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Abstract

The controlled implementation of nm-size inclusions, grains, interlayers or surfaces
has become one of the key factor to design highly efficient thermoelectric materials.
Atomic Layer Deposition (ALD) offers the possibility to functionalise the surface of
3D structures with a high surface to volume ratio. For the first time we present a
systematic study of the electronic thermoelectric and galvanomagnetic properties of
ALD grown Sb;,Te;. The low deposition temperature of 80 °C was used to photolitho-
graphically pattern a device to measure the Seebeck coefficient S, the electrical con-
ductivity o as well as the Hall coefficient Ry; on the same film. A model has been
developed to describe the thickness dependence of the transport properties due to the
additional 2D conduction channel as well as surface scattering according to the Fuchs-
Sondheimer model. To proof the concept of surface modifications of thermoelectric
materials by ALD, a rotation flow-through/exposure mode particle reactor was build.
The surface of Bi,Tez particles has been covered with Al,O3 shells of varying thick-
ness. The influence of the shell thickness on the thermoelectric properties (and ZT)
have been systematically studied.

Kurzzusammenfassung

Die kontrollierte Implementierung von nm-skaligen Defekten, Kristalliten, Zwischen-

lagen oder zusatzlichen Oberflachen hat sich als entscheidender Faktor fiir das Kre-

ieren von hoch effizientem thermoelektrischem Material herausgestellt. Atomlagen-

abscheidung (ALD) bieten die Moglichkeit Oberflachen von beliebig geformten Struk-

turen mit hohen Oberflichen zu Volumen Verhailtnis zu funktionalisieren. In dieser

Arbeit werden zum ersten Mal die elektronischen thermoelektrischen und galvano-

magnetischen Eigenschaften von ALD hergestelltem Sb,Te; charakterisiert. Die nie-

drige Wachstumstemperatur von 80 °C wurde genutzt, um photolithographisch eine

Plattform zu strukturieren, die das Messen des Seebeck Koeffizienten S, der elek-

trischen Leitfahigkeit 0 und des Hall Koeffizienten Ry an einer Schicht erlaubt. Ein

Modell wurde eingefuihrt, das sowohl die Einflusse eines 2D Transportkanals als auch

die der Oberflachenstreuung gemafl der Fuchs-Sondheimer Gleichung vereint. Um

die Effizienzsteigerung durch Oberflichenmodifikation von thermoelektrischem Ma-

terial mittels ALD zu tiberprufen, ist ein neuartiger Durchfluss/Infiltrations-Rotations-
reaktor entwickelt worden. Mit diesem sind Bi, Te; Partikel mit unterschiedlich dicken
Al,03 Schichten bedeckt worden. Der Einfluss der Dicke der Al,0O3 Hiille auf die

thermoelektrischen Eigenschaften (und ZT) wurde systematisch untersucht.
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temperature on the cold side
average temperature
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reduced Fermi energy
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density of state

energy
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average carrier velocity
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Chapter 1

Introduction and motivation

The field of thermoelectrics has a relatively long tradition in physics. Since Thomas
Johann Seebeck first observed the influence of temperature gradients in conductors
in 1821, not more than 200 years have past. He found that, in a closed circuit of
two metals with a temperature difference at it’s contact points, a magnetic field can
be observed [1]. A short time later the origin of the magnetic field was, according
to Ampere’s circuital law, found to be an electric current driven by the heat flow. In
1834 Jean C. A. Peltier discovered the vice versa effect, that an electrical current can
cause a temperature gradient between both ends of the junction [2, 3]. This time was
the birth of thermoelectricity. Since then, a lot of progress has been made to describe
the cross link between heat and charge transfer. Magnus et al. discovered that the
Seebeck coefficient does not depend on the temperature distribution along the mate-
rials, which [4]. Later, the (stationary) solutions found of the Boltzmann’s transport
equation (BTE), devised by Ludwig Boltzmann in 1872, were able to describe most
thermoelectric phenomena (see e.g. [5,6]). Additionally, E. Becquerel experimentally
discovered the Seebeck coefficient of many materials and compounds (see e.g. [7]). A
lot of the materials analysed by Becquerel are still under discussion in terms of their
thermoelectric performance [8]. Another big peak for the research on thermoelec-
tric materials was in the 1950’s and 60’s. Here Goldsmid, Ioffe and others were able
to describe the (anisotropic) electronic transport of efficient thermoelectric materials
like Bi,Te;, SbyTe; and their solid solutions [9,10]. But also general studies in the
field of semiconductors by D. A. Wright, the supervisor of Goldsmid, and others have
made great progress in describing transport phenomena which are the basis of many
transport theories and also a special motivation for this work [11,12]. By improve-
ments in the fabrication of single crystalline semiconducting materials, the progress
in building higher powered magnets and low temperature cryostats, researchers were

able to have a deeper look into electronic transport properties of solid state materi-




Introduction and motivation

als. The thermoelectric material development of this time has found it’s application
in the field of radioisotope thermoelectric generators (RTG’s) in NASA-projects like
the Apollo missions! and the deep space explorers - the Voyager probes. On earth
the developed materials are used in Peltier-Elements (cooling devices), for example
in portable refrigerators. Although thermoelectric devices have found some applica-
tions, only a small number of scientific publications in this field can be found from the
1970’s to the 1990’s, where the interest starts to rise again. Inspired by the upcoming
field of nanostructuring, new theories on thermoelectric transport in low dimensional
(<3D) structures were developed. These predicted enhancements in the conversion
efficiency of heat differences into electrical energy by increasing the thermoelectric
figure of merit (ZT) [13]. Especially for supperlattice structures based on materials
with two different band gaps, a remarkable increase of ZT was predicted. Indeed a
few years later first groups were able to show this enhancements by measurements on
nanometer-sized structures like on Si/SiGe or PbTe/PbSeTe-superlattices [14-17]. On
the other hand, one of the highest ZT value measured on Sb,Te;/Bi,Te; superlattices
and published by Venkasubramanian (ZT=2.4), is waiting to be reproduced [18,19].
And there is a good reason for that:

Thermoelectric materials with high ZT-values in general have a complex electronic
structure. Goldsmid for example showed, that a high thermoelectric efficiency is con-
nected to multivalley band-structures with a high anisotropy [6]. This means, that the
simplified transport equations often cannot describe the electronic behaviour of such
materials sufficiently, because the assumption of, e.g. single bands and a parabolic
band structure are not valid. But these simplifications are often used to derive the-
oretical solutions for high ZT-materials. Additionally, if the material is amorphous
or polycrystalline, the transport properties are sums over all crystal directions, which
makes it even harder to describe the electronic properties of "real" materials. Because
the foreign element concentration in thermoelectric materials is often very high for a
dopand (>10'? cm™3), they can not be assumed as classical semiconductors, but more
like semimetals. However, the absolute contents of admixed elements or compounds
is often in a range in which they are hardly detectable (<1%) with standard element
content evaluation techniques like for example energy-dispersive X-Ray spectroscopy
(EDX). The "real" composition often stays in the dark. Therefore a good understand-
ing of the basic, undoped material is necessary to study their behaviour in general and
to learn which parameters influence the transport properties.

Atomic Layer Deposition (ALD) is a well developed method for producing thin films,
especially of oxide materials like for example the ALD model system Al,Oj3 [20, 21].

IThe experimental RTG (SNAP) was designed to act as power supply for the Apollo Lunar Surface
Experiments Package (ALSEP).

2 Introduction and motivation



Introduction and motivation

This self-limiting, chemical process gives an excellent control of the stoichiometry and
the thickness of the deposited material even in non flat structures with high aspect ra-
tios [22]. However, the deposition rate is very low, so that even depositing some tens
of nanometers could take days if complex structures have to be infiltrated. Because
of this, ALD has mostly been used for producing very thin but high insulating lay-
ers, e.g. in the silicon solar cell production and on three-dimensional topographies
for electronic devices [23,24]. There is a lot of progress in developing new chemicals
to produce different compounds by ALD [22,24]. For this work, the development of
the precursor chemistry for producing tellurium-based materials was highly motivat-
ing. This processes originally have been designed to produce layers on 3D structures
for electronic devices like phase-change memory (PCM). These devices are using the
properties of chalcogenide materials, like for example GeSbTe (GST), to switch be-
tween a high resistivity amorphous and a high conductive crystalline phase by slow
or fast cooling [25,26]. Here is the link to thermoelectrics. Sb,Tes - which is possible
to deposit by ALD since Pore et al. developed this process in 2009 - is also a standard
thermoelectric p-type material due to it’s peak performance at room temperature (RT).
In this work, the first time known to the author, the electronic thermoelectric proper-
ties of ALD grown Sb,Tej; thin films have been systematically evaluated, to study the
potential of ALD films of thermoelectric materials to create conformal coated complex
3D nanostructures. There are three major motivations to use ALD to deposit Sb,Tes:
(1): Tellurium is a very rare element in the earth crust. This makes it is not only very
expensive but also very limitedly available. A cautious sustainable use of Tellurium is
necessary. Functionalise only the surface of nanostructures by ALD can greatly reduce
the consumption of tellurium.

(2): The deposition temperature is very low. This expands not only the number mate-
rials on which Sb,Tej3 can be deposited, it also decreases the amount of energy which
is necessary for the synthesis. Because the defect formation energy is decreasing with
temperature, the produced Sb,Te; thin films are expected to have nearly perfect sto-
ichiometry. This can be an important advantage to study the transport properties of
pure Sb,Tej, since the defect concentration is found to be naturally high in this mate-
rial [27].

(3): ALD can cover nanostructures of nearly any geometry. There are several publica-
tions on nanograined Bi, ,Sb,Te; which show an enhancements of the thermoelectric
figure of merit ZT, by reducing the lattice thermal conductivity due to the increased
phonon scattering at the grain boundary surfaces. This was the motivation to produce
core shell structures by depositing Al,O3; and Sb,Te; on Bi,Te; with ALD. For this
special application a new flow-through type particle reactor is designed and build up
which is presented in this work.

Introduction and motivation 3






Chapter 2

Thermoelectrics

Thermoelectric (TE) effects describe the influence of the heat flow on the charge carrier
and vice versa. If two dissimilar conductors (a and b) are connected thermally parallel
and electrically in series (see figure 2.1), an electric potential differential (thermovolt-
age Vi) can be measured in the open circuit when a temperature difference (AT) is
applied at the junctions of this circuit (thermocouple), known as the Seebeck effect.
This thermovoltage, driven by the heat flow, arises when the charge carriers with lower
energy pass from material a to the material b in which their energy state is higher (see
figure 2.1 (a)) [6]. The differential Seebeck coefficient under open circuit conditions is

defined as [5]
dv

~dT’
In the case of actual measurements, one has to take into account, that the Seebeck co-

Sab (2.1)

efficients are in general temperature dependent. However, for reasonable small tem-
perature gradients the Seebeck coefficient can be approximated with

Vie . _ Ve

—_— =, (2.2)
Thot - Tcold AT

Sab (Tave) =

where T,,. is defined as the corresponding average temperature at which S,;, is mea-
sured. In reverse to the Seebeck effect, a temperature difference between the junctions
can be measured, if a current I is applied to the circuit, what is called Peltier effect
(see figure 2.1 (b)). Due to the energy difference of the electrons passing from one
material to the other, heat energy is rejected/absorbed from the reservoirs. The heat
rate exchange Q between the junctions is defined as [5]

Q :Habli (2~3)
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Figure 2.1: (a) Seebeck effect: A thermovoltage Vi, arises in the junctions of material 4 and b,
forced by a temperature difference of AT = Ty — Teo14- (b) Peltier effect: Heat absorption
Qin and liberation Q,; in the junctions of the thermocouple, driven by the current I.

with the Peltier coefficient I'l,;,. As the third of the thermoelectric effects, the Thomson
effect describes the rate of heat generation g in a conductor with the current density i

and an applied temperature gradient ‘é—£

dT
= i_} 2-4
9="Pig; (2.4)
where f is the Thomson coefficient. The effect is small compared to Joule heating
and therefore not easy to measure. However, in principle it is possible to derive the
Seebeck coefficient by integrating the Thomson coefficient over the temperature

ds
=T—. 2.5
All the thermoelectric effects discussed are in general dependent on magnetic fields
B [28]. In the presence of a magnetic field B, a transverse electric field E, arises from

the longitudinal temperature gradient, called Nernst effect:

E, /dT\ !
_ 7y
INI——BZ <_dx) , (2.6)

with the Nernst coefficient |N|. The process connected to the Peltier effect is called
Ettinghausen effect. A transverse temperature gradient arises in a conductor with a

longitudinal current I, applied [28]:

1 (dT\ ™!
IPI—IXBZ (5) , (2.7)

where |P| is the Ettinghausen coefficient.

6 Thermoelectrics



2.1. Thermoelectric devices, materials, and the efficiency problem

2.1 Thermoelectric devices, materials, and the efficiency prob-
lem

There are two major applications for the use of thermoelectric effects in solid state
materials: The conversion of heat energy (by a temperature difference) into electrical
energy (thermoelectric generators) and vice versa: the use of electrical energy to cre-
ate a temperature gradient (thermoelectric coolers). In principle both devices look
the same (see figure 2.2). Thermoelectric generators, which convert heat to electrical

(a) (b)

Figure 2.2: Figure (a) shows four legs of a thermoelectric generator. If a temperature difference
is applied (with two reservoirs) a consumer can be driven. Figure (b) shows the applica-
tion using the vice versa effect - a principle of a Peltier element. If a current is applied, on
one side heat of the reservoir can be absorbed and will be rejected on the other side.

energy, are based on the Seebeck effect. If a temperature gradient is applied between
the two ends of a material, a voltage can be measured. To drive a consumer, two dif-
ferent materials are necessary. In thermoelectric devices, the materials are usually
chosen to be one p- and one n-type conductor to maximise the total voltage output of
such a device. In the Peltier-mode, mostly used as cooling device, a current is applied
which forces the heat flow from one side to the other.

For most applications, the efficiency of a TE-device is the key-parameter. In actual de-
vices, factors like the temperature gradient, contact resistances and many more have
to be taken into account. However, beside these technical problems, the maximum
efficiency # is determined by the thermoelectric parameters of the materials. These
parameters are concluded in the dimensionless figure of merit (ZT)

S%o
ZTave = TTave’ (2~8)

Thermoelectrics 7



2.2. Thermoelectric transport in the Boltzmann picture

where S is the Seebeck coefficient [V/K], o the electrical conductivity [S/m] and « the
thermal conductivity [W/(m-K)]. T,y is the average temperature of the hot and the
cold side of the device. With this factor, the ideal energy conversion coefficient of a
material is given by [10]:

"= Thot — Tcold Y 1 +ZTave -1
Thot VT F ZType + b

Tcold

(2.9)

The thermoelectric efficiency matches the Carnot efficiency if Z — co. Actual avail-
able thermoelectric materials show a ZT factor of around 1 which corresponds to an
efficiency of about 10% ! if the ratio of Ty to T.oq is equal to 0.5 [29]. Beside this the-
oretical case, recent studies claim that the number of industrial applications will be
tenfold increased, if ZT > 2 [29]. The ideas for reaching this value will be discussed
in chapter 3.

2.2 Thermoelectric transport in the Boltzmann picture

In quantum theory the probability for a charge carrier occupying a state of energy E
is given by the equilibrium Fermi-Dirac statistic [6]:

S 1
REM.D = ey

(2.10)

where Eg is equal to the chemical potential at T = 0, k is the wave vector and kg is the
Boltzmann constant. There are three mechanisms which can change the equilibrium

distribution function [30]:
* (i) diffusion because of regional differences in the electron density
* (ii) the presence of external fields
* (iii) electron collisions

We have to expand the equation with a room- (7) and time-coordinate (t) to describe
the deflection of the equilibrium function. With the use of Liouville’s theorem of
constant density in the phase-space and with substitution of the energy by the wave

vector, we get, in the absence of collision [30]:

—

F(K+dk,7+d7t +dt) — F(K,7,t) = 0. (2.11)

by assuming temperature independent thermoelectric properties and negligible power losses from
the device

8 Thermoelectrics



2.2. Thermoelectric transport in the Boltzmann picture

In the presence of collision, a correction term has to be added which is approximated

with the relaxation time-approach:

—

of _f(R) = folk) (2.12)

-

Ot collusion 7,(E)

with the relaxation time 7., which is approximated to be a function of the energy E
and the scattering parameter r:
T. = ToE'. (2.13)

The scattering parameter r is a function of the dominant scattering mechanism, i.e.
r is equal to -1/2 in the case of acoustic phonon scattering, or r = 3/2 for ionised
impurity scattering. However, with respect to Matthiessen’s rule (see equation 3.3),
the relaxation times are reciprocal additive. This can lead to mixing scattering factors
between the discrete values, making it difficult to distinguish between different scat-
tering mechanisms with only looking at the scattering parameter.
Since we have addressed possible deflections of the equilibrium distribution function,
we can find the Boltzmann equation by differentiating equation 2.12 with respect to
the time [30]

IR ] __f® -,

r._

o 2.14
ok or 0t collusion T, (E) ( )

To obtain the solution for the case of an applied temperature gradient and an elec-
tric field, one can use the linear (Boltzmann) approximation for small deflexions |f —
fo| << fo, with

% _ ai E_lE (2.15)
¥ "\ exp (_kBTF> +1
ofy (0Ex E—Egp\ 0T
__Ofo (OEk a 1
3F ( 7T ) o (2.16)
and
9 L hE (2.17)
ok OFE ok

_ g—J;O? (2.18)

If we assume the fields and flows only in the x-direction, which is a reasonable as-

sumption in the case of polycrystalline materials, we can find [5, 6, 30]

fE)—f(R) _  ofp (% LE —EwLT), (2.19)

0T, —"%e \ ox T ox

Thermoelectrics 9



2.2. Thermoelectric transport in the Boltzmann picture

The energy is measured as distance downwards from the top of the valence band for
hole- and upwards from conduction band for electron energies [5]. We can now define
the current density j and the heat density g. With the density of state ¢(E), the number
of charge carriers per unit volume in the range E + dE to f(E)g(E)dE and using the
carrier velocity v (and elementary charge e), the current density for electrons (-) or
holes (+) is [6]:

i = iervf(E)g(E)dE, (2.20)
0
and the heat density:
j= ifo (E—Egf(E)g(E)dE. (2.21)

Since the thermal velocity is always greater then the drift velocity in the regime of

interest, the charge carrier velocity can be assumed to be isotropic and therefore to be

1/3 of the mean square velocity v [5,30]. For this case, the energy dependence E of v,
is given by:

22t

X 3mr

where m* is the effective mass corresponding to the band structure. The equilibrium

(2.22)

distribution function f; does not contribute to the heat and charge flow. We can re-
place f by f — f; and insert equation 2.19 and 2.22 in 2.20:

. _ ze€ © 6](0 8EF E—EF oT
— . E¢(E)— | —+ ———— | dE, 2.2
LT fo weEg( )815 (8x T % d (2.23)
and E 2e [ ofy (0Ep E—EgoT
e —_
j=+=L . : E?g(E)22 ( =£ L )dE. 2.24
J= T LTE g<)6E(6x+ T ox d (2.24)

Setting the temperature gradient % = 0 one can find the expression for the electrical

conductivity o with the electrical field ¢ = i% . %

: 2 o]
ool 2 J . Eg(E) Lo dE, (2.25)
0

C 3m* OE
and with the boundary condition of no current flow (i = 0), we can find the expression

for Seebeck coefficient S = %%(%)*1 to be

1 0 0 0 P -1
S=t—- [EF —JO TeEzg(E)a—];)dE- (JO TeEg(E)a—J;)dE) ] . (2.26)

10 Thermoelectrics



2.2. Thermoelectric transport in the Boltzmann picture

The electronic part of the thermal conductivity A, is given by j - %. With the use of
equation 2.23 and 2.24, A, can be find to be

s ([ v ([ e |

> 2fo
—JO TEESg(E)a—EdE>.

Since all integrals in the equations 2.25, 2.26 and 2.27 have the same form, it is possi-

(2.27)

ble to express the transport coefficients with general integrals. If we use the relaxation
time approximation from equation 2.13 and the density of state g(E) approximation
for parabolic bands? near the band minimum or maximum (for small values of E and

k) 5]

4rc(2m*)3/?
g(E) = %w/zdm, (2.28)
we can write the general integrals to [6]
_ 2T * s+1 afO
8r (2 \*?
“S(3) 0P Tl 32T (2.30)

where F, are the Fermi-Dirac integrals
QO
F,(&, Er) =J & fo(&, Ep)dé, (2.31)
0

with the reduced energy & = kBLT The Fermi-Dirac integrals can be solved numer-
ically. Typically the values are given for the different values of the reduced Fermi-
energy x = ,i—FT see e.g. [5,6]. We can now express the electronic thermoelectric coef-

ficients necessary for the calculation of ZT:

2
= —K 2.32
o T 1 ( )

electrical conductivity

s—2 [k ki (2.33)
= —— 2 —_— .
T2 Ko

Seebeck coefficient

2Which is similar to the free-electron expression, but taking the electron-lattice interaction into ac-
count by replacing the electron mass m, with the effective mass m™*.

Thermoelectrics 11



2.3. Crystal and electronic structure Bi/Sb,Tes

1 K,
=+— | Ep—— 2.34
Ae _eT( F KO) ( 3 )

electrical thermal conductivity

The expressions highlight the fact, that in general the electronic thermoelectric prop-
erties can not be seen as independent variables. However the solution for every mate-
rial system (v, r and m*) has to be solved individually, it is possible to make general
statements for limited cases of x. In the case of Ex << 4kgT, which is in the regime
of metals and degenerate semiconductors, one can expand the Fermi-Dirac integrals
and find [6]

S:in_3k_BkBT-(r+3/2):iﬂ_3k_13(r+3/2)_ (2.35)
3 e Ep 3 e X

In the case of large x, S becomes small (in the range of pV/K) and linear in T which
reflects the behaviour of metals. If we expand the Fermi-Dirac integrals for small y <

—2/kgT, for non-degenerate semiconductors, the expression of S in the Boltzmann

s—1kB kB—TS . (2.36)
e EF_r_f

picture can be found to be

2.3 Crystal and electronic structure Bi/Sb,Te;

Since the early 1950’s, Bi/Sb,Te3 and their compounds have been intensively studied,
focusing on their good thermoelectric characteristics at room temperature [28,31-34].
To understand the thermoelectric and galvanomagnetic transport properties of the
chalcogenide V, — VI3 group materials, one has to have a closer look to the crystal
structure of these material group. Both alloys have a tetradymite crystal structure
(space group D3, — R3m) with five atoms per unit cell (two Sb/Bi and three Te) [35].
The lattice parameters are given in table 2.1. The crystal lattice of Bi/Sb,Te; forms
periodic quintuple layers (QL) perpendicular to the trigonal c-axis [36]. Each layer
consists of the element stacking of

...Te(2) —Bi/Sb — Te(1) — Bi/Sb — Te(2)...3,

with predominantly ionic-covalent bonds inside the QL (Te(1)) and weak van der
Waals bonding between the Te(2) layers (see figure 2.3 (a)) [35,37]. In this hexago-
nal description (see table 2.1), the unit cell contains 15 atoms with 3 QL’s [38]. This

exceptional crystal structure obviously leads to anisotropic electronic transport prop-

3The signifier (1) and (2) denote the different bonding mechanisms.
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2.3. Crystal and electronic structure Bi/Sb,Tes

compounds \ unit cell \ a [nm] \ O[°] \ ¢ [nm]
Bi,Te; [39] | tetradymite | 1.0473 | 24.17 -
Sb,Te; [39] | tetradymite | 1.0447 | 23.55 -
Bi,Te; [40] | hexagonal | 0.43835 | - 3.36
Sb,Te; [41] | hexagonal | 0.4275 - 3.49

Table 2.1: Lattice constants of Bi/Sb,Te; in the tetradymite and in the hexagonal unit cell.
References can be found in the row compounds.

erties [28,33,42]. In reference to the main results of this work, the emphasis of the
following discussion will be on the electronic structure of Sb,Te3. Beside the complex
crystal structure, Sb,Tes also has a complex band structure with two six-valley va-
lence bands leading to six Fermi surfaces for the upper- (UVB) and the lower valance
band (LVB) respectively. Kulbachinskii et al. studied the electronic band structure
of intrinsic and doped Sb,Tej single crystals grown by the Bridgman method [43].
Although he was not able to separate the assumed Fermi surfaces with Shubnikov-
de Haas (SdH) effect measurements, he observed four different relaxation times by
measuring the photoinduced transient thermoelectric effect (TTE). These have differ-
ent mobilities and effective masses, two for each, the UVB and LVB (see figure 2.3).
Depending on the position of the Fermi energy Ep relative to the valance band max-
imum Eygy, the anisotropy of the electrical conductivity o,,/0y, can be of several
one-digit numbers [38]. However, the anisotropy of the Seebeck coefficient is mea-
sured to be relatively small (S, /S| ~ 1.2) [28].

The actual casting of stoichiometric Sb,Te; with a perfect ratio of 40at.% Sb and
60 at. % Te can be very challenging. Due to the layered structure and the low bond
polarity between Sb and Te (electronegativities of Xg,=1.9 and X1.=2.1), Sb,Te; has a
high ability to form antisite (antistructural) defects where Sb atoms occupy a Te lattice
position [43,44]. This small energy barrier for this element exchange leads to a off-
stoichiometry of Sb,Te; with an excess of Sb. As consequence, to the best knowledge
of the author, this compound is always found to be "natural" p-doped, independent
from the cast method. Even in single crystal cast Sb,Te; with very high purity ini-
tial elements (5N), a Hall hole concentration of minimum 10**m~3 but more often
10%6m~—3 is found [35,43,45].
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2.3. Crystal and electronic structure Bi/Sb,Tes
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Figure 2.3: (a) The hexagonal cell of Bi/Sb,Te; with four quintuples separated by van der
Waal gaps between two Te(2)-layers. The weak polar bonds between the Te-Sb forces the
ability to form antisite defects Sby, leading to a "natural" p-doping of Sb,Te;. (b) The
Fermi surfaces in the x-y-plane, assumed to be isotropic along the c-axis [43]. The lower
figure is a scheme of the the UVB and LVB, where two different scattering times 7;, as it
has been found in [43].
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Chapter 3

Nanostructuring and
Thermoelectrics

Nanostructuring and enhanced/optimized thermoelectric performance are two syn-
onyms often used together in headers of scientific publications. "Optimisation” and
"Enhancing" refer to describe two major aspects of creating "good" or "excellent" ther-

moelectric material properties:

* Increasing the thermoelectric figure of merit ZT relative to the "as cast" mate-
rials. This means either improving the Seebeck coefficient S, the electrical con-
ductivity o or both (PF) - or decreasing the (lattice) thermal conductivity «, in a

specific temperature regime.

* Shifting the maximum of the thermoelectric figure of merit ZT to a temperature

regime which is, in the authors point of view, interesting for applications.

Both can be necessary if the material should be used in Peltier- or thermoelectric
power-devices. Now we have named what is meant, when we talk about optimisa-
tion or enhancement of thermoelectric materials, we have to discuss what this means
for the physical parameters. Since the Seebeck coefficient, the electrical conductivity
and the electronic part of the lattice thermal conductivity are determined by the elec-
tron/hole transport behaviour, this three parameters are linked (see equations 2.32,
2.33 and 2.34). Therefore it is generally not possible to influence only one of them
without effecting the other two. However, there are ways to improve ZT by just chang-
ing the ratio of them, because the Seebeck coefficient accounts with the power of two
in the ZT-factor and S and o are generally not linear scaled (see figure 3.1). The op-
timisation of the power factor S%o is often done by manipulating the majority carrier
concentration with either doping or slightly changing the ratio of elements of the cho-

sen compounds (variation of the stoichiometry). General calculations shown a power
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Figure 3.1: (a) The thermoelectric figure of merit ZT and the dependent parameters as a
function of the charge carrier concentration. (b) Thermal conductivity as a function of
carrier concentration. The reduction of the lattice thermal conductivity x; can signifi-
cantly increase ZT (from point (1) to (2). This allows a re-optimization to lower carrier
concentrations, higher Seebeck values and therefore a higher ZT (point (3)). Trends bases
on empirical data for Bi,Te; of [46]. From: "Complex thermoelectric materials,” by G.
Jeffrey Snyder and Eric S. Toberer, 2008, Nature Materials 7,p. 105 - 114, 2013 by Nature.
Reprinted with permission.

factor (and ZT) maximum for carrier concentrations' in the range of 108 - 102! cm—3,
which are typically values of heavily doped semiconductors and of course dependent
on the material/compound [47,48]. This effect can be reached without nanostructur-
ing and is more a material science aspect.

An further approach to increase the thermoelectric figure of merit is to decrease the
thermal conductivity k. At thermoelectric advisable charge carrier concentrations,
electrons and phonons contribute approximately equal to the total thermal conduc-
tivity. The phonon thermal conductivity, often called lattice thermal conductivity «;,
has different scattering probabilities in contrast to those of charge carrier scattering.
To distinguish between x; and the charge carrier thermal conductivity x,, a new ex-

I'More precisely it is determined by the Fermi energy Ep.
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3.1. Phonon scattering: Nanostructures and the influence on phonon transport

pression of the thermoelectric figure of merit can be defined (see equation 2.8) to

2

ZTaye = KISTO;CeTave' (3.1)
Ioffe et al. suggests, that a solid solution of two semiconductors with the same crystal
structure can decrease x; by increasing the phonon scattering probability, but without
affecting the charge carrier transport [6,10]. This is due to the fact, that the phonon
mean free path is usually greater then these of charge carriers, which makes it pos-
sible to influence the short wavelength phonons, predominating the heat transport,
without destroying the long range order of electrons and holes [6]. However, it turned
out that also the mid- to long wavelength modes of the phonon spectrum contribute
significantly to the heat transport. Different scattering mechanisms influencing the

charge carrier and phonon transport will be discussed in the following sections.

3.1 Phonon scattering: Nanostructures and the influence on
phonon transport

If we include the lattice thermal conductivity x; in our calculations (see equation 3.1),
the effect of nanostructuring can influence phonon transport and therefore the ther-
moelectric figure of merit ZT. In principle it should be possible to modify «; with-
out effecting the electronic transport properties [6, 10]. Of course the charge carri-
ers interact with phonons and therefore the electronic properties are physically not
completely disconnected, but an optimisation is possible since phonons and elec-
trons have different energy-frequency dispersions and mean free paths. One of the
strategies to reduce «; is to lower the specific heat (lowering the phonon density of
states) and average group velocity phonons (shape of the dispersion relation) [49].
This means forming nanostructures (e.g. superlattices or low dimensional structures)
with sizes in the range or smaller than the phonon mean free path [, in parallel to
the transport direction. An decrease of the thermal conductivity using this approach
has been demonstrated for example with an Ge/Si superlattices structures [50] and
Si nanowires [51] or a combination of both [52]. However the principle of decreasing
x; by this method has been proven since the average phonon mean free path in this
elements is comparably large, these relatively pure materials have a poor thermoelec-
tric performance due to their unoptimised carrier concentrations. For applications
around room temperature, alloys of V,VI3 Bi/Sb and Te compounds are, up to now,
still the best thermoelectric materials available (ZT ~ 1). To reach such effects in
this compounds, nanostructuring in the order of the mean free path of phonons in

this material systems would be necessary. These can be found to be around an order
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3.1. Phonon scattering: Nanostructures and the influence on phonon transport

of magnitude lower then in Si/SiGe, which means only a few nm at room tempera-
ture [49]. However it is challenging to reach such regimes in Bi,Tes, Sb,Te; and their
alloys, there are size effects on a larger length scale which can lead to an increase of

phonon scattering by e.g. lattice defects, interfaces and grain boundaries.

Interface, point defect and grain boundary phonon scattering - classical size effects

Interface scattering is efficient if the interface layers are rough or/and have a large
acoustic mismatches [49]. The impact on the mean free path of this scattering mech-
anism lgil has to be weighted with all mean free paths (l;h) contributing to the total

mean free path l;%t by using the Matthiessen rule [48,49]

1 . 1 11
ﬁ = Z lph = Zimp + ll_b + Zu—k, (3.2)
ph i=1 ph ph ph

where the dominant scatterers listed here are impurity/alloy or defect scattering l;;p
and phonon-phonon Umklapp scattering l;}l:. Note that equation 3.2 is only a rough
approximation since all mean free paths depend on the phonon frequency v and gen-
erally are anisotropic (especially lli;il strongly depends on the 3D-layer or grain struc-
ture).

Since the crystal structure and therefore the phonon transport is anisotropic, grains
with different lattice directions can create interfaces without adding different ele-
ments or alloys to the structure. This fact is used in the ball milling approach, where
optimised thermoelectric materials are fine grained by the impact energy of the added
balls, under heavy rotation of the beakers. After the milling process the powder has
to be compacted, which is typically done by SPS (Spark Plasma Sintering - a current is
induced to heat up the material during the pressing process) or via conventional hot
pressing (the pressing shell is heated up - no current flow through the sample). Per-
formance increases due to reduced lattice thermal conductivity by this method have
been shown for example by Poudel et al. who reached a ZT value of 1.4 for ball milled
(Bi,Sb),Tes [53].

Because of the large length scale compared to the (average) phonon mean free path,
interface and grain boundary scattering are only sufficient for the low frequency (and
therefore long mean free path) phonon contribution to the lattice thermal conductiv-
ity [6]. In contrast to this, point defect scattering effects the high frequency (small
mean free path) components of phonon-frequency dispersion relation. Defect scat-
terers are for example local variations of the elastic constant and the density in iso-

morphous crystals by vacancies or impurities in compounds [5, 6]. However there are

18 Nanostructuring and Thermoelectrics



3.2. Charge carrier scattering: Nanostructures and the influences on the electron
transport

several kinds of approaches to create phonon scatterers, the general condition that
phonons should be scattered more sufficiently then charge carriers, should be ful-
filled [54,55]. The combination of the ball milling process and the covering of these
particles with a shell of a different material to increase the effect of surface scattering
seems to be a promising next step to enhance phonon scattering. Therefore it is nec-
essary to conformal cover the particles with thin shells before pressing. This is the
major asset of Atomic Layer Deposition (ALD), which will be introduced in the the

next chapter.

3.2 Charge carrier scattering: Nanostructures and the influ-
ences on the electron transport

Now that we have discussed the influence of size effects in nanostructures on the
phonon transport, it is of course necessary to think about the charge carrier transport
in such systems. Since the mean free path as well as the frequency dispersion rela-
tion is different for charge carriers and phonons, one would expect different structure
size effects. In this section some of the dominant scattering mechanisms in systems
in which at least one dimension is in the order of the carrier mean free path [, will
be discussed. On the basis of the emphasis of this work, we will focus on the effects
in thin films where one dimension (the thickness t) fulfil this requirement. However,
these size effects are expected to influence the carrier transport in system with more

then one reduced dimensions, e.g. nanowires or nanoribbons, too.

3.2.1 Grain boundary and surface scattering - classical size effects

In the most cases when Bi/Sb,Te; thin films are grown, the structure consists of plane
parallel, but randomly orientated polycrystallites, rather than being single crystalline
[56,57]. This is due to the island growth behaviour of such material systems, which
is typical for Sb,Te;/Bi, Tes thin film growth, independent from the method used (see
section 4.2 and [57-65]). The growth mechanism starts with the formation of non
connected islands, which grow together with increasing amount of deposited material.
As a consequence, these islands are the origin of the grains in thicker (closed) films,
leading to the polycrystallinity of such thin films. The boundaries of these grains are
determined by the surfaces of two different crystal directions facing at each other at
their common borders. Of course the disturbance of the lattice orientation is expected
to show deviations from single crystal bulk transport due to the additional scattering.

Mayadas and Shatzkes et al. formulated a model, which describes the quantitative
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influence of grain boundary scattering on the charge carrier transport [66]. This leads

to a modification of the total scattering time 7* by obeying Matthiessen’s rule
—==+— (3.3)

where 7 is the background scattering time, caused by defects, impurities and phonon
scattering and 7y, is the grain boundary scattering time. Mayadas and Shatzkes ob-
tained a geometry factor @, which describes the relation of the average grain size diam-
eter d, in relation to the electron mean free path I, combined with the grain boundary
reflection coefficient R [57] , R
e
a= d_g "T-R (3.4)

The modification to the electrical conductivity oy can then be found to be [57]

1 1 1
ngZGbulk-3-[§—§a+a2—a31n<1+a):|. (3.5)

As an additional scattering source for charge carriers in thin films, collisions of elec-
trons/holes with the film surface may have to be taken into account if the thickness
of the film is in the order of the electron mean free path I, [57]. The increase of the
electrical resistivity or the decrease of the electrical conductivity has been described
by Sondheimer? et al. [67,68]. In fact the analytic solution of the equation is compli-
cated and we will limit the discussion to a more simplified (qualitative) solution. This
is adequate, since the quantitative boundary conditions of the different scattering pa-
rameters are not known and therefore an analytic solution is not possible. However,
the basic parameters which affect the surface scattering mechanisms shall be intro-
duced here. In figure 3.2 a scheme of the scattering mechanism and the parameters
are shown. The surface scattering depends on the mean free path [, with respect to the
film thickness t and the probability of scattering. This probability factor p in general
is a function of the surface roughness. In the case of a totally smooth film surface, the
interface scattering has no influence on the conductivity since the carriers do not loose
any momentum in the direction of the current flow (estimated to be one dimensional
perpendicular to the film axis), due to the fact that the scattering is fully specular (see
figure 3.2 dotted grey line). On the other hand, if the surface has a certain rough-
ness, the assumption of a horizontal interface is not longer valid. As a consequence
the charge carriers are diffusive scattered and loose momentum in the direction of the
charge flow - reducing the electrical conductivity. If the ratio of ¢/I, > 1, the expres-

sion for the reduced conductivity ogg as a function of the background conductivity

2First attempts for surface scattering has been done by Thomson et. al. and later by Fuchs et al. how
solved the Boltzmann transport equation for such surface scattering [57, 67].
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rough surface O<p<1

Figure 3.2: Scheme of the surface scattering mechanism and the influence of the surface
roughness on the scattering probability factor p. The grey dotted line corresponds to
fully specular scattering in the case of a totally smooth film surface (p=1) and the diffu-
sive scattering in the case of a rough surface (solid grey line; 0 < p < 1).

Opulk can be calculated to® [61]

31,

OFS = Obulk [ “37 (1 —P)] , (3.6)

known as the Fuchs-Sondheimer model. The factor p is the surface scattering factor,
linked to the amount of charge carriers scattered either fully specular (p=1) or fully
diffuse (p=0). Of course this equation is simplified, since the scattering probability as
well as the mean free path are function of the frequency of the carriers. However p
and [, are means, this model is able to make a quantitative description of the reduction
of the electrical conductivity in thin films with respect to the surface roughness and
the thin film thickness [57].

3.2.2 Quantum confinements effects

Quantum confinement effects in thermoelectric materials are under steady debate.
Several publications describe different quantum confinement effects in low dimen-
sional structures and the effect on the thermoelectric transport properties - see e.g.
[69-71]. Since in this work the thermoelectric properties of thin films and core shell
structures are discussed, we will concentrate on the two dimensional calculations. The
highly cited paper of Hicks et al. from 1993 predicted a strong increase of the thermo-
electric figure of merit ZT by quantum size effects in 2D superlattice structures [13].
In a simple cubic lattice with a single parabolic band structure and an energy inde-

3Das et al. mentioned that numerical calculations have shown, that this function is valid for ratios
down to t/l, ~ 0.1 [61]

Nanostructuring and Thermoelectrics 21



3.2. Charge carrier scattering: Nanostructures and the influences on the electron
transport

pendent scattering time 7, the electronic energy dispersion relation is given by [13]

Rk kK2
E(erky:kz) = 5 (_x+_y+_z s (3.7)

2 \ my m, My,

where k; are the momentums given by the inverse of the lattice constant a (k; = %)
and m; are the effective masses for the respective lattice direction. If we now confine
the free electron dispersion in one direction by an infinite potential barrier (in the
following along the z-direction) by reducing the thickness to nm scale, the dispersion

relation is modified to [13]

12 [ k2 k2 2
H@@m=—<i+l+” , (3.8)

2 \my my m,t?

where ¢ is the layer thickness. This is the energy dispersion of an infinite width film
(along the x-y plane). The energy dispersion along the the x-y plane is still continuous,
but discrete along the z-axis. The energy levels are now split up into several subbands
with the energy dependence of Ezoct%. Since the density of state g(E) is a function of
the energy dispersion E(k), the Fermi energy Er and the Fermi-Dirac distribution f,
all electronic parts of the thermoelectric properties are influenced by this quantum
confinement effect. This leads to the effect, that the Fermi energy (and therefore all
electronic transport properties) can be influenced by tuning for example the doping
level and the layer thickness t. In the case of Bi,Te; these calculations predict a sig-
nificant increase of the ZT value for a layer thickness below 4 nm [13].

However, these theoretical calculations have limitations: They assume only one sub-
band of the confined z-direction bands contribute to the electronic transport. This
limitation is only valid if the separation of the subbands is large (meaning very small
t) and Eg is lower then the relative energy level of the second subband, which strongly

depends on the majority carrier concentration.
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Chapter 4

Atomic Layer Deposition

Atomic Layer Deposition (ALD) bases on non reversal gas-solid-reactions of at least
two vapour chemicals (so called: precursors or reactants) alternate pulsed into a re-
action chamber and separated with a purge step by flushing with inert gas e.g. nitro-
gen, a conformal thin film is produced by the chemical reaction between the different
vapours [24]. The precursors are chemically designed to react only with each other,
leading to a self-limiting process. This means that the growth of the film is not linked
to the exposure time (after saturation of the surface has taken place) in which the
chemical is left in the reaction chamber, but only by the repetitions of the process.
Once the start precursor material has reacted with the surface, the classical ALD-
process shows a constant growth rate (layers per cycle) and therefore an excellent
thickness control on nearly every three-dimensional surface is possible [22]. The ba-
sic scheme of a two precursor ALD cycle step is shown in figure 4.1. Starting with the
pulse of precursor one (I), the chemical reacts with the surface atoms (in general with
the OH-group on the top of the substrate material) forming the nucleation layer (II).
The volatile gas-solid reaction produces by-products (often called: waste-gas) con-
taining these parts of the precursor chemicals which do not form the solid compound.
To get rid of this waste-gas and the non-reacted precursor gas, a purge step is done by
flushing the chamber with a small flow of inert gas or just by evacuating it (II). This
step is necessary to prevent any gas-gas reaction between the non reacted precursor
materials or the waste-gas and the following precursor two. When the second precur-
sor is in contact with the surface (III), it reacts with the first layer material. After this,
the first layer of the compound is formed and the cycle begins once again (IV).

Let us conclude the properties of ALD growth. On the one hand, the deposition
method has some major advantages:

* Deposition not only on flat substrates, it is also possible to conformally coat 3D-
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Figure 4.1: Scheme of a 2 precursor ALD cycle starting with the substrate-first-precursor-
reaction (I).

structures with high aspect ratios.

* Excellent thickness controllability due to the self-limiting reaction.

* High material purity because of the defined chemical reaction and the low de-

position temperature.
* No need for ultra high vacuum which simplifies the ALD-machine design.
On the other hand, there are disadvantages:

+ Low deposition rates - typically in the range of 0.01 - 2 A/cycle, while one cycle
can take seconds in the case of coating flat substrates or several minutes when
complex structures have to be infiltrated.

* The list of elements and compounds which can be deposited is limited to the
precursor chemistry, but the list increases fast in the last 10 years (for a list of
precipitable compounds and elements see e.g. [24]).

* Not every surface material can be coated without surface activation.

In contrast to the ALD of metal-oxides (e.g. Al,03, SiO, or TiO,), where the processes
are well established, the information about the deposition of chalcogenides is very
limited.

This leads to the question: Why is ALD a good method to produce Sb,Te; thin films?
First of all a very precise method established to conformally coat particles with thin
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film shells, especially Sb,Te;. On the other hand there is also a good reason to charac-
terise the galvono- and thermoelectric properties of ALD grown thin films of this ma-
terials on flat substrates: In comparison to other deposition techniques, this method
has a very low deposition temperature (see fig. 4.2), which is expected to suppress

the formation of defects in such material compounds. In the case of the research on
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Figure 4.2: This figure shows some examples of the growth temperature of different thin
film deposition techniques. This list not intended to be exhaustive. MBE - molecular
beam epitaxy [72,73]. COE - co-evaporation [58,74]. RC/DC CS - radiofrequency (RF)
and direct current (DC) co-sputtering [75]. IBS - ion beam sputtering deposition [76].
MOCVD - metal organic chemical vapour deposition [60].

Sb/Bi,Te; and its compounds, this could be of vital importance:

The production of pure antimony/bismuth-telluride in its 2:3 phase is a major prob-
lem. Due to the weak polarity of the Sb/Bi-Te bonding this kind of material system
often forms so called antistructural defects which lead to a shift of the stoichiom-
etry [77]. This means a Sb/Bi atom can occupy an Te position or the other way a
round. The negatively charged antistructural defects are compensated by a high hole
concentration, making Sb,Te; grown under stoichiometric conditions nearly always a
p-type conductor [77]. A lot of effort has been put into the challenge to produce sto-
ichiometric (Sb/Bi),Te; with a low defect content, e.g. via post-annealing under Te-
atmosphere [78-80]. Because the formation of solid Sb,Te; in the ALD process results
from a chemical reaction (see eq. 4.1) and the deposition temperature is low (which
means a lower energy in the system to form antistructural defects) compared to other
deposition techniques, there are good chances to get a lower defect concentration in

the produced films. But the biggest advantage from the low deposition temperature
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is the possibility to pre-structure the ALD thin film via photolithography techniques.
This will be discussed in the chapter 5.

4.1 Design, concept and realisation of ALD-reactors

Several different types of ALD-reactors are commercially available and a lot of self-
made or modified reactors can be found in the field of research and development,
all build and optimized for their special field of application [81-84]. Since all sam-
ples presented in this work originate from two self-made ALD-reactors, the special
concept of each will be presented in this section. All deposition parameters specific
to this work are for these machines only and can differ widely if the same process is
run on other ALD-reactors. Nevertheless, there is one generally important rule which
should be obeyed designing an ALD-machine:

Precursor-gas flow should only be possible in the direction of the vacuum pump with-
out risk of condensation. This can be assured by the following steps:

* A constant inert gas (carrier gas) flow from the precursor line into the direction

of the reaction chamber.

* Keeping a positive heat gradient from the precursor bottles (lower T) to the

reaction chamber (higher T).

* Always separate the precursor-gases from each other to prevent inadvertent re-

actions.

4.1.1 Boost modification on home-made exposure reactor

The exposure-reactor is originally designed and build for the deposition onto porous
nanostructures, especially for creating nanotubes and nanowires by depositing in self-
assembled aluminium-oxide membranes (AAO-membranes), see e.g. [85,86]. The
term "exposure" means, that the precursor can be kept in the reaction chamber for
a determined time, letting the precursor gases penetrate (by gas diffusion) structures
with high aspect ratios. In the case of thin film depositions on flat substrates, this time
can be chosen to be very short, because the surface is easily accessible by the reactant
gases. The time and pressure scheme in figure 4.3 illustrates a basic two precursor pro-
cess with in the exposure modus. In principle, there are two precursor valves (valves
2 and 3 in figure 4.4) which control the flow of reactant gas (the basic ALD-process is
illustrated in figure 4.1). A flowmeter guarantees a constant flow of the inert gas, so

that no reflux of gas from the chamber into the valve- and precursor-line is possible.
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pressure

pump + boost
open precursor B

pump + boost
open precursor A

open precursor A

A 4
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Figure 4.3: Pressure and time scheme for a two precursor ALD-cycle.

The valves 1 and 4 have been installed later to increase the base pressure in the pre-
cursor container bottles because of the following reasons:

The vapour pressure of the two precursor chemicals are very low at the chosen temper-
ature. This leads to the problem, that the pressure difference between the precursor
container and the reaction chamber is too low to have an adequate amount of reactant
gas in the chamber. Since the growth rate strongly decreases with increasing tempera-
ture (see figure 4.8 and [25]) and the precursor chemicals tend to decompose at higher
temperatures, the precursor temperature has to be as low as possible. To support the
precursor-gas-flow, the pressure difference between the chamber and the precursor
container is increased by a certain pressure - controlled by the Boost pressure regula-
tor (see figure 4.4 - of inert gas (N, or Ar)). Therefore, the ALD machine has been
modified by installing additional valves, which have to control the gas pulses between
the boost pressure regulator and the precursor bottles (see figure 4.4). The inert gas
boost is done during pumping (valve 5 open), when the line between the precursor
container and the chamber is closed (when valve 1 as well as 3 are closed and 1 or
4 are open). For a more detailed view of the process, please compare table 4.1 and
figure 4.4.

4.1.2 Boost flow-through/exposure particle-reactor

Creating core/shell micro- and nano-particles by coating with ALD, for the passiva-
tion or functionalisation of particle surfaces as well as for tuning optical or mechan-
ical properties of materials, is becoming a rising field in research for various appli-
cations [21,87-89]. For the conformal and homogeneous coverage, it is absolutely

necessary that every part of the surface has the same probability for the chemical pre-
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precursor valves  booster valves ol ® pPC
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Figure 4.4: Scheme of the modified home made exposure-mode ALD-reactor with boost mode.

1)

Reaction chamb

# ‘ step name ‘ precursor ‘ valves open ‘ valves closed
0 | pump + boost A 5,1 2,3,4

1 open A 2 1,3,4,5

2 exposure - - all

3 | pump+boost B 5,4 1,2,3

4 open B 3 1,2,4,5

5 exposure - - all

6 goto 0 - - all

Table 4.1: A basic boost-ALD recipe for one cycle. The boost valve open time is always shorter
then the pump time.

cursor reaction. In principle there are two reactor designs which are able to ensure
such coating: the fluidized bed and the rotary reactor (see figure 4.5). The concept of
the fluidized bed reactor is adapted from the CVD coating process [90,91]. The par-
ticles are kept in levitation by a constant flow of carrier and/or precursor gases. This
flow has to be optimized for the density and size of the specific particles to avert either
flushing them in the waste gas line or, if the gas flow is too low to overcome the gravi-

tational force, that the particles stay on the ground. On the one hand, this process has

28 Atomic Layer Deposition



4.1. Design, concept and realisation of ALD-reactors

Rotary reactor Fluidized bed reactor

e m
line Precursor

inlet

D

Figure 4.5: Basic schemes of the two particle reactor designs. The fluidized bed reactor on the
right has the advantage of the higher weight capability and shorter pulse times, but with
the disadvantages of higher investment costs, more complicated process parameters, and
larger precursor consumption. The rotary reactor is easier and cheaper to build, but has
a smaller loading capability.

-

vacuum
line

the advantage of being able to cover large quantities of particles conformally, but on
the other hand, a high amount of precursor is necessary (and wasted) and the particle
size distribution has to be as small as possible to ensure homogeneously coated par-
ticles. It is more complicated in designing, building up, and running than the rotary
reactor. Due to this facts, a fluidized bed reactor is not optimal for the use in scientific
research fields, where typically small amounts of powder will be coated and possi-
bly not commercially available precursor gases are used. For this reasons, the rotary
reactor (see figure 4.5) is chosen to be the better option: In contrast to the fluidized

1 inner chamber closing 3 rotating inner chamber
2 PTFE membrane 4 non rotating outer chamber

vacuum pum

Figure 4.6: Scheme of the inner part of the reaction chamber, where the particles are kept in
motion by the rotation of the inner chamber. The outer chamber is fixed to ensure gas
fitting for the precursor flow.
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bed principle, the rotary reactor has a different technique to ensure that the whole
surface of every particles is accessible to the gas precursor. By rotation of the reaction
chamber, the enclosed particles are constantly in motion and the complete surface can
react with the precursor. The inner rotating-chamber is designed to keep two Polyte-
trafluorethylen! (PTFE) membranes on the each side, which are thermally stable up to
around 250 °C. These prevent the particles from leaving the reaction chamber either
in the waste line or in the precursor inlet (see figure 4.7). To make sure that the coat-
ing is homogeneous, the precursor is kept in the chamber for a specific time (exposure
mode). The inner chamber is covered by a fixed outer chamber. This is necessary,
since due to the rotation no gas line fittings can be connected to the chamber, the pre-
cursor and the waste line. One of the major challenges is the connection between the

holder for pressure sensors like boost-exposure ALD machine

reaction chamber
with insusaltion

Figure 4.7: Picture of the rotary reactor without precursor bottles and the regulation elec-
tronics. The right part is similar to the boost modus ALD reactor (see figure 4.4. On the
left side the vacuum rotation throughput, the rotation motor and the reaction chamber,
covered with insulator material, is visible.

rotating part of the reactor (the inner chamber) and the gas flow line. Therefore, a gas-
ket is needed which can resist the heating temperature, the material deposition and
which is tight enough for the reaction pressure to be around 10~! — 102 mbar. This
is done by a magneto-fluid gasket which separates the moving from the non-moving
parts. The whole outer chamber, including the gasket, a rotation fitting to connect
the inner chamber and the motor to power the rotation is a commercially available
setup (VACOM - MagiDriveMD35H), with a maximum working temperature of 200 °C
(short time stability: 250 °C), a maximum drive of 230 rpm and UHV capability. The
inner chamber is a self-made stainless steel container with two separators for the PTFE

membrane holders (see figure 4.6). In the next step, we have to ensure that all parts

IBetter known under under its trade name Teflon.

30 Atomic Layer Deposition



4.2. Growth of Sb,Te; by ALD

which are in contact with the precursor gases are as homogeneously heated as possi-
ble. All heat transfer has to be indirect because of the technical restrictions of heating
the rotating parts. The outer chamber is heated by three 200 W heaters. Heat transfer
to the inner chamber is guaranteed by the outer chamber heater and the connection

to the gas line which is heated as well.

4.2 Growth of Sb,Te; by ALD

Pore et al. were the first who reported the ALD growth of metal-tellurides and -
selenides, including the process used in this work for Sb,Te;, with the motivation
to produce Ge,Sb,Te; (GST) for phase-change random-access memory devices [25].
They invented a new kind of alkylsilyl compounds (Et/Me3Si),Te/Se (inspired by pre-
cursor chemistry used in MOCVD? processes see e.g. [60]), which should react suffi-
ciently with metal-chloride precursors to solid and stable metal-telluride/selenides.
For safety reasons (tellurium and selenium are highly toxic) and due to handling the
alkylsilyl compound, (Et;Si),Te/Se was chosen for depositions, because the precur-
sor is liquid at room temperature and seems to be thermally stable enough to not
self-decompose [25]. In combination with the good reactivity with the commercially
available SbClj (solid at RT) it is probably the most promising candidate to create
high purity Sb,Te; thin films.
The reaction mechanism have been studied in a second publication by in-situ mon-
itoring the mass spectrometry during the ALD pulses [92]. The basic reaction is as
following:

2SbCl;(g) + 3(Et3Si), Te(g) — Sb,Tes(s) + 6Et;SiCl(g) (4.1)

Different types of substrates and nanostructures have been coated with Sb,Te;. Ta-
ble 4.2 gives an overview of the templates analysed with SEM. Several more have been
tested (e.g. CdSe, BaF,,...) with either very similar results to those listed or without
deposition. =~ The major problem of Sb,Te; deposition with the self-made reactors

material ‘ flat substrates ‘ nanowires (diameter) ‘ particles (diameter)
Si/SiO, | 500 um/300 nm SiO, - -

GaSb | 500 pm/native Oxide - -

GaAs 500 pm/native Oxide | MBE (& about 50nm) -

Bi,Tes - VLS (@ about 200nm) mortar (~1 pm)

Table 4.2: Overview of used materials and structures as templates for the atomic layer depo-
sition of Sb,Tejs.

2MOCVD: metal organic chemical vapour deposition
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arises from the low precursor vapour pressure of the (Et;Si),Te/Se precursor and the
decreasing growth rate with increasing temperature of this special process [25]. Un-
like the inventors of this process (Pore et al. ), we found a minimum deposition tem-
perature of 80 °C and a growth rate of 0.16 A/cycle with a high error due to the surface
roughness, while they report to have a growth rate of 0.6 A/cycle at 60°C [25]. For a
detailed overview of the deposition parameters and the growth rate see figure 4.8 (a)
and table 4.3. The parameters for the deposition cycles have been optimized to get

0.6 * 4 Poreet al. flow-type-reactor |
T “ ® thiswork home-made-reactor
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Figure 4.8: (a) Comparison of the literature growth rate, with the rate found in this work. (b)
ALD Sb;Tej; thin film grown on top of a Si/SiO, wafer.

smooth films and an acceptable growth rate on Si/SiO, substrates. The chosen growth
parameters can be found in table 4.4 labeled as "standard". The parameters are in
good agreement with the optimized values found by Gu et al. [64]. A more detailed
look on the growth behaviour of Sb,Tes for different substrates and under variation
of the growth parameters will be given in the following sections.

parameters | Pore etal. [25] | this work

Tspel, 30°C 55°C

T (Et,5i),Te 40°C 77 °C

Terowth 60°C 80°C
ALD modus flow exposure

growth rate 0.6A/cycle | 0.16A/cycle

Table 4.3: Growth parameter comparison.

To study the morphology of the Sb,Te; ALD growth, thin film depositions on flat
wafers have been made. As substrate a high resistivity phosphor doped Si <100>
wafer of 500 um thickness with 300 nm of thermal evaporated SiO, was used. De-
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positions on substrates with lattice constants close to Sb,Tes, like e.g. GaAs, BaF or
GaSb, have shown similar growth behaviour (see figure 9.5 in appendix). Figure 4.9
shows the surface after the deposition of three different numbers of ALD cycles (x).

The upper third of the figure shows a Scanning Electron Microscope (SEM) images

Figure 4.9: Growth of Sb,Te3 on Si/SiO; substrates at two different magnifications. The num-
ber of ALD cycles is labelled.

of 500 ALD cycles of Sb,Te; in two different magnifications. In accordance to resis-
tance measurements, where only an infinite resistance could be measured, no closed
film was observed at this cycle number. Increasing the number of cycles, the films get
denser. In contrast to the SEM pictures, which seem to show closed films, no electri-
cal measurements were possible below 2000 ALD cycles. The pictures in figure 4.9
are representative for the Sb,Te; growth behaviour. The non-closed film, observable
below 2000 ALD cycles indicate a different growth mechanism in contrast to the the
"classical" layer-by-layer growth. In contrast to ALD processes like Al,O3 or SiO,,
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which show growth rates in the range of 0.1-0.2nm per cycle, Sb,Te; has an order
of magnitude lower deposition rate (see figure 4.8 and [25]). The strongly decreasing
deposition rate with increasing substrate temperature indicates that adsorption and
desorption of the precursor material are competitive processes during [93]. Addition-
ally, Gu et al. reported a massive material loss due to desorption (see figure 4.10)3,
if the substrate temperature is increased up to 180°C and identify an optimal ALD
temperature window of 60 — 70°C [63] for creating relative smooth and polycrys-
talline Sb,Tez films. Pore et al. found the minimum deposition temperature to be
60 °C, but have used a flow type reactor instead of an exposure-mode-reactor used in
this work [25, 63]. This is why the reactor (and therefore the substrate) temperature
was chosen to be as low as possible, limited only by the low vapour pressure of the
(Et3Si),Te precursor. As lower limit, 80°C as reactor- and 77°C (Et;Si),Te precursor-

bottle temperature were used in the used home-made boost-exposure-reactor. The

precursor elemental
desorption desorption
adsorptlo\ / \ f
|ffu5|on ‘

Figure 4.10: Scheme of the growth of Sb,Te; showing the competitive mechanisms of absorp-
tion and desorption.

dominant growth mechanism can be identified as Volmer-Weber island growth. The
system tries to minimize the surface and interface energy, forcing the surface atom
diffusion [94]. As result, the deposition starts at nucleation points (for example on
surface contaminations, defects or edges of the substrate), subsequently larger islands
are formed resulting in a polycrystalline film. This mechanism is typical for Sb,Tes
thin film growth. As a consequence of the weak van der Waals coupling of the quintu-
ple layer and to the substrate, the Sb,Te; thin film achieve his lattice parameter from
the beginning of the growth [95]. Similar results to the ALD growth mechanism in
this work can be found in literature with several other deposition techniques on many
kinds of substrate materials (e.g. MBE, CVD, co-evaporation,...) [56,58-64,95,96].

3using the slightly different tellurium-precursor: (Me3Si),Te
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4.2.1 Structural and compositional analysis

Beside the morphology analysis, the structural and compositional analysis has been
performed. By X-ray diffraction (XRD) measurements information about the crystal
structure can be obtained. Figure 4.11 shows the XRD pattern of a 50 nm Sb;,Tej film
and the corresponding clean Si/SiO, substrate measurement. Nearly all peaks can

10% ;
- Sb,Te, film

Intensity / a. u.
5:;

" SiO, substrate

3 1 1 n 1 1 n 1 1 1 n
1 020 30 40 50 60 70 80 90

260 / deg

Figure 4.11: XRD-pattern of a 50 nm Sb,Te; and of the Si/SiO, substrate. Reprinted with
permission [97].

be identified as peaks of the (00n)-direction, which is corresponding to the c-axis of
the hexagonal cell of Sb,Tej (see figure 4.11). So the major growth direction is along
the c-axis, as it is expected from the alternated pulsing of the Sb and Te-precursor
in combination with the layered structure of Sb,Te; due to the weak van der Waals
bonds between the quintuple layers (see figure 2.3 (b)) [95]. The additional (1013)
peak belongs to plates growing perpendicular to the c-axis which can be found in the
SEM pictures (see figure 4.9). Such spontaneous generation of free-standing plates
are found to be driven strain effects if the lattice mismatch between thin film and sub-
strate is large [56].

Additional energy dispersive X-ray spectroscopy (EDX) measurements on several films
and at different positions in average show a concentration of 39.96 at% and 60.04 at%
(see table 9.1 in the appendix) of Sb and Te respectively, which is very close to the
2:3 Sb/Te ratio expected from the XRD analysis. To confirm the stoichiometric ra-
tio, PIXE (particle induced X-Ray emission)-measurements have been performed by
using a 3.5MeV HT beam*. In the analysed area (1 x 1 mm) a Te/Sb ratio of 1.49
+ 0.03 was found which matches - within the error - the ideal stoichiometry. This
fact re-emphasises the major advantages of ALD growth in reference to the material
quality of Sb,Te; thin films: the chemical growth mechanisms and the low deposition

4Thanks to Dr. Frans Munnik from Helmholtz Zentrum Dresden Rossendorf (HZDR), who per-
formed the measurements.
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temperature.

4.2.2 Structural analysis of Sb,Tej; thin films under different growth con-
ditions

To determine the growth behaviour in more detail, additional experiments under dif-
ferent ALD-conditions have been made. Since the Sb,Te; growth is a function of
absorption and desorption of the precursor ligand as well as the desorption of the
contributed elements, the temperature has been chosen to be fixed to the lower limit
of 80°C to minimize the energy for the desorption process. Nevertheless, the valve
open time parameter can be varied. Since Sb,Te; and/or the elements show a strong
tendency to surface diffusion, highlighted by the island growth (see figure 4.9 and
figure 4.10), variations of the exposure and pump times should have an effect on the
film growth [64]. Therefore, a structural analysis has been performed by keeping the
number of ALD cycles constant and continuously reducing these times controlled by
the specific valve times (see table 4.4). As a lower limit, a flow-type reactor behaviour

has been emulated by constantly evacuating the reaction-chamber without any expo-

sure time (flow modus). The different parameters can be found in table 4.4.  For
name ‘ open (1 and 2) (s) ‘ exposure (s) ‘ pump (s) ‘ T ‘ Tre ‘ Tsp
standard 2 20 25 80°C | 77°C | 55°C

25/40 2 40 25 " ! "
10/15 2 15 10 ! ! "
10/7 2 7 10 " ! "
10/2 2 2 10 ! ! "

flow mode 2 10 " ! "

Table 4.4: Growth parameters (valve times) and temperatures for the depositions under dif-
ferent growth conditions but with a constant number of 2000 ALD cycles. The flow-mode
has been emulated by externally keeping the pump-valve open.

the evaluation of the thickness and the surface roughness, Atomic force microscopy
(AFM) measurements have been performed on the lithography design Hall-bar struc-
tures. Indeed, the growth rate of the thin film changes slightly with the pulse time, but
there is a big difference for the flow mode. Figure 4.12 (a) shows the layer thickness
in respect to the pump/exposure time. The thickness of the film grown under flow
conditions is nearly twice as high as depositions with exposure times. Because of the
missing exposure time, the desorption is suppressed, resulting in a higher film thick-
ness. The surface roughness can be determined by AFM (see figure 4.13), is shown in
figure 4.12 (b). A constant reduction with respect to the pump/exposure times under-

lines the effect of diffusion and the Volmer-Weber growth behaviour. By increasing the
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Figure 4.12: Figure (a) shows the film thickness of the samples with different growth param-
eters. All samples have been produced with 2000x ALD cycles. In figure (b) the surface
roughness is shown as a function of the pump/exposure time, showing a clear trend to
higher roughness with lower exposure and pump times.

time in which the Sb,Te; system can rearrange itself, the growth parallel to the sur-
face and therefore perpendicular to the c-axis is more pronounced, resulting in larger
plane islands. This fact can also be seen in the XRD data. Using the Full Width at Half
Maxima (FWHM) A0 of the X-ray peaks, the grain size perpendicular to the layer axis
of the thin films can be calculated by using the Sherer-equation (see figure 4.14) [98]:

KA

—_, 4.2
A@thCOSQ ( )

Dpyg =

where Dy is the crystalline size, hkl are the Miller indices of the analysed lattice
planes, A is the used X-ray wavelength, Afyy; is the FWHM of the corresponding peak,
0 is the Bragg angle and K crystalline-shape factor [99]. In absence of detailed shape
information, K = 0.9 is a reasonable approximation [99,100].

4.3 Growth of Al,O; by ALD

The trimethylaluminium(TMA)/water (AlMe;/H,0) process to produce Al,O3 thin
films is one of the most intensively studied ALD-processes [20]. The well understood
growth behaviour/mechanism from the first surface reaction and the wide resistances
against temperature, pulse time and atmosphere pressure changes as well as being
highly reactive with oxygen/moisture if the machine is not leakage free, makes it a
perfect proof of principle process [20]. Therefore, the Al,O3 deposition was the first
process running on the new developed particle reactor checking the general function-
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Figure 4.13: Figure (a) shows the SEM images of the surface of the thin films grown with
different pump/exposure times. In figure (b) the AFM images of the respective films are
shown. Clearly visible the increasing surface roughness with decreasing pump/exposure
times. All films have been grown with 2000x ALD cycles.
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Figure 4.14: Figure (a): XRD pattern of the ALD Sb,Te; thin films with pulse time variation.
Figure (b): The grain size calculated with equation as a function of pulse time.

ality of the machine. First, the growth rate on flat Si/SiO, substrates is determined by
measuring the film thickness by ellipsometry of different TMA+H,O cycle numbers
at a growth temperature of 120°C (see figure 4.15). Both precursor bottles are keep
at room temperature with precursor pulse times of 0.2s and 2s for TMA and H,O
respectively. The growth rate is evaluated with a linear fit to the measured value and
is calculated to be 1.49A/cycle which is in good agreement with results previously

published by Puurunen et al. [20].
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shell structures
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Figure 4.15: Al,O3 thin film thickness against ALD cycles. The growth rate is determined by

the linear regression between the measurement points and is evaluated to be 1.49 Aper
cycle.

4.4 ALD growth of Sb,Te; and Al,O; on nanowires/ribbons
and particles: core shell structures

Sb,Tej films have been grown on different nano- and mesostructures to show the ap-
plicability of the conformal ALD coating. In this section we present selected examples
of core shell structures. The left side in figure 4.16 (a) shows SEM-pictures of uncoated
VLS grown GaAs wires with a diameter of approximately 50 nm. In the upper part
of the picture the GaAs substrate, the on-grown wires and some randomly orientated
humps can bee seen. The right side pictures correspond to 2000 ALD cycles of Sb,Te;
deposited on this GaAs structures. Hexagonal plates of Sb,Te; on top of the (crys-
talline) edges of the GaAs surface highlight the anisotropic growth behaviour of the
material. Due to this plates, the Sb,Te; shell of GaAs wires varies in thickness and
cannot assumed to be homogeneous. In figure 4.16 (b) the core shell structure of VLS
grown Bi, Te; nanowires/ribbons® are shown. As well as in the case of GaAs, one can
find hexagonal plates on the surface of this structures, but the TEM image (shown in
the inset) indicates a more homogeneous growth of Sb,Te; on Bi,Te; nanostructures.
Further HRTEM investigations show a nearly single crystalline shell. However, this
single crystallinity is expected because of the almost matching lattice spacings of both

materials (see table 2.1). The island growth behaviour seen on flat substrates is not

5Grown by Bacel Hamdou, see i.e. [80]
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Figure 4.16: Figure (a) left side: Uncoated VLS grown GaAs wires on GaAs substrate. Figure
(a) right side: GaAs wires with 2000 cycles of Sb,Te; showing hexagonal plate struc-
ture. Figure (b): SEM and TEM (smaller inset) pictures Sb,Te; coated VLS grown Bi,Tes
nanowires/ribbons, showing a more homogeneously distributed shell, as expected by the
small lattice mismatch of both materials.

completely suppressed. The results presented so far have been produced using the
Boost- and exposure-mode conventional ALD-reactor with the "standard" growth pa-
rameters (see table 4.4). Particle coatings for different numbers of Sb,Te; and Al,O;3
cycles have been performed with the use of the particle reactor. In the case Bi/Sb,Te;-
core shell particles it is challenging to distinguish between both compounds with e.g.
TEM or EDX, because density and the lattice parameter are very similar. However, the
SEM pictures of surface of the Bi,Te; particles with a shell corresponding to 0-2000
ALD cycles of Sb,Te; presented in figure 4.17 show closer films with increasing num-
ber of ALD cycles. The growth rate is possibly higher compared to growth on Si/SiO,,

Figure 4.17: Bi,Te; particles coated with different numbers of Sb,Te; ALD cycles.

because the high similarity of both compounds should increase the surface bonding

leading to a suppressed desorption. In figure 4.18 we present TEM images® of as cast

6TEM images by Kristina Pitzschel, Humboldt-Universitit zu Berlin
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and ALD coated Bi,Tes particles. This core-shell structures have been produced by
the particle reactor with 200 cycles of TMA and H,O at 120 °C. In comparison to the
uncoated Bi,Tes particles (smaller inset - double magnification), a less dense film on
the surface can bee seen. This shell corresponds to the Al,03 ALD layer. If we com-

Bi,Te, particle _ AlLO, shell
4

uncoated

Figure 4.18: Large TEM image: Bi,Te; particles coated with 200 cycles of Al,O3. For compar-
ison the inset shown a TEM picture of an uncoated Bi,Te;. Note: The magnification of
the smaller picture is 2 times higher.

pare the results with the deposition of Al,O3 on flat Si/SiO, substrates using the same
precursors with a growth rate of 1.49 A/cycle (30 nm in the case of 200 cycles), we can
find a thinner thickness of about 10nm on the particles. Two mechanisms are re-
sponsible for the suppressed deposition rate: (1): Obviously the rotary reactor design
cumbers the growth: Although the constant rotation of the reactor ensures that every
part of the surface is accessible to the precursor gas, this accessibility is not valid at
every time. When the particles stick together in the case of agglomeration or if they
are in touch with the inner reactor surface because of the different centripetal force of
each individual particle weight (size), some part of the surface is caped for the pre-
cursor gas, leading to a lower deposition rate. This disadvantage maybe decreased by
reducing the particle size distribution and by choosing longer exposure times; (2): The

starting growth reaction of the Al,0O3 on Bi,Te; is unknown (for example missing OH-
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groups at the particle surface), which could lead to a non-linear growth behaviour in
the beginning of the Al,03 ALD coating. Later, when the complete particle is coated,
a linear growth rate is expected. Similar behaviour is known for the deposition of

metals on oxide, e.g. Pt on oxide substrates, or vice versa - oxide on metals [101].
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Chapter 5

Thin film device - preparation and
functionality

In contrast to other thin film material casting methods, ALD has the advantage of a
comparably low growth temperature (see figure 4.2). This enables the use of pho-
tolithography processes prior to the deposition, which gives a great benefit for de-
signing a accurate measurement device. The basic idea, the manufacturing and the
functionality of such a device (see figure 5.1) is presented in this chapter.

Figure 5.1: 3D view of the designed device (Figure drawn by Jens Heiflenberg).
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5.1. The measurement device

5.1 The measurement device

To characterise the thermoelectric, electronic and galvanomagnetic properties of the
ALD Sb;,Te; thin films, a well defined device provides a great benefit in the accu-
racy and reproducibility of such measurements: First, because of the possibility of
in-situ measurements of the electronic and thermoelectric transport coefficient at a
single film to avoid errors in contrast of using different films for measuring of differ-
ent properties; and second, the error of the device is probably similar, when compar-
ing different films with each other.

The focus on the electronic thermoelectric properties means measuring: The Seebeck
coefficient S, the electrical conductivity ¢ and the galvanomagnetic properties: the
Hall- and Nernst coefficient, Ry and N. Therefore we must be able to: Measure volt-
age drops in two dimensions (x- and y-direction), measure the temperatures at the
points of the DC voltage contacts, apply different temperature gradients and a cur-
rent across the film (x-direction) and apply different magnetic fields perpendicular to
the film plane (z-direction). The control and measurement of the device temperature
as well as the AC resistance measurements are performed by the PPMS! measurement
systems (see figure 5.6). Therefore the geometrical and contact boundary conditions
of the device are limited to those of the chip carrier (called: puck):

* The overall device has to fit the geometrical conditions of the puck: 8x10 mm.

¢ No more then 12 contacts are available, from which 2x4 can be used with the

internal ETO option for low frequency AC-measurements.

* The contacts must be small compared to the thin film dimensions, but the contact-
pads must be large enough to achieve the wire bonding between them and the
gold pads on the puck.

e The currents are limited to 10 mA.

For all measured parameters, individual conditions have to be fulfilled. These are

described in the second part of this chapter.

5.2 Device preparation

In the following section the 2-step lithography process for the device preparation is
described. Starting with the Si/SiO, substrate cleaning, by putting the wafer pieces
in an ultrasonic bath in the listed order: Acetone, Isopropanol and distilled water -

1Physical Properties Measurement System by QuantumDesign
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2 minutes each. Followed by the pre-patterning step of the Hall bar via spin-coating
the positive photoresist maP — 1205 (micro resist technology GmbH) and writing the
soft mark using a PG101 (HeidelbergInstruments) laser beam writer with a minimum
resolution of 1 um (see figure 5.2 (a) and (b)). The last step of pre-patterning is the
development of the soft mask, using MAD — 331 (micro resist technology GmbH). Now
the substrate is prepared for the ALD and the respective number of cycles of Sb,Tej is
deposited (figure 5.2 (c)). After the lift-off of the developed structure in acetone, the

(a)

(b)
[E 1205 Mmap_ \/ 1205
B

Photoresist Laserwriting

© . Hall-bar mask
® e .szTe:; PR

e ® ® e g0 0

map_ 1205
so. [l so. [N

ALD of Sb,Te, Lift-off / ALD Layer

(d

Hall-bar film
(e) )

map_ 1205

LOR LOR
so, M so. [

undercut after  Sputtering Ti and Pt
development Lift-off Contacts and Heater

Figure 5.2: Flowchart of the two step photolithography process of transport characterisation
device fabrication.

photoresist spin-coating step is repeated but now with two layers of photoresist. This
is due to problems during the lift-off if only the maP — 1205 is used as photoresist.
Because the contact between photoresist and sputtered layer is too sticky, the con-
tact material was inadvertently removed together with the non developed part of the
photoresist during the lift-off. Using a lift-off resist (LOR) prior to the spin-on of the
photoresist solved this problem. In contrast to the maP — 1205 photoresist, which can
only be removed at the exposed region, the LOR layer is sensitive to the developer at
any region which is accessible to the liquid developer. We get an so called "undercut"
(see figure 5.2 (e)), meaning that a part of the LOR is removed under the maP — 1205,
preventing a direct connection between the photoresist and the sputtered layer. Now
the contact mask (figure 5.2 (e)) can be patterned. After the development (about 20
- 40s) with MAD — 331, a barrier layer of Ti (about 20nm) is sputtered prior to the
contact material deposition. This prevents diffusion from the Pt layer (about 80 nm)
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into the Sb,Tez thin film, which is sputtered on top as contact material. After the
lift-off with the remover 1165 (micro resist technology GmbH) in a warming cupboard
for about 12 h, the device is ready for measurements (figure 5.2 (f)).

5.3 Device function and properties - resistance measurements

Now with the Sb,Te; layer structured and the contact mask sputtered on top, the de-
vice is ready for transport measurements. In a first step the functionality in terms
of transport measurements is proven. We start with the most important measure-
ment - the resistance of the thin film. In figure 5.3 a SEM-picture of the device with
all necessary contacts named is shown. For the 4-point electrical conductivity mea-
surement, a current [gm, between the contacts I an II (x-direction) is applied, while
measuring the voltage drop A Vg, between the contacts B and D. Using this geom-
etry the measured resistance is independent of any contact resistances. In the case of
ohmic contacts, a linear IV-curve is measurable which can be found in figure 5.4 (a).
Additionally, if a magnetic filed B is applied perpendicular to the current flow and

Hall, sigma G}

o
(]
=)
@
()
T

Figure 5.3: Combined SEM image of a complete device. The measurement contacts used are
highlighted as numbers and letters. The current is applied between between I and II
while the voltage is measured between B and D for the conductivity measurements and
between D and C for the Hall measurements. The magnetic field is applied perpendicular
to the thin film surface and the current flow.

the voltage contacts, the longitudinal magneto resistance (LMR) can be measured as
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well with using the same contacts. All measurements are performed with the build
in ElectricalTransportOption (ETO)? of the PPMS-system (Quatum Design), either with
the Versalab - working temperature range between 50-400 K and maximum magnetic
fields of + 3 T, or with the Dynacool - working temperature range between 2-400 K and
maximum magnetic fields of £ 9T. The ETO works as a constant current source, ap-
plying a maximal current I of 10 mA and a maximum voltage V of 10V with discrete
frequencies between 0.5 and 184 Hz and a maximum sampling rate of 2s~! [102].

For the conductivity measurements, a current of 10 pA with a frequency of 181.15Hz
is applied. The conductivity can be calculated with the measured resistance and the

(fixed) geometry of the sample film, with
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where b is the width of the device and and d is the length between the voltage contacts,
giving a fixed factor for every device. t is the thickness of the thin film, determined
by the growth rate (0.016 nm) and the number of cycles x. Furthermore we have to
ensure the resistance measurements work properly if a magnetic field is applied (in z-
direction, meaning perpendicular to the film surface) - the Hall measurement. There-
fore a current Iy, between the contacts I and II is applied, while the voltage drop
Vhan perpendicular to the current and the magnetic field is measured between the
contact A and B or C and D (see figure 5.3). The Hall resistance Ry, is defined as the
magnetic field dependent voltage drop: Ryay = VHan(B)/Igan- If the ordinary Hall ef-
fect is dominant, the measured resistance is linear proportional to the magnetic field.
In figure 5.4 (b) such measurement of a 4500 cycle (72 nm) Sb,Tej film is shown, with

a clear linear behaviour of Ry, (B).

%Electrical TransportOption - 2-channel low frequency Lock-In amplifier
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Figure 5.4: (a) Linear IV-curve of a 72nm Sb,Te; thin film. (b) Measured Hall resistance
Ryan1(B) of a 72nm thin film in respect to the magnetic field. Both measurements have
been performed at T=300K.

5.4 Device function and properties - Seebeck measurements

Now that the functionality of the measurement platform for electrical and galvano-
magnetic measurements is proven, we have to ensure that the device is able to measure
all parameters for the calculation of the Seebeck coefficient S. Therefore it is necessary
to precisely measure: first, the thermovoltage Vi.; and second, the temperatures T,
and T,q at both contact points of V. in the case of an applied temperature gradient.
A couple of parameters have to proven to ensure the device works properly. For the
notation of the contacts see figure 5.5:

* The temperature and the thermovoltage measurement points have to be the
same: This is defined by the structure (both are measured with the contacts I
and/or II).

* No temperature drifts are allowed during both, the temperature- and the V-
measurements, which means we have to be in a steady state regime: The pro-
grammed Seebeck routine written by Tim Bohnert, proven several times with
Seebeck measurements of different nanostructures, includes such a stabilisation
routine (see e.g. [97,103-105]).

* The temperature gradient should be high enough to measure the small Vi, sig-
nals (typical in the range of nV to mV depending on the Seebeck coefficient of
the material and the applied temperature gradient), but small enough to stay in
the regime where the Seebeck coefficient is still linear in T: Depending on the

material and the voltmeter used, gradients AT of 0.1 - 15K between the thermo-

48 Thin film device - preparation and functionality



5.4. Device function and properties - Seebeck measurements

Uthermometer 1 g’ Uthermometer Il g’
Ithermometer | Ithermometer 1l ®

Figure 5.5: SEM image of the Seebeck measurement geometry. Contacts III correspond to the
DC heater for applying a temperature gradient. The resistance of the thermometer I and
IT is measured with a Lock-in amplifier, while the DC thermovoltage is measured between
contacts I and II.

voltage contacts are reasonable.

* Beside the precision of the voltmeter, the accuracy of the thermometers has to
be high enough to properly resolve the applied temperature gradients, which of-
ten dominate the error of S. 4-point metal resistance thermometers are chosen
to measure the temperature. They should be small enough not to act as local
heat sinks (which would create a "local" temperature gradient around their po-
sition, influencing the Seebeck measurement) but with a good thermal contact
to the film. The temperature dependence of the used platinum is almost linear
in the measurement regime of 50-400 K. At all temperature steps, the 4-point
resistance of these metal stripes are measured to evaluate the resistance versus
temperature curve of the thermometers I and II. The resulting T(R) curves are
fitted by a second order polynomial, resulting in an effective resolution of the
thermometers of better than 0.01 K.

* No crosstalk between the electrical measurement channels is allowed: While the
thermovoltage is measured with an DC nanovoltmeter, the resistance of the ther-
mometers are measured independently using the lock-in amplifier of the PPMS

system with an AC current of 10 pA. The heater DC voltage applied is separated
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by the high resistance Si/SiO, wafer.

A measurement program was written by Tim Bohnert to connect the internal con-
trol units of the PPMS systems and the necessary external DC devices for heating and
thermovoltage measurements. This builds up the essential part for all Seebeck mea-
surements performed. To get access to the internal measurement contacts, the splitbox
connects the internal measurement channels with the DC nanovoltmeter and the DC
current source (see figure 5.6), before the signal is sent back to the PPMS measure-

ment system for the AC resistance measurements. During the measurement routine,

Thermoeter Resistance l Thermovoltage
AC Lock-In amplifier 11,12+ DC Nanovoltmeter
V1,V2+-
E V1-
BSvnacoot V2+
V3-

V3+ /]

DC current source

PPMS system and cryostat Splitbox Heater

Figure 5.6: Scheme of the PPMS system with the included AC lock-in amplifier for the resis-
tance measurements. The splitbox connects the system with the external DC voltmeter
and current source for the thermovoltage Vi, measurement and heater power supply re-
spectively.

the resistances of the two thermometers I and II (see figure 5.5) is measured with zero
heating voltage to evaluate their temperature dependence (thermometer calibration).
This has to be done for every measurement, since the resistance and temperature char-
acteristics can differ a lot due to uncertainties during the metal contact sputter process
(thickness, position in the chamber, contact resistance between the layer and the con-
tacts etcetera). The temperature control unit of the PPMS systems needs a certain time

to stabilise the cooling flow (and pressure) of the cryostat and the built in heater to
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reach the specified temperature. Therefore it is necessary to program a delay time
to avoid any temperature variations during the transient phase and allow device and
sample to reach a thermal steady state.

Due to a relatively wide temperature regime (50-400K), the temperature gradient
differs during the measurement. The gradient is a function of the device heating per-

formance and depends on three points:

* The heating power versus temperature: The induced heating power is propor-
tional to the applied voltage Vjeater and the heater resistance Rpeater, having
the same temperature-resistance behaviour as the metal thermometer (see fig-
ure 5.8) since they are sputtered in the process. Therefore the resistance in-
creases with increasing temperature, yielding in a higher output power of the
heater (P = I?Rpeater) With increasing temperature (see figure 5.7 (a)).

* The thermal resistance of the complete device (see figure 5.7 (b)): The thermal
resistance 4 is a function of all thermal resistances parallel to the heating flow
joverall ‘This flow is assumed to be 1-D along the film (x-axis), because the heater

width (y-axis) is much larger then the film width (see figure 5.5).

* The maximum current: Because the internal structure of the used PPMS systems
is limited to the 10 mA, the current source is restricted to this value. The choice
of the maximum voltage applied is therefore always a mixed calculation due to

the change of heater resistance with temperature (see figure 5.7 (c)).
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Figure 5.7: Heating characteristics of a 6000 cycle (96 nm) Sb,Te; thin film device. (a) Heater
resistance Rpeater Versus temperature for Vyearer = 1V. (b) Device thermal resistance yy4
versus temperature. The larger the thermal resistance, the larger the temperature gradi-
ent. (c) Heater voltage against heater current - reaching the 10 mA limitation with de-
creasing temperature.

For the evaluation of the temperatures (T(R}) and T(R.yq) ) at the voltage contacts,
the resistance of both thermometers are measured at Vjeaer = 0. By approximating
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the resistance versus the temperature curves, the temperature gradient can be calcu-
lated with applied heating voltages Vieater # O (see figure 5.8 (a)). The temperature
gradient is proportional to the heater voltage, highlighting the direct correlation be-
tween the heating power and the gradient (AT = T(Ryot) — T(Rco1q)ocP). If the heater
current reaches the maximum of 10mA, especially in the case of small Ryeater at low
temperatures, the DC voltmeter limits the current (see figure 5.7 (c)).

The calculation of the Seebeck coefficient is determined by the thermovoltage divided
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Figure 5.8: (a) Resistance in respect to the temperature of both thermometer I and II of a
4500 Sb;,Tes. (b) Offset corrected (Vogr = Vin(Vheater=0)) thermovoltage V¢ of the same
film measured at 300 K.

by the temperature gradient. The offset corrected thermovoltage (V,ps = Vin— Vogr) as a
function of the temperate gradient (AT = Tj,o; — Tio1q) is shown in figure 5.8 (b). From

this graph the Seebeck coefficient S is evaluated by assuming the linear approximation

S = Xa%s is valid for small temperature gradients. Due to an error in the temperature
control unit of the used VersaLab, there are problems to stabilise the temperature be-
tween 50 and 100 K. For some of the measured films these points are missing. For all
films the resistivity thermometers show instabilities between 250 and 400K, but in a
unique manner for every film. Therefore in this region, some of the temperature dif-
ferences have been interpolated using either: (a) A second order polynomial between
the neighbouring temperature regions for each heater voltage. (b) The relation be-
tween the heating power and the temperature difference, which is equal to the overall
thermal resistance (y4) of the device. This is assumed to be constant for all applied
heater voltages, but is a function of temperature.

In addition to the electrical conductivity (temperature o(T) and the magnetic flux
o(T,B)) depended), the Hall resistance (Ry,;1(T)) and the Seebeck coefficient (S(T))
the Nernst effect N can be measured as well. Therefore both measurement setups have
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to be combined. If a temperature gradient is applied by the heater (contacts III in fig-
ure 5.5) and a magnetic flux is applied perpendicular to the temperature gradient,
the inner contacts (named with letters) can be used to measure the Nernst coefficient
(contacts A and B or C and D).
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Chapter 6

Transport properties of ALD grown
Sb,Te; thin films

In this chapter measurements on ALD grown Sb,Te; thin films and the evaluation
of the dependence of the transport properties in temperature, magnetic fields and
film thickness are shown. All measurements presented here have been performed
with either the Versalab or Dynacool PPMS system (Quatumdesign) within measure-
ment temperature regimes of 50K - 400K and 2K - 400K respectively. Using the
device described in the previous section and the DC Seebeck measurement setup (see
figure 5.6), the temperature dependence of the electrical conductivity o(T), Seebeck
coefficient S(T) and Hall coefficient Ryy(T) of thin films thicknesses between 32 to
160 nm are studied. To the best of our knowledge, this is the first time, electronic and
thermoelectric properties, especially the Seebeck coefficient, of ALD grown Sb,Te;
are investigated. On the one hand we need to know the thermoelectric transport
properties of the different layer thicknesses of Sb,Te; before covering particles. On
the other hand we expect deviations of these transport properties of the ALD grown
films in comparison to other thin film deposition techniques, because the compara-
ble low growth temperature is expected to lead to a suppression of the formation of
defects that are found to be naturally high in these compounds, due to the very sim-
ilar electronegativity of both elements (see section 2.3) [44]. The discussion of the
measurement results is separated in three sections corresponding to the three major
dependencies under which the ALD grown Sb,Te; thin films are studied in this work:
first, the temperature dependence; second, the magnetic field dependence; and third,

the influence of thickness of the Sb,Tes films on the electronic transport properties.
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6.1 The temperature dependence of the transport properties
of Sb,Te; thin films

The evaluation of the temperature dependence of the electronic transport properties
is a well known method to understand the dominant transport mechanisms in thin
films. The three parameters, electrical conductivity o, Seebeck coefficient S and Hall
coefficient Ry are presented and discussed with respect to the temperature and com-
pared with each other. Due to the different setups used, the temperature regime will
be from 50K - 400K for the Versalab and from 2K - 400K for the Dynacool system.
The Seebeck coefficient measurement are restricted to T > 50K, since temperature
gradient AT, as well as the temperature resolution of thermometers decreases with
decreasing temperature. This is due to heating power output (I,,,=10mA) limitation
and the decreasing resistance of the metal stripe heater and thermometer to lower T
(see section 5.4).

6.1.1 Temperature dependence of the conductivity

For all samples the 4-point resistance R, (T) is measured for different film thicknesses
between at least 50-300 K. Since the preferential growth direction was identified to
be along the c-axis, the evaluated resistivity corresponds to the in-plane resistance
Ry Lc [35]. With the pre-patterning photolithography step, the device geometry is
well defined and the total electrical conductivity o of each film can be evaluated (see
section 5.3). The results of these measurements are shown in figure 6.1. All samples
show an increasing conductivity with decreasing temperature nearly over almost the
entire temperature range, indicating the strong degeneracy of the charge carrier gas
and a Fermi level position within the valance band [106]. This temperature depen-
dence is called "metallic behaviour" because in classical metals (as in semiconductors
in the extrinsic regime), the carrier concentration is constant and the temperature
dependence of the conductivity is dominated by the change of the mobility. The de-
creasing conductivity in such systems is typically caused by the dominant electron-
phonon-scattering, which increases with temperature [107,108]. In this regime the
resistivity-temperature dependence should then obey the power law pocT™ with a
temperature exponent of m=1.5 according to the dominant acoustic phonon scatter-
ing [109]. In contrast to this, the temperature exponent of the ALD grown Sb,Tej thin
films is smaller then 1.5 (see figure 6.2 (a)), indicating the presence of other scatter-
ing mechanisms contributing to the total mobility i !, for example ionized impurity

scattering (m = 1.0) or grain boundary scattering. Additionally, a change in the carrier

Iregarding to Matthiessen’s rule, see equation 3.3.
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Figure 6.1: Temperature dependence of the calculated conductivity for the different ALD-
cycles (thicknesses).

effective mass m™ has been addressed to such temperature behaviour [42,109]. The
change of R,, at 300K to the maximum at around 10K is only in the range of 20-45%
(see figure 6.2 (a)). However, the temperature dependence of o of the Sb,Te; thin
films is similar, but comparably weaker to single crystal bulk Sb,Te; [35,43,109,110].
At around 250K, the derivation of the conductivity begins to rise again (see figure 6.2
(b)), indicating either a change of the dominant scattering mechanism, or a change of
the carrier concentration, due to the excitation of intrinsic electron-hole pairs or of
charge carriers of impurity bands. At around T = 10K, all samples show a global con-
ductivity maximum. In a classical metal transport picture, the conductivity is limited
to the scattering events of the impurity scattering, which dominates since the electron
phonon scattering nearly vanishes at low temperatures. This would lead to a conver-
gence of the resistance to py = %11)1}) p(T). The effect of the decrease of the conductivity

for T < 10K will be discussed in section 6.3.

6.1.2 Temperature dependence of the Seebeck coefficient

The Seebeck coefficients S(T) of the thin films show a similar temperature behaviour
in the measured regime of 50K < T < 400K (step-width: 25K), independent of the
ALD cycles deposited. S increases with increasing temperature and shows a maxi-

mum at around 350 K. Similar temperature dependence can be found for either bulk,
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Figure 6.2: (a) Relative change of the conductivity with respect to the value of 300K over the
measured temperature regime. (b) Derivative of figure (a) as a function of temperature.

or thin film Bi,/Sb,Te; and it’s alloys for p- as well as n-type materials with different

Smax in several publications [9,53,72,107,111]. This temperature behaviour is typical
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Figure 6.3: Seebeck coefficient as a function of temperature for different ALD cycles.

for metals or degenerated semiconductors in the extrinsic region, where the carrier

concentration # is constant, which is in consistence with the conductivity results. In

the picture of the Boltzmann transport equation (7,oc7gE"; where 7, is the average
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scattering time of the charge carriers) the Seebeck coefficient is a function of the tem-
perature T, the Fermi energy Ep and the scattering factor r (see section 2.2). In the
region where the Eg < 4kgT is valid, one can find the approximation for the Seebeck

coefficient to be [42]: ,

n? k 3. T

7o g
with the Boltzmann constant kg and the elementary charge e. This describes the al-
most linear increase of S with T found in most metals. Although, the Sb,Tej thin films
show a similar dependence for T <300K, the S(T) slope changes with temperature.
In figure 6.4 (b) the derivation of the Seebeck coefficient (corresponding to the S(T)
slope) is shown as function of temperature. The derivation is not constant, resulting

(6.1)

in a temperature dependence of either the Fermi energy Eg, the scattering factor r or a
combination of both, if the assumption of constant carrier concentration is valid. This

has been discussed in [97]. Goldsmid et al. formulated the temperature dependence

120 +—————————————1—— 1510° —————————T——T——T——
] ot0p | 1.0x10° .
. 1 m-:’*‘.z'a% oA *\\o 7] 2R ]
S e i N 50407 o T AL or ]
< P.e e va v 0.0 A SESfiag i
8 60- X --#--10000x S ] X\ 1
@ , S 5 oxa07 " 10000x \o ]
= 1 P -~ 6000X 5 =X e 6000 Y
o7 404 g i » { X i 3
=S 4 --A--- 4500x o -1.0x10°H ---A--- 4500x DN
T o0l ® --v-- 3000x 1500 ~Y- 3000x S
] 2000x - ‘ ] 2000x X
0 T T T T T T T T T T T T T T T '2.0X10‘6 T T T T T T T T T T T T T T T
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
temperature T[K] temperature T[K]

(b)
(a)
Figure 6.4: (a) Relative change of the Seebeck coefficient with respect to the value of 300K

over the measured temperature regime. (b) Derivative g—; of the relative change of the
Seebeck coefficient as a function of temperature.

of the Seebeck coefficient for n=const., which should be valid, if we are in the extrin-
sic regime [42]. In such case and if the equal-energy-surfaces can be assumed to be
spherical or ellipsoidal, the Seebeck coefficient can be found to be [9]:

_3ks

S
2 e

‘InT + const.(m*), (6.2)

where m* is the effective density of state mass corresponding to the energy dispersion
relation which is related to the band structure. In figure 6.5, the Seebeck coefficient

is shown as a function of In(T) with the linear regression for each layer in the tem-
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perature regime between 50 and 300K, according to the model. Within this regime,
the S ~ In(T) approximation seems to be quite accurate, but the slope is found to
be about half of the value of %%B [97]. Similar deviations have been mentioned and
discussed for Bi,Te; in [42, 111], addressed to be a good evidence for more chan-
nel conduction due to the complex band structure of Sb,/Bi,Te;. Above 300K the
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Figure 6.5: S as a function of In(T) for different ALD cycles corresponding to equation 6.2.
The dashed lines are the linear approximations within the assumed extrinsic regime
(n=const.) for T < 300K. Above 300K the change of the S(T) is probably due to the
increase of intrinsic charge carriers.

energy of the charge carriers is probably high enough to overcome the band gap of
Sb,Te;. The intrinsic carrier concentration starts to become significant and the tem-
perature dependence of the Seebeck coefficient changes to semiconducting behaviour.
The peak of S(T) around room temperature is typical for Bi,Te;, which chemical
potential position is located in the band gap at this temperature, because of the 10
times lower inherent doping compared to Sb,Te; [112]. However, the unique chem-
ical casting method and the low deposition temperature of ALD leads to suppressed
defect formation and as a result to a 5-10 times lower Hall carrier concentrations n)
(~5-10'8 —2.10"cm™3, see figure 6.7) compared to values found for single crys-
talline and polycrystalline ingots of Sb,Tes, typically cast with the Bridgman method?

2A casting method where the element or compound is heated up over the melting point and slowly
cooled to the end of the container, resulting in single or polycrystalline growth of the material (see
e.g. [113])
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(~1-10?°cm—3) [43,109,114,115]. Due to the limitation of the PPMS system, no mea-
surements for T > 400 K are available. Additionally, one has to be careful with further
heating, since irreversible changes in the transport properties of Sb,Te; can show up
at higher temperatures, e.g. due to: recrystallisation [62,116], amorphous-crystalline-
phase transition [61,117], formation/transformation of defects (for example Sby, an-

tisite defects) [73] and/or Tellurium evaporation [78].

6.1.3 Temperature dependence of the Hall coefficient Ry

For measuring the Hall voltage Uﬁau, a magnetic field is applied perpendicular to
the current I, which causes a Lorenz-force to the charge carriers. The Hall resis-

R,y . . . o .
tance Ry, = 5 is defined as the slope of the linear approximation of the in-plane

y
longitudinal magneto resistance Ry, (B) = UP}+®. Magnetic fields of —2T< B <+2T
Hall
are applied perpendicular to the films surface (see figure 5.3). Since the preferential
growth direction is along the c-axis, the Hall resistance is defined as the in-plane Hall

resistance Ryy,Lc. The Hall coefficient Ry is calculated to

R
Ry = ry- I‘f‘“, (6.3)

where ry is the Hall scattering factor and f is the thickness of the film. The tem-
perature dependence of Ry is shown in figure 6.6 for different film thicknesses. The
Hall coefficient is found to be positive for all temperatures and independent from the
film thickness, according to the natural hole doping found in Sb,Te; and in agree-
ment with the positive Seebeck coefficient. For all samples, Ry is increasing for
10K < T < 325K, with a maximum at around 325K. Corresponding to the peak
found in the Seebeck coefficient at this temperature, this is a strong indication for
the increase of the intrinsic electron-hole concentration. Using the Lorenz equation
for the assumption of one single parabolic band and allowing only elastic scattering,
this coefficient is connected to the charge carrier concentration nyy,); in the following
way [118]

Ry = g~ ——. (6.4)

In the case of a constant Hall scattering factor (rg=const.), this would lead to a para-
doxical decrease of the charge carrier concentration with increasing temperature in
ALD grown Sb,Tej; thin films [97,109]. In figure 6.7 the resulting carrier concentra-
tion is shown as a function of temperature, calculated using equation 6.4 and ry=1,
which is a reasonable upper limit for Sb,Te; [44]. The Hall scattering factor is con-
nected with the relaxation time and might change with temperature, if the dominant

scattering mechanism changes [118]. This influence on Ry in ALD grown Sb,Te; thin
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Figure 6.6: Temperature dependence of the Hall coefficient Ry calculated with rg=1, for dif-
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Figure 6.7: Temperature dependence of the hall carrier concentration ny, calculated with
the equation 6.4 under the assumption of a single parabolic band, allowing only elastic
scattering and using ry=1.

films has been discussed by Zastrow and Gooth et. al. [97]. Only little information
about this behaviour can be found in literature, but the positive slope of the Ry(T)
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with increasing temperature has also been connected with the existence of a second
valence band contributing to the conduction [109]. Kulbachiskii et al. were able to
reproduce the positive temperature trend of Ry for Sb,Tij o9y Te;, with the upper
and lower valence band mobilities and hole concentrations calculated by using the
Shubnikov-de Haas effect under the assumptions of constant hole concentrations and
decreasing mobilities with increasing temperature [109]. However, it was only pos-
sible to reproduce this trend for Ti doped Sb,Te; single crystals, which temperature
behaviour of Ry is different to the dependence found in this work, the existence of
more then one conduction channel cannot be excluded for the Sb,Tes thin films in

this work.

6.2 Conclusion: temperature dependent transport properties

The electrical conductivity of the ALD grown Sb,Tej; thin films is monotonically in-
creasing with decreasing temperature down to about 10 K. This metal like behaviour is
typical for strong degenerated semiconductors and natural to Sb,Tes, since the Fermi
energy Ep is expected to be within the valance band probably due to high ability of
this compound to form antisite defects [43,44,106]. The temperature dependence is
much weaker in comparison to the single crystal measurements, indicating a deviating
dominant scattering mechanism for thin films, e.g. grain boundary scattering instead
of electron phonon scattering. The maximum conductivity is found to be around 10K,
lowering in both temperature directions. At around 275K the temperature derivation
of 0 shows a minimum, which may be an indication of a change in the dominant scat-
tering mechanism. However, a change of the carrier concentration to higher tempera-
tures is more likely, because a maximum peak of the Hall coefficient Ry, in a similar
temperature range can be found. Although, the minimum in ny,; (corresponding to
a maximum in Ryy,)y) slightly changes for different film thickness, which can be an
indication of a small variation in the stoichiometry, the minimum does not depend
on the total number of Hall charge carriers. A corresponding extrema can bee seen
in the temperature dependence of the Seebeck coefficient, highlighted by a maximum
of S(T) in the same temperature regime. The linearity of S with In(T) up to 300K is
a signature of the extrinsic (constant carrier concentration) regime [9]. Above 325K,
the Seebeck coefficient starts to decrease as a result of the increasing (intrinsic) car-
rier concentration [47,112]. The temperature dependence of the Hall coefficient Ry is
quite unique. Contrary to expectations of the extrinsic character of S and o, Ry is not
constant but increases between 10 and 300 K. As a result the calculated Hall carrier
concentrations nyy,); (see equation 6.4) show a paradoxical decrease with increasing

temperature, indicating either a change in the Hall scattering factor ryy (see Zastrow
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and Gooth et al. [97]) but being more likely the signature of the existence of a sec-
ond conduction band [109]. Both, the Seebeck coefficient S as well as the Hall carrier
concentration are positive in sign as a consequence of the typically p-type doping of
Sb,Te;. However, due to the unique chemical casting method and the low deposi-
tion temperature, the values of ny,); found in this work is orders of magnitudes lower
compared to those found in other works, indicating a strong suppression of the native
defect content in the ALD grown Sb,Te; [43,72,73,76,109,114,115].

6.3 Galvanomagnetic measurements - two channel conduction

From the unexpected temperature behaviour of the Hall coefficient (see figure 6.10
(a)) discussed in the above section consequentially follows a decrease of the carrier
concentration which is neither consistent with a simple semiconducting, nor with a
metal-like transport picture. One explanation for this phenomenon bases on a chang-
ing Hall scattering factor ry, due to the shifting of the dominant scattering mechanism
in the ALD grown Sb,Tej thin films, discussed by Zastrow and Gooth et al. [97]. On
the other hand, Kulbachiskii et al. were able to simulate a change of ry with tempera-
ture in Ti doped Sb,Tej single crystals expanding his calculations by adding a second
valence band conduction path [109]. Thus the question arises, whether the assump-
tion of simple one-channel conduction is valid for this thin films at all.

A closer look to the magnetic field dependencies of the transversal and longitudinal
resistances (R (H) and R,,(H) see figure 6.10) give a more detailed picture of the
complex mechanisms contributing to the electronic transport in (low dimensional)
complex material systems such as Bi/Sb,Te; [65,109,114,119-125]. Since the mea-
surement device as well as the PPMS system allows for such measurements without
modifications, the herein developed 4-point resistance and the Hall configuration can
be used (see figure 5.3). The longitudinal magneto resistance (LMR) R (H) shows
a quadratic dependence of the magnetic field (see figure 6.10). For non-magnetic
semiconducting or metallic materials and compounds, the positive magneto resistance
change is a typical signature of two-band conduction [105,119]. The resistance change
is determined by [126]

Ry (H) g nynypy po (1 +#2)232. (6.5)

Ry (H =0) (nyp1 + napp)?

Since the contributing conductivities (0; = en;y;) can not be separated without as-
suming further approximations to simplify the model, no qualitative values can be
extracted from this data. However, since the quadratic dependence of the magnetic

fields is valid for magnetic field of -2T< yoH < +2T and down to low temperatures
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Figure 6.8: (a) Transverse magneto resistance ratio of Ry (H)/Ry(H=0) in respect to the ap-
plied magnetic field at T=50K for different thin film thicknesses . The curves reveal a
pronounced quadratic dependence on magnetic field, showing that multiple conduction
channels contribute parallel to the total electrical transport in the thin films [119]. (b) The
Hall resistance R,, deviates from linear behaviour at small magnetic fields yoH < 2T, at
low temperatures and high magnetic fields yoH > 2T, as expected from a two conduction
channel-model [121]. The insets show the respective measurement geometries.

of about 20K for all thicknesses (see figure 6.10), the assumption of two conduction
channels contributing to the electronic transport of the ALD grown Sb,Te; thin films
seems to be very reasonable.

Now we compare the results for transverse magneto resistance R,, with the Hall re-
sistance R,y (H). In section 6.1.3 the R, (H) has been evaluated for magnetic fields in
the range of -2T< pgH < +2T and under the assumption of one conduction channel
(or one channel dominating the electronic transport) as previously observed in many
Bi/Sb,Te; thin film studies, see i.e. [58-62, 64,97,127]. This has been reasonable,
since the Hall resistances show a linear behaviour in magnetic field. In figure 6.10
(b) the measured R,y of our film as a function of the magnetic field poH > 2T at
T = 1.8 K is shown as blue circles. The red line corresponds to the linear interpolation
for R,y (H), calculated with the values for magnetic fields between -2T< poH <+2T.
However, while the linear approximation fits very accurate for low values of B, a devi-
ation between the linear interpolation (red line) and the measured values (blue circles)
is observable for higher fields yoH >2 T. This behaviour is expected for parallel mul-
tichannels (with at least two conduction paths) [119-121,128,129]. In the two band
conduction regime the Hall resistance Ry, (H) is given by [130]

piny + pang + (g + np)p iy B?

(H) = (6.6)

R .
e[(pr|ny| + pa|na|)? + (ny + nz)?py po B?]

Xy

Transport properties of ALD grown Sb,Tej thin films 65



6.3. Galvanomagnetic measurements - two channel conduction

Independent of the film thickness, all samples feature a minimum in the resistance
(see figure 6.9 (a)) within the measured temperature regime. For a classical semi-
conductor with an impurity band, a freeze out regime of the dopant band below a
certain temperature is expected, highlighted by an increase in the resistance by orders
of magnitudes, due to a strong decreasing carrier concentration, depending on the na-
ture of the impurity band [108]. Whereas in a materials with a metal like conduction
the resistance saturates at a residual value due to (temperature independent) impurity
scattering [108,131]. ALD grown Sb,Tej thin films neither show a freeze out regime,
because of the very moderate slope in temperature, nor a constant residual resistance
in both, p and Ry. The increase of R,y at temperatures below ~ T < 10K can be
understood with the electron localisation model, introduced by Anderson et al. [132].
This effects can occur in disordered systems, like in semiconductor alloys with a large
number random distributed impurities and/or defects, where the electron motion is
diffusive rather than ballistic. In such systems the probability of random scattering
events bringing back the electron to its starting point cannot be neglected, resulting in
electron self-interference phenomena. Quantum mechanically the counterwise path
has the identical probability which causes a constructive interference of both electron
wave functions, causing a higher local probability density - called weak localisation
(WL). This coherent back scattering process results in an increase of the resistance,
because the localised electrons do not fully contribute to the current flow [65]. Within
a characteristic magnetic field By, the resistance increase should disappear since the
phase coherence between the two paths is abolished by the field.

This effect leads to a negative LMR effect. Additionally, the electron-electron scatter-
ing in a two dimensional system has been addressed as a reason for an increasing resis-
tance at very low temperature in Sb,Tes thin films [124,133]. Due to the Pauli exclu-
sion principle, this scattering event is weak in comparison to other scattering mecha-
nisms [30,108]. Hence, the contribution to the total scattering time 7y, (Matthiessen
rule, see equation 3.3) is only significant at low temperatures, where the temperature
dependence of other scattering mechanism nearly vanishes. However, the localisation
effect could be one reason for a resistance increase at low temperatures, the magne-
toresistance measurements show a different effect in the case of the ALD grown Sb,Tej
thin films. In fact, at low fields around +0.3 T, a positive LMR can be observed (see
figure 6.10 (a)). The form of the field depended resistance is identical to those of
the weak anti-localisation effect (WAL), occur in 2-dimensional systems with strong
spin-orbit coupling, showing a characteristic sharp dip in the magneto resistivity at
low fields (see figure 6.10 (a)) [124,134]. The localisation probability in such systems
is lowered, since the spin-orbit coupling causes a destructive interference of the two

paths at the starting point, resulting in an enhanced conductivity. However, similar
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Figure 6.9: (a) The Ry, (H = 0) with respect to the temperature shows a global minimum over
the measured temperature regime. (b) the magnetic field dependence between -3000 Oe <
Hy <+3000 Oe R, for different temperatures (coloured lines) is shown, highlighting the
positive LMR effect.

shaped curves are expected for conductive helical surface states (2D), known as topo-
logical insulators (TI), but the origin of the effect is different [65,124,125,129,134].
These surface states, reveal forward and backward propagating waves (time reversal
symmetry - TRS), with oppositely orientated spins because of spin-momentum lock-
ing. The quantum correction to the conductivity caused by the Berry phase, which is
associated with these TI surface states, shows an exactly identical amplitude and field
dependence like the ordinary WAL effect [65,124,125,135-137]. The increase of the
conductivity is caused by the destructive electron self-interference between the back
scattered electron wave function and its time reversal counterpart, leading to a total
absence of back scattering in this states [138]. Actually, both mechanisms result in the
very same magneto resistance field dependent behaviour. It is therefore impossible
to distinguish between both (2D) mechanisms by just taking the low field magneto
resistance results into account.

At high fields (-9T< poH <+9T) and low temperatures a non saturating LMR can
be observed (see figure 6.10 (b)), approximating to a linear dependence of MR in H.
Such behaviour has been observed in chalcogenide V,VI3 bulk material as well as
thin films [133,139]. Three effects are related to such non-saturating linearity at high
fields: first, strong disordered semiconductor systems, being consistent with the An-
derson localisation [140]; second, Fermi surfaces with open orbits in some crystallo-
graphic direction could lead to this effect, highlighting the anisotropy of the Sb,Te; in
general (see figure 2.3), as well as the polycrystalline character of the ALD grown films
in special [133]; third, Abrikosov et al. developed a theory, from which a linear and
positive LMR is expected for the existence of linear E — k dispersion relation in a gap-
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less semiconductor, which can be related with topological insulator states because of
their identical dispersion relation [139,141]. However, there are several explanations,
the approximating linearity limit seems to be independent from temperature which
would lead to the suggestion, that the responsible mechanisms does not depend on

the carrier mobility. In fact, these low temperature magnetic field dependencies of

08 T T T T T T T T T T 1.8K 6 T T T T T T T T T
1 42K ] 2500 X —
0.7 5 5] 1.8K 40nm i
] 5K 10K
06- 3K 1
1 35K 4 — 30K 4
_ 051 ] ——50K
< 04 KR 34 N\ 50K A* He+1 -
£ 5] T
=57 ] = 24 i
0.2 10K ] _ ]
01 ] 1 quadratic linear
0.0 130K o] ]
i T i 1 i T i 1 i 1 i —T T T T T T T T T T T
3000 2000 -1000 0 1000 2000 3000 -100-80 -60 -40 20 O 20 40 60 80 100

H[kOe]
(a) (b)

Figure 6.10: (a) The relative change of R (H) in respect to R, (H = 0) in % for the low
temperature regime. (b) Magnetoresistance for -9 T< poH <+9T (solid lines). The dashed
and dashed dotted lines indicated the quadratic behaviour for low fields and the linear
behaviour for high fields.

Ryy
(surface) states (TI surface states), especially in (doped) V, — VI, nanostructures like

(H) and R,,(H) have been experimentally and theoretically associated with 2D

Sb,Tes, Bi,Tes, Bi,Ses thin films, heterostructures, nanoribbons and nanowires, see
e.g. [80,123-125,129,133,134, 142-146]. Although, one might take these magneto
transport properties as signatures of additional two dimensional conduction in the
ALD grown Sb,Tej thin films, these features are no evidence for a low dimensional

transport channel? in this system.

6.4 Evaluation of the thickness dependence

Due to the good controllability of the ALD process, the film thickness can be precisely
tuned. The lower limit of the thickness is given by the electrical non closeness of the
films due to the island growth and can be found to be about 32 nm. The only upper
limit can be addressed as the deposition time, since 100 nm film thickness take about
200 hours - more than one week (see section 4.2). Hence the magnetic field dependent

3Which of course includes also topological insulator states.
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resistances described in section 6.3 are possible signatures of low dimensional conduc-
tion channels, amongst others, we are interested if we are able to observe indications
of such features in the transport properties. Since a 2D conduction path should be
constant in respect to the thin film thickness f in a first approximation, S, o and Ry,
should vary with t if the 2D path conduction contribution is in the order of the bulk
channel. Although low temperature measurement can show interesting effects, we
should focus on the room temperature transport properties, since this is most likely
the application temperature. For evaluation of this dependence, all measurement val-
ues have been plotted against the film thickness for T = 300K (see figure 6.11). In
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Figure 6.11: Transport properties as function of film thickness. From the top: Electrical con-
ductivity, Seebeck coefficient and Power Factor at 300 K.
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the upper part of figure 6.11 the electrical conductivity o in respect to the film thick-
ness t is shown. The 300K values of ¢ variate between 1.8 and 4.2 - 10* S/m. What
attract attention first, is the non monotonic behaviour of ¢ (t) which splits up o(¢) in
two regimes. Above 72 nm, the upper conductivity regime (UCR), o increases inverse
hyperbolic with the film thickness. Below 72 nm the conductivity (lower conductivity
regime - LCR) increases nearly linear with decreasing ¢ (see figure 6.12). The Seebeck
coefficient S shows a clear trend over the whole thickness regime. Following the in-
verse hyperbolic trend of UCR, S decreases from 1651V/K for t=160nm to 122 nV/K
for t=32nm film thickness (see figure 6.11). Since the power factor is determined by
PF = S20, the thickness dependence follows the trend of the stronger changing elec-
trical conductivity but suppressed by the decreasing Seebeck coefficient.

With decreasing the thin film thickness the ratio of the contribution of different
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Figure 6.12: (a) The electrical resistivity in respect to inverse film thickness for 72 nm<
t <160nm. The dash-dotted line correspond to the linear approximation of p to 1/t in
respect to the Fuchs-Sondheimer model (FS-model - see text). The measurements are in
excellent qualitative agreement comparison to the work of Das et al. [61]. (b) The relative
electrical conductivity as a function of film thickness - the two conduction regimes are
highlighted. In blue circles the relative changes of o(t)/0(t = 160nm) are shown. The
blue and wine dashed lines correspond to the calculations of the change of o (#) compared
to o(t = 160nm) using the FS-model for three different mean free paths I,.

scattering mechanisms can change (e.g. surface or grain boundary see section 3.2).
According to the Matthiesen rule (see equation 3.3) all scattering mechanisms effect
the total mobility po, of the charge carriers and therefore the conductivity . We
start the discussion of this influence with the decreasing trend of o down to 72nm.
This behaviour can be understood with the (semi)-classical Fuchs-Sondheimer model
(FS-model) [61,67,68]. Fuchs et al. The total mobility is decreased by scattering of the
charge with the film surface, if the film thickness t is in the order of the mean path
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of the charge carriers I, (see section 3.2) [67,147]. With decreasing film thickness,
the conductivity is reduced compared to the bulk conductivity, due to increasing sur-
face scattering probability (see equation 3.6). This fact has been discussed by Das et
al. who studied the influence of the film thickness (between 50 and 200 nm) on the
electrical resistivity of polycrystalline Sb,Te; films grown by co-evaporation [61]. By
fitting the resistivity to equation 3.6, he estimated a hole mean free path of 270+20 nm
at 300 K but with unknown specularity factor p [61]. In figure 6.12 (a) the very same
evaluation has been made for UCR - resistivity data, showing an excellent qualitative
agreement with the results of Das et al. (see figure 9.7 in the appendix) [61]. How-
ever, if we change the picture to the conductivity vs. thickness plot and do similar
FS-model calculations, the deviation of the calculated values become apparent. In fig-
ure 6.12 (b) the relative change of o can be found. The dashed lines correspond to the
calculated characteristics according to the FS-model for different electron mean free
paths [,=40nm to 270nm (specularity factor factor p of 0.1 - representing the high
diffusive scattering probability due to surface roughness). The range of the electron
mean free path is chosen to be between the grain size found in this work for the lowest
number of ALD cycles (see figure 4.14 (b)) as the lower limit and the value found by
Das et al. as the highest limit [61]. These values of p and [, are used for all further
calculations. The reason for the deviation between the measurement and the calcu-
lated FS-model values can be found in the growth behaviour of Sb,Tej thin films. The
strong island growth leads to growing grains (grain size) with increasing film thick-
ness [94]. Figure 6.13 (a) shows a scheme, which demonstrates the increasing grain
size with increasing film thickness. For t < 32 nm the formation of polycrystalline free
standing islands due to significant surface diffusion is preferred, resulting in electri-
cal non closed films. This island growth is expected for low-temperature depositions
on amorphous substrates [148]. With further increasing the number of ALD cycles
(t 232nm), the amount of material is increased and the island grow together. With
further increasing thickness, the system attempt to minimize the overall interface en-
ergy [94]. The drives the coalescence of the grains with the effect of an increasing
grain size with increasing film thickness. As described in section 3.2, grain boundary
scattering has to taken into account as an additional mechanisms in such thin films,
where the electron mean free path /, is in the order of the grain size. To estimate the
influence of both scattering mechanisms, surface and the decreasing grain boundary
scattering with increasing thickness, the total conductivity o has been visualized by
using Mathematica. Figure 6.13 (b) shows such plot. The thickness dependence of
the conductivity o (z-axis) is calculated with the help of the FS-model. The y-axis
correspond to the bulk conductivities oy,x, representing the changing conductivity

(mobilities) as a function of the thin film thicknesses, which is a function of the grain
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Figure 6.13: (a) Schematic diagram of the lateral grain size growth with increasing thickness
as a consequence of the island growth of ALD Sb,Tej thin films (see section 4.2 and [94]).
Simulated behaviour of the total conductivity o (z-axis) as a function of the thickness ¢
(x-axis) with taking into account the FS-model (x-z-lines) for different bulk conductivi-
ties opyx (mobilities) in respect to the influence of different grain size (y-z-lines). The
measured conductivity is probably a diagonal on this plain, depending on the grain size
growth as a function of thin film thickness.

size. As a consequence both mobility contributions depended on the film thickness,
which is shown on the x-axis for values of t between 72-10?m <t < 160-10?m,
coherent with the UCR. The measured values can be found as a diagonal of this graph.
So the derivations from the FS-model can be understood by an increase in the mobil-
ity (to be more precise: an increase of the hole mean free path, which also affects the
FS-model-calculation) with increasing grain size as a function of t. However, since the
dependence of grain size growth (mean free path) in respect to the film thickness is
not known, eligibility of further (quantitative) data fitting is not given.

Now we have a reasonable model to describe the decrease of the conductivity with
decreasing film thickness, we have to think about the LCR regime for thicknesses be-
low 72nm. Therefore one has to remind the magnetic field dependent resistances,
discusses in section 6.3. The signatures can be found to be characteristic for an (or
more) additional 2D conduction channel. Taking this into account, one can formulate
a simple modification to the conductivity* of such films, with the approximation of
two non interacting parallel channels. With o3p represents the 3D channel as a func-
tion of t corresponding to the FS-model and o,p as the 2D conduction contribution

one can find:
0 = 03p + 07D

(6.7)
= Opulk [1 - él—e(l —P)} + Gop/t.

8t

40Obeying the Matthiessen rule, that independent scattering mechanisms are additive in conduction.
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Since a constant 2D conduction G,p should be thickness independent, the contribu-
tion of G;p to the total conductivity is scaled with the thickness ¢. In figure 6.14 the
trend of both contributing conductivities (o,p and o3p) are plotted as a function of
thickness. Similar to the scaling of the ogg contribution, the calculated o,p(t) has
been scaled with the value of o,p(tf =32nm). For this calculations the carrier concen-
tration of both channels is assumed to be constant in film thickness, which seems to
be a reasonable approximation with respect to the temperature dependent results (see
section 6.2). As mentioned earlier, the quantitative conduction values of both chan-
nels should not be extracted from this data, since the actual ratio is (1) not known
and (2) may change with the film thickness for reasons like grain boundary scattering,
film roughness and others. However, the qualitative trend of the thin film thickness
dependency, including both, the FS-model and the 2D conductivity for the UCR and
LCR respectively, is in good agreement with the experimental values. It seems that
further unknown influences, play a minor role in contribution to the total conductiv-
ity in both regimes.

The best consistency check is, to apply the two channel conductivity model to the

12 {1V @ oltyo,,(t=160nm) measured
I o - - - - 0(t) o(t=160nm, | =40nm)

124 - - - -0 {t) o (t=160nm, | =80nm) i
] | o - - - - 0{t) o(t=160nm, | =270nm)

104 \\ O ----0,4t)/0,,t=32nm) -t

max
-

olt)o

- -
\ -

-
- - _

A A © I
\

0.8 \ ,x"‘,xé"‘j:/\\i

\ - - =0y, contribution

0.6 ,/, /\,\”0 -7 .
// L7 AN /»0
’ ,/ /«\
044" 7 /,f N 0, contribution i
0.3 T T T T \I“\ T T T T
32 64 96 128 160

thicknesst [nm]

Figure 6.14: The dashed lines show the conductivity contribution of o3p for two different
I in the UCR. As dotted line the calculated conductivity contribution of a second 2D
conduction path o,p is shown, being dominant in the LCR.

simultaneously measured values S and Ry. The Seebeck coefficient shows a mono-
tone decrease with decreasing film thickness and therefore, in contrast to the electri-
cal conductivity, only one regime (see figure 6.11). However, this behaviour can be

understood by using the 2-band Seebeck-model combined with the two conduction
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regime approach discussed above. If there are two parallel conduction paths in the
direction of the temperature gradient, the total Seebeck coefficient S is determined
by the following equation [6]:

5101 + 5202

6.8
01+ 0y ( )

Stot =
Taking into account, that the contribution of one of the current (and heat) path is
2D like - in consistence with the conductivity calculations - we have to modify the

equation in the following way:

G
S3po3p + Sop =72

Stot(t) = (6.9)

G
o3p + >

Since o3p is also thickness dependent, we have to modify the equation once again by
using the FS-model for o;3p(t) (see equation 3.6):

Stot(t) =

]
S3D0bulk [1 — 3221 —P)] +S,pS
(6.10)
3
8

Obulk [1 -

Within this model, the Seebeck coefficient and the carrier concentration of both chan-
nels are assumed to be constant like in the conductivity calculations. Because we are
not able to distinguish between the absolute Seebeck coefficients of the two chan-
nels, S3p and S,p, we have to estimate the relation between both. Since the 2D-
channel is assumed to be more metal like than the 3D state, S,p < S3p seems to
be a reasonable estimation [27]. Figure 6.15 shows the relative change of the mea-
sured Seebeck coefficient S(t)/S(t =160 nm) (red rectangulars) in respect to the layer
thickness for T = 300K. The blue and wine dashed lines show the relative change of
Stot (t)/Stor (t=160 nm) calculated with the relative changes of the conductivity (shown
as black dotted lines) using equation 6.10, a mean free path /, of 40 nm and a ratio
of S3p/Syp of 0.5 and 0.3 respectively. Similar to the conductivity calculation, small
derivations from the calculated thickness dependency of the Seebeck coefficient, us-
ing the combined FS- and 2D-model, can be understood with the change of the mo-
bility with decreasing film thickness due to the reduced grain size. In the presented
calculations the mobility dependence of the bulk Seebeck coefficient is neglected. Ac-
cording to the Mott expression for degenerate semiconductors, the S3p is inverse pro-
portional to the mobility ppyi() which possibly leads to a additional correction for
Siotal [149,150].

As the third measurement value, the thickness dependency of the Hall coefficient
Ry (t) has to be evaluated with the 2-channel conduction-model used for ¢ and S.

Within the one band model, or if one conduction contribution is dominant, Ry(f) is
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Figure 6.15: The red triangles show the relative change of the S(t) in respect to maximum See-
beck coefficient of S(t=160nm) as a function of film thickness. The blue and wine dashed
lines correspond to the calculated change of the Seebeck coefficient using equation 6.10
for S,p/S;p ratios of 0.5 and 0.3 respectively.

inverse proportional to the carrier concentration nyy,); (see equation 6.4). In the case
of two conduction paths contributing to the total conduction, the ratio of both, carrier
concentrations as well as mobilities, has to be taken into account. Using the expression
for Ry, (t) in such case, one can find [151]:

_ ompi o
H — .
e(nypy + napy)?

R (6.11)

Equation 6.11 reveals the difficulty of modelling the two band Hall coefficient for
unknown carrier concentrations n; and mobilities y; and of course in for additional
thickness dependency. However, the mobilities y; and p, can be substituted by the
conductivity o7 and o, and equation 6.11 transforms to:

1 2 1 2
_m w2 (6.12)

H e(oy +0)?

Now we have to extend the 3D two band model into one 3D (bulk) channel and one
2D channel, in the same way the Seebeck coefficient and the electrical conductivity

have been evaluated: By the use of the expression for o3p (FS-model) and the 2D

Transport properties of ALD grown Sb,Tej thin films 75



6.4. Evaluation of the thickness dependence

conductivity o,p = G,yp/t. Weighting n, with the thickness (n,p/t, where n,p is the
sheet carrier concentration), one can find equation 6.12 to:

2 2
I G
o~ (Ubulk [1 -3301 —P)D + =P
Ry = . (6.13)

e (O"bulk [1 —3(1 —p)] + %)2

—

Figure 6.16 shows the relative change of the measured (orange hexagons) and the
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Figure 6.16: The relative change of Ry(t) with film thickness (in orange hexagons). The blue
and wine dashed lines correspond to the calculated change of Ry(t) using equation 6.13
and n,p/n3p ratios of 1/2m and 1/3 m respectively.

calculated (dashed lines) Hall coefficients Ry(t)/Ry(t=160nm) as a function of film
thickness. The carrier concentrations n3p and n,p are assumed to be constant, since
the stoichiometry is not expected to change with changing film thickness. Again we
have used [, = 40nm as the lower limit for the mean free path in the direction of trans-
port and p = 0.1 as surface scattering factor. The calculations have been performed
with ratios of 1/2m and 1/3m for n,p/n3p. In figure 6.16 the calculated thickness
dependencies are shown as dashed lines. Although, the mobility change due to the
grain size effects is neglected, the calculated values are in good agreement with the

measurement results.
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6.5 Conclusion on the thickness dependent transport proper-
ties

All measured transport properties, show a significant thickness dependence. Specifi-
cally, electrical conductivity o can be split up in two regime thickness regimes: (1), the
upper conductivity regime UCR for t >72nm, where the ¢ is inversely proportional
to t, and (2), the lower conductivity regime (LCR) for t <72 nm, where ¢ is increases
linearly with decreasing film thickness. In contrast to the thickness dependence of
o, the Seebeck coefficient S does not split up in two regimes, but monotonously de-
creases with decreasing film thickness. The Hall coefficient Ryy,); shows a decreasing
trend with respect to the film thickness.

Taking the results of the galvanomagnetic and low temperature transport behaviour
into account, which show signatures of a 2D conduction channel contributing parallel
to the bulk conduction, we have employed a 2 channel transport model for the thick-
ness dependence of all transport properties at 300 K, modifying the t-dependence of
each channel individually. While the UCR is dominated by the bulk channel, the LCR
is dominated by the 2D channel. The change of ¢ in the UCR can be understood with
the Fuchs Sondheimer-model (FS-model), as it has been seen in co-evaporated Sb,Te
thin films [61,67,147]. Surface scattering reduces the mobility of the charge carriers
an therefore the conductivity (see equation 3.6), due to fact, that the thickness t is in
the order of the electron mean free path I, [67,147]. However, while the general trend
can be described within this model, the reduction of ¢ on t is larger compared to the
calculated opg FS-model. This stronger reduction is a result of the decreasing grain
size with decreasing film thickness, caused by the Volmer Weber island growth be-
haviour of ALD grown Sb,Tej thin films (see figures 6.13 (a), (b) and 4.9) [37, 64, 94].
As lower limit, a mean free path of [, = 40 nm with a specularity factor of p = 0.1 has
been evaluated. In contrast the decreasing conductivity with decreasing film thick-
ness in the UCR, o increases nearly linear with ¢ if the thickness is further reduced
(t <72nm - the LCR). In this regime, the 2D conduction channel seems to start con-
tributing significantly to the transport. Therefore this 2D conduction path is added
into the calculations. The combination of both conduction paths trace the qualitative
trend of the relative change of o in UCR as well as in the LCR (see figure 6.14) very
well.

Because the conductivity can be described, the model is successfully transferred to
the thickness dependent results of the Seebeck coefficient S and the Hall coefficient
Ry. The decreasing Sy, with respect to t is function of the conduction contributions
of o,p(t) and o3p(t) as well as the ratio between S,p/S3p. In consistence with the con-

ductivity calculation, the relative change S (t) is evaluated with the lower limit of the
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carrier mean free path I, = 40 nm, a specularity factor of p =0.1 and ratios of S,p/S3p
equal to 1/2 and 1/3 respectively, since the metallic S,p is calculated to be smaller
compared to the semiconducting S;p [27]. However, there seems to be an influence of
the changing mobility in S3p, the calculated thickness trend of Sy (t)/Sior (F=160nm)
are in good agreement with the measured S(t)/S(t=160 nm).

The Hall coefficient Ry(t) in the two band model depend on the contributing charge
carrier densities n; and mobilities y;. The mobilities have been substituted by o,p(#)
and o3p(t) (see equation 6.11. For the relation of the carrier densities n,p/n3p ratios
of 1/2 m and 1/3 m are chosen® [129]. However, the variation of Ry(t) with t seems
to be a bit higher as for the conductivity and the Seebeck coefficient, the qualitative
trend of the decreasing relative Hall coefficient Ry(t)/Ry (=160 nm) with decreasing
t is described by the model (see figure 6.16).

A 2-band conduction model has been investigated to evaluate the thickness depen-
dence of the three independent measured values o(t), S(¢) and Ry(#). The model
include the Fuchs-Sondheimer equation for surface scattering and a 2D conduction
channel, showing qualitatively good agreement between calculation and measure-
ment. However, no quantitative results are given, since the relation between the 3D
bulk and the 2D channel of n;, p; and S; are not exactly known and cannot be extracted
from the thickness dependent results without assuming further simplifications.

6.6 Conclusions of ALD grown Sb,Te; thin films

The electronic and thermoelectric properties of bulk Sb,Te3 has been intensively stud-
ied since the 1950’s especially because of it’s good thermoelectric performance at
around room temperature as p-type material (see e.g. [152,153]). After the theoretical
prediction of the enhancement of the thermoelectric figure of merit ZT in quantum-
well structures by Hicks and Dresselhaus in 1993 and the ZT record publication of
Venkatasubramanian et al. in 2001, who claim to achieve a ZT of 2.4 at MOCVD
grown superlattice structure of alternating Sb, Te;-Bi, Tej layers, the interest in Sb,Tej
thin films rise [13,19]. The properties of such thin films grown with several different
deposition methods have been studied (see figure 4.2) [58-64, 72-76]. However, in
this work, it is the first time that the electronic and thermoelectric properties of ALD
grown Sb,Te; with respect to the temperature T and the thickness dependence ¢ are
presented. In addition, the influences of low temperature and high magnetic fields
are analysed. To precisely study the transport properties, a characterization device
with a 2-step lithography process is developed (see figure 5.2). Due to the low depo-

SWith I,=40 nm and p=0.1 as for the conductivity calculations.
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sition temperature (80 °C), a pre-patterning step prior to the deposition benefits the
structuring of the ALD layer before the contact matrix is patterned. This leads to fixed
geometries and well designable ALD and contact structures (see figure 5.1).

Using the PPMS systems Versalab and Dynacool (both QuatumDesign), their inter-

t GSOK G3OOK SlOOK S300K RIS_IOK RI3_IOOK
[nm] [S/m] [nV/K] [m3/C]
160 - 3.20-10% [ 80 157 [ 1.37-107°%] 1.87-10°°

96 | 3.28-10%| 2.54-10* | 65 145 | 5.40-10=7 | 7.51-107
72 | 222-10%|1.81-10* | 62 140 | 1.11-10°¢ | 1.27-10°°
48 | 4.35-10* | 3.21-10%* | 56 131 | 4.04-1077 | 470-107
32 | 497-10%| 4.15-10% | 42 121 | 3.13-1077 | 3.83-107

Table 6.1: Overview of o and Ry, at 50 and 300K, and S at 100 and 300K for different thin
film thickness.

nal lock in amplifier (resistance measurements) and the external DC measurement
equipment (heater and thermovoltage) (see figure 5.6), the electrical conductivity o,
the Hall coefficient Ry (between 2-400 K) and the Seebeck coefficient S (between 50-
400K) are measured. The thin film thickness t is variate between 32 nm and 160 nm.
The temperature dependent conductivity is decreases from 10-400 K which is a sig-
nature of a strong degenerated semiconductor. The relatively weak temperature de-
pendence (0pyax(T)/0(T=300K)=120-140 %) is probably a result of the dominating
grain size and/or surface scattering, highlighting the polycrystallinty of the ALD thin
films due to the Volmer Weber like growth [61, 64,154]. The Seebeck coefficient is
proportional to In(T) up to T ~ 325K (see figure 6.5) indicating a constant carrier
concentration and therefore the extrinsic regime of the Sb,Tej thin films [6]. The Hall
coefficient Ry increases with increasing temperature to about 325K, consistent with
the peak of the Seebeck coefficient at the same temperature for all thicknesses inves-
tigated. However, the increasing Ry with T leads, within a simple one band model,
to a paradoxical decrease of the Hall carrier concentration nyy,);. This behaviour has
been related with either a change in the Hall scattering factor ry due to a change in
the dominating scattering factor, or as a signature of a second band contributing to
the charge transport, with different carrier concentration #n and mobility y temper-
ature dependencies [97,109]. However, calculating nyy,); with a simplified on band
model, the evaluated carrier density is reduced compared to other thin film deposi-
tion methods, which we take as a sign of the suppressed defect formation due to the
low deposition temperature of ALD [97].

To check further indications of such second transport channel, the (high) magnetic
field and low temperature dependencies of the longitudinal and transversal mag-

neto resistances (LMR: R, and TMR: R, respectively) have been analysed.Indeed, a
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parabolic field dependency of (R,,B?) as well as a derivation in the linear field depen-
dence of R, at high magnetic fields (B > +2T) was been found as signatures of two
band conduction [105,119-121,128,129]. At low temperatures (T < 10K), the LMR
(Ryx) shows a symmetrical sharp dip as a function of low magnetic fields (B < +1T)
(see figure 6.10 (b)), which shape and field dependence is characteristic for the weak
anti-localisation WAL effect, that occurs in 2-dimensional systems with strong spin
orbit coupling [124, 134]. However, similar amplitude and field dependencies are
expected for 2D conductive helical surface states, as known for topological insulators
(TI), a phase of matter what has been experimentally validated in several chalcogenide
V, VI3 compounds [65,124,125,135-137].

We proofed the existence of a 2D conduction channel in the transport properties of
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Figure 6.17: Combined picture of the transport properties, S, o, PFand Ry as a function of
temperature T and film thickness t or ALD cycles x respectively.

ALD grown Sb,Te; by the thickness dependent measurements of o, S and Ry at a
fix temperature (T = 300K). The conductivity o is found to split up in two regimes
(see figure 6.12 (b)): (1); the upper conductivity regime t > 72 nm (UCR), where ¢ de-
creases inverse hyperbolic with decreasing thickness and (2); the lower conductivity
regime t < 72nm (LCR), in which the conductivity increases linearly with decreas-
ing thickness. We developed a model which combines the effect of increasing surface

scattering according to the Fuchs-Sondheimer equation for bulk thin films (see equa-
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tion 3.6) and the effect of a 2D conduction channel contributing parallel to the con-
duction. The calculations based on that model reasonable describes the thickness de-
pendence of the relative change of o with f in both regimes, using a mean free path of
I, =40 nm corresponding to the grain size found by XRD analysis [61,67,68,147,154].
The model employed has been expanded to the thickness dependence of S and Ry
by substituting the necessary parameters with the conductivities o3p and o,p. Ap-
proximating S,p < Szp and np < n3p - ¢, as it has been found by theoretical and
experimental evaluations, and using the same o-descriptions for all calculations, the
qualitative t-evolution of all measured values can be well described, highlighting the
consistence of the model in the case of ALD grown Sb,Te; thin films [27,128].

It has turned out, that quite similar consideration of the thickness dependence in
Bi; _,Sby thin films as well as the analysis of an increasing Hall coefficient with in-
creasing temperature on flash-evaporated (Bi;_,Sby),Te; films have been done by
E. Volklein and E. Kessler in 1986 and U. Dillner and F. Volklein 1990 respectively
[155,156]. In fact, F. Volklein and E. Kessler have observed a decreasing electrical
conductivity with decreasing thickness over range of 400-20 nm in the Bi;_,Sby thin
films. They were able to quantitative describe the thickness dependence of o, using a
combined model, including the influence of surface scattering (FS-model) and grain
size growth with increasing thickness (MS-model). The decrease of the Seebeck coef-
ficient to smaller t was observed to be comparably weak. Additionally they observed
a higher conductivity of the thinnest samples at 80 K, which was referred as an result
of the increasing influence of the surface carrier concentration ng =,p /t at to smaller
t [155]. Although Bi(1 —x)Sb, crystal structure, band gap, effective masses and the
electron mean free paths are of course different, the general consideration and as-
sumption made in this work are transferable to Sb,Tes thin films and can bee found
to bee quite similar.

U. Dillner and FE. Volklein have evaluated the temperature dependence of the elec-
tronic transport properties in flash-evaporated thermoelectrically optimized
(Bi; _xSby ), Te; films by assuming either a change of the density-of-state effective mass
mgg, a change of the scattering factor r or both with temperature [156]. The calcula-
tions made assuming such changes were found to influence e.g. the Hall coefficient
in a way, that y increases with increasing temperature, without the a change in the
charge carrier concentration. This facts are in good agreement with the results found
for the temperature dependencies of the ALD Sb,Tej thin films [97].

However the calculations and measurements of both publications are in qualitative
good agreement with the the results of the ALD Sb,Tej thin films in this work, there
are several parameters unknown which can influence the transport properties. Pos-

sible changes of e.g., the stoichiometry (defect content), the qualitative grain growth
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and the surface roughness as a function of thin film thickness ¢ can not be ruled out to
further affect o, S and Ryy. Additionally, the dependence of the anisotropy of the trans-
port coefficient, the non parabolic many-valley two-valence-band structure of Sb,Te;
and the energy dependence of the different charge carrier scattering times 7; can play
a role in the electronic transport. The calculations presented in this work are limited
to the parabolic one-band-model with energy independent scattering time approxi-
mation. Furthermore, the temperature dependence of the conductivity with respect
to the thickness found in this work do not show a linear decreasing slope in T with
decreasing film thickness, as it is expected and observed if the surface states become
more dominant with decreasing t [155], indicating that the thickness and temperature
dependence of n3p, n,p, p3p and pp may change due to one of the influences above,

or to an unknown coupling of both conduction channels.
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Chapter 7

Synthesis and transport properties
of ALD coated Bi,Te; particles

In this chapter, the synthesis and the transport property measurement results of the
ALD coated particles are discussed. All coating is done by the self developed particle
reactor. The new developed flow-through modus of the chamber, where the precursor
gas is pulled through the particles, is designed to increase the reactivity between the
precursor gas and the particle surface. This is the first time this concept and the ma-
chine itself is tested.

In contrast to the thin film synthesis, a compacting step prior to the thermoelectric
measurements is necessary, since we are interested in the transport properties of the
"bulk" material. All particle charges where produced with a mortar, using commer-
cially available Bi, Te; powder with purity of 99.99 % (INTATRADE Chemicals GmbH),
and are split up into two parts. One half is compacted without coating, while the
other is part is coated with the respective number of ALD cycles. As mentioned in
chapter 4 the growth rate of Al,O3 on the Bi,Tej is reduced compared to the results
found on Si/SiO,. The compacting step (see figure 7.1) is done by "Direct Hot Press-

number of ALD cycles ‘ t on Si/SiO, [A] ‘ t on Bi,Tes particles [A]

10 15 2.5-5
25 37.5 6.25-12.5
50 75 12.5-25
200 300 50-100

Table 7.1: Film thickness of different numbers of Al,O3 ALD cycles on Si/SiO, substrates
found by ellipsometry (see figure 4.15) and on Bi,Tej particles estimated via TEM results
(see figure 4.18).

83



7.1. Transport properties of Al,03-Bi,Te; core shell particles

ing" (DHP!), using a DSP 510 (Dr. Fritsch) at a temperature of 320 °C. In contrast to
the "Spark Plasma Sintering" (SPS), no pulsed current is used to heat up the powder
but a constant DC current [157,158]. Therefore a typical amount of 2-3 g of powder

upper press stamp

lower press stamp

Figure 7.1: Sintering Press DSP 510 (Dr. Fritsch) and the inner view of the graphite press
matrix with the thermoelement.

is loaded in the graphite press matrix. The powder is enclose by two graphite press
stamps on each side and pre-compacted by using a hand press. The sintering machine
heats up the powder by applying a DC current through the sample while a pressure of
2.5MPa is applied between the two stamps (see figure 7.1). The chamber is evacuated
and a linear heating ramp of 5 min from 25 °C to 320 °C, 5 min holding time and 5 min
of cooling time is used. A dice of 12 mm in diameter and around 5-10 mm in height is
formed, which density is evaluated with an Archimedes scale and can be found to be
close to the theoretical bulk density (7.64 - 7.70 g -cm—2) for both, the reference and
the coated samples.

7.1 Transport properties of Al,O;-Bi,Te; core shell particles

After the sintering step, the dices are cut into rectangular bars with a height of around
10 mm and width and depth of around 5 mm, using a diamond saw. This is necessary,
since the measurement system used, a LSR-3 (Linseis - Thermal Analysis), needs at
least 10 mm in height for the conductivity measurements. The measurements are per-
formed between 55 °C and 255 °C with a step width of around 25 °C during heating
and cooling. For the conductivity measurements a DC-current of 100 mA is applied

1 Also known as "Rapid Hot Pressing" (RHP) or "FAST Direct Hot Pressing" (FAST DHP)
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sample | reference density [g- cm 3] ‘ Al,O3 cycles | coated density [g - cm 3]
11 7.60 10 7.53
10 7.59 10 7.47
13 7.63 25 7.51
12 7.56 [T = 250°C] 25 7.60
08 7.56 50 7.55
05 7.60 50 7.58
02 - 200 7.51
average 7.60 - 7.53

Table 7.2: Density of coated and uncoated particle after sintering. All particles are sintered

at 320 °C, except reference sample 12. For the 200 ALD cycle step, no reference sample is

available. The theoretical density is about 7.64-7.70 g-cm 3.

between the electrodes. The voltage drop is measured between the thermocouples
which contacts the sample with a distance between both of around 3.5 mm. For See-
beck measurements a temperature gradient of around 20 °C is applied by a gradient
heater at bottom electrode, resulting in a temperature difference between both volt-
age contacts of about 2-3 K. The temperature difference is evaluated with two S-type
(Pt/Rh 90%/10 %) thermocouples and the thermovoltage is evaluated from the volt-
age difference of the thermocouples (corrected with the temperature-voltage depen-
dence of the S-type thermocouples arising from the temperature difference).

7.1.1 Electrical conductivity of Al,03-Bi,Te; core shell particles

The temperature dependence of the conductivity of the average reference o,.f and the
ALD coated o.,, samples are shown in figure 7.2 (a) and (b) respectively. The refer-
ence sample values o,¢ for 10 and 50 cycles are averaged over two samples, while the
reference for 25 ALD cycles is a single sample. The reference of sample 200 is the aver-
age of all reference samples since no reference sample was available in this charge. For
the conductivity o, of the coated samples, the values of 10, 25, and 50 cycles are av-
eraged - for 200 cycle only one sample is available. Both, the reference and the coated
samples show similar temperature dependence, indicating that the stoichiometry is
not influenced by the Al,0O3 coating. At around 120 °C all samples show a minimum
in the conductivity, as a signature of the transition form degenerate to non-degenerate
statistics [159]. Since this minimum does not shift with increasing thickness of the
Al,03 shell, the relation between the extrinsic and the intrinsic conductivity seems
not to change, if we assume that the parallel two channel conduction approximation

is valid [42]. The absolute values are in good agreement with the results for Bi,Te;
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Figure 7.2: Temperature dependence of the conductivity of the coated (b) and the correspond-
ing reference samples (a). Some of the values are averaged (see text).

bulk samples in other works, see i.g. [28,34,160].

To evaluate the influence of the ALD coating, the electrical conductivity of the refer-
ence o and the coated samples o.,, are compared with each other at 55°C. In fig-
ure 7.3 (a) and (b) the absolute values of both conductivities are shown as a function of
Al,0O5 ALD cycles (reference to the corresponding sample, respectively). o,ef variates
between about 2.7 and 4.2-10*S/m indicating fluctuations in stoichiometry, amount
of foreign elements and/or a grain size distribution of the initial Bi,Te; powder, since
the electronic properties of Bi,Te; are very sensitive to small differences in the Te/Bi
ratio [34]. The differences in the conductivities between coated and uncoated samples
(see figure 7.3 (c)) of 0.0a-0ref exhibit, that the reduction is a function of the Al,03
shell thickness.

7.1.2 Seebeck coefficient of Al,05-Bi,Te; core shell particles

In the temperature dependence of the Seebeck coefficients (see figure 7.4 (a) and (b))
the transition from the extrinsic to the intrinsic behaviour is more pronounced in com-
parison to the conductivity. The Seebeck coefficients have been average in the same
way as it has been done for the conductivity values. At 55°C the Seebeck coefficient
is positive for all samples, but comparably low to thermoelectric optimized Bi,Te;
material [34]. The absolute Seebeck coefficients of the reference samples S,of vari-
ate between 30-70 nV/K at 55 °C indicating the presence of a p-type dopant foreign
element in the initial powder, since the values of hot pressed Bi,Te; particles are gen-
erally found to be around ~-150 nV/K at this temperature [53,160]. The linear link
between Seebeck coefficient and electrical resistivity (see figure 9.6 in the appendix)
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Figure 7.3: (a) and (b): Average conductivity of o,f and o0, as a function of Al,03 ALD cycles
at 55°C. (c): The absolute and relative changes with respect to the Al,O3 shell. Note that
the x-axis of Oyatnrmres is in reference to the corresponding coated samples.

supports this estimation, since small variations in the dopant content should decrease
both values in this regime. The differences in the Seebeck coefficient of the coated
sample S, is smaller (between around 80-100 pV/K at 55°C) compared to S,.f. With
increasing temperature both, the Seebeck coefficients of the reference S, and the
coated samples S ,,, crosses the zero line, switching from p- to n-type behaviour but
in different temperature regimes. For S, this regime is between 120°C< T < 170°C,
while S.,, crosses the zero Seebeck line between 170°C< T < 200°C. In contrast to
conductivity, where the minimum is found to be similar for the coated and uncoated
samples, the Al,O3 shell seems to influence the contribution of the p- and n-type See-
beck coefficients. However, temperature dependence of S,¢f and S, is quite similar

and S.,, approximates S,.f with increasing temperature, indicating similar intrinsic
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Figure 7.4: Temperature dependence of the Seebeck coefficient of the coated (b) and the cor-
responding reference samples (a). Some of the values are averaged (see text).

behaviour [159]. This is expected if the Al,O3 shell does not change the stoichiome-
try of the particle Bi,Te; which is in good agreement with the results of the electrical
conductivity. Thus the effect of ALD coating seems to be different compared to the
change of the transport properties in the case of classical doping, where the carrier
concentration is optimised by adding a certain amount of ad-atoms. The change of
the Seebeck coefficient of the ALD coated particles is more likely due to a change of
the carrier mobility [34]. However, the influence of the Al,O3 shell thickness on the
Seebeck coefficient (see figure 7.5 (c)) is much stronger compared to the difference in
the conductivity (see figure 7.3 (c)). The relative difference of 0.y,-0rf is more the
100 % if the ALD cycle number is larger than 50.

7.1.3 Thermal conductivity of Al,03-Bi,Te; core shell particles

The thermal conductivity x of the Al,O5 ALD coated particles is determined by the
heat diffusivity A, the density p and the specific heat capacity C

k=A-p-C. (7.1)

The heat diffusivity has been measured by laser flash analysis (LFA)?, while the den-
sity is evaluated with a Archimedes scale (see table 7.2 for both, the ALD coated and
the uncoated reference samples. For the evaluation of ¥ a maximum capacity C, given

by the Dulong-Petit-law?, is used. The total thermal conductivity of the reference

2Thanks to DLR-team (Christian Stiewe), using a LFA 300 Netsch.

3Using a molar heat capacity of BipTe3 of Cpo1 = 3N - 25]/(mol K) and a molar mass of BiyTe3 of
800 g/mol.
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Figure 7.5: (a) and (b): Average Seebeck coefficient of o, and o, as a function of Al,O3 ALD
cycles at 55°C. (c): The absolute and relative changes with respect to the Al,O3 shell.

Kref and the coated «,, samples are shown in figure 7.6 as a function of temperature.
All samples show a linear increasing trend with increasing temperature, from around
1.0 W/(m -K) at 50°C to ~1.5 W/(m -K) at 250 °C, which is in good agreement with
the results for hot pressed grained Bi,Te; with similar densities, produced via hot
pressing [160]. The thermal conductivity of the reference samples « ¢ is found to be
similar for all samples and is not influenced of the fluctuations in the electrical con-
ductivity o, (see figure 7.3 (a)). Sumithra et al. have distinguished between lattice «;
and electronic part «, of the thermal conductivity for hot-pressed Bi, Te; by using the
Wiedemann-Franz law in their work [160]. However, one has to be careful using this
approximation in semiconducting materials. Although the Wiedemann-Franz law is

valid for metals and highly degenerated semiconductors in the extrinsic regime, in
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Figure 7.6: Thermal conductivity of reference and ALD coated Bi,Te; particles.

the case of intrinsic electron-hole conduction contributing to the electronic transport,
using the metallic Lorenz value? L to calculate the x, is not longer a good approx-
imation [161]. For intrinsic conduction, the Fermi-level position of a semiconductor
is located in the band gap and the Seebeck coefficients are reduced due to the bipolar
diffusion, leading to an enhanced contribution of the electronic part to the thermal
conductivity [161]. Since the Seebeck coefficient as well as the electrical conductivity
strongly indicate an intrinsic behaviour, the Lorenz factor L for our material system is
unknown and probably differs from the metallic Ly. Therefore the separation between
lattice and electrical thermal conductivity is not possible.

The total thermal conductivity x of the coated particles with an ALD cycle number
of larger than 25, is found to be reduced compared to their reference counterpart (see
figure 7.7 (c)). However, we cannot provide evidence, if the reduction of x as a func-
tion of ALD Al,03 cycle number is only due to the reduced electrical conductivity, or
if the lattice thermal conductivity «; is effected by the ALD coating, too. Although the
average phonon mean free path is expected to be very small (around a few nm), the
low frequency and long mean free path phonons can contribute significantly to the
heat transport [162]. Since the size distribution of the initial Bi,Te3 particles is prob-
ably wide, meaning the existence of interlayers in different length scales, a reduction

of the lattice thermal conductivity can not be ruled out.

4Lorenz number L can be found to be ~2.45-10 8 WQK 2.
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Figure 7.7: (a) and (b) thermal conductivity «.ef and ko, as a function of Al,0O3 ALD cycles at
50°C. (c): The absolute and relative changes with respect to the Al,O3 shell.

7.2 Conclusions of the transport properties of core shell par-
ticles

Although the used initial, commercial available, Bi,Te; powder is not optimized for
thermoelectric applications, the results can bee seen as a general case study of the in-
fluence of Al,03 ALD coating. As expected, the electrical conductivity is decreasing
as function of the (insulating) shell thickness. In contrast to classical doping, this is
probably not a result of a change in the carrier concentration, since the temperature at
which the minimum in the conductivity is observable is not changing with increasing
Al,O3; amount.

The temperature dependence of the Seebeck coefficient of the reference samples S..¢(T)
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is lower compared to those of the coated samples S.,,(T). Starting from a value of
about S.,, ~901V/Kat 55°Cis approximating the value of ~-50 nV/Kof S,.¢(T=255 °C),
as a consequence of the transition from extrinsic to intrinsic behaviour. This indicates
again, that the stoichiometry of the initial powder has not been influenced by the ALD
coating.

In figure 7.8 (a) and (b) the calculated figure of merit of the reference ZT,.f and coated
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Figure 7.8: (a) and (b) Figure of merit of the reference ZT,.¢ and coated samples ZT,, with
respect to the number of Al,O3 ALD cycles. (c) absolute and relative change of ZT as a
function of Al,O3 ALD cycles. The corresponding temperature is T = 50 °C (see text).

ZT.,, samples are shown. The values have been evaluated with

_ S}(T=55°C)-0.(T =55°C)

ZT
KH(T = SOOC)

50°C, (7.2)
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where the L symbols mark the values measured cross plane, and || mark the val-
ues which are measured in plane to the pressing direction. Since the lowest tem-
perature where values of S and ¢ are available is 55 °C, the thermal conductivities of
k(T = 50K) have been used. Due to the decreasing trend of S and o and the increasing
x with T in this temperature regime, the calculated ZT’s are fairly underestimated.
As well as the Seebeck coefficient and the electrical conductivity of the reference sam-
ples, the ZT values variate between 0.015 — 0.05 at T = 50°C as a function of the
corresponding sample ALD cycles (see figure 7.8 (a)). The absolute values are com-
parably low, since the initial Bi,Te; powder was not optimized in terms of the best
thermoelectric performance. The coated samples show an enhanced figure of merit
compared to the corresponding reference sample of values between 0.06 — 0.09 (see
figure 7.8 (b)). In figure 7.8 (c) the absolute and relative changes of ZT,,, with respect
to Z T, are plotted as a function of the ALD Bi,Tes shell thickness. Although the
thermal conductivity is found to be lower in the coated samples, the largest contribu-
tion of the enhancement of ZT at this temperature is obviously due to the increased
Seebeck coefficient.

However the ZT factor of the coated samples (see figure 7.8) is found to be increased
in contrast to the reference samples at around 50-100 °C, the ZT factor of both lowers
to higher temperature due to the suppressed Seebeck coefficient caused by the bipolar

conduction of the intrinsic Bi, Tej.
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Chapter 8

Summary and Outlook

Only a very limited number of publications on ALD grown nanostructures of thermo-
electric materials and even less on thermoelectric properties of ALD grown thin films
are available! (see e.g. [64,96,163,164]). However, the publications of thermoelec-
tric properties of nanostructured materials is still very high. In this work we present
for the first time electronic thermoelectric measurements of ALD grown Sb,Tej thin
films as well as the thermoelectric properties of surface modified Bi,Tes particles by
ALD, sintered via SPS. This surface modified particles have been synthesized by a new
designed particle flow-through/exposure reactor, enabling the conformal coating via
constant rotation of the reaction chamber.

The depositions for the thin film analysis have been made with a home-made exposure-
reactor with an additional precursor-boost to lower the growth temperature to 80 °C.
Structural and compositional analysis have been performed using SEM, XRD, EDX
and PIXE. The SEM results show a Volmer-Weber like growth behaviour of the Sb,Tes
with non closed islands up to thickness of about ¢+ < 32nm and random orientated
hexagonal plates due to the hexagonal crystal structure of Sb,Tes. In the XRD pattern
the preferential growth direction was found to be along the c-axis, while the grain
size analysis using the Sherrer equation leads to an average grain size of about 40 nm
(for an about 40 nm thick film). Both results highlighting the polycrystallinity of the
ALD films. EDX and PIXIE confirm the estimation of a good stoichiometry due to low
temperature chemical process, with results, within the error, of nearly ideal 2:3 Sb to
Te atomic ratio.

The electronic thermoelectric properties ¢, S and Ry of the thin films have been mea-
sured with a self developed measurement device, patterning the ALD film and the
contact mask via a 2-step photolithography process [97]. This enables the temperature

dependent measurement of all properties of a single film using a commercial available

IWeb of science™search conditions: TITLE: Thermoelectric AND Atomic Layer Deposition.
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cryostat system in combination with an external DC measurement setup. Different
film thicknesses between 32 < t < 160nm have been analysed with respect to their
temperature, magnetic field and thickness dependence. The ALD grown Sb,Te; films
show a degenerated semiconducting characteristic, with a peak of the Seebeck coeffi-
cient S at around 325K corresponding to the increasing intrinsic carrier concentration
observable in the Hall coefficient Ry at the same temperature. However, Ry shows
an untypical decreasing trend with decreasing temperature below 325K, which have
been correlated with either, a change of the Hall scattering factor riy due to a change of
the dominant scattering mechanism [97,156], or the existence of a second band con-
tributing to electronic transport [109]. Therefore the films have been studied under
the influence of high magnetic fields and low temperatures. It has turned out that
the magnetic field dependent resistances (R, and Ryy) show signatures of a second
band. Additionally, the low temperature and low magnetic field dependence of the
LMR R, (B) show a characteristic sharp dip. This feature has been correlated with the
weak anti-localisation effect (WAL), that occurs in 2-dimensional (2D) systems with
spin-orbit coupling, but which is also expected to show up in 2D conductive helical
surface states, called topological insulators (TI).

A 2-band transport model has been developed to proof if a 2D transport channel sig-
nificantly contributes to the thickness dependent transport properties o, S and Ry.
The influence of the classical size effect of surface scattering has to be taken into
account, since an decrease of the conductivity with decreasing thickness was found
for t 272nm (UCR), as it has been observed previously in Sb,Te; and Bi;_,Sby thin
films [61,155]. However the trend was found to be similar, with further decreasing
thickness (t <72nm), the conductivity rises again, which has been attributed as the
contribution of the 2D channel. In consistence with the conductivity evaluation, the
qualitative thickness dependence of both, Seebeck and Hall coefficient have been eval-
uated. All measured transport properties show a reasonable good agreement with the
calculated behaviour. However, there are further parameters which are a function
of thickness and influence the electronic transport. The growing grain size with in-
creasing thickness probably changes the in plane mobility of the charge carriers with
t. Eventually the stoichiometry slightly changes with thickness, since the diffusion
length is increased with dwell time in the reactor.

In this work we have presented the advantages of combining thermoelectrics, nanos-
tructuring and ALD for: (1) general and systematically studies of high purity thin
film materials, (2) creating core shell nanostructures and (3) the proof of principle
of the up-scaling ability of this method for creating bulk material of ALD coated
particles with enhanced thermoelectric performances. A systematic study of other

materials with interesting thermoelectric properties, e.g. Bi,Te; and compounds of
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Bi,Sb, ,Tes, deposited by ALD consequentially follows from the results of the Sb,Te;
thin film study done in this work. Bi,Te; and superlattices of PbTe and PbSe for exam-
ple have already been produced by ALD but without the evaluation of the electronic
and thermoelectric properties [64,164]. Although the magnetic field and the thick-
ness dependent results show signatures of an additional 2D channels contributing to
the transport, further studies of the thermal conductivity and the Nernst coefficient
are necessary. Additionally, the influence of the: stoichiometry, grain size, contribut-
ing of different conduction channels (3D and 2D) and other effects as a function of the
thickness on the electronic transport properties have to be evaluated to get a better
understanding of the transport mechanisms in Sb,Te; ALD grown thin films.

The case study of particle surface coatings have shown interesting effects on the ther-
moelectric properties. Although the starting material was not thermoelectrically op-
timised, the Seebeck coefficient was increased probably without effecting the carrier
concentration, since the minimum of the electrical conductivity as a function of tem-
perature was not influenced by the surface coating. However the electrical conductiv-
ity is decreased as a function of the Al,Oj3 shell, the Power Factor at 55 °C was found
to be higher compared to the initial material. The thermal conductivity is found to be
decreased as a function of the Al,03 ALD cycles as well. Therefore the ZT factor was
significantly increased at temperatures of 50-100 °C.

The systematic study of the thermoelectric properties of created core shell structures
via ALD coating is just at the beginning. Several patents and publications for syn-
thesising as well as theoretical calculations of such structures to enhance the ther-
moelectric figure of merit are available [165-168]. Although most of them are on a
1 - 500nm length scale, and therefore probably in a different size regime, ALD has
the advantage of coating large quantities, a wide range of materials/compounds and
variable shell thicknesses [21,24]. Since the initial particle size is tunable, e.g. via
ball milling or chemical synthesis methods [169,170], it should be possible to repro-
duce such coatings with smaller particle sizes. Prior to the reduction of the particle
size, it is necessary to reproduce the results with initial material which thermoelectric
properties are optimized, e.g. Sb,Bi,_,Tejz solid solutions. However covering smaller
grain sizes with ALD could lead to a grater impact on the thermoelectric properties,
it is maybe challenging to prevent the surface of the particles from oxidation before
covering with ALD. This can be of vital importance, if semiconducting materials with
different band gaps should be deposited, without having an oxide shell reducing the
electrical conductivity [53]. Including the reactor into a glove-box would enable a di-
rect transfer of the synthesised particles into the ALD chamber.

Atomic Layer Deposition has been successfully introduced creating different kinds of
thermoelectric nanostructures by functionalising the surface of 3D geometries. The
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developed flow-through/exposure particle reactor has shown the possibility to trans-
fer such surface coatings even to larger quantities. However, since the parameter-
space in material design and surface-functionalisable geometries is large and still not
all process parameter dependencies have been evaluated, there are nearly boundless
opportunities which can be explored using such processes and reactor designs as pre-

sented in this work.
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Chapter 9

Appendix

9.1 Error discussion
9.1.1 Error of the Seebeck coefficient S for thin film measurements

The Seebeck coefficient is a function of the temperature gradient AT and the thermo-
voltage Vi.. For reasonable small temperature gradients, the linear Seebeck approxi-
mation S = % is valid. However, small temperature gradients means large uncertain-
cies in the temperature measurements. To minimize the error, the Seebeck coefficients
have been evaluated by the linear approximation for different temperature gradients
according to different heater voltages (see figure 5.8). However, the linear approxi-
mation is reasonable, to use the error of the linear regression would mean to neglect
the high error of the calculated temperature difference. Although, the error of every
Seebeck value individually calculated with the corresponding temperature gradient
Sin is much larger then the error of the Seebeck calculated with the linear regression

method Sj;, we can estimate this as the upper border for the error of S

) oS | oS | .

0S = |=——=| 0AT — | Ve . 9.1
o 7] 2w o
—_

error componentAT  error component Vi,

The error of the temperature SAT gradient is a function of the second order polyno-
mial (T = a-R?+b- R+ c) and the error of the resistance measurement itself

0T (Ry) dT>(R;)

R, | R (9.2)

-6R1+‘




Since both resistance dependence on temperature is quite similar, we can find the
error of OAT to

SAT ~2-(2-a-R+1b)-5R~ 2-(0.003- R+ 2.5)-0.005, (9.3)

where 0R = 0.005 (assumed to be constant with T), because the resistance is averaged
over 10 measurement for each step. However the error of AT seems to be small at
RT, the error is dominant especially for lower temperature. Since the maximum tem-
perature gradient decreases fast with decreasing T due to the lower heater resistance
and the decreasing device resistance (see figure 5.7). The error of the thermovoltage
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Figure 9.1

increases with decreasing temperature, since the Seebeck coefficient decreases. How-
ever, since the thermovoltage is averaged over 20 points for each step, the error is
much smaller then the error of the temperature gradient. So we can find 6S with
using

oS oS
—=_|.8AT .8V, 9.4
‘(m‘ >>‘avte e 5-4)
to V.
88 = —% _.2.(0.003-R+2.5)-0.005 9.5

9.1.2 Error of the electrical conductivity o for thin film measurements

The error of the electrical conductivity is dominated by the error of the thin film thick-
ness t. The geometry of the ALD thin film as well as the contact structure dimensions

are patterned by photolithography with an error of about 1/10 pm giving an approxi-
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Figure 9.2: S of 6000 cycle film with the maximal error 6S,,x according to equation 9.4

mal structural error in d/b (distance between the voltage contacts and with of the film
respectively) of maximal 1%. Since also the resistance error is in that range, the thin
film growth rate as well as the uncertaincies due to the surface roughness have the

highest influence on the calculation of both parameters. We can find for the error 6o

oo
b

oo
od

oo

5
7=

-8+ | = |- 5d. (9.6)

bt—i—‘ -OR +

Since all errors are neglectabelly small in comparison to the thickness error, we can
find

Jo
ot

If we assume the the growth rate to 0.016nm/cycle + 0.004nm/cycle the error is

1 b1
oo L 0L s (9.7)

o
o Reim dt?

: 1 1
o0 =~ 0 -0.004nm - cycle. (9.8)

Reiim 12

Since the geometry is fixed for every sample/device, the error of the conductivity
o0 is a function of the thin film thickness (number of ALD cycles) and the thin film

resistance

9.1.3 Error of the Hall coefficient Ry for thin film measurements

Similar to the error of the conductivity, the error of the of the Hall coefficient is dom-
inated by the error of the thickness t. The overall error ORy is

Ry
ot

Ry
R,

Ry

SRy =
H= 0B

Lot + -5Ryy + . 5B. (9.9)
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Figure 9.3: o of 6000 cycle film with the maximal error 6o according to equation 9.8.

Using the approximation of the dominating thickness error, we can find

Ry

1
'6t:RHallt_2'6t (9.10)
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Figure 9.4: Ry of 6000 cycle film with the maximal error 6Ry according to equation 9.10.

9.2 further information
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| Sbin A% | Te in A% | Sb:SbTe in % | Te:SbTein % | sample | cycles |

19,92 32,41 38,07 61,93 unknown | unknown
20,15 32,38 52,53 38,36 unknown | unknown
20,25 31,02 39,50 60,50 unknown | unknown
4,17 6,33 39,71 60,29 23 unknown
3,76 5,21 41,92 58,08 23 unknown
2,72 3,6 43,04 56,96 23 unknown
13,25 21,07 38,61 61,39 23 unknown
12,41 18,03 40,77 59,23 23 unknown
9,23 12,82 41,86 58,14 23 unknown
7,71 11,27 40,62 59,38 22 unknown
7,67 11,91 39,17 60,83 22 unknown
7,83 12,01 39,47 60,53 22 unknown
10,55 14,87 41,50 58,50 22 unknown
4,53 14,87 41,50 58,50 22 unknown
5,62 8,79 39,04 60,96 22 unknown
5,59 8,74 39,01 60,99 22 unknown
5,32 8,73 37,86 62,14 22 unknown
38,75 61,25 38,75 61,25 72 3000

0,53 0,79 40,15 59,85 57 2500

average and standard deviation 39,96 60,04 + 1,50

Table 9.1: EDX results of different measurement points and sample thicknesses of ALD grown
Sb,Te; on Si/SiO, substrates. Only measurements with high enough overall counts have
been taken into account.
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Figure 9.5: Different number of ALD cycles of Sb,Te; on GaAs substrates. The growth can
be found to be quite similar to the growth on Si/SiO, substrates, although the lattice
parameter is different.
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Figure 9.6: Seebeck coefficient of the Bi,Te; reference sample S, against 1/0 at 55°C and the
linear approximation indicating the doping regime.
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Figure 9.7: Linear approximation of the increase of the resistivity with decreasing thickness
of co-evaporated Sb,Tej thin films by Das et al. out of [61].
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