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ABSTRACT 
Anodic electrochemical etching enhanced by ultrasonically is developed to 

fabricate luminescent porous silicon (PS) material. The samples prepared by the new 
etching method exhibit superior characteristics to those prepared by conventional 
direct current etching. By applying ultrasonically enhanced etching, PS microcavities 
with much higher quality factors can be fabricated. The improved quality induced by 
ultrasonic etching can be ascribed to increased rates of escape of hydrogen bubbles 
and other etched chemical species from the porous silicon pores surface.  
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  السلیكون المسامي باستخدام االھتزازات فوق الصوتیة نتعزیز تكو

  الخالصة 
أظھ رت. تم في ھذا البحث استخدام تقنیة جدیدة بسیطة لتطویر عملی ات تص نیع الس لیكون المس امي        

الكھروكیمیاویة وبوجود األشعة فوق الصوتیة تمتاز بتج انسعینات التي تم اعدادھا بطرق النتائج ان ال
حف ر او نق ش بخص ائص او أس الیب.د ومتناسق كما ان حجم الفجوات قد ازداد بزیاد الت ردد المس لط  حی

مقارن  ة بالعین  ات.متفوق  ة عل  ى تل  ك الت  ي ت  م اع  دادھا او تحض  یرھا ب  الطرق التقلیدی  ة الحالی  ة مباش  رة      
وج ات ف وقویمكن أن یعزى التحسن ف ي النوعی ة الناجم ة ع ن الحف ر بالم     . المحضرة بالطریقة التقلدیة

الصوتیة ھو زی ادة مع دالت ھ روب فقاع ات الھی دروجین وغیرھ ا م ن األن واع الكیمیائی ة المحف ورة او
. المنقوشة من السیلیكون التي یسھل اختراقھا مسام السطح

INTRODUCTION 
orous silicon (PS) is a promising material for possible photonic applications in 
different devices like LED, waveguide, field emitter, optical memory or gas 
(NO2, CO, etc.) sensors, etc.[1–2]. Recently, PS has attracted attention due to 
the property of photoluminescence (PL) in visible light range [3]. The most 

commonly used method of fabricating PS is direct current (DC) anodic 
electrochemical etching [1]. During the DC anodic etching process, the reaction 
product, silicon fluoride [4], tends to deposit at the pore tips. The H2 bubbles are 
adsorbed at the surface of silicon pillars because of interfacial tension, blocking the 
silicon pores and leading to a reduction of HF concentration inside the pores [5]. 
Thus, the etching process will be slowed down. Meanwhile, the dissolved species will 
increase the resistance of silicon wafer and hence decrease the current density. This 
factor also slows down the etching rate. 

PS material prepared by ultrasound (US) anodic etching has improved qualities in 
surface morphology, layer interface smoothness and optical  characteristics compared 
with the sample prepared by direct current (DC) electrochemical etching [4,5]. Over 
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the past decade many different models have been elaborated interpreting the visible 
light luminescence in PS, several overviews have been published to weigh arguments 
for/against to understand this phenomenon [6-8]. In this work, an ultrasonically 
enhanced anodic electrochemical etching is developed to fabricate light-emitting PS 
material. Taking advantage of the ultrasonic press effect and acoustic cavitations, the 
diffusion of the dissolved species and H2 bubbles from silicon pores can be 
accelerated. Optical microscopy (SEM) and FTIR measurement investigations show 
that the PS material prepared by ultrasonic anodic etching has improved qualities in 
surface morphology, layer interface smoothness, etching efficiency and optical 
characteristic compared with the sample prepared by DC etching.  
 
EXPERIMENTAL WORK 

In this work, ultrasonic treatment during layer formation resulted in the 
microstructural feature in a p-type (100)-oriented highly doped (0.01)Ω.cm silicon 
single crystal wafer. It was placed in a Teflon etching cell and etched in the dark with 
a HF (40%): C2H5OH (99%):H2O 1:1:1 (by volume) electrolyte solution. For 
comparison, a series of samples were prepared with three different etching conditions.  
Anodic etching at current density 30 mA/cm2 for 10 min the ultrasonic wave 
frequency of the ultrasonic generator were 22 and 35 kHz. In this letter, three samples 
are presented and referred to as sample A, B and C, respectively. The etching 
parameters are listed in Table 1. After the etching process, all the samples were 
immediately rinsed by deionized water and dried. Analysis of surface morphology 
was carried out using image-j program.  

To study the microstructure, optical microscope (model KRUSS, OPTRAT IV 
Germany) was used to measure the thickness of PS layer. The thickness of the 
nanostructure layer is calculated by subtracting the maximum depth (which is found 
by using reflection optical microscopy) from the lower interface. FTIR at room 
temperature has been used for the subsequent analysis of the samples. 
 
RESULTS AND DISCUSSION   

Figure (1) shows the surface optical microscopy image of samples A, B and C; 
the pores in the PS samples are seen as dark dots. Fig. 1(A) shows the pores of 
sample A distribute themselves randomly and are irregularly shaped. Most pores have 
large dimensions that seem to be joined by two or more smaller pores. The result of 
sample B is shown in Fig. 1(B). One can see from the image that the uniformity of PS 
pores has been slightly improved. Samples B and C, were fabricated using ultrasonic 
 wave frequency (22 and 35 kHz respectively). The pore diameters are much smaller 
and the shapes are more circular than in sample A. The more ultrasonic frequency 
induce the more uniform distributions of homogeneous pores have been appeared 
(Fig. 1(B,C). The PS layer thickness of samples in optical images (Fig. 1(A)–(C)) 
increased from 4.5 mµ for sample A,  6 µm for sample B and 7.5 µm for sample 
C(table 2). In addition, when viewed by naked eye, the fresh prepared samples B and 
C shine a uniform interference color while for sample A the color varies from the 
center to the edge. This is indirect evidence that samples B and  C have uniform PS 
layer while sample A does not, which is further confirmed by PL spectra.  In the same 
effective etching time, two obvious conclusions can be obtained: (1) the PS layer 
thickness of samples prepared by ultrasonic etching (samples B and C) are larger than 
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that of samples prepared by non-ultrasonic etching (sample A). (2) Morphology 
studies (table 2) show, layers thickness, number of pore, average size of pore and 
porosity for the three samples which evaluated by using j- image program. 
Morphology studies of the samples indicate that, when fabricated using ultrasonic 
anodic etching, a sample has a more uniform PS layer with larger silicon pores and 
the etching efficiency is also higher than those prepared without ultrasonic anodic 
method. The reason is believed to be that when employing simply the EC etching 
method, the chemical reaction products will deposit at silicon pores, mostly at pore 
tips, and prevent the dissolution of silicon wafer, consequently enlarging the lateral 
etching. A lot of micro-bubbles will appear in the electrolyte solution when the 
ultrasonic wave acts on it. These bubbles will shrink and expand repeatedly with the 
variety of sound pressure and result in desorbing of the chemical products from 
silicon pillars. If the bubble is broken, an extreme high pressure will be produced. 
This pressure will bring the dissolved species out of the silicon pores. In addition, the 
other ultrasonic effects, such as vibration, will also speed up the diffusion of chemical 
products. All these reasons cause the chemical reaction to concentrate on the pore 
tips,  thereby reducing the lateral etching and improving the uniformity and etching 
efficiency. 

The chemical composition of the surface of the porous layer was investigated by 
means of the transmission spectra in the FTIR spectroscopy. The FTIR transmission 
spectrum on freshly prepared PS layer which prepared by EC at different wavelength 
from 400 to 4000 cm-1 is shown in figure (3). Different vibration modes could be seen 
from this figure. The freshly prepared PS layer showed well defined, Si-H absorption 
bands at 2087-2400 cm-1. These modes are related to groups adsorbed at the extended 
PS surface. It is already well known that Si–Hx content is necessary for the 
passivation quality, as hydrogen may easily diffuse at the PS/Si interface as well as 
inside the Si wafer itself. 

The PS samples show Si-O-Si peaks 1070, 1112 cm-1 corresponds to the stretching 
modes of the Si-O-Si bridges in SiOx. As this peak dose not undergoes important 
changes when the samples are processed, it can be argued then this mode is related to 
the Si substrate. Otherwise, the mode at 1070 and 1112 cm-1 appear only is PS layer 
with some oxidation degree, the frequency can be related to the highly stressed SiO2-
Si interface of defective Si oxide at the PS surface. These modes are the symmetrical 
and antisymmetrical vibrational modes of the Si-O-Si bridges. The peak at 464 cm-1 is 
from the mode of vibration between tetrahedral Si-O-Si. Therefore, it can be 
concluded that the enhanced PL intensity is not related to Si-H or Si-O-Si surface 
bonds. 

US cavitation has been considered as a useful tool for cleaning and etching 
applications in microelectronics processing. In this work, we have shown that it can 
be used to induce useful microstructural changes in the porous layers. The ultrasonic 
treatment during layer formation resulted in the following microstructural features in 
p-type (1 0 0) Si (30mA/cm2 and 10 min of electrochemical etching): i) Change in 
bonding configuration, ii) decrease in oxidation and hydrogenation, and iii) Si H band 
narrowing (Fig. 3). The decrease in Si-H and Si-O band intensities indicates probably 
that there is some etching activity induced by US cavitation. The reason for the Si H 
band narrowing is attributable to the fact that US cavitation enables us to prepare 
structurally homogenous samples. As shown in Fig. 3, there is a significant shift 
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toward low energies at the stretching mode peak position at around 2200 cm−1. This 
result indicates that the US cavitation favors the formation of monohydrides to the 
detriment of multihydride formation. The relative increase of hydrogenation 
compared to oxygen is also confirmed by the Si-H. The ratio of Si H to Si-O Si is 
much stronger in US cavitated sample as estimated from the relative band intensities.  
Figure 3 (A) and (B) shows the spectra of Si-H and Si-O-Si stretching modes, 
respectively. As evidenced from the FTIR spectra, the 30 kHz frequency leads to a 
considerable increase in the amount of hydrogenation and oxidation. We attribute this 
effect to an increase in the concentration of free hole carriers, which are necessary 
elements for porous layer formation. 
 
CONCLUSIONS  

 We have presented an ultrasonic anodic etching method for fabricating light-
emitting PS material. Surface morphology investigations reveal that when other 
etching parameters are constant, the ultrasonic etching creates a thicker and more 
uniform PS layer, with smaller silicon pores than EC etching. Surface of etching layer 
observations further confirm the improved structural properties, which can be 
explained by the PS formation mechanics, especially by ultrasonic cavitation. The US 
cavitation leads to porous layers with decreased oxidation and hydrogenation and to 
an affective etching when combined with EC etching only. 
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Figure (1): surface morphology of porous silicon samples fabricated by different condition  

A) EC etching B) EC etching and ultrasonic effect (22 kHz) and C) EC etching and 

ultrasonic effect (35 kHz). 

 

Table (1):The parameters of different etching  
methods for fabricating PS 

Sample     Etching method     Current density (mA/cm2)    Time (min) 
   A             EC etching                                   30                         5 
   B             EC etching+US(22kHz)                30                         5 
   C            EC etching+US(35 kHz)                30                         5 

 
Table (2): the properties of samples (A, B &C) determined  

by image j program. 
 Layer thickness (µm) No. of pore Average size of pore (µm2) Porosity % 
Sample A 4.5 133 2 30 
Sample B 6 160 2.47 39.8 
Sample C 7.5 196 4.3 85 
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Figure (2): Image of sample B and sample C with frequencies 22 and  
35 kHz respectively. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Figure (2): Image of sample B and sample C with frequencies  
22 and 35 kHz respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (3): FTIR spectra showing the effect of ultrasonic treatment. 

 A) 22 kHz andB) 35 kHz. 
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