Chapter 6. CONTROLLING OXIGEN ATOMS IN SILICON AND GERMANIUM CRYSTALS BY BACK SCATTERING 
We are going to discuss the alpha particle resonance back scattering combined with channeling for controlling the oxygen atoms inserted in silicon and germanium crystals. Oxygen is a chemical element of the sixth group. The localization of these isotopes in crystals has been studied rather intensively (sulfur in germanium, selenium and tellurium in silicon, tellurium in gallium arsenide). Almost all impurities were found in the crystal nodes (however, selenium atoms in germanium crystals were found to be displaced from the nodes at a distance 0.03-nana meter). 

Controlling the oxygen impurities is of a great practical importance. Oxygen atoms penetrate in materials, because of their high content in the surrounding air. Oxygen atoms are widely applied for producing the surface and depth insulating SiO2 layers by implanting (doses up to 1018 cm-2). The insulating layers produced are like thermally deposited films. However, there is no need in a high temperature. That is very important when the high temperature treatment should be excluded to prevent the diffusion expansion of a needed profile. It should be noted that the oxygen atoms strengthen the efficiency of the heat treatment of impurity-vacancy pairs producing defects of a new type. 

At that, the implanting dose is very large, and it leads to formation of amorphous layers. In addition, controlling oxygen atoms helps to build the genera theory of action of the VI-group elements on semiconductors. 

However, there are quite a few experimental data concerning this problem. It is due to the lack of available oxygen ion sources (cyclotrons are too expensive) and analysis methods (for example, the Rutherford back scattering). Applying the high-energy helium ions is also very expensive, because the electrostatic generators (5 MeV) and cyclotrons (up to 22 MeV) are needed.  

Besides, the cross-section of 18O(p,()15N and 16О(d,p)17О reaction is small. For example, the differential cross-section of 18O(p,()15N reaction in resonance region is 60 mbarn/rad at 625 keV and 40 mbarn/rad at 750 keV.  The cross-section of 16О(d,p)17О reaction at  Еd = 900 keV (resonance) is about 10 mbarn/rad. It should be noted that attempts were made to use the ion helium 3.05 MeV resonance for controlling oxygen atoms in silicon crystals. 
6.1. Resonance back scattering combined with channeling method
To locate 12С, 14N, and 16О impurity atoms in semiconductor crystals, the 18-25 Mev helium ion elastic scattering combined with channeling has been applied. At these energies there are sharp peaks in the distribution of helium ions while scattering at angles close to 1800 (Fig.2.18). For example, while scattering on 12С (Е( = 17.5 – 19.1 MeV) and 16О (Е( = 20.8 – 22.0 MeV) at angle 1750, cross-sections are 0.5 and 0.8 mbarns/rad that 102 - 104 times greater than while scattering from the middleweight nuclei (Fig.2.17). This discrepancy is the base of a resonance back scattering method. 

When using the 21.4 MeV helium ions, the controlling limit is about 1015 and 1016 nuclei/cm2 for germanium and silicon (Fig.6.1), the depth resolution being 200 and 400 nana meters and controlling depth 30 and 40 microns. At such depths, the inelastic scattering from germanium and silicon atoms does not appreciably violate the spectrum produced by the scattering from oxygen atoms. 

The localization of 12С, 14N, and 16О atoms is rather complicated because the silicon scattering background is great and the identification of the elastic scattered helium ions becomes problematic (Fig.2.20a). However, in the germanium matrix (Fig.2.20б) and in thin germanium crystals (
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< 30 micron), positions of 12С and 14N atoms can be identified. 

Fig. 6.1 shows the random energy spectra of 21.4 MeV helium ions scattered at 175 degrees from a 15-micron <100> silicon crystal implanted by oxygen ions (1016 cm-2). The controlling time when registering the initial spectrum is 20 times larger than when registering the implanted sample spectrum.  
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Fig.6.1. The random energy spectra of the 21.4 MeV helium ions scattered at ( =1750 from a silicon crystal before (dashed line) and after (solid line) being implanted by 16О ions (150 keV, 623 K): а) 1016 ionSYMBOL 215 \f "Symbol"cm-2, б) 1017 ionSYMBOL 215 \f "Symbol"cm-2
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There is a sharp peak corresponding to scattering from oxygen atoms (left part of the figure) in the energy spectrum of an implanted sample. There is no such a peak in the spectrum of control samples even while the long time irradiating. The peak from oxygen atoms (right part of the figure) was also observed during the analysis time less than that needed for getting the corresponding spectrum on the left side (dashed line). It leads to conclusion that the concentration of oxygen atoms in an oxide film formed in a preparatory period is about the detection limit of the method. We can state that the oxide films would not affect the experimental data even while long irradiating by helium ions. 

Fig.6.2. The increment of oxygen surface concentration while irradiating by 21.4 MeV helium ions (scale of ordinate axis is 1SYMBOL 215 \f "Symbol"1016 ionsSYMBOL 215 \f "Symbol"cm-2
In order to evaluate the influence of films produced by alpha particles and residual gas in scattering chamber, germanium samples have been studied. The samples were implanted by oxygen ions (dose 1(1016 cm-2), then being irradiated by the 21.4 MeV helium ions. The energy spectra (( =1750) were registered.

 Figure 6.2 shows the experimental data. The ordinate axis represents the normalized yield. The scale unit is chosen as the area of a peak obtained after 30 minutes irradiating the germanium crystals. The concentration increment is about 10-20%.  

To eliminate action of that process on experiment data, it is necessary to begin measurement of the orientation dependence of scattered particles from the minimum; in other words, when the beam direction and the crystallographic axis coincide. This procedure decreases the error due to the increment of oxygen concentration when the exposition time is great. 
In order to minimize the action of helium ions on samples, we used the orientation procedure by photo-films controlling a beam after having passed through crystals (Chapter 8). As a rule, 3-4 photographs are needed for orientating the crystal (15-20 minutes). The final adjustment of targets is achieved by precise scanning close to a crystallographic axis. Figure 6.3 shows the orientation curve (1) relative the <111>-axis for [image: image5.png]4 8 12 16 20 24
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a 10-micron non-implanted silicon crystal. 

Fig.6.3. An orientation dependence of the 21.4 MeV helium ions scattered at ( = 1750 from a <111>-silicon crystal: (1)-before implantation; (2)-implanted by the 150 keV 16О ions (1(1017 ions(cm-2 at 623 K); (3)- implanted and then annealed by gamma radiation (small dose)  

Fig.6.4. Energy spectra of the helium ions scattered at ( = 1750 from a germanium crystal implanted by 16О ions: while oriented (() and non-oriented (о) beam relative the <110>-axis [50] (E( = 21.4 MeV, Ei = 150 keV, dose 1(1016ions(cm-2, temperature 623К)

Applying etalon samples to find the energy region of the backscattering peak constricts the action of helium ions on samples. At that, a niobium target covered by Nb2O5   film is put close to the main target. The energy regions of ions scattered from niobium and oxygen atoms are noticeably divided. With calibrating by standard ОСАИ 226Ra source (energy 7.7 MeV), the position of the 21.4 MeV particles is established. Then, the etalon Nb2O5 target is inserted and the energy spectrum of particles back scattered from it is measured.  If the oxygen peak is found in the calibrating region, it means that the energy of helium ions is 21.4 MeV.  While measuring orientation curves it is necessary to control regularly the etalon spectrum (in the period of installing a new inclination angle by the goniometric device). By the way, this procedure leads to less exposition time (the sample is shadowed by the etalon target).   

Violation of the crystal structure by oxygen ions (high dose and large exposition time) has been evaluated by the minimal yield ((min) of scattered helium ions while channeling along the main crystallographic axes. 
Figure 6.3 shows the orientation dependence for a <111> Si (
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= 15 micron) before (1) and after (2) implantation of oxygen ions (energy 150 keV, dose 1SYMBOL 183 \f "Arial Cyr"1017 cm-2). The curve (3) corresponds to annealing by a small dose of gamma radiation. The yield of helium ions from an alloyed sample is appreciably larger than that from the control one.  The crystal structure is not violated because of the high annealing temperature (dynamic annealing). It should be mentioned that annealing by small doses of gamma radiation leads to almost total restoration of structure. 

Table 6.1. Minimal yield of helium ions scattered from oxygen atoms implanted in silicon and germanium crystals
	Implanted oxygen dose ions/cm2
	Axis 


	Mi8nimal yield, (мин

	
	
	16О
	73Ge
	28Si

	
	<110>
	0.30 ( 0,03
	0.25 ( 0,03
	-

	1(1016
	<100>
	0.35 ( 0,03
	0.22 ( 0,03
	-

	
	<111>
	0.35 ( 0,03
	0.22 ( 0,03
	-

	
	<110>
	0.85 ( 0,1
	0.80 ( 0,05
	-

	
	<100>
	0.90 ( 0,1
	0.85 ( 0,05
	-

	1(1017
	<111>
	0.85 ( 0,1
	0.82 ( 0,05
	-

	
	<110>
	0.90 ( 0,05
	-
	0.31 ( 0,03

	
	<100>
	0.53 ( 0,06
	-
	0.55 ( 0,05

	
	<111>
	0.58 ( 0,05
	-
	0.43 ( 0,03

	Initial
	<111>
	-
	-
	0.22 ( 0,03


It follows from Table 6.1 that the <100>-direction is the most sensitive to radiation defects. When implanted oxygen dose is less than 1016 there is no practically any violation of the silicon and germanium crystalline structure. At doses 1017 the violation is strong. Thus, for controlling the positions of oxygen atoms in silicon and germanium crystals, the doses   16О - 1017 and1016 ions/cm2  are the best. 

6.2. Orientation yields of helium ions scattered from oxygen atoms implanted in germanium and silicon crystals

The silicon n-type and germanium p-type crystals were under investigation. Targets of needed orientation were cut from monocrystals and then treated by mechanical grinding and chemical polishing (silicon samples being 5-15 microns and germanium samples 23-30 microns).   The 150 keV oxygen ions were implanted at 593-623 K, the current density less than 1.8 mkA/cm 2, the dose 1016 (Ge) and 1017(Si). The additional thermal or gamma radiation annealing was not used. The free path of oxygen ions is 364 nm (( RР = 100 nm) in silicon and 223 nm (SYMBOL 68 \f "Symbol"RР = 104 nm) in germanium samples.  The characteristic angles (5.11) for 21.4 MeV helium ions channeling along the main crystallographic axes of germanium and silicon crystals are listed in Table 6.2. The lattice parameters are: 0.5431 nm (Si) and 0.5657 nm (Ge). 

6.2.1. Orientation yield for germanium crystals 

The energy spectra of elastically scattered helium ions are shown in Figure 6.4. The peaks from oxygen atoms are clearly seen. The yield from germanium surface atoms is small (See Fig.2.17). Thus, to get the orientation dependence when scattering from matrix atoms, an additional detector oriented at 30( (relative to the beam) has been installed. 

Figure 6.5 shows the orientation yields of helium ions scattered from oxygen atoms, which were obtained after treatment of spectra like those in Fig.6.4. For the main crystallographic axes, there are minimums of the same depth (Table 6.1). The half-widths are close to those evaluated by equation (5.11) and listed in Table 6.2. It means that some oxygen atoms are located in the lattices of germanium crystals. For evaluating their quantity, formula (5.31) is used with minimal yields listed in Table 6.2. It appeared that about 80-90% of oxygen atoms are located in the nodes substituting germanium atoms. 

Table 6.2. Characteristic angles             

	Matrix
	Silicon
	Germanium
	Helium ion energy 

	Direction
	Characteristic channeling angle 
	

	
	mrad
	Degree
	mrad
	Degree
	MeV

	<100>
	5.25
	0,30
	7,80
	0,45
	

	<110>
	4.42
	0,25
	6,56
	0,38
	21,4

	<111>
	3.46
	0,20
	5,15
	0,30
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Fig.6.5. Angular yields of 4Не ions scattered from oxygen nuclei at 1750 as a function of inclination angles relative the main crystallographic axes of germanium samples: а) <110>, б) <111>, в) <100>.Е( = 21.4 MeV, Еim= 150keV, dose1SYMBOL 215 \f "Symbol"1016 cm-2
6.2.2. Orientation yield for silicon crystals 

The yields relative the <110>, <111>, and <100> axes of silicon crystals are shown in Figure 6.6. For all three main crystallographic directions, the minimums are observed. The half-widths of minimums for oxygen atoms (in <110> and <111> direction) and those of silicon atoms are identical. The half-width of a minimum for 16О in the <100> direction is about three times less than that for silicon atoms. There is a peak in the <110> direction for oxygen atoms at ( = 0. The quantity (min (See Table 6.2) for oxygen for all axes is the same. 

It follows from the experimental data that in the <110> direction of a silicon crystal, some of oxygen atoms are either in substituting positions or are ordered along atomic chains. The other impurity atoms are located in centers of <110> channels being in tetragonal or hexahedron inter-nodes or just displaced (especially if the oxygen and silicon atoms form dumb-bells configurations). 

Analyzing data for the <110> and <111> axes we can state that some atoms are in substituting positions (half-widths for oxygen and silicon atoms for the same axis coincide). The data for the <100> axis lead to conclusion that there are oxygen atoms, which are displaced from the <100> chain at a distance about 0.03 nm [5] (small half-width of the minimum). 

When evaluating the displacement, equation (5.15) has been used, the quantity < u1> being substituted by u1 = (u12 + (2)1/2. 

 We can state that there are three types of oxygen atoms disposition in silicon crystals: inter-node, substituting, and displacement. 
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Fig.6.6. Yields of helium ions scattered at 1750 as a function of inclination angles relative the main crystallographic axes of a silicon crystal: a) <110>, б) <111>, and в) <100>; (о) –oxygen , (() - silicon, Е( = 21.4 MeV, Еim = 150 keV, dose 1SYMBOL 215 \f "Symbol"1017 ionsSYMBOL 215 \f "Symbol"cm-2, temperature 623 K
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Fig.6.7. Yields of helium ions scattered from a silicon crystal as a function of inclination angles relative the <100> axis, oxygen implantation dose 1.7SYMBOL 215 \f "Symbol"1017 ions/cm2. а) – 2 hours after implantation annealing, 
б) – annealing time 5 hours

We have already mentioned that an attempt was made to localize the oxygen atoms in the silicon lattice. An orientation curve for 3.05 MeV helium ions in the <100> direction is shown in Figure 6.7. Annealing (during 5 hours) did not appreciably change the yield orientation dependence for oxygen and silicon atoms. The angular dependences represented by Figures  6.7 and 6.6 are almost the same: there is a narrow peak (for oxygen atoms) in the boundary region, the depth of the minimums for oxygen and silicon atoms being different. 

We can assume that some atoms are displaced from atomic chains. For a high-energy resonance, the displacement was evaluated as 0.16 nm. For experimental data under consideration, it appeared to be 0.12 nm. Hence, we can state that a lot of atoms are displaced. 

6.3. Monte-Carlo method
 Using the Monte-Carlo (the computer model method) you can take into consideration the large number of trajectories representing the concession of binary collisions with lattice atoms. Unfortunately, the modeling is too complicated and tiresome. .

You can also apply an analytical method using the Linhard potential (See chapter 5). There are some difficulties concerning the flux behavior in the channel center and at its boundaries. 
The analytical methods are applied usually at the depths where the statistical equilibrium is achieved. 

6.3.1. Basic principles 
1.Crystals are subdivided into spherical cells, the nodes being their geometrical centers. The cell radius depends on the channel geometry. The sphere limits the interaction region.  The motion of a particle is represented as series of collisions with the cell atoms. The sells are supposed to be tightly packed. 

2.An asymptotic approximation is applied. 

3.The interaction potential is supposed to be that of Thomas-Fermy (formula 5.7).

4.The model of binary collisions is used. 

The angle of scattering is chosen as: 

( = (2Z1Z2e2/E aТФ)((i(iK1(-(ib/ aТФ),  

                                          
(6.1)

The quantity K1 is the modified Bessel function of the first order; the other quantities have been defined previously (See 5.5, 5.6, and 5.7). Figure 6.8 shows the scattering of a particle by crystal atoms. When angle ( becomes greater than 5(1/2 (formula 5.17), the procedure is stopped. 

5. The Debye model describes the thermal oscillations. The distribution of thermal displacements are supposed to be that of Gauss:   

P(s) = exp(-s2/u22),                                                 

                  
(6.2)

The quantity u1 is evaluated in accordance with equation  (5.14). 

6. The energy loss of 21.4 MeV helium ions was supposed to be neglected (the target width being only 0.5-1.5 microns). 

7. The program protocol provides the treatment of a cubical, volume centered, side centered, and diamond like lattice while channeling (taking into account blockading effect) through crystals.   

6.3.2. Program protocol 

The program is subdivided into three modules: 

1. Setting initial parameters and formatting database.

2. Calculation of trajectories. 
3. Printing results. 
A trajectory of every particle begins from an at random chosen point at an entrance side of a crystal and is being checked up to a given thickness. Fig.5.1 shows projections of the entrance side of a diamond-like crystal onto planes normal to the <100>, <110>, and  <111> axes. The dashed regions on the entrance side (Fig. 5.1 and 6.8б) correspond the area for choosing the parameters of a trajectory asymptote.   The lattice parameter is chosen as the length unit.  The probability of entrance coordinates is supposed to be uniform. Figure 6.8б shows the vectors used for the <100> channel of silicon crystals. 

The unit ort of a particle mвх = { mx, my, mz } depends on the angle ( relative the beam direction  as:

Axis <100>, mx = 0; my= sin(; mz = cos(;

Axis <110> mx = sin (; my = mz = (1/ 2)cos (;                                   

(6.3)

Axis <111> mx = (1/(3)cos (; my = mz = (1/(3)(cos ( - sin ().

The equation of a trajectory asymptote can be written as follows: 

[amвх] = N                                                                              


(6.4). 

The quantity N is the orientation vector of a normal plane (the plane containing the scattering center and particle trajectory) and represents the impact parameter ((N( = b).
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Fig.6.8. а) Scattering of the helium ions from silicon crystals; б) Projection of an entrance side onto the <100> direction; в) Vectors used to chose the random initial coordinates

The quantity (6.4) a = ( - Ri, Ri is the radius vector of a scattering center (Fig.6.8б), ( = {(1, (2 }; (1 and (2  are accidental variables (independent) uniformly distributed in (0, d) interval. The direction of particles after being scattered is given by: 

mexit = mentrcos{ ((b)} + [mentrN]sin{ ((b)}/ b                                    

(6.5)

The scattering angles (Formula 6.1, accuracy 0.001SYMBOL 37 \f "Symbol") have been tabulated for a lot of impact parameters. If needed, the linear interpolation was used. Projections of scattering angles are: 
(x = (2Z1Z2e2bx / (b (EaТФ)((i(iK1(-(i(b(/ aТФ),

                                                                                           



(6.6)

(y = (2Z1Z2e2 by / (b (EaТФ)((i(iK1(-(i(b(/ aТФ),

For any direction mexit, the intersection between the asymptote and following plane of scattering (Fig.6.8) can be written as: bx( = (1( + DZ tg(x, by( = (2( + DZtg(y; quantities (1( and (2( being accidental parameters, DZ is the distance between scattering planes. Hence, the impact parameter b( = (N( (, and N( = [a( mentr]. Replacing the reference frame origin in a new plane we can write: mentr = mexit and m( = а - RT, (RT is the translation vector). Obviously, [a( mentr] = N - RT m(exit. Hence, 

b( = (N - [RT m(выx](
                                                                                   (6.7)

The new scattering center is chosen to have the minimal impact parameter. 
Till now we have not regarded the thermal oscillations. Let us define the standard deviation by equation (5.14) and draw the displacement vector of a node atom: 

ST x = ((<u12>sin(1 - 2(1)cos(2((2),

ST y = ((<u12>sin(1 - 2(1)sin(2((2),                                            


(6.8)

ST z = ((<u12>cos(1 - 2(1),

The quantities (1 and (2 are random variables distributed uniformly in the (0, 1) interval, and ( is a random variable following the normal distribution law (the average of distribution is zero, and the standard deviation is an unit). The true impact parameter is derived from equation (6.7) with  (RT - ST) instead of RT. At that, we find the scattering angle (Formula 6.1 and 6.6) and the new direction of motion. Then, the following scattering center is to be chosen. 

The successive series of m and N vector leads to the asymptote equation, the impact parameters being defined by the recurrent formulas (6.5) and (6.7). If the thermal oscillations are taken into account, the displacement vectors are to be chosen at random. Figure 6.9 shows the calculation scheme. 

It should be noted that the number of scattering planes (in subdivision layers) is the same and does not depend on the crystallographic axis type. For example, the layer thickness in the <100> direction is 6.7855 nm; in the <110> direction – 9.6111 nm; in the <111> direction – 15.675 nm. Every layer contains 50 scattering planes. 
When the particles have passed the first layer, the angular and radial distribution and the impact parameter spectra are analyzed. At that, the particle flux enters the following layer and so on. The computer program provides permanent controlling the particles penetrating through a crystal.
When the particles have passed the first layer, the angular and radial distribution and the impact parameter spectra are analyzed. At that, the particle flux enters the following layer and so on. The computer program provides permanent controlling the particles penetrating through a crystal. 
6.3.3. Alpha particle flux evolution 

The angular and space distribution of helium ions in axial channels of silicon crystals have been studied with the help of a computer modeling. The following experiment parameters have been chosen: the energy of ions is 21.4 MeV; the Debye temperature 658 
K; the lattice temperature 293 K; the number of incident particles 500; the number of scattering planes 300-5000. 

According to Figure 5.7, the number of particles entering a separate channel and not leaving it (the hyper-channeling) slightly variates while moving along the <110>-silicon axis. For other axes, the intense transitions between channels (in the direction of plane channels) have been observed. Figure 6.10 illustrates the distribution of particles in the plane normal to the <111> axis. The coordinates of particles are chosen at random and are supposed to be uniformly distributed through a cross-section of the <111> channel. The flux evolution at the depth 0 ( 1567.5 nm has been studied.  
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Fig.6.9. Computer program protocol 

6.3.3. Alpha particle flux evolution 
The angular and space distribution of helium ions in axial channels of silicon crystals have been studied with the help of a computer modeling. The following experiment parameters have been chosen: the energy of ions is 21.4 MeV; the Debye temperature 658 
K; the lattice temperature 293 K; the number of incident particles 500; the number of scattering planes 300-5000. 

According to Figure 5.7, the number of particles entering a separate channel and not leaving it (the hyper-channeling) slightly variates while moving along the <110>-silicon axis. For other axes, the intense transitions between channels (in the direction of plane channels) have been observed. Figure 6.10 illustrates the distribution of particles in the plane normal to the <111> axis. The coordinates of particles are chosen at random and are supposed to be uniformly distributed through a cross-section of the <111> channel. The flux evolution at the depth 0 ( 1567.5 nm has been studied.  

Figure 6.10 shows the entrance <111> silicon side containing the channels under investigation. The particles leave the original channel in the direction of plane channels (Fig.6.10г). The number of particles moving in neighbor channels as well as the number of channels increases with the depth (Fig.6.10д-з). Then, the particles return into their initial channel (Fig.6.10 и-к). About one half of particles do not reach the depth corresponding to the second maximum (6.11) while moving in a separate channel. While performing the inter-channel transitions, some particles exit channeling. 
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Fig.6.10. The 21.4 MeV helium ion distribution in a transversal plane of the <111>- silicon channel as a function of penetration depth

Figure 6.11 shows the dependence of a density flux in the central part of <100>, <110>, and <111> channels on the penetration depth.  The particles, which enter crystal near atomic chains, are concentrated at the depth   l =(/4 + n(/2 (( is the oscillation length, n – 0,1,2…) and then return to the equipotential lines corresponding to their incidence points at the depth l =(n + 1)(/2 (See Fig.6.10 and 6.11). Indeed, in the central part of the <100>, <110>, and <111> axial channels, the first flux density maximum is observed at the depth l =(/4(160, 180-190, and 310-320 nm); the second maximum is observed at the depth 480, 540-560, and 930-950 nm. 

The amplitude of the second maximum is about 0.8 of the first one for all main crystallographic axes. About 20% of helium ions leave the channel at the distance between two neighboring oscillations. The flux density in a channel center varieties weakly and tends to saturation at the depth of 200-600 nm (See Fig.5.8 and 6.11).  We assume that to obtain the information on the flux density in a transversal plane of axial channels, the analytical approach is good. 
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Fig.6.11. The 21.4 MeV helium ion flux density in a central part of the silicon crystal axial channels: a) <100>, б) <110>, and в) <111>

It is interesting to comprise the data discussed with those for the 2.0, 2.1, and 2.8 MeV helium ions. It appears that the first maximum (2.1 MeV) in the <100> and <110> channel are located at the depth 32.6 and 52.8 nm, while at energy 21.4 MeV it is located at 160 and 185 nm. The data for the <110> axis follow the equation: 
(K = (M((EK/EM).              

                                                             (6.9)

Unfortunately, equation (6.9) does not hold for the <100> channel. 

Probably, it is due to the chosen distance between scattering planes. For the <110> direction, the inter-plane distance is conventionally chosen as DZ = a(2/2 (a is the lattice parameter), while for the <100> and <111> axes there is no conventional agreement.  

6.4. Space and angular distribution of helium ions in silicon axial channels (multi-chain approximation)

The continuous potential approximation is based on two assumptions: the transversal momentum conservation law and the uniform distribution of particles. The transversal kinetic energy depends on an entrance point (5.8) and inclination angle. The potential energy is given by:  
U(() = (Z1Z2e2/d)( (iK0(-(i( / aТФ),                                            

           (6.10)

The indexes i = 1,2,3, (See 5.6 and 5.7). 

To find the distribution of particles in axial channel as a function of inclination angles it is necessary to evaluate the areas limited by equipotential lines E( ( U(r) (See 5.19 – 5.24). The transversal energy fluctuation: 

(E( = E(2 col/3,    

                                                                  
(6.11)

 (col = 0,030 is the angular divergence. 

The computer program developed, provides treatment of main crystallographic axes of a cubic, volume-centered, side-centered, and diamond type lattice. While evaluating the potential in the channel center, the potentials produced by neibouhr atomic chains are taken into consideration.   

One fourth of the axial channel projection is subdivided into squares or rectangulars (depending on channel form), cross-section (Si being constant.   A potential U(r) in the center of areas has been evaluated by equation (5.7) and (5.9). To restrict the operating time, 1500 the Bessel function of zero order K0(x) (x = 0.025 – 37.5) are tabulated. Such procedure provides finding the potential of any crystal type if the screening length is given. 

The magnitudes of K0(x) for a given ( are found by linear interpolation. In insets of Figure 5.4, the cross-sections of plane channels with their geometrical parameters and equipotential lines are shown. The allowed area is defined as the sum of partial areas (Si with potential U(r) ( E(. The flux distribution in planes of <100>, <110>, and <111> silicon crystal channels has been found by equation (5.20) and (5.24), the quantity (E( being 2 eV. Figure 5.4 shows the flux as a function of inclination angles. The numbers designate the distance (() from the zero potential point (angstroms). 

The yield of particles scattered from impurity atoms depends on the energy  (Е0) and incidence angle (ins: 
Y(E0, (пад) = N(kв
[image: image3.wmf]òò

F(r, l)((r,ri)drdl)  

                                            
(6.12)

Here, r is radius vector in transversal plane; F(r, l) is the flux distribution at the depth l; ((r, ri) is the probability distribution; kв is the weight factor describing the number of inter-node impurity atoms having the same projections onto a transversal plane (See Fig. 5.11б). 

Figure 5.12 shows the yield orientation dependence of helium ions scattered from oxygen atoms. The evaluation has been made by equation (6.12) under assumption that all oxygen atoms are located in inter-nodes.  

The theoretical and experimental data are listed in the Table 6.3. The quantity Ф describes the increment yield of particles scattered by impurity atoms (numbers in parenthetic are relative yield at the zero inclination angle); the symbol М is used if a minimum half-width coincides with that of the matrix orientation curve; the symbol МУ is used if the half-width is less than that of a matrix; the symbol ММ – if the minimal yield at zero angle is not greater than 0.2; and the symbol ФC – if the maximums are displaced from the center.

It follows from the Table 6.3 that none of the theoretical curves coincides with experimental ones. Hence, in a silicon lattice, the oxygen atoms are not located in the substituting positions. The impurity atoms can only be located in hexahedral or tetrahedral positions.  

Table 6.3. Orientation dependence of back scattered helium ions

	Axis
	Experiment
	Theory
	Notice

	
	
	Т
	Н
	С
	S
	

	<100>
	Ф(( 0,6)
	Ф(2,4)
	Ф(( 1,8)
	МУ
	МУ
	

	<111>
	М
	М
	Ф((1,75)
	Ф(( 1,75)
	МУ
	

	<110>
	МУ
	М
	ФС
	ФС
	М
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Fig.6.12. The yield of helium ions scattered from oxygen atoms in direction of main crystallographic axes: a) <110>, б) <111>, в) <100>.  А - 30SYMBOL 37 \f "Symbol" oxygen atoms in hexahedron  inter-nodes,  70SYMBOL 37 \f "Symbol" - in substituting positions (З); Б - 20SYMBOL 37 \f "Symbol" oxygen atoms in hexahedron  inter-nodes; 70SYMBOL 37 \f "Symbol" - in substitution positions  (З);  10SYMBOL 37 \f "Symbol"-in splitted configuration

Figures 6.12-6.14 show the yields of helium ions scattered from the impurity and matrix atoms. The dashed lines represent the oxygen atoms yield. Let us at first discuss the hexagonal combination.  The experimental data shows that there is a maximum in the yield of helium ions scattered from oxygen atoms in the <110> direction (hexp = 0.6) at a zero inclination angle (See Fig.6.6). For oxygen atoms in hexagonal nodes htheor   =1.85 (Fig.5.11).  
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Fig.6.13. The experimental (о) and theoretical (--) yields of helium atoms while scattering from oxygen atoms relative a) <110>, б) <111>, and в) <100> axis. Evaluation: 25 SYMBOL 37 \f "Symbol" oxygen atoms in tetragonal inter-nodes  (Т), 30SYMBOL 37 \f "Symbol"- in substituting position (З), 40SYMBOL 37 \f "Symbol"- in splinted configuration (S), 5SYMBOL 37 \f "Symbol"- in centered inter-nodes (С). It is assumed that oxygen atoms are displaced from the dumbbell center by ( = 0.07 nm.

Thus, if the oxygen atoms are in Н – position, their relative number should be about 30SYMBOL 37 \f "Symbol", the other impurity atoms being in substituting positions. Figure 6.12A shows the calculation data. In the <110> direction there is a maximum, which is almost identical to the experimental one (Fig.6.12Aa). However, there are discrepancies in other directions: in <100> direction the half-width of theatrical curve is less that that of experimental one (Fig. 6.12Aв); in direction <111> there is a sharp maximum (in theoretical curve) at ( = 0 (Fig.6.12Aб). The variation of the relative oxygen number changes the maximums form for the <110> and <111> axis and the minimums form for <100> axis. The general form of curves remains the same.  

While studying the dumbbell configuration we assumed that 10SYMBOL 37 \f "Symbol" of oxygen atoms are located in splinted positions (S), 20% - in H – position, and 70% - in substituting position (Fig.6.12B). The picture has at once strongly changed: only for the <111> direction, the theoretical prediction coincides with experimental date, the half-width of an experimental curve in the <100> direction is greater. By the way, the minimums are displaced from the center.  

If all oxygen atoms are located in Т – position there is a minimum in theoretical curves (htheor SYMBOL 64 \f "Symbol" 2.35). The experimental quantity is hexp = 0.6. It leads to conclusion that about 25% of oxygen atoms are in T – position. 

Let us assume that 25SYMBOL 37 \f "Symbol" of impurity atoms are in Т – inter-nodes, 30SYMBOL 37 \f "Symbol" - in substituting position, 5SYMBOL 37 \f "Symbol" - in centered position (С – in Gig.5.11), and 40% - in S–configuration; oxygen atoms being displaced from dumbbell center at the distance ( = 0.07 nm.

Figure 6.13 shows the result. There are some discrepancy between theory and experiment. For example, the experimental half-width is larger. 
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The orientation curves for splinted configuration (displacement 0.035 nm) are shown in Figure 6.14. There is a good agreement between theory and experiment. Thus, we can state that the 150 keV oxygen ions implanted in a silicon crystal at temperature 593-623 K and dose 1SYMBOL 215 \f "Symbol"1017 cm-2 are distributed in such proportion: 25% are in tetragonal inter-nodes, 30% are in substituting positions, 40% are displaced, and 5% are in centered positions. 
Fig.6.14. Experimental (о) and theoretical (--) yields of helium ions scattered from oxygen atoms relative: а) <110>, б) <111>, and в) <100> axis. Evaluation: 25SYMBOL 37 \f "Symbol" atoms are in tetragonal inter-nodes  (Т), 30SYMBOL 37 \f "Symbol" - in substitution position (З), 40SYMBOL 37 \f "Symbol" - in splinted configuration (S), 5SYMBOL 37 \f "Symbol" - in centered inter-nodes (С). It is supposed that oxygen atoms are displaced from the dumbbell center at the distance ( = 0.035 nm.
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