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Measurements of the Seebeck Coefficient of 
Thermoelectric Materials by an AC Method ~ 

T. Goto,-" 3 J. H. Li, -~ T. Hirai, z Y. Maeda, 4 
R. Kato, 4 and A. Maesono 4 

An ac method Ior measurement of the Seebeck coefl]cient was developed. 
Specimens were heated periodically at frequencies in the range 0.2 l0 Hz using 
a semiconductor laser. The small teml~erature increase and the resultant ther- 
moelectric power were measured with a Pt PI 13 % Rh thernaocouple (25 i tm  in 
diameter) through a lock-in amplifier. The Seebeck coetllcient of a Pt , .  Rh u. foil 
measured by the ac method was in agreement with that obtained from the 
standard table. The opt imum frequency and specimen thickness Ibr the ac 
method were 0.2 ]];,: and [).[ 0.2 nlnl, respectively. The Seebeck coellicicnts of 
silicon single crystal and several thermoelectric semiconductors [Si~.Ge_,,,. 
PbTc. VeSi_,. SiBul  measured by the ar method agreed with those measured by 
tl r dg Il le[hod in the tenlperature range between roonl [gnlpelaturc 
and 1200 K. The time needed Ibr each measurement was less than a few tens of 
minutes, significantly shorter than daat lbr a conventional dc method. 

KEY XV()RI)S: ac method: platinum rhodium alloy: Sr coellicicnt: semi- 
conductors: silicon germanium alloy: thermoeleclricity. 

1. I N T R O D U C T I O N  

Recently, thermoelectric power generation has attracted significant atten- 
tion due to the necessity of having efficient energy consumption and 
developing long-term stable power supplies in space [1] .  The efficiency of 
thermoelectric conversion depends strongly on the materials, which are 
characterized mainly by the Seebeck coefficient, electrical conductivity, 
and thermal conductivity. Although electrical and thermal conductivity 
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measurements have been well established, experimental difficulties are 
encountered in precise measurement of the Seebeck coefficient. In general, 
thermoelectric power (AE) is measured under steady-state conditions main- 
taining a small temperature gradient (A T) within the material [ 2 ], and the 
Seebeck coefficient (S) is determined from the following equation: 

AE 
S =  lim (1) 

. 4 r - .  d T  

The major experimental problem in the steady-state (dc) method is the 
elimination of spurious dc thermal emf's from the measuring circuit or the 
contacts between the specimen and the lead wires. Therefore, the Seebeck 
coefficients are usually determined from the gradient of the AE-versus-AT 

relationship, implying that the measurements are conducted at several 
values of d T. However, it is often difficult and time-consuming to maintain 
a small A T  for a long time keeping the specimen under a constant tem- 
perature. Several rapid methods for measurement of the Seebeck coefficient 
have been proposed [3, 4]. Freeman and Bass [5] reported an ac method 
and measured the Seebeck coefficient of aluminum within an accuracy of 
1%. They heated the specimen with a tungsten lamp at a frequency of 
21 Hz and measured the themaoelectric power using a prototype lock-in 
amplifier. Their system appeared to have had a problem for thermoelectric 
semiconductors because the frequency (21 Hz) was possibly too high tbr 
materials with a low thermal diffusivity. The accuracy of the ac method 
depends on the fiequency used; the lower the frequency, the higher the 
accuracy. On the other hand, a modern lock-in amplifier enables one to 
perform accurate measurements even at less than 1 Hz [6]. 

The present paper describes the development of a rapid and precise ac 
measuring system for the Seebeck coefficient and discusses the optimum 
measuring conditions for a metal and several thermoelectric semicon- 
ductors. 

2. E X P E R I M E N T S  

A schematic diagram of the ac measurement equipment and measuring 
circuit is shown in Fig. 1. Ptg.% Rhl0%(Ptg.Rh. ,)  alloy, Si single crystal 
(n type), Sis.Ge2. alloy (0.2 at % B doped), PbTe single crystal, FeSi2, and 
sintered SiBi4 were used as specimens. The specimens were 10 to 15 mm in 
length, about 4 mm in width, and 0.1 to 0.6 mm in thickness. Two sets of 
fine Pt-Pt 13% Rh thermocouples (Type R: 251Lm in diameter) were 
attached to the specimens using silver paste. One end (hot junction) was 
periodically heated with a semiconductor laser in the fi'equency range 
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Fig. I. Schematic diagnun of the ac measuring equip- 
ment and circuit. 
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between 0.2 and 10 Hz. The temperature increase in the hot junction was 
0.5-0.8 K depending on the frequency and the specific heat of the specimen. 
A higher frequency caused a smaller temperature increase at the hot junc- 
tion. There was almost no temperature increase at the cold junction. The 
temperature difference between the hot and the cold junctions (AT) was 
obtained from the conversion of voltage to temperature using the standard 
table for a P t -P tRh 13% thermocouple [7] .  The thermoelectric power 
(AE) was measured between the Pt wires attached to the hot and cold 
junctions. The Seebeck coefficient (S) with respect to Pt was calculated as 
S = AE/A T. Temperatures of the junctions and thermoelectric powers were 
measured with a lock-in amplifier (Type LAD-1A, SHINKU-RIKO).  The 
time constant of the lock-in amplifier was usually 5 or 10 s. The specimen 
temperature was raised to 1200 K using an infrared image furnace. The 
P t -P tRh  13% thermocouple (0.3 mm in diameter) was placed just below 
the specimen to measure the average specimen temperature. The atmo- 
sphere was generally vacuum (at about 0.1 Pa) and occasionally Ar (at 
67 kPa) to prevent sublimation of the specimen. 

3. RESULTS AND DISCUSSION 

Figure 2 shows the frequency dependence of A T  lbr Pt,).Rh,. tbil 
(0.1 mm thick) at 293 and 673 K. The values of A T  were almost inde- 
pendent of the frequency at f ~ 0.2-0.5 Hz and decreased with increasing 
frequency above 1 Hz. This trend was commonly observed tbr other 
materials. AT ranged between 0.4 and 0.8 K at f - -  0.2 Hz, depending on 
the material and temperature. 
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Fig. 2. Frequency del~erldence o f  temperature 
dil]'erence between the hot and the t o M  junctions 
{::IT) for Pt..~Rhl,, at 293 and 673 K. 

Figure 3 shows the temperature dependence of the Seebeck coefficient 
for the Pt,~,,Rh~,, foil with respect to Pt measured by the ac method and 
calculated using the standard table for Pt-Pt,~,,Rh., thermocouple (type S) 
[7]. The measured values were almost independent of frequency and were 
approximately 21~V. K ~ greater than the calculated values. This slight 
difference may be caused by the disagreement between the standard values 
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Fig. 3. Temperature dependence of the Seebeck 
coefficient of Pt,j,,Rh,~ measured by tile ac 
method and the xalues obtained fi'om the 
standard table Ibr the Pt PI.~,~Rh,~ ther- 
mocouple (type S) [7].  
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[7] and tile thermoelectric powers of very fine wires of Pt and PtRh 13% 
(25 itm in diameter). 

Freeman and Bass [5] pointed that the temperature gradient around 
the hot junction could cause the discrepancy between the dc and the ac 
methods. When a material is periodically heated, the temperature in the 
immediate vicinity of the hot junction thlls off as x/2, alter transient 
phenomena have diminished, where x is the distance from the hot junction, 
and 2 is given by the tbllowing equation [8]: 

2 = ~ .  12) 

where D is the thermal diffusivity of the material, a n d f i s  the frequency. In 
their experiments, the hot junction was heated at a frequency of 21 Hz and 
chromel-alumet thermocouple (50 ltm in diameter) was used. The values of 
2 for the chromel alumel (2c-h_..~) is 0.l mm, and the diameter of ther- 
mocouple wires is approximately 50% of 2. In the present experiments, for 
Pt at room temperature, D=0.25 cme.s ~ [9], thus 2p,=6.3 mm at 
.1=0.2 Hz. The diameter of the Pt wire (5011m in diameter) is only 0.8% 
o1"2 for Pt, which is small enough for the precise temperature measurement 
in the ac method. Therefore, temperature distribution around the hot junc- 
tion is quite uniform in the present system. As shown in Fig. 2, a lower 
frequency yields a larger AT, which causes greater thermoelectric power. 
The higher signal-to-noise ratio also must have contributed to the more 
precise measurements in the lower frequency region. 

Figure 4 shows the temperature dependence of the Seebeck coefficient 
(S) for Si single-crystal plates. The values of S for specimens 0.10 and 
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Fig. 4. Temperature dependence of the Seebeck 
coefficient of Si single crystals. 
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0.18 mm in thickness were in good agreement with the values obtained by 
the dc method. The values tbr 0.32- and 0.60-mln thicknesses are slightly 
smaller and greater than the other values, respectively. 

When an ac thermal energy is supplied to a plate at a frequency ( f ) ,  
the thickness of the plate should be far thinner than the thermal diffusion 
length (2 ~). Equation (3) should be satisfied to maintain a one-dimen- 
sional temperature gradient in the plate. 

(d/),) ~ l (3) 

where 2 is given by Eq.(1),  and d is the plate thickness. Since D is 
1.06 cm2.s  ~ for Si at room temperature [10],  2 ~=0.08 mm ~ at 

f = 0 . 2  Hz. Therefore, d /2=0.016 for the specimen of d = 0 . 2  mm, which 
satisfies Eq. (3). Although the appropriate thickness depends on the 
material, the thickness of 0.1-0.2 mm is usually thin enough for the ac 
method. 

Figure 5 shows the frequency dependence of the Seebeck coefficient 
(S) t"o1" Si~.Ge~. thermoelectric semiconductor at 873 K. The values of S 
for 0.60 mm in thickness increased with increasing frequency; however, the 
values for 0.30 and 0.10 mm in thickness are in good agreement with those 
of the dc method. For Si~.Ge_,,,, since D = 0 . 0 2  cm ~.s ~ at room tem- 
perature [11] ,  d /2=0.05  for the specimen of d=0 .10  mm at f = 0 . 2  Hz. 
This may satisfy Eq. (3) in the case of Si,~.Ge2.. A thickness of 0.60 mm 
may be too thick, which could cause the inhomogeneous temperature dis- 
tribution within the specimen. Figure 6 shows the temperature dependence 
of S values for Si~.Ge_~,,. The S values of 0.30 and 0.10 mm in thickness 
agreed with those by the dc method in the whole temperature range. 
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In the ac measurements, the specimen thickness should be thin enough 
to satisfy Eq.(3),  particularly for low-thermal diffusivity materials. 
Although the mechanical strength may determine the smallest thickness, it 
is usually not difficult to prepare specimens of d =  0.1-0.3 mm which seem 
thin enough for the ac measurements. In each measurement, at f = 0.2 Hz, 
a stable thermoelectric power was established within a few tens of minutes 
alter the specimen temperature was stabilized, The dc method often takes 
several hours because the measurements have to be conducted at several 
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Fig. 7. Temperature dependence of the Scebeck 
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values of A T to eliminate spurious emf's. Therefore, the present ac method 
is also advantageous for the rapid measurement of Seebeck coefficient. 
Figure 7 shows the temperature dependence of the Seebeck coefficient 
obtained by the ac method for several thermoelectric semiconductors. We 
confirmed that these results obtained by the ac method agreed well with 
those by the dc method. 

4. CONCLUSION 

We have successl\dly constructed a precise and rapid ac system for 
measuring the Seebeck coefficient using a high precision lock-in amplifier, 
high-power semiconductor laser, and fine Pt-PtRh 13% thermocouple 
(25 iLm in diameter). The optimum measuring frequency and thickness of 
specimens were 0.2 Hz and 0.1-0.3 mm, respectively. The Seebeck coef- 
ficient of Pt90 % Rhl0 % foil measured by the ac method was in agreement 
with the values obtained from the standard table. The Seebeck coefficients 
for several semiconductors such as Si, Si~.Ge2,,, PbTe, FeSi,, and SiB H 
measured by the ac method agreed well with those by a conventional 
steady-state (dc) method. 
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