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The main goal for this project was to design, manufacture and evaluate a
thermoelectric cooler, TEC, prototype. One of the biggest challenges with TECs is
that they need to be very reliable and have a long lifetime. The two biggest
contributing factors to degradation and breakdown stem from thermal expansion
mismatch, resulting in cracks, and from material diffusion between the thermoelectric
material and connecting materials.
The thermoelectric material in this case is Bismuth telluride, Bi2Te3, obtained from
two suppliers.
The thermoelectric cooler prototype was successfully manufactured. The prototype,
which consisted of 38 thermoelectric elements, showed a maximum temperature
difference of 65.1 degrees Celsius. A commercial TEC of the same size had a
maximum temperature difference of 68 degrees Celsius.
The figure of merit and grain size of p- and n-doped Bismuth Telluride from two
different suppliers have been measured as means of testing the thermoelectric
material prior to manufacturing, and to compare the suppliers. In this report, the
figure of merit is a measure of how well a material converts electrical current to a
heat gradient. The figure of merit for bismuth telluride, Bi2Te3, from both suppliers
was found to be between 0.4 and 0.8 through the Harman method.
Since studies show that smaller grains for Bi2Te3 result in a more durable material,
the morphology was investigated. However, no grains could be observed with light
optical microscopy with an applied etchant, or scanning electron microscopy. A
cohesion tape test showed that Bismuth telluride from one of the suppliers is more
fragile than the other.
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Termoelektrisk kylarprototyp baserad på vismut-tellurid och
utformad för rymdtillämpningar
Viktor Karlsson
Termoelektriska kylare, även kallade Peltier-element, omvandlar elektrisk energi till ett
värmeflöde. Den ena sidan av kylaren blir varm medan den motsatta sidan blir kall. Detta sker
tack vare de ingående materialens termoelektriska egenskaper. Termoelektriciteten upptäcktes
på tidigt 1800-tal och visar sig som tre likartade effekter: Thompson-effekten, Seebeck-effekten
och Peltier-effekten. Alla termoelektriska material och termoelement uppvisar dessa
egenskaper och kan användas både som kylare, värmare och generator beroende på hur de
appliceras.
Vid en pålagd elektrisk spänning fås en temperaturskillnad som kan användas som en
värmekälla eller kylare. Om elementet istället utsätts för en temperaturskillnad kommer det
omvänt, att alstra en elektrisk spänning som genererar ström, dvs. en generator. Termoelement
används till exempel i minikylskåp, luftkonditionering och som generatorer på bilars
avgassystem där spillvärmen utnyttjas.
En stor nackdel med termoelement är deras låga effektivitet, vilket gör att de sällan används
som vardagliga kylare. Däremot vibrerar inte termoelement, är kompakta, lätta att styra och
blir effektivare i vakuum. Detta har gjort dem populära i rymdindustrin där vibrationer kan störa
sensorer och temperaturen måste hållas exakt. Inom denna industri är det viktigt att ha en lång
livslängd eftersom det är svårt att reparera eller byta ut komponenter. Den huvudsakliga
orsaken till begränsad livslängd idag är de inre spänningarna som uppstår av den termiska
längdutvidgningen då ena sidan är kall samtidigt som den andra sidan är varm. Dessa inre
spänningar orsakar sprickor i kontakterna som dramatiskt försämrar effektiviteten genom en
förhöjd resistans. En annan faktor som påverkar livslängden, även när termoelementet ej är i
bruk, är diffusion mellan det termoelektriska materialet och anliggande material.
Huvudmålet i denna studie var att konstruera, tillverka och utvärdera en termoelektrisk
kylarprototyp för rymdtillämpningar. Utöver detta har det termoelektriska materialet
vismut-tellurid, som prototypen baseras på, från två olika leverantörer utvärderats med
avseende på dess figure of merit, ZT, och kornstorlek. ZT är ett värde som används till att
beskriva hur bra både termoelement och termoelektriska material omvandlar elektrisk energi
till värmeskillnad. I denna rapport talas det endast om det termoelektriska materialets ZT.
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Vidare har relevansen av kontaktresistansen utvärderats genom en litteraturstudie, såväl som
en metod att mäta den.
Prototypen består av 38 termoelektriska element och är lika stor som en kapsyl. Den kan
generera en maximal temperaturskillnad på 65,1 oC vid en pålagd ström av 5 A vid 3 V, när den
varma sidan hölls konstant vid 27 oC i vakuum. En kommersiell termoelektrisk kylare av samma
storlek, dock med okänt antal termoelement, genererade en maximal temperaturskillnad på
68 oC vid en pålagd ström av 6 A vid 15,2 V. Det största problemet vid tillverkningen av
prototypen var att kopparplattorna som vismuth-telluriden var kopplad till, samt keramen som
ska ge en bra värmetransport, gick sönder när de frästes ut till önskat mönster. Ett alternativ
hade varit att deponera elektrodmaterial med en mask för att minimera fräsningen, eller att
använda en annan deponeringsmetod.
De elektriska spänningsmätningarna som utfördes för att få fram ZT varierade mycket på grund
av kontaktlödningens varierande kvalitet. Detta medverkade till att även den uppmätta ZT
varierade, och mättes med Harman-metoden till 0,4 – 0,8 för elementen. I detta stadium är inte
uppställningen som användes att lita på, men den visar potential för vidareutveckling.
Kornstorleken skulle fastställas då studier visar att mindre korn skall resultera i starkare
vismuth-tellurid. Det gick dock inte att se några korn varken i ett ljusoptiskt mikroskop, trots att
etsmedel applicerades med olika metoder, eller med ett svepelektroniskt mikroskop. Ett enkelt
kohesionstest med tejp visade att vismut-telluriden från den ena leverantören var ömtåligare
än den andra.
Kontaktresistansen har ingen påtaglig inverkan på en termoelektrisk kylare av storleken
utfärdad i denna studie. För att kontaktresistansen ska orsaka en skillnad på kylarens effekt
måste termoelementen i kylaren vara kortare än 2 mm. Detta är för att bulkresistansen orsakad
av termoelementen i sig i annat fall blir så stor att kontaktresistansen inte märks av. Det
vanligaste sättet att mäta kontaktresistansen på är The Transfere Lenght Method.
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1 Introduction
Part of the thermoelectric effect was first discovered in 1823 by Seebeck, who noticed that a
compass needle was deflected if placed close to a loop consisting of two different conductors,
when one of the junctions was heated [1].
Applications of thermoelectric coolers, TECs, based on this effect, in the space industry
currently include cooling of low-noise amplifiers, star trackers and infrared sensors. Apart from
the space industry, TECs were mostly used in specific situations in laboratories before the
1990s. After the 90s, they started to take place in consumer products like mini-refrigerators, air
conditioning, and in night vision devices for marine use. [2]
The biggest disadvantage of TECs is their usually low efficiency. Most of them have an efficiency
of less than 5% [1]. The main advantages of TECs are that they operate silently and without
mechanical movement, which means there are no vibrations and that they are simple and
compact [3]. A more specific advantage in space, is that the efficiency and reliability of a TEC
increase in vacuum [4].
TECs are designed so that the thermoelectric material is located between two plates of the
same ceramics, in a double sandwich configuration, figure 1. The thermoelectric material is
usually divided into small legs to both reduce the thermal stresses generated from the large
temperature difference and to reduce the current necessary to operate them. The legs are
coupled together in series with an electrical conductor, using pairs of legs with alternating
positive and negative Seebeck coefficient to receive a net heat gradient over the assembly. This
is achieved by alternating p- and n- doped thermoelements. Doping can in addition increase the
TECs performance by increasing the electrical conductivity [3]. The conductor pads and
thermoelectric legs (2-3 in figure 1) are soldered together. To be able to solder and get good
wettability, there needs to be a wettable metallic layer in contact with the solder instead of the
ceramic and thermoelectric material. This means that apart from all the visible parts in figure 1,
there is also a thin metal layer between the thermoelectric material and the conductor.
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Figure 1. Cross-sectional sketch of a TEC. The red and blue plates (1) are ceramic heat spreading substrates, the grey columns (2)
are the p- and n- doped thermoelectric material, and the yellow parts (3) are the conductor connecting the thermoelectric
material. Magnified contacts to the right, with solder and metal layer..

The thermoelectric material in this project is Bismuth Telluride, BT, the ceramic is Shapal and
the conductor is copper.
The issue with TECs in the space industry today, is the need for a long lifetime and reliability.
The main reason for TECs breakdown is a decreasing figure of merit that stems from an increase
of the electrical resistance, which causes resistive heating. The increased electrical resistance
stems from cracks and cavities that occur in the solder interface between the thermoelectric
material and the ceramic as a result of thermal cycling. Barako et al. showed that when the cold
side of the TEC is held at 23oC and the opposite side is cycled between -20 and +146oC, the ZT is
reduced by 20% after 40 000 cycles and by 97% after 45 000 cycles [5]. The reason for this might
be the difference of thermal expansion coefficients of the layers involved in the contacts. This is
more problematic for thermoelectric generators but also affects the lifetime for TECs [6].
Another effect that decreases the figure of merit is the diffusion between the metallization, BT
and solder. Yet another thing that affects the TECs lifetime and efficiency, is the contact
resistance. In the sense where contact resistance is the resistance that arises when two
materials connect to each other, it is stated in Ω, but is more usually presented as contact
resistivity which is in Ωcm2. The contact resistivity is more relevant since it does not depend on
the contact area and, hence, is easier to compare with other contacts. The Specific Contact
Resistivity will be referred to as SCR. The relevance of SCR in this project arose from the metalBT contact, since all the other contacts are metal-metal contacts which have a low SCR. The
contact metal should have a low SCR and be a good diffusion barrier.
The main objective of this project is to design, manufacture and evaluate a prototype of a
thermoelectric cooler aimed for space. This will be accomplished by conducting a literature
study to see what has been done, and choosing optimal manufacturing techniques from the
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findings. Furthermore, a literature study will be carried out to determine the importance of the
contact resistivity, as well as to find a method to measure it.
Another objective is to evaluate the thermoelectric material as it arrives from the suppliers.
This task consists of both choosing what material parameters to evaluate and to implement the
corresponding methods, bearing in mind that it must be relatively straightforward and
manageable in a day to day setting. This task leads to the definition of two different suppliers
grain size, which is examined by scanning electrical microscope, SEM, and light optical
microscope, LOM, mechanical properties by a scotch tape test, and the figure of merit which,
will be measured with the Harman method.

2 Background
2.1 Thermoelectricity
Thermoelectric materials have properties that couple heat with electricity. Electrons and holes
carry heat away from the cold side, creating a temperature difference. Likewise, if a
temperature difference is applied over the device, higher-energy holes and electrons will
migrate to the cold side, creating an electrical voltage difference.
There are three thermoelectric effects: the Seebeck effect, the Peltier effect and the Thompson
effect.
The Peltier effect is when a current passes through a junction of two dissimilar conductors and
heat is generated or absorbed in the interface. This effect is used in a TEC. The Thompson effect
is when current goes through a homogenous conductor with a heat gradient, either generating
or absorbing heat, depending on which direction the current goes. The Seebeck effect says that
if there’s a thermocouple composed of two different conductors exposed to a temperature
difference, it will induce a voltage across the junction. Unlike the Peltier and Thompson effect,
the Seebeck effect is not a result of an externally supplied current. Neither is it directly affected
by the Peltier and Thompson effects. However, if there’s no externally applied voltage to the
circuit, the Seebeck effect is the driving force to the Peltier and Thompson effect. The greatest
usage of the Seebeck effect is in thermoelectric thermometry. [7]

2.2 Figure of merit
To get good efficiency out of a product based on thermoelectricity, the material used needs to
have a large figure of merit. The figure of merit itself, Z, is measured in units per Kelvin, but is
usually presented as the dimensionless figure of merit, ZT, defined as,
3
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where S is the Seebeck coefficient, that relates how much voltage is induced in a material from
a temperature gradient, σ is the electrical conductivity, k is the thermal conductivity and T is
temperature in Kelvin [8]. ZT can both be a component parameter telling how well a TEC
transforms a voltage to a temperature gradient. This is often the case when a figure of merit is
presented for commercial coolers. ZT can also be a material parameter, which is the case for
this project.
A ZT of 1 is considered good, whereas most commercial products have a ZT of 0.7. The highest
ZT obtained for BT is 2.4 for a p-doped leg at 300 K [4]. However, experiments with
nanomaterials and thin films are increasing and might boost the figure of merit by decreasing
the thermal conductivity and increasing the electrical conductivity. BT is an alloy of
(Bi,Sb)2(Te,Se)3 that can operate at temperatures up to 520 K [9]. For applications at higher
temperature, lead telluride is used. This material can operate at a temperature up to 720 K [9].
The complicated part in obtaining the figure of merit is to measure the thermal conductivity
accurately since heat losses through connections and surroundings are hard to approximate
and minimize. One way to minimize heat loss, is to do the measurements in vacuum since this
eliminates the losses from convection. This difficulty has led to efforts to measure the ZT
without actually measuring the thermal conductance specifically, the most interesting of which
is the Harman method presented below. [10]

2.4 Harman method for measuring the figure of merit
Many “Z-meters” are based on the ability to measure the Seebeck coefficient, thermal
conductivity and electrical resistivity separately but simultaneously, and thereafter calculate
the figure of merit from those parameters. With that setup, the hardest part is usually to
determine the thermal conductivity accurately without any heat loss to the surrounding [11].
Another simpler process, based on the Harman method gives ZT directly as a potential ratio,
namely

<6 L

ˇ¯
ˇ—

,

(2)

where VT is the thermoelectric component of the response voltage, caused by the Seebeck
effect, and Ve is the electrical component of the response voltage [12]. The electrical
component’s response time is extremely short and undetectable compared to the
thermoelectrical voltage component. This means that VT can be seen as the residual voltage
4

directly after the supplied current has been turned off and Ve can be seen as the straight drop
of voltage, figure 2.

Figure 2. Harman voltage measurement on a thermoelectric material with an applied square-wave voltage. The black line is the
measured voltage and the blue line is the applied square wave voltage.

An important part in the Harman method is that the supplied current needs to be large enough
to provide a good voltage signal, but not so large that it causes a big temperature difference
from the ambient temperature and thermoelectric material. This is to avoid heat loss to the
surrounding [10].

2.5 Grain size
The crystal structure of BT can be seen as sheets, where the bonds between two of these sheets
consist mostly of week van der Waals bonds [15]. These weak bonds between adjacent planes
make the BT bulk fragile. Studies show that smaller grains result in less fragile BT [16].
A non-destructive method that could have been an alternative to LOM or SEM, would have
been the analysis of x-ray diffraction, XRD, peak broadening. There are various methods within
this method that take in account that the peak broadening relates to elastic strains and grain
size. Some of these methods are the Williamson – Hall [17], Warren – Averbach [18] and the
Scherrer [19] method.
A problem with these techniques is their accuracy. Several reports show different reliability for
different samples. Some measurements deviated by only 10 %, whereas others deviated up to
50% [20] when compared to SEM and transmission electron microscopy, TEM [21]. The main
deviation from grain sizes obtained from x-ray peak width measurements comes from the fact
that x-ray diffraction measures domains and not grains. A domain in this sense is grains of the
same type and orientation. These domains can sometimes have the same size as the grains, but
there might also be several grains in one domain. The best correspondence between grain and
domain is met when the sample consists of grains that are only a few micrometers big [22].
Measurements also get affected if there’s a lot of defects present in the grain. The mentioned
methods might work as relative measurements to see if the grain sizes from a supplier change
5

from time to time, especially if the grain size was first established with SEM or TEM and then
correlated to a XRD peak width technique.

2.6 Contact resistance
2.6.1 Effect of specific contact resistance.
The most commonly used metallization today, that also works well as a diffusion barrier is Ni.
Another reason why Ni is used is because of its low SCR between 10-6 to 10-7 Ωcm2 [23] if
sputter-deposited and 5*10-6 Ωcm2 [24] if deposited through electroless plating. Recent reports
state that sputtered Co could also be a suitable contact material since it has the same SCR but
also shows better adhesion and acts as a better diffusion barrier [25,26]. After post annealing at
200 oC for one hour, Ni and Co show an intermediate alloy layer of 460 and 20 nm, respectively,
which impairs the thermoelectric properties [24]. However, post deposition annealing at 100200 oC has also been proven to lower the SCR with a factor of 10 [27]. On the other hand, post
deposition annealing might also lead to grain growth and diffusion in the metal-BT layer.
Diffusion between the metal and BT layer will cause a thicker intermediate layer that creates
better adhesion but also worsen the thermoelectric properties, as well as make the contact
more brittle [26,27]. Another report shows that if the TEC is going to operate at temperatures
up to 200 oC, a Ni layer of 0.5 – 1 µm cannot effectively block diffusion [12]. Semenyuk et al.
show that a Ni layer of 3 µm was needed to avoid degradation from diffusion at a storage
temperature of 135 oC for at least 14000 hours [28]. The SCR can be lowered further by argon
sputter cleaning the surface prior to deposition to get rid of oxides and impurities [27].

2.6.2 Transfer length method for measuring the contact resistance
There are different methods to measure the SCR. The transfer length method, TLM, is most
commonly used, and is more accurate for thin films. TLM consists of a long array of contacts on
a base material with different distance in between. Current is fed through the array, and
voltage is measured between the different contacts to get different lengths of base material
between the measured contacts. It’s important that there are no contact pads between the two
that voltage is being measured at, since current might pass through them and extra contact
resistances are added. The measured resistances at different contact spacings is extrapolated to
give the SCR. Complications interpreting the experimental data primarily arise from three main
effects: Lateral current flow around the contacts, especially if the contacts are not as wide as
the sample, the contact resistance vary for every contact, and to make a correct extrapolation
of the experimental data to receive the SCR. TLM is based on the assumption of constant
electrical and geometrical contact parameters across the sample. This is rarely the case, and a
variation of 10-30% in the electrical or geometrical parameters causes an error in SCR of up to
100-1000%.[29] Another uncertainty is the distance between the contacts. This method might
even give negative results for resistivity. Measurement errors for TLM become large when the
6

SCR is reduced. Ueng et al. reported that measurement errors can be as large as 106% at a
resistivity of <10-7 Ωcm2 for nonoptimized TLM structures [27].

2.6.3 Specific contact resistivity in this project
No difference in cooling power could be seen for a TEC with a leg thickness of 254 µm, when
the SCR changed from 10-8 to 10-5 Ωcm2. However, a difference could be observed for a TEC
with a leg thickness of 13 µm, when the SCR changed as for the previous TEC [23]. Gupta et al.
state that SCR becomes significant when the thermoelectric leg is shorter than 2 mm [30].
However, it won’t hurt to try and lower the SCR by in situ cleaning prior to deposition, and post
deposition annealing. Post deposition annealing might also cause diffusion and grain growth,
which impairs ZT and lowers the durability. Attaining a method for measuring SCR precisely
when it gets lower than 10-6 Ωcm2 would be time consuming and difficult since the errors get
large at such a low SCR. Furthermore, the contact resistance should not change with time
except somewhat from diffusion. The SCR will affect the efficiency of the TEC but not the
lifetime remarkably.
Co hasn’t been studied and used in TECs as much as Ni, but result in similar SCR and acts as a
better diffusion barrier, which could prolong the lifetime otherwise limited by diffusion [25,27].

3 Experimentals
3.1 Prototype manufacturing
3.1.1 Cobalt coated bismuth telluride
Bismuth telluride cut into pieces of 2x2x3 mm, called legs in this report, was procured from two
different suppliers henceforth known as the Russian and Chinese suppliers. Since there are both
p- and n-doped BT legs from each supplier these will be referred to as Rp, Rn, Cp and Cn. 62 BT
legs (24Rp, 28Rn, 5Cp and 5Cn) were cleaned with fresh water in an ultrasonic bath at room
temperature for 2 minutes. This process was repeated three times. Every cleaning session was
repeated in fresh acetone and they were after this, blown dry with clean air.
Kapton tape (polyimide film tape 5413 amber, 3M) was applied to the long sides of the BT legs
by hand to protect them from unwanted coating. Plasma cleaning was done in situ prior to
sputter deposition at 70 W for 3 minutes at 10 mtorr. 250 nm cobalt was thereafter sputtered
on one of the short sides of the BT legs. Plasma cleaning and deposition were then repeated on
the opposite side with the samples upside down. The Kapton tape was then removed to finish
the preparation of the BT legs that would later be used for measuring ZT and to produce the
TEC prototype.
7

3.1.2 Conductor plates
Shapal top and bottom plates (Precision Ceramics, England), milled to shape, were sputter
coated with 20 nm TiW, 400 nm Ni and 50 nm Au in mentioned order. This was followed by a 40
µm thick Cu layer, deposited by electrodeposition (bright copper bath SLOTOCOUP TB 50”,
Schlötter). The stirred solution was held at 25 0C during the whole coating process, which was
40 minutes, and the deposition was made with a current density of 50 mA/cm2. The copper
layer was then patterned by milling with a 1-mm radius cemented carbide mill rotating at
25000 rpm which was fed at a speed of 2 mm/min.
3.1.3 Thermoelectric cooler assembly
Sn63/Pb37 solder paste (SN63PB37 No clean solder paste – 4860P, MG chemicals) was
dispensed by hand to the Cu conductor pads using a pressurized syringe. Cobalt coated BT legs
were then placed in p- and n-doped pairs on the pads, producing half of the series circuit. The
Shapal, BT and solder assembly were then placed with the Shapal downwards on a hot plate
which was heated to 180 0C to melt the solder paste. The second Shapal piece was soldered to
the already soldered assembly by, again, applying solder paste onto the conductor pads and
placing the new Shapal piece downwards against the hot plate. A total of 38 BT legs were
soldered to the Shapal, 19 legs of both the Russian n- and p-doped types. Copper wires were
finally soldered to the two input/output pads finishing the TEC manufacturing.

3.2 Thermoelectric cooler evaluation
The TEC was mounted with the to be hot side against a custom-made copper water cooling
block designed specifically for it. A thin layer of thermal paste (Electrolube, HTC01K) was
applied to the TEC’s hot side before it was mounted with two clamps to the Cu cooling plate.
The hot side of the TEC was kept constantly at 27 oC by a Julabo F30-C cooler connected to the
copper cooling block. A K type thermocouples was mounted to each side of the TEC to measure
the temperature. The one at the hot side was attached inside a drilled hole at the side of the Cu
cooling block and the other was placed on the cold Shapal piece of the TEC, figure 3. Both
thermocouples were attached with metal-filled epoxy (Casco). A four-point measurement setup
was connected to the TEC for current and voltage measurements, and an extra voltage
measurement over a known resistor of 70 mΩ was made to measure the supplied current.
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Figure 3. Measurement setup for the finished TEC prototype. Top view to the left and slightly from the side to the right. The TEC
is mounted with clamps (1) to a Cu cooling block (2). Red cables are Cu conductors (3), white and green cables are from the
thermocouples, one on the cold side (4), the other on the warm side, inside the Cu cooling block (5).

The supplied current was raised stepwise from 0 to 5 A by 0.2 A, and measurements were taken
after equilibrium had been reached for every step, which took 90 s from the start of each step.
This was done with a Velleman LABPS3005D power supply that was controlled by the program
LABPS3005D programmable DC powers supply v2.5. The voltage and temperature
measurements were made with an Agilent 34970A data acquisition/switch unit. All the
measurements were performed at room temperature, in a vacuum chamber kept at 3*10-8 bar.
The measurement series was conducted two times.

3.3 Sample preparation for grain size measurements
Three sets of BT legs of each dopant and supplier were cast into more easily handled forms with
epoxy prior to grinding, two set of legs aimed for LOM and the other set aimed for SEM. All the
grinding was done by hand stepwise from 320p, 600p, 1200p, 2000p up to 4000p sandpaper,
where higher number means finer grained sandpaper. Water was kept flowing on the
sandpaper during every grinding step. Less grinding was done with the rougher paper and
longer time with finer grains. The samples aimed for LOM were also etched in an etchant of 6
parts water (H2O), 1 part hydrochloric acid (HCl) and 2 parts nitric acid (HNO3) [31]. This etchant
was applied in different processes for different amount of time. One set of each dopant and
supplier was etched in an ultrasonic bath at room temperature. The Cp and Rp samples were
covered with a big droplet, Rn was rubbed with etchant soaked paper, and running etchant was
applied to Cn. All of these processes were stepwise applied and tested for 30, 60, 90 and 150 s,
when they were deemed over-etched. No etchant was applied to the samples studied in SEM.
The SEM model was Zeiss Ultra 55, and the LOM that was used had a phase shift filter.
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3.4 Measuring the figure of merit.
Four copper cables were soldered with Sn63/Pb37 paste (SN63PB37 No clean solder paste –
4860P, MG chemicals) to two BT elements of each dopant and supplier, except for Rn, from
which 6 samples were prepared. The Cu cables were soldered two and two on each of the small
sides where the cobalt had been coated, with a minimum distance of 1mm apart, figure 4.
Vacuum
chamber

BT

Figure 4. ZT measurement setup of BT. Sample, conductors and thermocouples within the vacuum chamber, everything else
outside the chamber. Four-point system with separate cables for measured voltage, V, and supplying current, temperature
measurements, T, to check the temperature difference.

A 20 mA current was supplied for 10 periods of 40 seconds with 75 seconds of no current. This
was done with a Velleman LABPS3005D power supply, and the voltage measurements were
made with an Agilent 34970A data acquisition/switch unit, which was set to measure the
voltage 11 times per second with 0.4 µV resolution and 1 power line cycle. The power line cycle
setting affects how well false voltage signals get canceled out. The ZT measurements were done
in vacuum with a pressure between 5*10-6 and 1*10-5 mbar. The temperature difference on
one sample was measured to ensure that the heat difference across the sample and ambient
temperature, which was room temperature, was <<1 K, and to determine which current gave a
good voltage signal without causing too big temperature difference. The K-type thermocouples
were attached with strong epoxy metal, Casco, and were only mounted on one of the BT legs to
minimize the heat loss from it for the other samples.

3.5 Non-optimized observed tape test
An unplanned tape test was observed while removing the Kapton tape from the BT after cobalt
had been deposited. 10 BT legs were placed with long sides adjacent to each other and were
wrapped with Kapton tape (polyimide film tape 5413 amber, 3M) around the remaining
exposed long sides, the tape was pressed against the surface with a tweezer. This meant that
the sticky part of the tape was in contact with the BT and not the coated Co, resulting in a
cohesion test. The tape was then removed with tweezers, striving to pull the tape orthogonally
10

to the BT surface. The tape had been sitting on the BT in room temperature for about one
month before it was removed.

4 Results
4.1 Figure of merit measurements
Two tests of both dopants and suppliers were made, except for Rn, that was measured 6 times
on different samples with the ZT measurement setup, figure 5. All samples showed a
thermoelectric effect, but the resulting voltage measured from the same supplied current
varied quite a lot. Especially for the Rp and Cn elements, figure 5 A and D. It can be seen from
Figure 5 that there’s a precise repeatability within each sample, even though the measured
voltages deviate between the samples with the same dopant and supplier. There is also a
residual voltage in the system when the supplied current had been turned off. This can be seen
in all the plots of figure 5, where the voltage starts at 0 V but then doesn’t return to 0 V before
all the cycles are finished.

A

B

C

D

Figure 5. ZT measurements of BT, six measurements on the n-doped Russian sample and two measurements on every other
dopant and supplier.

The data in figure 5 is used to calculate ZT through equation 2. The chosen Ve data are the
measured values before the supplied current was turned off and the chosen VT is the value
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measured after the current was turned off, figure 6A. One period was discarded as defective if
one of the measured data points was taken during the switch, figure 6B. The lowest measured
values between the cycles, for each sample, was substracted from VT and Ve to account for the
residual voltage.

A
Ve

VT

B
Test data point
during switch

Figure 6. Single current switches from figure 5. A is Cp 1, ninth cycle and B is Cn 1, fifth cycle.

Average ZT values together with maximum and minimum deviations calculated from the plots
in figure 5 can be seen in figure 7. The average ZT measurements vary at most 0.3 within the
same kind of dopant and supplier, which is the case for Cn.

Figure 7. Average ZT values calculated from data in figure 5, and max/min deviation for every sample.

The mean ZT values are between 0.4 and 0.82. Deviations from the mean value ZT
measurements are less than ± 12%. The temperature difference between the hot and cold sides
of the BT legs and the ambient temperature never exceeded 0.3 oC.
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4.2 Tape Test
The tape that was removed from the BT can be seen in figure 8. The shiny bits looking like silver
is BT that was left on the tape. Whereas there are almost no BT left on the tape from the
Russian samples, some bigger pieces can be seen on the tape removed from the Chinese
samples. The parts left on the tape were mostly edge pieces. No BT can be seen on the tape
that’s not adjacent to any BT edge. Some darker grey areas can also be seen on the tape, most
clearly in the Rp sample, figure 8. These darker parts are Co from the coating, not BT.

Figure 8. Tape removed from the Chinese and Russian BT samples. From left to right: Rp, Rn, Cp and Cn.

4.3 Prototype manufacturing
No flaking of the Co coating was observed when the Kapton tape was removed, or during any
other handling of the BT. Furthermore, the tape successfully protected the sides that were not
meant to be coated. Two copper pads were completely torn off the Shapal during copper
milling, with the TiW and Ni layer stuck to the copper. These pads had to be bonded back with
epoxy afterwards. Some pieces from the conductor pads were torn off as well, figure 9 A and B.
Misalignment caused some of the conductor pads to overlap with the Shapal holes, resulting in
parts of them to get removed during the milling process.

A

B

C

Figure 9. A are the Cu conductor pads on the two Shapal sides. B is one magnified Shapal side with solder on it and partly p- and
n-doped BT. C is the whole finished prototype. The red circle in C shows where a BT leg miss its contact pad, the circle in A shows
the corresponding contact pad before it was assembled.

In addition, some of the pads were smeared out as can be seen on the top right pads of figure 9
B. However, the Shapal was milled into the desired design except for some edges, especially
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around the holes that chipped off, figure 9A and C. The conductor pad design got rotated 900
relative to each other, causing the holes in the Shapal not to be aligned. Moreover, it can be
seen in the figure 9C that the encircled BT leg to the utmost right misses its contact a bit, and
even protrudes from the Shapal edge. However, this was because the corresponding contact
pad and Shapal edge adjacent to it had been chipped of during milling. This corresponding
contact pad is encircled in figure 9A. The assembly could still be soldered together to form a
series circuit and an operational TEC.

4.4 Prototype evaluation
The two prototype measurements showed the same result, figure 10, as follows. Both the hot
and cold side of the TEC prototype started at 27 oC. The lowest temperature reached on the
cold side was -31.2 oC, whereas the hot side reached 33.9 oC. This resulted in a ΔTmax of 65.1 oC.
The maximum temperature difference was reached at 5 A and 3 V.
4.0
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Figure 10. Voltage, and hot and cold side temperature versus current for the TEC prototype.

The biggest temperature difference achieved, per supplied, current is in the beginning. To
quantify: At 40% of the maximum current, 65% of the maximum temperature difference is
maintained, whereas the remaining 3 A (60%) account for 35% of the maximum temperature
difference.

4.5 Grain boundary
Small fissures can be seen in both the pictures of figure 11. They are fainter on the left, but
becomes clear on the higher magnification in the right picture. Most of the fissures in the left
picture of figure 11 runs vertically.
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Figure 11. SEM pictures of Rp.

Similar defects could be seen on the other samples, Appendix 1, but nothing resembling grains
could be seen in the SEM pictures. Neither could any grains be seen in the LOM study. The LOM
pictures look similar to each other and are represented by two pictures of the Cn BT sample,
etched for 3 minutes in ultrasonic bath, figure 12, for more examples, se Appendix 1. No Cracks
or cavities can be seen, only traces from the polishing and etchant as straight lines and stains,
respectively.

20 µm
100 µm
Figure 12. Cn etched in ultrasonic bath for 3 minutes.

All samples except for the one where etchant was applied by soaked paper showed similar
stains after etching without any visible defects.

15

40 µm

40 µm

Figure 13. The effect of applying etchant with etchant soaked paper on Rn. The left was etched for 60s and the right for 120s.

Figure 13 shows the effect of etchant applied by soaked paper on Rn. It removed much more
compared to the others, and show a more clearly selective removal bringing forth impurities, as
an etchant should. This can be seen on the traces from the polishing that have been etched
more than the rest of the sample.

5 Discussion
5.1 Figure of merit measurements
The residual voltage observed in figure 5 was most likely caused by a fault in the current
generator used, since the voltage was 0 V before the machine was turned on, and since after all
the cycles were finished, it dropped to zero faster than the previous periods reached stable
values. This can be seen in the very beginning and end of the plots in figure 5. This meant that
the voltage measurements had to be adjusted to the samples experienced zero voltage level,
meaning the lowest measured voltage between the cycles for every sample.
The different shifts along the x-axis are irrelevant, it only shows that the measurements were
started at different times relative to each other.
The big difference in measured voltage between the same samples might be because of the
varying quality of the contact soldering, since the contacts were soldered by hand.
Six samples were measured from the Rn BT to get a better understanding of the measurement
setups reliability, figure 5B. The Rn samples 3, 4 and 6 showed a similar voltage output, whereas
the other three differed quite a lot. This process for measuring ZT is at this stage not reliable,
but shows potential to be so in the future. It would become more reliable if the solder quality
could be made the same and a higher sampling rate could be reached to get a more precise
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value of VT. Another option would be to supply a larger current. Richard J. Buist states that a
supplied current that results in a temperature difference up to 4 oC across the sample suffice as
well [10].
The Chinese suppliers claim that their ZT is 0.8 – 0.9 for both the p- and n-type BT, whereas the
Russian supplier claims that their figure of merits are 3.0-3.1 (p-type) and 2.7-2.8 (n-type).
These values were conveyed through personal contact. The obtained ZT was closer to the
Chinese supplier’s values but differs a lot from the Russian supplier. The Russian values might
be questioned, considering that the highest ZT for BT found in 2014 was 2.4 at room
temperature [4]. Most literature ZT values for BT are between 0.7 and 1 [3].

5.2 Grain boundary
No grains or grain boundaries could be seen with SEM or LOM. This could be because the grains
were smaller than the SEM could resolve, or that the etchant wasn’t selective enough for the
grain boundaries. The elongated fissure-like areas in figure 11 are probably a result of
production since the Russian supplier stated that their BT had been produced through hot
extrusion. These fissures cannot be readily seen in the right picture of figure 11 since the
magnification is too high. All SEM pictures looks similar to figure 11 containing pores and cracks
indicating that all the BT samples might age similarly to each other. Grain sizes from other
reports vary between tens of nanometers to several micrometers depending on how much the
BT was doped and how it was manufactured [32, 33]. The etchant seemed to work partly as it
should because of the selective effect in figure 13. Material removal by the etchant was
increased because of the abrasive effect of the paper. It would probably have been better if the
other samples had also been cleaned with paper after they had been etched, to remove
etchant residues. Although the force of the paper proved to be too much on the sample
resulting in the lines that can be seen in figure 13. Cotton wrapped in paper could have been
preferable to only folded paper.

5.3 Tape test
Since there was solely BT beneath the tape, this was a cohesion test, and even though the tape
test was very simple and not optimized, it gives some indication of which supplier that
produced the less fragile BT. The Chinese BT might still be good enough and not affect the life
time. Still it makes it easier to handle the BT and the TEC if they have better durability. In this
project, big pieces of BT were left stuck on the tape, damaging some of the BT legs, rendering
them worthless for use in production. Unfortunately, it’s hard to see how much BT was left on
the tape from the Russian supplier, since the coated Co had similar color and also left its mark
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on the tape. It’s clear though, that the Chinese samples left more residues than the Russian
ones, and hence, were more fragile.

5.4 Prototype evaluation
The cooling of the hot TEC side during prototype evaluation was not optimal. It was supposed
to stay at 27 oC but rose 4.2 degrees above the set value. This probably affected all the values in
figure 10. If the hot TEC side would not have risen, it would probably have pushed down the
cold side even further, which in turn, would have slightly changed the values of Imax, Vmax and
ΔTmax. The temperature deviation at the hot side is also the reason that the voltage behaves
linearly to the current. It’s supposed to start linearly but then decrease the current dependence
slightly as the current rises [34]. Another uncertainty was that no measurements were made to
control the temperature in the vacuum chamber, which started of at room temperature but
could have changed due to the heat sources in the chamber.
When ΔTmax was reached, it meant that the ohmic heating and temperature migration from the
cold to hot side was large enough to cancel out any further thermoelectric effect. This, in turn,
means that if the total resistance of the TEC could be reduced, it would result in higher
maximum values. A commercial TEC with similar size (38x38x4.4 mm) and measured the same
way, although with an unknown number of legs, had a performance of: ΔTmax=68 oC, Imax=6 A
and Vmax=15. 2V [34]. The ΔTmax was 3 degrees higher than that of the prototype’s, but might
actually be even less if the hot side would have stayed at 27oC during the measurement. The
commercial TEC’s maximum current was 1 A higher and resulted in a voltage that was five times
as high as the prototype. This means that the prototype’s resistance is much lower than that of
the commercial TEC, although the number of legs have a big influence in that aspect as well.
Other commercial TECs show similar values [35].

5.5 Prototype manufacturing
The thickness of the Co coating on the BT was never verified after the coating, it was only
aimed to be 250 nm thick. What can be said about the Co layer though, is that it had adhesion
good enough for handling. A few nanometers of adhesion layer would probably not affect the
BT much through diffusion, but could increase the adhesion.
Even though all excess resistances benefits joule heating, which is a negative effect in a TEC, the
SCR does not have a considerable influence on the TEC that was built during this project. Mainly
because the TEC is not small enough for the SCR to have a considerable effect compared to the
BT bulk resistance.
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The TiW and Ni layer on the Shapal, on the other hand, did not have strong enough adhesion
and was torn off when the contact pads were shaped through milling. The milling should be
done at a reduced feeding speed, or a greater rotational speed. A mask during deposition
would produce the desired shape without milling but the thick Cu layer must be done through
some other means or it would take too long. Perhaps thermal spraying [36] could work for the
copper layer, or electroplating [37] after a masked deposition with nearly finished pattern,
which would minimize the required milling.
Furthermore, the conducting plates could be put closer together if a mask was to be utilized,
since separation wouldn’t be limited by the size of the milling tool. It’s important, though, that
the solder doesn’t connect two different conductor plates, causing short-circuiting. To avoid
this, it would be better to screen print the solder paste instead of applying it by hand.
The rotation of the conductor pads design made it so that the holes in the Shapal were not
aligned. These holes were meant to be used to align the conductor pads on top of one another,
as well as hold it in place on the cooler during the prototype evaluation instead of clamps. The
rotation was probably also the reason why some contact pads got positioned above the Shapal
holes and got milled away. It looks like the encircled BT leg in figure 9 C misses its contact pad,
which can be seen encircled in figure 9 A, but it is actually the contact that has been chipped off
together with the Shapal edge, making it look like the BT leg missed its contact when it actually
is part of the contact missing.

5.6 Future work
To improve the ZT measurement, a higher sampling rate should be achieved. Furthermore,
tests could be conducted with higher supplied current, a current that results in a temperature
difference up to 4 0C across the sample. A better solder quality would also make the
measurement better.
Milling the Shapal and Cu plates during prototype production, needs to be done at a higher
rotation speed and a lower feeding speed to avoid damage. Alternatively, the milling step
should be skipped or minimized altogether through masks and other deposition techniques.
Scratch tests, or tape adhesion tests, could also be made on the layer deposited on the Shapal
and metallization layer to see if additional adhesion layers are required, or if it’s better to work
with Ni instead of Co.
The most important future work, which was outside of this project, is a thermal cycling test to
see the TEC’s lifespan and reliability under operation, since failure mostly stems from thermal
stresses in the contacts resulting from thermal cycling. During this test attention should be paid
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to the TEC’s resistance, which changes the most and lowers the ZT during thermal cycling and
breakdown.
Another test relating to lifetime and reliability, is a diffusion test to see how the figure of merit
changes at a specific temperature over time, due to diffusion within the TEC. The thermal
cycling and diffusion tests, are the only tests that indicate the lifetime and reliability of the TEC.

6 Conclusions
The figure of merit, for all the leg types from the two suppliers were between 0.4 and 0.82 at 27
oC. No grains could be seen with LOM or SEM even with an applied etchant. An unoptimized
tape test showed that the Chinese supplier’s BT was more fragile than the Russian supplier’s,
this being the only indication that the Russian supplier’s pellets are preferable to work with. A
TEC prototype was successfully produced with ΔTmax=65.1 oC, Imax =5 A and Vmax = 3 V (with the
hot side held at 27 oC in vacuum).
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9 Appendix 1

Figure 1. SEM picture taken of Chinese n-doped sample.

Figure 2. SEM picture of Chinese p-doped sample.

Figure 3. SEM pictures of the Russian n-doped sample.
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100 µm

100 µm

Figure 4. Chinese p-doped sample. Left picture is unetched and the right is etched 3 minutes in ultrasonic bath.
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