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1 .O INTRODUCTION 

The figure-of-merit (Z) of a thermoelectric material is defined as Z = S*/pk, 

where S is the Seebeck coefficient, p is the electrical resistivity, and k is the thermal 
conductivity. Since Z is composed of three components, it is sensitive to measurement 
errors in each of the components. For example, a Seebeck coefficient measurement 
which is only 17% high combined with electrical resistivity and thermal conductivity 
measurements which are 17% too low will result in a Z value which is double the 
correct value. It is therefore important to observe correct technique when performing 

measurements of S, p, and k; arid to recognize the limitations of the measurements. 

The purpose of the course is to address some of those issues in order to increase the 
accuracy of the thermoelectric measurements. 

The above equation for 2 contains some implicit assumptions which must be 
considered. First, the equation assumes all measurements are made on the same 
sample. In the past some investigators have obtained erroneously high figure-of-merit 

values by combining the best values of S, p, and k from different physical specimens. 

The equation also assumes all individual measurements of S, p, and k are taken at the 
same time; i.e., no variation of properties occurs as a function of measurement time or 
measurement temperature. The assumption may not always be valid, especially for 
samples where dopant precipitation occurs, and repeat measurements or 
measurement stability experiments must be performed. Finally, since Z may vary 
depending on the crystallographic direction, the above equation assumes all 
measurements are taken in the same crystallographic direction. 

This discussion of thermoelectric measurements is divided into six main 
sections: Seebeck coefficient, electrical resistivity, carrier concentration and mobility, 

combined measurements of S and p (power factor systems), combined measurements 

of S, p, and k ( Z-Meters), and thin films. The presentation emphasizes the practical 
aspects of thermoelectric propeity measurements. It is assumed that high temperature 
measurements are desired and that a vacuum system or an inert atmosphere are 
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required. The techniques which are limited to room temperature will be noted. Both 
bulk and thin film measurement; will be considered. Thin film measurements are 
becoming of increasing importance because of the recent interest in thermoelectric 
superlattices. Such thin film measurements are often difficult to interpret because of 
the confounding effect of the substrate. 

More details on Seebeck coefficient and electrical resistivity measurements are 
presented in several books on t hermoelectrics [ 1-61 and in the International 
Thermoelectric Society Conference Proceedings (1 976 - 1995). Another valuable 
reference for semiconductor measurements is a book by Schroder [7]. 

2.0 SEEBECK COEFFlClE NTS 

For homogeneous and isotropic samples, the Seebeck coefficient depends only 
on the temperatures at the junctions, and is independent of the shape and position of 
the temperature gradients within the sample. For non-isotropic or non-homogeneous 
samples, the Seebeck Coefficient depends on position as well as temperature, and the 
Seebeck coefficient can become a tensor quantity (see Reference 2 for more details). 
For the following discussion of !seebeck coefficient measurements on bulk materials. 
the samples are assumed to be both homogeneous and isotropic. 

The measurement of the Seebeck coefficient is complicated by the absence of 
standards. Although calibrated platinum wire can be obtained from the National 
Institute of Standards and Technology, no bulk standards are known by this author to 
exist. One reasonable option is to instrument and test bulk high purity platinum, and 
assume the NlST values for platinum wire pertain to bulk material as well. A second 
more common option is to conduct “round robin” measurements among various 
laboratories on well-characterized, homogeneous samples. This latter option is 
sometimes difficult because differences in sample preparation preclude different 
laboratories measuring identica samples. The best option to date is probably to take 
a set of samples machined from a single well-characterized homogeneous sample 
and have these machined test samples measured by various laboratories. 

-4- 



Seebeck coefficient measurements can be divided into two common methods, 

which will be referred to as the “Small AT Method” and the “Large AT Method”. Both of 

these measurement methods are derived from the fundamental definition dV = SdT, 
where V is voltage and T is the temperature. The convention used for this presentation 
is that the voltage and temperature differences are measured with respect to the same 
points on the sample. This introduces a negative sign into the equation. For example, 
if T(hot) - T(cold) is positive and V(hot) - V(cold) is positive, then the material is n-type 
and the Seebeck coefficient is negative. 

For both of these methods, certain experimental practices should be 
considered. The experimentalist should attempt to measure the voltage and 
temperature at exactly the same’ point. One good practice is to instrument the sample 
so the thermocouple beads touch the sample, and then use either the negative or 
positive thermocouple legs to measure the voltage. In this way the voltage is 
measured at the sample surface and the temperature is measured only “half a bead” 
away. It is thus important to use a small welded (not just twisted) thermocouple bead. 

Another reason to use a small bead on the thermocouple is that thin 
thermocouple wires carry away less heat from the spot where the thermocouple 
touches the sample than thicker wires . Positioning the thermocouple wires so they lie 
in an isothermal region helps to minimize conduction losses away from the sample, 
and reduces the temperature drops due to any thermal resistance between the sample 
and the thermocouple bead. 

2.1 Small A T  Method 

A typical experimental configuration is shown in Figure 1. The entire sample is 
held at a fixed temperature by an external furnace. The sample has a small heat 
source at the end in order to provide temperature differences of typically 5-15 C across 
the sample. Voltage differences are measured as the temperature differences across 
the sample are changed (increased, decreased, or preferably both increased and 
decreased). The following discussion quantifies the analysis procedure, where it is first 
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assumed the lead wire has a Scebeck coefficient equal to zero. Then the actual 
Seebeck coefficient is given by 

S = -L? VIA T. 

However, the measured voltage (AVm) and the measured voltage (ATm) are not equal 

to A V  and AT because of voltage and temperature offset measurement errors. That is, 

AVm = AV + eV 

ATm = AT + eT, and 

where ev and eT represent the offset measurement errors. Substituting AV and AT 

into the equation for S yields 

AVm = -SATm +SeT + ev. 

The slope of a plot of AVm versus ATm equals -S, where S is assumed to be a 

constant over the temperature difference AT (usually a good assumption). An 

advantage of the “Small AT Method” is that the Seebeck Coefficient is independent of 

the errors eT and ev  if these errors do not change during the duration of the 

experiment. The eT error does not usually change during the acquisition of voltage 

and temperature data because the temperature difference AT is so small. It is unlikely 

the eT error will change in the few minutes it takes to generate the AV-AT pairs. 

In the “Small AT Method”, it is advisable to accumulate AV-AT pairs by using 

both increasing and decreasing ATs in order to determine whether any hysteresis 
effects exist. It is also a good practice to calculate the standard deviation of the slope 

of the AV versus AT line. In general, this standard deviation should be less than 1%. 

Now consider the lead-wire correction which must be accounted for when 
calculating the Seebeck coefficient. A common arrangement is shown in Figure 2. 

Here “X” denotes the sample ui7der test, and “L” denotes the lead wire used in the 
voltage measurements. It is assumed in the following analysis that both voltage test 
wires are the same elemental composition and thus have the same Seebeck 
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AT plot at each temperature Th, and dTc/dTh is the known slope of a graph of TC 

versus Th. The determination of S[Th] requires an iterative procedure. First, S[Th] is 

evaluated with SfTc] = 0. Then S[ic] is calculated using the first value of S[Th]. The 

I S[Th] value is recalculated with the new value of S[Tc], and the iterations continue until 

I 

coefficient. Traveling counterclockwise around the diagram, one can write the 
following equations: 

SL = -(vh - v2 )/(Th - Tr) 

SX = -(Vh - vc)/(Th - Tc) 

and 

Solving for V2 - V i  and rearranging yields 

SL = -(Vc - Vl)/(Tc - Tr). 

S x =  S L - ( V ~ - V ~ ) / ( T ~ - T C ) .  

By choosing the appropriate voltage probe wire, the contribution of SL to Sx can be 

made to be a few percent. 

2.2 Large AT Method 

A schematic representation of the "Large AT Method" is shown in Figure 3. One 

end of the sample is maintained near ambient, and the other side is heated to a 
temperature which can be several hundred degrees hotter than the cold side. In this 

method, S is not constant over the large AT range, so an integral evaluation must be 

performed. In our notation, 

Th 

AV = S m T .  

TC 

Differentiating with respect to TI) gives 

d(AV)/dTh = S[Th] - S[TcKdTc/dTh}, 

where the square brackets indicate the Seebeck coefficient is to be evaluated at Th or 

Tc. The term on the left of the equal sign is known by taking the slope of a AV versus 
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successive calculations of S[Th] yield a constant value within a certain limit. 

I 

An advantage of the “Large AT Method” is that it more closely simulates the 

operation of an actual thermoelectric element in a device. The method is convenient 
for measurements of Seebeck coefficients at temperatures below room temperature 
because under those conditions it is relatively easy to obtain a stable temperature 
environment. In addition, the method lends itself to incorporation into systems which 

can measure p and k in addition to S (Z-Meters). A possible disadvantage is that a 
computer is required for data aclquisition and analysis. Care must be taken to 
accumulate enough points so that calculating the derivative of the curve-fit line is 
accurate. In addition, it is somewhat more difficult to identify systematic errors or 

estimate them than for the “Small AT Method”. 

3.0 ELECTRICAL RESISTIVITY 

Electrical resistivities of thermoelectric materials are generally measured by 
passing a known current through a test sample with two leads or probes, and 
measuring the voltage developed across two separate voltage probes contacting the 
sample. The advantage of such a technique is that the measured voltage is 
independent of the voltage drop across the current leads, and there is negligible 
voltage drop across the voltage probes because the current passing through them is 
so small. Although electrical resistivity measurements are often considered “easy”, 
some hazards await the experimenter. These cautions will be discussed in this 
section. 

Three methods of electrical resistivity measurement will be discussed: the two 
probe method (Section 3.1), the linear four point probe method (Section 3.2), and the 
van der Pauw method (Section 3.3). For each of these three methods it is important to 
perform voltage measurements in both a forward current direction and a reverse 
current direction in order to subtract out the effects of contact resistance and Seebeck 
voltages. The Seebeck voltages arise from a temperature difference across the 
voltage probes. This temperature difference can be caused by non-uniform heating of 
the sample by the external heater, or by Peltier heating at the voltage probe junctions. 
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More quantitatively, since 

v + = v p + v s + v c  

and v - = - v p  + v s + v c  

then v, := (V, - v-)I 2, 

where V+ is the forward current voltage, V- is the reverse current voltage, Vp is the 

desired voltage due to the voltage drop, Vs is the Seebeck voltage, and VC is the 

voltage due to contact resistance. The V- measurement should be taken immediately 

(within the limits of the electronics) after the current is reversed in order to keep the Vs 

term the same far both the forward and reversed current directions. This quick 
V- measurement is particularly important at high temperatures where the Seebeck 

voltages may be substantial because of greater unwanted temperature differences 
between the voltage probes. 

Standard procedures for performing electrical resistance measurements by the 
two probe method and the linear four point probe method have been published by 
ASTM [8,9]. It is recommended that these procedures be consulted before 
measurements are performed. In addition, standard samples with a wide range of 
electrical resistivities for the four point probe method are available from the National 
Institute for Standards and Technology (NIST). 

3.1 Two Probe Method 

A common method for electrical resistance measurements is the two probe 
method, as shown in Figure 4. A known current, I, is passed through a solid sample of 

cross-sectional area A. The voltage drop, Vp, is measured between two voltage 

probes spaced a distance L apart. The resistivity is then calculated from the equation 

p = VPA/(IL). 

Although the measurement appears to be a simple one, systematic errors can 
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occur. The measurement of electrical resistivity depends critically on the distribution of 
the current within the sample. The above equation assumes the current passes 
uniformly through the sample, which implies perfect current electrode contacts at the 
ends of the sample. Soldering the current electrodes to the sample is a good solution 
for low temperature measurements. If soldering is not possible, perfect contacts are 
difficult to obtain even with carefully machined sample ends and current electrodes. 
One solution is to insert a compliant material, such as indium foil for lower 
temperatures or graphite felt for higher temperatures, between the ends of the sample 
and the current electrodes. Another acceptable solution is to position the voltage 
probes close together and far from the current electrodes. If the probes are separated 
from each other by a distance, L, and the length and width of the sample are Lo and w, 

respectively, then it has been recommended that the quantity (Lo - L) be larger than 

2w unless it is known that the ends of the sample are at a uniform potential [3,4]. 

Another systematic error arises from the uncertainties in the cross-sectional 
area A and the spacing L. The error in A is generally small, but the error in L can be 
appreciable because the exact positions of the voltage probes are unknown. The 
effect of the error in L can be estimated by measuring V after repeated new 
positionings of the voltage probes, and the effect can be minimized by using small 
diameter voltage probes. 

3.2 Linear Four Point ProheMethod 

The linear four point probe configuration is shown in Figure 5. Current is 
passed through the outside probes, and the voltage across the sample is measured by 
the inside probes. The probes can be lowered onto the sample with a vacuum- 
actuated lowering mechanism. Although the technique has generally been applied to 
thin films, disc samples of a few millimeters in thickness can also be measured with 
good accuracy. Several publications are devoted to this technique, including ASTM 
procedures [8,9j and technical papers [ 10,111. 

The following discussion applies to circular or rectangular samples with a 
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sample thickness less than four times the probe spacing (a common probe spacing is 
I mm). This discussion also assumes the sample is positioned on a non-conducting 
substrate or support, and that the probes are located at the center of the sample. (If the 
above conditions do not apply, refer to the references listed above.) 

The following equation is then applicable: 

p = V wCFA, 

where p = electrical resistivity in ohm-cm 

V = voltage across the inner probes in volts 
w = sample thickness in cm 
C = correction facior based on the planar sample dimensions and the 

F = correction factor based on the ratio of sample thickness to probe 

I = current passed through the sample by the outer probes in amperes 

probe spacing (see Figure 6)  

spacing (see Figure 6)  

In performing the measurements, care must be taken to insure that spurious 
currents are not being generated by photoconductive, photovoltaic, or the proximity of 
high frequency generators. Standard samples from NlST should be measured in 
order to verify the proper operalion of the system. 

Advantages of this technique are that it is fast and easy to apply, it can be 
employed for thin-film or disc samples, the point contact current probes eliminate the 
need for soldered connections, and that standards are readily available. A 
disadvantage is that the technique is difficult to adapt to measurements above ambient 
temperatures. 

3.3 Van der Pauw Method 

The van der Pauw method for resistance measurement is discussed in 
References 12 and 13 and is shown schematically in Figure 7. The advantage of the 
technique is that the disc sample can be of arbitrary shape in the x-y plane, and that 
only small samples (typically 5rnm - 20mm on a side and 1 mm in thickness) are 
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necessary. The sample shape:] and probe placement for reducing measurement 
errors have been discussed in detail in the literature [ 14,151 and will not be considered 
further here. The van der Pauw geometry is in common use for Hall effect 
measurements, as discussed in Section 4. 

4.0 CARRIER CONCENTRATION AND MOBILITY 

The Hall effect is a standard method for obtaining three fundamental 
parameters of a material: the electrical resistivity, the carrier concentration, and the 
carrier mobility. The Hall effect is discussed in various books (see Reference 7, for 
example), and at least one entire book has been devoted to the subject 1161. 

Knowledge of the carrier mobility (p) is of key importance in thermoelectric 

research. From a theoretical point of view, the thermoelectric figure-of-merit is 

proportional to f3 = p(m*)l-%q, where m* is the effective mass of the carrier and kl is 

the lattice portion of the thermal conductivity. Knowledge of the mobility and 

estimation of f3 can be used as a screening tool to identify materials with potentially 
high figures-of-merit. The dependence of mobility on temperature is also valuable in 
determining the possible carrier scattering mechanisms. Carrier concentration is 
valuable in assessing, for example, if the dopant added to the thermoelectric material 
is producing the expected numher of carriers in the conduction band. Electrical 
resistivities measured in a Hall apparatus can be compared as a check to values 
measured by another method. 

Only a very brief simplified discussion will be presented in the following 
paragraphs. The measurement of the Hall effect for thermoelectric materials presents 
some special challenges which will also be discussed. Related magnetic effects will 
be briefly considered, since some of them may be of significant magnitude for 
materials with high Seebeck coefficients. 
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4.1 Hall Effect 

PH = W *  

The sign of the carrier concentration indicates whether a material is p-type (+) or 
n-type (-), whereas the sign of the mobility is by convention always a positive number. 
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The basic Hall effect concept is shown in Figure 8. The electrical resistivity (p) 

is measured by passing current through the sample with no magnetic field and 
measuring the voltage drop developed across two probes contacting the sample. The 
carrier concentration (n) is measured by two separate probes and with the sample face 
exposed perpendicularly to a m<agnetic field. Consider an n-type material with only 
electrons as the charge carriers The electrons are deflected at right angles to their 
motion and to the magnetic field, and build up an electric field in the y-direction which 
opposes the magnetic force. The forces due to the electric and magnetic fields cancel 
each other, i. e., 

eEy := -evBZ, 

where Ey is the electric field in the y-direction, v is the carrier velocity (assumed for 

now to be the same for all electrons), BZ is the magnetic field in the z-direction, and e 

is the electronic charge of the electron or hole. Since the current density in the 
x-direction (jx) is given by jx = nev, the above equation can be written as 

Ey= RBzjx, 

where the Hall coefficient R is given by 
R = - 1 /(ne). 

A somewhat more general deribation for the Hall coefficient yields 
R = +/(ne), 

where r is the Hall factor [7]. The Hall factor is a function of the scattering mechanism, 
the temperature, and the magnetic field, and has a value between 1 and 2. It is often 
assumed to be equal to unity, since its theoretical value for acoustic phonon scattering 
of the charge carriers (common for thermoelectric materials) is 1.1 8. 

The Hall mobility (VH) is calculated according to p~ = IRVp for single carrier 

material. This mobility differs from the conductivity mobility (p) according to 
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Different geometries and analysis methods are available for measurement of 
the Hall effect. Besides the barshaped samples shown in Figure 8, discs of arbitrary 
shape can be analyzed by the pan der Pauw method discussed in Section 3.3. A high 
temperature Hall effect system lailored to the measurement of thermoelectric materials 
has been reported [17]. 

Two factors complicate the Hall effect measurement for thermoelectric materials. 
The first is that the Hall coefficient is inversely proportional to the carrier concentration, 

and thermoelectric materials possess high carrier concentrations (1 01 9 - 1 O%m3). 

Thus, in order to obtain voltage signals readily measured by commercial 
nanovoltmeters, rather large maignetic field strengths (1 -1.5 Tesla), thinner samples, 
and relatively high currents (e.g., 100 mA) are required compared to equivalent 
parameters necessary to measure more lightly doped semiconductors. The second 
complicating factor is the presence of thermomagnetic effects discussed in the next 
section. 

4.2 Thermomagnetic Effects 

High Seebeck and Peltier coefficients of thermoelectric materials may cause 
other magnetic effects to be appreciable and to contribute to the Hall voltage signal. 
These other effects are the Nerrist effect, the Ettinghausen effect, and the Righi-Leduc 
effect. These effects all require a magnetic field (taken for discussion to be in the 
z-direction) and a temperature gradient to be present in a sample. 

A summary table of these effects is shown in Table 1, and the basic components 
of the effects are shown in Figure 9. The Nernst effect arises because charge carriers 
can move down the sample in the x-direction due to a temperature gradient in the 
x-direction. This x-direction temperature gradient can be produced by the Peltier effect 
at the junctions with the current leads. The Ettinghausen effect arises because the 
different velocities of the charge carriers cause a temperature gradient in the 
y-direction, and the Seebeck coefficient creates a voltage due to this temperature 
gradient. The Righi-Leduc effect, often the smallest of the three thermomagnetic 
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effects, is similar to the Ettinghausen effect except the source of the carrier motion is a 
x-direction temperature gradient (same as the Nernst effect) instead of an externally 
applied voltage. 

The magnitudes of the voltages produced by the various magnetic effects listed 
above have been estimated by Nishida in Reference 6. Under a typical set of 
conditions for an adiabatic measurement on a thermoelectric sample, he calculates 
the percentage contributions of the thermomagnetic voltages to the Hall voltage as 
17%,0.3%, and 2% for the Nerirlst, Ettinghausen, and Righi-Leduc effects, 
respectively. Although the three thermomagnetic effects are interesting in their own 
right and can provide some useful information, for this discussion we consider them as 
effects interfering with the Hall effect measurement. 

One method of eliminating the thermomagnetic effects is to perform the 
measurements in a completely non-adiabatic way by keeping the temperature of the 
sample constant at all times. This technique is ideal since it would eliminate all 
temperature gradients and voltages due to the thermomagnetic effects. Although it is 
difficult to completely eliminate temperature gradients, the experimental Hall effect set- 
up should be designed to minimize thermal gradients by providing a heat flow path to 
a constant temperature surface. (It is desirable to perform the experiment in a 
completely adiabatic way if onel is measuring these thermomagnetic effects. Jandl has 

measured the magnetic analogues to S, p, and k, and has compared a magnetic 
adiabatic figure-of-merit to the usual thermoelectric figure-of-merit for Bio.g~S b0.05 

11 81.) 

A second method (which can be applied together with the first method) is to 
minimize the thermomagnetic voltages paying careful attention to the timing of the 
voltage measurements. Since the temperature gradients take some time to develop, it 
is advantageous to take the voltage measurements before the gradients have 
developed. The exact time betore the voltage measurements change significantly 
depends on the details of the Hall effect arrangement, and must be determined 
experimentally. With a standard van der Pauw set-up, a plateau time on the order of 
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1-2 seconds exists before the nanovoltmeter reading changes appreciably [6]. Of 
course, one must be certain that the nanovoltmeter can accurately respond within the 
1-2 second interval. 

5.0 POWER FACTOR SYSTEMS 

Power factor systems measure the “power factor”, defined as S2/p, of 

thermoelectric materials. It is relatively easy to combine the measurements of S and p 

into a single measurement system by adding current electrodes to the ends of the 
sample under investigation. An example of such a system capable to operation up to 
800 C is shown in Figure 10. Iri this system, one lead of each thermocouple can be 
used as a voltage probe for both the resistivity and Seebeck coefficient 
measurements. 

An advantage of such a system is that time dependent effects, at least for S and 

p, are eliminated. Another advantage is that the thermal conductivity and the figure-of- 
merit may be able to be estimated if the power factor is known. For high temperature 
systems, the thermal conductivity does not generally vary as much as the power factor. 
Also, a reduction in experimental testing time occurs because the two properties, S 

and p, can be measured at the same time. 

6.0 Z-METERS 

The term “2-Meter” is commonly used to refer to a single experimental system 
which has the capability to measure the thermoelectric figure-of-merit, Z. There are 
several advantages of a Z-Meter system. The figure-of-merit is measured on a single 
sample, so there is no ambiguily of different measurements being taken on different 
samples. Time dependent effects such as dopant precipitation can occur without 
causing an error in the measurement of Z. Finally, a determination of 2 on one system 

is generally faster than measuring Z by combining measurements of S,  p, and k taken 
on separate experimental systems. 
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Z-Meters also possess s13me disadvantages. All Z-Meters impose a single 
temperature gradient on the sample at some average sample temperature, but the 

optimum temperature gradient is zero for p measurements, and the optimum gradient 

is generally different for Seebeck coefficient versus thermal conductivity 
measurements. Accounting for thermal radiation requires care at high temperatures, 
and Z-Meters are most accurate at lower temperatures (for example, below 500 C). In 
general, the experimental desigin of the Z-Meter must be carefully chosen considering 
the trade-offs between the best ways to measure the electrical and thermal properties. 

There are two main type:; of Z-Meters, to the author’s knowledge. The first type 
is based on a method developed by Harman [19,20] and shown in Figure 1 1. Other 
researchers have contributed to the development of this method [21-231. An electrical 
current is passed through a sarnple, causing a temperature gradient because of the 
Peltier effect at the junctions. Thermocouples at the ends of the sample allow 
temperature differences to be measured, and one lead of each thermocouple is 
connected to a voltmeter to read voltage differences caused by the Seebeck effect. 
The value of Z can be calculated as follows. 

The voltage developed across the sample when the current is applied through 

the sample is composed of two terms: the IR drop, Vp, and the Seebeck voltage, VS. 

By reversing the direction of the current, these two contributions can be separated. As 
an example, if the voltage measured across the voltage probes immediately after the 
current is reversed, the Seebeck voltage will remain constant while the IR drop voltage 
will be reversed. Alternating current techniques can also be used to separate the two 
voltage sources. If the voltage across the probes in the forward current direction is 
denoted V+ , and the voltage measured immediately afterward in the reverse current 

direction is denoted V-, then 

v+ = v, + vs, 
and V- = -Vp + Vs, 

SO V+ - V- = 2Vp = 21R = 21pUA, 

where I is the current through the sample, R is the resistance of the sample, L is the 
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sample length, and A is the cross-sectional area of the sample. 
Then 

p = AVp/(lL). 

The Seebeck coefficient is calculated from 

V+ + V- = 2Vs = 2SAT, 

so S = L'S/AT, 

where AT is the temperature diflerence across the sample. 

The thermal conductivity, k, is calculated by equating the Peltier heat generated at the 
junctions to the heat transported across the sample, so 

SIT = kATA/L, or 

k = V s  ITU(A(Aq2). 

The figure-of-merit, Z = S2/pk, then becomes 

2 = VS/(VPT). 

The above equation shows that to measure ZT it is only necessary to determine two 

voltages, and that neither S, p, nor k need to be individually determined. With care in 

measurement of the often small temperature difference, AT, the three individual 

properties can be calculated. 

For best results using this method, the sample chamber should be evacuated to 
eliminate heat transfer by convection, and the thermocouple and lead wires should be 
small enough in diameter to reduce thermal transport by conduction. As mentioned 
earlier, radiation losses at high lemperatures can pose difficulties which must be 
considered in the experimental design. 

The second type of Z-Meter employs an iterative method to measure the 
electrical resistivity, the Seebeck coefficient, and the thermal conductivity on a single 
sample at the same time. The figure-of-merit, 2, is then calculated from the three 
properties. This type of system employs an external heater at one end of the sample to 
produce the temperature difference across the sample [Fig 121. The temperature 
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difference across the sample cam be several hundred degrees C. This technique has 
been developed by Wynsberghe [24], Woodbury (in Reference 6), and others. The 

system is basically a modified “Large AT Method” for Seebeck coefficients described 

in Section 2.2. The thermal conductivity is measured by the addition of a heat flow 
meter at the cold end of the sample. The heat flow meter is calibrated with a known 
standard of the same size and shape as the unknown sample to be measured. The 
system is provided with current probes to measure the electrical resistivity. The values 

of S, k, and pk as functions of the hot side temperature are calculated using an 

iterative process. A computer is required to take and analyze the data. The placement 
of thermal insulation around the1 sample, attaining high signal-to-noise ratios, and 
optimizing the iterative procedures are examples of issues that must be addressed. 
With care, such a Z-Meter system can be a valuable low-cost addition to a 
thermoelectric measurement laboratory, especially if relative results are useful at high 
temperatures and if more sophisticated equipment is unavailable. 

7.0 Thin films 

Two primary effects must be considered when measuring electrical properties 
on thin films. First, the effect of the substrate on the measurement must be taken into 
account. Second, it has been found that electrical resistivities, Seebeck coefficients, 
and carrier concentrations all change as the film thickness becomes smaller. These 
two thin film effects will be disciissed in the following paragraphs. 

Electrical measurements of thin films with a highly electrically insulating 
substrate or without a substrate can be measured with no corrections required to 
account for the substrate. However, most thin films are deposited on a substrate which 
has properties of its own and this can complicate the interpretation of the data. The 
effect of the substrate can be accounted for by successively thinning the substrate and 
plotting the Seebeck coefficient (for example) of the film-substrate combination and 
extrapolating to zero thickness. A better method is to mechanically or chemically 
remove the substrate entirely, but this may not be practical. 
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. 
To account for an attached conducting or semi-insulating substrate contribution 

to the measurement, assume the measurements are performed parallel to the film 
surface (see Figure 13). The subscript 1 represents the film and the subscript 2 
represents the substrate. Film and substrate thicknesses are represented by t i  and t2, 

and the interfacial resistance between the film and the substrate is denoted ri. If ri is 

very large compared to R1 and R2, then the measured voltages represent those of the 

film and no substrate corrections are necessary. 

If ri is zero, then the measured electrical properties can be related to the 

individual properties of the film ;and the substrate by a simple analysis of the 
equivalent circuit. This analysis is presented separately for the Seebeck coefficient, 
the electrical resistivity, and the Hall coefficient in the following sections. A similar 
analysis for Seebeck coefficients measured in a plane perpendicular to the film will 
also be discussed. 

7.1 Seebeck Coefficient 01' Thin Films 

Assume a temperature difference is developed parallel to the film surface, that 
this temperature difference is thie same for the film as for the substrate, and that ri = 0 

(see Figure 13). In this case, circulating currents between the film and the substrate 
are set up because of the differing Seebeck coefficients of the film and the substrate. 
The measured Seebeck coefficient of the substrate-film combination, S, is related to 
the Seebeck coefficient of the film, S i ,  and the Seebeck coefficient of the substrate, 

s2, by 

s = 61P2tl+ S2Plt2)/(P2tl + Plt2). 

This equation indicates that the substrate contribution to S becomes less as the 
Seebeck coefficient and thickness of the substrate decrease, and as the substrate 
electrical resistivity increases. The Seebeck coefficient of the film, S i ,  can be 

calculated if the other variables are known. The above equation has been presented 
in slightly modified form and applied to measurements of Si0.8Ge0.2/Si 

heterostructures j25J. 
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If the temperature gradient is perpendicular to the film-substrate interface, and 
ri = 0, the measured Seebeck coefficient over the entire film-substrate combination, S, 

is equal to 

S = (SI + aS2)/(1+ a), 

where a = k l  t2/k2tl , and k represents thermal conductivity. 

According to classical size effect theories, the Seebeck coefficient for thin films 
varies inversely as the film thickness [26]. Thus, comparisons of Seebeck coefficient 
values of thin films measured by different investigators should be performed at the 
same film thickness. The predicted inverse dependence of Seebeck coefficient on 
thickness has been found experimentally on vacuum deposited SeO.1 S b0.1 Teo.8 

films 40-160 nm thick at temperatures ranging from 320 K to 450 K [27]. 

7.2 Electrical Resistivity oil Thin Films 

The electrical resistivity of a thin film on a substrate may be calculated if the film 
and substrate are electrically connected at the current electrodes (or if ri = 0) and if the 

substrate resistivity and the substrate and film thicknesses are known. In this case, the 

film and the substrate act as two resistors in parallel, and the measured resistivity (p) of 
the film-substrate combination with the current flowing parallel to the film-substrate 
interface is 

P4t l  + t2) = P1 P24P1 t2 + P2tl19 

where t = film or sample thickness, and the subscripts 1 and 2 represent the film and 
substrate, respectively. This equation has recently been verified for n-type InP films 
applied to n-type silicon [28]. 

The electrical resistivity clf thin films has been found to be a function of the film 
thickness. For films of Sb2Teg 1291 and Bi2Teg [30] flash evaporated onto glass 

substrates, a pronounced rise in electrical resistivity was observed as the film 
thicknesses decreased below approximately 200nm. This increase was attributed to 

decreases in grain size and crystal perfection as the film became thinner. 
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7.3 Hall Coefficient of Thin Films 

Hall effect measurement:; on thin film-substrate combinations (2-layer 
structures) have been discussecl in the literature [31,32]. For a 2-layer system with the 
layers shorted to each other at tile contacts, the measured Hall coefficient (R) is equal 
to 

R = R 1 (tl/t)(P/PlP + R2(t2/t)(P/P2)2, 

where p is the measured resistivity for the film-substrate combination, t is the overall 

sample thickness and is equal to t i  + t2, and the subscripts '1 and 2 refer to the film 

and substrate, respectively [3 1 1. 

Often p-n junctions supply electrical isolation between a substrate and a 
deposited film. In the case where such a p-n film-substrate interface is electrically 
leaky, then the current flowing between the film and substrate can be nulled out by the 

appropriate use of external compensating resistors [32]. 
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Summary of Some Magnetic Effects 

Coefficient Dependent on Equation 
Temp. Gradient 

Hall (R) Independent Ey = RB& 

Nernst (Q) dT/dx 

Ettinghausen (P) dT/dy 

Ey = QBz(dT/dx) 

Ey = PBz SIX 

Righi-Leduc (L) dT/dx, dT/cly Ey = LBzS(dT/dX) 

Mechanism 

Carrier motion in 

x-direction due to 
external voltage 

Carrier motion in 

x-direction due to temp. 
gradient 

Carrier motion in 

x-direction due to 
external voltage. 
Different carrier velocities 
cause dT/dy. Seebeck (S) 
produces Ey. 

Carrier motion in 

x-direction due to temp. 
gradient (e.g., Peltier) 
Different carrier velocities 
cause dT/dy. Seebeck (S) 
produces Ey. 

-23- 



, 
‘ 

References 

1. A. F. loffe, Semiconductor Thermoelements and Thermoelectric Coolinq, lnfosearch 

2. R. R. Heikes and R. W. Ure, Jr., Thermoelectricity. Science and Enaineering, 

3. D. M. Rowe and C. M. Bhandari, Modern Thermoelectrics, Holt, Rinehardt and 

4. H. J. Goldsmid, Electronic Refriaeration, Pion Limited, London, 1986, p 123 ff. 
5. P. H. Egli, Ed., Thermoelectrim, John Wiley and Sons, New York, 1958, p 235 ff. 
6. D. M. Rowe, Ed., CRC Handbook of Thermoelectrics, CRC Press, New York, 1995. 

7. D. K. Schroder, Semiconductor Material and Device Characterization, John Wiley 
and Sons, New York, 1990, Chapters 1,2, and 5. 

8. American Society for Testing and Materials, ASTM Procedure F43-88, Standard 
Test Methods for Resistivity of Semiconductor Materials, 1 989. 

9. American Society for Testing and Materials, ASTM Procedure F84-93, Standard 
Test Method for Measuriria Resistivity of Silicon Wafers With an In-Line Four- 
Point Probe, 1993. 

10. F. M. Smits, Measurement of Sheet Resistivities with the Four-Point Probe, The 
Bell System Technical Journal, May 1958, p 71 1. 

11. A. Uhlir, Jr., The Potentials of Infinite Svstems of Sources and Numerical Solutions 
of Problems in Semiconductor Enaineerinq, The Bell System Technical Journal, 
Jan. 1955,105 

12. L. J. van der Pauw, A Method of Measuring Specific Resistivity and Hall Effect of 
Discs of Arbitrary Shape, Phillips Research Reports, Vol 13, No.1,1958, p 1. 

13. L. J. van der Pauw, A Method of Measuring the Resistivity and Hall Coefficient on 
Lamillae of Arbitrarv Sha,pe, Phillips Technical Review, Vol 20 ,1958, p 220. 

14. D. W. Koon, A. A. Bahl, and E. 0. Duncan, Measurement of contact Dlacement 
errors in the van der Pauw technique, Rev. Sci. Instruments, 60 (2), 1989, p 275. 

15. D. W. Koon, Effect of contact size and placement. and of resistive inhomogeneities 
on van der Pauw measui’ements, Rev. Sei. instruments, 60(2), 1989, p 271. 

Limited, London, 1957, p 129 ff. 

lnterscience Publishers, New York, 1961, p 285 ff. 

Winston, London, 1983, p 77 ff. 

p 143ff. 

-24- ~ 



16. E. H. Putley, The Hall Effecl and Related Phenomena, Butterworths, London, 

17. C. Wood et al., Hiah Temperature Hall-Effect Apparatus, Rev. Sci. Instrum., 55(1), 

18. P. Jandl, O~timization of the Thermoaalvanomagnetic Properties of Big5S - -  bs by 

1960. 

1984, p 110. 

Sn-Dopina for Ettinahausen Coolina in Weak Maanetic Fields, Proceedings of 
the Eleventh lnternationa I Conference on Thermoelectrics, U. of Arlington, 
Arlington, TX, 1992, p 254. 

19. T. Harman, S~ecial Technicyes for Measurement of Thermoelectric Properties, J. 
Appl. Phys. 29 (1958), p 1373. 

20. T. C. Harman, J. H. Cahn, and M. J. Logan, Measurement of Thermal conductivity 
by Utilization of the Peltier Effect, J. Appl. Phys. 30(1959), p 1351. 

21. C. Herinckx and A. Monfil, EIlectrical Determination of the Thermal Parameters of 
Semiconductina Thermoelements, British J. of Appl. Phys., 10(1959), p 235. 

22. A. E. Bowley et al., Measurement of the Fiaure of Merit of a Thermoelectric 
Material, J. Sci. Instrum. 38(1961), p 433. 

23. A. W. Penn, The Corrections Used in the Adiabatic Measurement of Thermal 
Conductivity Usina the Peltier Effect, J. Sci. Instrum., 41 (1 964), p 626. 

24. R. V. Wynsberghe, Rapid Simultaneous Measurement of Thermoelectric Material 
Properties, Proceedings of the Sixth International Conference on 
Thermoelectric Energy Conversion, U. Texas at Arlington, Arlington, TX (1 986), 

p28. 

Synthesized by MBE and Sputterina, Thirteenth International Conference on 
Thermoelectrics, AIP Press, New York, 1995, p 328. 

25. N. 8. Elsner, Thermoelectric: Performance of Sio.8&0.2/Si - -  Heterostructures 

26. C. R. Tellier, Thin Solid Films, 51 (1978), p311. 
27. V. D. Das, K. S. Raju, and S. Aruna, Thermoelectric Power of Ternary 

Semiconductor Sei - 0Sb1 .- o r n o  - Thin Films, J. Appl. Phys., 78 (1 995), p 

1751. 
28. A. Bartels et al., Substrate Egffect on the Transport Properties of Semiconducting 

Films, J. Appl. Phys., 77(1995), p 1621. 

-25- 



I 

< 
c 

29. N. G. Patel and P. G. Patel, Electrical Properties of Polvcrystalline S b 7 m  - -  Films, 

30. S. S. Fouad, Size and Temperature Dependence of Electrical Transport 
J. Mat. Sci. 26 (1991), p 2543. 

Properties of Vacuum Evaporated BipTen - -  Films, Phys. Stat. Sol. 183 (1 994), p 

149. 
31. L.F. Lou and W. H. Frye, &I1 Effect and Resistivity in liquid-phase-epitaxial lavers 

32. R. D. Larrabee, Theory and Application of a Two-Laver Hall Technique, IEEE 
of HgCdTe, J. Appl. Phys. 58 (1984), p 2253. 

Trans. on Electron Devices, ED-27 (1980), p 32. 

-26- 



SAMPLE 

Small 
Heater L 

000000000 

HOT 

Furnace W i ndi ng s 

Figure ‘ I .  Small AT Method 



SAMPLE, Sx 

Small 
Heater L 

000000000 

HOT 

Th, vh 

Leadwires, SL 

COLD I 

T R  

SX = Seebeck coefficient of sample 
SL = Seebeck coefficient of lead wires 

Voltmeter at 
T R  
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Figure 3. Large AT Method 
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Figure 7. Van der Pauw Technique 
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Figure 8. Hall Effect Schematic 
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Figure 9. Thermomagnetic Effects 
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Figure 12. Schematic of a Z-Meter (Iterative Method) 
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Figure 13. Sketch and Equivalent Circuit of a Thin Film on a Substrate 


