency of commercial thermoelectric cooling device
have only reached to about 10% of Carnot efficiency and the ZT has remained under 1.° In
order to substitute the conventional vapor compression refrigerator, with a thermoelectric
refrigerator of comparable efficiency, the thermoelectric figure of merit should be over 3.
Making high performance thermoelectric materials is challenging because intrinsic

properties of material such as S, O and Kk are correlated. In general, doping method



for increasing semiconductor’s electrical conductivity leads to unexpected thermal
conductivity increase due to electrons and a simultaneous decrease of Seebeck coefficient.
While lattice imperfections due to alloying and defects can reduce the thermal conductivity
because of their ability to effectively scatter phonons. But it also leads electrical
conductivity reduction due to scattering of charge carriers.

But recent studies have found that nanoscale materials no longer follow this
conventional correlation. Hicks et al. claimed that low dimensional materials can have an
enhanced Seebeck coefficient because of different electronic density of state pattern as a
result of quantum confinement effect.*® For example, one dimensional nanomaterials such
as nanowires and nanotubes shows the sharp edges and peaks in their electronic density of
states. In these one dimensional nanomaterials, there occurs a match of the Fermi energy
level with electron density of state’s peak, which contributes to an increase in the Seebeck
coefficient. Moreover, this kind of quantum confinement effect helps to increase the
electrical conductivity by enhanced electron mobility.

Nanomaterials have the advantage of being able to decrease thermal conductivity
without huge changes of other properties. Thermal conductivity reduction is a critical issue
for creating high performance thermoelectric device because lower thermal conductivity
could greatly improve the performance of thermoelectric device. Total thermal conductivity
of solids is composed of electronic thermal conductivity and phonon thermal conductivity.
Phonon thermal conductivity is dominant in semiconductors, while the electronic thermal

conductivity is dominant in metals.



Base on the kinetic theory, the phonon thermal conductivity is

1

k = ECVI (2)

ph
where C is the volumetric heat capacity, V is the group velocity of phonons and | is the
phonon mean free path. The phonon mean free path is a critical factor to determine the
phonon thermal conductivity because at high temperatures, the change of heat capacity and
group velocity of phonons is small. Typically phonon mean free path ranges from Inm to
several hundred nanometers. If the diameter of one dimensional nanostructure is
comparable to phonon mean free path |, the thermal conductivity of nanowire become
lower than that of its bulk counterpart due to the boundary scattering. Thermal transport in
one dimensional semiconductor has been studied extensively over the last decade both

theoretically and experimentally.” '
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FIG. 2. Thermal conductivity of single crystalline pure silicon nanowires with

different diameters''.



Figure 2 shows experiment results for the thermal conductivity of silicon
nanowires with different diameters,“ It is observed that the measured thermal
conductivities of silicon nanowires are two times smaller than that of bulk silicon.
Additionally, it clearly shows that the thermal conductivity is dependent on nanowire
diameter. As the wire diameter decreases, the corresponding thermal conductivity also
decreases. This clearly indicates the influence of phonon-boundary scattering on the
thermal conductivity of silicon nanowires. For example, the phonon mean free path of bulk
silicon is about 300nm at room temperature. When nanowire diameter becomes comparable
to the mean free path, there is boundary scattering and the mean free path gets reduced.
Furthermore, rough surface Si nanowires with same Seebeck coefficient have shown about
100 fold decreases in the thermal conductivity as compared to bulk Si, yielding a ZT=0.6."
Since Si nanowires have exhibited lower thermal conductivities than their bulk counterparts
Recently by varying wire diameter and doping levels of Si nanowires, a ZT = 1 was
obtained even at a low temperature of 200K."

Among thermoelectric semiconductors, SiGe is one of the most important
thermoelectric materials because it has shown relatively high thermoelectric efficiency at
high temperatures compared to other semiconductors.'* Thermal conductivity of bulk SiGe
alloy is much smaller than that of pure Germanium and the pure Silicon."” SiGe based
devices are being widely used for spacecraft and space station applications due to their
excellent chemical and mechanical stability.'*'*'®
Work has been already done to find the thermal conductivity of SiGe based materials

to make high performance thermoelectric materials. Single crystal n-type bulk SipsGe 2



modeling has shown ZT = 1.3 at a temperature of 1300K and an optimum carrier
concentration.”” Recently nanostructured p-type and n-type bulk SiGe have shown ZT as
high as 0.95 and 1.3 respectively at 900°C.***' SiGe alloy thin films have shown thermal
conductivities comparable to bulk SiGe alloy, whereas Si-Ge superlattices have shown
lower thermal conductivities compared to bulk SiGe.” In Si/SiGe alloy superlattice, the
effect of interfacial acoustic impedance mismatch on thermal conductivity has been
proposed to be more dominant than in SiGe alloy/ SiGe alloy superlattice, where alloy
scattering is the dominant factor than interfacial acoustic impedance to determine thermal
conductivity.” SiGe nanowires are also expected to give low thermal conductivities. In this
work, we report thermal conductivities of SiGe alloy nanowires, which is the first

measurement to the best of our knowledge.

1.2 Thermal conductivity measurement for one dimensional nanomaterials

The thermal conductivity of two dimensional thin film and superlattice is measured
by using 3 @ method. ***° This measurement method is insensitive to error from back-body
radiation. Black-body radiation is heat radiation from surface of a sample to environment
when heat is conducted through the sample. It is especially a critical error for amorphous

materials and low thermal conductivity materials. The 3 @ method is a utilization of a

frequency change depending on temperature. When sinusoidal current source (i, sin(a@t) ) is

applied on the sample, a temperature increase due to Joule heat. Then the electrical

resistance R can be modulated at the frequency (2@) corresponding to temperature change.



The voltage drops through the sample, Vv =i,sin(@t)R. It is involving a 3 @ component. The

thermal conductivity of sample can be converted by using well-defined correlation between

v

3w

and the thermal conductivity. This method does not require the accurate steady state of

temperature during the measurement. But 3@ method is not suitable for one dimensional
nanomaterials such as nanowire and nanotube due to its small size and its dimension. So,
the thermal conductivity of SiGe nanowires was measured using batch fabricated micro-

device.



CHAPTER II
THERMAL CONDUCTIVITY MEASUREMENT FOR

ONE DIMENSIONAL NANOMATERIALS

2.1 Batch-fabricated micro-device for thermal conductivity measurement
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FIG. 3. Scanning electron image of batch fabricated micro-device for thermal

conductivity measurement.

Figure 3 shows a scanning electron micrograph image of batch fabricated micro-

device which is used for thermal conductivity measurement of one dimensional



nanomaterials. This device has two adjacent suspended 21.5umx21.5um silicon-

nitride(SiNy) membranes in the middle, separated by a 2um space for thermal isolation.

Each membrane has six 0.5um thick, 400um long and 2xm wide silicon nitride legs to
suspend the membrane and for electrical connection. The platinum resistance thermometer
(PRT) coils are patterned in the middle of each membrane. This PRT is intended to measure

the temperature of each membrane and also to generate Joule heating by the passage of

electricity. Those PRTs are connected to 400um x 400xm platinum bonding pads which
are used for making electrical connection to the chip-carrier. There is a hole in the middle
of the micro-device to facilitate transmission electron microscopy (TEM) analysis.
Basically, TEM analysis is done to measure the diameter of SiGe nanowires accurately and

to determine crystal structure of the nanowires.

2.2 Sample preparation of SiGe nanowire

The SiGe nanowires were synthesized via the vapor-liquid-solid(VLS) growth

mechanism.”’** A 1-nm-thick Ni film was thermally evaporated on a hydrogen-terminated

n-Si(111) substrate under a base pressure of 1x10° Torr. After ultrasonic cleaning in acetone,

samples with size of 1x1 cm” were placed into a quartz tube reactor in which a H, gas (10%
in Ar) was flowed for 30 min at 400 °C so as to remove the oxygen molecules remained
inside the tube. The optimal temperature range for nanowire growth was 950-1000 °C, and

the ramping rate was ~20 °C/min. During the ramping, ultrathin Ni film was alloyed with
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Si to form nanosized NiSix agglomerates. These nanosize alloy particles could act as
metallic catalyst for the vapor-liquid-solid nanowire growth. For nickel-catalyzed growth of
SiyGe;.x nanowires, source gases, SiCly and GeCly, with a H; carrier gas (~10 sccm) were
flowed into the reactor from the bubblers containing SiCly and GeCly liquids. The quartz
bubbler was kept at 0 °C. Figure 4 shows a SEM image of SiGe nanowires on silicon

substrate.

0k SE(U) ' "1 00um

FIG. 4. SEM image of SiGe nanowires on silicon substrate.

Single SiGe nanowire can be placed between the two suspended membranes by
using solution drop-dry method.” First of all, put the silicon substrate with SiGe nanowires
into an empty bottle, then pour Isopropanol as a solvent and after that, ultrasonicate it in
order to detach SiGe nanowires from silicon substrate. This step should be done for only

tens of seconds, otherwise brittle SiGe nanowires may be damaged by the ultrasound.
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Subsequently, one drop of ultrasonicated solution is dropped on the micro-device. Single
nanowire often gets bridged between the two membranes after the solution completely dries
out.

Figure 5 shows a SiGe nanowire which was successfully bridged between the two

membranes.

FIG. 5. SEM image of SiGe nanowire which was successfully bridged between the two

membranes. Low thermal contact resistance is achieved using FIB(focused ion beam).

The outer native Silicon dioxide layer on SiGe nanowire prevents proper thermal
contact between the nanowire and platinum electrode.*® FIB(Focused Ion beam) is used to
rectify this problem. The highly energetic Gallium ion beam of the FIB break through the
native oxide layer and allow the platinum to be directly deposited on the exposed core of
the nanowire.

Finally the micro-device with SiGe nanowire was placed on a chip-carrier using
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silver paint which enables better thermal contact between the micro-device and the chip-
carrier. Electrical connection between them is made using Kulicke & Softa Ltd. 4500 Series
Manual Wire/Wedge Bonder. For thermal conductivity measurement, the chip-carrier was

placed into a closed cryogenic refrigerator system. (Advanced Research System DE-204).

2.3 Experimental setup

Figure 6 shows a schematic diagram of the experimental setup for thermal
conductivity measurement of nanowires. The chip-carrier with micro-device was attached

to the cold finger of the cryostat. To minimize conduction and convention due to air, the

vacuum level of cryostat was brought below 1x 107 torr. The compressor cools down the

cold head by using the Gifford-McMahon refrigeration cycle. The cold head was connected
to the compressor though two gas lines. One of the gas lines supplies high pressure helium
gas to the cold head, while the other gas line returns low pressure helium gas from the cold
head. This pressure difference creates a temperature drop in the cold head. The cold finger
should be isolated from the vibrations of the cold head in order to reduce noise, because
nanoscale measurements are very sensitive. Helium gas is supplied, which acts as a
medium of heat transfer between the cold head and the cold finger. Steady state temperature
at the cold finger is achieved by a resistance heater which heats up the cold finger. To
obtain temperature information from each membrane, two SR830 lock-in amplifiers were
connected to each membrane. In our thermal conductivity measurement, the temperature

range of measurement is 40K to 450K.
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FIG. 6. Schematic diagram of the experimental setup for thermal conductivity

measurement of nanowires.
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FIG. 7. Schematic diagram showing details of connections between micro-device and

measurement instruments.

Figure 7 shows details of connections between micro-device and measurement

instruments. DC(Direct Current) was supplied from a DAQ(Data Acquisition) board (Ch-
outl—4) for heating PRTs. It gives rise to Joule heating in the heating membrane and some

part of this joule heat energy conducts through the nanowire to the other membrane
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designated as sensing membrane. Simultaneously, AC(Alternating Current) from lock in
amplifier was passed through each PRT line(1—4,5—8) for four probe measurement. Two

lock-in amplifiers detect the voltage difference in the PRT line of the heating membrane
between terminals 2 and 3 and in the PRT line of the sensing membrane between 6 and 7.
The lock-in amplifiers also measure the electric current flowing through the PRT line from
1 to 4 in the heating membrane and the electric current flowing through the PRT line from 5

to 8 in the sensing membrane.

2.4 Thermal conductivity measurement method

| [l

FIG. 8. Schematic diagram of thermal resistance circuit for thermal conductivity

measurement.
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The heating membrane and the sensing membrane have a PRT with resistance R,

and R respectively. The PRT on each membrane is connected to the platinum contact pad

through six Pt(Platinum) legs. Four Pt legs of each membrane allow four probe resistance

measurement in order to calculate the temperature while the other two Pt legs are intended

to measure the electrical conductivity. Each Pt leg’s resistance is R, which is about half of

R, . When DC current flows through the PRT, a Joule heat Q, = |2RH is generated in the

heating membrane. At the same time, a combined heat of 2Q =2I°R is generated in the
two Pt legs which supply DC current to the heating PRT. This joule heat energy raises the
temperature of the heating membrane to a uniform value of T, . The chip carrier is at an
environmental temperature of T,. The long narrow legs transfer heat between the chip

carrier and the membranes which have low thermal resistance. So, initially before Joule

heating, the heating membrane and the sensing membrane are at a uniform temperature

T, . Therefore, the temperature excursion on heating membrane should be AT, =T, —T,.
A small amount of the heat, Q, conducted through the nanowire from the heating
membrane to the sensing membrane contributes to temperature rise, T, on the sensing

membrane. Then the temperature excursion on the sensing membrane is AT, =T, —T,.

After the heat conduction through the nanowire, the residual heat energy on heating

membrane will beQ, =Q, +2Q, —Q,. The air conduction and radiation from the two
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membranes are negligible since the experiment is done at high vacuum and also because the

temperature excursion AT, is small as compared to Q,. This is discussed in section 2.6 —

‘Errors in thermal conductivity measurement’. Heat conduction to the environment takes

place through the twelve legs supporting the two membranes. The residual Q, is

conducted to the environment through the six legs on the heating membrane while Q, is
eventually conducted to environment through the six legs supporting the sensing membrane.
These twelve legs are initially designed to be identical. Thus the total thermal conductance

of the six legs on each membrane can be simplified as G, =6k A /L, where K, is the

thermal conductivity of leg, A 1is the cross sectional area of leg and L, is the length of
leg.

Q, can be derived from the thermal resistance circuit shown in figure 8.

QZ :GI (Ts _TO) :Gn(Th _Ts) (3)
where G, is the thermal conductance of the nanowire, which consists of the intrinsic

thermal resistance of nanowire and the thermal contact resistances between nanowire and Pt

contact pads on each membrane.
1 1 1
G =—=(—+—)" 4
L )

n 1

where G, =k A /L, is the intrinsic thermal conductance of the nanowire, k,, A and L,

are thermal conductivity, cross-sectional area of nanowire and length of part of the

nanowire between two inner FIB spots respectively. G, is the contact thermal conductance
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between nanowire and Pt contact pads on each membrane. When temperature excursion

AT, on heating membrane is very small, G, and G, can be assumed to be constant.

The heat conduction through the twelve legs is one dimensional. Temperature

distributions of the twelve legs are solved as follows. When DC voltage is applied to the

heating membrane, uniform Joule heat Q, is generated in each of the two legs. These two

legs show a parabolic temperature distribution because the joule heating is proportional to
current square. While the other ten legs devoid of Joule heating show a linear temperature

distribution. Hence the heat conduction to the environment through the two Joule-heated

Q

G . .
legs can be represented as Q, , = 2(?' AT, + 5 ), while heat conduction through the other

legs on the heating membrane can be given by Q, , = 4%ATh .The heat conduction to the

environment through the six legs on the sensing membrane can be given by Q,, = 6%ATs .

Therefore, the energy conservation equation for micro-device is
Qu +Q1,4 +Qs,6 =Q,+2Q (5)

Finally we can derive G, and G, as a function of AT,, AT, , Q,and Q

+
| — Qh Q| (6)
(AT, +AT))
And from Eq. (3)
G, =G, _A% (7)
AT, — AT,

here Q, and Q, can be calculated from the DC current and voltage drops across the

heating PRT and Pt legs.
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The temperature of each membrane can be obtained by converting the measured
resistance of each PRT into corresponding temperature by using TCR(Temperature
Coefficient of Resistance) = ((dR/dT)/R) of Pt. The resistance versus temperature plot for

Pt is shown in figure 9. Pt has the advantage of having a linear resistance temperature

relationship over a wide temperature range. The electrical resistance R,on the sensing

membrane is measured using an SR830 lock-in amplifier with a 199 Hz sinusoidal
excitation current. The temperature rise of sensing membrane is dependent on DC current [
of the heating PRT.

AR,(D) .
dR, (I =0)
dT

AT, (1) = AR (1)=R,(1)-R,(l =0) )]

In order to measure temperature rise on the heating membrane, sinusoidal current

I,. with frequency 255Hz was coupled to the much larger DC heating current I. An SR830

ac

lock-in amplifier is used to catch the first harmonic component (V) of the voltage drop
across the heating PRT, which yields a resistance R, =v,, /i, . This resistance is used to

calculate the temperature rise in the heating membrane. The temperature excursion on

heating membrane is given by

__ARy(D)
ATh(l)_m ©)

dT
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2.5 Sensitivity of thermal conductivity measurement

The sensitivity of thermal conductivity measurement is closely related to the
minimum or noise-equivalent of sample thermal conductance. The noise equivalent sample
thermal conductance can be found from the noise equivalent temperature rise. From Eq. (7),

we can derive the noise equivalent sample thermal conductance as

TNE

Gy,.~G ———— 10
NE,n | A-I-h —ATS ( )

T s closely related with the noise equivalent resistance R in the sensing membrane

measurement.
Rue /R
=—T=_3 11
NE =TT CR (11
When lock-in amplifier is used to measure the resistance,
R _0v, 30 12
R v

S

where ov and oi are the noise in the AC voltage measurement and noise in the current
source associated with that voltage, respectively. At room temperature, oV is determined

by the Johnson noise. This is random variation voltage caused due to thermal agitation of
charge carriers in a resistor. OV=,/4k;TRAf =~ 4.3(nV) for a noise bandwidth of

Af ~0.3Hz which is the typical frequency fluctuation of lock-in amplifier. Typically the

voltage sensitivity of our measurement is setas v=5x10""V.

9
Therefore, N _ % =8.6x107"
v 5x10

The current from the source is given by i=Vout/ R, where V,, is a sinusoidal
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199Hz output voltage form the lock-in amplifier . R is a 10.577(M Q) , 25ppm/K
precision resistor that is coupled to the sinusoidal voltage output of the lock-in amplifier.

This AC output voltage is automatically converted to a constant AC current source by using
Labview program.
Therefore,

oi,, ov,, OR

Olye _ OV | OR 13
iac VOUt R ( )
The noise level from AC voltage output of lock-in amplifier (OV,, /V,,) is about 4x107°.

The resistance fluctuation OR/R of the 10.577MQ precision resistance is about

2x10™° for a 0.2K fluctuation of room temperature. So, Ol /i, 4.2x10™. Therefore,

noise in the current source is dominant. So, we can estimate Rz /R, ~4.2x107
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FIG. 9. The resistance(Rs(I=0)) of the PRT as a function of temperature.
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Figure 9 shows R,(I=0) as a function temperature measured from 40K to 450K. It
shows almost a linear relationship for the entire range of temperature. The average value of

TCR measured for the PRTs is about1.3><10_3 (1/ K). In general, TCR for Pt is of the order

of 3.7><10_3(1/ K). The difference can be attributed to the deposition conditions during

micro-fabrication of the micro-device.

From Eq. (11), the noise equivalent of temperature is approximately Tz =32mMK

The thermal conductance of six legs, G\ is about 87.167x107° (W/mK). Thus, from Eq.

(10), the sample noise equivalent thermal conductance, GNE’n at 300K is 5.5623x107"

WI/K for the temperature excursion AT, —AT, =5K' shown in figure 10.
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(a) Temperature variation of heating membrane at 300K

FIG. 10. Temperature variation on each membrane for SiGe nanowire 3 at 300K.
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FIG. 10. Continued

2.6 Errors in thermal conductivity measurement

One of the measurement errors occurs by air conduction and membrane radiation in

cryostat system. The air conductance can be written as Gy, =K A,/ D, where k,, is the

thermal conductivity of air molecules in the cryostat, Aeq is equivalent surface area of the
membrane and D is the distance between two membranes respectively. According to the

kinetic theory, thermal conductivity of air is

Kyr =—— (14)

where C, v , . are the volumetric heat capacity, average velocity of air molecules and

air
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the mean free path of air molecule respectively.

The mean free path of an air molecule can be written as

- (15)

air 7Z_d2n

where d is average diameter of air molecule and n is the number of molecules per unit

volume. Typically diameter of air molecule is roughly 4x107'°m. From ideal gas equation,

PV =Nk.T, n=——, (n:ﬂj (16)
KT v

where P is the pressure, V is the volume, Kgis the Boltzmann’s constant and T is

absolute temperature respectively. The vacuum level of the cryostat system used is
10 torr = 0.1333(Pa). Therefore, the mean free path of air molecule in the cryostat at room
temperature is approximately 6.179cm, which is much larger than distance between two

membranes. When the air conduction is overestimated, air conduction is

B Cv,%q

Gair
3

(17)
Normally the volumetric heat capacity of air molecules at room temperature in high
vacuum condition is approximately1.566x107 (kJ/m’-K). The average velocity of air
molecules can be derived based on Maxwell-Boltzmann distribution. It is

Ve I8k T (18)
zzm

PV =%RT = Nk,T (18.1)

[8RT
V= —— 18.2
Y (18.2)

where K is the Boltzmann’s constant, T is the absolute temperature, m is the mass of air
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molecule and R is ideal gas constant. The molecular weight of air is roughly estimated as
0.029(kg/mole). So, the average velocity of gas molecule becomes 467.99(m/s). Therefore,

the thermal conductivity of air in the cryostat at room temperature is approximately

4.887x107"°(W /mK) from E.q. (14) and air conduction is about 1.129x10™°(W /K)

from E.q. (17). It is much lower than the measurement sensitivity, 5.547x107"°(W /K) _

Another source of the measurement error could be radiation from the membrane.

The radiation thermal conductance can be estimated by using the following equation.

Gagiaion = (T, + T[T +THFA (19)

radiation

where F, and A are the view factor between the two adjacent membrane and the

Vv
effective radiation surface area of one membrane . It can be shown that FVAz12,um2,

Thus the radiation heat conductance is Gy, = 7%10" (W /K) at T=300K. This value

is also below the measurement sensitivity. Therefore the error caused due to air conduction
and radiation can be ignored.

A major error source in the measurement could be the thermal contact resistance.
R. :Gc_l_ As discussed in the previous chapter, one of options to decrease thermal contact

resistance is FIB which deposits metal on junction between nanowire and Pt contact pad.

However, when the nanowire diameter is small enough, FIB is not needed. The total

thermal conductance of the sample is G, I(GC_1 +G-,_l )_1. If the diameter of nanowire is

small enough, intrinsic thermal conductance, G, become dominant. This is because the
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contact area between nanowire and contact pad is proportional to the diameter of the
nanowire, while the thermal conductance of intrinsic nanowire is proportional to the square

of its diameter.
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CHAPTER III
THERMAL CONDUCTIVITY OF SILICON-GERMANIUM
ALLOY NANOWIRES
3.1 Result of experiment and discussion
After the thermal conductivity measurement, the SiGe nanowire was taken out from
the cryostat system for TEM(Transmission Electron Microscope) analysis. This TEM
analysis is done to measure the diameter of SiGe nanowires accurately and to determine

crystal structure of the nanowires.

Figure 11 shows TEM images of SiGe alloy nanowires that were measured.

FIG. 11. (a) TEM image of 132nm Siy.44Geg 56 core-shell nanowire with 18nm SiO;
shell, (b) 133nm Si43Ge(.57 core-shell nanowire with 12nm SiO; shell and (¢) 181nm
Sip51Gep.49 core-shell nanowire with 2nm SiO; shell. First scale bar is 50nm and others
are 200nm each.
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Table. 1. gives details about the length, diameter, area and silicon dioxide layer
thickness of measured SiGe nanowires. The dimensions of nanowires were measured using
a SEM(Scanning Electron Microscope) and a TEM. Note that SiGe NW1 and SiGe NW2

have very thick Silicon dioxide shells, but SiGe NW3 has a very thin SiO; shell.

Table. 1. Length, diameter, area and SiO; layer thickness of the SiGe nanowires.

SiO, layer
Length(SEM) | Diameter(TEM) | Cross-sectional Area
2 thickness(TEM)
(jum) (nm) (nm )
(nm)
SiGe NW1 4.000 132 13684.78 18
SiGe NW2 3.334 133 13892.90 12
SiGe NW3 4.260 181 25730.43 2

The atomic ratios of Si and Ge were obtained using the energy dispersive
spectroscopy(EDS) analysis, which is listed in Table. 2. The EDS analysis was done three
times and an average value was taken. The atomic ratio for SiGe NW1 is 44.06% silicon
and 55.94% germanium and for SiGe NW2, it is 42.82% silicon and 57.18% germanium.
But this EDS analysis has a small error for the atomic ratio of Si to Ge in SiGe core
nanowire part, because the electron beam used for the EDS analysis penetrates not only a
portion of SiGe core but also a portion of the SiO; shell. The real silicon concentration for
core SiGe NW1 and SiGe NW2 should be different from the EDS value due to the error

introduced by the additional silicon concentration from the SiO2 shell. So the ratio of Si to
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Ge in the core parts of NW1 and NW2 are less than 0.44:0.56 and 0.43:0.57 respectively.
While the atomic ration for SiGe NW3 is 51.42% silicon and 48.58% germanium and its
silicon concentration for core part is not significantly different from the EDS value due to

its thin SiO; shell. The atomic ratio of Si to Ge in the core part NW3 is almost 1:1.

Table. 2. Atomic ratio of Si and Ge for the nanowries found using EDS system.

Atomic ratio(%)
Silicon Germanium
SiGe NW1 44.06 55.94
SiGe NW2 42.82 57.18
SiGe NW3 51.42 48.58

The high magnification image and diffraction image of SiGe NW1 are shown in
figure 12. The diffraction pattern shows an ordered single crystalline core SiGe nanowire,
with an amorphous SiO; shell. It has a smooth surface and its growth direction was found to
be along <220>. SiGe NW2 and SiGe NW3 also exhibit the same pattern of crystal

structure, surface roughness and growth direction.
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FIG. 12. High magnification image and diffraction pattern of SiGe NW1. Its growth
direction is <220> and it is an ordered single crystalline SiGe nanowire, with18nm
SiO; amorphous shell. Scale bar is 50 nm.

SiGe NW2 was broken at 200K during the thermal conductivity measurement due to
electrical static shock shown in figure 13. So thermal conductivity data below 200K is

absent.

FIG. 13. The broken SiGe NW3 due to electrical static shock. Scale bar is Spm.
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The thermal conductivities of SiGe NW1 core and SiGe NW2 core are calculated

by considering core and shell as two parallel thermal resistors.

) [ L

| i _W—

L
A A, 4 1 1 1
O Q@ » R R R

FIG. 14. Schematic representing thermal conductivity calculation for the SiGe

nanowire.

If q,is the heat flow through the SiGe core and @, is the heat flow through the SiO,

shell, then the total heat flow through the core-shell nanowire is given by

O = (KA, +K,A)/L)AT . Here k. ,k,, A, A, L and AT are the core thermal

conductivity, shell thermal conductivity, core cross-sectional area, shell cross-sectional area,
length of the nanowire and the temperature gradient across the nanowire respectively. Thus,

the thermal conductivity of core SiGe nanowire is given by

kc — ktA\;ksAs (20)

c

where k,and A are the total thermal conductivity and the total cross-sectional area of the
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nanowire respectively. The thermal conductivity of shell taken for the calculation, is that of
a 0.991m thick amorphous silicon dioxide layer thermally grown on Si(001).>' The parallel
resistance analogy is not used for the case of SiGe NW3 as the shell thickness in this case is
relatively very small. The thermal conductivity is calculated by treating NW3 as a single
thermal resistor. Although, when the shell and core are treated as parallel resistors for NW3,
the thermal conductivity value differs only by about 3%.

Figure 15 shows the results of experiments for the three core SiGe nanowires with
diameters of 96nm, 109nm and 177nm. For reference, experimental data for thermal
conductivity of 115nm diameter Si nanowire'', thermal conductivity simulation result of a
115nm Ge nanowire32, thermal conductivity of a 30nm period Si/Sig7Gey 3 superlattice thin
film*and thermal conductivity of an 83nm diameter single crystalline Si/SixGex

superlattice nanowire’ were plotted.
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FIG. 15. Experimental thermal conductivity results of the three core SiGe nanowires
with core diameters of 96nm, 109nm and 177nm. For reference, experimental data for
thermal conductivity of 115nm diameter Si nanowire'!, thermal conductivity
simulation result of a 115nm Ge nanowire®, thermal conductivity of a 30nm period
Si/Sip7Gey 3 superlattice thin film*>and thermal conductivity of an 83nm diameter

single crystalline Si/Si\Ge;.x superlattice nanowire’ are plotted.
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All SiGe NWs have thermal conductivities which are 20 times lower than that of
115nm pure silicon nanowire'' and 10 times lower than that of pure gemanium nanowire”.
Alloy scattering is a powerful scattering mechanism and it is a dominant in the SiGe
nanowires as compared to Si and Ge nanowires where it is absent. The alloy scattering is
the result of atomic mass difference between the Si and Ge and the change of spring
constant representing the bonding between atoms in SiGe. This alloy scattering effect
smoothens out the peak in the thermal conductivity curve of the SiGe nanowires which is
found in Si and Ge at around 100K and 80 K respectively. This is due to the fact that alloy
scattering is more dominant than phonon-phonon Umklapp scattering.” The phonon-phonon
Umklapp scattering sets in at 180K for Si and 101K for Ge.** Using linear approximation of
the ‘Umklapp scattering set-in’ temperature, Umklapp scattering is supposed to occur at
140K for the SiGe nanowires. A possible explanation for the shape of the curves is as
follows. Before the Umklapp scattering comes into play, that is before 140K the boundary
scattering is dominant and the thermal conductivity increases with temperature. After 140K,
the phonon frequencies are higher and the dominant alloy scattering comes into play along
with the less dominant phonon-phonon Umklapp scattering.” But, at higher temperatures,
the boundary scattering effect gets relaxed and the balancing act between the increase of
alloy scattering and decrease of boundary scattering keeps the curve almost constant at high

temperatures.

The thermal conductivity of silicon nanowires shows a strong diameter

dependence.'’ But in our study, the thermal conductivity of Si,Ge,,, nanowire with

diameter of 177nm was lower than that of Si, ,;Ge, ;; nanowire with 109nm, even though its
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diameter is larger. Here Si,, Ge,, is almost equal amount of Si and Ge in the alloy, which

leads the maximum imperfections and maximum alloy scattering. This phenomena is

observed in undoped bulk SiGe as shown by J. P. Dismukes et al.'” Alloy scattering is more

prominent than boundary scattering which depends on diameter. Therefore Si,;Ge,,,

shows lower thermal conductivity than Si,,,Ge,5;, .

Furthermore, the average thermal conductivity of the SiGe nanowires is 3~4 times
lower than that of Si/Sip7Geo s superlattice thin film and the 83nm Si/SiyGe; superlattice
nanowire. The superlattice nanowire has shown lower thermal conductivity than the
superlattice thin film. It has been suggested that the effect of boundary scattering should be
taken into account apart from the effect of alloy scattering and acoustic impedance
mismatch to explain this phenomena.’ SiGe nanowires have alloy scattering which is more
dominant than the interfacial phonon scattering. Alloy scattering takes place only the
SixGe;x part and not in the Si part of the superlattice nanowire. In the superlattice nanowire
whose thermal conductivity is shown in figure 15, x is 0.9 to 0.95. The nanowire samples
measured are composed almost entirely of SiyGe;xand x is 0.4 to 0.5 which means more
powerful alloys scattering is present in these nanowires. Hence, even though the diameter
of Si/SiyGe;x nanowire is smaller than the diameter of the SiGe nanowire samples
measured, the thermal conductivity of SiGe nanowires is lower than that of the Si/Si,Ge «
superlattice nanowire due to dominance of alloy scattering over other phonon scattering

mechanisms.
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FIG. 16. Experimental thermal conductivity results of the three core SiGe nanowires
with core diameters of 96nm, 109nm and 177nm. For reference, experimental data for
thermal conductivity of bulk Siyp4Geos and bulk Sio,sGeo,s17 and minimum thermal

conductivity of SiysGeos using Einstein thermal conductivity model are also shown.
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Although alloy scattering is a major factor, the phonon boundary scattering is also
important to explain nanoscale thermal transport, especially at low temperature. The long
wavelength phonons at low temperatures are easily scattered by enhanced phonon-
boundary scattering and this reduces the thermal conductivity of SiGe nanowires as
compared to the thermal conductivity of corresponding bulk SiGe alloy shown in figure 16.
Thermal conductivities of all SiGe nanowires measured on an average are ~3 times less
than the experimental thermal conductivity data at 300K for SiysGeos and Sig4Gegs ' as
shown in figure 16. This can be attributed to enhanced phonon boundary scattering due to
the low dimension of the nanowire samples. Moreover, the thermal conductivity of 96nm
SiGe NWI1 is two times lower than that of 109nm SiGe NW2, which has almost same
atomic ratio as the SiGe NW1. This can be partly attributed to the nanowire core diameter
difference of SiGe NW1 and SiGe NW2 which leads to different degrees of phonon
boundary scattering in the two nanowires. This trend has been observed in Si nanowires
which show thermal conductivity reduction with reduction of nanowire diameter due to
boundary scattering.'' Another reason might be the diffuse interface scattering at the SiO,

shell interface.

T QfSTg1 )
Iy f(—rﬂ?)\ f(Tp?)

iy Zf(Tel) Ty f(Tez) f(Te1)

/

FIG. 17. Transmission and reflection of phonons at an interface®.
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Figure 17 shows diffuse interface scattering at the interface between core and shell.

Here T, represents the temperature of the phonons coming toward the interface and
f(T,) is the Bose-Einstein distribution for phonons atT, . 7, is the phonon

transmissitivity from medium 1 into medium 2 and r,, is the phonon reflectivity. When

heat conduction is perpendicular to an interface, phonons can be reflected or transmitted at
the interface. It implies that energy transfer by heat carriers like phonons can be reduced by
introducing an interface. The thermal conductivities of SiGe NW1 and SiGe NW2 should
be smaller than that of same diameter SiGe nanowire without shell. This diffuse interface
scattering of the short wavelength phonons can not only reduce the phonon mean free path
but can also destroy the coherence of the phonons.*

For the reference, the thermal conductivity of SiGe alloy with 50% Silicon and 50%
Germanium was calculated using the Einstein model and is shown by the solid lines in
figure 16. The Einstein model assumes the atomic vibrations to be localized damped

oscillators instead of waves. Every atom is considered to be a harmonic oscillator with each
of them having the same frequency. The thermal conductivity K. is given by

L
__szn/é x’e’

k
zh  C(e*=1)

2

E

Kg,n,%, O.and xare the Boltzmann constant, number of density oscillators, the reduced

Planck’s constant times, Einstein temperature and 6. /T respectively, where T is the

temperature.”” This model gives the minimum thermal conductivity of solids as compared
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to the other existing thermal conductivity models. The parameters in the model like the
Einstein temperature and the number density of oscillators for Si and Ge were found
separately. These parameters were linearly interpolated for SipsGeps. The thermal
conductivity was calculated for Si, Ge and SiGe using the Einstein model.’”*’

The thermal conductivity of SiGe NW1 is comparable to the minimum possible

conductivity as given by the Einstein model. The phonon mean free path can be derived

using the Matthiessen’s rule.

— = + +

| | (22)

defect interface boundary

Where | I and | are the phonon mean free path of phonon-defect scattering,

defect > “interface boundary

the mean free path of phonon-interface diffuse scattering and the mean free path of phonon-
boundary scattering respectively. As mentioned, for SiGe NWI, these three scattering

mechanisms are prevalent and contribute to the very low thermal conductivity.
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CHAPTER IV

CONCLUSION

This thesis describes thermal conductivity measurement method for one dimensional
nanomaterials and thermal transport characterization of individual SiGe nanowires. Batch-
fabricated micro-device was used for thermal conductivity measurement. SiGe nanowires
were synthesized based on vapor-liquid-solid mechanism. The diffraction pattern shows an
ordered single crystalline core SiGe nanowire, with an amorphous SiO; shell. It has a
smooth surface and its growth direction was found to be along <220>. The outer native
Si0, layer on SiGe nanowire prevents proper thermal contact between the nanowire and
platinum electrode. So, FIB(Focused Ion beam) is used to rectify this problem. The highly
energetic Gallium ion beam of the FIB break through the native oxide layer and allow the

platinum to be directly deposited on the exposed core of the nanowire.

Thermal conductivity measurement is carried out using a cryostat system within a
temperature range of 40K to 450K. The sensitivity in the thermal conductivity measurement

is estimated to be of the order of 107" W/K at 300 K. Errors due to micro-device radiation

and residual air conduction at room temperature are G, =7x107" (W /K)

G,, =1.129x10"°(W /K) respectively. The small error values confirm the reliability of

the measurement.
Three different SiGe nanowires with different diameters, different SiO, shell

thicknesses and different constituent atomic ratios were measured. In order to find the
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thermal conductivity of Si;xGey cores in this study, the core and the shell were considered
as two parallel thermal resistors.

SiGe NWs have thermal conductivities which are lower than that of pure silicon and
germanium nanowire. Alloy scattering is a powerful scattering mechanism in the SiGe
nanowires as compared to the case in Si and Ge nanowires. This alloy scattering is more
dominant than phonon-phonon Umklapp scattering and phonon-boundary scattering.
Although alloy scattering is a major factor, the phonon boundary scattering is also
important to explain nanoscale thermal transport, especially at low temperature. This
reduces the thermal conductivity of SiGe nanowires as compared to the thermal
conductivity of corresponding bulk SiGe alloy due to enhanced phonon boundary scattering
For the reference, The thermal conductivity of SiGe alloy with 50% Silicon and 50%
Germanium was calculated using the Einstein model. For the nanowires, alloy, boundary
and diffuse interface scattering mechanisms are prevalent and contribute to them having
very low thermal conductivities.

These are the first SiGe nanowires thermal conductivity measurements to the best of
our knowledge. These experimental data can be used as bases for future thermal
conductivity models of semiconductor nanowires. The thermal conductivity values are very
low even at low temperatures, thus promising higher thermoelectric figures of merit even at
low temperatures. The various thermal conductivity determining effects like the core-shell
effect, alloy scattering and boundary scattering can be optimized and tuned to get better

thermoelectric materials in the future.
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