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In this work, high-temperature annealing above 1073 K has been carried out to study the possible shape change of nanoporous Si thin films.  

Under 1273 K, it is found that the pore size can still be largely maintained when the nanoporous Si thin film is on a SiO /Si substrate.  2

However, the pore size can significantly shrink when the film is suspended.  The contrast suggests that the SiO /Si substrate can play an 2

important role in maintaining the nanoporous patterns at a high temperature. This finding can be important for the high-temperature 

applications of these porous thin films, such as thermoelectric power generation. 

COMMUNICATION

In recent years, nanoporous Si films have been widely studied for their 

potential applications in thermoelectric energy conversion, heat guide 

and phonon focusing. For thermoelectric power generation and 

refrigeration, a low lattice thermal conductivity k  and thus thermal L

conductivity k can be achieved mostly with pore-edge phonon 
1, 2scattering, as the classical phonon size effects.   This leads to a high 

2 2thermoelectric figure of merit, defined as ZT = S  S k , LσT/k = σT/(k  + )E

where S, , , and T represent Seebeck coefficient, electrical σ  kE

conductivity, electronic thermal conductivity, and absolute temperature, 
3respectively.   In theoretical modeling, the optimized ZT of an indirect-

bandgap material like Si usually occurs when the bandgap E is g 

4, 56–10k T, with k as the Boltzmann's constant. For Si with a large B B   

bandgap E ≈ 1.1 eV, the ZT value would not saturate up to 1200 K,  g 

beyond which the materials become less stable. The monotonously 

increased ZT from 300 to 1200 K can be found in existing studies on 
6, 7nanostructured bulk Si.  For general nanostructured Si, one common 

question here is whether these materials can be stable at a very high 

temperature for long-term operations. In numerous studies, it has been 

suggested that the pores may be largely closed or opened under high-
8, 9temperature annealing,  which indicates limited applications of these 

materials for power generation involving high temperatures.      

  In this work, the possible shape change of nanoporous Si thin 

films is systematically studied for different annealing conditions. As a 

20-µm-long bridge with nanopores, the studied Si thin films are 

patterned by electron beam lithography and then drilled with deep 

reactive ion etching (DRIE). It is found that the existence of a SiO /Si 2

substrate can effectively keep the pore size, whereas notable nanopore 

contraction can be found right after the bridge suspension. More careful 

examination suggests the suppression of pore size change can be 

attributed to the nonwetting interface between a Si droplet and a SiO  2
10substrate,  which effectively prevent the “flow” of soften Si on the 

substrate. 

Instead of using irregular nanoporous bulk Si etched 
8, 9electrochemically,  the studied periodic nanoporous Si films were 

fabricated from the 220-nm-thick device layer of a silicon-on-insulator 

(SOI) wafer. The buried oxide layer was more than 2 µm in its 

thickness. The initial pore diameter d is fixed at 109.1±7 nm, with a 

pitch of 201.9 ±3.7 nm. These values consider the surface roughness of 

DRIE-drilled pores, where the minimum diameter d  and maximum min

diameter d are averaged for each pore (see Fig. 3 also) and then max 

statistically counted over many pores. Table 1 summarizes important 

sample information, including the pore diameter d after annealing and 

further suspension, and the annealing condition. All annealing was 

carried out under N  protection, with a gas flow rate of 90 scfm. Some 2

samples were broken during the suspension process so that the pore 

diameters after suspension were not available. Annealed at 1273 K for 

180 minutes, one nanoporous thin film was completely broken into 

pieces after suspension (Fig. 1) so that the pore diameters after the  

suspension were not listed. Similar problems were found for several 

samples in Table 1. Such fractures were attributed to the mismatch 

between the thermal expansion coefficients of the Si film and the 

SiO /Si substrate. Si has a linear thermal expansion coefficient of 2
-6 -6 112.69×10  – 4.43×10  /K from 336 K to 1236.9 K,  whereas SiO  has a 2

-6 12much lower value of 0.55×10 /K at room temperature.

 

Fig. 1 The broken film after annealing at 1273 K for 180 mins.
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Table 1 Information about all studied samples.  After suspension, Samples 2 and 4 have cracks in the middle but Sample 5 is well protected. 

Other samples are largely broken (e.g., Fig. 1) during the suspension so that the pore size is not reported.

Sample #  

Average Pore diameter (nm) Annealing condition 

After annealing  After suspension  

1 118.8±8.3  N/A 1073 K, 30 minutes   

2 118.3±7.3  96.7±8.2  1173 K, 30 minutes   

3 120.2±6.7  N/A 1173 K, 60 minutes   

4 124.7±7.7  93.7±8.3  1223 K, 30 minutes   

5 124.0±7.4  
47.5±15.1  (middle region) to 

96.1±16.4 (most region)  
1273 K, 30 minutes   

6  107.0±8.8  N/A 1273 K, 120 minutes   

7 35.8±6.8  N/A 1373 K, 30 minutes  

Fig. 2 (a) Top view of annealed but unsuspended Sample 2. Top-view SEM images of DRIE-drilled nanopores through the annealing and suspension 

process: (b) before annealing, (c) after annealing, and (d) after further suspension. (e) Tilted view of nanopores.
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Fig. 2a shows one scanning electron microscopy (SEM) image for 

a typical thin-film device after suspension, as Sample 2 in Table 1. For 

electrochemical etching Si with random nanopores, experimental studies 
8indicate pore expansion even under 673 K annealing for 45 minutes.  

For suspended nanoporous SiO  films, annealing studies suggest a 2

critical pore diameter d  as the film thickness. Below this d  value, pores C C

would shrink under annealing, whereas pores with d would expand > dC 
13, 14during the annealing.   Different from these free-standing films, a Si 

film on a SiO  substrate may not have shape change due to the substrate 2

influence.  Because of the residual strain/stress within the annealed 

nanoporous structure, the nanopores shrunk right after the suspension 

even though no further annealing was carried out.  For the studied 220-

nm-thick Si thin films, the bridge was easily broken in such suspension 

processes.  In contrast, similar suspension was found to be usually safe 
15for unannealed samples.   Figs. 2b-d shows the detailed SEM images of 

Sample 2. These images were taken at three steps for the same region: 

1) before annealing, 2) after annealing, and 3) after the bridge 

suspension.  After annealing, the pore diameter expanded possibly due 

to the evaporation of the passive Teflon-like layer coated during the 
16Bosch process of DRIE.   After the suspension, the pore size was 

reduced from 118.3±7.3 to 96.7±8.2 nm. It should also be noted that the 

pore contraction may not be uniform after suspension. For Sample 5, 

nanopores in the middle had the largest contraction, whereas nanopores 

close to both ends of the bridge were less affected.  For the other two 

samples annealed at a lower temperature, they were broken in the 

middle during the suspension and uniform pore contraction was found. 

Along with the nanopore contraction, a more complex surface 

undulation around each pore was observed after the suspension (Fig. 2d) 

though such features were not found before the suspension (Fig. 2c). A 

closer observation revealed some deformation of the thin film, as shown 

in Fig. 2e. Such deformation was associated with the strong contraction 

of the nanopores after the suspension.

The shape of the nanopore sidewall was also investigated. In the 

fabrication of a through-film nanopore on a 220-nm-thick Si thin film, 

two cycles of DRIE etching were performed. As the result, a wavy 

nanopore sidewall is expected, with a maximum diameter d  and max

minimum diameter d . Fig. 3a shows the typical sidewall of a nanopore min

with a diameter of ~200 nm.  However, softening of Si and the 

evaporation of the passive polymer layer during the high-temperature 

annealing lead to the shape change of the nanopore sidewall. Fig. 3b 

reveals more information with the sidewall of Sample 5 after the 

annealing and suspension. The sidewall roughness is largely reduced 

after annealing and a more uniform pore diameter can be observed 

across the film thickness. In addition, the passivation-layer residuals 

during the Bosch process of DRIE (e.g., C F  with a critical temperature 4 8
17of 388 K ) will be evaporated or thermally decomposed after the high-

temperature annealing.  

Despite the variation between different samples, it is clear that the 

SiO /Si substrate can largely suppress the pore contraction during the 2

annealing process and provide mechanical protection of the fragile 

nanoporous Si film under a high strain/stress. This effect can be 

understood from the large contact angle of 85˚ between molten Si and a 
18SiO substrate,  indicating poor wetting for soften Si on SiO .  For ultra-2 2

thin films, the strain field due to the SiO  substrate may easily penetrate 2

the film thickness so that a large strain field is anticipated across the 

whole nanoporous structure.  For high-temperature applications, the 

impact of a high strain on the transport and other properties must be 

addressed.  

In summary, nanoporous Si thin films on a SiO /Si substrate were 2

studies for the annealing impact on the pore sizes. It is found that the 

existence of the SiO  substrate can effectively protect the nanofeatures 2

during high-temperature annealing and significant pore contraction can 

be found right after the film suspension. In practice, such nanoporous 

thin films have been used for device cooling applications to effectively 
19spread out the heat.   For power generation, high temperatures are often 

involved and the nanofeatures can be preserved when these films are 

placed on a SiO  substrate. Such thermally insulated substrate can 2

provide mechanical protection of a fragile nanoporous Si thin film, 

while minimizing the effective ZT reduction due to additional thermal 

transport through the substrate. More fundamentally, compressive or 

tensive thermal strains are anticipated within heated thin films. More 

studies should be carried out on whether such strains can be used to 
20, 21benefit the thermoelectric applications.
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