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In this work, optical and morphological changes on hydrogen-annealed porous silicon layers (PSL) are reported. The PSL 
were annealed in a hot filament chemical vapor deposition (HFCVD) system at a temperature of 1000 °C. Annealing time, 
10, 20, 60, 90, 180 and 360 sec was taken as parameter to changes the properties of PSL. After treatment, the samples 
were characterized by scanning electron microscopy (SEM), Fourier Transform infrared (FTIR) spectroscopy, reflectance 
and photoluminescence (PL) measurements. It was found that silicon matrix, in the PSL, was etched off by their 
interaction with atomic radicals causing changes in its morphology, porosity and thickness. The reflectance of the film, 
which is dependent on the porosity, also decreased to values near to 0% in the range of 400 to 850 nm even for short 
annealing times. The emission properties of the films, in the visible range, shifted to blue region for longer processing 
time. 
 
Keywords: Porous Silicon; PL; FTIR; Atomic Hydrogen 
 

1. Introduction 
 

Nowadays, porous silicon (PS) is a material widely used 
in several fields of application such as, optic, energy-
photovoltaic, chemistry and biology. Properties such as 
compatibility with silicon-based microelectronics, low cost 
of obtaining, large surface area within a small volume, and 
the ability to modulate its refractive index as a function of 
depth [1] have been the subject of research. PSL are 
usually formed by anodizing of a silicon wafer in 
hydrofluoric (HF) solution and their characteristics can be 
modified by changing the preparation conditions used on 
its formation. Porosity and refractive index can be changed 
during the process by varying the applied current density. 
By this way the fabrication of multilayered structures are 
possible and devices among them distributed Bragg 
reflectors and Fabry-Perot filters can be made [2, 3, 4].  

Changes in the properties of the PSL can be performed 
during its formation process or by means of a thermal 
process once the film is already obtained. Thermal 
annealing and thermal oxidation have been used to change 
the structural and emission properties of the PSL [5-9]. 
Techniques such as Rapid Thermal Process (RTP) [10, 11], 
Rapid Thermal Oxidation (RTO) [12, 13] have been used 
to control those properties and all compatible with the 
microelectronic technology. Due to the technological 
importance, new process to change and control the 
properties of the PSL are required.  
In this work some results on the properties of PSL 
subjected to atomic hydrogen exposition are presented. It 
was found, the porous silicon layer was etched off as result 
of such exposition. As consequence, the pore size increased 
and its optic properties as the reflectance and PL changed. 
The morphology of the film reshaped from the typical  

dendritic morphology to sponge-like one. The emission 
properties showed a blue shift effect once the film was 
processed in atomic hydrogen atmosphere. This approach 
could be used to enhance or develop devices based on this 
type of material. 
 
2. Experimental 
 

The porous layers were obtained by anodization of p-
type, B-doped, 0.02 ohm-cm resistivity, (100) oriented 
silicon wafers immersed in a solution (1:1) of hydrofluoric 
acid (HF: 40%) and ethanol. A density of DC current of 50 
mA/cm2 was applied to obtain the porous silicon layer. The 
porosity of the PS samples was 48% as measured by 
gravimetric technique and the thickness was estimated to 
be 70 μm approximately. The PS samples were oxidized by 
exposition to room environment for two weeks after that 
they were placed into the HFCVD reactor, the chamber 
was closed and evacuated and the tungsten filament was 
heated up to 2000 °C by applying an AC voltage of 80 V  
between their terminals. Molecular hydrogen was flowed 
(50 sccm) through the hot filament to produce atomic 
hydrogen. The atomic hydrogen is highly reactive and it 
has been used for etching a solid source, usually quartz 
(SiO2) and silicon substrates [14-16]. 

The properties of the porous samples were modified 
varying the annealing time, 10, 20, 30, 60, 90, 180 and 360 
sec while others parameters in the process were kept 
constant. The samples were characterized in morphology, 
reflectance and photoluminescence by using a scanning 
electron microscope (SEM) FEI Helios-Nanolab 600, an 
UV-Vis Thermolab system in the range of 300 to 800 nm 

and a photoluminescence home-made system equipped 
with; a laser B&E TEK (wavelength of 407 nm) and a PIN  
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Figure 1. SEM pictures from as formed PSL, (a) Plan view on the 
surface, (b) cross-sectional view and a film of SiOx is seen on the top. 
(c) Image showing the dendritic pores morphology and the SPL-Si 
interface. Some structural defects in the silicon substrate can also be 
seen. 

silicon photodiode as excitation and detection devices 
respectively. Additionally a FTIR Bruker Vector 22 was  
used to determine the microstructure on the samples. All 
measurements were performed at room temperature. 
 
3. Results and Discussion 
 

In figure (1) SEM pictures from as-obtained PSL are 
presented (reference sample). The plan view (Fig. 1a) 
reveals the existence of a mesoporous layer. The exposition 
of such PSL to the room environment causes the formation 
of silicon oxide on both on the surface and at the pores as 
seen in SEM cross-sectional image in Figure (1b). A more 
detailed image of the pore morphology, in a cross-sectional 
view, is shown in figure (1c). The interface of PSL-Si 
(substrate) can also be seen. 

When the porous layer is exposed to the atomic hydrogen 
in the HFCVD chamber, the film morphology is modified. 
In figure 2, SEM images of PSL with different annealing 
times are presented. The figure (2a) shows the surface 
morphology of the reference sample. As the annealing time 

is increased, the surface of the porous layer is modified on 
both in surface and depth. Porosity of the film changes and  
the silicon filaments are rounded by the action of the 
atomic hydrogen, figures (2a) and (2b).  

After 360 seconds of permanence, the porous silicon 
layer is completely removed and pores are no seen 
anymore (fig. 2d) and the surface becomes polished. It 
seems the atomic hydrogen reacts with the silicon atoms at 
the film. 

In a cross-sectional SEM view, it can be seen the silicon 
matrix also change its morphology in the depth. A sample 
with 20 seconds in atomic hydrogen is shown in Figure 
3(a). It can be noted a modified film with approximately 1 
μm of thickness.  A like chain, instead the original 
dendritic, morphology is observed in the upper part of the 
film and conformed by silicon crystals.  This change can be 
controlled by the annealing time in the process. In figure 
(3b) the SEM image of a sample exposed 60 seconds to the 
action of atomic hydrogen is shown. In figure (3b) can be 
noted that the film is composed by 2 sections. A portion of 
the layer was modified and has a thickness of 40 µm 
approximately and the other, under this part, the original 
porous film with a thickness of 15 µm is seen. This image 
gives us evidence that the temperature of the process is no 
responsible for the changes observed during the exposition 
of the PSL to the atomic hydrogen. After 180 seconds of 
heat treatment, the film is completely modified. The 
sponge morphology can be seen clarity (Figure (3c)); 
however, its final thickness (30 µm) is less than that of the 
original layer (70 µm) 

The results above can be explained by considering that 
the etching of silicon atoms by atomic hydrogen proceeds 
by the breaking of Si-Si bonds. This leads to the formation 
of higher surface hydrides, SiH(β1) and SiH2(β2) precursors 
for the formation of silanes (SiH4) as the etching product 
[17,18].   

Porous silicon can be considered as a nanocrystalline 
skeleton immersed in a network of pores and having a very 
large internal surface area (∼500 m2/cm3). This internal  
surface is highly reactive, the oxygen atoms react with the 
silicon atoms and the surface is covered with silicon 
dioxide even at room temperature. 

When this oxidized porous silicon layer is exposed to 
hydrogen radicals, the silicon dioxide is removed 
producing silicon monoxide (SiO) and hydroxyl ions (OH) 
[14-16] and probably SiHx. Once the silicon surface is 
oxide free, the atomic hydrogen consumes silicon atoms to 
produce silicon precursors in gas phase (silanes are 
assumed) and as consequence the silicon is removed from 
the internal surface (figures. 1-3). The atomic hydrogen is 
introduced into the pores and might lead to the formation 
of the sponge structure as seen in figures 3(a)-3(c). 

The silicon oxide etching was corroborated by FTIR 
measurements. Figure (4) shows the absorbance FTIR 
spectra from porous samples exposed to atomic hydrogen. 
Spectra (R) was drawn from the oxidized porous silicon 
layer (reference sample). It can be observed the 
characteristic vibration modes for the Si-O-Si bonds, 
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Figure 2. SEM images on the top of porous silicon layer after atomic hydrogen treatment.  (a) Reference sample, (b) 20 seconds, (c) 90 seconds y (d) 
360 seconds. 

stretching, bending and rocking peaked at around 1080, 
800 and 460 cm-1. A band at 881 cm-1 was also observed 
and it is assigned to the bending mode of Si-H bonds [19-
21]. 

As the annealing time increases the number of Si-O-Si 
bonds decreases causing a reduction in the intensity of the 
stretching, bending and rocking vibrations of such bonds 
(curves (a), (b) and (c)). The intensity of the stretching 
band is more o less constant for longer treatment times and 
probably caused by the new native oxide formed once the 
sample is exposed to the room environment for 
measurement.  

The result above shown confirms the etching of the 
silicon oxide at the PSL. Additional bands can be observed 
around 600-750 cm-1, at 635 cm-1 and a shoulder at 665 cm-

1, associated to Si-H wagging y SiH2 bending vibrations 
respectively [22].  The above mentioned bonds could be 
resulted from the interaction of silicon atoms at the silicon 
filaments and the atomic hydrogen.  
Once the silicon oxide is consumed the silicon filaments 
are etched and the film is modified as seen from figures (2) 
and (3). The etching rate of porous silicon is around of 12.5 
μm/min, a high rate compared to those obtained on 
polished silicon surfaces employed  as substrates. The 
internal specific area of the porous layer may account for 
this etching rate. 

Some optical properties of films subjected to the 
hydrogen process were obtained. As seen before, the 
silicon atoms in the PSL are removed when the film is 
exposed to atomic hydrogen. As result the percentage of 
porosity in the film increases. Some properties relating 
porosity must change. One of them is the reflectance. In 
figure (5) the reflectance properties from PS layers are 
presented. It can be noted that as the annealing time  

increases, the reflectance of the film reduces to values 
between 0 and 5 % (curves (a), (b), (c), (d))  in the range of 
450-800 nm with respect to untreated PS one (8%) (curve 
(R)).  

Films highly absorbents can be obtained even for samples 
with low treatment times (20 sec, curve (b)). The reduction 
in the reflectance can be due to the modification in the 
porosity and/or in the morphology of the film as seen in 
figures 2 and 3. For longer annealing times the film 
decreases in thickness and the reflectance value increases 
(curve e). 

The PSL parameters were attempted to be  obtained by 
fitting their measured reflectance spectrum, but it was no 
possible because of its strong optical absorption and 
thickness. However, for longer annealing times the PSL 
reduces in thickness and some constructive interferences 
cause oscillations in the measured reflectance as seen in 
figure (5), curve (e). In this case, by using the matrix 
method [23, 24] and the effective medium approximation 
of Looyenga-Landau-Lifshits [25] the porosity was 
determined to be 72 %.  
From the relation [26]; 

  (1) 
 
 

where fair  is the void corresponding to the porosity of the 
film expressed in per cent, ncSi  is the refractive index of 
the silicon, a value of 1.65 in the refractive index was 
calculated. From the results obtained, it can be pointed out 
that in this approach the porosity of the film and the 
refractive index can be controlled by adjusting the 
annealing time. In the present experiment the  values varied 
from 48 % to 72 % and from 2 to 1.65 for the porosity and 
refractive index, respectively.  
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Figure 3. Cross-section image of a PSL subjected to (a) 20 sec in 
atomic hydrogen, (b) 60 sec and (c) 180 sec. From image (b) it can be 
seen two sections of the film. A modified part and the original PSL. 
This may provide us evidence that the temperature of process do no 
change noticeably the morphology of the original PSL. 
 
This result may be important due to its potential 

application as antireflective coating in solar cells. The 
approach can be used to improve the efficiency of the solar 
cells.  
The evolution on the PL properties was measured and 
analyzed as function of the annealing time. It is well known 
that as grown PS layer exhibits visible emission centered at 
orange-red region. The origin of those phenomena is 
ascribed to radiative recombination of electron-hole pair 
(ehp) at silicon nanocrystals (Si-ncs) at the filaments of the 
PSL.  In figure (6), the room-temperature (R-T) PL spectra 
from porous layers subjected to different atomic hydrogen 
exposition time of 20, 60 and 270 sec are presented. The 
emission characteristics from the as grown PSL is shown as 
reference. As can be seen in figure (6), the reference 
sample exhibits a broad band centered at 750 nm. This 
band shifts to the blue region once the samples are 
annealed. This phenomenon can be explained as follows: 
As the atomic hydrogen atoms interact with the silicon  

 
 

Figure 4. FTIR spectra from samples with atomic hydrogen treatment 
(R) reference sample, (a) 20 seconds, (b) 60 seconds and (c) 90 
seconds. 
 

 
 

Figure 5. Reflectance spectra from PSL after atomic hydrogen 
treatment   (R) Reference, (a) 10 sec, (b) 20 sec, (c) 60 sec, (d) 90 sec, 
(e) 270 sec. 

 
filaments, they become thinner and smaller silicon 
nanocrystals are formed during the process. For longer  
process time smaller crystal size are obtained. As the Si-
ncs go down in size, an enlargement in their band gap 
occurs and the emission properties shift to the blue region. 

Figure (7) might give us evidence about the existence of 
such silicon nanocrystals. In that figure a SEM image from  

PS sample with 270 seconds of treatment shows silicon 
filaments with thickness in the order of 3 nm.  Si-ncs  with  
size around 1 nm are ascribed as the origin of PL in the 
blue region [27]. Although, the mean size of such silicon-
nc reduces as the treatment  time increases (as deduced in 
figure (6)) the trend was no verified completely and more 
experiments are currently done to get more information. 

 
4. Conclusions 
 

In this work the properties of porous silicon layers after 
atomic hydrogen treatment were studied. The experiments 
were carried out in an HFCVD reactor. The annealing time 
was used as parameter to control the PSL properties. It was 
found the silicon skeleton in the PSL is etched off by 
atomic hydrogen ions and morphological, optical and 
photoluminescence properties of the film are modified. 
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Figure 6. Room temperature PL spectra from PSL, (R) Without atomic 
hydrogen process (reference) and (a) 20 sec, (b) 60 sec and (c) 270 sec 
of process. 

 
 

Figure 7. SEM image from a sample with 270 sec in atomic hydrogen. 
Thin silicon filaments with thickness of 3 nm can be seen around 
silicon islands. It is probable that observed high energy emission, (Fig. 
6), is originated in those filaments. 
 
The etching rate of the PSL was around of 12.5 μm/min a 

higher value than that found in silicon susbtrates. The 
internal specific surface area (≈500 m2/cm3) in the layer 
might account for this high etching rate. The porosity of the 
film varied from 48% to 72% and the refractive index from 
2 to 1.65 as the exposition time increased. The treated PSL 
exhibited low values of  the  reflectance in the range of 0 to 
5% for 450 to 800 nm. Zero reflectance was obtained even 
for samples subjected to low exposition time (20 sec). Due 
to the silicon etching in the PSL, Si-ncs could be formed 
and a blue shift effect was observed on the PL properties of 
the film once the PSL are subjected to an annealing in 
atomic hydrogen atmosphere. Although more experiments  
are needed, it is possible to control  the properties of the 
film by this approach. The method could be used to 
enhance or develop devices based on porous silicon layers 
such as solar cell and gas sensors. 
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