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This deliverable is to review the work in Workpackage 3 and determine the optimum material, the optimum 
nanowire dimensions (or bulk) and the optimum design for the thermoelectric module.

Table 1 provides a comparison between materials as well as nanowires fabricated out of Si (Fig. 1). 45 nm 
wide nanowires were chosen as these have been demonstrated to be robust whilst smaller diameters are pres-
ently not robust enough for flip-chip bonding. Fig. 2 shows the Seebeck coefficient and thermal conductivity 
measurement data which was used to provide the results for the nanowires in Table 1. Whilst the Si nanowires 
do not have the largest ZT compared to the superlattices, they have an enhancement of 138 compared to bulk 
Si with the same doping density.

Sample QW /barrier-
width (nm)

s (S m–1) k (W m–1K–1) a (µV K–1) ZT (300 K) a2s (WK–2m–1)

n-Bi2Te3 bulk 120,000 1.2 –160 0.768 0.00372
n-Si bulk 16,700 148 –95 0.00031 0.00015
n-Ge bulk 123,000 59.9 –308 0.032 0.0117
n-Si0.15Ge0.85 bulk 26,300 6.7 –367 0.159 0.0354
p-Sb2Te3 bulk 83,300 2 260 0.84 0.00563
p-Si bulk 11,100 148 148 0.00049 0.00243
p-Ge bulk 30,300 59.5 300 0.014 0.00273
p-Si0.3Ge0.7 bulk 25,000 6.3 90 0.013 0.00126
p-SiGe
lateral

6.5 / 10.0 27,900 4.0 ± 2.1 255 ± 3.8 0.135 ± 
0.074

0.00182 ± 
0.00006

n-SiGe
vertical

3.0 / 1.5 49,800 7.75 –455 0.40 0.0103

p-SiGe
vertical

2.85 8,633 5.06±0.43 299 0.081 0.0013

n-Si
nanowire

45 nm width 20,300 7.78 –271 0.057 0.00149

Table 1: Comparison of the materials and nanowire thermoelectric performance in comparison with bulk 
values.
The results in Table 1 indicate that the vertical superlattices provide the highest ZT and power factor at room 

Fig. 1: Left: SEM image of one hundred 45 nm wide free-standing Si nanowires with heaters, thermometers 
and electrical contacts to measure ZT. Right: Two TEM images demonstrating the cross sections of Si na-
nowires before being made free standing.
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temperature. The modules have therefore been designed assuming that the vertical superlattice material will 
be used. From discussions with our industrial steering committee, it was decided to design a module aimed at 
producing approximately 100 mV/K with a module resistance below 200 Ω so that a useful voltage of 1 V can 
be achieved with a DT across the legs of 10 ˚C. As the vertical superlattices have a joint Seebeck coefficient of 
299 – (–455) µV/K = 0.754 mV/K with 122 legs this produces 92 mV/K. The key parameters for defining the 
output voltage, current and power [1] are presented in Fig. 3 along with the material parameters of Seebeck 
coefficient, a, electrical conductivity, s and thermal conductivity, k in Table 1. From the requirements above 
with some modelling, a leg area of at least 2.5 x 10–7 m2 is required with 122 legs to aim for mW output pow-
ers per cm2. 

The final deliverable is for the module to store the generated electricity and power an integrated sensor. 
Therefore a capacitor has been designed with a large area of 1 µm2. Si3N4 with a dielectric constant of 7.5 was 
chosen over SiO2 to increse the charge storage and to guarantee no leakage through pinholes, a 100 nm thick 
dielectric was chosen. This should produce a capacitance of 664 pF. A four terminal thermometer has been 
chosen as the sensor as these are required to determine accurately the DT across each leg to understand the 
real performance of the module. Also we already have process modules available for the thermometers using 
20 nm of Ti and 80 nm of Pt and so this minimises additional process development.

Fig. 4 presents the final designs for the masks for the module including the integrated capacitor.

Fig. 2: left: The Seebeck voltage as a function of DT for a 45 nm wide Si nanowire. right: The temperatures at 
either end of the Si nanowires as well as the temperatures without the nanowires connected.
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Fig. 3: A schematic cross-section of the thermoelectric module defining leg length, L, contact length, lc  for 
legs of area A with specific contact resistivity, rc and contact thermal conductivity, kc.
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Fig. 4: Top: The design of the n-type legs on the left and p-type legs on the right of a 1 cm2 designed chip. 
Below: a large scale image of the legs and electrical contacts where all dimensions are in µm.
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