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1. Thesis summary

The increase in energy consumption worldwide has not been complemented by
the development of clean energy sources, hindering the adoption of effective measures to
mitigate the adverse effects of global warming and the degradation of air quality ™. The
rise of power consumption in the Communication and Information Technologies, ICT, is
no exception. However, considering that near 60% of the total energy is lost in the form
of waste heat during combustion or equivalent processes, it would be possible to adopt
energy harvesting strategies, based on waste heat recovery and improved thermal
management, to achieve a more rational use of energy 2. This solution could benefit a
large number of potential applications in the areas of sensing and intelligent monitoring
for medical, biomedical or energy efficiency and related applications. Thermoelectric
(TE) materials can convert heat into electric energy, opening the possibility to recover
this lost energy in an efficient way. The main drawback for the widespread
commercialization of TE-based devices for generation and/or sensing comes from their
low conversion efficiency that makes this technology not competitive with other
alternative energy sources such as solar cells and fuel cells. The efficiency of a TE
material is related to the figure of merit, ZT, defined as the ratio of three physical

quantities that account for the transport of electrons and phonons, the carriers of
.c2
electricity and heat respectively. Since ZT = (% - T) the goal is to decrease the thermal

conductivity while simultaneously increasing the Seebeck coefficient (S) and/or the
electrical conductivity (o) to achieve high values of ZT in the adequate temperature
range.

In this context, the aim of this thesis is twofold. In a first part, this work is devoted
to find and characterize efficient thermoelectric organic and inorganic materials with a
good potential for energy harvesting applications. Thereunto, characterization techniques
previously implemented in our group as well as new techniques are used. Also, one of
these materials is used in a prototype thermoelectric generator. On the second part, a Si-
membrane-based microthermoelectric generator (UTEG) is evaluated as photosensor.
These measurements show an unexpected enhancement of the Seebeck coefficient
produced through the interaction with light. To better evaluate this photothermoelectric

effect, a new device is designed, microfabricated, tested and characterized.
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This thesis is divided into following chapters:

In Chapter 2 the theoretical framework required to understand the experimental
results of chapters 4-6 is presented. Heat transport is discussed using the Classical
Irreversible Thermodynamics framework. Also, the Boltzmann Transport Equation is
applied to phonons and electrons in order to derivate the thermoelectric effects.
Moreover, the Seebeck coefficient, the electrical and the thermal conductivities are
shown in the context of thermoelectricity showing the possibilities to improve the
Figure of Merit. In the last part, photothermoelectricity is described and a general
discussion about the effects caused by photocarriers in the thermoelectric properties
is discussed.

In Chapter 3 the main experimental techniques used in this thesis in relation to the
thermoelectric properties are shown. The principle of 3w-V0Olklein method for
measuring the in-plane thermal conductivity of thin films is explained, as well as the
sensor shape and the electronic setup required to perform highly precise
measurements. To determine the Seebeck coefficient and electrical conductivity, a
homemade system and device are built. The electronic setup and vacuum system used
in this work are also described in this chapter.

The photothermoelectric effect in Si thin films is studied in Chapter 4. The
photoresponse of a Si-based membrane PTEG is evaluated. The high thermal
insulation and low thermal mass achieved through the reduction of the Si thickness
leads to a quick and efficient response of the sensor. During these measurements, an
unexpected photothermoelectric effect that leads to an enhancement of the
thermopower is evidenced. In order to better understand this effect, a new device is
designed and microfabricated. The photothermoelectric measurements present an
improvement of the Seebeck coefficient caused by the photocarriers, suggesting that
photoexcited states can be used to improve the Figure of Merit of doped Si very thin
films and opening a new line of future research.

In Chapter 5 MgAgSb films containing a small amount of Ni are grown using the
sputtering technique. Morphological, structural and thermoelectric characterization of
the MgAgNiShb films are performed. Finally, a prototype of a planar thermoelectric

generator based on p-type material is designed, microfabricated and characterized.

18



In Chapter 6 we verify the applicability of the 3w-Vdlklein technique to determine
the in-plane thermal conductivity of polymeric thin films. The in-plane thermal
conductivity obtained for reference samples are in good concordance with previous
literature works. Moreover, a full thermoelectric characterization of PEDOT:PSS thin
films doped with DMSO in several concentration is performed, showing the capability
to obtain the true ZT value in the in-plane direction. The results show that in thin
films, the lattice component of the in-plane thermal conductivity does not obey a
linear behavior in function of the DMSO concentration as reported previously for
thicker samples.

In the last chapter we present the general conclusion about the results obtained in this
PhD thesis.

19
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2. Introduction

2.1 Heat Transport Theory

Classical Irreversible Thermodynamics (CIT) provides the theoretical framework
to explain most of the transport phenomena in nature. Although transport by definition
requires non-equilibrium situation in many of the processes the phenomenology observed
can be approximated by local equilibrium scenarios at the different points of the system
out of the equilibrium. Of course, this is only true when driven forces (electric fields,
temperature gradients) are moderated. Nevertheless, phenomena like ballistic transport,
second sound of He or the evolution of the system under high heating rates (high fluxes)
requires a more complex theoretical framework like that proposed by the extended
irreversible thermodynamics. In this thesis, we mainly used the CIT to describe the
phenomena studied. In that framework, we will show how the Boltzmann Transport
Equation can be solved under the relaxation time approximation (RTA) to describe the
thermodynamic evolution of a system out of equilibrium. Applying such a solution for
electrons and phonons we will calculate the transport properties of materials and the

thermoelectrical derivate properties.

2.1.1 Heat equation
We start the discussion considering the general energy balance equation of a

system with an internal energy u, constant density p, which can be written as:
u
po Ve =g (2.1)

being q the heat flux per unit area and g; the heat power generated internally per unit

volume. The internal energy can be defined as a function of the heat capacity cp, thus:

(‘;—’;)pzcte = cp (2.2)
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and considering local equilibrium criteria the heat flux can be assumed by the Fourier

law:
q=—kVT (2.3)
where k is the thermal conductivity, an intrinsic property of a material.

Combining equations 2.1, 2.2 and 2.3, and considering the thermal conductivity
isotropic and homogeneous in the medium, the following equation is obtained:

ar
pc—-— kV2T = q; (2.4)

Equation 2.4 is usually known as the heat equation and describes the heat
transported through a system when a temperature gradient is applied. This equation can
be used to obtain the behavior of a solid connected to a thermal bath at temperature T,
through a thermal conductance G, as presented in Figure 2.1. If the heat equation is

integrated over the volume V of the solid:
ar
[, pco;dV = [, kVTAV = [, qidV (2.5)

And using Gauss’ theorem, the integral of the divergence of magnitude over a

volume fV V(kVT) dV, can be assimilated by the flux of this magnitude over the area

surrounding such a volume gﬁA kVT - dA, and therefore the following equation is

obtained:
CZ+ KAVT = Q (2.6)

with C = pcV and Q = q;V. If the temperature gradient is linear, VT = (T — T,)/L =
AT /L, and we obtain:

CZ+GAT = Q 2.7)

22



where G = kA/L is the thermal conductance between the hot and cold sides of a material
(at temperatures T and Ty, respectively). Equation 2.7, describes the energy conservation
in the material. When heat is dissipated inside the material (whichever the source), part
of this energy contributes to the internal heat capacity, and part is released towards the
surroundings through the material surface. If the heat generated is zero (Q=0), the

equation can be reorganized as:

ar dt
T (2.8)
being T = C/G the thermal relaxation time of a system, like the one described in figure
2.1. This parameter is of prime importance for many applications, including thermal
sensing or ac measurements, and should be properly characterized. In steady state, the

t > 7 relation must be obeyed, being t the waiting time to perform the measurement.

To

Figure 2.1 Solid at temperature T connected to a thermal bath at temperature T, through

a thermal conductance G.

2.1.2 Boltzmann Transport Equation

The Boltzmann Transport Equation (BTE) describes the thermodynamics of a
system out of equilibrium and its time evolution. In the discussion performed previously,
the microscopic behavior of the heat and the thermal transport were not directly
considered, whereas the BTE allows to observe the contribution of particles, such as
phonons and electrons to the heat transport.

The BTE is defined in its general form as:

23



of , ar ap | — (%
E+E Vrf+dt fo_ (at) (2.9)

col

where f is the distribution function of a collectivity of particles, r» and p are the position
vector and the momentum, respectively. Therefore, for each particle the r and p vector
define its state in the phases space. The BTE permits to determine how the distribution

function evolves in time inside a given phase space volume dr X dp as a consequence

dr

of: i) the drift term, E-Vrf, related to the motion of the distribution function, ii) the

external forces term, % - V,,f, that modifies the momentum of the distribution function,

and the collisions term, (%) ;
co

In the next sections, the BTE will be applied to phonons and electrons in order to
define the thermal conductivity and the current generated by a temperature gradient
(Seebeck effect).

2.1.2.1 Phononic and Electronic Transport

In the microscopic picture, heat inside matter can be transported by phonons and

electrons.

BTE with phonons

First, the BTE will be applied to phonons to obtain the lattice contribution to the
thermal conductivity. To consider phonons, we will use the Bose-Einstein equilibrium
distribution function with energy equal to hw, where w is the phonon frequency.

Therefore, in equilibrium (referred as f,), the distribution function can be written as:

1

folw) = =5 (2.10)

ekBT -1

d .
In the case of phonons, the external force term, d—i’ -V, f, can be removed since no

external force can interact with them. Under the assumption of the diffusive
approximation, and moderated temperature gradients, the drift term can be simplified

since the distribution function is expected to vary softly in space and time, and the

gradient of the distribution function in space can be assumed as: V,.f =Z—£-VrT.
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Assuming local equilibrium, approximation that essentially means that f — f, is very

small compared to f,, the first term can be neglected (%) = 0. Under the relaxation time

L - a .
approximation, the collision term (a—];)col can be further approximated by (f — f,)/
T where 1 is the relaxation time associated to the various scattering events, 7;. The

relaxation time can be written within the Matthiessen rule as: %z Zi% . The out of
o

equilibrium distribution function can be re-expressed as:
]
(@) = folw) = L2 2(w)vy (w) - VT (2.11)

where v, is the group velocity. The BTE permits to stablish the evolution of the
distribution function considering the product of the temperature derivative of the
equilibrium distribution, the relaxation time, the group velocity and the temperature
gradient in the system.

Therefore, a temperature gradient generates a heat flux that can be written as:

dq, = 1o - vge (£ (©) — fo(@))D(w)dw (212)

Combining Equations 2.11 and 2.12, integrating and using the Fourier law we

obtain, after some algebra, an expression for the lattice thermal conductivity:
ki =235 J " g (@) [(@)C (w)dw (2.13)

where 4 is the phonon branch polarization, [ = t(w)v, (w) is the mean free path (MFP)
of the phonons (the average distance traveled by a phonon between two scattering events),
and C is the spectral heat capacity. The mean free path typically depends on the scattering

mechanisms presents in the system, and the Matthessien’s rule determines how they

should be added ﬁ = Ziﬁ. The most common scattering mechanisms are:

- The phonon-phonon scattering: when two phonons are recombined they can
conserved momentum if the addition falls into the first Brillouin Zone (BZ) or
interact with the net, releasing momentum, if the resulting phonon falls outside of

this 1% BZ. In the first scenario, also called normal scattering, the phonon
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momentum is conserved and cannot be considered as an inelastic term (it is non-
resistive), nevertheless this type of collisions contribute to repopulate the different
modes of the phonon distribution, and indirectly affect the heat conduction, and
should be considered. In the last situation, the phonon momentum is not conserved
evidencing a resistive behavior that is dominant at high temperatures. This
scattering processes are called Umklapp events. Therefore, the probability of the
Umklapp scattering process depends on the population of high energy phonons

and, for that reason, the related mean free path decreases exponentially with

temperature, Iy, = T3e="/r.

- Impurity scattering considers the scattering events between a phonon and an
impurity in the crystal e.g. a doping atom or an interstitial atom. Usually it is
modeled as the Rayleigh scattering of light, i.e. with a w* dependence: I, « 3.

- Boundary scattering: is produced when a phonon reaches the boundary of a
material and is reflected, either in a specular or diffusive way. In polycrystalline
materials, it appears when phonons reach a grain boundary. The MFP associated
to the boundary scattering is Iz = L - S, where L is the size of the material/grain
and S is the specularity parameter (S=co for completely specular and S=1 for a
completely diffusive). In nanomaterials, the boundary scattering typically
becomes the dominant scattering source because of the reduced sample
dimensions. Nevetherless, for highly crystalline bulk materials it can also become

an important scattering source especially at low temperatures.

As a result of the different scattering processes, the broad family of phonons
contributing to thermal transport can selectively be targeted. For instance, mass isotope
scattering that is especially relevant in alloys will heavily impact short wavelength (high
frequency) phonons. Interfaces between acoustic dissimilar materials as occurs in
superlattices or grain boundaries in polycrystalline solids may impact medium range
wavelength phonons while thin film boundaries block long-wavelength phonons. Figure
2.2 shows as an example how the spectral mean free path is affected for different silicon-
based materials. When alloying with Ge, the high frequency phonons become
preferentially scattered. In thin film, SiGe superlattices, the low frequency phonons (large
wavelengths) that typically can see the alloying as an effective media, scatter inevitably
with the interfaces, and combining both types of features in a single sample the complete

family (phononic spectra) is targeted [,
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Figure 2.2 Modification of the phonon mean free path due to different scattering centers,
from atomic defects or impurities to thin film boundaries. TF stands for thin film and SL

for superlattice.

BTE with electrons

Now, we will apply the BTE formalism to electrons. Since electrons do transport
both energy and charge, the analysis will serve to verify the participation of the electrons
in the thermal conductivity, to evaluate the electrical conductivity and also to derive the
thermoelectric properties. We first consider that electrons obey Fermi-Dirac statistics and

therefore the distribution function can be written as:

1
fo = D
T

Gl
ekBT +1

(2.14)

where ¢ is the electron energy and u is the chemical potential considered from the
conduction band edge. Under a similar analysis than the proposed to solve the BTE for
phonons, in the case of electrons, we should considered the presence of an arbitrary
electric field (E,.), as an external force term, together with temperature gradient in steady

state. The analysis retrieve that the evolution of the distribution function now follows:

_f o= gy (%o 20 _ on | e—pdr 9fo
f fO_ Tvx(6x+6vx)_rvx (6x+ T dx+eEx) de (2'15)

27



Like in the previous case, with this expression we can determine the number of
particles flowing through the system, and therefore, considering either the charge or the
energy the particles carry, the charge current density (J,¢) and the heat current density

(g%¢) can be determined.

Charge flux due to electrons

For electrons (e” charged), only those with energies around the chemical potential,
will present a thermodynamic force to contribute to the particle flux. Typically, those with
energies higher than the chemical potential will flow toward the external force or against
the temperature gradient, while those below the chemical potential will have the reverse
direction. To evaluate the flux, the total number of electrons contributing should be
accounted and, that requires, the integration over the whole density of states weighted by
the distribution function difference along the system and considering the velocity for each
energetic level:

o)

J7¢ = [ —ev,D(e) (f — fo)de (2.16)

Combining Equation 2.15 in Equation 2.16 we get:

1d dr
Jx = L11 (gﬁ + Ex) + Ly, (_ E) (2.17)
being
Ly = —?fomvztD(e)%ode (2.17a)
Ly == [ v?tD(€) L (e — p)d 2.17b
12 3TfOUT (5)38(3 pde (2.17b)

Taking Equation 2.17 and considering that there is not temperature gradient, it is

possible to obtain the electrical conductivity:

d :
Jx =Ly (322 + E, ) = oF; (2.18)

where E, is the effective electric field that takes in consideration the gradient in chemical
potential. But, if we impose in Equation 2.17 the open circuit condition, in the absence of
current density, the Seebeck coefficient is obtained as:
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=il _ o2 (2.19)

!
Ex - L11 dx dx
thus

_ 1 f;ouzrD(e)%(s—u)de 1 fowuzrD(e)%(s—u)dg

eT f:o UZTD(s)%dé‘ eT 9

(2.20)

As this demonstration was performed considering electrons, the Seebeck
coefficient has a negative sign, which will be positive if we consider holes. In most cases
S has the sign of the free carriers, however S can be positive even in metals with negative
charge carriers such as Li or Ag due to the strong dependence of the density of states
across de Fermi energy in those materials [,

Through Equation 2.20 we can note that the Seebeck coefficient is a relation
between the average energy of an electron above the Fermi level at open circuit and the
differential electrical conductivity at each energy level. In addition, the (¢ — ) term

indicates that S is related to the heat carried per electron [,

Heat flux due to electrons
Following the same procedure, we can consider now the amount of heat

transported per charge (e — w), to be evaluated with a similar integration of the heat flux:

where
L21 = gfooo UZTD(E) aai; (8 - u)de = TL12 (221&)
_ 1 ro0 2 dfo 2
Ly, = _Efo v TD(S)E(S —w)de (2.21a)
Combining equation (2.17) and (2.21), yields:
L LyqLq dT
Qe = 2 + (Lop —222) (- 5) (2.22)

Without temperature gradient, we find the Peltier coefficient I1.:
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qx = %]x =0, (2.22&)

And imposing a negligible current density, we find the electrical component of

0= (220

the thermal conductivity

k, (— E) (2.22b)

To consider the total thermal conductivity of a material, both phononic (lattice)
and electrical component should be sum: k = k; + k..

Combining equations (2.17), and Equation (2.21), we obtain the Wiedemann-
Franz law that provides a direct relation between the electrical ¢ and thermal k,

conductivities, due to electrons:

2
ke _mkp _ (2.23)

oT 3e

where L is the Lorentz number that is nearly constant for many materials.

Phonon drag

In the above derivation, we did not consider the interaction between phonons and
electrons, thus, we only took into account the diffusive component of the Seebeck
coefficient. However, if the electron-phonon coupling is strong an additional component
of the Seebeck coefficient should be considered. In certain condition and materials, the
electrons (holes) can be dragged by the phonon flux increasing the Seebeck coefficient.
This effect is known as phonon drag. The phononic component of the Seebeck coefficient
can be described by [©:

S, =458 2.24
ph——“_Tfpe (- )

where t is the relaxation time for the dissipation of the phonon’s momentum due to the
interaction with the atoms, c is the sound velocity, u is mobility of the charge carriers, T
the temperature and f,, is the fraction of crystal momentum taken from the lattice by the

charge carriers.
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2.2 Thermoelectricity

In the next section, the Seebeck coefficient, the electrical and the thermal
conductivity will be discussed in the context of thermoelectricity. The possibilities of
enhancing the Seebeck coefficient and the electrical conductivity maintaining, or

reducing, the thermal conductivity of a material will be further analyzed.

2.2.1 Introduction

Thermoelectricity is the capacity of a material to couple thermal and electrical
phenomena. Specifically, thermoelectricity is determined through the direct conversion
of a temperature difference into an electric potential or an electric current into a
temperature difference. These phenomena are known as Seebeck and Peltier effects
respectively. The Seebeck effect is related to the capacity of a material under open circuit
conditions to generate an output voltage in response to a temperature gradient. This
voltage is known as Seebeck voltage in honor to its discoverer, Thomas Johann Seebeck,
in 1822 ["81, |f the material is formed by two solids with different (positive and negative)
charge carriers an electrical current can be generated and therefore the system is able to
transform heat into electrical power. The Seebeck effect can be described by the following

equation:
V=S (T, —T,) (2.25)

where V is the voltage generated at open circuit, S the Seebeck coefficient of the material
and Ty and T the temperatures at both extremes. If the system is formed by two materials
with Seebeck voltages Sa and Sg, the above relation is rewritten as:

V=25 (T1 = T2) (2.26)

where S,5 is the difference between the Seebeck coefficients of the A and B materials.
The joint of two different materials connected electrically in series and thermally in
parallel is named thermocouple.

The second (and related) effect was discovered by Jean Charles Athanase Peltier
in 1852 [°1. He observed that, when an electric current was applied to a metallic junction,

a variation of temperature occurred, which depending on the direction of the electric
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current, could reverse the temperature difference. This effect, known as the Peltier effect,

can be mathematically written as:
Q = My —II (2.27)
where Q is the heat flux, I1; and II, are the Peltier coefficients of each material and I is

the current applied to the thermocouples. In figure 2.3, both Seebeck and Peltier

phenomena are depicted.

(a) (b)
Hot side Cold side

Forced | = Emerging
gradient & o ee gradient &
» l
Cold side
TN
AV
Emerging voltage Forced current

Figure 2.3 Visual description of the Seebeck effect (a) and the Peltier effect (b) In the
first case, a temperature gradient produces a voltage along the thermocouple, while in the

second case a current flowing through the thermocouple generates a heat flux.

Thermoelectric materials can be used to build a thermoelectric generators (TEG),
that is a heat engine that converts waste heat into electricity and usable work. As a thermal
engine, it obeys the thermodynamic laws and the maximum efficiency of a TEG is also
limited by the Carnot efficiency, i.e. the ratio between the cold (heat sink) and hot (heat

source) temperature sides, as shown in equation 2.28:

ne=1-=¢ (2.28)

Ty

However, real engines and processes never attain the maximum efficiency. For a
TEG, the efficiency is related to the ability of a material to conduct electricity while

preserving the temperature gradient. Maximizing the efficiency of thermoelectric
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machine, arises parameter ZT as the Figure of Merit. In ZT the Seebeck coefficient (S),
the electrical (o) and the thermal (k) conductivity of a thermoelectric material are related

through the following equation:

Zr =221 (2.29)
where T is the mean temperature of the system. It can be shown that the efficiency of a

thermoelectric generator obeys the following equation:

1+ZT -1

Nre = Ne—— 7« (2.30)

T+ 2Ty +C
M TH

where ZT,, is the average Figure of Merit of the materials of the TEG at the mean

Ty+Tc

temperature, Ty, = .

It is obvious from 2.29 and 2.30 that enhancing ZT of the materials will increase
the efficiency of any TEG. The great challenge to improve ZT is to simultaneously
increase the Seebeck coefficient and electrical conductivity while decreasing the thermal
conductivity. This is in fact a great challenge that has engaged many scientists for decades
because the parameters of the ZT equation are interrelated and it is not trivial to
manipulate each parameter individually. The Seebeck coefficient and the electrical
conductivity are related through the Pisarenko relationship (eq 2.20). Thus, the increase
of the electrical conductivity by, for instance, doping in a semiconductor leads to a
decrease of the Seebeck coefficient. Moreover, in metals and degenerated semiconductors
the electronic contribution to the thermal conductivity can be very high as can be easily
deduced from the Wiedemann-Franz law (Equation 2.17). In Figure 2.4 we can observe
the relations defined before, the improvement of the Figure of Merit is very challenging,

since the rise of o decreases S and increases k.
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Figure 2.4 Plot of Figure of Merit, Seebeck coefficient, electrical and thermal
conductivities as a function of carrier concentration.

In the next sections, several strategies to independently modify the values of the
Seebeck coefficient and the electrical and/or thermal conductivities will be discussed

individually, exploring the possibilities of ZT enhancement.

2.2.2 Enhancing ZT by tailoring the thermal conductivity

The main goal of the thermal conductivity is to reduce its value independently of
the electrical conductivity and/or Seebeck coefficient, thus improving the ZT. As
explained before, the thermal conductivity has two contributions, one related to the charge
carriers and another related to lattice vibrations. Decreasing the electronic component of
thermal conductivity implies reducing its electrical conductivity, thus, the main strategy
used to improve ZT is to decrease the lattice contribution. One useful concept is the one
introduced by Slack, the so-called phonon-glass electron-crystal (PGEC) 1012 A
thermoelectric material that behaves as a PGEC is a material with crystal structures that
permit the electronic transport as in a single-crystal while the heat flux due to phonons is
blocked by the lattice like in a glass. There are many possibilities to alter the thermal
transport in a material without much affecting its electrical properties. The lattice
component of the thermal conductivity is described by Equation 2.13. In practice it is
possible to reduce either the heat capacity, the sound velocity or the mean free path of the
phonons: i) using materials constituted by heavy mass atoms with low elastic modulus
and therefore lower sound velocity and k 3-9: ii) using alloys in which mass differences
between the atoms create additional scattering mechanism reducing the mean free path of
the phonons 20-24- jii) taking advantage of anharmonicity in solids [2>%!: jv) decreasing

the grain size in polycrystals will strongly enhance grain boundary scattering decreasing
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k; v) decreasing the size of the material in any of its dimensions will increase the boundary
scattering with the surface/interface reducing k. This last methodology has been largely
used in the past 20 years leading to strong reductions of the thermal conductivity
approaching or even having k values below the amorphous limit.

Another mechanism that has been recently invoked to produce a reduction of the
thermal conductivity is the weak chemical bonding of some materials in one of its
crystallographic directions. Recent examples include WSe2 71 and other layered

materials [12:28:29]

2.2.3 Enhancing ZT by tailoring the electrical conductivity

The enhancement of the electrical conductivity in a semiconductor can be easily
realized by increasing the doping level. However, as shown in Figure 2.4, the rise of the
doping level leads to a reduction of the Seebeck coefficient, Equation 2.20. In relation to
the thermal conductivity, two processes occur simultaneously: On one hand, the
increment of the doping level increases the contribution of the electronic component,
while on the other hand, it decreases the contribution of the lattice component owing to
the scattering caused by the random location of impurities. Doping optimization is the
most common method to improve the electrical conductivity of a semiconductor. A
maximum power factor (PF = S20) is attained at a specific carrier concentration. In
general, the ideal doping level is between 10%°-10%° cm™ 9. Another strategy used to
increase the electrical conductivity is the modulation doping, which consists in to separate
spatially the charge carriers from their parent impurity atoms. This separation reduces

scattering caused by the impurity and consequently, increases the electrical conductivity
[31.32]

2.2.4 Enhancing ZT by tailoring Seebeck coefficient

The Seebeck coefficient is the parameter that quantifies the generated voltage for
a material when its edges are submitted to a temperature difference. This parameter can
be related to diffusive and phononic process. The most significant originates due to the
energy received by the charges, starting a diffusion from the hot to the cold side. The
second process is known as phonon drag effect and is due to a strong electron/hole-
phonon interaction by which phonons transfer momenta to the charge carriers. The effect

is a net force that pushes the charge carriers in the same direction of the heat flux

35



contributing to the charge carrier rise in the cold side. This dual contribution to S can be

written as:

S = Sd + Sph (231)

where S, is the diffusion contribution and S, is the phononic one. Generally, the phonon
drag component increases at low temperatures, fact associated to a reduction of the
scattering mechanisms at low temperatures. In nanostructures, strong phonon drag effect
are not expected since the MFP of the phonons decreases [%3-%°1. Nevertheless, there is
some controversy in relation to this, since Boukai et. al. recently reported the existence
of phonon drag effect in nanowires ®1. They explained the observation by considering
that the MFP is suppressed in two dimensions while it remains equal in the propagation
direction. Moreover, it is known that the doping level modifies the contribution of the
phonon drag effect to the Seebeck coefficient. At low doping levels, up to 10'” cm, the
phonon drag effect remains constant because the total momentum transferred depends on
the electronic states available that can couple to phonons, while when the doping level
value exceeds 107 cm, the carrier concentration begins to saturate the electronic states
and induces a reduction in the momentum gain per electron, producing a decrease of the
phonon drag effect. Despite that, as described by Zhou et al. the phonon drag effect still
exists in doped silicon with 10*® cm™ carrier concentration 1. In this same work, Zhou
proposes the manipulation of the phonon drag effect as a possible way to improve the ZT,
owing to the fact that phonons that contribute to the phonon drag effect have a MPF and
a frequency different from phonons that contribute to the heat transport 71,

As explained before, in semiconductors, the S is related to o by the Pisarenko
relation (Equation 2.20), which can also be written as [

2
8m2kpT /3
S = ’;qhg” m, (%) (2.31)

here kg is the Boltzmann constant, T is the temperature, q is the charge carrier, mj is the
DOS of the effective mass and n is the charge concentration. Through this relation, it is
possible to verify that the rise of the doping level decreases the Seebeck coefficient. Also,
through Equation 2.23 it is possible to note that the Seebeck coefficient depends on the

Fermi level position in relation to the DOS, which can be used to improve the Seebeck
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coefficient by causing a high variation on the DOS around the Fermi energy level. In this
way, the improvement of S can be reached through: i) resonant energy levels caused by
impurities into bulk-band structure B%; ii) quantum size effect in low-dimension materials
[4041- i) introducing a potential scattering that causes an energy filtering of minority
carriers or hot carriers 2431 and iv) increasing the energy dependence of the relaxation

time or mobility.

2.3 Photothermoelectric effect

In our previous analysis of thermoelectricity, we have always assumed that the
charge carrier population is defined by the doping and charge movement is driven by
temperature differences. Temperature gradients are typically imposed by Joule heating of
a resistive metal or by other external sources. Now we introduce a new process: the
presence of photo-excited carriers, both electrons and holes, due to light absorption in
certain regions of the device. Our aim (see chapter 4 for the experimental realization) is
to explore the impact of photogeneration together with the existence of large thermal
gradients in the thermoelectric response of the device.

There is some confusion in the literature about the use of the word
photothermoelectric. Some authors refer to a purely thermoelectric effect that is
originated by the temperature gradient induced by light absorption. That is upon
illumination with a focused laser beam on a thermoelectric material a temperature
gradient can be established between the hot illuminated area and a heat sink, and an open
circuit voltage difference will be stablished between hot and cold sides. Since the
temperature difference, and therefore the voltage output, is driven by light absorption this
phenomenon has been called by some authors as photo-thermoelectricity. While this may
sound reasonable this effect may not contain new physics with respect to standard
thermoelectric effects. However, light absorption produces photo-excited carriers in
semiconductors, i.e. electron-hole pair generation. Therefore, we aim to find a
photothermoelectric effect (PTE) that is in fact a true combination of thermoelectric and
photovoltaic effects in which the charge carriers generated by light result in a positive
influence to the thermoelectric properties. Therefore, we understand photo-
thermoelectricity as the combined effect by which light locally heats and induces new

charge carriers in a spatial region of the sample. It is not clear yet the true impact of light
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irradiation on the thermoelectric conversion, since electron-hole carrier generation could
modify both the Seebeck coefficient and the electrical conductivity.

At first sight the Seebeck coefficient in a semiconductor may not be modified
much or even should decrease if photocarriers are generated since ambipolar conduction
by electrons and holes is often negative to thermoelectricity. To understand the
modification of the Seebeck coefficient under illumination, we need to remember that the
Seebeck effect is related to the heat transported by charge carriers from high to low
temperature surfaces. The (¢ — ) term of Equation 2.20 can also be related to the
entropy, as explained by Chen 1. Thus, the entropy difference between the hot and cold
sides yields the diffusive part of the Seebeck coefficient. In addition, the phonon drag
effect may contributes to the Seebeck effect, being an additional term of the Seebeck
coefficient caused by the electron-phonon interaction.

Now, knowing that an incident photon generates an electron-hole pair, a question
that arises is how the Seebeck coefficient can be modified if the same amount of electrons
and holes are generated by photoexcitation process, and both charge carriers will flow
from hot to cold side. In a doped semiconductor, the majority charge carriers have higher
lifetime and diffusion lengths than the minority charge carriers. Therefore, an unbalanced
between the population of electrons and holes may exists and reach the contacts if
electron-hole pairs are produced at distances from the contact shorter than the diffusion
length. In addition, photoinjection will produce hot carriers (electrons/holes) with average
energies above/below the quasiFermi level of the doped semiconductor. The small
fraction of majority charge carriers created by photoexcitation (hot carriers) that survive
and are injected into the contact can a-priori positively influence the Seebeck coefficient.
Besides that, as explained by Hu et al. in polymers the phonon drag effect leads to a
polarization difference between the high and low temperature surfaces, producing an
additional force (through an Electric field) that is applied to the charge carriers and
improves the Seebeck effect 441,

Figure 2.5 shows several processes that may be involved in the modification of
the Seebeck effect caused by the photogeneration of charge carriers. In this case, a p-type
semiconductor is illuminated by light with a wavelength A.,. , which generates an
electron-hole pair. The [+ and [ .- represent the diffusion length of majority and minority
carriers, respectively, being [,,+ >1,-. CS and HS are the cold and hot sides, respectively.

If the distance at which photocarriers are generated is lower than the diffusion length
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those hot carriers may reach the electrode and contribute to rise the thermovoltage and

the Seebeck coefficient.

Phonon Drag

e_—

VT E

Figure 2.5 Enhancement of the Seebeck effect in a p-type semiconductor.
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3. Experimental Methods

In this chapter, we will describe the measuring techniques and experimental setups
used along this work. To measure the in-plane thermal conductivity of ultrathin films,
that have been obtained by spin-coating or sputtering techniques, we use an adapted 3w-
Volklein method. The method requires the use of vacuum environments, to control heat
leakages and guarantee a high thermal stability, to minimize thermal associated noises
during the measurement. We will present a custom-built thermostatic holder that has been
design to hots the devices inside the high vacuum chamber and the high resolution power
compensation temperature controller. To measure the electrical conductivity and the
Seebeck coefficient of the thin films, we have designed and develop a specific device
based on a microfabricated chip structure, where the temperature gradients are stablished

with the aid of a set (a couple) of twin Peltier cells.

3.1 3m-Volklein method

The thermal conductivity is a physical parameter that relates the heat flux
transported through a material when a temperature gradient is stablished. This is material
property of key importance for thermal management and, in particular, to determine the
thermoelectric performance, since having a low thermal conductivity allows preserving a
high temperature difference between the hot and cold junction in a thermoelectric device.

Thermal conductivity has been classically considered as an intrinsic property of
materials, it means independent of the body size and volume. However, with the advent
of nanotechnology, the study of nanomaterials has shown that phonon boundary
scattering can reduce the thermal conductivity of the material, provided that the size of
one of its dimensions is of the order of the phonon mean free path. Due to the geometrical
anisotropy inherent to many nanomaterials and nanostructures, the thermal conductivity
can become highly anisotropic too. In the case of superlattices, ultrathin films or 2D
materials, the in-plane (k) (parallel to the sample surface) and out-of-plane (k)
(perpendicular to the sample surface) thermal conductivities can be different. This
usually happens with single-crystalline or polycrystalline materials, where the bulk

phonon mean free path is much higher than the layer thickness.
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To determine the thermal conductivity of a material, the technique used should
allow to measure the temperature difference along the sample and the heat transported in
this process. Many techniques have been developed to study the thermal conductivity of
thin films, superlattices or even membranes. They can be classified according to the type
of sensing and heating used: electrical and optical. Electrical techniques are based on the
Joule heating of a metallic strip to produce a temperature gradient and the associated heat
flux through the sample. In these techniques, the temperature difference is measured using
either the same or another metallic strip as temperature probe. Analogously, optical
techniques use a light beam as heat source and probe, or separate beams for heating and
sensing (pump-probe configuration) 5471 In these cases, the thermal conductivity is
obtained by the difference observed in optical phenomena such as diffraction, reflectance
and others. There are also some hybrid methods that combine both electrical and optical
signals. For example, K. E. Goodson et al. developed a technique that uses an electrical
signal to heat the sample and obtains thermal signal by the reflectance change of the
sample 8. The main techniques used to determine the thermal conductivity are listed in
Table 3.1:

Techniques to measure the thermal conductivity
Electrical Heating Optical Heating Hybrid
AC Time Domain
Photoreflectance L
3ol Thin-Film Laser
2 strips 3o L]l Flash Analysis L AC calorimetry L|
Transient Grating ||
. Photo-thermoelectric L
DC Frequency Domain I
Photoreflectance L|| )
Steady State || o Electric- reflectance L
Emission L
Membrane || )
Displacement L . -
Bridge |l Electric-emission L
Deflection L||
Spreader || )
Photo-acoustic L

Table 3.1 Summary of the experimental methods to measure the thermal conductivity 491,
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The main difficulty to measure the effective thermal conductivity of a thin film is
to limit the heat to be transported only through the sample without the influence of the
support substrate and surrounding structures. Moreover, one should minimize the impact
of thermal interface resistances with the rest of materials that heat will pass through. Some
optical techniques with a pump-probe configuration can measure the thermal conductivity
without the impact of thermal interface resistances, however, these techniques many
times possess difficulties to determine the in-plane thermal. In order to reduce the
contribution of the substrate in the measurements, the membrane-based methods were
developed, providing high sensitivity.

The 3w-Volklein method is one of these membrane-based techniques, which is
used to measure the in-plane thermal conductivity in thin films. The great advantage of
this technique developed initially by Vélklein in DC and subsequently by Sikora in the
frequency domain is its high sensitivity and resolution, around 10 nW/K and AG/G=107,
respectively %, To understand the 3w-Volklein method, it is important to consider the
combination between lock-in strategies linked to 3w measurements and Volklein
geometry. The development of the 3w method to measure the thermal conductivity was
realized by Cahill in the 1990s and it has now become a standard technique to evaluate
the out-of-plane thermal conductivity of films and bulk materials B, In this method, a
single longitudinal metallic strip is defined by lithography onto the sample. The strip is
fed with alternating-current (AC) at o frequency and serves simultaneously as heater and
sensor. The 30 component of the voltage generated by Joule effect can be related to the
temperature gradient across the film and consequently with its thermal conductivity. Later
on, the technique was further developed to measure the in-plane and out-of-plane thermal
conductivity of thin films 2531, By using heater/sensors of different widths it is possible
to change the relative contribution of the in-plane and through-plane components of k and
by comparing with a 2D modelling extract k;, and k,. However, this methodology is
complex and far from being well stablished. On the other hand, Vélklein and Starz
developed a membrane-based method with a metallic strip operating in direct-current
(DC) mode to directly measure the in-plane thermal conductivity of metallic thin films
with thicknesses larger than 1 um [ Subsequently, Sikora et al. evolved this
methodology by combining the membrane-based geometry of the Vélklein method with
the 3w-method attaining exceptional sensitivity. In the next sections the generation of 3®
voltage signal, the device and set-up built at GNaM for in-plane thermal conductivity

measurements is described.
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3.1.1 Generation of 3w voltage

When metallic strip is fed with an AC current such as:
I = I, sin(wt) (3.1)

where [, is the amplitude of the current wave and w = 2xf is the angular frequency.

The power dissipated in the strip by Joule effect is:

'R (1 = cos(2wt)) = Qo(1 — cos(2wt)) (3.2)

Q = I?R = I,*R sin*(wt) = -

2
Equation 3.2 contains two terms: the first one is a constant component, Q, = %,

due to self-heating and tends to a constant temperature for time t > t, where 7 is the

thermal characteristic time of the system. The second term oscillates at frequency 2. The

temperature rise related to the two components can be written as:

ATpe = % (3.3a)
and
AT,,, = GQ— (3.3b)

2w

where G,,, is the apparent thermal conductance. The apparent thermal conductance is
smaller than the real thermal conductance since part of the heat is spent in the dynamic
heating of the sensor. Moreover, the temperature oscillation can to be out of phase in

relation to the heating wave. The total temperature variation is:

lim AT = ATp. — |AT,, | cosRwt + ¢) (3.4)

t—oo

The oscillation of the temperature leads to an oscillation in the resistance, thus:

R = Ry + AT = Ry + 22 (ATp — ATy, cos(2wt + ¢)) (3.5)
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Applying equations 3.1 and 3.5 and the Ohm’s law, the voltage measured in the
strip is:

V = Iysin(wt) (Ro + 3 (ATpc — ATy, cos2wt + ¢)) ) (3.6)

using trigonometric identities, we can rewrite equation 3.6 as:

dR ATy,
dT 2

dR ATy,
dT 2

V=1, (RO + %ATDC) sin(wt) + I sin(wt + ¢) — I, sin(3wt) (3.7)
A selective measurement of the third term of the equation (V5,,), which oscillates

at 3w, yields the temperature oscillation AT, ,,:

_ 2V3q

Oar

As further shown below the temperature oscillation can be related to the thermal
conductance of the sample, thereunto the temperature coefficient of resistance (TCR) of

the heater must be measured in the temperature range of measurement.

3.1.2 3w-Volklein sensor

The device consists in a free-standing membrane of SiNx on top of which a Pt strip
with 4-wire configuration is deposited. The geometry of the device was optimized by
Finite Elements Modeling (FEM) using COMSOL Multiphysics, which permits that the
heat flows linearly from the central strip to the frame. Figure 3.1 shows a scheme of the

device used in the 30-Volklein method.
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Pt SiN, Al,O, Sample

Figure 3.1 Scheme of the device used in the 3w-V0Olklein measurements. The side and

top view, the arrows represent the direction of the heat flux in the membrane/sample.
The membrane has an area of 3mm x 250um and a thickness of 180 nm, the Pt

strip has dimensions of 3mm x 5um, 100 nm thick and the distance between the voltage

probes is 2 mm. Figure 3.2 presents the optical image of the 3w-V4lklein device.

Membrane

Figure 3.2 Optical image of the 3w-Vdlklein device.

Since it is simpler to deposit/grow the samples on top of the device (figure 3.2) an
insulating alumina (Al.O3z) film with thickness 50 nm was deposited onto the
heater/membrane prior to sample growth with the goal to isolate the heater/sensor from

the sample. This is especially relevant and necessary for conducting samples
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3.1.3 Microfabrication of the 3m-V0olklein sensor

The 3w-V0olklein sensor was microfabricated using the following steps:

vi)

vii)

viii)

The process begins with a 4-inch Si wafer with 525 um of thickness and
slightly doped (p-type and electrical resistivity 20 Q.cm).

Formation of 50 nm of SiO- layer by oxidation.

Growth of a 180 nm thick SiNx film via low pressure chemical vapor
deposition (LPCVD) at 800 °C.

Photolithography to define the Pt strips: The process consists in spinning the
positive photoresist and use of Cr masks to mark the appropriate patterning.
Then, a 100 nm thick Pt layer is deposited, and the photoresist is lifted off to
define the Pt strips. To enhance the adhesion of Pt with the oxide/nitride a
layer of Ti 10 nm thick is deposited before the Pt layer.

An annealing process is carried out at 600 °C during 2 hours to stabilize the
resistance of the Pt strips.

By reacting ion etching (RIE) the backside SiNx and SiO- films are removed.
The backside of the Si wafer is etched using KOH 35% at 80°C leaving around
5-10 pm of Si in contact with the SiNx/SiO2 membrane.

The wafer is cut in devices of 6 mm x 6 mm.

The last 5-10 um of Si are removed individually in each sensor by dropping
KOH 40% at 60°C during 2 hours.
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(iv-v) (vi) (vii-ix)

- ot v

~Si =Si0,  SiN, =Pt

Figure 3.3 Microfabrication steps of the 3w-Vdlklein sensor.

3.1.4 Thermal conductance

The relation between the thermal conductance and the temperature oscillations
will be performed analyzing the propagation of heat in one dimension. This is an excellent
assumption given the geometry of the device. The heater is a long strip located at the
center of the rectangular SiNx membrane (see schematic design in Figure 3.1). When the
metallic strip is heated by the current there is a temperature difference build-up between
the heater and the frame and heat flows perpendicular to the heat source. Assuming the
film is isotropic in the plane of propagation the system can be considered as 1D, the heat

equation can be simply solved and the thermal conductance evaluated. In DC mode:
2L
G = (ksts + kppt) = (3.9)

where k and t are the in-plane thermal conductivity and thickness respectively, L is the
length of the heater and | is the distance from the heater to the frame. The s and m
subscripts refer to sample and membrane, respectively.

If the sensor is fed with an AC current, the analysis is more complex, but the 1D
analysis remains valid due to the geometry of the sensor. As discussed by Sikora the

solution for the AT,,, is very complex, but considering the Taylor expansion series and
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getting the first order-terms of the expansion a simple solution can be reached as follows
[50]-

Qo
AT, = (3.10)
2o G\/1+(2(1))2(T2+%‘[+%)

where 7 is the characteristic time defined as the ratio between the heat capacity of

membrane plus the sensor (Pt strip), ¢’ = Cmtmme% + Cpetpeppel g and the thermal

conductance, G, T = C'/G. D is the thermal diffusivity of the membrane, D = k/pc.
Applying equation 3.10 in equation 3.3.b we obtain:

Gre = G\/l + Qw2 (2 +150+10) (3.11)

Observing equation 3.11 it is possible to note that the apparent thermal
conductance can reach values close to the real thermal conductance when w — 0.

Therefore, low values of frequency allow to obtain G measuring G,,,. Besides that, the

characteristic time and the relationship between | and the penetration depth, d = \/D/w
should be considered to obtain the apparent thermal conductance to values close to the

real thermal conductance. The penetration depth is a parameter that describes the spatial
damping of the thermal wave generated by the heater. Thus, if d > [ (or w < D/lz) all

heat generated by the strip will be dissipated through the membrane and when the
frequency increases overly, part of heat will be dissipated in the dynamic heating due to
lack of time to dissipate the heat through the membrane.

When a thin film is deposited on the membrane the values of the penetration depth
and the characteristic time of the system change, therefore, the effective thermal diffusion

coefficient should be rewritten considering the sample contributions:

(Kmtm+ksts)(tm+ts)
(Pmtm+Psts)(Cmtm+csts) (3.12)

Defr =

besides the values of G and C' should be rewritten as follows:
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G(s) = (kstg + kpty) % (3.13)

C' = (CmtmPm + Cpttptppe + Cstsps)Lg (3.14)

As explained before measurements should be performed at low frequencies to
obtain values of G,,, that approximate to G. In the case of the film deposition the deviation
between the G,, and G increases significantly using high frequencies. As described
earlier by Ferrando-Villalba et al. [, the value of G,,, is very similar to G during the
deposition when the frequency is set at 1 Hz. Thus, in this work the 3w-Volklein
measurements are carried out at 1 Hz to ensure the apparent thermal conductance

coincides with the real thermal conductance.

3.1.5 Electronics and measurement procedure

To achieve high sensitivity in the measurement of the in-plane thermal
conductivity by the 3w-V0Olklein method an electronic setup as shown in Figure 3.4 is
necessary. Sensor and reference (potentiometer) are connected in series and fed with an
AC current at low frequency (1 Hz) and amplitudes between 100 pA and 500 pA. The
reference is a variable resistance that does not change its temperature and therefore does
not produce a third harmonic voltage. It is used to cancel the first harmonic component
of the sensor’s voltage. The drop voltage at each element is measured by INA 114
amplifiers with gains of 3.28. The voltage signal of the reference is subtracted from the
voltage signal of the sensor remaining only the third harmonic of the sensor signal. The

3 component is also amplified with gain of 98.
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Figure 3.4 Scheme of the electronic setup used in 3w-Volklein method.

The sensor, reference and the differential (Vs - Vr) voltages are measured with a
digital build lock-in amplifier based on PX1 6124DAQ from National Instruments. Then,
the voltage signal pass through Discrete Fourier Transform (DFT) by Labview software
to get the amplitude and phase of @ and 3w signals. Moreover, the signal to noise ratios
are calculated by software and values higher than 10° are attained. Using the measured
values in equations 3.3b, 3.8 and 3.13 the in-plane thermal conductivity can be obtained.
As observed by Ferrando-Villalba et al performing in-situ measurements, the interface
scattering (is) does not play an important role in the total thermal conductance, being
around of 1.2 %. This percentage decreases as a function of the sample thickness, thus,
the thermal conductance of the sample can be obtained measuring the thermal
conductance of the membrane before the sample deposition, which is deducted from the
thermal conductance of the sample plus membrane, yielding a thermal conductance of the
sample (Gs = Gy — Gpy) POL

As explained before the temperature coefficient of resistance (TCR) of the heater
must be determined. Thereunto, a custom-built vacuum chamber is used to control the
sensor temperature, which also reduces the heat dissipated by the surround. The vacuum
chamber is equipped with three feedthroughs used as follows: electrical connections to
temperature probes and control, electrical connections to sensor probes and a pipe to
establish the temperature of the thermal bath. Figure 3.11 shows a picture of the vacuum

chamber.
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Figure 3.11 Picture of the vacuum chamber. (i) Feedthrough used to the sensor probes,

(ii) feedthrough used to the temperature probes and control, (iii) feedthrough used to the

thermal bath, (iv) Al plate and (v) Kapton heater.

The temperature control is achieved using the following steps: a commercial
cooling circulator is connected by pipe feedthrough and establishes the temperature of the
thermal bath, from -20 °C to 30 °C. The thermal bath temperature limits the minimum
temperature of the system could reaches. The thermal bath is connected to aluminum plate
through copper rods ensuring the thermal link between them. The Al plate is where the
socket of sample will be collocated. Then the thermal bath temperature is established, a
commercial Kapton heater beneath the Al plate and an A-type PT100 located in socket of
the sample are used to control the temperature by homemade LabView PID software.
This temperature control system permits to establish the temperature from 260 K to
380 K with fluctuations smaller than 0.005 K. By feeding the thermal bath with liquid

nitrogen is possible down the system to temperatures around to 90 K.
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3.2 Electrical conductivity and Seebeck coefficient

measurements

The electrical conductivity and Seebeck coefficient are important parameters to
characterize a thermoelectric material. We have designed and fabricated a measurement
device, to obtain the electrical conductivity and the Seebeck coefficient of thin films

deposited by several techniques.

3.2.1 Measuring system

The structure used to perform the Seebeck coefficient measurements is based on
two Peltier cells that are employed to generate a temperature difference across the thin
film. The Peltier cells are mounted on a Cu block as shown in Figure 3.5. They are
connected in series with the polarity reversed so as one side heats and the other cools.
The temperature difference was initially measured by two PT100 resistances glued to the
Cu blocks that are on the Peltier cells. However, this geometry produced an error in the
Seebeck coefficient because the temperature difference measured by the PT100 resistance
was not the real temperature difference applied to the sample. To avoid this uncertainty,
we have developed a new probe/device with thin-film Au strips in 4-wire configuration
to measure the temperature at the same zone where the Seebeck voltage is measured. The
Au strips are previously calibrated and used as thermometers. The ratio of the Seebeck
voltage and the temperature difference (Eq. 2.25) for a range of ATs gives the Seebeck
coefficient of the material. To guarantee a good electrical contact of the thermometers
and the Seebeck voltage probes pogo pins were used. Figure 3.5 shows the scheme of the
structure used to measure the Seebeck coefficient and the probe with the metal

thermometers and the Seebeck electrodes.

yMetal thermometers
'/ & Seebeck electrodes

Figure 3.5 Scheme of the structure and device used to measure the Seebeck coefficient.
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To verify the maximum and minimum temperature attained at the hot and cold
junctions and to characterize the overall structure, the temperatures at both sides were
measured using the previously described probe. Besides, the Cu structure is placed in the
high vacuum chamber described previously in section 3.1.5, which permits to maintain
the base temperature (To, see figure 3.5) during the measurements at 300 K. Figure 3.6
shows the temperature at the cool and hot sides of the device when the Peltiers are fed
with different currents. The temperature differences between both sides is also shown.

—a— Cooling Side T,=300K
|—®— Heating Side
—A— AT

-4 , : : . . ; .
0.0 0.1 0.2 0.3
Peltier Current (A)

Figure 3.6 The cooling and heating side temperatures as a function of the Peltiers

currents.

Figure 3.6 shows that temperature differences up to 6.5 K can be achieved by
applying 300 mA to the Peltier cells. In addition, AT follows a linear behavior with the
Peltier current.

The system described above was used in the electrical conductivity and Seebeck
coefficient measurements of MgAgo.osNio.00sSbo.g9 and PEDOT:PSS thin films. Due to
the different deposition processes between the polymeric samples and
MgAgo.osNio.00sSbo.gg samples, the substrates of the devices in the case of polymeric
materials were Pyrex glass while the MgAQgo.osNio.o0sSbo.os samples were deposited on

devices fabricated on Si substrates.
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3.2.2 Microfabrication of the Seebeck coefficient sensor

As explained before for these measurements the samples were deposited on a
device that permits to measure the voltage generated and the temperature difference. This
device was fabricated both using 4-inch Si or Pyrex wafers. The microfabrication
procedure corresponding to the Pyrex substrate is outlined below. Schematics designs of

the steps are shown in Figure 3.7.

i) The process begins with a 4-inch Pyrex wafer.

i) 100 nm thick Au contacts and thermometers are deposited by electron-beam
physical vapor deposition (EBPVD) and are patterned by photolithography
process and liftoff. For a good adhesion 10 nm thick Cr was deposited before
the Au film.

iii) The insulation film of low thermal oxide (LTO) with 200 nm of thickness was
deposited using Low pressure chemical vapor deposition (LPCVD).

iv) The open via process is performed by photolithography and wet etching in the
thermometers’ pads and the Seebeck voltage probes.

V) The wafer is cut in devices 21 mm x 11 mm.

Pyrex Au LTO

(i) (ii)

N N

(iii) (iV-V)

< N

Figure 3.7 Scheme of the microfabrication processes of the device.
As explained before, the device can also be microfabricated using the 4-inch Si

wafer, for this, a 180 nm thick SiNx film is deposited before the Au deposition, this

additional step is achieved to isolate electrically the Si substrate and the metal strips.
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3.2.3 Seebeck coefficient measurements

To achieve a better control of the base temperature, the measurements were
carried out in a high vacuum chamber with a PID system that ensures keeping constant
To during the application of the temperature gradient. The operating system of the vacuum
chamber will be discussed in Section 3.4. As already mentioned above the Peltier cells
are connected in series and the DC current flows through the two cells that are in reverse
polarization, in such a way that a Peltier cell will increase the temperature at the surface
in contact with the device while the other will decrease the temperature establishing thus
the temperature difference between the two extremes of the sample. The thermometers
used to measure the temperature of the sample at both sides were previously calibrated.
The calibration procedure consists in measuring the electrical resistance of the Au strips
at several temperatures close to 300 K, then the temperature coefficient of resistance
(TCR) is obtained. This procedure is similar to the calibration of other
heater/thermometers along the thesis and will be discussed with more details in Chapter
4 for the PTE device. The Seebeck voltage build up due to the temperature gradient is
measured with a nanovoltmeter Keithley 2182a. This procedure is performed for three
temperature differences and the slope of the curve is used to determine the value of S.
Figure 3.8 presents Seebeck voltage at open circuit of the PEDOT:PPS doped with 2% of
DMSO as a function of the temperature difference and the Seebeck obtained by the slope

of the curve.
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Figure 3.8 Seebeck voltage at open circuit of the PEDOT:PPS doped with 2% of DMSO
as a function of the temperature difference. The error bars are smaller than the symbols.
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3.2.4 Electrical conductivity measurements

The electrical conductivities of the materials were measured using the same
structure without imposing a temperature gradient. 1V measurements are carried out and
to avoid the self-heating contribution the resistance is acquired by the extrapolation the

voltage to zero current. Using the sample resistance and its length, width and thickness
the electrical resistivity is evaluated by p = RL—A, where R is the resistance of the sample,

A = td is the cross-section area, thickness (t) multiplied per the width (d) and L is the
length of the sample. As o = p~1, the electrical conductivity of the sample can be
determined. The values of length and width are imposed by the measuring probe/device
while the sample thickness is measured using a KLA TENCOR P7 profilometer.
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4. Photothermoelectric effect in Si thin films

As explained in Chapter 2, the photothermoelectric effect (PTE) combines the
photovoltaic and thermoelectric effects. PTE was first studied by Tauc, who discussed
the changes in the thermoelectric voltage of Ge single crystals when illuminated 6, The
concept used to explain these changes did neither consider the photovoltaic effect nor the
influence of this effect on the phonon drag contribution to the Seebeck coefficient.
Afterwards, a more generalized analysis was performed by van der Pauw and Polder by
considering that the photovoltaic effect affects the phonon drag contribution 7. In the
same way, a study of the PTE effect in n-p doped bulk Si was realized by Haper et al [
in a wide temperature range. They observed a rise of the Seebeck coefficient in p-type Si
at some temperatures when the photocarriers are generated. This behavior was not
expected since the increase of charge carriers increases the electrical conductivity, which
should decrease the Seebeck coefficient (S) (Eq. 2.23). A complementary study by the
same authors was performed posteriorly and reported that this unexpected behavior was
probably due to an experimental artifact 5%,

Afterwards, some later studies focused their attention in the power factor
(PF = S?%0), since the rise of the electrical conductivity could lead to an increase of PF
even if the Seebeck coefficient decreases. Mondal et al. studied the PTE in a PbO single
crystal and observed a significant rise in the PF value despite the S reduction due to the
significant amount of charge carriers generated by light [, In the same way, other works
performed in the last decade present interesting results using photocarriers to increase the
PF [6162]

As related by Ling Xu, the photoinduced excited states generated by light could
enhance the Seebeck coefficient in MEHPPV (poly(2-methoxy-5-(2'-ethylhexyloxy)-p-
phenylene vinylene) devices %3, The same behavior was also noticed by Hu et al. in a
study with polymeric semiconductor films ©4. Recently, organic-inorganic hybrid
perovskite (CH3NH3PbI3) showed also an improvement of the Seebeck coefficient
induced by photocarriers (64, Therefore, this mechanism provides a new way to boost ZT,
enabling the enhancement on S and o, simultaneously, in thermoelectric devices.

The photothermoelectric effect, based on the simultaneous temperature rise and
enhancement of the Seebeck coefficient of the thermoelectric material through carrier
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injection, converts temperature differences induced by the absorbed light to electric
voltage. Compared to other photodetection mechanisms, i.e.,, photovoltaic,
photoconductive and bolometric, the PTE effect allows improved detection over a
broadband without external bias at room temperature (RT) [°]. The PTE effect has drawn
some attention in 2D materials such as graphene, MoS,, black phosphorus and topological
insulatorst®l, In those materials the responsivity is related to the light-induced
temperature gradient and the material’s Seebeck coefficient.

In this chapter, the photothermoelectric effect in Si thin films is explored. The
photoresponse of a membrane-based UTEG of small dimensions was verified and its use
as photosensor demonstrated. Using a laser beam as heat source, the response time of the
device was shown to be fast due to the very small thermal mass of the device. During
these measurements, an unexpected improvement of the Seebeck coefficient was
observed as a function of the laser power. In order to verify the variation in the Seebeck
coefficient, a new device (PTE device) was designed and developed to conduct a focused
analysis of the photothermoelectric effect in Si (ultra)thin films. Measurements
performed with the new PTE device confirmed the modification of the Seebeck
coefficient caused by the injection of photocarriers and the simultaneous large
temperature gradients generated by the laser beam and the resistive heater. Besides that,

the laser beam also produced an increase of the offset of the open-circuit voltage.

4.1 Microthermoelectric generator device

The device that motivated the study of the photothermoelectric effect in Si thin
films is a microgenerator based on a Si thin membrane 1. The device consists in 40
thermoelectric legs (20 n and 20 p) connected thermally in parallel and electrically in
series, as shown in figure 4.1. The thermoelectric legs have a doping level of 6.5x10%
cm for p-type Si and 2x10%° cm for n-type Si, and are connected electrically in series,
leading to an internal resistance of ~ 62 K. Due to the thickness reduction of the
thermoelectric legs, 100 nm thick Si, the thermal conductivity of Si decreases from 150
W/mK for bulk silicon at room temperature down to 60 W/mK, as reported elsewhere [68],
due to phonon scattering at surfaces/interfaces %73, On the contrary, the Seebeck
coefficient remained close to expected values for bulk Si with similar doping levels (~5
x 10%° at/cm?®) 3674 The p,n Si legs support the SiNx membrane mechanically to the
frame and on the top of the membrane there is a Pt grid, which permits a full
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thermoelectric characterization of the device. The central Pt grid can be used as heater
and/or thermometer. To use the Pt grid as a thermometer, the temperature coefficient of
resistance (TCR) is previously obtained by extrapolating the IXR measurements to zero
current at several temperatures close to measuring range, this extrapolation is performed
to avoid the self-heating contribution, as briefly explained in Section 4.2.3. When current
Is injected in the Pt grid its temperature increases by Joule heating producing a
temperature difference between the center and the frame of the device that is used to
evaluate the thermoelectric properties of the TE Si legs. Figure 4.1 shows the optical
image of the device highlighting the various elements of the device: TE legs, Pt grid and
Pt pads.

Figure 4.1 Optical image of the microthermoelectric device.

Microthermoelectric generators can be used as photosensors. The great advantage of
these devices in relation to bolometers is the absence of the current or voltage source for
its operation. As the device studied in this work is based on a thin Si membrane, a
reduction of the thermal mass is achieved with a concomitant reduction of the response
time, enabling fast photodetection response.

4.1.1 Temperature profile corrections

Due to the non-flat temperature profiles generated during the experiments, FEM
corrections are required. The correction consisted of establishing a relationship between
the average temperature measured by the platinum grid (heat source and/or thermometer)
and the average temperature at the hot junction (Pt pads) of the thermoelectric Si legs (see
Figure 4.1). Based on this analysis a correction factor is calculated and used to obtain the
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real temperature gradient on the thermoelectric Si legs. For the illuminated device, the
additional heating caused by the absorbed light must be also considered in the simulations
due to local changes in the temperature distribution. Therefore, the power of the light is
considered as a supplementary heat source and the absorption coefficient of each element
of the device is used to estimate the amount of heat absorbed from the laser beam. Figure
4.2a shows the temperature as a function of the position from the center of the device in
each case, in dark conditions and when the device is illuminated by an Ar* laser at 457
nm operating at 1 mW, 5 mW and 9 mW. It is clear that temperature increased and the
temperature profiles changed due to the incident radiation. It is also important to note that
the shape of the temperature distribution changed with the different power of the incident
light. The temperature map of the whole device simulated by FEM is shown in Figure
4.2b.
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Figure 4.2 (a) Temperature as a function of the position from the center of the device.

(b) The temperature profiles of the device simulated by FEM.

The correction of the temperature drop in the thermoelectric legs was carried out
as follows: First, the mean temperature of the platinum grid (T;) was calculated using the
FEM results. Then, the mean temperature in the platinum pads (T5) at the hot junction
was evaluated using the FEM results, thus allowing the calculation of the correction factor
using:

_ T-Ts
[ (4.1)

with T being the substrate temperature. The values of the correction factor for the

illuminated device changed as a function of the temperature rise generated by the
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platinum grid, from 1.39 to 1.64, increasing as the temperature gradients becomes larger.

In dark conditions, this factor remained almost constant at 1.66. Thus, the real temperature

difference applied to the thermoelectric legs was obtained by dividing the temperature

difference measured experimentally by the correction factor.

4.1.2 Microfabrication of the uTEG device

The WTEG was microfabricated using a 4-inch high quality SOl (SOITEC,

France) following the steps:

i)

i)

vii)

viii)

The Si device layer is reduced to 100 nm by wet oxidation and subsequent HF
etching.

The Si top layer is patterned by photolithography using bright field (BF) and
etched with reactive ion etching (RIE). These processes define the
thermoelectric Si legs (50um x 150um) and a central squared undoped
silicon region (500um x 500um)

The 50 nm thick SiNx layer is grown by low pressure chemical vapor
deposition (LPCVD) at 800 °C.

RIE is done on the backside of the SiNx layer to open window.

The n,p type legs are defined using photoresist masks and sequential
implantation of Phosphorous, Boron, respectively.

A rapid thermal annealing process at 900 °C is carried out to activate the
dopants and to recrystallize the Si thin film as a single crystal. This is possible
since the dose and energies of the implantation procedure are calculated as to
leave a thin unimplanted region at the bottom of the thin film. This layer serves
as a seed for the recrystallization process.

Open via at the top of the SiNx layer by RIE to permit the contacts between
the Si TE legs and the metal.

A 50 nm thick Ni layer is grown by sputtering, followed by a thermal treatment
at 300 °C to form the NiSi and to guarantee an ohmic contact with low
resistivity between the TE legs and the metal.

100 nm thick Pt metal lines and contacts are defined by photolithography and
deposited by e-beam.

A wet etching of the backside is performed to leave the central Si platform
suspended. This step was attained by etching with KOH until around 5-10 pm

of Si bulk to improve the “survival” of the membrane.
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Xi) The wafer is cut in devices 6 mm x 6mm.

xii)  The last micrometers of Si bulk that remained are finally removed individually
by dropping 5 pL of KOH in the backside during 1 hour at 70 °C.

SiN, <~ Photoresist = n-doped Si “~ p-doped Si

Figure 4.3 Microfabrication steps of the uUTEG device.

4.1.3 Measurement procedure

The Seebeck open-circuit voltage measurements were performed using an Ar*
laser as excitation light at 457 nm operating from 0 to 10 mW in air at atmospheric
pressure. The incident light was collimated using an objective lens, permitting to control
the position of the incident beam, what is important to ensure the complete illumination
of the TE legs. The scheme of the device showing the illuminated zone is presented in
Figure 4.4.
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Figure 4.4 The scheme of the device with the zone illuminated by the laser beam.

4.1.4 Measurement of Seebeck coefficient

The device was used to carry out measurements of the open circuit voltage and
the temperature difference between hot and cold sides while illuminated by an Ar* laser
operating from 0 to 10 mW at 457 nm with spot diameter of ~0.5 mm. The temperature
difference is generated by the Pt heater at the center of the membrane, but the laser beam
also produced an additional temperature increase, as discussed before. Therefore, for each
incident power of the laser beam the open-voltage was measured as a function of the
temperature difference (generated by heater). The slope of Vs X AT curves (see Figure
4.5a) yields the Seebeck coefficient of the TE legs that was determined as a function of
the laser power. Figure 4.5b shows the overall Seebeck coefficient of all the TE legs

(connected in series) of the device versus the laser power.
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Figure 4.5 (a) Seebeck voltage at open circuit as a function of the temperature difference.

(b): Seebeck coefficient of TE legs of the device as a function of the laser power.
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Interestingly, Figure 4.5b shows an unexpected increase of the Seebeck coefficient
as the laser power increases. Despite the fact that the temperature difference generated in
dark and illumination conditions occurs in a slightly different range, the increase of the
Seebeck coefficient when the device is illuminated amounts to around 15%, from 7.6
mV/K in dark to 8.85 mV/K at the maximum laser power of 9 mW. Since the device
consists on 40 n and p legs the average Seebeck coefficient per leg is 190 pV/K in dark
and 220 pV/K at 9 mW of laser power. The enhancement of the Seebeck coefficient can
not be associated with the increase of the average temperature due to the incident laser
beam. On the contrary, Geballe and Hull observed the opposite effect, S decreased in bulk
Si, both in doped and non-doped Si, with increasing temperature 331, As already pointed
out the improvement of S was surprising since injection of charge carriers in a bulk
thermoelectric material should lead to a reduction of the Seebeck coefficient. For bulk Si
this decrease was measured and discussed by Harper et al %81, However, we do not know
about measurement of the photo-thermoelectric effect on (ultra)thin Si layers under large
temperature gradients. Possible reasons for the observed enhancement will be discussed

in section 4.2.

4.1.5 Thermoelectric photosensor based on ultrathin single-crystalline Si films
During the previous measurements the photoresponse of the device was also
evaluated to investigate the potentiality of the device as a photosensor. Photosensors are
sensors able to detect light (electromagnetic waves). Depending on the desired spectral
sensitivity different physical principles should be considered. Between sensors using
semiconductors as active materials we can highlight those directly working from [/>-78l:

(i) photoelectric or photovoltaic effects, when the photons have energies over the
semiconductor band gap.

(ii) thermal-based absorption sensors when the photon energies require the generation of
mid-gap states providing energy to the phonon bath.

Thermal detectors, either bolometers or thermoelectric-based, have a broad
spectral range of detection and rely on the temperature increase produced by the absorbed
radiation. Among the wide family of thermal absorption photosensors those based on the
TE principle do not require an external current or voltage source, and therefore may offer
extremely low energy detection limits depending on designs. In general, thermal detection

is preferred over photon detectors for applications involving small excitation energies.
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Strategies to enhance the efficiency of thermoelectric detectors entail the improvement of
the thermoelectric performance of the materials by maximizing its power factor. In
addition, low heat capacities per unit area and low thermal conductances are required to
attain high temperature differences upon radiation absorption. Higher AT implies higher
sensitivities. One way of achieving this goal is to use ultrathin highly doped Si layers as
active elements of the n,p thermoelectric materials. It has been previously shown that
reducing the dimensionality of Si can boost its thermoelectric performance reaching for
small diameter Si nanowires ZT = S26Tk™! values close to 1 at 300 K due to their
reduced thermal conductivity close or even below the amorphous limit B®71, Similar
achievements can be obtained using ultrathin Si membranes where enhanced scattering
with the membrane surface dramatically affects the lattice thermal conductivity €70,
Additionally, appropriate designs and materials can be used to boost absorption at of the
sensing/absorbing regions. As an additional feature, the simplicity of these type of devices
enables their miniaturization.

Figure 4.6 shows the open-circuit voltage generated in the TE legs as a function
of the laser power using a fixed power in the heater of around 0.23 mW. The linear
increase of the voltage, Vs, is due to the temperature difference induced by the laser beam
between the central region and the silicon frame (black circles). The responsivity, Rs, of
the TE sensor, defined as the ratio between the output voltage and the absorbed power, is
determined by the slope in Figure 3. Rs amounts to 13 VV/W and, considering the small

area of the device, yields an outstanding value of 2.6 x 107 V/Wm? in air.
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Figure 4.6 Plot of the voltage at open circuit and temperature difference as a function of

laser power.

67



To verify the device’s response to oscillating light, we used an experimental setup
with a homemade optical chopper system that allowed to measure the Seebeck voltage
and the grid resistance, Rg, while the light beam was chopped from 34 Hz to 239 Hz. An
Ar* laser was used as light source at 457 nm operating at 5 mW. Figure 5 shows the
Seebeck voltage and the grid resistance measurements carried out at 34 Hz and 239 Hz.
The Seebeck voltage and the grid resistance oscillate as a function of the chopping
frequency due to the temperature differences caused by the laser light. Both Vs and Re
present the same behavior at the several frequencies used in this experiment. Furthermore,
it was verified that the sensor can measure oscillations of light at least until 239 Hz. This
value was limited by our experimental setup, therefore it is expected that the device will
be able to efficiently measure variations in a higher frequency range. By fitting the voltage
curve in Figure 5(a), it was also possible to determine the thermal time constant of the

device, which is ~4 ms. The detectivity is evaluated through the relation
D* = Rg - \/A/4kTR "8 where Rs is the responsivity, A the area of the device, k the
Boltmann constant, T the temperature and R the internal resistance of the device.

D* = 2.86 x 107 emHz/PW =1 which considering the reduced thermal constant of the

device compares nicely with other thermoelectric-based CMOS-compatible sensors [,

0.084(a) A, =457 nm f=34Hz i=250 pA = Vg
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Figure 4.7 Open-circuit voltage (left axis) and grid resistance (right axis) measured while
the light was chopped at 34 Hz (a) and 239 Hz (b). Red and black lines are guides to the
eye.

68



4.2 Photothermoelectric device

To further investigate the variation of the Seebeck coefficient during intense light
irradiation we designed and microfabricated a new device. This new device avoids the
complex temperature profile of the previous design (Figure 4.2b) and integrates additional
temperature sensors to monitor temperature at various locations.

The new photothermoelectric device was based on the Vélklein geometry to
obtain a linear heat flux at the sensing zone and a flatter temperature profile. In a first
step, the device was modeled via Finite Element Modeling (FEM) in COMSOL
Multiphysics to verify the suitability of the generated heat flux and Seebeck voltage (see
section 4.2.1.). The device consists on a free-standing membrane of SiNx/SiO> on top of
which two heavily doped Si thermoelectric legs (p and n type) are defined. To
independently measure the Seebeck voltage generated in each thermoelectric leg a Pt strip
was deposited on top of the union between the p and n legs. Beyond that, on the outer Si
edge two Pt pads were deposited permitting to measure the Seebeck voltage (Figure 4.8b).
The Pt pads disposed on the edge are also responsible to guarantee the thermal link
between the TE legs and the frame. To ensure the ohmic contact between the Pt and Si
legs, 20 nm of Ni was deposited and annealed at 350°C to form the NiSi. On this first
level a SiNx film was deposited with 450 nm of thickness insulating the contact used to
measure the voltage and the Pt strips employed as temperature probes, as well as, the
heater strip. Then, on the top of the SiNx film a Pt strip used as a heater was deposited in
the center of device and two additional Pt strips were deposited to measure the
temperature on the extern border of Si. These Pt strips have 4-wire configuration and 155
nm (5 nm Cr and 150 Pt) of thickness. The devices were fabricated with several
configurations in relation to the distance between the contacts and thickness of the Si legs.
The length of the Si legs variated from 75 pm to 450 um, the aim of the different distances
between the electrical contacts being to observe if shorter distances, i.e. larger
temperature gradients, influence the role of the photocarriers in the generated Seebeck
voltage. The legs were microfabricated with 3 different thickness: 100 nm, 300 nm and
450 nm. Thickness may influence both the amount of photoinjected carriers since
absorption is proportional to the thickness and the recombination and/or scattering
process at the surfaces/interfaces of the TE legs that will increase as thickness is reduced.
Thickness can thus play a significant role in the lifetime of the carriers, that is in the
distance travelled by the charges before recombination or in the amount of charges
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arriving to the electrical contacts. A scheme of the device and the optical image of PTE

device with a zoom of the central area are shown in Figure 4.8.
() (b)

WlsiBuk | sio, Si Pt

4

Figure 4.8 A scheme (a) and the optical image (b) of PTE device zoomed the central

area.

4.2.1 FEM simulation of the PTE device

To ensure the linearity of the heat flux and the possibility to measure with certainty
the Seebeck voltage in the PTE device, COMSOL Multiphysics was used to model the
temperature and voltage drops across the device. COMSOL Multiphysics is a software
based on Finite Element Modeling (FEM). The simulation was performed for a specific
device: p-type Si with a carrier concentration of 6.5x10® cm, 100nm thick and distance
between the contacts of 400 um. To save computational cost part of the frame, the Pt
pads, SiNx insulation film and the thermometers were not considered in this simulation.
Furthermore, the heater in the simulation was made of gold, but this is not especially
relevant for the results and discussion. Figure 4.9 shows the temperature profile modelled
and the temperature profile at the heater and the border with COMSOL. The temperature
and voltage probes are located on the heater (at the center of the membrane) and on the
border of the Si leg.
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Figure 4.9 (a) The temperature profile of PTE device and (b) temperature profile at the

heater and at the border. The red lines indicate the measuring zone.

The values of electrical and thermal conductivities of each material used in the
simulation are described in Table 4.1. The Seebeck coefficient of the Si leg was
considered as being 200 uV/K, which is the value for Si with carrier concentration close

to 10%° cm™. Besides, the power injected on the heater was 2 mW.

Table 4.1 The properties of the materials used in the FEM simulation.
Material kK (W/mK) ¢ (S/m)

SiO2 141 1x1070

Au 109 1,6-10°

Si doped 43.4 8,3-10°
Si undoped 55 35,7

FEM simulation confirmed that, in this design, a linear heat flux will be produced
in the center of the device (measuring zone), as shown in Figure 4.9b. The other aim of
this simulation was to verify the values of the temperature differences and output voltage
for a given input power to adapt the measuring instrumentation. The simulated values of
the temperature and Seebeck voltage were 4.42 K and 826 pV, respectively. Voltage
measurements will be carried out with the nanovoltmeter Keithley 2182a.
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4.2.2 Microfabrication of the PTE device

The PTE device was fabricated using a 4-inch high quality SOI (SOITEC, France)

wafer and the steps of microfabrication are described with more details below:

i)

vi)

vii)

viii)

Xi)

xii)

xiii)

The single-crystalline Si top layer on top of the buried oxide (box) is reduced
to 450 nm, 300 nm or 100 nm by oxidation and chemical etching of the SiO>
with HF.

Bright field (BF) photolithography and reacting ion etching (RIE) define the Si
legs.

A 50 nm thick SiNx film is deposited on the two surfaces (top and bottom)
using low pressure chemical vapor deposition (LPCVD) at 800 °C.

Dark field (DF) photolithography is performed to protect the p type legs, and
the Phosphorous ion implantation is achieved defining the n type Si leg.

DF photolithography is performed to protect the n-type legs, and the Boron
ions are implanted to obtain the p-type Si leg.

A rapid thermal annealing process at 900 °C is carried out to activate the
dopants and to recrystallize the disordered Si film. The same procedure
outlined in section 4.1.2. is used here.

DF photolithography and RIE to the SiNx film is performed to open via for the
ohmic contact between the electrical contacts and Si legs.

A 20 nm thick Ni layer is grown by sputtering, then the photoresist is removed.
To guarantee the ohmic contact the wafer is annealed at 300 °C to form the
correct silicide phase.

DF photolithography and 5 nm thick Cr and 150 nm thick Pt were deposited
by e-beam and lift off was performed to define the electrical contacts.

An insulating film of SiNx with 450 nm of thickness is deposited via plasma-
enhanced chemical vapor deposition (PECVD), which avoids the electrical
contact between the metallic contacts of the first and second level.

DF photolithography and RIE attack the 450 nm SiNx film to open via for the
electrical contacts.

The strips of Pt are defined following the same process of the steps vii and ix.
In order to open a window in the backside of the devices, an Al layer 400 nm
thick is deposited on the backside to define a stopping mask for an ulterior deep

RIE etching. Combining a DF photolithography to open a window in the
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photoresist and etching the exposed Al layer with a wet etching, the SiNXx
surface is reached in the central window.

xiv)  RIE is used to etch the 50 nm of the SiNx membrane (step iii) and deep reacting
ion etching (DRIE) using the Al mask to leave only 15 pm of Si bulk.

xv)  KOH attack is realized using a SiNx mask in the backside to remove the Al
mask. To protect the device components a wax resistant to the KOH is
deposited on the topside.

xvi)  The wafer is cut in devices 6 mm x 6mm.

xvii)  The last micrometers of Si bulk are removed in each device dropping 5 pL of
KOH in the backside of the membrane during 2 hour at 70 °C leaving only the
SiNx/SiO2 membrane in the center of the device

[ ] . * @
(i) - (v) felislens

e

(xiii-xwvi)

=~ Si  =Si0, SiN, < Photoresist = n-doped Si “ p-doped Si < Pt

Figure 4.10 Microfabrication steps of the PTE device.

4.2.3 Calibration

Before performing the measurements, the heater and thermometers of the devices
were calibrated as a function of temperature. Since the PTE device was characterized at
room temperature, i..300 K, calibration was carried out in a temperature range close to
300 K. In the limited T range analyzed here, the resistance of Pt changes linearly as a

function of temperature, following equation:
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R(T) = Ro + 2= (T = Ty) (4.2)

where R, is the resistance at T,, R(T) is the resistance at T and Z—: is the temperature
coefficient of resistant (TCR). Thus, to calibrate the resistance of the Pt strips and to
obtain the Z—:, the device is placed in a cryostat system with a fix temperature, then the Pt

strips’ resistances are measured in 4-wire configuration using a sourcemeter Keithley
2400. To avoid the influence of self-heating, the R, value is obtained extrapolating the

experimental data of the IXR curves to zero current. The R, is measured at several
temperatures close to 300 K and by the slope of the RyXT the Z—i is attained. The IXR

measurement of the heater at 300 K and the R, of the heater and thermometers as a

function of the temperature are shown in Figure 4.11.

432.0

RO =430.24 Q) @ 450 = dRAT, . =112 QK (b)
e dR/T,, =0.80 Q/K
4316+ 4 dR/T,,=0.80 Q/K
420 //
4312+ S
[ mo
430.81 300 /
430.41— , , 290 , , , ,
3.00x10* 4.50x10* 6.00x10“ 7.50x10™ 291 294 297 300
i (A) AT (K)

Figure 4.11 (a) IxR measurement of the heater at 300 K and (b) R, of the heater and

thermometers as a function of the temperature.

4.2.4 Measurement procedure

The new device was microfabricated with the aim to verify the influence of the
photogenerated charge carriers in the output voltage of Si thin films in response to a
simultaneous temperature difference. To achieve high photoinjection an objective lens
was used to collimate the Ar* laser beam with an excitation wavelength of 514 nm
operating from 2mW to 7.9 mW into a spot of roughly 100 um?. The incident power per
unit area was as high as 8x10” W/m?2,

The protocol used was the following: since the heater and voltage probes are mm
in length and the laser beam is focused onto a small spot we need to infer the average

temperature of the Pt lines (hot and cold sides) and the local temperature at the laser beam
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location. The central line (heater) is heated by Joule effect that produces a temperature
difference in dark conditions between the center (hot) and Si frame (cold parts). During
illumination the temperature changes locally at the laser spot but the metallic voltage and
temperature probes measure the average Seebeck coefficient of the n,p materials. Due to
the limited amount of feedthroughs in the cryostat that we have used for this experiment
the temperatures were measured in 2-wire configuration. This measurement was carried
out in collaboration with Alejandro Gofii from the Institut de Materials de Barcelona
ICMAB-CSIC.

4.2.5 Photothermoelectric measurements

Measurements were carried out under dark and illumination conditions at different
incident laser powers (2 mW, 3.8 mW and 7.9 mW). The device studied in this section
has 300 nm of thickness and the distance between the electrical contacts is 250 um. The
incident light has 10 um of diameter and was focused at the center of the TE leg, halfway
the two metallic probes (heater-sensors) (See schematics in Figure 4.14a). Figure 4.12
shows the Seebeck voltage at open circuit as a function of the temperature difference of
the p-type leg when the measurement is performed without illumination (dark) and

illuminated with different powers.

4.8x10°
m OFF
e 2mwW
a2q0°{ * 3.8mW
v 7.39 mW
. 3.6x10°
b
(9]
> 3.0x107 1
2.4x107 1
7 8 9 10

AT (K)

Figure 4.12 Seebeck voltage at open circuit as a function of the temperature difference

when the p-type Si leg is in dark conditions and illuminated by laser light.

We obtain the Seebeck coefficient through the slope of Vs X AT curves at the

different conditions. Interestingly, we observe again an enhancement of S when the TE
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leg is illuminated, as indicated in Table 4.2. The increase, compared to Sgark, amounts to
0,5%, 1,8% and 7% at power levels of 2, 3,8 and 7,4 mW, respectively. The same type of

measurements were carried out for the n-type Si leg.

Table 4.2 Seebeck coefficient of the p- and n-type Si legs in dark conditions and
illuminated by laser operating at 2 mW, 3.8 mW and 7.39 mW.

Off 2mw  38mwW  7.39 mW
Sp(uV/K) 427+2 429+2 434+2 456 + 2
Sn(uV/K) -272+2 -282+3 -277+2 -274+%2

Figure 4.13 shows the variation of the slope of the Vi X AT as the laser power
increases for the n-type material. The maximum enhancement of the Seebeck coefficient
is ~3.5 % when the device is illuminated at 3.8 mW. The value of the Seebeck coefficient
in dark conditions for both, n and p-type materials, can be used to infer the amount of
activated dopants in them. For this comparison we assume that the Seebeck coefficient
does not depend on the thickness of the Si layer in the thickness range of our experiments,
as already demonstrated by Salleh et al. 2. For the p-type S=426 uV/K that corresponds
to ~5x10%" cm positive charge carriers and for the n-type S=-272 puV/K that corresponds

to around ~8x10"® cm™ electrons.
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Figure 4.13 Seebeck voltage at open circuit as a function of the temperature difference

when the n-type Si leg is in dark conditions and illuminated by laser light.
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To investigate further the observed enhancement of the Seebeck coefficient the
laser beam was focused at different positions between the central heater and the sensor
located at the edge of the membrane (see schematics of Figure 4.14a).

These measurements may reveal the influence of the photoinjection location with
respect to the diffusion length and nature of the carriers. Figure 4.14 presents the Seebeck
voltage at open circuit as a function of the temperature difference at an average
temperature close to RT when the incident light is positioned close to the heater (H), at
the center (C) of the Si TE leg and close to the border (B) for p- (a) and n-type (b), (see
schematics of Figure 4.14). These measurements are performed with the laser operating
at 7.39 mW. The values obtained in these measurements are presented in Table 4.3. There
are two main observations analyzing these data. First, the position of the laser beam does
not affect the value of the Seebeck coefficient that for the p-type is still around 9% larger
than under dark conditions for the three locations of the beam. Second, the voltage offset
changes under illumination but its variation is affected by the position of the laser beam
with respect to the metallic lines. In the p-type material, the offset value is higher when
the light is close to the heater, while in the n-type leg, the offset value is higher when the

laser beam is close to the border.
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Figure 4.14 (a) Schematics of the incident light position. Seebeck voltage at open circuit
as a function of the temperature difference for p- (b) and n-type (c) when the Si leg is in

dark conditions and illuminated at different position from heater to border.
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Table 4.3 Seebeck coefficient and offset voltage of the p- and n-type Si legs in dark
conditions and illuminated by laser operating at 7.39 mW in different zones of the leg,
close to the heater (H), at the center (C) and close to the border (B).

7.39 mW (H) 7.39 mW (C) 7.39 mW (B)
$,(%) 9.2+13 9.0+1.1 9.5+ 1.3
AV, =V = Vs 922 + 20 699 = 10 688 = 20
S.(%) -1.3+0.8 09+04 26+1.2
AV, =V =V, 406 + 20 476 +20 906 + 30

To verify if the increase of the Seebeck coefficient is caused by the
photothermoelectric effect, or if it could be an effect related to the temperature
distribution imposed by the local heating of the laser beam we conducted specific FEM
simulations that only consider thermal effects. Before the simulations, the temperature
rise caused by the local heating of the laser beam is experimentally obtained using Raman
thermometry (471, Using the same optical setup, the Raman spectra of the p- and n-type Si
legs were measured at the laser beam location and by the spectral shift of the Si Raman
mode, we can obtain the temperature rise (471, Figure 4.15 shows the Raman spectra of p-

and n-type Si legs for different incident laser powers.
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Figure 4.15 Raman spectra of p- (a) and n-type (b) Si legs for different incident laser

power.

Because the TE legs are heavily doped the fit of the spectra is obtained pondering
the Fano contribution 3-8 Considering that the low laser power does not increase the
temperature of the TE leg and by fitting the spectra, the temperature rise caused by the

laser can be determined. Figure 4.16 shows the temperature rise as a function of the
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incident laser power. Due to the difference between the Raman spectra intensity of the p-
and n-type Si, it was not possible to measure the Raman spectrum of the p-type Si with
the laser operating at 0.66 m\W. Therefore, for the p-type we use the spectra acquired at 2
mW as the reference one. This is why the temperature values for the p-type material have

a larger uncertainty.
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Figure 4.17 Temperature rise locally produced by the focused laser beam in p- and n-
type Si legs for the different incident laser powers.

The laser operating at 7.39 mW increases the temperature of both TE legs around
655 K. This value of the temperature rise caused by the laser beam is used in the FEM
simulations of the p-type legs. FEM simulations do not include the photoinjected carriers,
that is, the simulations provide an analysis of the temperature profile and how it influences

the values of the output voltage with respect to the temperature differences.

4.2.6 Finite Element Modeling

The experiment has been modeled using the Finite Element Method in a two-
dimensional approximation to shed light about the observed phenomenology. In the 2D
modeling approximation, when considering the compact geometry equivalent to the real
system the magnitudes should be lumped and vertical dimension of the structure should
be considered. In the present problem, the geometry corresponds to a membrane with a
multiple stack of films (see microfabrication for details). In Figure 4.18, the seven
different areas with the detail of the different contribution of films to the global stack is
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reviewed. In our case, as d; we will choose the thickness of the thermoelectric active
layer, the monocrystalline silicon one, that measures 300nm. The rest of the magnitudes
should be reevaluated considering the physical contribution of all the layers, to provide
the effective value into the surface element.

To evaluate the thermal and the electrical conductance, the contribution of the

different layers has been added weighted by the real thickness of each layer:

N layers

z : d;
Klumped = K; d_
=1 z

N layers

d;
Olumped = Oj d_
z

i=1

The term considering the heat capacity also includes the density, therefore
following the same strategy, we have considered a common density for all the elements
(the one of the Si) and the effective heat capacity magnitudes have been weighted before

their addition for each elements of the surface.

N layers

CPiumped = _'Cpi d
i=1 z

To consider the Seebeck for each section, we have considered the dominant as the
one of the most conductive layers in electrical contact. Therefore, for sections 1-2 and 4-
5 the Seebeck considered is the one of the platinum, while in sections 6 and 7 dominates

the Seebeck of the silicon doped membrane.
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Figure 4.18 Schematics in planar view of the different sections of the membrane.

Table 4.4 Physical magnitudes used for the simulation.

Material Thermal Electrical Density  Heat Seebeck
conductivity conductivity  (Kg/m®) capacity  (uv/k)
(W/mK) (S/m) (J/K)
Pt 70 8.7x10° 21300 135 5
Si p-doped | 150 1.1x10* 2300 700 340
Si n-doped | 150 1.1x10* 2300 700 230
SiO, 1.7 0 2400 720 -
SiNx 2.5 0 2400 710 -

To model the behavior of the devices, mimicking the real experiment a variable
power (0 to 10mW) has been released into the central heater section. Parallelly, a spot of
10 pm diameter has been defined in different sections of the membrane to simulate the
power released by the absorption of the laser beam. The amount of power released in the
spot of the laser has been adjusted to promote similar heating than those observed by local
Raman.

Figure 4.19 shows the simulated temperature profiles of the PTE device in the
case of 10 mW dissipated in the heater with the additional heat source produced by the
laser beam at different locations. The laser heating produces an increase of the

temperature of 70 K at the laser spot.
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Figure 4.19 Temperature profile of the PTE device with the additional heat source
produced by the laser beam at different locations, (left) close to the heater, (center) at the

center and (right) close to the border.

Figure 4.20 shows the FEM simulations results for the open circuit voltage
measured as a function of the temperature difference (Figure a) and the voltage offset
variation as a function of the position of the laser beam (Figure b), being 0 the position

of the central heater and 250 um the distance between the central heater and the outer
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Figure 4.20 Seebeck voltage at open circuit as a function of the temperature difference

obtained by FEM simulations (a) and the voltage offset of each curve (b).

FEM simulations show that the Seebeck coefficient derived as the ratio between
the output voltage and the temperature difference (the slope of the curves of Figure 4.20a)
remains constant when the laser-induced heating is considered. That is, in the absence of
photoinduced carriers there is no variation of the Seebeck coefficient even if the thermal
profile of the device changes locally due to the laser heating. It is important to note that

in the simulations the Seebeck coefficient of Silicon was a constant parameter. In reality
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it is known I3 that the Seebeck coefficient of bulk Si (intrinsic or highly-doped) decreases
with temperature in the temperature range of our measurements (around 300 K). In
contrast, the values of the offset voltage change as a function of the laser position due to
the temperature difference achieved in each case. As shown in Figure 4.20a,b the
displacement of the light heat source from the heater to the border produces a vertical
shift on the simulated Vs x AT curves. Figure 4.20b shows the offset increases up to 200
MV when the laser beam is located close to the outer metallic line.

The potential and the charge density of the PTE device are also analyzed. Figure
4.21 shows the FEM results for the potential and charge density of PTE device with the
additional heat produced by the laser beam at the different locations (H, C, B).
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Figure 4.21 Temperature profile (a), the potential (b), and the charge density (c) of the
PTE device with the additional heat source produced by the laser beam at different
locations: H, C, B. (d) Close up of the charge density for the case in which laser heating

is positioned close to the border, (B).

Observing Figure 4.21b it is possible to verify that the potential at the location of
the laser heating is deeply modified. It is notorious that the high temperature of the laser
beam distorts the local heat flux inducing the charges carriers to move away from the
laser region. That is, as the material is p-type local heating forces the positive charges to
diffuse away from the hot region to regions of lower temperature. The laser area is
therefore depopulated from positive charges and its potential becomes much lower (blue
color in Figure 4.21b) than the surrounding regions. In terms of charge density (Figure
4.21d) when the laser is at location B close to the sensor positive charges accumulate in
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it with a lesser amount being diffused to the central section of the heater. In this case, the
offset voltage (measured as Vsensor-Vheater) IS maximum compared to the dark condition, as
shown in Figure 4.20b. If the laser beam is located at position H (close to the heater)
positive charge injection into the heater line is very effective and (Vsensor-Vheater) may
become even slightly negative, as observed in Figure 4.20b. At some point at around 75
pum away from the heater the temperature distribution is such that the offset is similar to
the one measured in dark conditions without biasing the structure.

Summarizing, thermal-based FEM without considering photoinjection indicate
that the offset voltage is produced by charge accumulation at the contacts and changes
with the position of the laser beam, but this effect does not modify the ratio between the
output voltage and the AT, the Seebeck coefficient.

4.2.7 Discussion

The experimental results as well as the finite element modelling support the idea
that the observed enhancement of the Seebeck coefficient is related somehow to the
photogenerated carriers, since apparently standard thermal effects in the linear regime can
not explain it. In order to be more quantitative in the discussion of the photothermoelectric
effect we estimate the number of photoinjected carriers per unit volume generated by
light. In this way, equation 4.3 is used:

An = ta¢p(1 — R)?(1 — e *)QE (4.3)

where t is the lifetime of the charge carriers, a is the absorption coefficient, [ is the
thickness of the absorbing medium, R is the percentage of light reflected by the film, and
¢ = PA.../Ahc is the intensity of light divided by the photon energy (in other words, the
amount of arriving photons per unit area), P is the power light, 4., the wavelength of
the excitation light, A is the area, h is the Planck’s constant, ¢ is the speed of light and QE
is ratio of photon converted to electrons, which is 97% for Si at 514 nm 881, Using the
values of Si and considering that the lifetime is 0.9 ps €728 the number of photocarriers
generated by laser light is around of 2x10*® cm=. This huge amount of photoinjected
carriers, larger than the doping level of both p and n-type materials, is generated in a small
zone of the TE leg of area about 100 um?. In terms of carrier population the photoinjection

modifies by an order of magnitude the population of majority carriers but dramatically
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increase the population of minority carriers. In the case of the p-type material the
recombination lifetime of the minority carriers is reduced.

The laser produces a large quantity of photoexcited states (excitons) that
dissociate into the same density of positive and negative carriers and therefore should not
contribute to the Seebeck effect. Only in the case that electrons and holes show different
mobilities or lifetimes photoinjection may play a role.

The thermoelectric power has two main components: the diffusive part due to the
diffusion of charge carriers, Sq, and the phonon-drag thermopower, produced by the
momentum transfer between phonons and charge carriers, Spn. Sq is typically expressed
though the Mott equation and thermopower can be maximized by enhancing the variation
of o near the Fermi level. It is possible that injection by a laser of energy 2 eV leads to
hot carriers with an excess energy per carrier. If the population of carriers is not balanced
because of their different lifetimes and more holes arrive to the contact cold side the
Seebeck coefficient will increase because the carriers carry more energy per charge (See
Figure 4.22).

On the other hand, phonons also carry thermal energy and migrate from hot to
cold. If the interaction phonon-charge carrier is sufficiently large the charge carriers can
be swept along with the phonons. Since the hole mass in Si is around 0.36mo for
conductivity considerations and the electron mass is 0.26mo for electrons we may expect
a stronger interactions of the phonon bath with the positive carriers. That means small
imbalances of the phonon drag between the positive and negative photoinjected carriers.
This would be comparable to saying that the lifetime for recombination of holes (majority
carriers) is slightly larger than the one for electrons (minority carriers) in the p-type
material (see the schematic representation of figure 4.22), And therefore, there might be
an enhancement of the open circuit voltage for a given AT, producing a rise in the Seebeck
coefficient. We suspect this behavior is also related to the large temperature gradients
imposed by the laser beam that locally heat the laser spot 65 K above the surroundings.
The smaller increase in the n-type material may be related to the higher doping level that

leads to a lesser influence of photoinjection [36:371,
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Figure 4.22 (a) Schematic representation of the generation of electron-hole pairs inside
the laser spot region without a temperature increase with respect to the surroundings;
(b) idem with T increase but shown at t = 0 before the carriers have time to diffuse;
(c) idem at t > 0 showing the unbalanced flux of holes due to shorter recombination time

of the minority carriers leading to an increase of the V.-V voltage difference.

4. 3 Conclusions

The photothermoelectric effect in highly-doped Si thin films was explored. We
described the use as photosensor of a thermoelectric microdevice based on single-
crystalline Si thin films. By decreasing the thickness, the thermal conductance and heat
capacity of the Si thermopiles were significantly reduced, therefore substantially
improving the thermal insulation of the membrane. The result was an enhancement of the
detectivity of the TE device to very small temperature differences. Furthermore, a small
thermal time constant was obtained. FEM simulations were used to obtain the real
temperature gradients applied to the thermoelectric legs, correcting the non-flat

temperature profile generated during the experiments. The linear dependence of the
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output voltage with the input power facilitates the use of the microsensor as a photosensor.
The Rs was determined being 13 V/W in air at atmospheric pressure. The measurements
carried out with a chopped light beam evidenced the quick response time of the device
due to its very small thermal mass, ~4.3 ms. Finally, the D* of the device was 2.86 x 107
emHzY/2W -1, During the photoresponse measurements, an unexpected enhancement
of the Seebeck coefficient was observed as a result of the photogeneration of charge
carriers.

To understand this unexpected effect, a new device was developed, which allows
to measure the Seebeck coefficient of each thermoelectric leg (n and p-type) separately.
The Seebeck coefficient of the p- and n-type legs were measured in dark conditions and
under illumination. An increase of 7% and 3.5% of the Seebeck coefficient was observed
in the p- and n-type Si leg, respectively. This is an outstanding result since the strong
photoinjection was limited to a very small area (100 um?) compared to the area of the
device (5x10° um?). Using the principles of the Raman thermometry, the heating caused
by laser was determined to be around 65 K. Thus, simulations were performed
considering the heating contribution of the laser, which shows that the improvement of
the Seebeck coefficient is an effect of the photocarriers generated by light. Although we
still do not have a complete understanding of the observed variation of the Seebeck
coefficient, this effect could be extremely relevant to boost the figure of merit of Si
devices using local photoexcitation. The offset voltage values obtained during the
experiments show that the photovoltaic effect contributes to it increasing the initial
voltage values of the p-type Si leg.
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5. Microgenerator based on MgAgSb thin film

MgAgSb-based materials have shown a great potential as p-type thermoelectric
materials due to their high Figure of Merit (ZT) close to room temperature. In this chapter
the growth of MgAgSb thin films with a small amount of Ni using the sputtering method
will be described. The thermoelectric properties of the thin films are measured and a full
microthermoelectric device based on MgAgSb thin film is microfabricated and

characterized.

5.1 MgAgShb-based material

One of the main aims of the thermoelectric community is to find electrical
conductors with a very low thermal conductivity. A possible strategy is to employ
materials with complex crystal structures, large unit cells and a large number of atoms in
it. Half-Heusler materials with chemical formulas X2YZ and XYZ and crystal structures
related to fluorite satisfy this criterion. However, despite the half-Heusler structure of the
MgAgSh alloys that is known to possess interesting electrical and magnetic properties,
the thermoelectric properties of these materials were not studied until 2012. M. Kirkham
et al. measured a ZT of ~0.35 at room temperature % with values of k from 1.1-1.5
W/mK in the T range spanning from room T up to 200C. They identified three possible
polymorphs depending on the preparation temperature. At low T the alpha phase, stable
up to XC, the beta phase stable in the mid T range, and the high-temperature gamma
phase. The o and 3 have a tetragonal disordered structure, while the y-phase has a cubic

half-Heusler structure (See Figure 5.1).

Figure 5.1 Crystal structure of the o (a) and B (b) v (c) MgAgSh phase. Extracted from
Kirkham et al. 89,
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The powder diffraction files of the three structures as well as the experimental X-

ray patterns obtained by Kirkham et al. are shown in Figure 5.2.

— 100 .
é 254 J[L._/\-.Jw qu
Z 100] 330°C
5 2E—MWJL..H RS W | WSEN Jl\,JLA_M,J@
£ ] J 420°C
= 254 \--_-_._-_._w_rr\_._._,.m,_-'\___.__._,._L-f

0 75 30 35 40 45

26 (deg)

+-MghgSh ‘ . | |
Ij-MgAng i il I N |I l 1 ]
a-MgAgsh| . L .

sb o |

AgSb . | L

Figure 5.2 (top panel) X-ray diffraction profiles measured at 30°C (top), 330°C (middle)
and 420°C (bottom). (bottom panel) Powder diffraction profiles for the three MgAgSh
phases plus typical impurity phases of Sb and AgsSh. Extracted from Kirkham et al. 8],

The low thermal conductivity of the a-phase is related to the 24 atoms in the unit
cell that implies 3 acoustic and 69 optical branches in the crystal. Since in general optical
branches have small contributions to the lattice thermal conductivity due to their low
phonon velocities, it is expected that a-MgAgSh will exhibit low Kiatice. In relation to this,
previous nanoindentation measurements in o-MgAgSh have revealed a low elastic
modulus of 55 GPa, consistent with the weak chemical bonding and low thermal
conductivity in this material %,

First studies 9 of the three phases already identified that the power factor (S%o)
is highest in the low temperature phase with values attaining 18 uWcm™*K? at 290°C,
while the p and y phases reach 2 and 4 uyWem™K2, respectively. So, the a-phase combines
a high Seebeck coefficient with a high electrical conductivity. Further work in very recent
years, have demonstrated the potential of MgAgSh-based compounds as thermoelectric
material for applications in the low temperature range (from 300 K to 550 K). The high
ZT value achieved so far combined with its good mechanical properties and the

abundancy of the elements offers a promising future for thermoelectric applications 12,
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a-MgAgSh presents the best thermoelectric performance and therefore the main
efforts are devoted to its synthesis in pure form. In fact, Kirkham et al. already reported
the strong difficulties to obtain the a-phase without impurities or other phases.

Typically, the samples synthesized by vacuum-melted and hot-pressing methods
contain secondary phases of Ag and AgsSb that lead to a reduced ZT. Yin et al. used long-
time annealing protocols (1-2 weeks at 550 K) to get the room temperature phase reducing
the concentration of impurity phases up to a mass fraction below 2% [,

In real materials intrinsic point defects in crystals are deleterious to the phonon
mean free path due to enhanced scattering of short-wavelength phonons. This strategy
was applied to MgAgSh compounds by Zhao et al. ®Y and further refined by Liu et al.
1921 Zhao et al. used a two-step ball milling method in combination to a quick hot-pressing
process to finely tune the phases and stoichiometry of the MgAgSb alloy. They
successfully synthesized both, MgAgSbh and MgAQgo.o7Sbo.g9, with grain sizes around 20
nm and free of impurities. The corresponding ZT was improved to around 0.7 at 300 K.
In this same work, a ZT of ~0.9 at room temperature was achieved by adding a small
amount of Ni, yielding a MgAg0.965Ni0.005Sb0.99 alloy *%. Liu et al. controlled the
synthesis temperature to manipulate the Ag vacancy concentration and tailor carrier and
phonon transport behavior. They reached a peak ZT of 1.3 and average ZT of 1.1 for
samples hot pressed at 533 K. MgAgSb alloys prepared with small amount of In, Cu, Na,
Li, Ca, Yb and Zn also attained ZT’s higher than 1 between 300 K and 550 K [*3, In
general, the required phase of the MgAgSb alloy is synthesized in bulk form at relatively
high temperature [°31.

In this chapter, we explore the feasibility to grow these materials as thin films by
vapor deposition in order to fabricate a planar microthermoelectric generator. The
MgAgSb(Ni) thin films are grown using the sputtering technique and the phase and
stoichiometry are characterized by XRD and SEM-EDX measurements. The in-plane
thermal conductivity of the samples is determined via 3w-Voélklein method while the
electrical conductivity and Seebeck coefficient are measured using a homemade test
system. Finally, a microthermoelectric generator based on a sputtered MgAgSh thin film

is designed, fabricated and characterized.

5.1.1 MgAgo.9sNio.00sSbo.g9 thin film
MgAgSb thin films with a small addition of Ni (<0.5%) were deposited using the
sputtering system model A3000-0014-M from AJA International. A target with the
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required composition was purchased from Testbourne Ltd to ensure the same composition
in the sample with respect to the target material. Initially, the samples are deposited on
(100)-single crystalline Si substrates capped by a 450 nm thick SiNx film. After growth
the samples are characterized by X-ray diffraction (XRD) in order to verify the degree of
crystallinity, structure of the crystalline phases and purity of the sample. The growth of
the films via sputtering is highly dependent on several parameters such as the power
applied to the target, deposition pressure and temperature, distance between source and
substrate and inclination of the source. The inclination of the source and the distance
between the target and substrate were fixed for all experiments at 7° and 15 cm,
respectively. The first sample was deposited at a substrate temperature of 650 K using a
DC power of 100 W and a deposition pressure of 10 mTorr. The sample was grown for
90 min with a growth rate of 10 nm/min. Figure 5.3 shows the XRD patterns of the sample
deposited at 650 K (red line) and after annealing for 2h at 750K.
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Figure 5.3 XRD patterns of the MgAgo.osNio.00sSbo.9g sample deposited at 650 K (red

curve) and the sample post annealed at 750 K for 2 h (black curve).

Comparing the sample’s patterns shown in Figure 5.3 with the patterns of the
sample synthetized by Kirkham (Figure 5.2) it is possible to observe that the sample

deposited at 650 K did not obtain the same crystalline phase. In order to obtain a sample
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more crystalline and purer phase, the sample was submitted to an annealing process at
750 K during 2 hours. The X-ray diffraction measurement was carried out post annealing
process and is shown in Figure 5.3 (black curve). It is possible to observe that after the
post annealing process the sample became more crystalline. Despite this, the peaks
between 35° and 39° are related to the AgsSh secondary phase [°**4 and the peak at around
28° is due to Sh. The next step would be to measure the thermoelectric properties of the
samples deposited using these parameters, but unfortunately the target used in this
deposition melted because of the high temperature reached at the target. This occurs when
a high power is applied and the cooling system is not able to efficiently cool the target.

Therefore, a new target with the same stoichiometry was acquired at the same
vendor. In the first tests with the new target, we verified that the deposited samples were
not electrical conductors probably because the surface of the target was slightly oxidized.
After some depositions, the oxide on the surface of the target is completely sputtered and
the samples deposited at room temperature were conductors. After this, three different
samples were deposited. The deposition was performed with a deposition pressure at 15
mTorr and to avoid that the target overheats the power applied to it was limited to 59 W,
resulting in a low growth rate ~ 6 A/min. Several samples were deposited at room
temperature, 450 K and 600 K. The deposition temperature was controlled to verify if the
crystalline phase is achieved even at low deposition temperatures. The crystalline
structures of the samples were characterized by grazing incidence X-ray diffraction
(GIXD). This technique was preferred in relation to the XDR because the samples are
very thin. The GIXD patterns of the samples deposited at room temperature, 450 K and
600 K are shown in Figure 5.4.
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Figure 5.4 GIXD patterns of the MgAgo.esNio.oosShoge Sample deposited at room
temperature (blue curve), 450 K (black curve) and 600 K (rede curve).

Figure 5.4 shows that the deposited samples are highly disordered with small
crystalline peaks of low intensity and some amorphous background. As the samples
deposited below 450 K were conductors, the thermoelectric properties of the sample
deposited at room temperature were measured. For this purpose, a sample was deposited
on the device to measure the Seebeck coefficient (Section 3.2) and on a 3w-Volklein
sensor to measure the in-plane thermal conductivity. Figure 5.5 shows the Seebeck
voltage at open-circuit as a function of the temperature difference and the AT,,, X P curve
used to calculate the Seebeck coefficient and the in-plane thermal conductivity of the
sample, respectively.

1.5x10"
S=5.8pViK G, =3.6x10°WI/K
3x10° 4
1.0x10" 4
S S
>u72x10 q o 5 0x10" -
1x10° T T (a) 0.0 T T . (b)
1.25 2.50 3.75 5.00 0 1 2 3 4
AT (K) AT, (K)

Figure 5.5 Plot of the Seebeck voltage at open circuit (a) and AT,,, x P curve (b) of the

MgAdo.9sNi0.005Sbo.9g sSample. The error bars are smaller than the symbols.
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By the slope of the Seebeck voltage at open-circuit the Seebeck coefficient can be
obtained, being ~6uV /K. The slope of the AT,, X P curve gives the thermal
conductance of the sample plus membrane (3.59 x 10~>W /K). Subtracting the
contribution of the thermal conductance of the membrane, that was measured beforehand,
the thermal conductance of the sample can be calculated. The in-plane thermal
conductivity is determined considering the sample dimensions. The measured value is
~4,0+0.2 W /mK. This value is much higher than the one typically measured in
MgAgSb alloys. The uncertainty in the in-plane thermal conductivity is mainly attributed
to the sample thickness. The values of the thermoelectric properties show that a more
crystalline phase is required to obtain samples with high ZT value. The deposition
temperature used is lower than the one required to obtaining highly crystalline films and
the deposition carried out at 600 K produces oxidized samples. Even though the base
pressure of the vacuum chamber is very low, around 5x10® mbar, the small deposition
rate favors the oxidation of the sample during the flight of the atoms to the substrate or
during the residence time before atoms are buried by new atoms. .

Next, in order to increase the growth rate, a codeposition strategy was adopted.
The codeposition consists in using two or more targets to grow a sample with the desirable
stoichiometry. Due to limitations of our sputtering setup concerning the number of guns
that could be operated simultaneously we decided to use two targets: MgAdgo.os and
Nio.005Sho.995 to get a film of MgAgo.osNio.o0sSbo.ge. To obtain the desirable stoichiometry
the targets must deposit the same amount of material during the deposition. First, a
deposition of MgAgo.os sample was achieved with the pressure deposition at 12.2 mtorr
and at room temperature during 15 min. The power applied to target was 69 W obtaining
a growth rate of 12 A/min. Second, to deposit the NiooosSboges film, the RF mode at
13560 KHz was used. The growth rate was tuned to obtain the same deposition rate of
the MgAgo.os sample, thus, the sample was deposited applying 30 W, at 15.2 mTorr and
at room temperature. After this, the MgAgo.osNio.00sSho.go film was deposited at room
temperature using the powers described before and at 12.2 mTorr. In agreement with
previous results, the sample codeposited at room temperature is highly disordered, as
shown in Figure 5.6. Although a Rietveld refinement analysis does not yield accurate
results for this ‘amorphous’ phase, the convergence is reasonable for a single a-MgAgSh

phase. However, convergence with other phase mixtures may also be possible.
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Figure 5.6 (top panel) GIXD patterns of the MgAgo.95Nio.00sSbo.9e Sample deposited at
room temperature. (bottom) Rietveld refinement of the disordered structure.

Afterwards, as the deposition pressure used during the deposition has to be the
same for the two targets we slightly increased the power applied to the Nio.oo5Sbo.ggs target
up to 38 W, since the growth rate of 12 A/min was attained at 15.2 mTorr and the amount
of material sputtered is related to the deposition pressure and power. To obtain a more
crystalline phase the sample was deposited at 650 K and then the sample was
characterized by GIXD. Figure 5.7 shows the GIXD patterns of the sample codeposited
at 650 K (top panel) and the Rietveld refinement of the structure (bottom panel) that
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identifies the crystalline phases as being AgsSb (84%) and the high-temperature form of
the MgAgSh-structure: y-MgAgSh (16%).
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Figure 5.7 (top panel) GIXD patterns of the MgAgo.o5sNio.co5Sho.g9 sample deposited at
650 K. Rietveld-refinement of the GIXD pattern shown in (bottom).

To verify the stoichiometry of the codeposited sample energy dispersive X-ray
spectroscopy (EDX) measurements were done. This technique permits to analyze the
composition of the sample and the proportions of each element. The measurements were

performed using the scanning electron microscope (SEM) model MERLIN FE-SEM.
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Table 5.1 shows the percentages of each element, Ag, Mg and Sb also O of the sample

deposited using codeposition process.

Table 5.1 Percentages of each element of the MgAgNiSb film deposited using
codeposition.
Element Atomic%
@) 17.57 (£0.59)
Mg 18.01333 (+0.39)
Ag 43.27667 (+0.35)
Sb 22.15 (x0.37)

Surprisingly the amount of Ag deposited is ~ 2.4 times higher than the amount of
Mg. This stoichiometry explains in part the difficulties associated to the growth of a pure
MgAgSh phase, since the proportion between the Mg and Ag cannot be easily changed.
In contrast, the proportion between Sb and Ag is very closed to the required value. The
presence of oxygen may be due to partial oxidation of the sample after the sample is
removed from the sputtering chamber and exposed to ambient conditions. Because of the
limited resolution of the EDX apparatus it was not possible to confirm the presence of Ni
in the grown film.

Due to the difficulties obtaining suitable layers with the new target as well as the
problems that appeared during codeposition, we decided to use the first target again. As
discussed before, this target overheated during the first deposition, thus, the new
deposition is performed using lower power levels. The power applied to the target was 29
W and during the deposition process the target temperature was checked through the value
of the voltage applied to the gun to ensure no overheating. The pressure and deposition
temperature were 10.5 mTorr and 650 K, respectively. The growth rate attained during
this deposition is ~ 6.6 A/min, but the deposition was carried out with better base
pressure and the walls of the chamber were cooler than in previous experiments, what
minimizes degassing from the chamber walls. The sample deposited with these
parameters was characterized by GIXD, as shown in the top panel of Figure 5.8. The
Rietveld refinement of the structure (bottom panel) although quantitatively not
satisfactory probably due to some preferential orientations yields information about the
quantity of the phases: a-MgAgSh: 39 %, AgsSh: 48 % and Sh: 12 %.
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Figure 5.8 (top panel) GIXD patterns of the MgAgo.95Nio.00sSbo.9e Sample deposited at
650 K. (bottom panel) Rietveld refinement of the structure using various phases.

During this deposition, the film was also deposited on a device to measure the
Seebeck and electrical conductivities, as well as on a 3w-Volklein sensor to determine the
in-plane thermal conductivity. Figure 5.9 presents the IV curve, the Seebeck voltage at

open circuit as a function of the temperature difference and the AT,,, X P curve.

99



9.0x10°

wIR=2020 G, =2.3x10°W/K
0.05 4
S
0.00 4
>
6.0x107 -
-0.05 4
-0.10 T T T T T (a)
-400  -200 0 200 400 600 <
=
I (uA) E_’
3.0x10*
S =96.5+10.3 uV/K
2.5x10H 30X105 T
2.0x10"Y
>
>!I)
1.5x10"4
1.0x10"4 c
. (b) 0.0 . . , ©
05 10 15 20 25 0 1 2 3 4
AT (K) A, (K)

Figure 5.9 Plot of the IV curve (a), Seebeck voltage at open circuit (b) and AT,,, X P

curve (c) of the MgAQgo.ssNio.005Sbo.oo Sample. Error bars are smaller than the symbols.

The Seebeck coefficient, electrical and thermal conductivity were determined at
room temperature, being, 96.5uV /K, 89+ 1.6 x 10*S/m and 2.0 £ 0.2W/mK,
respectively. The errors in the thermal and electrical conductivity are mostly induced by
the uncertainty of the sample thickness. Therefore, a ZT value of ~0.13 at 300 K was
achieved. Notwithstanding the low ZT in relation to bulk samples (~0.9), the sample
deposited via sputtering technique is compatible with microfabrication processes. In this
way, a thermoelectric generator based on MgAQo.osNio.oosSbogg thin film will be

developed and characterized.

5.1.2 Microfabrication of the thermoelectric microgenerator
The thermoelectric microgenerator based on p-type MgAgo.osNio.oo5Sho.gs thin

film is microfabricated following the next steps:

i) The process starts with a 4-inch Si wafer with 500 pum of thickness.
i) A thermal oxidation is performed and 50 nm thick SiO: film is achieved.
i) LPCVD 450 nm thick SiNx film is deposited.
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iv) Photolithography is achieved to pattern the electrical contacts, pads and n type
legs. The 20 nm thick Cr is deposited then 200 nm thick Pt/Cr is deposited by
PVD. Next this process the lift off is performed leading only the Pt/Cr legs
and pads.

V) An annealing process is performed at 550 °C during 2 hours to stabilize the
TCR of the Pt/Cr strip.

vi) Photolithography is achieved in the backside to open the window.

vii)  RIE is performed to etch the 450 nm thick SiNx and 50nm thick SiO; film.

viii)  The backside is etched with KOH, leaving only 5-10 um of Si, which are left
to guarantee the survival of the membrane during the cut process.

IX) The wafer is cut in chips of 6 mm x 8 mm.

X) The last 5-10 um of Si are removed by dropping 5 pL of KOH in the backside
during 2 hours at 70 °C.

(ii) (iii)

~Si =Si0, SN, =Pt

Figure 5.10: The microfabrication steps of the uTEG based on p-type
MgAgo.95Nio.005Sbo.99 thin film.

After the microfabrication process, the p-type legs are defined by shadow mask
and deposited via sputtering. In addition, this device can be used for others p-type
thermoelectric materials to thermoelectric characterization as well as to produce

thermoelectric generator based on these materials.
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5.1.3 Device description

The TE legs that conform the p-type thermoelectric materials are deposited by
sputtering using a shadow mask. The material is grown in similar conditions as those
previously reported to yield a thin film material that even does have some impurity phases
has a high Seebeck coefficient, high electrical conductivity and low thermal conductivity,
as previously discussed in section 5.1.1. To improve the quality, we isothermally anneal
the as-deposited layers in high vacuum during 3 days at 600 K.

The device consists of 10 p-type thermoelectric legs connected electrically in
series and thermally in parallel. The p-type leads are connected by Pt metallic lines. The
internal resistance of the n,p TE legs is around of 7.3 KQ. This is a much better value
(around 10 times lower) than the one obtained for a previous microthermoelectric
generator that was built using highly doped ultrathin Si films 1 enabling a better use of
the microgenerator in real conditions where the external load should have comparable
resistances as the device. In the center of the device a Pt strip that is used as heater to
produce temperature gradients is supported by the SiNx membrane. The good thermal
insulation between the frame and the center of the device facilitates the generation of
large temperature gradients between the center and the Si frame with low power
injections. The TE legs are disposed with part on the frame and part on the membrane.
Figure 5.11 shows the optical image of the MgAgNiSb thermoelectric generator.

Heater« SiNx membrane

Figure 5.10 Optical image of the MgAgNiSb thermoelectric generator.
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5.1.4 Thermoelectric characterization

Prior to the evaluation of the Seebeck coefficient of the device we calibrated the
temperature coefficient of resistance of the central metallic strip that we used as a heater.
We used the same protocol already explained in Chapter 4 (See Section 4.2.3). Figure

5.11 shows the resistance of the heater at 300 K (a) and the heater resistance at several

temperatures.
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Figure 5.11 (a) IXR measurement of the heater at 300 K and (b) R, of the heater as a

function of the temperature.

To modify the temperature of the hot side (center of the membrane) the heater is
fed with electrical currents spanning from 1.3 mA to 2.4 mA, in steps of 0.1 mA,
producing temperature differences from 10 K to 34 K between the center and the frame
of the device. The generated Seebeck voltage is measured using a nanovoltmeter Keithley
2182a. By the slope of Vs x AT curves the Seebeck coefficient is measured. Figure 5.12
presents the Seebeck voltage at open-circuit as a function of the temperature difference

at an average temperature of 310 K.
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Figure 5.12 Seebeck voltage at open-circuit as a function of the temperature difference
at 310 K.
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The low value of the Seebeck coefficient, 16 uV/K voltage seems to indicate that
the phase that we have deposited is not the intended one. To understand this variation we
characterize the as-deposited sample and after annealing for 3 days. As shown by the X-
ray diffraction measurement, the as-deposited phase via sputtering is predominantly
formed by Sb (16%), AgsSb (83%) and a residual amount of MgAgSh (1%). After
annealing the Sb disappears and the main phase is AgsSb (88%) with an increasing
amount of a-MgAgSb (12%) with respect the as-deposited state. This is the main reason
for the low values of the Seebeck coefficient. Figure 5.13 shows the Rietveld refinement

of both samples.

Figure 5.13 Rietveld refinement of the as-deposited (top panel) and after an isothermal

annealing at low-temperature for 3 days (bottom panel).
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5.1.5 Thermoelectric generator characterization

To characterize the device as a generator a load resistor is connected in series and
I-V curves are obtained changing the values of the load resistor. These measurements are
performed maintaining a constant temperature difference across the TE legs. Due to the
low value of Seebeck coefficient, high temperature differences are needed to obtain
reliable measurements. Using the 1-V curves, power density curves are determined at each
temperature difference. Figure 5.14 shows the I-V-curves (a) and power density curves

(b) at several temperature differences at base temperatures in the proximity of 310 K.
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Figure 5.14 Output voltage (a) and power density (b) versus current for the TEG device
at a base T of 310 K.

The maximum power is attained when the load resistor has the same value as the
internal resistance. A value of 45 nW/cm? is reached for a AT of 77 K applied to TE legs.
The output power of the device is very small due mainly to the low Seebeck coefficient
of the deposited films. However, the potentiality that integration of complex materials as
thin films offers to build miniaturized devices for sensing or microgeneration is high.
Further work to master the sputtering deposition conditions is required to build more

efficient devices.

5.2 Conclusions

We have fabricated a first prototype of a planar microthermoelectric generator that
contains a suspended structure with a new Mg-based p-type material as the active TE
material. Since thin film growth can be performed as the last step of the microfabrication
process the outlined procedure can be integrated into standard Si chips. A power output
of 4.5 nW/cm? was achieved under a temperature difference of 77 K. Even that we have

not been able to obtain the desired phase in pure form this approach will be the basis for
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future microdevices based on complex alloys. The low thermal conductivity of the
propose material (below 2 Wm?K™?) will enable large temperature differences. In
addition, the proposed design permits the fabrication of multiple optimized generators on
a single wafer to be connected in series to boost the voltage performance or in parallel to

increase current output to match the desired application.
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6. Thermoelectric characterization of polymer

films via in-plane measurements

Organic semiconductors show unique processing advantages with respect to its
inorganic counterparts. The low cost, processability, high conductivity and the
adaptability to curved surface have driven conducting polymers as excellent candidates
for many applications in organic electronics, ranging from solar cells to organic field
effect transistors (OFETS) or thermoelectric sensors or generators 5%l Flexibility is one
of the leading properties that is paving the way to employ conducting polymers to develop
a new generation of flexible displays and devices. Besides that, due to their nontoxicity
and biocompatibility many of these conducting polymers can be applied in wearable or
implantable devices as energy source for low power devices 1991 or for sensing. Of
course, the main drawback of using polymers for electronic applications is related to their
inherently low electrical conductivity compared with doped inorganic semiconductors.
However, recent progress in semiconducting polymers has led to carrier mobilities
exceeding that of amorphous silicon 11921, Also recently, a variety of polymers have been
investigated as suitable candidates for thermoelectric applications due to their promising
high values of power factor that together with the low values of thermal conductivity have
boosted the enhancement of the figure of merit (ZT) of these materials to values
approaching 0.5 at room temperature 1%l Doping with carbon nanotubes or BiTe
platelets, nanowires or nanoparticles is a good strategy to enhance ZzT [04112]
Determination of ZT often requires independent measurements of all its variables, i. e.
Seebeck coefficient, electrical conductivity and thermal conductivity on the same sample.
This is a challenging task since most often electrical and Seebeck coefficient are measured
in the in-plane direction while the thermal conductivity is most easily measured in the
out-of-plane direction. This is not a big issue for isotropic materials where both in-plane
and out-of-plane values are similar. But in polymers anisotropy is often encountered. On
one side long polymer chains are by nature highly anisotropic with dimensions along the
chain axis much larger than the ones associated to the transversal axis. In addition,
standard fabrication procedures such as spin cast favor anisotropy with chains more
oriented parallel to the substrate. In extreme cases in which chain alignment is highly

favored by specific approaches such as electropolymerization inside the aligned nanopore
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channels of anodic alumina templates [**3] thermal anisotropy ratios, i. e. the ratio
between the longitudinal (in-plane) and the transversal (out-of-plane) thermal
conductivities, can be as large as 100. It is clear than when anisotropy exist it is necessary
to measure the figure of merit in the same direction, in-plane or out-of-plane, for the three
variables. However, the in-plane measurement of k is very challenging, and many authors
rely on indirect measurements or even they wrongly use the out-of-plane value of k and
the in-plane values of S and o.

Thus, for a correct thermoelectric characterization of the polymeric films, the
thermal conductivity should be determined in the same direction that is considered for the
Seebeck coefficient and electrical conductivity. However, several previous works have
reported the difficulties to measure the in-plane thermal conductivity of polymeric films,
obtaining its value by using the relation between the out-of-plane and in-plane thermal
conductivities and considering that the Wiedmann Franz law is valid 141251,

In this chapter, we explore the applicability of the 3w-V0Olklein method in
obtaining reliable values of the in-plane thermal conductivity of polymeric films. To this
aim we choose PEDOT:PSS (Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate))
thin films as a model system with a relatively high figure of merit. In addition, a complete
thermoelectric study of the PEDOT:PSS thin films doped with DMSO (dimethyl
sulfoxide) is also performed. The aim of our study is not to obtain a material with a high
ZT but rather to confirm our capability to obtain a true ZT value of the parallel component
with all parameters measured in the same direction. Remarkably, the lattice component
of the in-plane thermal conductivity of the PEDOT:PSS thin films does not obey a linear
behavior as a function of the doping level challenging previous observations in thicker

materials 1141,

6.1. PEDOT:PSS (doped with DMSO)

PEDOT is a p-type polymer with a conjugated chain that has been extensively
studied due to its high electrical conductivity. However, despite its good electrical
properties, PEDOT is an insoluble polymer, and a counter ion is required to prepare it in
aqueous solution. PSS (poly(styrenesulfonate)) is very often used to stabilize PEDOT, in
PEDOT:PSS form 116118 The addition of PSS allows to solubilize the PEDOT in polar
solvents, but in contrast it reduces the electrical properties of pristine PEDOT, since PSS

is an insulate polymer.
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PEDOT:PSS is one of the most important and employed conducting polymers in
thin film form with a high figure of merit 119120 PEDOT:PSS shows outstanding
features, such as biocompatibility, non-toxicity, good thin film-formation by different
techniques, high transparency in the visible range, excellent thermal stability, and the
facility to tune its electrical conductivity over orders of magnitude by secondary doping.
Owing to the good electrical conductivity, the thermoelectrical properties of PEDOT:PSS
have been studied as well as the possibilities to improve them. The addition of solvents
(secondary doping) in the polymeric solution changes the interaction between PEDOT
and PSS chains and is a very successful approach to change the amount of charge carriers
(secondary doping) [1211Z1 PEDOT:PSS can be heated in air at 100°C for more than
1000 h without variation of the electrical conductivity. In fact, the influence of
temperature and solvents on the transport properties of thin and thick films of
PEDOT:PSS have been deeply investigated 1292, It is generally found that transport is
highly anisotropic with two orders of magnitude variation in the electrical conductivity,
being lower in the cross-plane direction. Likewise, the in-plane thermal conductivity Kk
of thin films was also found to be anisotropic and dependent on the charge carrier density
in agreement with the Wiedemann—Franz law. The validity of such relation for the cross-
plane thermal conductivity k. is not clear yet.

In the next section we evaluate the thermoelectric properties of the PEDOT:PSS
thin films doped with DMSO. Figure 6.1 shows the molecular structure of PEDOT:PSS
and DMSO.

(@) (b)

elelelelel :

O; SO SOH SOH SO; S

e HiC

Figure 6.1 Molecular structure of PEDOT:PSS (a) and DMSO (b).
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6.1.1 Sample Preparation

Two batches of PEDOT:PSS samples were prepared using the spin-coating
technique. The spin-coating is a technique widely used to produce homogeneous thin
films of polymers with variable thickness depending on the final rotation speed,
acceleration and time. The solvent, the viscosity and the substrate treatment also play a
crucial role. The technique consists in dropping a polymeric solution on the substrate and
then rotate the substrate during a given time. During the spinning process the solvent
evaporates leading to a homogenous thin film. Figure 6.2 shows the schematics of the

steps of the spin-coating technique.

Figure 6.2 Steps of the spin-coating technique.

The first batch of samples is prepared to verify the applicability of the 3m-Volklein
method in the study of the in-plane thermal conductivity of polymeric materials. The
PEDOT:PSS solution, Clevios PJ 700 (50% PSS), was purchased from Sigma Aldrich.
After, three PEDOT:PSS thin films were deposited controlling the rotation per minute to
obtain films with thickness 110 nm £ 10 nm. The electrical conductivity of the films was
around 2,7x10* S/m. These samples were prepared in collaboration with Marco Cassinelli
and Mario Caironi from the Printed and Molecular Electronics (PME) group at the Center
for Nano Science and Technology @Poli-Milan.

Besides that, another batch of the PEDOT:PSS thin films doped with DMSO were
prepared by spin coating technique in collaboration with LI. Abad from the Instituto de
Microelectronica de Barcelona-Centro Nacional de Microelectronica (IMB-CNM) from
CSIC located at UAB campus. The second batch was prepared in order to verify the
influence of DMSO in the thermoelectric properties of the PEDOT:PSS thin films. The
base solution of high conductivity PEDOT:PSS in aqueous solution with 3-4%
concentration was purchased from Sigma Aldrich and was posteriorly doped with several
concentration of DMSO, 2%, 5% 6.5% and 8% in volume (See Table 6.1). The solutions
were prepared by adding DMSO in PEDOT:PSS solution and then the solutions were
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homogenized using a magnetic stirrer during 2 hours. The samples were deposited via
spin-coating at 4000 rpm during 1 min. After the deposition, the samples were annealed
at 80 °C during 20 min on a hotplate in ambient atmosphere, drying fully the solvent.
These samples were deposited on a 3w-V6lklein sensor, also in devices to measure the
Seebeck coefficient and electrical conductivity. In the case of the 3w-Volklein sensor, a
previous treatment was performed to hydrophilize the deposition surface, it is important
to obtain homogenous sample. Thus, before the spin-coating deposition, the sensor is
treated during 2 min with a solution prepared of hydrogen peroxide, ammonium
hydroxide and deionized water in volume of 5:1:1, respectively. After this process, the
device is cleaned with deionized water and dried inside a furnace at 60 °C during 5 min
in atmosphere ambient. The devices used to measure the Seebeck coefficient and

electrical conductivity were pre-cleaned with iso-propanol, acetone and deionized water.

Table 6.1: PEDOT:PSS samples doped with DMSO.
Rotation Time PEDOT:PSS DMSO

(RPM)  (5) (%0) (%0)
4000 60 100 0
4000 60 98 2
4000 60 95 5
4000 60 93.5 6.5
4000 60 92 8

6.2 In-plane thermal conductivity of PEDOT:PSS films

In order to verify the ability of the 3w-Vélklein method to measure the in-plane
thermal conductivity of polymers, three reference samples of PEDOT:PSS prepared from
the commercial formulation Clevios PJ700 were deposited by spin coating on the
3w-Volklein sensors. As explained in chapter 3, to determine the in-plane thermal
conductivity of the sample, the in-plane thermal conductance of the membrane should be
determined before sample deposition. After the polymer layer is spin-cast the
measurement yields the in-plane thermal conductance of the sample plus membrane.
Thus, the thermal conductance of the thin film is determined subtracting the contribution

of the membrane’s thermal conductance from the total thermal conductance. The thermal
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conductances are obtained through the slope of AT, X P curves. Figure 6.3 shows the
AT,,, X P curves for the membrane alone (m) and the membrane + PEDOT:PSS samples

(s + m), both measured at room temperature.
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Figure 6.3 Plot of AT,,, x P curves of the membrane (m) and PEDOT:PSS samples (s +

m) with contribution of the membrane at room temperature.

Once the thermal conductance of the sample is known, the in-plane thermal
conductivity is determined considering the sample dimensions. The in-plane thermal
conductivities of three PEDOT:PSS reference samples measured at room temperature are

shown in Table 6.2.

Table 6.2: In-plane thermal conductivities of PEDOT:PSS films. Error bars are
mostly due to the uncertainty of the sample thickness.
Sample  k; (W/mK)

1 1.02+0.10
2 1.05+0.10
3 0.86 +0.10

It is important to compare these values with previous literature data, both cross-

plane and in-plane on PEDOT:PSS. In-plane measurements are scarce and they are often
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conducted on micron thick films. Liu and coworkers [**4] measured the in-plane and cross-
plane thermal conductivity of drop-cast PEDOT:PSS films of thickness 40 um and the k.
for much thinner spin-cast layers. For pristine drop-cast PEDOT:PSS k:=0.3 WmK!
and was independent of the value of the electrical conductivity, while the
ky = 0.75 Wm™K ™ and largely depends on the dopant concentration (i. e. on the electrical
conductivity). The anisotropy ratio, ki/ky, of the pristine sample is 2 and raises to 3 for
more conductive samples (¢ = 6x10* S/m). The cross-plane of the 65 nm spin-cast films
was 0.29 WmK ! and was also independent of the dopant concentration.

Wei et al. [*24 ysed a freestanding film with a thickness larger than 10 pm and a
commercial technique to determine the cross and in-plane thermal diffusivities of
PEDOT:PSS with different post-treatments (and therefore with different electrical
conductivities). PEDOT:PSS with =170 S/m had k=055 Wm'K?! and
ki=0.15 WmK™, while the sample with 6=8x10* S/m had k;=0.94 WmK? and
ki1=0.20 WmK™, respectively. Both samples exhibited important anisotropy ratios
around 4. On the other hand, Greppmair et al. ?°l used a thermography technique to
estimate the in-plane thermal conductivity by measuring the temperature distribution
along the thin film fitted to an analytical expression of heat transfer for the specific
geometry. For thin films of PEDOT:PSS post-treated with ethylene glycol (with
0=7,2x10* S/m) they found a value of 1.0 Wm™K for the room temperature in-plane
thermal conductivity.

Beretta et al. ' have used an indirect estimation to infer the value of the in-plane
thermal conductivity, ky= 1.09 W m™K™1. They measured ol and k. to be 2,7x10* S/m and
0.45 W m™K, respectively and used ki= Ki,pn + Ki,et With Kjph=2 k1phand kye=oll LT. L
is the Lorentz number L= 2.44 x 108 WQ K2,

The values of kj highlighted in Table 6.2 are in very good agreement with the
previous literature values, validating the use of the 3w-V6lklein method developed at the
Nanomaterials and Microsystems Group as a suitable technique to determine parallel to

the plane thermal conductivities in polymeric thin films.

114



6.3 Thermoelectric characterization of PEDOT:PSS films

doped with DMSO

A batch of PEDOT:PSS thin films were deposited by spin coating technique with
different dimethyl sulfoxide (DMSQO) concentrations (Table 6.1). As reported by Luo et
al., the addition of DMSO in PEDOT:PSS solution improves the electrical conductivity
of the PEDOT:PSS films, whereas the Seebeck coefficient value changes only slightly
with the amount of DMSO [1%°1. Thus, this is a way to enhance the power factor of the
PEDOT:PSS films, enabling potential applications in thermoelectric devices. Figure 6.4
shows the electrical conductivity of the PEDOT:PSS films doped with several DMSO
concentrations at room temperature. Results obtained by other authors in previous works

are also shown for comparison [121-123],
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Figure 6.4 Plot of the electrical conductivity of PEDOT:PSS films as a function of DMSO
concentration. The errors bars are due to variations in sample thickness along the length
of the sample. Data from Dimitriev et al. 2!, Chang et al. 22 and Luo et al. [*?*l included

to comparison. The results obtained along this PhD thesis are zoomed in the inset.

Comparing our results with previous literature data, it is possible to observe that
the electrical conductivity of the PEDOT:PSS films exhibit a common behavior as a
function of the DMSO concentration for all of them, that is, the electric transport obeys a
logarithmic function of the DMSO concentration that reaches a maximum around 6.5%

(1211231 The previous works are performed using different PEDOT:PSS solutions, the
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mainly difference is the ratio between the PEDOT and PSS molecules, thus, the electrical
conductivity values are different. It is known that in pristine form, the insulating PSS
chains interact with conductor PEDOT in a coiled structure, yielding a low electrical
conductivity. As reported by Zhu et al., the polar solvent molecules as DMSO weak the
Coulombic interaction between PEDOT and PSS molecules, separating and uncoiling the
PEDOT and PSS molecules. This molecular conformation creates a way to the charge
transport, improving the electric conductivity of the PEDOT:PSS films [126],

After these measurements, the Seebeck coefficient of the PEDOT:PSS films were
determined using a homemade system (Section 3.2.1). Therefore, the Seebeck voltage at
open-circuit is measured as a function of the temperature difference and by fitting the
Vs x AT curve the Seebeck coefficient of each film is obtained (see Section 3.2.1). Figure
6.5 shows the Seebeck coefficient of the PEDOT:PSS thin films as a function of the

DMSO concentration at room temperature.
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Figure 6.5 Seebeck coefficient of PEDOT:PSS films as a function of DMSO

concentration.

By inspection of Figure 6.5 it is possible to verify that the Seebeck coefficient is
slightly affected by DMSO concentration, remaining almost constant as a function of
DMSO concentration. Previous works reported contradictory behaviors of the Seebeck

coefficient due to the solvent concentration, i. e., Luo et al. and Yee et al. observed a
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slightly reduction as a function solvent concentration while Kim et al. verified an
improvement of the Seebeck coefficient [103111.123.127]

Using the Seebeck coefficient and electrical conductivity we derive the PF of the
PEDOT:PSS thin films as a function of DMSO concentration, which is presented in
Figure 6.6.
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Figure 6.6 PF of PEDOT:PSS films as a function of DMSO concentration.

In our measurements the maximum value of PF is 12 pW/mK?2, which is reached
at 8% of solvent. This value is lower than the one reported by Luo et al. In their case the
optimized power factor by DMSO addition of 5% is 18.2 pW/mK? while it increases to
30.1 pW/mK? for the film with DMSO post-treatment. This difference is mainly caused
by the values of electrical conductivities attained in our work that are 2 times lower than
the electrical conductivities obtained by Luo et al. (see Figure 6.4) 1231,

Next, the in-plane thermal conductivity of the PEDOT:PSS samples doped with
DMSO were determined by the 3w-Volklein method. Figure 6.7 shows the in-plane
thermal conductivity of the several doped PEDOT:PSS films at 300 K.
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Figure 6.7 In-plane thermal conductivity of PEDOT:PSS films as a function of DMSO
concentration. The errors are calculated from the uncertainty in the sample thickness.

There is a clear reduction of k; by DMSO addition of 2% and 5% and a rise when
the DMSO concentration reaches 6.5% and 8%. In previous works, k; of the PEDOT:PSS
thick samples show a linear trend with increasing doping 4. In those measurements, the
lattice contribution remained constant and the linear increase of k; was attributed to the
electronic carriers. In fact, the increase was shown to obey the Wiedmann-Franz law
(Equation 2.17). Our measurements of k; in very thin films show a remarkably different
behavior, as shown in figure 6.7, with a 6-fold variation of k;, and a minimum at an
intermediate doping level.

In another study with post-treatment, Kim et al. reported that the out-of-plane
thermal conductivity of PEDOT:PSS thin films was reduced due to the removal of PSS
chains. This reduction can be associated to the increase of van der Waals bonding with
respect to covalent bonds as PSS is removed. Since PSS chains are larger than PEDOT
molecules removal of PSS leads to more vdW interactions. The efficiency of heat
transmission depends heavily on the strength of the bonding with weaker bonds leading
to more inefficient heat transfer between molecules/chains 28], Therefore, PSS reduction

results in a decrease of the thermal conductivity 131,

118



In contrast in our case, the PEDOT:PSS ratio remains constant. Nevertheless,
DMSO acts as a structural dopant that enters into the PEDOT:PSS chains and allows a
reorganization of the PEDOT molecules, partially insulating the PSS chains, what may
produce variations of the lattice contribution of k, 125132,

If we consider that the Wiedemann-Franz law is valid, the electronic contribution
of k; can be calculated. Then, subtracting the electronic contribution from the total in-
plane thermal conductivity, the lattice contribution is readily obtained. The electronic
contribution increases as a function of the DMSO concentration in the same way as the
electrical conductivity, while the lattice contribution decreases reaching a minimum value
at a DMSO concentration of 5% to increase again for higher doping levels. The change
in Kiatice is remarkable since at 5% reaches an outstanding low value of 0.15 Wm?K
while at 8% increases to 1.48 Wm™K*, While we do not have yet a clear microscopic
picture of the changes in chain conformation of the PEDOT:PSS with DMSO addition,
we suspect there is an enhanced corrugation of the chains that impedes thermal flow in

the parallel direction.
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Figure 6.8 Lattice and electronic contribution of the in-plane thermal conductivity of
PEDOT:PSS films as a function of DMSO concentration. The errors are induced by the

uncertainty in the sample thickness.

Using the thermoelectric parameters independently measured: Seebeck

coefficient, thermal and electrical conductivities, a full thermoelectric characterization of
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the PEDOT:PSS films as a function of the DMSO concentration has been realized at
300K. The ZT values of the PEDOT:PSS films as a function of the DMSO doping level
are presented in Figure 6.9.
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Figure 6.9 ZT of the PEDOT:PSS films as a function of DMSO concentration.

The reduction in the in-plane thermal conductivity of the PEDOT:PSS films
caused by DMSO doping plays an important role in the ZT value, since the Seebeck
coefficient is nearly constant, the electrical conductivity increases for all doping level
whereas the thermal conductivity is reduced at 2% and 5%. Therefore, the sample at 5%
of DMSO concentration reaches a ZT value of ~6 x 1073, 3-fold larger than values at
other doping levels. As discussed earlier the goal of this chapter was not to obtain a
polymer with a high ZT but rather to highlight the importance of measuring the in-plane
thermal conductivity to obtain real values of the figure of merit in the direction parallel
to the substrate. Many authors use in-plane Seebeck and electrical conductivities and
cross plane thermal conductivities to infer ZT. This is the case of the work of Luo et al.
that assume a very low value of the thermal conductivity of PEDOT:PSS
k=0.17 WmK™ [2%] ‘pased on previous measurements by Jiang et al. (331,
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6.4 Conclusions

We have verified the applicability of the 3w-V06lklein method to determine the in-
plane thermal conductivity of polymeric thin films. We believe this technique may fill the
gap that existed up to now enabling faster, easier and more precise and direct
measurements since the 3w-VOlklein technique directly measures the thermal
conductance. Other techniques measure thermal diffusivity and rely on the density and
heat capacity to obtain the thermal conductivity of the material. In addition, in other cases
the value of k is used to estimate the in-plane conductivity assuming a standard value of
the anisotropy ratio that may not be appropriate for each specific material yielding
incorrect values of the figure of merit. Our results show that the thermal conductivity
obtained for the reference samples are in very good agreement with previous literature
data.

Besides that, we have demonstrated that the technique is very sensitive to
variations in k; induced by secondary doping. In particular, the addition of DMSO
significantly influence the thermoelectric properties of the PEDOT:PSS thin films. The
Seebeck coefficient, electrical and thermal conductivities were measured as a function of
DMSO concentration. In agreement with previous data, the Seebeck coefficient remains
almost constant as a function of DMSO concentration and the values of electrical
conductivity obey a logarithmic function, increasing the electrical conductivity as the
DMSO concentration increases. However, the in-plane component of Kiatice Of the
PEDOT:PSS thin films does not obey a linear behavior as a function of the doping level
as reported in previous work for thicker layers. The possible reason to the reduction of
the in-plane Kiaice is the separation of the PEDOT and PSS molecules caused by the
DMSO, that can heavily impede the heat flux in parallel direction with the addition of 5%
of solvent.
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7. Conclusions

This thesis follows the tradition of previous PhD works at GNaM trying to
combine the development and/or application of new techniques or devices together with
a strong interest in the materials characterization and development. In this thesis, we have
studied the thermal transport and thermoelectric properties of variety of thin film
materials ranging from organic polymers to inorganic semiconductors. The 3w-V0lklein
method has been shown to be a reliable tool to measure the in-plane thermal conductivity
of organic thin films opening an interesting avenue for such type of measurements that
up to now were scarce in the literature because of the inherent difficulty to carry out
precise measurements. In addition, a homemade measuring system including devices to
measure the thermopower, as well as the electrical conductivity were designed, fabricated
and tested along this thesis. Several microthermoelectric devices on-purpose designed
and microfabricated to incorporate thermoelectric legs of a variety of materials were also
developed along this work. It is worth to note the effort spent in building and
characterizing a photothermoelectric device based on n and p-type Si thin films.

The use of the Si-based U TEG as photosensor was reported. The low thermal mass
of the sensing zone, together with the high thermal insulation caused by the reduced
thickness of Si allowed to obtain a sensor with quick response time and excellent
responsivity of 13 V/W. During these measurements an unexpected enhancement of the
Si thermopower apparently caused by the generation of photocarriers was evidenced. In
this way, a study of the simultaneous effect of photovoltaics and thermoelectric
phenomena and its influence on the Seebeck coefficient was undertaken. For this purpose,
a new device with a better temperature profile was designed and microfabricated to
guarantee better and more reliable measurements of the Seebeck coefficient. Several
experiments using a focused laser beam that locally heats the thermoelectric materials
besides generating a huge amount of photoinjected carriers were performed. Those
experiments demonstrated a variation of the thermopower up to around 10% for the
p-type Si thermoelectric legs under illumination. The experimental study was
complemented by Finite Element Modelling simulations that indicated the existence of a
pure thermal effect that leads to a voltage offset due to charge accumulation. However,
no variation of the thermopower is obtained in the modelling data. Overall, this study
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shows that the photoinjected carriers and the generated temperature difference do play a
key role in the observed enhancement of the thermopower. One possible reason of the
variation of S could be related to a phonon drag effect that is more effective with the
heavier majority carriers (in the p-type material) leading to an unbalanced in the charge
distribution and charge accumulation at the contacts.

An important effort has been dedicated to try to produce thin films of pure
MgAgSh alloys, since these materials have been already synthesized in bulk form
showing high figure of merits. MgAgSh-based samples were deposited via sputtering
technique in order to obtain films with the desired stoichiometry and hopefully with high
ZT value as the bulk counterparts. The great advantage of this technique in relation to the
standard techniques used to fabricate those samples (mechanical alloying + sintering
and/or hot pressing) is its compatibility with microfabrication process and the
development of planar devices. Several MgAgSb thin films with a small amount of Ni
were morphologically, structurally and thermoelectrically characterized. Unfortunately,
is spite of the many runs and processed samples the desired single phase was not obtained
leading a low value of the Seebeck coefficient. In spite of this shortcoming, a planar
prototype thermoelectric generator was designed, microfabricated and tested paving the
way for future studies in other p-type thin film materials.

The applicability of 3w-VOlklein method to determine the in-plane thermal
conductivity of polymeric films was demonstrated. The in-plane thermal conductivity of
PEDOT:PSS reference samples were in very good agreement with values reported by
other authors in the literature. Moreover, the in-plane ZT of PEDOT:PSS films doped
with several DMSO concentration were measured. The Seebeck coefficient remained
almost constant, while the electrical conductivity showed a logarithmic behavior as
function of the doping level, similarly to other reports. On the contrary, the in-plane
thermal conductivity measurements did show some interesting and unexpected behavior.
The lattice component of the in-plane thermal conductivity of the thin films (around 100
nm) exhibits a pronounced minimum at around 5% of DMSO addition, in contrast to
previous data on much thicker materials (20 um thick) that follow a linear behavior with
the amount of DMSQO. The reason for the observed decrease is probably related to chain
misalignment and separation due to the interaction of DMSO with the PEDOT:PSS
chains. Therefore, a peak in the ZT value was obtained in PEDOT:PSS layers with 5% of
DMSO.
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8. Supplementary Information

8.1 FEM simulations

This simulation method consists in solving the system partial differential equation
(PDEs) on infinitesimal pieces of the geometry mesh. Using the meshed geometry, the
physical magnitudes are iteratively solved in the partial differential equations of the
simulated system. In general, when leading with very asymmetric structures, like ultra-
thin membranes where one of the distances (in that case the out of plane) is very different
to the rest, the mesh should be adapted to the most restrictive one to facilitate the solution
convergence stability. Unfortunately, in such structures it results into a highly dense mesh
that requires a large memory and computational demand to be solved. The strategy to
overcome such a limitation is to reduce the 3-dimensional problem to a 2D one, defining
a constant vertical thickness of the mesh and rewriting the PDEs.

In the problem presented here in, we have considered in a first instance the PDEs
of the heat transfer with in the plane of the sample, the Maxwell equation for electrical

evolution, including the thermoelectrical effects.

d,pCyuV T = V- (d,kuVT — pJ) + d,Q (Si.a)
V-] =0 (S1.b)

J=0E+]. (S1.c)

E=—VV (S1.d)

where d, is the term related to lumped, that in our case is the thickness of the
thermoelectric active layer, p is the density, C,, is the heat capacity at constant pression,
T is the temperature, k is the thermal conductivity, u is the velocity field, p is the Peltier
coefficient, J is the current density, Q is the joule heating, o is the electrical conductivity,

E is the electrical field, V is electrical potential.
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