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Abstract: Nanostructured materials have unique properties which completely differ from the initial solid state condition. In this 
presentation we will discuss different techniques to fabricate such materials, their physical and optical parameters and characteristics, 
possible application areas. Main attention will be paid to aluminum and silicon nanostructured layers which are the promising alternatives 
of  transparent semiconductors or metals as well as electroluminescent light emitting media.  
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1. Aluminum nanostructured materials 
Aluminum nanostructured layers are the promising alternatives 

of transparent semiconductors or metals. Main requirements for 
transparent conductive electrodes (TCEs) are good transparency in a 
limited and well-defined range as well as suitable conductivity. 
E.g., the wavelength interval constitutes 300 nm-2500 nm for 
photovoltaic and 400-700 nm for displays. Nowadays the best 
material to reach this goal is indium tin oxide (ITO). It is commonly 
used in many kinds of displays, light-emission diodes, solar cells 
and other optoelectronics devices.  

The average transmission for ITO is approximately 80-90% 
depending on thickness variation. For smaller thickness, ITO has 
better transmission and resistance and vice versa. The range of ITO 
sheet resistance is 10-100 Ω/□ [1]. Assuming ITO is “ideal”, novel 
TCEs should have the same properties or even better. 

The metal-based thin transparent films are attractive due to their 
plasmonic properties and better flexibility. Planar metal films have 
poor optical performanse, however a special nanostructuring can 
increase the transmission. The cross-linked Cu layer with average 
61 and 75% transmittance and sheet resistance 10 and 15 Ω/□ for 
120 and 200 nm grating line width were demonstrated 
correspondently [2].  

Another nanostructuring shape is a nano holey structure. The 
main feature of these structures is the independence on the light 
polarization at defined holes arrangement. In [3–5] data on 
transmission, reflection and absorption vs different hole size, inter 
hole distance and thickness are shown. In this paper, two simple 
methods of transparent conductive metal electrodes fabrication were 
proposed and realized. There optimal optical and electrical 
parameters were found and systematized.  

2. Experimental results 
A glass substrate with 200 nm aluminum (Al) is used for the 

first method of the TCEs fabrication [6]. The full process is 
illustrated on Fig. 1, where, for simplicity, the holey alumina 
(Al2O3) is not included.  

When the electrochemical anodization of Al starts the holes 
grow with sphere shape. At time t0 (step a) the holes (sphere) 
contact with the substrate and an aluminum electrode is forming. At 
this position the transparency is small and a further anodization is 
required (step b).  

At time t1>t0 the transmission increases and at time t2>t1 has the 
biggest values. The conductance has opposite behaviour and has the 
smallest value at time t2. Thus trade-off between transparency and 
conductivity is necessary. 
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Fig.1. First method of TCEs fabrication: a) The beginning of Al 
TCE formation (time t0); b) The end of Al TCE formation (time t1 or 
t2) 

In order to find the optimal parameters the FDTD Lumerical [7] 
and COMSOL Multiphysics [8] packages are used for optical and 
electrical properties simulation accordingly.  

The 10-20 Ω/□ sheet resistance for hole (sphere) radios r=60-70 
nm and inter hole distance w=100 nm was obtained. 
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Fig.2. Simulated optical properties for Al TCE with r = 50, 57, 

64, 71 nm and w=100 nm. 
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The simulated optical properties for hole (sphere) radii with r = 
50, 57, 64, 71 nm and inter hole distance w = 100 nm is shown in 
Fig. 2. The r = 50 nm and r = 57 nm correspond to time t0 and t1 
accordingly. The r  = 57 nm is an intermediate time value and r = 
71 nm is a value when conductance equals 0 Ω/□. In this case the 
trade-off between transparency and conductivity must satisfy 
condition 1.2-1.4r to obtain the average transmission 70-80% for 
range 300-1000 nm and 10-20 Ω/□ sheet resistance. 

The second proposed TCE formation method includes three 
steps as illustrated on Fig. 3. The step a is aluminum deposition 
followed by anodization and holes widening in the solution 
containing phosphoric acid. Then the metal (gold Au in our case) is 
deposited by e-beam evaporation (step b). The final step c is the 
transfer of obtained TCE to adhesive substrate. 

Optical properties for Au TCE at different hole size r = 100, 
150, 200 nm, inter hole distances w = 2r+25, 50, 75 nm and 
thickness d = 25, 50 nm are simulated using commercial software 
FDTD Lumerical [7]. The larger holes size provides better average 
transmission, when larger inter hole distance and thickness have 
opposite dependence. The Au electrode only absorbs a part of light 
for the range of 300-600 nm due to localized plasmonic resonance. 
At λ>700 nm the reflection increases. 
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Fig.3. Second method of TCEs fabrication: 
a) aluminum deposition, anodizing and holes widening; 
b) metal deposition;  
c) metal TCE transferring. 
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Fig.4. Simulated optical properties for Au TCE with r=100, 

w=25 and d=25nm. 

The structure with r = 100 nm, w = 25 nm and d = 25 nm has 
better average transmission for the range 300-1000 nm (Fig. 4) and 
equals to 82.5%. The 10-20 Ω/□ values were obtained for 25-50 nm 
TCEs thickness by four probe method. 

 

3. Silicon nanostructured materials 
Integration of electronic and optoelectronic components on a 

silicon chip is the task of a great importance. One of the most 
difficult optoelectronic component to integrate onto a Si chip is a 
light emitting device because Si is an indirect band gap 
semiconductor, meaning that it normally can’t produce light.   

A standard technological method of high porosity 
nanostructured silicon formation as functional layer for light 
emitting devices is electrochemical etching in hydrofluoric acid 
solution. It is believed that the presence of two holes is necessary 
for the separation (or etch away) of one silicon atom.  In our 
electrochemical process, after applying voltage, two fluorine ions 
approaching silicon atom (together with four molecules HF) etch 
away one Si atom from silicon surface.  

 The scheme of this process is illustrated by Fig. 5. 

 
Fig.5. The process of nanostructured silicon formation 

But this method has some inconveniences such as short 
anodizing time (few seconds for thin porous layers formation), toxic 
for operators and aggressive hydrofluoric acid which destroy 
aluminum interconnections. To avoid these inconveniences we 
propose to use a solution with low fluorine ions concentration. In 
this paper we are describing the stable and reproducible method for 
high porosity silicon formation in novel ammonium fluoride 
solution NH4F:H3PO4:C2H5OH:H2O. 

By increasing of NH4F concentration from 5 to 20 wt % the 
pore sizes are reducing from 20 to 10 nm. In addition, the reduction 
of current density also reduces the pores size. Thus, it is possible to 
change the pores size by varying of ammonium fluoride 
concentration and current density. Fabricated layers have a sponge 
like structure with the porosity in the range of 70-80 %. 

Table 1. The range of current densities and electrolyte 
concentrations 

Current density Solution concentration  
NH4F:H3PO4:C2H5OH:H2O 
 

0.01 - 0.1mA/cm2 NH4F – 1-3% 
H3PO4 – 20-70% 
C2H5OH – remaining 

 
Therefore, highly uniform and ultrathin high porosity 

nanoporous silicon films can be fabricated under very low current 
densities and fluorine ion concentration in a reproducible manner. 
Structural and electro optical properties of nanoporous silicon films 
are also discussed. 
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4. Conclusion 
Two methods of transparent conductive metal electrodes 

fabrication by electrochemical anodization technology are 
presented. The obtained transmission in the range of 300-1000 nm 
and its sheet resistance are the same as at ITO reference electrodes. 
These electrodes can be applied in the various optoelectronic 
devices.  

In this work we also report the stable and reproducible regime 
of  ultrathin nanoporous silicon layers fabrication under ultra small 
current density (down to 0.01 mA/cm2) and fluorine ion 
concentration (1 % wt) by using NH4F solution.   

      Acknowledgements 
The work is partly supported by Belarusian Republican 

Foundation for Basic Researches (grant No T16P-200) and by 
Russian Foundation for Basic Researches, grant No 12-07-
90006_Bel_a, 14-07-00574_a. 

      

 References 
 

[1] A.L. Dawar and J.C. Joshi, J. Mater. Sci. Lett. 19, 1-23 (1984) 
[2] M.G. Kang and L.J. Guo, J. Vac. Sci. Technol. B, 25, 2637-

2641 (2007). 
[3] W.A Murray and W.L. Barnes, Adv. Mater., 19, 3771-3782 

(2007). 
[4] X. Shou, A. Agrawal and A. Nahata, Opt. Express, 13, 9834-

9840 (2005). 
[5] Q. Wang, J. Li, C. Huang, C. Zhang and Y. Zhu. Appl. Phys. 

Lett., 87, 091105-091107 (2005). 
[6] A. Smirnov, A. Stsiapanau, A. Mohammed, E. Mukha, H.S. 

Kwok, A. Murauski, Proc. SID Symposium “Display Week-
2011”, Los-Angeles, 1385-1387 (2011). 

[7] Trial Versions of  FDTD Solutions http://www.lumerical.com 
[8] Porous Silicon Avalanche LEDs and Their Applications in 

Optoelectronics and Information Displays // P.Jaguiro, 
P.Katsuba, S.Lazarouk, and A.Smirnov // Acta Physica 
Polonica A,Vol. 112, No. 5, 2007, pp. 1037–1042 

 

274

INTERNATIONAL SCIENTIFIC JOURNAL "INDUSTRY 4.0" WEB ISSN 2534-997X; PRINT ISSN 2543-8582

YEAR II, ISSUE 6, P.P. 272-274 (2017)

http://www.lumerical.com/



