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Abstract
Thermoelectricity is one of the simplest technodsgior thermal energy conversion. Moreover,
because of their relatively low efficiency, bulketmoelectric materials are generally used in
environments where their solid state nature outiaitpeir poor efficiency. Nevertheless, low
dimensional thermoelectric materials shed a lightorder to achieve higher thermoelectric
performance than their bulk counterparts via quanand spatial confinement of energy carriers.
The Thermoelectric figure of mer&T is the basic criterion for estimating the perfonoe of
thermoelectric materials. In this work, by way of extension of the Harman method to thin
films onto substrate to evalual it is shown that the solely presence of a sulestaffiects
significantly the intrinsic value of th&T independently of the electrical and thermal natfre
the substrate. Furthermore, the model unveils dsathe thickness ratio between substrate and
thin film increases, the paramef&r sharply tends to zero; this effect opens a seqooklem to
overcome by the thin film thermoelectric technolpg@gpecially at nanoscale. In this sense,
challenges in order to engineering planar thernobetedevices at micro/nanoscale are properly
identified.
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l. I ntroduction
Thermoelectric materials can generate electricalgpdrom heat, and use electricity to work as
heat pumps providing active cooling or heating. Tdve efficiency of devices based on common
bulk thermoelectric materials confine their apdii@as to niches in which their advantages in
compactness, environmentally friendly and free mesmiance outweigh its poor efficiency.
Although in the past the applications of thermoelecsystems were limited to niche
applications, now the motivation is different andhwsignificant improvements in thermoelectric
technology, interest in hot spot computer processbermoelectric cooling and waste heat
vehicle recovery systems is more widespread [hd?references therein].
Recent developments in nanotechnologies have lgdifisant ZT enhancement in two-
dimensional (thin films) and one-dimensional (namew) thermoelectric materials [3-8].
Low-dimensional thermoelectric materials accomphgiher thermoelectric properties than their
bulk counterparts via two mechanisms: quantum cenfient and spatial confinement of the
energy carriers. In the first approach an increafsé¢he thermopower can be obtained by
enhancing the density of states near Fermi leval quantum confinement; in the second
approach, phonons over a large mean free path reamgée effectively confined inside of the
thin film because thickness of the thin film becensenaller than phonon mean free path as well
as due to an increase of phonon scattering at lao@sdof material, hence resulting in the
decrease of the lattice thermal conductivity [9:-1h] any case, is clear that the fundamental
challenge involved in using thermoelectric devirsekighly related with the improvement of the
thermoelectric figure of merit of the materzl.
Recently, planar thermoelectric microcoolers andragenerators on flexible substrates are
being developed in order to be integrated in wdaraystems as well as to power up
autonomous microsystems; in such systems the eféécthe substrate nature on the
thermoelectric figure of meriZT is not taken in to consideration in the design loé t
thermoelectric device [12-15]. Instead, intrinsi@lues of ZT are reported for those
thermoelectric thin films and devices; howeverisitclear that in such systems the substrate
represent a problem because it is impossible toosiem thin film without substrate and
generally this substrate is hundreds of times #ridkan the thermoelectric film. Moreover,
depending on the electrical and thermal naturehef dubstrate it might represent a thermal

and/or electrical shunt for the thermoelectric tHim; as a consequence, an effective



thermoelectric figure of merit lower than the insic one is presented in the system, this effect
opens a serious problem to overcome by the thin filermoelectric technology, especially at
nanoscale.

To measure the thermoelectric figure of m&ft S°o 77k of a thermoelectric material a method
originally proposed by Harman is commonly used [16]the method, the specimen under test
must be a bulk thermoelectric material. A directrent| is then passed through it by way of
metal leads; as a result, a temperature differengeluced between the ends of the sample due
to the Peltier effect. In this technique the Jdwating generated on the sample is considered to

be equally distributed along the sample, thus ¢fffiect does not affect the Peltier temperature

gradient, therefore the rate of heat current dueeitier effect is given byjn =M1l , wherell

is the Peltier coefficient. In addition to the Ralteffect, a thermoelectric voltal§g, is generated
on the ends of the sample due to Seebeck effesttasn in figure 1, this Seebeck coefficient is

oV.
iven byS=—-1"
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The Peltier coefficientl and Seebeck coefficieBtare related by the Thomson relatibn ST,

hereT is the absolute temperature. By combining the aateeat current due to Peltier effect and

the Thomson relation, we get

Qn = ST (1)

In order to maintain the thermal equilibrium itnecessary that the rate of heat flow arising from

Peltier effectéI1 must be balanced by an equal and opposite rakeatf flow due to sample

thermal conductionQ, , then the rate of conduction heat current can Xpessed from the

Fourier law as

_ kAST
X

Equating equation (1) and equation (2), the stestaly temperature gradient along the specimen

Q, 2)
is
ST = STlox
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By combining equation (3) and the Seebeck coefficithe thermoelectric voltagé;, under

adiabatic conditions across the sample is defiryed b

S°TIx
V., = 4
T (4)
Besides, the isothermal voltage is given by
Viso = IR (5)
Therefore the total adiabatic voltage on the maltésigiven by:
STIx
Vao =Viso tVm = IR+ (6)
By applying some algebra and rearranging terms
2
Vo _q-77-50T @)
1ISO k

Finally, from equation (7) the experimental figuemerit ZT of bulk materials by the Harman

method can be determined by simply measuring tiebatic and isothermal voltages.

. Extended Harman method to thin films onto substrate
Case-1: In-plane ZT for thin film onto substrate
If the thermoelectric thin film be deposited on gubstrate, it is clear that the heat flow can flow
in the plane through two different parallel pathking the substrate and along the thin film, as
you can see in figure 2a and 2b. It means thaptigon of heat current in each material will
depend on their thermal conductivities, thus sorag pf the heat current will leak to the
substrate and therefore equation (7) is no longkd vo evaluat&T.
In this situation, the rate of heat flux by condaoictis given by
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Wherek;, A andks, As are the thermal conductivities and cross sectfonghe thin film and

substrate respectively. Under steady state equilibr conditionQ, =Q, the in-plane

temperature difference along the specimen is goyen
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Therefore, the thermoelectric adiabatic voltaggiven by
2
- STIX (10)
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Taking into account an electrical current flowihgaugh a parallel electrical path, the isothermal

voltage is given by

X
Ny =——"—— 11
%0 g.at, +o.at, (11)
Where o, t and o, ts are the electrical conductivities and thickneskesthe thin film and
substrate respectivelg,is the side of the sample.

Knowing thatV,, =V, +V;,and combining equations (10) and (11) as well gdya@m some

algebra then

ST SZTastts
o
|:\\;AD _1} = 7T = ft + tf (12)
ISO k, +k, = Kk, +k, =
tf f
Where from analysis circuit theory
o
S=S +——I|S. -S
f a_s + Uf ( S f)

Using equation (12) it can be obtained the effecEV from the experimental adiabatic and
isothermal voltages for a thermoelectric thin fittaposited onto substrate. It is clear that the
thermal and electrical conductivity as well as thiekness of the substrate affects Eievalue

of the single thin film.

In the event that the substrate is a dielectricenmlt then in the limit whens—0 equation (12)

reduces to

S*To
{VAD —1} =zT=— " (13)
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Equation (13) gives th&T for a thermoelectric thin film onto dielectric sifate; it can be
observed that corrections can be done if the thecorauctivity and thickness of the substrate
are known.

Case-2: Cross-plane ZT for thin film onto substrate

On the other hand, if the thermoelectric thin fibe deposited on the substrate, it is clear that the
cross-plane heat flow can flow through only onenpalong the substrate-thin film system, as
you can see in figure 3a and 3b. It means thatptréon of heat current in each material is
exactly the same and it will not depend on theertial conductivities. Nevertheless, the
temperature rise generated on the substrate witedsed the total temperature rise generated on
the thin film; as a consequence equation (7) ilonger valid to evaluat&T in such system.
Similarly, by simple energy balance as shown pmesly it can be demonstrated that the

effective thermoelectric figure of me#il for cross plane configuration system is given by

t
, STo, =
{VAD _ 1} = 7T = STo, + b (14)
V|so kf.,_kfﬁti ks+ksﬂt73
s °f Js tf

where from analysis circuit theory = S, + S..

It is clear from figure 3 that in this configurati@ is necessary a conducting substrate in oaler t
measure the adiabatic and isothermal voltagesdardo obtain th&T by Harman method. In
this case as expected, the thermal conductivitythioiness of the substrate influence the value
of ZT.

1. Modeling and Experimental Results
Figure 4 shows by way of modeling of equation (th) effect of the thermal conductivity of the
substrate on the figure of me&f of the Bi thin film when an in-plane heat flowagplied to
such system. From calculations, evidently the ggofrmerit for a Bi thin film with not substrate
is always constant, however if the same film isad#ied onto substrate it is clear from the figure
4 that the thermal conductivity of the substratéect the valueZT, for high thermal
conductivity substrates thiZT value is highly decreased (i.e. intrinsic silicenbstrates).

Conversely, when the thermal conductivity of thbsttate tends to decrease, the effeciVef



the system goes to high values; therefore low theroconductivities substrates benefit the
effectiveZT of the system.

In addition, from the same figure 4, we can se¢ tha thickness ratio between substrate and
film (X= tdtr) plays an important role on the effective valueZdf for example if we deposit a
100nm Bi thin film onto 50@m Si wafer the thickness ratio X will be 5000, thusan be seen

in the figure that the effective value BT is highly effected and the system behaves likera n
thermoelectric system and it seems to be almostpieaident of the thermal conductivity of the
substrate. On the contrary, if we decreased tlo&rbss ratio to 50, the silicon substrate system
does not experience significant changes; howewertleermal conductivity substrates such as
SiO, or Kapton benefits highly the effectivd of the system for the same thickness ratio.

Figure 5 shows the effect of the electrical conhtgtof the substrate. As example we model
equation (12) for three different level of dopinf S substrates. It is clear from figure 5 that
highly doped substrates tend to slightly incred&seZ{T of the system, this improvement of the
ZTis mainly due to the reduction of the thermal agivity of the substrate because the doping
rather than the electrical conductivity. It is wiglenown that doping of semiconductors increase
their electrical conductivity but decrease theerthal conductivity because phonons are highly
scattered due to dopant atoms [17].

In order to prove the corrections suggested by temugl2) to the Harman method we have
measured th&T values for a 500nm Bi thin film deposited onto coencially available 2&m,
50um, 75um and 125m Kapton sheets, with these values with get a B0, 150 and 250
thickness ratios respectively. Bi thin films wergpdsited by e-beam evaporation from Bi pellets
onto commercially available four different thickselsapton sheets. The adiabatic voltage was
measured with the Keithley 8221 Nanovoltmeter bglypg a 10mA dc current by using the
Keithley 6221 AC/DC current source. Moreover, teethermal voltage was measured with
SR830 lock-in amplifier by applying 10mA and 10Hmare wave (AC) by using the Keithley
6221 AC/DC current source.

To avoid heat conduction losses, a low thermal gotidty wire was used for wiring the
sample. Thus, four Manganin wires oftB0 of diameter and 10cm length were attached to the
samples with silver paste in a four point configlara Next an AC squared wave current is
applied during about 30 seconds and the isothevoitdge is measured, then the AC current is

suddenly switched to a DC current during 30 secas the adiabatic voltage is measured.



By using this data the experimental effect&Bis obtained. All measurements were carried out
at room temperature range (300 K) in a vacuum cleamb5X10° mbar to minimize convection
heat losses.

ExperimentalZT results are presented in figure 6 as red star elgnBolid black line represents
the modeling of equation (12) for dielectric subs#s (i.ecs=0), and the constant blue solid line
represents the expected value for the film withsuibstrate. Evidently, the thinnest substrate
shows the bedT value. In general, as the substrate thicknesgasess th&€T value decreases.
This figure 6 clearly unveils the problematic tif@tes the thin film thermoelectric technology,
especially at nanoscale. In low dimensional systefmthe order of nanometers the thickness
ratio could be very large; for instance, a therrackic thin film of ten nanometers deposited
onto a standard 5Q@n Si substrate will have a thickness ratio of 50a00s independently of
theZT value of the film surely its effectiv&T value will be very close to zero.

Table 1 shows the experimental data Zar Also corrected data are shown according to the
corresponding corrections suggested by equatiop I average value of the four corrected
measurement givesZ=0.137, which is close to the 0.152 predicted vétuesquation (13) for

a Bi thin film without substrate.

Moreover, if the heat flows through system in tihess-plane direction; according to equation
(14) the use of conducting substrate is absolutegessaryss#0, and therefore dielectric
substrates with low thermal conductivity do not éferthe ZT value as shown previously in the
case of the in-plane heat flow system.

Nevertheless, electrical conductivity of the suitstin such systems plays an important role; for
instance, in pure metals the conditieg~o does not exist rather they obey the Wiedemann-
Franz law defined as/k=LT where 1=2.45x10° WQ/K? is the Lorentz number. Therefore, the
second term in equation (14) does not tend to aedbit can contribute or not to increase e

in such systems, mainly depending on the sign efSkebeck voltage. Bi presents a N-type
Seebeck coefficient, in this case a P-type sulestsgt reduce the effectiv&€T, however a N-
type Seebeck coefficient substrate will increasedtfiectiveZT of the system. In figure 7 it is
shown the modeling of a Bi thin film deposited oat®-type metallic substrate as well as a N-
type highly doped Si substrate. It is clear frogufe 7 that a highly doped Si substrate benefits
to the effectiveZT value because Seebeck voltage of doped Si is bitpgem any metallic

substrate (i.e. Al or Cu), therefore this playsfanor of the effectiveZT of the cross plane



configuration. Moreover, in figure 7 also is obssivthat low thickness ratios (very low
thickness of the semiconducting substrates) couftove and even overcome the maximdim
value for the Bi thin film without substrate; thssdue to significant Seebeck voltage present on

the semiconductor help incread€as explained above.

V. Conclusions

We have demonstrated by way of a modified versibthe Harman method the problems to
overcome in order to keep unaffected the thermérddigure of merit of planar devices.

The model takes the effects of the thermal andr&dat nature of the substrate into account, as
well as its thickness. Experimental results aresistent with the modeling and they show that
the solely presence of a substrate affects sigmiflg the intrinsic value of the figure of merit of
the film independently of the substrate nature.étineless, conducting thick substrates decrease
more significantly th&ZT value than dielectric thin ones in the in-planefguration but not in

the cross-plane. Furthermore, the model unveilsabahe thickness ratio between substrate and
thin film increases, the paramef&r sharply tends to zero; this effect opens a sefqoobklem to

overcome by the thin film thermoelectric technolpggpecially at nanoscale.
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Figure Captions

Figure 1. a) Thermoelectric and b) Thermal assumedels for the analysis of the Harman

method of bulk materials.

Figure 2. a) Thermoelectric and b) Thermal assumedels for the in-plane analysis of the

thermoelectric thin film deposited onto substrate.

Figure 3. a) Thermoelectric and b) Thermal assumedels for the cross-plane analysis of the

thermoelectric thin film deposited onto substrate.

Figure 4. Modeling of equation (12) [ZT w#d for a Bismuth thin film deposited onto different

thermal conductivities substrates.

Figure 5. Modeling of equation (12) [ZT vgitd for a Bismuth thin film deposited onto different

electrical conductivities substrates.

Figure 6. Experimental results of ZT w#;t, for a Bismuth thin film deposited onto different

thickness of Kapton sheet substrates.

Figure 7. Modeling of equation (14) [ZT w#d for a Bismuth thin film deposited onto different

electrical conductivities substrates as well afed#ht type of Seebeck voltages.

Table Captions

Table 1. Experimental and correct&tvalues for a Bi Thin film deposited on kapton foil



Table 1

Thicknessratio Effective ZT Corrected ZT
(tdty) (experimental data)
50 0.0844 0.161
100 0.0595 0.128
150 0.0532 0.135
250 0.0401 0.127
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Highlights

Extended Harman method to evaluate ZT of thin fiom& substrate is presented.
ZT of thermoelectric thin films is strongly affedtéy substrate’s nature.

Thin dielectric substrates are desirable to holdrZih-plane configuration.
Film/substrate thickness ratio play important rhethe device performance.
Challenges to engineering planar thermoelectricogsvare properly identified.



