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The Universal Influence of Contact Resistance on the Efficiency
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The influence of electrical and thermal contact resistance on the efficiency of a
segmented thermoelectric generator is investigated. We consider 12 different
segmented p-legs and 12 different segmented n-legs, using eight different
p-type and eight different n-type thermoelectric materials. For all systems, a
universal influence of both the electrical and thermal contact resistance is
observed on the leg’s efficiency, when the systems are analyzed in terms of the
contribution of the contact resistance to the total resistance of the leg. The
results are compared with the analytical model of Min and Rowe. In order for
the efficiency not to decrease by more than 20%, the contact electrical resis-
tance should be less than 30% of the total leg resistance for zero thermal
contact resistance, while the thermal contact resistance should be less than
20% for zero electrical contact resistance. The universal behavior also allowed
the maximum tolerable contact resistance for a segmented system to be found,
i.e., the resistance at which a leg of only the high-temperature thermoelectric
material has the same efficiency as the segmented leg with a contact resis-
tance at the interface. If, e.g., segmentation increases the efficiency by 30%,
then an electrical contact resistance of 30% or a thermal contact resistance of
20% can be tolerated.
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INTRODUCTION

Ensuring high efficiency for thermoelectric (TE)
power generators is important, both scientifically
and commercially. The inherent performance of a
thermoelectric generator (TEG) is determined by
the material properties, through the thermoelectric
figure of merit, ZT, which is defined as ZT = f—g,
where o is the Seebeck coefficient, p is the resis-
tivity, x is the thermal conductivity, and T is the
absolute temperature. However, a number of sec-
ondary effects can strongly influence the efficiency
of a TEG, most noticeably heat losses and thermal
and electrical contact resistances. As heat losses can
be avoided to some degree by proper insulation,?
contact resistance is seen as the limiting factor for
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construction of high-performance thermoelectric
modules. This is especially so for segmented mod-
ules, where two thermoelectric materials are joined
directly together to form a thermoelectric leg
capable of spanning a large temperature range with
high efficiency. For such segmented legs, the contact
resistance at the interface between the segmented
materials is seen as detrimental to high efficiency.

The fact that contact resistance causes a decrease
in efficiency of experimental thermoelectric gen-
erators is well known,?>® and an increase in total leg
resistance by a factor of 2 to 3 by adding electrodes
to a single Mg,Si leg has been observed.® Several
studies discuss the fabrication of contacts with low
electrical resistance for thermoelectrics, using, e.g.,
metal contacts,” titanium disilicide (TiSis),® transi-
tion-metal silicides,® silver-based alloys,” antimony
(Sb),'® Ti foil,’* and Ag and Cu.'? Regarding the
value of the contact resistance, a specific electrical
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contact resistance of ~107°Qecm? can be realized
experimentally.”'® Experimentally, the contact
resistance at the interface of thermoelectric mate-
rials can either arise due to surface roughness or
can be directly related to the interfaces of the
materials formed during sintering.!

The actual influence of a contact resistance, either
electrical or thermal, on the efficiency of a seg-
mented thermoelectric generator is not known in
detail. Experimentally, the contact resistance is
known to reduce the efficiency of a segmented
module.’®'* For the case of a thermal contact
resistance, the resistance will lower the tem-
perature span across the individual segments of the
leg. This will cause a decrease in efficiency, but this
decrease will depend on the material properties and
cannot in general be predicted analytically. Even for
constant material properties, the generator effi-
ciency is a complicated function of both the hot- and
cold-side temperatures, T} and T, respectively, as
well as the temperature span, AT. In this case the
efficiency, 7, is given by'

n_é@ V14+2ZT -1
Th \/1+ZT +T,./T,

for constant material properties, where T is the
mean temperature. For material parameters that
are a function of temperature, the drop in efficiency
as a function of temperature span cannot be pre-
dicted analytically.

An expression for the efficiency of a thermoelec-
tric leg, in the presence of both an electrical and
thermal contact resistance, has been derived by Min
and Rowe,’® 17 assuming constant material prop-
erties as a function of temperature. The efficiency is
given as

(1)
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where R is the resistance, the subscript “c” or “1”
denotes the contact or leg resistance, respectively,
while “e” or “T” denotes the electrical or thermal
resistance, respectively. Thus, e.g., R.. is the total
electrical contact resistance in Ohms.* This
expression does not consider material properties
that are a function of temperature, nor does it in
principle consider segmented legs.

Numerically, only the influence of electrical con-
tact resistance has been examined.'®*?° These
studies all show a tangent hyperbolic-like function
behavior of efficiency as a function of specific contact
resistance; however, all studies have only consid-
ered a single material, namely bismuth telluride.

*In the derivation of Eq. 2, we have assumed that there is a
typographic error in the expression given in Eq. 11.4 of Ref. 15. A
factor of /¢ is missing in the last parenthesis in the denominator;
i.e., the equation should be (I +nl¢)/(l + 2ric).
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Here, we consider the influence of both an elec-
trical and thermal contact resistance on a seg-
mented thermoelectric module, using a numerical
model. We consider a large number of different
thermoelectric materials, and differently segmented
legs, to elucidate whether a general trend exists for
the influence of contact resistance on the efficiency
of a thermoelectric generator.

TE MATERIALS

For this study of the influence of contact resis-
tance we consider eight p-type and eight n-type TE
materials. The specific p-type materials considered
are BiSbTe,?! NdFes5Co05Sbie  (skutterudite),
Yb14Mng2AlgsSbyy (Zintl),* ZrgsHfo5C0oSbgsSng 2
(half-Heusler, HH),?* PbTe,?® ZnsSb3,?® CuySe,*’
and SiGe.?® The specific n-type materials considered
are BiTe,” Tig.5Zr0.25Hf 0.25N1Sng 998 Mo.002
(half-Heusler, HH),30 BagNio'31Zn0A52Ga13'06Ge32,2
(clathrate),®’ Mg, Sig39255n0.6Sbo.0o75,"> PbTeq g0ss
To.0012,>® Bag osLao 05 YboosCosShya (skutterudite),”*
LasTes,>® and SiGe.?® All these materials have
experimentally measured temperature-dependent
properties, and the calculated ZT values for the
different materials are shown in Fig. 1. Some,
though not all, of the materials are similar to those
considered in Ref. 37. All material parameters, as a
function of temperature, were obtained from the
cited references and used in the following calcula-
tions, but only ZT is shown for clarity. The
remaining material properties are available from
the author upon request, or are of course available
from the cited references.

To investigate the influence of contact resistance
on a segmented TE leg, we examine 12 combinations
of two p-type materials and 12 combinations of two
n-type materials. While there are a total of at least
28 different combinations for both a p- and n-type
leg for the materials above, not all combinations will

—&— p: BiTe
—4—p:2Zn,Sb,
p: PbTe 7
—<&— p: Skutterudite
p: Cu,Se
o p: HH
)’ —<&— p: SiGe
—— p: Zinlt 4
O+ n:BiTe
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OG- n:PbTel
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n: HH
O+ n: Clathrate
O n: SiGe
@ LaaTe4
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Fig. 1. ZT value of the 16 different thermoelectric materials con-

sidered as a function of temperature. Only ZT is shown for clarity, but
all relevant material parameters were obtained.



The Universal Influence of Contact Resistance on the Efficiency 2871

of a Thermoelectric Generator

result in a leg with increased efficiency, nor is not
necessary to examine all possible combinations in
order to draw general conclusions on the influence
of contact resistance.

A numerical COMSOL model, which includes all
relevant thermoelectric phenomena, was used to
calculate the efficiency of a segmented TE leg.” The
model fully accounts for all material parameters,
and all as a function of temperature. No heat loss is
assumed in the current work, and we only consider
the efficiency of a single leg of either p- or n-type
material, as shown in Fig. 2. We consider the effi-
ciency, n, defined as

_ P
1 Qin7

where P is the electrical power produced by the leg
at the optimal load resistance, and @;, is the heat
flowing into the leg.

To determine the influence of contact resistance
on a segmented leg, we initially calculated the effi-
ciency without any contact resistance for the 12
different p-type and 12 n-type systems given in
Tables I and II. The external resistance and the
volume ratio of the low- to high-temperature TE
materials were varied to determine the optimal
segmented leg. The hot-side temperature was
selected based on the peak ZT temperature for the
hot-side material. A maximum temperature, T),.,,
which is the highest temperature at which the
material properties were reported, exists for the
low-temperature material. The cold-side tem-
perature was kept constant at 20°C. The geometry
of the optimal segmented legs are given in Tables I
and II. From these tables it can be seen that

3
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Fig. 2. The setup considered consists of two TE materials, seg-
mented together to form a TE leg. The subscript “low” indicates the
material at low temperature, while “high” indicates the material at
high temperature. The contact resistance is added at the interface
between the TE materials. The optimal volume ratio of the low and
high materials is determined for each of the segmented systems
considered. In this illustration their sizes are 30% and 70%, re-
spectively.

segmenting a TE leg in general increases the effi-
ciency of the total system, as the maximum effi-
ciency of the segmented leg, #,,,., is larger than the
efficiency of a single leg consisting of only the high-
temperature material, 7,4, no—ses- AlSO, in all cases
except one, the segmented interface temperature,
Tinterface, 1s equal to the maximum temperature of
the low-temperature material, T),,., as is expected
as the lower-temperature material generally has a
higher ZT value.”® Of course, to choose the optimal
system to segment, one would have to studg the
compatibility factors of the given materials.>® The
ratios of the mean compatibility factors of the two
segmented materials, §, have been calculated and
are given in Tables I and II. In general, this factor
has to be within about a factor of 2,° and as can be
seen this is the case for most segmented legs con-
sidered. However, we also consider segmented legs
with a larger compatibility factor ratio, in order to
investigate how these are influenced by contact
resistance as well.

INFLUENCE OF CONTACT RESISTANCE

Having determined the ideal geometry of the
different segmented legs considered, a thermal and
electrical contact resistance was introduced at the
interface between the two TE materials and varied
systematically while the efficiency was computed.
Always, for each system the optimal load resis-
tance was determined, i.e., the load resistance
resulting in the highest efficiency. Various values
of specific electrical contact resistance were used,
ie, R.e = [710*10, 5x1079 107 5x10°% 1078 5
x1077, 1077, 5x 107%, 1076, 5 x 107°]Qm?, while
the values of specific thermal contact resistance
were R.p = £10*6, 5x107% 107% 5 x 104, 1074,
5x1073, 1073, 5x 1072, 1072, 5 x 10" m2kW !,
both being varied independently.

Without contact resistance the efficiency does not
depend on the length or cross-sectional area of the
leg. When a specific contact resistance is added,
there is still no dependence on the cross-sectional
area, but the efficiency will now depend on the
length of the leg. In order to remove this dependence
on geometry, all resistances are characterized as the
total, and not the specific, resistance. Thus the
results must be understood in terms of the fraction
of total contact resistance to total overall resistance,
R./R;ya1, which is a variable that does not depend
on the length of the leg. Here the total overall
resistance is simply Ry = R: + Rjg. Therefore
all results presented here are valid for all leg
geometries.

Shown in Fig. 3 is the decrease in efficiency as a
function of electrical contact resistance for all ther-
mal contact resistances considered and for all p- and
n-type segmented legs. The electrical contact resis-
tance is normalized in terms of the total electrical
resistance of the system, i.e., the sum of the resis-
tance of the contact and the resistance of the TE
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materials. As can be seen from the figure, the gen-
eral behavior of the curves is the same, indicating a
universal behavioral influence of the electrical con-
tact resistance on the efficiency of the TEG. The
mean of all 240 systems considered is also shown,
with the error bars indicating the standard
deviation. The decrease in performance predicted
using Eq. 2 is also shown in the figure, assuming a
ZT value that produces an efficiency equal to that of
the leg without contact resistance. It is seen that the
analytical expression overestimates the decrease in
efficiency. The reason for this is partly the
assumption of constant material properties, as well
as the segmented leg geometry, i.e., the internal
location of the contact resistance.

Similarly as Fig. 3, the decrease in efficiency as a
function of thermal contact resistance for all elec-
trical contact resistances considered is shown in
Fig. 4. The thermal contact resistance is normal-
ized in terms of the total thermal resistance of the
system. Similarly to the electrical contact resis-
tance, the general behavior of the curves is the
same for all legs considered, indicating a universal
behavior. However, the spread in the curves is
larger than in Fig. 3. This is because a thermal
contact resistance changes the temperature
throughout the leg, which influences the material
properties and thus the generated power, while
this is not the case for an electrical contact resis-
tance. The mean of all 240 systems considered is
also shown, with the error bars indicating the
standard deviation. Again the analytical expres-
sion in most cases overestimates the decrease
in efficiency. As the temperature is changed
internally in the leg, due to the thermal contact

resistance, the material properties change, which
is not captured by the analytical model.

The tangent hyperbolic-like function behavior for
efficiency as a function of specific contact resistance
seen by Refs. 18-20 is identical to the curves shown
in Fig. 3, expect that the variable has been changed
to reflect the fraction of contact resistance to the
total resistance, instead of the specific contact
resistance. The curves of the decrease in efficiency
as a function of thermal contact resistance are also
tangent hyperbolic-like when plotted as a function
of specific contact resistance.

The spread of the curves in Figs. 3 and 4 for a
given contact resistance is due to the dependence of
efficiency on ZT and hot-side temperature, as given
in Eq. 1, as well as the variation of the “other”
contact resistance, i.e., thermal contact resistance
for the case of electrical contact resistance, and vice
versa. Thus, if both an electrical and thermal con-
tact resistance is present in the system, there will be
a decrease in efficiency caused by both. This dual
effect can be eliminated by considering the decrease
in efficiency as a function of both types of contact
resistance. This decrease in efficiency in shown in
Fig. 5, which shows the mean normalized efficiency
of all systems considered as a function of the nor-
malized electrical and thermal contact resistances.
The corresponding relative standard deviation for
the mean values at each point is shown in Fig. 6. As
can be seen from the latter figure, the relative
standard deviation for the normalized electrical and
thermal contact resistances is less than 10% for
contact resistances less than 80%. This indicates a
universal behavior, where the decrease in efficiency
for all thermoelectric systems can be estimated

100 N
NN ——Mean
Q‘ N - - -Min & Rowe
801 o NN A
_ (]
2 6o} ”O
o (/
i )
e %, N\
£ 407 " \
’ \
%% \\
20| N ¢
‘s «\
. ‘ ‘ J ) \
R /R [%]
c,e totale

Fig. 3. The decrease in efficiency, 5, as a function of the fraction of
total electrical contact resistance to total resistance, for all systems
and all thermal contact resistances considered. A total of 240 curves
are shown, i.e., for 24 segmented legs with ten different thermal
contact resistances at the interface. The curves are spline-interpo-
lated for the ten data points for the specific electrical contact resis-
tance. The model of Min and Rowe'® is also shown.
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Fig. 4. The decrease in efficiency, 5, as a function of the total ther-
mal contact resistance, for all systems and all electrical contact re-
sistances considered. A total of 240 curves are shown, i.e., for 24
segmented legs with ten different electrical contact resistances at the
interface. The curves are spline-interpolated for the ten data points
for the specific thermal contact resistance. The model of Min and
Rowe'® is also shown.
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Fig. 5. The average decrease in efficiency, n, as a function of the
total amount of electrical and thermal contact resistance. The aver-
age at each point is over all 24 segmented legs considered.
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Fig. 6. The relative standard deviation, o, of the efficiency as a

function of the total amount of electrical and thermal contact resis-
tance, i.e., the efficiency shown in Fig. 5.

total,e

fairly accurately using Fig. 5, as long as the resis-
tances are known. The variation indicated by Fig. 6
is caused by the varying material properties and
temperature spans on the considered materials, i.e.,
the variation in efficiency that can be predicted
using Eq. 1. The key observation is that this varia-
tion is small, i.e., that there is a universal behavior,
even considering the variety of the different material
systems considered.

THE BENEFIT OF SEGMENTATION

The results presented in Fig. 5 can also be used to
estimate whether segmenting two given thermo-
electric materials is worth considering or not. If the
joining between the materials cannot be made such
that the drop in efficiency caused by the contact
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Fig. 7. Contours of maximum tolerable combined electrical and
thermal contact resistance for a segmented TE leg. At the contour,
the efficiency of a single leg of only high-temperature material is
equal to that of a segmented leg with contact resistance at the
segmentation interface.

resistance at the interface is lower than the gain in
efficiency due to segmentation, then the materials
should not be segmented. As the efficiency of a sin-
gle leg of only high-temperature material is known
for each system (see Tables I and II), the point in the
parameter space where the above statement is true
can be determined in Fig. 5 as a function of both
thermal and electrical contact resistance. At these
points, it will be equally efficient to have a single leg
of only high-temperature material as a segmented
leg with contact resistance at the segmentation
interface. These points are shown in Fig. 7 for all
systems considered.

The individual curves in Fig. 7 can to a good
approximation be considered linear. The maximum
tolerable electrical contact resistance for the case of
zero thermal contact resistance and vice versa is
shown in Fig. 8 for all systems. The points corre-
spond to the intersection of the lines in Fig. 7 with
the axis. As can be seen from Fig. 8 there is a clear
linear behavior in both the electrical and thermal
contact resistances. Thus, if the total contact resis-
tance is known for a given type of joining, one can
use Fig. 8 to determine whether the segmented
system will have an increased efficiency or not,
compared with a leg of only the high-temperature
material. As an example, if segmentation increases
the efficiency by 30% then an electrical contact
resistance of 30% or a thermal contact resistance of
20% can be tolerated.

The analytical expression given in Eq. 2 is also
shown in Fig. 8. As the analytical model assumes
constant material properties, we assume that seg-
menting two legs results in an effective increase in
ZT. Based on this, the maximum tolerable contact
resistance can be found, as a function of the increase
in efficiency. This will depend on the unsegmented
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Fig. 8. Maximum tolerable pure electrical or thermal contact resis-
tance for a segmented TE leg as a function of the gain in efficiency
due to segmentation. As the contour curves in Fig. 7 can be ap-
proximated as linear, the maximum tolerable combined electrical and
thermal contact resistance can be found using a linear expression.
The model of Min and Rowe'® is also shown.

ZT value of the material, which we here assume to
be ZT = 1. There is also a dependence on the hot-
side temperature, but this is almost negligible for
the contact resistance values considered here. As
can be seen from the figure, for both the electrical
and thermal contact resistance the analytical solu-
tion predicts a too low tolerance for contact
resistance. This is similar to the trends observed in
Figs. 3 and 4.

Furthermore, since the individual curves are lin-
ear in Fig. 7, the maximum tolerable electrical
contact resistance can be predicted for any known
thermal contact resistance, and vice versa. If the
maximum tolerable electrical contact resistance for
the case of zero thermal contact resistance, R.. 7o,
and the maximum tolerable thermal contact resis-
tance for the case of zero electrical contact resis-
tance, R.._o7, are known then the maximum
tolerable electrical, R ., or thermal, R, 7, contact
resistance can be calculated as

RcAe T=0
Rc,e = - ﬁRc,T + Rc,e,T:O
c,e=0,T

RcAe: ,
Rc,T = - ‘RioT (Rme - Rc,e,T:O)y
c,e,T=0

4)

assuming that the other contact resistance, i.e., the
thermal or electrical contact resistance, is known.

CONCLUSIONS

The influence of electrical and thermal contact
resistance on the efficiency of a segmented thermo-
electric power generator was investigated. A total of
12 different segmented p-legs and 12 different seg-
mented n-legs were investigated, using eight dif-
ferent p-type and eight n-type thermoelectric

materials. A universal influence of both the electri-
cal and thermal contact resistance was observed for
all systems when the decrease in efficiency was
examined as a function of the fraction of contact
resistance to the total resistance of the leg. The
analytical model of Min and Rowe'® was shown not
to accurately predict the decrease in efficiency as a
function of contact resistance for a segmented leg.
In order for the efficiency not to decrease by more
than 20%, the contact electrical resistance should be
less than 30% of the total leg resistance for zero
thermal contact resistance, while the thermal con-
tact resistance should be less than 20% for zero
electrical contact resistance. This universal behav-
ior allowed the maximum tolerable contact resis-
tance for a segmented system to be found, i.e., the
resistance at which a leg of only the high-tem-
perature thermoelectric material has the same
efficiency as the segmented system with a contact
resistance at the interface. If, e.g., segmentation
increases the efficiency by 30%, then an electrical
contact resistance of 30% or a thermal contact
resistance of 20% can be tolerated.
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