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The Radioiostopic Thermoelectric Generator (RTG), shown in 
Figure 1, consists of a heat source, an 80/20 Si-Ge thermopile, 
MIN-K insulation, and a stainless steel container. It was 
designed to deliver tens of mW for decades. 

The thermopile consists of two channels, each containing 13 
couples of alternate n/p doped wafers of 80/20 Si-Ge alloy. 
The wafers are glassed together to form the channels, and the 
channels subsequently glassed to form the thermopile as shown 
schematically in Figure 2. DC-diode-sputtered tungsten bridges 
the channel glass, interconnecting alternate wafers. Figure 3 
shows the interconnect pattern. The channels are electrically 
connected in series. 

Figures 4, 5, and 6 list the thermopile, 80/20 Si-Ge, and 
tungsten characteristics, respectively. 

An important question is how to predict the operating lifetime 
of such a thermopile. If one plots the average resistance of 
the thermopile as a function of time at various operating 
temperatures, one gets the kind of plot shown in Figure 7. 
Initially, for a given operating temperature, the cold thermo­
pile resistance is typically ~50 milli-ohms/contact. After a 
period of time (which is temperature dependent), the average 
resistance suddenly and rapidly increases. If that average 
resistance increases above a certain level, the generator will 
fail to deliver the required power. This "mean time to failure" 
decreases with increasing operating temperature. 

The physical mechanism responsible for this phenomena appears to 
be due to diffusion of silicon into the tungsten interconnects. 
This process converts the tungsten film at the interface to a 
di-silicide resulting in voids in the Si-Ge just below the 
interface. The rapid increase in couple resistance is thus 
believed to be due to an increase in constriction resistance 
because of the loss of contact in the void regions. 

If this diffusion model is correct, lifetime predictions as 
a function of operating temperature should be possible. An 
Arrhenius plot of the log mean time to failure (defined by the 
maximum tolerable thermopile resistance) as a function of 1/T 
is shown in Figure 8. The solid line is the least squares fit 
to the individual data points. The bars on the data points 

WSIRIBOIIOM OF THIS DOCUMENT IS UNLIMITED 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



correspond to the minimum and maximum values for several 
samples. Figure 9 shows the mathematical relationship between 
the mean time to failure, temperature, and "activation energy" 
for the diffusion mechanism. 

Based on this model, high temperature aging characteristics can 
- be used to predict whether a given batch of thermopiles will 
meet the required lifetime criterion. A typical aging behavior 
of a DC-diode-sputtered thermopile is shown in Figure 10. 
Immediately after tungsten is sputtered onto the thermopile, the 
thermopile resistance is usually higher than required. A 550 C 
anneal for eight hours reduces the resistance to an acceptable 
level. Subsequent aging at 630 C results in the aging profile 
shown. If the thermopile fails between 15 and 80 hours, its 
aging characteristic fits the model, and we have confidence that 
it will meet the lifetime requirement. 

For comparison. Figures 11 and 12 show aging profiles for 
analogous LPCVD samples. In these samples, LPCVD was first 
selectively deposited to a thickness of 700 Angstroms at SNLA. 
Subsequently, additional tungsten was DC-diode-deposited at GEND 
to bridge the glass gap and complete the interconnect. As seen, 
the initial resistance prior to the 550 C anneal step is 
comparable to the post-anneal resistance of the production 
sputter sample. This is probably due to the lack of sputter 
damage at the interface of the LPCVD sample and/or substrate 
cleaning characteristic of the LPCVD process. The 630 C aging 
profiles for both samples appear to be headed to cross the 
resistance limit at or beyond the 80-hour point. In general, 
one whould think that crossover beyond the 80-hour point would 
imply a higher activation energy and hence a longer lifetime. 
That may be true. However, it would not fit the present aging 
model, and without many experiments to establish the same degree 
of confidence in a new model, the ultimate lifetime cannot be 
guaranteed. 

In summary, LPCVD has a number of advantages. It is a simpler 
process than sputtering. It appears to be self-cleaning, a 
distinct advantage over the more surface-condition-sensitive 
sputtering process. LPCVD does not mechanically damage the 
surface as does sputtering, and this may be responsible for the 
low initial contact resistance observed. Finally, the aging 
profiles tend toward the high end of the acceptance window. 
This may imply a higher activation energy and a longer life­
time. However, more samples must be run to confirm lifetime 
predictions. 
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THERMOPILE CHARACTERISTICS -

* 80% Si 20% Ge 

* N Doped with 2 x 10^^ Atoms Phosphorus/cm 

* P Doped with 2 x 10^^ Atoms Boron/cm^ 

* 26 Couples 2 Wafers 0.23 mm x 3.1 mm x 25.4 mm 

Figure 4 



COMBINED SEEBECK 
COEFFICIENT 

RESISTIVITIES 

HALL MOBILITY 

/20 Si-Ge 

a ~ 500 pv/oc 

P 
P., ~ 

5.0 mQ—cm 
5.7 mQ—cm 

H ~ 45 cm^/V—sec 

Figure 5 



TUNGSTEN FILM 

DEPOSITION - DC DIODE SPUTTERED 

THICKNESS - 1-3i jm 

RESISTIVITY ~ 35lJn-cm 

Figure 6 
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tp = A(10VT) + B 

tp = average time to failure 
T = absolute temperature 

t p = tp^ exp(Q/RT) 

tp = constant 
R = universal gas constant 
Q = activation energy 

le) = 4.58 A(^K) 

Q - 75(kcal/mole) 

Figure 9 



ANNEAL AND AGING PROFILES 
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Figure 10 



ANNEAL AND AGING PROFILES 
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Figure 11 



ANNEAL AND AGING PROFILES 
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Figure 12 



APPARENT LPCVD ADVANTAGES ' -

* SIMPLE PROCESS 

* SELF-CLEANING 

* LACK OF SPUTTERING DAMAGE 
LOW INITIAL CONTACT RESISTANCE 

* HIGHER ACTIVATION ENERGY 
(MODEL TO BE CONFIRMED) 

Figure 13 


