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This deliverable is to review the work in Workpackage 4 and determine the optimum material, the optimum 

nanowire dimensions (or bulk), the optimum fabrication for a module and the optimum design for the thermo-
electric module.

Table 1 provides a comparison between materials as well as nanowires fabricated out of Si. 45 nm wide 
nanowires (50 nm lithography, etch and then oxidation with 3 nm thick oxide) were chosen as these have been 
demonstrated to be robust whilst smaller diameters are presently not robust enough for flip-chip bonding. 
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. This suggests that etching the SiGe superlattices into 
nanowires may produce additional ZT enhancements.

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-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: Materials and nanowire thermoelectric performance for modules.

The key parameters for defining the output voltage, current and power [1] are presented in Fig. 1 along 
with the material parameters of Seebeck coefficient, a, electrical conductivity, s and thermal conductivity, 
k in Table 1. The material results indicate that the vertical Ge/SiGe superlattices are the best material to use 
without any additional fabrication to produce modules. At present superlattices with thicknesses of 4 µm are 
being used to fabricate the module. There has been cracking issues with thicker superlattice growths and this 
has limited the thickness available. The NiSi Ohmic contacts available were measured as rc = 1.2 x 10–11 Ω-m2 
for the n-type [2] and 2 x 10–12 Ω-m2 for the p-type with kc = 16 W/mK [3]. 

It was decided to design a module aimed at producing approximately 100 mV/K with a module resistance 
below 200 Ω (fabricated device = 189 Ω) so that a useful voltage of 1 V can be achieved with a DT across the 
legs of 10 ˚C. From this the number of legs required for the superlattice material is about ≥122 and a leg area 
of at least 2.5 x 10–7 m2. Fig. 2 shows images of the design of the n- and p-type legs for the modules where 122 
legs of dimensions 500 µm by 500 µm are produced with contact pads to allow flip-chip bonding. An indium 
bump bonding process using 2 µm of evaporated In has been developed allowing the n- and p-type legs on 
different chips to be flip-chip bonded together with low access resistance. This approach is idea for energy 
harvesters that operate close to room temperature and allows operation up to 120 ˚C but not above where the 
indium melts. The chip size is 1 cm2. The rectangles in Fig. 2 are 540 µm by 1200 µm with the 500 µm by 500 
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Fig. 1: 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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µm legs at one end.
For the final module demonstrators, we have decided to take two approaches in parallel. One is to use the 

superlattices with the module design in Fig. 2 and the second is to etch the SiGe superlattices into nanowires 
to determine if there are any further enhancements from the fabrication of the nanowires. Fig. 3 demonstrates 
our fabrication development samples to produce 50 nm wide vertical nanowires out of SiGe superlattices with 
depths up to 4 µm. These samples have the In bumps on the main pad and use a metal mask for etching that 
also is used as the electrical Ohmic contact at the end of the nanowires. 50 nm wide nanowires have been cho-
sen to provide sufficient robustness to survive the pressure used during the flip-chip-bonding process.

Finally a capacitor with an area of 1 µm2 and 100 nm of Si3N4 as the dielectric has been designed to have 
a capacitance of ~ 664 pF to store the generated charge and thermometers have been integrated as sensors to 
allow the DT to be determined across the legs.
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Fig. 2: Left: An optical microscope images of the fabricated design of the n-type legs for the module before 
they are flip-chip bonded together using an indium bump bonding process. The device is ~1 cm2. Right: a 2 
µm thick indium bump on top of a test leg before the flip-chip-bonding process. The process has been tested 
and works on legs with sizes down to 25 µm diameter. 

Fig. 3: Two examples of developing nanowire arrays for modules. The right hand side is 50 nm wide Ge/SiGe 
superlattices etched 4 µm deep with electrical contacts top and bottom ready for flip chip bonding.


