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Abstract

Electrical and thermal transport

properties of atomic layer
deposited Al-doped ZnO films

Gi-Yong Chung
School of material science and engineering
The Graduate School

Seoul National University

As the demand of energy is growing with the industrial
development in the world, thermoelectrics has gathered significant
interest due to its availability to convert energy from wasted heat to
electric energy. The efficiency of thermoelectric materials is
determined by their figure of merit, ZTZSZOT/k, which points to the
need to increase the seebeck coefficient S and electrical conductivity
0 while depressing the thermal conductivity. In order to achieve high
ZT wvalues(~1.5), tellurium-, antimony- and germanium- based
compounds have been widely investigated as thermoelectric materials
while their toxicity and stability to oxidation at ambient conditions
have been pointed out as critical issues. Recently, as an alternative to
the conventional materials, ZnO- and InxOs— based {ransparent

conducting oxides (TCOs) have been considered as thermoelectric



materials due to its thermal stability and additional merit from the
transparency to the visible rays. In order to integrate the TCO
materials into the thermoelectrics, it is important to control both
electrical and thermal transport properties of those. In this regard,
atomic layer deposition (ALD) can give a great benefit to elucidate
the purpose of thermoelectrics since this novel method guarantees
excellent reproducibility and adjustability of film composition.

In this work, ALD is utilized as a means for preparing
Al-doped ZnO (AZO) films with controllability on its thermal and
electrical transport properties. Confrary to the conventional
homogeneous AZQO composite, ALD-AZO films exhibit a unique
heterolayer structure consisting of a ZnO matrix and AlOx dopant
layers embedded within the matrix. These AlIOx layers not just
provide additional free electrons to the system but also additional
interfaces that impede the thermal transport. We show that, by
widely controlling the linear density of these dopant layers, the
electrical conductivity can be enhanced by more than three—fold while
the thermal conductivity can be suppressed to about 22% compared to
that of the undoped ZnO film. This tunable feature of ALD-AZO
films suggests the feasibility of using ALD-TCOs for thermoelectric

purposes, which is a significant expansion to its range of applications.

Keywords : Thermoelectrics, Atomic layer deposition,
hetrolayer structure, Al-doped ZnO, Thermal properties, Thermal
boundary resistance

Student Number : 2011-22872
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CHAPTER 1.

Introduction



1.1. Thermoelectrics

1.1.1. General overview of thermoelectrics

According to the report written by US department of energy
in 2006, wasted-heat energy from every industrial facilities was way
more than an energy that was produced from all renewable sources
such as solar photovoltaic, wind power and geo-thermal power, etc.!
Following this situation, it has been thought that it would be very
efficient if wasted heat energy could be converted into electric
energy. This is why thermoelectrics started being studied considering
its availability to convert energy from wasted-heat to electric
energy.z’3 It is very interesting filed of study as the demand of
energy is growing with the industrial development in the world, in
addition, due to the fact that it would be an one of answers of
energy diversification policy.

Seebeck effect and peltier effect generally represent to explain
thermoelectric effect. Below in Figure 1-2., two different kind of
metals that are labeled P and N are connected in a closed circuit. If
temperature difference is maintained in a joint area, there would be a
current flow in the circuit. This phenomenon is called seebeck effect,
And seebeck coefficient value, S, means a ratio of temperature
difference to occurred power of the current. On the contrary to this
phenomenon, if a certain amount of current is applied to the closed
circuit there would be absorption or emission of heat in the junction.
This phenomenon is considered as peltier effect, And the ratio of heat
energy to current is called peltier coefficient, 11" Since temperature

and voltage are relatively easy to be measured, seebeck coefficient is



normally considered to estimate thermoelectric properties of materials.
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Figure 1-1. Renewable energy consumption by sources’



Seebeck effect Peltier effect
{power generation) (active refrigeration)

Heat soune

uﬂ '
(=

l' 'l

i P N
[!_

Q Current flow, |

dd
Haiat sink

AV =S5 AT Q=0xI
V =Voltage Q  =Heat absorbed or emitted
§ = Seebeck coefficient [1 = Peltier coefficient
T = Temperature ] =applied current

Figure 1-2. Typical structure of power generation and active

refrigeration using seebeck and peltier effect”



1.1.2. Theoretical background of thermoelectric
property

Thermoelectrics, a field of study that research one of
abnormal effects so-called seebeck effect, started with experimental
discovery of relation between electricity and heat by Thomas J.
Seebeck in 1820.° Seebeck made an instrument consisted of two
different metals joined in a closed loop. Then, he found that a needle
placed in the middle of instrument was moved when he heated one of
the junctions of two metals as shown in Figure 1-3.. He called this
phenomenon seebeck effect, which occurred by electric current
circulated by the metal loop.

The seebeck effect is basically related to the fact that
electrons are both carriers of electricity and heat. If a temperature
gradient exists over a piece of electrically conductive wire like in
Figure 1-4.. There is a net diffusion of electrons from the hot end
toward the cold end. Therefore, hot region tends to be positive biased
while cold region exhibits negative bias, creating an opposing
potential field so-called thermo-electro-motive force’

Seebeck coefficient explaining a magnitude of Seebeck effect

of materials is defined as :

"
I

‘|>

<

- (1-1)

[N
N

where AV is a thermoelectric voltage induced by a temperature
difference AT across materials. Based on the asymmetry in the
density of states near the Fermi level, the sign of Seebeck coefficient

would be determined as N-type and P-type. Simply, electrons and



holes work as major carriers

materials, 1respectively.7

in N-type material and P-type



Figure 1-3. Seebeck’s instrument observing deflection of a
needle’
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Figure 1-4. Schematic image explaining physical origin of

seebeck effect®



Typical structure for thermoelectric generators (TEG) using
N-type and P-type semiconductor is described in Figure 1-5.. Then,

an output power of the generators, P, is described as:

2

Sv_pX AT
PN-PTF X R, - (1-2)

P=1"%1=R,

Where Sx-p is Seebeck coefficient difference of N-type and P-type
materials, 47T is temperature difference between hot and cold
junctions, B and R: are sum of resistance of N-type and P-type
materials and resistance of load, respectively.

Therefore, to enlarge an output power of the generator, three
conditions have to be satisfied. First, materials should have low
thermal conductivity so that large temperature difference between two
junctions needs to be maintained. Second, there should be as less as
of electrical energy loss from the circuits. Materials consisted of
generators require to have high electrical conductivity. Lastly,
materials with high Seebeck coefficient would induce high potential
difference in a response of temperature difference.

Combining three conditions mentioned above, Figure of merit
Z value is defined below meaning energy conversion efficiency from

thermal energy to electrical energy.

- (1-3)

where S is seebeck coefficient, p resistivity, k thermal conductivity of
materials.
Sometimes temperature parameter is multiplied to Z value.

Then, ZT also means the energy conversion efficiency.



According to reports, certain ZT values are required for
thermoelectric generators to be utilized industrial-wise. Therefore,
most of thermoelectrics researches have been focused on finding
materials exhibiting high ZT values. Possible applications with
required ZT values are listed in Table 1-1.°
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N-type
P-type

RI.
R=R +R .
Figure 1-5. Typical structure of Thermoelectric

generator (TEG)
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Table 1-1. Required ZT value with possible applications”’

Solar

21,0008 Thermal'engine'replacement 2320
=10s Cooler/heater in car seats, industrial waste heat >4
0.5-several Vehicle waste heat, home co-generation >1.5-2
<0.5 Remote power, 'personal’ micro power >0.5-1
21



1.1.3. Material Challenge

Achieving high efficiency of Thermoelectric geometry means
to gain high value of ZT. It is well known that high Z value would
not be gained easily due to the correlation-ship of three parameters
composing Z value, which are seebeck coefficient, thermal
conductivity and electrical conductivity.

According to Wiedemann—-franz law, in metal, the ratio of
electrical portion of thermal conductivity, k., is linear to and electrical
conductivity, o, and to Lorentz number, L, and absolute temperature,
T. Therefore, thermal conductivity of metal could be defined as in

equation (1-4) below.

k=K +k,, e (1-4)
1
=olLT+ gcvlphvph

Where k is thermal conductivity of material, k. is electrical portion of
thermal conductivity, k,, is phonon portion of thermal conductivity, o
is electrical conductivity, Z 1is Lorentz number, 7 is absolute
temperature, c, is specific heat capacity, [,, is mean free path of
phonon, v,, is velocity of phonon.

In case of metal and degenerate semiconductor, seebeck
coefficient could be generally defined as below equation (1-5) based

on Mott-Jones 1relationship.10




Where h is Plank constant, k; is Boltzmann constant, m is effective
mass of carrier, n is carrier concentration.

Then, it could be found that all of the three parameters, S, k
and o, are function of carrier concentration. This means that to earn
high ZT wvalue with fixed carrier concentration, phonon portion of
thermal conductivity should decrease.’

There has been two approaches to have low value of phonon
portion of thermal conductivity, in material and structural aspects. In
early 1950s, bulk material compound using heavy elements such as
Bi, Te, Pb were researched to decrease thermal conductivity by
lowering phonon velocity.11 As ZT wvalues of those materials
researched in those days could not reach above 1, it seemed that the
study of thermoelectrics lost its shining. However, along with
advancement of technology, materials having 2-dimensional and
1-dimensional structure jumped in the thermoelectrics field. With low
dimensional structure of materials like thin films, nano-wires and
nano—dots, materials having sharp and nearly dispersionless band
structure could be fabricated. This means that if appropriate size of
nano structure is tuned to place those bands near the Fermi level,
possibility to gain high thermopower would increase.” To be specific,
in nano structure, it could be expected to get low thermal
conductivity without reducing electrical conductivity if the size of
nano structures is smaller than the mean free path of the phonons

and yet larger than that of electrons.”

23
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1.2. Structural and electrical properties of
ALD-AZO and ZnO films

Contrary to conventional homogeneous Al-doped ZnO (AZO)
composites fabricated by Pulsed laser deposition method (PLD) or
Sputter, AZO films utilized atomic layer deposition method (ALD)
exhibit a unique hetero layer structure consisting of a ZnO matrix
and a AlOx dopant layer embedded within the matrix. In Figure 1-8,,
typical deposition process of Atomic layer deposition system is
explained which consists of alternate injection and purging of
precursors delivery like shown in Figure 1-9 below. In addition, this
novel method, ALD, guarantees excellent reproducibility and
adjustability of film composition.

One of major strengths of utilizing ALD to deposit AZO films
is that electrical properties of AZO films could be easily controlled. it
is well known that Al (Group IM) works as a dopant material to
generate electron carriers in ZnO by forming charged donors such as
Al ion substituted by Zn, Alz', Oxygen vacancy, Voh, Zn interstitial,
Znd W6 T hen, this means that through differenciation of relative
injection ratio of two precursor Trimethylaluminium(TMA) and
Diethylzinc(DEZ) that are precursors depositing AlOs and ZnO films
respectively, linear density of AlOx layer in AZO films could be
managed, which results in varying electrical properties."” For example,
D] lee et al. already reported that the electrical property of
ALD-AZO films is controllable by varying injection ratio of TMA to

DEZ on a substrate shown in Figure 1-10.'®8

26
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Figure 1-8. Schematic image of typical ALD process
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Figure 1-9. (Left) Structure of homogeneously doped TCO
materials deposited in conventional ways such as PLD, Sputter.
(Right) Structure of heterogeneously doped TCO material

deposited by ALD
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1.3. Objectives of Experiment

In thermoelectric filed of study, conventional materials such as
Bi, Te, Pb, Sb have been widely investigated in order to achieve high
ZT values as they are heavy material for lowering thermal
conductivity. However, their toxicity and stability to oxidation at
ambient conditions have been pointed out as critical issues. Recently,
as an alternative to the conventional materials, ZnO- and In20s-based
transparent conducting oxides (TCOs) have been considered as
thermoelectric materials due to its thermal stability and additional
merit from the transparency to the visible rays.

As the ALD-AZO films have an unique hetero structure
consisting of a ZnO matrix and AlOx dopant layers embedded within
the matrix already shown in Figure 1-9. it was expected that
decoupling of ZT parameters to gain high energy conversion
efficiency would be possible. To be specific, addition of AlOx layers
would enable ZnO films to be electrically conductive by providing
free electrons. And it would be also thermally insulating by
generating resistive thermal boundaries.

In addition, electrical and thermal transport behaviors in thin
film structure could be understood by conducting this experiment.
More specifically, it would be meaningful to discuss thermal
properties in respect to carrier transport at AlOx interface layers. In
order to integrate the TCO materials into the thermoelectrics, it is
important to control both electrical and thermal transport properties
of those. In this regard, ALD can give a great benefit to elucidate
the purpose of thermoelectrics since this system exhibit excellent
reproducibility and adjustability of thilm composition. Understanding

the thermal resistance at the interface between two materials is of

29



primary significance in the study of its thermal properties. This is
even more critical for nanoscale systems where interfaces could

significantly affect the properties relative to bulk materials.

30
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Thermoelectric properties of ALD-AZO and
—Zn0O films
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2.1 Sample preparation

ALD was utilized in order to fabricate hetero-structured AZO
films and undoped ZnO film . AZO and ZnO films were deposited on
SiO2 (300nm) / Si wafer via ALD using Lucida D-100 at a deposition
temperature of 200 °C. Diethylzinc (DEZ) and Trimethylaluminum
(TMA) were used as precursors for the deposition of ZnO and AlOx
layer, respectively, And water vapor was used as a reactant. Film
thickness was measured by ellipsometry with wavelength 632.8 nm.
ALD-AZO films were deposited with N cycles(N = 49, 24, 19) of
ZnO per each cycle of an AlOx layer. Schematic image explaining a
way of ALD-AZO films deposition was shown in Figure 2-1 and
Figure 2-2.. Thereby, the thickness of ZnO layer in between AlOx

layers was varied.

33
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Figure 2-1. Schematic image showing a way

of deposition process of ALD-AZO films
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2.2. Electrical properties of ALD-AZO and ZnO

films

2.2.1 Experimental details

Electrical  properties including Hall mobility, carrier
concentration, resistivity were measured by a Hall measurement
system. Film composition was measured to figure Al doping
concentration with inductively coupled plasma-atomic emission
spectroscopy (ICP-AES). The atomic ratio, Al/(Al+Zn) (at%), was 0.8,
1.86, 251 for AZO films deposited with N = 49, 24, 19, respectively,
which is shown in Figure 2-2.

Electrical properties of the ALD-AZO and ZnO films were
investigated by the Hall measurement. Figure 2-3. shows resistivity,
Hall mobility, and carrier concentration of the ALD-AZO and ZnO
films as a function of the atomic ratio of Al/(Al+Zn) (at%). In
addition, electrical conductivity of all films were measured in

temperature ranging from room temperature to 493K.
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2.2.2 Result and discussion

As described in Figure 2-3., electrical conductivity increases
with increase of atomic ratio of Al to total cations, Al/(Al+Zn) (at%).
Electrical conductivity of undoped ZnO film was 346.69 Q 'cm '. This
value is clearly lower than those of ALD-AZO films. Especially,
electrical conductivity of AZO films with 251 at % was 1165.09 &
“lem! that is almost 3.3 times higher than that of undoped ZnO. This
increase could be explained with variation of carrier concentration and

mobility value based on a equation (2-1) below.

oc=neu - (2-1)

Where o is electrical conductivity, n is carrier concentration, p 1S
mobility.

As shown in Figure 2-3, Electrical conductivity increased
with a funtion of Al doping concentration. This is because increase of
electron concentration is dominant over decrease of carrier mobility.
Al , one of Group I materials, incorporates with ZnQO. it works as
dopants and produces an electron carrier."*? Therefore, it was obvious
that the increase of electron concentration results from the increase of
Al doping concentration.

It is well known that there are several mechanisms
influencing on mobility of charge carrier in thin films such as grain
boundary scattering, ionized scattering, lattice vibration scattering,
etc.®%” And those mechanisms have a specific relation shown in

below equation (2-2).8
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where p is mobility, u; is ionized impurity scattering mobility, p; 1s
lattice vibration scattering mobility, p, is grain boundary scattering
mobility.

Especially, in TCO films with carrier concentration ranging
from 10%° ~10% cm73,9’10 it is known that ionized impurities meaning
oxygen vacancies, excess metallic atoms, external dopant material

11,12
As a result,

have the most influence on the mobility of the films.
it was thought that the decrease of mobility with increase of Al
doping concentration is due to the increase of scattering sites coming

from 1onized impurities.
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Figure 2-4. shows electrical conductivity of ZnO and AZO
films as a function of temperature ranging from room temperature to
495 K. All films clearly exhibit metallic property that electrical
conductivity slightly decreased with increase of temperature. It is well
known that for degenerate semiconductor carrier concentration is
independent to temperature.13 As all the AZO films worked as a
degenerate semiconductor, carrier concentration of those films would
not be changed with increase of temperature.g’lo Therefore, it was
clear that decrease of electrical conductivity with a function of
temperature was mainly due to the decrease of mobility.

As explained already, three scattering components such as
grain boundary, ionized impurity and lattice vibration are main

4567 .
220 Tt is well known

components influencing mobility of TCO films.
that ionized impurity scattering, which has a biggest influence on
TCO films scattering, is independent of temperature if materials

B8 1 addition, mobility

would be a degenerate semiconductor.14’
influenced by lattice vibration scattering is inversely proportional to
temperature.g’16 That is because magnitude of lattice vibration got
bigger with increase of temperature, blocking transport of carriers.
Therefore, decrease of total mobility with a function of temperature

would be due to effect of lattice vibration scattering.
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2.3. Thermal properties of ALD-AZO films

2.3.1 Experimental details

Thermal properties of ALD-AZO films and undoped ZnO was
measured by Time-domain thermoreflectance measurement system
(TDTR), which is known as quantitative analysis on thermal
properties.17 TDTR is an optical method to measure thermal property
of thin films utilizing that reflectance of materials would be changed
with temperature of the materials.”® Procedure of thermal conductivity
measurement of ALD-AZO and -ZnO films was shown in Figure
2-5. as following; First, Al layer was deposited using ALD on top of
the films. As pump beam is absorbed in a Al layer, the layer was
locally heated up. Then the heat dissipated into ALD-AZO and ZnO
films and flow away. This means the velocity of heat dispersion was
related to the thermal properties of the ALD-AZO films. The change
in temperature of Al layer gave a change in the optical reflection
coefficient of Al layer which can be approximately considered to be
propotional to temperature. Then this reflectivity is measured with
respect to time by probe beam. And the received data was matched
to model function to export thermal conductivity of the ALD-AZO
and -ZnO films.
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2.3.2. Thermal conductivity of ALD-AZO and
Zn0O films

Figure 2-6. shows thermal conductivity of ZnO and AZO
films measured by TDTR system at room temperature. Measured
thermal conductivity of ZnO films was 15 W/mK, and that of AZO
films decreased with increase of Al doping concentration; 55 W/mK,
3.8 W/mK, 335 W/mK. This decrease was due to the thermal
boundary resistance provided by the AlOx layers in between ZnO
matrix.”® To be specific, this decrease of thermal conductivity could
be explained by considering AlOx interface layer density defined

below.

# of AlO, interface

Layer density of AlO, interface [#/cm ] =
Unit hickness of films

Layer density of AlOx interface means how many of the
AlOx interface exists in unit thickness of films. Interestingly, thermal
conductivity of AZO films decreased with addition of the AlOx
interface layer. It means that higher layer density of AlOx interface,
lower thermal conductivity of the films. This trend could be explained

19,2021 .
Thermal boundary resistance,

by thermal boundary resistance.
also known as Kapitza resistance, is that heat energy decreases as it
passes through interfaces.”’ Acoustic mismatch model (AMM) is one
of models explaining heat transfer at interfaces.” This model is
similar to Snell’s law. And it assumes a geometrically perfect
interface and phonon transport across the interface is entirely elastic,
treating phonons as waves in continuum. Therefore, shown in Figure
2-7., phonon waves coming from ZnO layer would not pass the AlOx

interface layer perfectly. And only small portion of heat energy is
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able to transmit to next level of ZnO layer. This leads to an
explanation that, for AZQO films, decrease of thermal conductivity

came from increase of AlOx interface layer density.
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2.2.3 Interfacial thermal conductance of AlOx layer

Comparing with Sputtered-AZO films, one of major
advantages of ALD-AZQO films is that similar type of AlOx layer
could be heterogeneously deposited. In addition, a density of the layer
could be easily controlled. Therefore, interfacial thermal conductance
of AlOx layer was calculated to figure out the influence of one AlOx
interfacial layer on the thermal conductivity of AZO films.

If a material consists of matrix A and B has hetero-layered

structure, thermal conductivity of the material has a relation below.

-+ (2-3)

where k,,, is conductivity of a material, f, and f; are the fraction of
matrix A and B over thickness of total film, k¥, and k; are thermal
conductivity of A and B material, G,_p 1is interfacial thermal
conductance between matrix A and B with an unit of W/mZK, ng 1S
Linear density of A-B interface that is equal to two times of layer
density of A-B interface with an unit of #/nm.

Above relation (2-3) was applied to ALD-AZO films. As
AlOx interface layer was deposited by ALD system using TMA
precursor source, it could be thought that thickness of AlOx layer
would be in angstrom scale. And it means that fraction of ZnO in
AZ0O films, fzmo, would be equal to 1 and the fraction of AlOx layer
in AZO films, fmo-aiox, would be close to 0. Then, thermal
conductivity of hetero layered ALD-AZO films would have a relation
(2-4) below.
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1 LM e (2a)

kazo  kmo GZno—Aza,

where k,,0 and k,,, are thermal conductivity of AZO and ZnO films,

Gz0—a10, 1s interfacial thermal conductance of AlOx layer, n, is

Linear density of AlOx layer that is equal to two times of layer
density of AlOx layer interface.

Based on the relation (2-4) above, interfacial thermal
conductance of AlOx was calculated. Interestingly, the value increased
from 13895 MW/m’K to 1725.3 MW/m’K with increase of Al doping
concentration. Therefore, it would be judged that the relation (2-4)
was Inappropriate as same type of AlOx layer have different
interfacial thermal conductance.

Total thermal conductivity of AZO and ZnO films was not
considered. Instead, only phonon portion of thermal conductivity was
considered to get proper interfacial thermal conductance value.

According to Wiedemann-franz law, in metal, a ratio of
electronic  contribution of thermal conductivity to electrical
conductivity is linear to an absolute temperature with a constant of
Lorentz number, 2.45 x 10® V¥K> Electrical conductivity of ZnO and
AZ0 films in room temperature were applied to Wiedemann—franz law

to earn phonon portion of thermal conductivity of those films.?

Where A, is electron portion of thermal conductivity of material, o is
electrical conductivity, L is Lorenz number, 7 is absolute

temperature.
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Then, as explained in equation (2-6), Guuezno-ai0x Was
calculated again by subtracting electrical portion of thermal

conductivity from total thermal conductivity of the films

S S ng . (2-6)

kph,AZO kph.ZnO Gtrue.ZnO—AIO_,

where k., 4170 and k,, 7,0 are phonon portion of thermal conductivity
of AZO and ZnO films, G,,,. z0- 410, is calculated interfacial thermal

conductance of AlOx layer, n, is Linear density of AlOx layer that is
equal to two times of layer density of AlOx layer interface.

Interfacial thermal conductance of AlOx layer calculated by
two equations (2-4) and (2-6) were displayed in Figure 2-9.
Interfacial thermal conductance calculated using total thermal
conductivity in traditional way was set as apparent thermal
conductance value and colored with red triangle. On the other hand,
interfacial thermal conductance calculated using phonon portion of
thermal conductivity was set as true thermal conductance value and
colored with blue square. As shown in Figure 2-9., it is obvious that
true interfacial thermal conductance were consistent around 1130
MW/m’K regardless of Al doping concentration. Therefore, it was
confirmed that interfacial conductance could be calculated more
correctly by using only phonon portion of thermal conductivity of

materials.
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24. Seebeck coefficient of ALD-AZQO films

2.4.1 Experimental details

Since it would be not easy to correctly measure small change
of temperature and voltage to figure seebeck coefficient of materials,
seebeck coefficient was measured by MMR tech's SB-100 Seebeck
measurement system. This system uses a reference material,
constantan, that seebeck coefficient value at wide temperature is well
known. seebeck coefficient of ALD-AZO and -ZnO films were
measured in temperature ranging from room temperature to 400 K.
Procedure of seebeck measurement of the films was as following,
shown in Figure 2-10.; First, the AZO and ZnO films were placed in
the chamber with the pressure of 5 mtorr. Then measure the V; and
V2 at certain temperature with heater off. V1 and V2 are the seebeck
voltage of the film and the reference material at that heater—off
temperature, respectively. If the heater is on, it leads to have
temperature gradient through the films and the reference material.
And after sometime to stabilize, measure Vi and V2 at accelerated
heater on temperature. As the seebeck coefficient of reference
material i1s well known, the temperature difference ATz would be
figured out. By placing the heat capacity of the film and the
reference material same, it could be assumed that temperature
difference AT: is same as ATi. then with known value of the AV;
and AT;, seebeck coefficient value at that temperature could be

figured out.
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Figure 2-10. Schematic image explaining procedure of
measuring seebeck coefficient using MMR tech’s Seebeck
measurement system
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2.4.2 Result and discussion

Below Figure 2-11. exhibits seebeck coefficient of ZnO and
AZ70O films with temperature ranging from room temperature to 400K.
All four films have negative sign of seebeck coefficient meaning
n-type thermoelectric material with electron as a major carrier. And
it is well correspond to the sign of other AZO films reported.24’25’26 At
room temperature, AZO film with 0.8 at% of Al doping concentration
has the highest seebeck coefficient value as -21.5 uV/K. And
undoped ZnO film followed with -20.3 uv/K of seebeck coefficient. In
addition the other two AZO films with 1.86 and 251 at% of Al
doping concentration have same seebeck concentration value of -7.45
uV/K at room temperature.

Mott-Jones relation was considered to understand these
results. Mott-Jones relationship is well known that seebeck coefficient
of metal and degenerate semiconductor have general relationship like
below equation (2-7) with three components, that are effective mass,
carrier concentration and temperature.

87ky .

m
3eh?

2
T \3

Where h is Plank constant, k; is Boltzmann constant, m is effective
mass of carrier, n is carrier concentration.

According to the relation, seebeck coefficient is linear to an
absolute temperature and an effective mass.”® And large number of
carrier leads to have low seebeck coefficient value. A result shown in
Figure 2-11. is well correspond to the relationship as seebeck
coefficient of AZO and ZnO films increase with increase of

temperature.
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Conclusion and summary
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3.1. Possibility for thermoelectric application

Figure 3-1 shows thermal conductivity of ALD-ZnO and
ALD-AZO films with 1.86 at% of Al concentration compared with
other AZQO materials reported In wide range of temperature.l’z’a’4
Thermal conductivity of ALD-AZO film was relatively lower than
other reported AZO materials.

However, calculated ZT values of AZO and ZnO films were
much lower than other AZO materials. It was because seebeck
coefficient was too low and dominantly influenced on ZT value even
though thermal conductivity of the material was lower enough to get
high ZT value.

Therefore, in order to utilize ALD-AZO films in thermoelectric
industry, it would be suggested that hetero layered structure needs to
be sustained to have low thermal conductivity while controlling

carrier concentration to optimize seebeck coefficient and electrical

conductivity in anyways such as annealing.
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3.2. Summary and conclusion

It was studied that the electrical and thermal transport in
atomic layer deposited Al-doped ZnO films.

The addition of AlOx layers enable ZnO films to be
electrically conductive, by providing free electrons, and thermally
insulating, by generating resistive thermal boundaries.

To consider only the lattice conduction portion (phonons) of
thermal conductivity, the electronic conduction portion (electrons) is
subtracted from the total thermal conductivity. This procedure yields
an interfacial thermal conductance value of ~1130 MW/m>K for the
ZnO-AlOx interfaces, which was consistent for all film compositions.

Seebeck coefficient of ALD-AZO films were too low
compared with that of AZO materials reported, which result from too
much carrier concentration according to Mott-Jones relation.

While keeping the hetero-layered structure of ALD-AZO,
annealing of the films will possibly increase thermopower (S°0) by
engineering carrier concentration. Therefore, figure of merit ZT would

increase as well.
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