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The impact of contact resistance on thermoelectric (TE) device performance
grows more significant as devices are scaled down. To improve and understand
the effects of contact resistance on bulk TE device performance, a reliable
experimental measurement method is needed. There are many popular
methods to extract contact resistance, but they are only well suited for mea-
suring metal contacts on thin films and do not necessarily translate to mea-
suring contact resistance on bulk TE materials. The authors present a
measurement technique that precisely measures contact resistance on bulk
TE materials by making and testing stacks of bulk, metal-coated TE wafers
using TE industry-standard processes. An equation that uses the Z of the
stacked device to extract the contact resistance is used to reduce the sensi-
tivity to resistivity variations of the TE material. Another advantage of this
technique is that it exploits realistic TE device manufacturing techniques and
results in an almost device-like structure. The lowest contact resistivity
measured was 1.1 9 10�6 X cm2 and 1.3 9 10�6 X cm2 for n- and p-type
materials, respectively using a newly developed process at 300 K. The
uncertainty in the contact resistivity values for each sample was 10% to 20%,
which is quite good for measurements in the 10�6 X cm2 range.
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INTRODUCTION

The cooling power density quantifies the capacity
of a thermoelectric (TE) device to pump heat. High-
watt-density devices can dramatically change the
historical standards of cost per watt of heat
pumped. The maximum cooling power density per
unit area for a single element (Qmax) is derived by
differentiating the total heat flux (Q) for Peltier
cooling1 and is given by Eq. 1.
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where L is the device leg length, qc is the contact
resistivity, q is the bulk resistivity, k is the thermal

conductivity, Tc is the cold-side temperature, and a
is the Seebeck coefficient.

From Eq. 1, the cooling power density is inversely
proportional to the leg length, L, of the device;
therefore, the cooling power density can be increased
by reducing the leg length. Bulk material is cur-
rently the predominant commercial option to obtain
the required performance because of the high cost of
thin-film material processing and limitations on film
thickness. Micro-TE coolers, i.e., bulk TE coolers
with very small element lengths, are becoming the
norm in the telecommunications industry, where the
TE cooler stabilizes the temperature of laser diodes
that send optical signals through fiber-optic cables.2

The impact of contact resistance on micro-TE cooler
performance is quite significant for devices with
element length of 200 lm or less.

One of the requirements to quantify the effects of
contact resistance on a micro-TE cooler is to develop a
reliable experimental method to determine contact
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resistivity on bulk TE materials. In the case of low-
resistance ohmic contacts, the fraction of the voltage
drop across the interface is small compared with the
voltage drop across the bulk TE material. In addition,
the distribution of the current density across the
contact area and into the semiconductor is nonuni-
form. Correct extraction of contact resistivity is dif-
ficult, especially below 10�6 X cm2. There has been a
considerable amount of work done on the character-
ization of ohmic contacts to Si and GaAs,3–10 but not
much work has been reported on the measurement of
metal contacts to bulk Bi2Te3-based TE materials.

To quantify the electrical contact resistance on
bulk Bi2Te3 TE material, the authors have devised a
device-like structure (DLS) utilizing numerous lay-
ers of TE material soldered together in a single reflow
process and subsequently diced as shown in Fig. 1.
The control consists of a single wafer with a thickness
approximately the same as the total length of the TE
material in the DLS stack. The resulting test samples
are measured for device Z. By comparing the Z values
of the stack and the control samples, the electrical
contact resistance can be calculated from the drop in
Z-values due to the added number of interfaces.

The advantages to this method are plentiful.
Firstly, this testing technique allows measurements
on bulk TE materials. Secondly, since the mea-
surements are made on a DLS formed using fabri-
cation steps similar to those used for a TE cooler,
the resulting contact resistance should be repre-
sentative of an actual TE cooler. Finally, the DLS
can be cross-sectioned and inspected thoroughly to
determine the actual thickness of each layer of the
structure, thus minimizing errors due to uncer-
tainties in structure geometry.

EXPERIMENTAL PROCEDURES

Process steps for fabrication of stacked devices
using n- and p-type Bi2Te3 wafers are shown in
Fig. 2a–d. Bi2Te3 wafers were lapped to 0.25 mm
thickness. The composition of the n-type material is

approximately (Bi2Te3)0.9(Bi2Se3)0.1 and that of the
p-type material is (Sb2Te3)0.75–0.80(Bi2Te3)0.25–0.20.
After lapping, the wafers went through surface
preparation and metal deposition. Au was deposited
on the top on the metal contacts to prevent oxidation
of the surface and also to make the surface wettable
for soldering. After metal deposition, a wafer was
placed on a specially designed fixture. Solder was
applied on it manually with a ceramic strip, ensur-
ing flatness and smoothness. Then, a second wafer
was placed on the first and pressed down gently to
force excess solder out. The process continued until
all wafers were stacked on top of each other as shown
in Fig. 2c. Ten wafers were stacked together and
joined with tin-antimony-based solder. The clamped
stack was reflowed in a BTU Paragon 70 reflow
furnace. Several test runs were performed to ensure
uniform solder reflow and repeatability. After the
reflow process, the stacked-up device was diced into
3.8 mm 9 3.8 mm squares. Cu tabs were soldered
on each end of the stacked device along with ther-
mocouples and current lead wires. For control pur-
poses, a single wafer approximately 2.5 mm tall was
sliced from an adjacent portion of an ingot to achieve
high uniformity of TE properties. The controls and
the stacked devices were mounted on a Z-test stand
for testing as shown in Fig. 1. Thermoelectric prop-
erty measurements were carried out from 260 K to
340 K using an in-house built state-of-the-art mea-
surement system at Marlow Industries.

CONTACT RESISTANCE MODEL

To calculate the contact resistivity of bulk Bi2Te3

wafers, the authors used an in-house built test fix-
ture to measure the sample and control device Z
values using the modified Harman technique.11,12

The system also provides the Seebeck coefficient, a,
and electrical resistivity, q. This measurement sys-
tem is well calibrated using production materials,
and experimental error is within 2%.

Fig. 1. Schematic of sample mounted on a Z-test stand for (a) control sample and (b) stack sample. (c) Picture of sample mounted on an actual
Z-test stand.
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The control consisted of a single wafer approxi-
mately 2.5 mm tall as discussed in the ‘‘Experi-
mental Procedures’’ section. The Z of the control is
represented by Eq. 2.

Zcontrol ¼
a2

qL
A þ

2qc

A

� �
kA
L

� � ; (2)

where L is the overall height of the control sample,
and A is the cross-sectional area.

The stacked sample was prepared with ten wafers
approximately 0.25 mm thick as discussed in the
‘‘Experimental Procedures’’ section. The Z of the
stack is represented by Eq. 3.

Zstack ¼
a2

qNt
A þ

2Nqc

A
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� � ; (3)

where N is the number of stacked wafers, and t is
the average thickness of the wafers in the stack.

To compare the Harman results for the control
and the stacked sample, a new variable, Zratio, is
defined by Eq. 4.

Zratio ¼
Zcontrol

Zstack

; (4)

where Zcontrol and Zstack are the averaged Z values
from multiple samples tested on the Harman test
fixture.

Substituting Eqs. 2 and 3 into 4, recognizing that
Nt � L, and solving for qc results in Eq. 5.

qc ¼
qL

2

Zratio � 1
L
t � Zratio

" #
: (5)

As shown in Fig. 3a, average values of Z were
extracted from the measured values of Z as a function
of temperature for the stack and control samples.
These values were used to calculate Zratio as a
function of temperature. Similarly, the average

value of q as a function of temperature was
extracted as shown in Fig. 3b. Then, the contact
resistivity, qc, was calculated from Zratio and q as a
function of temperature using Eq. 5. To decrease
experimental errors, as standard practice we used
the average of five stack samples and three control
samples; therefore, we are averaging the contact
resistance of 100 interfaces for each experiment.
Due to the dominant effect of contact resistance to

Fig. 2. Process steps to prepare samples for contact resistance measurement: (a) single wafer after lapping, (b) wafer after etching and contact
layer deposition, (c) stack of 10 partial wafers after soldering and reflowing, and (d) stacked wafers diced into 3.8 mm 9 3.8 mm elements.

Fig. 3. Example plot showing how the contact resistivity was
extracted from the Z measurements of the stack device and control:
(a) plot of Z as a function of temperature for stack and control
samples, and (b) plot of electrical resistivity, q, as a function of
temperature for control samples.
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the overall drop in Z stack, the thermal effects of the
solder layers have not been incorporated in our
calculations.

RESULTS AND DISCUSSION

Contact resistance measurements for metal con-
tacts to n- and p-type Bi2Te3 using two different
surface preparation processes were carried out, and
the results are presented in Table I. The contact
metal/diffusion barrier was deposited using Marlow
proprietary processes: Process 1 is a standard pro-
cess, and process 2 is a newly developed one using
different surface preparation and cleaning. The
contact resistance model explained in detail above
was used to extract the specific contact resistivity
from the Z ratio of the stacked device and its con-
trol. As shown in Table I, the contact resistivity
values using process 1 were 3.6 9 10�6 X cm2 and
2.7 9 10�6 X cm2 for p- and n-type Bi2Te3, respec-
tively. For process 1, the accuracy of the measured
contact resistivity values is consistent with models
and measurements of the performance of actual TE
coolers with leg length of 0.45 mm. Initial results for
process 2 show a beneficial drop in the con-
tact resistivity at 300 K to 1.1 9 10�6 X cm2 and
1.3 9 10�6 X cm2 for n- and p-type materials,
respectively. The uncertainty in the contact resis-
tivity measurements was calculated from the vari-
ation in the device Z values of multiple measured
devices, as presented in Table II and plotted in
Fig. 4. The maximum uncertainty was measured for
p-type devices using process 1, being less than 20%,

which is quite good for measurements in the
10�6 X cm2 range. As the contact resistivity de-
creases, the calculated qc value becomes more sen-
sitive to device Z variation from sample to sample.
Therefore, for measurements in the 5 9 10�7 X cm2

range, more devices need to be tested to reduce the
standard deviation of the measured value of Z. One
of the many advantages of this method is that val-
ues of contact resistivity can be extracted for a wide

Table I. Summary of contact resistivity data for measurements carried out on n- and p-type Bi2Te3 for
processes 1 and 2

Temperature (K)

p-Type/Process 2 p-Type/Process 1 n-Type/Process 2 n-Type/Process 1

Zratio qc (lX cm2) Zratio qc (lX cm2) Zratio qc (lX cm2) Zratio qc (lX cm2)

260 1.095 1.02 1.255 2.89 1.078 0.94 1.225 2.31
280 1.092 1.14 1.246 3.22 1.078 1.04 1.225 2.53
300 1.092 1.30 1.239 3.59 1.077 1.12 1.222 2.74
320 1.094 1.50 1.235 3.99 1.074 1.16 1.218 2.93
340 1.098 1.77 1.233 4.43 1.068 1.17 1.213 3.10

Table II. Uncertainty in qc calculated from variation in Zstack from multiple samples tested

Wafer Type
Etching/Metal

Deposition
Zstack Standard

Deviation at 300 K (%)
qc at 300 K
(lX cm2) Dqc (%)

p-Bi2Te3 Process 1 3.65 3.59 19.36
p-Bi2Te3 Process 2 1.61 1.30 19.62
n-Bi2Te3 Process 1 1.96 2.74 11.13
n-Bi2Te3 Process 2 1.23 1.12 17.59

Fig. 4. Uncertainty in contact resistivity values for n- and p-type
Bi2Te3 at 300 K.
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range of temperatures, and Table I presents a low-
ering of the contact resistivity as the temperature is
decreased. The variation with temperature of the
contact resistivities, roughly mirroring the tem-
perature dependence of the bulk resistivities, is
consistent with constriction effects.13

CONCLUSIONS

We have developed a method that can precisely
measure the contact resistance on bulk TE materi-
als via processing stacks of bulk, metal-coated TE
wafers using TE industry-standard processes. This
technique incorporates realistic TE device manu-
facturing techniques and results in an almost DLS,
therefore producing a realistic value for the elec-
trical contact resistance in a bulk TE device. The
contact resistivity using process 1 was measured
to be 3.6 9 10�6 X cm2 and 2.7 9 10�6 X cm2 for
p- and n-type Bi2Te3, respectively, and the accuracy
of these values is supported by the performance of
TE coolers with leg length of 0.45 mm. For a new
etching/metal deposition process, we measured a
drop in the contact resistivity at 300 K to
1.1 9 10�6 X cm2 and 1.3 9 10�6 X cm2 for n- and
p-type materials, respectively. The uncertainty in
the contact resistivity values for each process/
material combination was 10% to 20%, which is
considered good for measurements in the
10�6 X cm2 range. Work is in progress to apply this
technique to other material systems.
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