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Abstract. Features of heat transport in silicon-based porous structures with different morphology before and after 
thermal annealing are investigated. Specifically, fractal-like porous silicon and silicon nanowire arrays samples were 
considered. All the structures were annealed in dry air at various temperatures in diapason from 600 °C up to 1000 °C for 
20 minutes. The photoacoustic technique with gas-microphone registration was applied for the thermal diffusivity 
evaluation of the samples. Particularly, the amplitude frequency dependencies of photoacoustic response from the 
considered samples in the classical gas-microphone configuration were measured in the range from 10 Hz to 3 kHz. The 
simulation of the experimental dependencies with the use of appropriate model allowed us to evaluate thermal 
conductivity. It was found that the short time thermal annealing together with increasing annealing temperature leads to 
significant reduction of thermal transport in mesoporous silicon. On the opposite, the thermal properties of silicon 
nanowires remain unaffected. 

INTRODUCTION 

For decades, the miniaturization of electronic devices has become a characteristic and important feature in 
modern electronics [1]. The main goal of this trend is a cheap and safe design and further implementation of 
compact, lightweight and manageable devices. A significant number of these devices consists of operating 
components that have a critical nanoscale size. However, the miniaturizing of the devices significantly increases the 
density of its components, which leads to a steep increase of heat flows from microprocessor chips. Thus, there is 
growing demand regarding the emergence of on-chip hot spots and related safety issues regarding their subsequent 
use under the critical temperatures. Therefore, the efficiency and durability of nanoscale electronic devices operation 
strongly depend on the engineering of its building blocks with proven and stable properties. 

Among silicon nanostructures, a great interest has recently been shown to the properties tuning of porous 
materials with different porosities and pore morphologies in a wide range of values [2–4]. However, bulk silicon 
surface is covered by silica film, and because porous silicon nanostructures have a large surface-to-volume area, 
therefore the presence of possible uncontrolled oxidation cannot be neglected even under the storage of the 
structures in ambient air. Moreover, it has been observed that during the annealing process the crystalline Si partially 
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turns into SiO2, and consequently the thermal and optical properties of the porous structure are changed and need to 
be regularly checked by diagnostic methods [5,6]. On the other hand, the control of porous nanostructures` surface 
chemistry through its intentional thermal oxidation is also indispensable to functionalize and stabilize its properties 
with the expectation of better reliability. Therefore, the main aim of this work is to study how thermal annealing 
affects the peculiarities of heat transport inside the porous silicon-based nanostructures with different morphology. 
Specifically, we focused on the sponge-like mesoporous silicon layer (PSi), produced by electrochemical etching, 
and the well-ordered silicon nanowire arrays (SiNWs), fabricated by metal-assisted chemical etching (MACE) of 
monocrystalline silicon wafer. We chose the photoacoustic technique because it is well adapted for the study of 
various porous materials [7–9]. 

MATERIALS AND METHOD 

The PSi samples were prepared by electrochemical etching of a monocrystalline (100)-oriented boron-doped Si 
wafer in an electrolyte made of concentrated aqueous (49 %) HF and pure ethanol in a volume ratio of 1:1. Both 
thickness and porosity of PSi were adjusted by tuning the anodization current density and etching duration [10]. The 
elaboration conditions were chosen to fabricate mesoporous silicon with pore diameters in the range of 10-20 nm 
located on crystalline silicon substrate. 

The SiNWs arrays were synthesized via the two step MACE process, as described in [11]. After the etching 
process, all the samples were carefully rinsed with pure ethanol and deionized water for several times and dried in 
the air at room temperature in order to remove the remaining electrolyte or metal catalyst from the pores.  

Thermal annealing of the prepared PSi and SiNWs samples was carried out in dry air for 20 minutes at various 
temperatures, from 600°C up to 1000°C. 

TABLE 1. Structural characteristics of the investigated samples. 

Sample Doping level, 
cm−3 

Porosity, % The average thickness of 
porous layer, μm 

c-Si substrate thickness, 
μm 

PSi 1019 
60 ± 2 

50 ± 1 465 
SiNWs 1015 20 ± 0.5 270 

 

  
   (a)                                                                                                    (b)  

FIGURE 1. SEM view of the prepared PSi (a) and SiNWs (b) structures. 

 
The typical scanning electron images of the initial fractal-like PSi and ordered SiNWs arrays are presented on 

the Fig. 1. With the use of the images the diameters distribution in SiNWs arrays was to be in range from 50 to 200 
nm with the averaged size equals to 120 nm. Additionally, with the use of SEM images we investigated the 
porosities of the samples. Nevertheless, these values were checked by the gravimetric method. The optical 
microscopy of annealed porous structures (see Fig. 2) reveals any considerable changes of its porous layer thickness 
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compared to the initial PSi and SiNWs samples. Table 1 summarizes the structural characteristics of porous silicon-
based nanostructures investigated in the present work. 

 
 

 
(a)                                          (b)                                          (c)                                             (d) 

FIGURE 2. Cross-sectional images of PSi sample before (a) and after annealing at 1000 oC (b), and SiNWs sample before (c) 
and after annealing at 1000 oC (d), obtained by optical reflectivity microscopy. 

 
Measurements of thermal diffusivity of the investigated samples were carried out at room temperature by a 

photoacoustic (PA) method with gas-microphone registration. The samples were alternately placed inside the 
classical PA cell and irradiated by the non-stationary electromagnetic radiation, as shown on Fig. 3. As an optical 
irradiation source, a green laser (λ=532 nm) with the output optical power ~ 100 mW was used. Its modulation was 
carried out by a square-wave signal generator. The amplitude of informative PA signal was recorded by the electret 
microphone and compared with the reference one by the lock-in amplifier (Unipan 232B). 

We performed the measurements of the PA signal generated by the sample irradiation in the non-resonant low 
frequency range (from 20 Hz to 2250 Hz). The calibration of the PA cell was provided by the reference Si wafer 
with well-established thermal and optical properties. 

 

 

FIGURE 3. Sketch of the experimental setup employed for photoacoustic signal measurement 
 

RESULTS AND DISCUSSION 

The normalized by magnitude experimental amplitude-frequency characteristics (AFC) of the PA signal for PSi 
and SiNWs samples were obtained before and after thermal annealing with different temperatures (see Fig. 4). We 
can see on Fig. 4, that the oxidation of PSi samples leads to significant changes in its AFC. Moreover, the difference 
is more appreciable with the annealing temperature rising. Thus, a huge modification of the PA response registered 
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from PSi samples can be revealed. It can be related to oxidation of the samples hence they have significant surface-
to-volume ratio. 

On the other hand, thermal annealing impacts insignificantly the photoacoustic signal registered from SiNWs 
arrays because of its lower surface-to-volume ratio. Even after annealing at 1000 oC the AFC shows almost no 
difference. 

The obtained experimental results were treated by using the thermal wave approach [11,12]: the spatial 
distribution of the variable component of temperature θ (z) induced in the two-layer structure under its periodical 
heating by modulated irradiation in one-dimensional approximation is described by the following heat conduction 
equations: 

 

exp 				0

0					
     (1) 

 
where D i = χi / (ρi ci)  is the thermal diffusivity of the layer i, index 1 and 2 corresponds to the porous Si layer and 
monocrystalline Si substrate, respectively, χ is the thermal conductivity, ρ is the density of material, c is the heat 
capacity, I is the absorbed light intensity, α is the optical absorption coefficient of porous layer, ω = 2πf  is the 
cyclical frequency, f  is the frequency, d  is the average thickness of porous layer, l  is the thickness of the entire 
structure. 

The heat conduction equations with the temperature and flux continuity conditions at the sample layer surfaces 
allow us to evaluate the temperature distribution in the PA cell in terms of the optical, thermal, and geometric 
parameters of the investigated structure. Particularly, the solution of Eq. (1) in frame of the isolated top and bottom 
boundaries approximation can be expressed as follows: 

 

∙ exp ∙ exp 0

∙ exp ∙ exp
,    (2) 

 

where , A, B, C and E are the constants that can be defined from the boundary conditions and 

conditions of temperature and heat fluxes continuity at the interfaces between layers.  
The acoustic waves that are generated in the adjacent to the samples surface gas, and propagated through the rest 

of the inner volume to the microphone, strongly depend on thermal and optical properties of the sample and can be 
described by the following equation: 

 

 ~ θ 0 ∙ exp
	

 (3)  

 
where index g corresponds to gas, θ (0) is the temperature at the sample surface.  

The fitting procedure of experimental AFCs with the theoretical ones was carried out by achieving the qualitative 
coincidence under varying thermal diffusivity and absorption coefficient parameters of porous layer (see Fig. 4). The 
experimentally obtained thermal diffusivity values of PSi and SiNWs samples versus annealing temperature are 
shown on Fig. 5.  

Additionally, the right scale represents the recalculation of thermal diffusivity in thermal conductivity with rough 
approximation of constant (un-effecting on the annealing) volumetric heat capacity just to give general insight 
regarding order of magnitude. As one can see, the thermal conductivity values for the initial PSi and SiNWs samples 
are in good agreement with the results evaluated earlier for the same porous nanostructures [10,11,13,14]. 

Furthermore, Fig. 5 reveals a monotonic decreasing of thermal diffusivity of PSi with annealing temperature.  At 
1000 ОC, the thermal diffusivity of PSi is approximately reduced by one order of magnitude in comparison with the 
initial sample. Such significant decreasing can be explained by important thermal oxidation of porous silicon with 
significant surface-to-volume ratio. On the opposite, thermal diffusivity of SiNW arrays remains constant, and it 
does not depend on annealing in this temperature/time range. Thus, SiNWs are promising to be applied as an 
efficient material that might improves heat and mass transfer through the solid/fluid interface [15]. 
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FIGURE 4. Experimentally normalized by magnitude amplitude-frequency dependencies of the obtained PA signal, detected by 
microphone for PSi samples (left) and SiNWs samples (right), before (rhombus) and after (circles) annealing process with 

different annealing temperatures. The solid and dashed lines correspond to the calculated AFC obtained from the temperature 
distribution simulations. 
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FIGURE 5. The experimentally obtained thermal diffusivity of PSi and SiNWs samples versus oxidation temperature. The 
secondary y-axis on the right shows the corresponding thermal conductivity values of the samples in case when the volumetric 

heat capacity remains constant. 
 

CONCLUSIONS 

In this paper, we analyzed the features of photoacoustic response registered from the porous silicon 
nanomaterials annealed under different temperatures as well as their thermal transport properties. The evolution of 
thermal properties of porous structures with dendrite-like fractal (porous silicon layer) and well-ordered (silicon 
nanowire arrays) morphologies were studied. Temperatures of annealing were chosen in diapason from 600 to 
1000 °C. The dependence of thermal diffusivity of the samples on the temperature of annealing were measured by 
photoacoustic technique with gas-microphone registration. 

It was revealed that thermal diffusivity of PSi layer significantly decreases with increasing the annealing 
temperature, while the weak dependence of the SiNWs thermal properties annealed under same temperature 
conditions is observed. Thus, thermal diffusivity of PSi can be significantly tuned under dry annealing process. 

On the other hand, taken into account stability of SiNWs array, such materials can be used in different high 
temperature applications. Specifically, they can be used as an efficient substrate, for example, to improve heat and 
mass transfer across solid/fluid interface. 
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