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co~CLUSIONS 

The main goal of this research study was to obtain chitosan/hydroxyapatite 

01
posites with higher sorption capacity using different types of hydroxyapatite . The 

co ultS obtained showed that the morphological characteristics and sorption capacity of 
r~s composites depend on the type of hydroxyapatite used and the synthesis method. 
~:us, hexagonal well-formed crystallites, needle-like shape, cylindrical shape, lamellar 

1 
ngated particles dispersed in amorphous polymer matrix were obtained. The 

e ~cioation temperature at which the hydroxyapatite is obtained has a great influence on the 
ca rosity of the final materials. 
po 

The sorption capacity of chitosan/hydroxyapatite composites for Pb(II) ions 
ti rn aqueous solutions ranged from 37.34 mg/g to 93.21 mg/g. These results indicated 
~~t the obtained composites have great potential as effective adsorbents for adsorption 
of lead ions from synthetic solutions and wastewater. 

Also, their sorption capacity can be modulated by changing the synthesis method 

of hydroxyapatite. 
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.\ll'l'f'RACT 

N11J1Jl\tructured surface of silicon wafers with low reflectivity was obtained in a two
t111•1 • process by selective chemical etching initiated by metal nanoclusters. Surface-
11l1.111rcd Raman scattering (SERS) effect was observed on silicon substrates coated 

1111 ~ liver nanoclusters at concentrations of test substance Rhodamine of - 10-12 M. It 
h ~hown that the depth of the structured layer is linearly dependent on the duration of 

1111 ~1 ·1·011d stage etching up to etching time about I 00 seconds. During the etching 
lli1111 ·ts, the fom1ation rate of textured layer is twice faster in p-type silicon than in nhtu , i11con. 

I IUIOUCTION 

111· 11 ·1 hnology of obtaining nanostructured silicon surface is actively developed in the 
It! 111 111aterials for renewable energy [I]. Surface of such silicon is textured in the 
111 111 1111noscale pillars. The texture leads to multiple reflection of light; as a result, 
It •l111cs surface has very low reflectivity. Therefore it is possible to achieve a very 
11 tin tunce of light in the whole visible range that is important for solar cell (SC). It 

1ip111 t1111t that the low reflection coefficient is achieved both at normal and inclined 
11·1111• of light [2]. Accordingly there is no need to create antireflection coatings of 
1 ••II ~ with nanostructured surface. Nanocrystalline silicon has a high optical 
11•111111 coefficient which allows to use thin silicon wafers and save silicon for 
11 ... 1111111g of solar cells that increases the economic efficiency of the solar cell 
1t 111111 process. 

111h the SC-based nanostructured silicon passivated with confonnal coating of 
!111111 oxide has demonstrated efficiency above 22% [3]. Nanostructured silicon 

l1t1 .. ,, potential of practical application for creation of light-emitting devices [4], 
1o 11,tl rnatings [5], gas sensors, sensors based on the effect of surface-enhanced 

• ·•ltl•ring (SERS) [6]. In recent years, active researches on production of 
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nanostructured silicon for solar cells and other device structures are being conducted. 
This paper presents the results on nanotexturing silicon surface with low reflectance fo r 

the creation of solar cells. 

THE EXPERIMENTAL PART 

We used polished plates of semiconductor silicon (p- 5-15 Q*cm) doped with boron (p
Si) or phosphorus (n-Si) as initial substrates. Before etching, the surface of silicon 
wafers was subjected to purification by boiling in acetone and ethanol followed by 
processing in a boiling aqueous solution of ammonium hydroxide and hydrogen 
peroxide, followed by rinsing in deionized water. Pre-cleaning of the silicon wafer 
surface provides the uniform formation ofa subsequent texture [7-8]. 

At the first stage of chemical treatment, metal nanoparticles were formed on the surface 
of wafers; at the second stage selective etching of the silicon wafer surface initiated by 
metal clusters was carried out. Shallow diffusion p-n junctions were obtained using 
intense pulsed light annealing which was carried out in a 6 kW furnace with six linear 
halogen lamps. Time of heating up to 950°C was not more than 10 seconds. 

The surface morphology of the samples was examined by scanning electron microscope 
(SEM) Quanta 200i 3D (FEl Company). Optical reflection spectra were measured by 
the UV-3600 spectrophotometer (Shimadzu), spectra of Raman scattering were 
measured by Raman NTEGRA SPECTRA microscope (NT-MDT) with the system of 
Raman scattering registration under excitation with a blue (473 nm) laser. Volt-ampere 
characteristics of the obtained structures in the dark and under illumination with a xenon 
lamp were measured using a P-30J potentiostat (Elins). 

RESULTS AND DISCUSSION 

The first stage of chemical treatment for creating the texture consisted of treating in 
aqueous solution of hydrofluoric acid and metal salt - silver nitrate, nitrate or copper 
chloride. The concentration of hydrofluoric acid solution, concentration of the metal 
salt, the treatment time were varied parameters. 

ln the case of the synthesis of silver particles, silicon wafers were first immersed in 
H20 +HF+AgN03 solution on the first stage. H20:HF solutions with the ratio of 4: I and 
with AgNOJ concentration of 4, 6, 8 and I 0 mmol were used during these experiments. 

It was found that silver nanoparticles of spherical shape are formed on silicon substrate 
during the first I 0-20 second. The shape of particles becomes elongated and the 
additional nanoparticles layers begin to fonn on the surface if the longer treatment at the 

first stage applied. 

Fig. I and 2 show the surface morphology of the silicon after the first stage of the 
treatment in an aqueous solution of hydrofluoric acid with a concentration of silvc1 
nitrate of 8 mmol. Treatment was conducted for I 0 seconds. It is evident that there arc 
nanoparticles formed on the surface of silicon substrate. As can be seen in Fig. I , 
particles with an average size of about 50-70 nm are arranged in a single layer on the 
substrate surface. The elemental analysis showed that they consist of silver. 
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I l1111rc 1. SEM image of Ag nanoparticles on the surface of silicon substrate (a) and 
, 111 ~\-scction SEM image of the sample (b). 
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Figure 2. AFM images of Ag nanoparticles on the surface of silicon substrate. 

In the case of creation of Si surface with copper clusters, solutions of cooper nitrate 
H20+HF+Cu(N03)2 or cooper chloride (H20 +HF+CuC'2) were used, the ratio of water 
and hydrofluoric acid was 4: I, and the concentration of cooper sa lts was from I 0 to 20 
mM. The duration of treatment was from 20 to I 00 sec. Similar with the case of silver 
nitrate, the forma tion of cooper nanoparticles on the silicon substrate surface takes 
place. The cooper particles have an average diameter of - 80- 180 nm. 

The silicon substrate surface on which the metal nanoparticles were deposited on the 
first stage of processing, can be used as substrate for detection of different organic 
molecules by the known effect of surface enhanced Raman scattering (SERS). It was 
fo und that the obtained silicon substrates with Ag and Cu nanoparticles on the surface 
demonstrate the considerable SERS effect when Rhodamine is used as a test substance. 
In the case of Si substrates with copper particles, appreciable SERS signal is observed at 
Rhodamine concentrations of 10-5 M, in the case of silver particles one can detect 
Rhodamine concentrations of I0-12 M. 

To obtain silicon nanostructured surface, selective etching was carried out on the second 
stage of chemical treatment. The treatment of the silicon substrates with deposited metal 
nanopart icles by aqueous solution of hydrofluoric ac id and hydrogen peroxide was 
applied. The treatment results in selective etching of silicon initiated by metal clusters. 
Usually solution H20 2:HF:H20= l :2: IO was used. 

Figure 3a shows the surface morphology of the p-type silicon after two stages of 
processing. It is seen that two-stage treatment allow to obtain the substrate surface 
covered with columns with transverse dimensions of about 50-100 nm. Cross-section of 
the sample presented in Fig. 3b shows that the height of structured layer is about 300 
nm. 
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1111• I. The surface morphology of the p-type silicon after two stages of processing 
Ii Jll11i noss-section of the sample (b). 

I •111 I/\ shows the dependence of the average layer thickness of silver nanoparticles 
1 1111 ·1 1hc first stage of process ing within 20 seconds and thickness of the structured 

1 11lkr the second processing stage (2) for 60 seconds on the concentration of s il ver 
' •II• 1n solution at the first stage of processing. It is seen that although a minimum 
1•1111· size of nanoparticles is obtained at AgN03 concentration of 8 mmol, the 

"" • 11f1 11 ti o11 of AgN03 in the range of 4-8 mmol s lightly changes the average particle 
I he concentration of AgN03 above I 0 mmol size leads to increase in the 

111111 ~ 1 0 11 s of the Ag particles. 
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I 114 111 l' 4. (a) Dependence of average thickness of nanopartic les layer after the first stage 
I il l'il tmcnt for 20 sec (1) and the thickness of the structured layer after the second 

!1·11'" or treatment for 60 seconds (2) on the concentration of AgN03 in the solution on 
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the first stage of treatment; (b) Dependence of the thickness of the structured layer in p
type ( 1) and n-type silicon (2) on the duration of the second stage of treatment. 

Thickness of the structured layer obtained after second stage of processing slightly 
changes depending on size of particles if the duration of the second stage is fixed (Fig. 
4a). This shows that the method of two-stage treatment is a proper way to obtain 
reproducible structured layer, because the result weakly depends on the concentration of 
silver salt and duration of the first stage. The main parameter detennining the depth of 
structured layer is the duration of the second stage. 

It is found that the depth of structured layer is approximately linearly dependent on 
duration of the second stage until - 100 sec, then the speed of the layer formation slows 
down. It can be seen from Fig. 4b, which shows the dependence of thickness of the 
structured layer in p-type silicon (curve 1) and n-type silicon (curve 2) on duration of 
the second stage treatment under the following processing options at the first stage: 
AgN03 concentration is 4 mmol, duration is 20 seconds. Since the parameters of 
nanoparticles weakly depend on the modes of processing in the first stage, as seen in 
Fig. 4a, similar dependencies of the structured layer depth from the etching at the 
second stage were also obtained in other modes of the first processing stage. The linear 
dependence of the structured layer depth on the duration of the second stage of 
processing allows adjusting the layer depth by selecting the duration of etching. 

It can be seen from the comparison of etching speed of silicon of p-type and n-type with 
a resistivity of 5-15 Q*cm under the same processing conditions (Fig. 4B) that the p
type silicon is etched about two times faster than then-type silicon. 

Silicon samples with a low coefficient of optical reflection were obtained after the 
second stage of processing using silver nanoparticles. Optical reflection spectra of 
samples in the range of 200-1000 run exhibit a significant reduction in reflectance from 
- 30% to - 2-3% in all the above-mentioned wavelength range. Minimum reflection is 
achieved at the AgN03 concentration of 8 mmol, at duration of the first stage of 20 sec 
and the duration of the second stage of 60-120 sec. 

In order to confirm the obtained results, SE samples with an area of 1-2 cm2 were made 
using the initial and textured silicon wafers. SE were obtained by means of fast 
diffusion using the surface source. A gel based on isopropyl alcohol, hydrochloric acid 
and tetraethoxysilane was made in order to obtain the diffusant. Boric acid (H3B03) 
was added to the gel in the case of boron diffusion in n-Si, and orthophosphoric acid 
(H3P04) was added to the gel for the diffusion of phosphorus in p-Si. The ratio of the 
basic and impurity components were varied. The gel was deposited on the Si wafers by 
spin-coating, then the wafers were dried and annealed at temperature of 950-1050oC 
during 20 sec. 

Determination of effectiveness of the obtained SE was carried out under the 
illumination of halogen lamp. Current-voltage characteristics of the solar cells were 
measured in the dark and under illumination. Parameters obtained were COJnpared with 
the current-voltage characteristic of the reference SE with known efficiency. Solar cells 
obtained from the initial and textured silicon have an efficiency of 10.5 and 11.2% 
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jh't ltw ly. The fill factor of the SE based on textured silicon was less than the fill 
l\tt 111 thc control sample due to the high serial resistance. More considerable increase 
iltt 1'iltcicncy of the textured SE can be achieved by optimizing the thickness of 

I. INC 'I ,USION 

1i111 ~ t 1 uctured silicon wafers with low reflectivity was obtained in a two-stage process 
1•kctive chemical etching initiated by metal nanoclusters. The obtained silicon 

·1k1 surfaces demonstrate the reflectance of 2-3% in the visible range. Surface-
1111 .111\·cd Raman scattering (SERS) effect was observed on silicon substrates coated 
tilt ' liver or cooper nanoclusters . Test substance of Rhodamine can be detected up to 
11111•11t ra tion of - I 0·12 M by using nanostructured silicon substrates covered with silver 

11°11111p11rt icles. Dependence of average thickness of nanoparticles layer after the first 
1.111.1• of treatment as well as the thickness of the structured layer after the second stage 
ti l11·11 tment on the concentration of AgN03 in the solution was determined. It was 
l111w n that the depth of the structured layer is linearly dependent on the duration of the 
n 111 td stage etching up to etching time about I 00 seconds. During the etching process, 

1111 · formation rate of textured layer is twice faster in p-type silicon than in n-type 
1l1111n. Solar cells obtained from the initial and textured silicon have an efficiency of 

I ti ~ and 11.2% respectively. Further increase of effectiveness of the textured SE can be 
11 lttcvcd by optimizing the layer thickness. 
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' '''" tot '<l'Opic equations applicability of thermo fluid dynamics fo r ca lculation of 
I• 111 1h•1 clements in Microsystems has been discussed. The assessment of spatial 

it 0 111111111 1 scales that determine applicability limits of the above equations was based 
•Iii p.- 11111cnta l data analys is. It was shown that the characteristic size greater than 
l!ll L 11111 ~ 11 11d time interval larger lhan t0·9 seconds can be used in the "classic" 
1 • . 111o • w11h the correction introduction. It was necessary to use stati stica l methods 

· 11l.11111 g upon exceeding the specified spatial and temporal scales. 

01111 ~ 1 Microsystems, technology, heat transfer, thermodynamics, method 

I lliillll< l'I ON 

11 11 no system technology (MST) is one of the fas test developing science and 
I 'I 11 1c11s. Well mastered technology of integrated circuits (ICs) manu fac turing, 

1111·111 need fo r small and energy-efficient devices fo r various fun ctional 
111111 - lt;ts been contributed to the rapid MST growth. Microelectronic technology 

lh11Hil l'Xttctl y implementing a set of elements that were impossible to produce 
Hlillt11 ll'chnologies. Typical dimensions of the MST elements ( L, ) are in the 

i' n ., I 00 microns that substantially (by orders of magnitude) different from the 
il·h 111 .,i1.cs. In general, as the characteristic size of the acti ve MST element 

t!li• lt1• 111tio of element volume V to the bounding surface S, that is L .• = V I F . 

• :ii111l 111 l1 on on the active element structure (node) is accompanied, as a rule, by 
11 1n 11111 ing subsequent scattering. Heat diss ipation occurs in equilibrium 
I fow) conditions, when we have the characteristi c size of the acti ve elements. 
,.,, ti can be successfull y used the well-known macrocosm phys ical laws. 

1111 n·11-. ing the speed of acti ve structures requires a reduction in their size, 
"''"~'' •1 lhc nature of heat, moving it away from equilibrium. This fact is directly 
ii 1111 llll'tcas ing role of the phenomena occurring on the surface, compared with 
! 1111 1111 occurring in the volume. Thus, the factor of "characteri stic dimension" 

1111 11111 cas ingly important in the transition to the micro- and nanoscale. The 
11 1111 111111izc the size of the MST elements requires very specific methods of 

111 ii '< l11di cs, which greatly limits their use. Therefore the methods of 
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