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The objective of task 3.2 and deliverable 3.3 was to develop electron beam lithography and dry etching 

processes to produce a complete fabrication process for Si-based nanowires.
The initial research was optimising the Glasgow STS ICP RIE etch tool process using 90 sccm SF6 and 25 

sccm C4F8 gases at 12 mTorr. Using the mixed process and optimising the chemistry, sub-10 nm Si nanowires 
were etched using 200 W of plasma power in the remote ICP source but only 10 V of applied bias. This low 
bias is essential to minimise damage in the processed device. Such a low bias demonstrates that the etching 
is predominantly chemical rather than physical. Fig. 1 shows a 10 nm wide by 500 nm tall SEM bar (a long 
nanowire that can be crossed-sectioned for SEM or TEM characterisation) demonstrating the high aspect ratio 
of 50:1. This figure still has some of the 50 nm HSQ resist at the top demonstrating that the etch has a suf-
ficiently high selectivity between etching Si and etching the resist (at least 25:1) to allow vertical nanowire 
structures to be etched. 

Two types of thermoelectric nanowire devices are required for the project. Lateral nanowires where the 
characterisation of the individual thermal and electrical properties are easier, and vertical structures that can be 
flipped chipped bonded to form modules are being developed. Fig. 2 shows a SEM image of 100 x 50 nm wide 
by 220 nm tall Si nanowires on top of SiO2. These nanowires were etching into a SOI wafer and for thermal 
characterisation, heaters and thermometers are required at either end as well as the removal of the SiO2 and 
substrate so that there are no thermal paths. Fig. 3 shows an optical picture of a completed Hall bar type device 
with the 100 x 50 nm nanowires in the centre, between voltage probes and thermometers fabricated from Al 
metal. These thermometers are calibrated using a controlled temperature stage with a calibrated thermocouple 
to determine the resistance as a function of known temperature. NiCr/Al heaters were fabricated at either end 
of the structure. The final stage of processing is to remove the substrate as shown in the right hand side of Fig. 
3. 

The voltage probes combined with the current probes of the Hall bar allow the electrical conductivity of 
the nanowires to be measured (s = IW/(DV L) where s = electrical conductivity, I = curent, W = width, DV = 
Vxx voltage drop between voltage probes and L = length between voltage probes). The heater with the thermo-
mometers allows the thermal conductivity to be measured (Heat = –k A DT/L where k = thermal conductivity 
and A = conduction area (100 x wire cross sectional area), DT is the temperature difference along the wires and 
L is the length). The heat combined with the voltage probes and the thermometers allows the Seebeck coef-
ficient to be measured (a = DV/DT where a = Seebeck coefficient, DT is the temperature difference along the 
nanowires and DV is thermally generated voltage difference across the wires).  The most inaccurate measurement 
is the thermal conductivity and this will also be measured using a thermal AFM to plot the temperature change 

Fig. 1: SEM image of a 10 nm wide Si nanowires 
etched using SF6 /C4F8 using HSQ resist. 
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More on nanowires

Fig. 2: SEM images of the 100 x 50 nm wide and 
220 nm tall Si nanowires etched into the top Si 
of SOI.
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Fig. 3: SEM & optical images of 100 x 50 nm wide by 220 nm tall Si nanowires fabricated laterally on SOI 
with integrated voltage probes, heaters & thermometers for Seebeck coefficient, electrical & thermal con-
ductivity measurements. The picture on the left is removing the substrate with isotropic surface etching 
while the picture on the right is looking through the substrate from the bottom after the substrate has been 
removed.

Fig. 4: Left: a 1000 x 1000 array of 50 nm wide by 400 nm tall Ge/SiGe superlattice (wafer 8557) nanowires 
for vertical thermoelectric modules and right a 1000 x 1000 array of 50 nm wide by 400 nm tall Ge na-
nowires for vertical thermoelectric modules. These demonstrate that the etch also works for SiGe material.

as a function of difference along the nanowire. This will aid in understanding and reducing the uncertainty in 
the measurement.

Electrical measurements have been carried out on Si nanowires produced on SOI with 70 nm height and 80 
nm width. The top Si was doped at 1x1019 cm–3 with phosphorus using implantation at 5 keV with 2.5x1014 
ion/cm2 dose. The SOI was then annealled at 950 ˚C for 50 minutes to activate and diffuse the doping so the 
top Si had a uniform doping density (this was simulated using Silvaco TCAD SSuprem 4 and Athena). The 
nanowires were then written with electron beam lithography using HSQ resist before using the developed SF6, 
C4F8  ICP-RIE etch process, stopping on the oxide. The resist was stripped in dilute HF before the nanowires 
were oxidised at 950 ˚C for 10 minutes to passivate the surfaces and reduce surface charge and anneal out 
electron beam lithography or any process damage. From the initial results it is clear that the oxide thickness 
is too thick (~30 nm) and so this needs optimising for smaller nanowires in the future by using lower growth 
temperatures. Finally Ti/Al contacts were patterned and annealled after opening windows in the surface oxide.

The narrowest electrically conducting wires were written with 80 nm electron beam lithography but after 
oxidation, electrical measurements show that the the electrically conducting width is between 5 and 10 nm. 
These wires have an electrical conductivity at 273 K of  50 µS for 100 x 80 nm x 5 µm i.e. 0.5 S-m conductiv-
ity per nanowire. Thermal and Seebeck characterisation is scheduled for year 2.

We have already undertaken further work originally scheduled for year 2. Fig. 4 shows on the left an array 
of Si nanowires developed to allow flip chip bonding for modules. Fig. 4 on the right shows a similar array of 
Ge nanowires to demonstrate that the developed etch will be appropriate for Si, Si1-xGex or Ge material.
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Size dependant Thermal conductivity in SOI substrate 
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Some paper shows reduction of Thermal conductivity of Silicon of almost 
one order of magnitude. Quasi-Phononic band gap effects
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