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under large temperature gradient
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(Received 26 January 2012; accepted 4 June 2012; published online 30 July 2012)

To properly estimate a thermoelectric material’s performance, one should be able to characterize
a single thermoelectric (TE) element with a large temperature gradient. In this work, we present
an experimental setup including a Z-meter that can heat the sample to a very high temperature of
1200 ◦C in vacuum. The Z-meter can simultaneously measure all three thermoelectric parameters
(Seebeck coefficient, thermal conductivity, and electrical conductivity), as well as measure the gener-
ated power and the efficiency for a single TE leg. Furthermore, this measurement of power conversion
efficiency is used to generate a measure of the material’s ZT. An in situ metallurgical bond was used
to achieve low thermal (0.05 Kcm2/W) and electrical (3 m�) contact parasitics. An integrated strain
gauge ensures reproducible thermal contact. At high temperature (>600 K), radiative heat transfer
is modeled and the instrument is optimized to suppress the systematic error to below 7%. The TE
parameters and ZT for a bulk-sample (Bi2Te3) and a thin-film sample (ErAs:InGaAlAs) with a large
temperature gradient (�T ∼ 200 K) have been measured and are within 3%–7% of the independently
measured values. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4731650]

I. INTRODUCTION

With the benefits of no noise, no moving parts, and low
maintenance, a thermoelectric (TE) generator, based on the
Seebeck effect, can be an attractive alternative power source
for today’s energy demands. A good TE material character-
ized by a dimensionless figure-of-merit (ZT = ((α2σ )/κ) T)
has low thermal conductivity (κ), high electrical conductivity
(σ ), and high Seebeck coefficient (α).1 Here, T is the abso-
lute temperature of the thermoelectric material at its operating
point. A simple TE generator consists of p- and n-type semi-
conductor legs connected electrically in series and thermally
in parallel (Fig. 1). For a generator, not only high ZT is im-
portant, but a large temperature gradient across the generator
also increases the maximum achievable thermal-to-electrical
conversion efficiency (ηmax) given by1

ηmax = Th − Tc

Th

.

√
1 + ZTM − 1√

1 + ZTM + Tc/Th

. (1)

Here, Th is the hot side temperature, Tc is the cold side
temperature, and TM is the average temperature of the TE ma-
terial.

The TE parameters (σ , α and κ) are temperature de-
pendent and are typically measured independently with a
small temperature gradient (�T ∼ 1 or 2 K) around the mean
operating temperature (T).2 However, to properly estimate a
thermoelectric generator’s performance under large tempera-
ture differentials, across which the thermoelectric parameters
may vary significantly, it is desirable to characterize the
elements with a large temperature gradient. Conventionally,
the TE parameters are measured using different measurement
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tools and different contacts and sample geometries. ZT values
obtained from assembling such measurements can have high
uncertainty, not only due to measurement errors but also
due to sample variability.3 For example, the van der Pauw’s
method is a common technique to measure the electrical con-
ductivity of an arbitrarily shaped sample.4, 5 This four-point
probe technique requires the current flow be approximately
two-dimensional for accurate results.4 The standard way of
measuring the Seebeck coefficient is by applying a small
temperature gradient across a TE sample and varying the
average temperature.3 At each temperature, the ratio of
the open circuit voltage to the temperature gradient gives
the Seebeck coefficient. Thermal diffusivity measurements
are widely used to measure material’s thermal conductivity.3, 6

Accurate specific heat data are required simultaneously with
the thermal diffusivity value to obtain thermal conductivity
from this method.3 Apart from individual parameter measure-
ment synthesized to evaluate ZT, another method to extract
ZT directly is the transient Harman technique.7, 8 Adiabatic
boundary conditions are required for this method, and only a
small temperature difference across the sample can be applied
during the measurement.7, 9 Many variants of this technique
have been used to measure properties of TE samples.10, 11

Another experimental system for ZT measurement is the
Z-meter. It is an instrument that measures the three TE pa-
rameters of interest (σ , α, and κ) as a function of temperature
from which ZT can be calculated. The advantage of Z-meter
measurement over other techniques is that all three TE pa-
rameters are measured from a single sample simultaneously.
Apart from measuring individual TE parameters, the tool can
be used to measure generator performance parameters such as
thermal-to-electrical conversion efficiency and power density
for the TE sample. Some of the key aspects and limitations
of previous work on the Z-meter are summarized in Table I.

0034-6748/2012/83(7)/075117/10/$30.00 © 2012 American Institute of Physics83, 075117-1
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FIG. 1. A simple TE generator with a p- and n-type leg connected electrically
in series with a resistive load.

The systems described in previous work have mostly been for
thick sample (thickness > 1 mm) characterization. When it
comes to short-leg and thin-film samples (<500 μm), there
are no Z-meter setups that can give accurate results with high
temperature (>500 K) measurement capabilities. We have
adopted a variant of the Z-meter setup described in Ref. 12
and improved on its parasitic performance as well as worked
on making it a flexible system for various temperature ranges.
Here, we present a Z-meter system which is used to charac-
terize thin-film TE samples (thickness ∼ 100s μm) as well as
thick bulk materials. When measuring thin-film samples, the
system parasitics become very important; they have been ad-
dressed in this setup to minimize errors. Even for a thick TE
sample (thickness ∼ 1.5 mm) used in commercial modules
(Bi2Te3 based), the internal resistance for a single leg with
a typical aspect ratio can be as low as 10–15 m�. Any Z-
meter for individual TE elements has to accurately measure
such small resistances. Both intrinsic thermal and electrical
resistances for TE samples decrease with thickness, and the
system parasitics become dominant in such measurements.

The Z-meter described in Ref. 13 can measure the TE
properties in the range of 100–600 ◦C, but each parameter
is measured under different temperature gradients. Some
Z-meters are limited by the system parasitic resistance
(30 m�) which is inadequate for precise electrical conduc-
tivity measurements for a single leg.14 High temperature
(100–1300 K) electrical resistivity and Seebeck coefficient
measurement setup is described in Ref. 15, where the maxi-
mum temperature gradient is limited to 20 K. A commercial
Z-meter from RMT Ltd. is used to characterize TE modules
and is not meant for single TE element characterization.16

The experimental setup described in Ref. 17 shows measure-
ment under large temperature gradient (160 ◦C) for hot side
temperature of 200 ◦C. In this referenced work, rather than
characterizing the system parasitics to get actual material TE
parameters, effective ZT values were measured with lumped
parasitics.

In this work, we present an experimental dc measure-
ment technique with a Z-meter to measure the TE properties
of a material under practical working conditions of a gen-
erator, i.e., with a large temperature gradient (∼200 K), for
a wide range of average sample temperatures. Simultaneous
measurements are used to extract all three TE properties to
determine the ZT values. Also, the tool allows for a direct
measurement of the conversion efficiency which can be used
to extract ZT. Apart from ZT, the measurement also gives the

power density for a single TE element, which can be crucial
information for material optimization and generator design,
especially for waste heat recovery application where power
density is more important than maximizing efficiency. The ex-
perimental system is described in detail in Sec. II along with
the principles of measurements of TE parameters. One of the
key improvements in the system for high temperature mea-
surement, the thermal radiation suppression is discussed in
Sec. III. The system verification with TE parameter measure-
ments for a known sample is presented in Sec. IV.

II. EXPERIMENTAL SYSTEM

The Z-meter setup (Fig. 2) includes a high temperature
heater with a measure bar and a water-chilled cold plate in-
side a vacuum (pressure ∼ 1 μTorr) system. A 1′′ diameter
ceramic “button” style heater (HeatWave Labs #101138) en-
closed in a molybdenum radiation shield can heat the sample
to a very high temperature of 1200 ◦C. The heater is controlled
with a proportional-integral-derivative temperature controller
(HeatWave Labs # 101303) to maintain the hot side tempera-
ture within an absolute accuracy of 1 ◦C of the set value. The
measure bar stands on top of an aluminum-based cold plate
connected to a water chiller (Thermo NESLAB #RTE7) out-
side the vacuum chamber through appropriate feed-through.
A small conical shaped copper metal piece is used between
the heater and a TE sample to compensate for the area dif-
ference between the two pieces; it also acts as a holder for
thermocouple and electrical leads. A copper measure bar em-
bedded with type-K thermocouples sits below the sample.
The thermocouples are set in small holes drilled in the metal
pieces with high temperature thermal cement to ensure good
contact as well as to electrically insulate them from the metal
and the sample. Two thermocouples are placed within 1 mm
of the metal-thermoelectric interface to measure the hot and
the cold side temperatures.

Once the TE sample is placed between the measure bar
and the heater, a set of spring loaded screws are used to set
and maintain high pressure (∼800 psi) for good contact. In or-
der to ensure repeatable contacts, a piezoelectric strain gauge
(Omega #LCFD-100) is used to measure the pressure on the
sample.

A. Principles of measurements

The measured parameters during the experiment are the
open circuit voltage (Voc = VTE at I = 0), the voltage across
the TE sample (VTE) for various input currents (I), and tem-
perature at different points using type-K thermocouples. At
each temperature setting, for each input current value, aver-
aging the data points for voltage and thermocouple readings
minimizes noise and quantization errors. A fully automated
data collection system allows for a quick measurement even
with long averaging.

For the thermal conductivity measurement of a single
TE element, the thermal power (Q) through the measure bar
is equal to the power through the sample (approximate 1-D
heat flow). A finite element simulation (COMSOL) was used
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TABLE I. Summary of previous Z-meter measurement for TE characterization.

Z-meter Ref.
Heater temperature

(max)
Hot-side TE
temperature Temperature gradient Thermal/electrical parasitic

Heat flux measurement
technique

Electrical resistivity
measurement

Classical arrangement
(1965)13

600 ◦C *600 ◦C (accuracy to
the order to 10%
achieved till 350 ◦C,
radiation loss
dominant at higher
temperature)

� �T ∼ 10 ◦C
(thermal conductivity)

Pyrometer used to measure
heat flux through the sample

Current/voltage measurement (at
zero temperature gradient)

� �T ∼ 100 ◦C
(Seebeck coefficient)

Transient Z-meter
(1990)23

*700 ◦C (results agree
within 2% of the
reference sample till
300 ◦C)

Heat flow meter used to
measure thermal flux

Square wave current input,
voltage measurement

Graded TE measurement
setup (1998)14

900 ◦C 500 ◦C �T = 385 ◦C
(TE couple)

Indium solder: Reference material (Ni)
measure bar setup

Variable load resistor circuit
� 0.5 Kcm2/W
� < 30 m�

(Contact resistance
variability)

Effective ZT
measurement (2009)17

200 ◦C �T = 160 ◦C Flux sensor used to measure
thermal power

Current/voltage (4-wire) ac
method

Commercial Z-meter16 110 ◦C �T = 65–75 ◦C No thermal conductivity
measurement

AC resistance measurement

This work 1200 ◦C 440 ◦C �T = 255 ◦C Dry metal contact: Au-plated Cu measure bar Current/voltage (4-wire) active
load measurement (Maximum
power detection)

� 1.5 Kcm2/W
� 7 m�

Bonded metal contact:
� 0.05 Kcm2/W
� 3 m�

(Strain gauge used to
maintain reliable contact)
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FIG. 2. Schematic of a Z-meter setup inside a vacuum chamber.

to confirm the linear temperature gradient across the measure
bar for 1-D heat transfer. Two potential sources of errors
in this measurement are due to convection and radiation.
The high thermal conductivity of the copper helps to ensure
that the temperature distribution in the measure bar rapidly
approaches constant-height isotherms a short distance below
the TE element, as well above where the heat transfer temper-
atures are taken. The experiment was performed in a vacuum
environment (pressure ∼ 1 μTorr) such that air conduction
and convection loss through the side walls of the apparatus
and element can be neglected. The thermal conductivity for
air at such low pressure (3 × 10−6 W/m.K) is nearly four or-
ders of magnitude lower than at room pressure.18 Due to small
sample sizes and low air conductivity, the heat transfer due to
side walls and air is less than 1% of the total heat flow through
the sample even at high hot side temperature above 500 ◦C.
The error due to radiation at high temperature is suppressed
with low emissivity gold plated measure bar. More details
on radiation suppression are discussed in Sec. II. The cross-

section area of the measure bar is chosen such that the spread-
ing resistance (units: K/W) between the sample and the metal
is negligible. For the smallest sample (1.4 mm × 1.4 mm
× 0.12 mm) measured using the setup, the spreading resis-
tance is calculated according to Ref. 12, and the TE sample
thermal impedance is 175 times the spreading resistance. The
electrical wire contacts are held away from the thermocouples
(Fig. 2) to minimize any heat conduction loss from the wires.
Long length wires and thermal shielding in thermocouples
are used to minimize any heat loss through them. For each
measurement, two values of thermal power through the
sample are obtained by combination of three thermocouple
readings in the measure bar. Less than a 3% difference in the
thermal power readings between the thermocouples ensure
that the measurement is close to 1-D approximation. Another
possible source of error in the measurement is due to the
sample-metal interface in the setup, which causes a temper-
ature difference between the thermocouple measuring the hot
(Th) (or cold (Tc)) side and the actual sample (T ′

h/T ′
c). The

thermal resistance (Rth,interface) at the interface depends on the
contact surfaces and the applied contact pressure. The heat
flow through the sample and the measure bar can be depicted
with a thermal equivalent circuit as shown in Fig. 3(a).

The thermal conductivity for a sample of cross-section
area ATE, and thickness lTE, is given by

κT E = Q

T ′
h − T ′

c

(
lT E

AT E

)
, (2)

where

T ′
h = Th − Q × Rth,interface, (3)

T ′
c = Tc + Q × Rth,interface, (4)

Q =
(

Abar

lbar

)
κbar (T ′ − T ′′). (5)

Here, Abar is the cross-section area of the measure bar,
lbar is the distance between the adjacent thermocouples in the
measure bar (2 cm), and κbar is the thermal conductivity of the
measure bar (copper = 391 W/m.K). T ′ and T ′′ are the tem-
peratures recorded by type-K thermocouples in the measure
bar. Q is the heat transferred through conduction.
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FIG. 3. (a) Thermal equivalent circuit showing interface resistances and heat flow through the sample to the measure bar; (b) thermocouple readings for the hot
(Th) and the cold (Tc) side temperature for different set heater temperatures.
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FIG. 4. (a) Contact thermal resistance for different interface material; (b) open circuit voltage over temperature gradient vs. length for Bi2Te3 elements (Marlow
Inc.) with a best fit using the ideal “lumped Seebeck” model for the parasitic thermal contact resistance with GaSn liquid metal interfaces.

Different interface thermal resistances (Rth,interface) have
been studied in Ref. 19, these are used here as a correction
factor to estimate the actual temperature gradient across the
sample (Fig. 4). The thermal resistance was characterized us-
ing ideal “lumped Seebeck” coefficient estimation. The varia-
tions in the ratio of the open circuit voltage over temperature
gradient with length for a TE sample are due to thermal par-
asitics (Fig. 4(b)). A best fit can be performed to the open
circuit voltage using the lumped Seebeck coefficient of the el-
ement in series with a fixed parasitic thermal resistance. For a
set of measurements using a liquid metal eutectic (GaSn), the
decreasing ratio of open circuit voltage over temperature gra-
dient at short element lengths can be described by a parasitic
thermal impedance of 0.05 Kcm2/W.

The Seebeck coefficient is measured as the ratio of the
open circuit voltage and the temperature gradient (T ′

h − T ′
c)

across the sample

α = Voc

T ′
h − T ′

c

. (6)

A four-wire dc electrical measurement setup (Fig. 5(a)) is
used to compute the resistance and the output electrical power
of the sample. For a fixed temperature gradient, as the input

current (I) through an external power supply is changed, the
voltage (VTE) across the TE sample is measured with the wire
contacts. Sweeping the current across the sample and mea-
suring the voltage provides us with the capability of having
an active load equivalent across the sample. In an ideal sce-
nario with no system parasitics, the resistance of the TE sam-
ple is equivalent to VTE/I for the maximum electrical power
(IVTE) max condition. The advantage of this technique is sim-
ple circuitry and very low electrical parasitic contact resis-
tance. The four-wire measurement in Kelvin configuration
eliminates the parasitic due to electric wires. Initially, an ac-
tive load based on low resistance power FET circuit was used
for electrical measurements (Fig. 5(b)), similar to the one de-
scribed in Ref. 19. Low resistance (20 AWG) wires were used
for the setup to reduce the system parasitics. The electrical
parasitic resistances for both approaches are compared and
the four-wire method has lower system parasitic, which is es-
sential to measure small resistances of short-leg or thin-film
TE samples. The higher parasitic in the active load setup is
due to use of the current monitoring resistor and additional
wires of the circuit. For the electrical measurements, the wire
gauge has to be small enough to make sure the wire does not
represent a parallel thermal path to the thermoelectric device
under test.

TE sample

V
TE

I

Vgate

Active load
(2x STV160NF02L)

Temperature 
stabilized mount

(b)(a)

Vcurrent

5 mΩ

Current monitoring 
precision resistor

Rload

+ -

10 kΩ

10 kΩ

FIG. 5. (a) Active load for electrical resistivity and power measurement with current input setup; (b) active load using low resistance power FET circuitry.
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Dry metal-metal interface resistance between the sample
and the measure bar was measured using TE samples of a
same material but different thickness. A range of Bi2Te3 sam-
ples from 127 μm and 508 μm was available for the study.
Thicker samples were constructed by stacking 2–3 elements
on top of each other. Matched load resistance for different
thickness samples with a linear fit shows the setup parasitic
at zero length to be 7 m� for the current source 4-wire setup
and 12 m� for the power FET active load circuit (Fig. 6).

In the power generation mode, the maximum output
power is measured when the load resistance is equal to the
sum of the internal resistance of the TE sample and the elec-
trical parasitics. From this matched load (Rload = VTE/I for
(IVTE) max), the electrical conductivity of the sample can be
obtained using the following relation:

σ = 1

(RLoad − Rparasitic)

(
lT E

AT E

)
. (7)

For all the measurements performed using this setup, the
electrical resistance for a single TE leg is generally small.
The input current density is within the limit such that any
Joule heating term is too small to have any observable effect
on the overall average temperature of the sample. The tem-
perature recorded during current sweep showed fluctuation
of less than 0.5 ◦C for the hot and the cold side thermocouple
readings.

During the same measurements, we can extract the power
density (PD) and the efficiency (η), which are given by

PD = (IVT E)max

A
, (8)

η = (IVT E)max

Q
. (9)

For the matched load condition, where the output power
is maximized, the power density increases as the thickness of
the TE leg is decreased, which is why thin-film TE generators
are expected to have high power density.

A
heater

A
bar

r
1

z

r
2

h

FIG. 7. Schematic for radiation error calculation from the measure bar due
to the heater.

III. THERMAL RADIATION SUPPRESSION

In this experimental setup, the results rely on the fact that
the thermal power through the sample is transferred to the
copper measure bar via conduction (i.e., 1-D heat flow). As
mentioned earlier, the convective heat loss through the sample
and the measure bar is eliminated by performing the experi-
ment in μTorr pressure range inside a vacuum chamber. As
the hot side temperature is raised, the radiative heat transfer
from the heater to the measure bar (a shunt path around the
element) will decrease the measurement accuracy. In order to
estimate the radiation error, a model for the parasitic radiative
heat transfer from the heater to the measure bar is developed
and experimentally validated. The radiated power is calcu-
lated from the Stefan-Boltzmann law using the geometry as
shown in Figure 7 to represent the heater and the measure bar.
Radiation from the side walls of the hot side is suppressed by
thermal shielding. Thus only the bottom cross-section of the
heater is exposed for radiation.

The total power radiated from the heater to the measure
bar (q1) is given by Equation (10), where Aheater is the cross-
section area of the heater, εheater is the emissivity, Theater is the
temperature of the heater, σ sb is the Stefan-Boltzmann con-
stant, and F12 is view factor which depends on the geometry
of the heater and the bar20

q1 = AheaterεheaterTheater
4σsbF12. (10)

Similarly, the power re-radiated by the top surface of the
measure bar (q2) is given by Equation (11), where εbar is the
emissivity, and Tbar is the temperature of the measure bar

q2 = AbarεbarTbar
4σsbF21. (11)

The total power transferred from the heater to the mea-
sure bar (q3) is

q3 = q1 − q2εheater . (12)

And, the total power absorbed by the surface of the measure
bar due to radiation from the heater (q4) is

q4 = q3εbar . (13)
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tions follow close to the theoretical prediction (solid lines).

For this particular geometrical setup of a cylinder and a
disk, the view factor (F12) is given by21

F12 = 1

2

⎛
⎝x −

√
x2 − 4

(
R2

R1

)2
⎞
⎠ ,

where Ri = ri

z
and x = 1 + 1 + R2

2

R2
1

(14)

F21 = Aheater × F12

Abar

. (15)

Here, r1 and r2 are the radii of the heater and the measure
bar, respectively.

This analysis is based on the grey body assumption,
where the emissivity is independent of the wavelength of the
thermal radiation. In vacuum, the radiative power is measured
for different heater temperature at various gaps between
the measure bar and the heater. The experimental data in
Figure 8 closely follow the theoretical estimation based on
the above discussed relations. The parasitic radiative heat
transfer is suppressed by gold coating the copper measure
bar which reduces the emissivity from 0.54 for copper to
0.09 for gold. This modified apparatus suppresses radiative
transfer 20-fold relative to the blackbody limit (Fig. 8). Note
that coating the copper also eliminates thermal oxidation of
the copper at high temperatures (>500 K), which will rapidly
occur if the vacuum chamber is vented while the apparatus
is still hot. This oxidation further exacerbates the radiative
transfer from uncoated copper.

The radiative heat transfer with the chamber walls is es-
timated using the concentric cylinders geometry (chamber di-
ameter = 18′′ and measure bar diameter = 1

4
′′). At the heater

temperature of 500 ◦C, the estimated heat transfer between the
gold-plated measure bar and the chamber walls is less than 5%
of the total heat transferred via radiation to the measure bar.
This heat transfer is less than 1% of the typical total heat trans-
ferred through the device under test via conduction which was
small enough not to consider further.

Using such radiation suppressed measure bar setup, high
temperature accurate thermal measurements of TE samples
can be done, as shown in the results in Sec. IV.

IV. THERMOELECTRIC PARAMETER RESULTS

The system performance was validated by measuring
bulk as well as thin-film samples which have been previ-
ously measured with conventional techniques mentioned in
Sec. I. Measurements of different samples demonstrated the
flexibility of the Z-meter setup going from thick samples to
thin-samples, and working over wide temperature range. For
a thick sample, conventional bismuth telluride (Bi2Te3) was
measured with the Z-meter. Near room temperature (311 K),
we measured a ZT of 0.87 for a 1 mm × 1 mm × 500 μm,
Micro-Alloyed-Material (MAM) Bi2Te3 (Marlow Inc.), with
a thermal parasitic correction of 1.5 Kcm2/W (dry metal-
metal contact), and a system electrical parasitic resistance of
7 m�. The ZT value is within 3% of the measured data pro-
vided by Marlow Inc.

For a thin-film sample, a semimetal/semiconductor
nanocomposite thermoelectric material (0.6%ErAs:
InGaAlAs)22 was tested with the system. The n-type
sample was approximately 1.4 mm × 1.4 mm × 60 μm.
Two samples were stacked on top of each other for a total
thickness of 120 μm. This relatively thin sample had gold
contacts on both sides. For high temperature measurements,
the heater was set at a constant temperature using the heater
controller and allowed to reach steady state before taking
measurements. The thermal quadrupole method12 was used
to estimate the time dependence of the thermal impedance of
the setup to get to the steady state conditions. During several
high temperature cross-plane measurements, it was realized
that at a high applied pressure (∼800 psi) metal bonding was
formed between the TE sample contacts and the gold-coated
metal pieces as the temperature passed certain threshold
(∼500 K). This bonding leads to very low thermal contact
(0.05 Kcm2/W) and system electrical parasitic (3 m�)
compared to the dry metal-metal contacts measured earlier
(Sec. II). The measurement results shown in Figures 9–13
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FIG. 9. ZT measurement for the n-type ErAs:InGaAlAs using the Z-meter in
comparison to published result.22
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FIG. 10. (a) Thermal conductivity estimation for the TE sample in the case of no radiation suppression, compared to thermal conductivity measured with 3ω

method;22 (b) the measured thermal conductivity data vs. data from 3ω measurement.22
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FIG. 11. Seebeck coefficient (◦) and electrical conductivity (�) measure-
ment for the n-type ErAs: InGaAlAs sample.

represent data taken after high temperature exposure
(>500 K), such that the sample was bonded to the mea-
surement setup, and a single thermal and electrical parasitic
correction factor could be used to obtain the ZT values.

The ZT data (Fig. 9) obtained from the Z-meter mea-
surement match with less than 7% average error compared
to the published data22 for the same material. The sample was
measured within an average temperature range of 300–620 K,
with the highest temperature gradient of 200 K.

Looking at individual TE parameters measured with the
Z-meter, the thermal conductivity for the TE sample would
have had an error of 6%–7% if the measurement was done
without addressing the radiation issue (Fig. 10(a)). The esti-
mation for this erroneous thermal conductivity was done by
adding the radiative power, calculated using the theory based
on Sec. III, to the measured thermal power. The radiation error
would have caused the measured thermal power to be higher,
resulting in larger thermal conductivity than the true material
value.
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FIG. 12. (a) Efficiency and (b) power density measurement data (◦) with theoretical estimations for different system parasitics at an average temperature of
614 K (best fit for Rparasitic = 3 m�).
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FIG. 13. Generated power density for ErAs sample at different temperature
gradient and average temperature increasing from 350 K to 575 K (power
density vs. temperature gradient is shown in the inset with a quadratic fit).

The measured thermal conductivity with the gold-plated
measure bar shows much better results (Fig. 10(b)) with
closer fit to the data from other measurement technique (3ω

method).22 Thus, without addressing the radiation issue, the
Z-meter would overestimate the thermal conductivity and
underestimate the overall ZT value with an additional 6%–7%
error.

The measured temperature dependence of the Seebeck
coefficient and the electrical conductivity for the sample is
shown in Figure 11. The ZT values shown in Figure 9 are cal-
culated by using these temperature-dependent TE parameters.

The Z-meter also gives the efficiency and the electrical
power density for a single TE element. The measurement
result for different load resistance at an average sample
temperature of 614 K, with a temperature gradient of 200 K,
is shown in Figure 12. Different load resistance across the TE
sample is achieved by changing the current source. The max-
imum measured efficiency and the power density are limited
by the system electrical parasitics. In Figure 12, the theoret-
ical evaluation for efficiency and power density are shown
with the electrical contact parasitics as the fitting parameter.
The theoretical simulation with a system parasitic of 3 m�

fits the experimental data showing very low electrical contact
resistance for the setup with the bonded samples. Taking into
account the system parasitics, the ZT value can be obtained
from the efficiency measurement using the relation given by
Equation (16), which relates the generator efficiency to
material ZT in the condition of maximum power (denoted by
subscript “p”)12

ηP = T ′
h − T ′

c

2T ′
h −

(
T ′

h−T ′
c

2

)
+ 4

Z

. (16)

For example, from the measured efficiency (η = 2.16%),
the ZT value of 0.67 was calculated which is equivalent to
the value obtained from the individual TE parameters at
T = 614 K.

A larger temperature gradient (>250 K) was applied
across the sample to achieve high power density measurement
as shown in Figure 13, but at an overall lower average sam-
ple temperature. For a single TE leg, high generated electrical

power density of 9.5 W/cm2 was measured which is 5× large
than the power density for MAM-Bi2Te3 material19 with the
same temperature gradient.

The inset shows the power density as a function of the
applied temperature difference. The data follow a parabolic
profile as expected since the generated power is proportional
to the square of the temperature gradient. Such thin-film TE
samples with large power density at higher temperature gra-
dient can be useful for power generation.22

V. CONCLUSION

In this work, we have presented an experimental tech-
nique to measure the TE parameters of a single sample
at high temperature with a large temperature gradient
(∼200 K), similar to real-life conditions for a generator. The
measurement setup was used for a wide range of temperature
(300-650 K), as well as for both bulk and thin-film samples
(thickness ∼ 100 μm). Both thermal and electrical parasitics
for the setup were carefully studied and minimized for
the measurements. We developed theory for radiation loss
factors and verified it experimentally at high temperature for
measure bars with different emissivity. Using a gold-plated
measure bar, radiation loss in the order of 6%–7% can be
suppressed in the thermal measurements with the hot side
temperature ranging from 330 to 718 K. TE parameters and
ZT for a semimetal/semiconductor nanocomposite (n-type
ErAs:InGaAlAs) were measured and are in good agreement
with the published results measured with conventional
techniques. High power density of 9.5 W/cm2 was measured
for this sample using the Z-meter under a large temperature
gradient of 255 K. Such a system can provide a good
platform for verification and measurement of TE parameters
in conjunction with conventional techniques to assure correct
measurement and reduce uncertainties by measuring all TE
parameters in a single sample.
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