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Abstract. The matter of Hierarchies is especially important for the Complex systems, 

characterized by a huge number of irreducible uniqueness parameters. Given being the 

evaluation of the main uniqueness parameters of the complex systems requires the use of 

computers and this process generates various numerical phenomena [1]-[3], it is 

expected that some of these numerical phenomena could identify also a certain order 

among the tremendous number of uniqueness parameters. On the other hand, besides the 

huge number of specific uniqueness parameters, the complex  systems are characterized 

by some specific co-relations, which generate a restricted number of uniqueness 

parameters blocks, often considerably more efficient for the complex systems description. 

As study object, this work has chosen the charge coupled devices (CCDs) – typical 

representatives of the modern information technology, while the numerical phenomenon 

preferred to be studied was that of convergence, characterized by the attractor strength. 

Keywords: Charge Coupled Devices, Dark Current, Numerical phenomena, Attractors strength, 

Numerical Simulations 

1. Introduction 

We studied the dark current of 20 randomly distributed pixels for a backside-

illuminated CCD housed in a Spectra Video camera (model SV512V1) 

manufactured by Pixelvision, Inc. in Beaverton, Oregon. The obtained results 

referring to the averaged (for each temperature, in the above indicated interval: 

222…291 K) dark current and to their standard deviations (for each temperature 

and pixel) are indicated by Table 1. 

2. Main Types of Uniqueness Parameters  

We will examine the basic case of CCDs operated in a multi-pinned phase (MPP) 

mode, when the device interface is completely inverted with a high hole 

concentration, and the surface dark current from the Si-SiO2 interface will be 

almost completely suppressed [4]-[7]. 

a) The elementary basic uniqueness parameters of the CCDs dark current are [8]: (i) 

the diffusion coefficient nD , (ii) the effective densities cv NN ,  of the quantum states 

in the valence and conduction bands, and: (iii) the effective masses he mm ,  of 

electrons and holes, respectively, (iv) the concentration NA of the acceptor impurities, 
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(v) the area of a pixel Apix, (vi) the characteristic length xc of the diffusion process, 

(vii) the capture cross-sections np  ,  for holes and electrons, respectively, (viii) the 

thermal velocity thV , (ix) the intrinsic Fermi energy level iE , (x) the concentration of 

traps tN , (xi) the energy level tE  of the bulk generation-recombination centers, 

Table 1 
Dark Current and their associated standard deviations (counts/s) in CCDs for 20 randomly selected 

pixels [8], [9] (obtained by a linear fit to exposure times from 3 s to maximum 100 s) 
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(xii) the effective masses pn mm ,  of the free electrons and holes, respectively, 

(xiii) the lower/higher thresholds vc EE ,  of the conduction/valence band, 

respectively, (xiv) the electrochemical potential μ and the energy gap gE  of the 

considered semiconductor, respectively (which are also temperature dependent), etc. 

In fact, the study of the different complex systems is accomplished – step by step 

– by means of some alternating results concerning the: a) measured elementary 

parameters, b) specific co-relations intervening in the description of these 

systems. It results so a certain “mixture” of the rigorous theoretical considerations 

and the emerged simplified description by means of some co-relations. This 

“mixture” leads to some “block” uniqueness parameters, which have to be 

considered also (see figure). 

 

Fig. 1. 

The most important intermediary “block” uniqueness parameters, are: (xv)  the 

concentrations n, p, and, of electrons, holes and of intrinsic carriers, respectively, 

given by the expressions: 
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(xvi) the net generation-recombination rate U corresponding to the impurities 

and/or imperfections in the semiconductor lattice, described by the relation:  
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b) According to the still valid basic theoretical descriptions [4], [5] of the 

temperature dependence of the diffusion and depletion dark current in CCDs, 

respectively, the basic co-relations of the studied processes in the examined 

complex systems (CCDs) are: 
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and (in the approximation of the completely depleted zone: 2, inpn  ):  
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Given being the considered semiconductor (from the CCD composition) is 

temperature dependent, one finds that the synthesis expression (6) of the dark 

current in CCDs: 
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has to use an effective energy gap .,effgE  (averaged on the corresponding 

temperatures interval). In fact, the extremely complex composition (involving a 

tremendous number of different impurities and defects; see Table 2) of the basic 

semiconductor material of the studied CCD imposes additionally the use of 

effective parameters.  

It results that: 

1) the unique elementary uniqueness parameter from the synthesis expression (6) 

of the basic co-relations expressing the CCD dark current is the effective energy 

gap .,effgE , 

2) the representative “blocks” of the uniqueness parameters are:  

(i) the diffusion pre-exponential factor, given by the relation:  
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(ii) the depletion pre-exponential factor, given by the expression:  
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(iii) the difference |Et - Ei| between the trap energy Et and the energy Ei of 

the intrinsic Fermi level, and:  

(iv) “the polarization degree” d of the capture cross-sections for electrons 

and holes, respectively, defined by the relation: 
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Table 2 

Some known values of the traps energy levels,  

of both capture cross-sections of free electrons and holes,  

respectively, in silicon, as well as of their polarization degree (pdg), implicitly  

(see also [10]). 

Trap Group 
Energy 

(eV) 

σn 

(cm2) 

σp 

(cm2) 

k 

= n/p 
pdg 

U (55oC) 

e-/s 

Aus
- 11 

Ei  - 0.01 1.410-16 7.610-15 0.01842 - 1.997  

 5.010-16 
1.010-15 

 T - 4 
0.5 -0.3466 565 

MnB 7; 13 Ei  - 0.01 9.010-14     

(Mni
+ Bs

- )+ 7; 13 Ei+0.01 2.110-12 3.510-13 6.0 + 1.282  

Coi
+ 9 

Ei  - 0.02  = (n·p)
1/2 ≈ 6.610-15 3700 

Nii
+ 10 

Pti
- 10 Ei+0.02 4.510-15 1.0910-14 2.42 +0.442 970 

CrAl 6; 13 Ei  - 0.048  1.510-16    

CrGa 6; 13 Ei  - 0.058  1.510-15    

Zns
- - 12 Ei + 0.07 1.310-19 6.610-15 1.9710- 5 -5.417  

MnAl 7; 13 Ei+0.09 5.010-15     

Mni
+ 7 Ei+0.09   9.4 +1.1204  

PVp-       
Ecenter 

14 
Ei + 0.10  = (n·p)

1/2 ≈ 6.610-15 70 

Ei + 0.084 3.710-16     

VV e- trap 14 Ei + 0.15 4.010-15     

Fei
+ 8 Ei  - 0.16 5.010-14 7.010-17 714.3 + 3.286  

Vi
++ 5 Ei  - 0.18 5.010-14 3.010-18 16667 + 4.86  

Pts
+ 10 Ei  - 0.18  5.410-14    

Zns
- 12 Ei  - 0.21 1.510-15 4.410-15 0.3409 - 0.538  

Mni
++ 7 Ei  - 0.21   

23.1 

(18.528.3) 
+ 1.57  

Moi
+ 6 

Ei - 0.26 1.610-14 6.010-16 26.67 + 1.642  

Ei - 0.223 7.810-15 6.010-16 13 + 1.282  

(Cri
+Bs

- )- 6; 13 Ei  - 0.26 5.010-15 1.010-14 0.5 - 0.3466  

PV+ 14 Ei  - 0.27     1.8 

Tii
+ 4 Ei+0.27 3.110-14 1.410-15 22.14 + 1.549  

Tii
++ 4 Ei  - 0.28 1.310-14 2.810-17 464.3 + 3.070  

(Fei
+ Bs 

- )+ 8; 13 
Ei+0.28 

( 0.02) 

1.410-14 

( 0.02) 

1.110-15 

(0.52.5) 
13 + 1.282  

MnAu 7; 11 Ei+0.30      

Pts
- 10 Ei+0.31 3.410-15 

    

Cri
++ 6 

Ei+0.32 2.310-13 1.110-13 2.091 + 0.369  

Ei+0.30 2.010-14 4.010-15 5 + 0.805  

VV hole trap 14 Ei  - 0.33  2.010-16    

OV  -≡ A center 16 Ei+0.37 1.010-14     

all Mn Traps 7  = (min·max)
1/2 ≈ 1.010-15; ·max /min ~ 106 6400 
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3. Main Types of Numerical Phenomena met in the Frame of the Uniqueness 

Parameters Evaluation  

For brevity, the main types of numerical phenomena met in the frame of 

the evaluation of the main uniqueness parameters are presented by Figure 1. 

 

Fig. 1. Main types of numerical phenomena from the uniqueness parameters evaluation. 

To be possible to compare the convergence speed corresponding to the main 

uniqueness parameters, it is necessary to create firstly a certain “basin” of the 

zero-order approximations, in order to find the consequences of different initial 

zero-order sites. In this aim, our study started from the: a) modulus LingE ,  of the 

slope of the line joining the points of extreme temperatures (222 and 291 K, for the 

experimental data) of the plot 
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)( , where m is an integer inside the set 

m = -10; -9; … 0; 1; … 10.  

Table 3 presents the obtained results of the accomplished calculations for the 

zero-order approximations of the energy gap )(
)0(

mEg , corresponding to 4 chosen 

pixels and to the above indicated set m = -10; -9; … 0; 1; … 10.  
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Table 3 

Final results concerning the values of the uniqueness parameters  

DepDiffEg ln,ln,  and || it EE  , obtained by means of the classical gradient method. 

 

Among the results synthesized by Table 3, the most meaningful are probably 

those corresponding to the pixel of coordinates 121 and 200 - while for  the values 

of m between –10 and +2: a) not less than the first 5 figures of the uniqueness 

parameter gE  remain invariant, b) for the uniqueness parameter Diffln  only the 

first 4 figures are preserved, c) for the uniqueness parameter Depln  only the first 2 

figures are constant, while for: d) || it EE   only the first figure is kept. It results 

the following hierarchy of these uniqueness parameters: a) gE  (the strongest), b) 

Diffln  (the second one, even its strength is very near to gE , c) Depln  

(considerably weaker), and: d) || it EE   (but not too far from Depln ).  
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Given being the polarization degree pdg was introduced finally, it is to have a 

strength expected to be considerably weaker than those of the other 4 considered 

uniqueness parameters.  

That is why, we will compare the pdg effects on the description accuracy only 

with the “weakest” previous uniqueness parameter ( || it EE  ) in order to avoid 

that its effects be “covered” by other ones much stronger.  

The obtained results show that taking into account also the 5
th

 uniqueness parameter 

pdg, and starting from the regression line 

)/1(|)([secarg| ( kTFDefDeDeh pndepdiff    

it is possible to obtain rather accurate values of the dark currents for all 

temperatures corresponding to 17 pixels (from the total of 20), namely accuracy:  

 a) under 5% for 10 pixels,  

 b) between 5 and 10% for other 6 pixels, while:  

 c) for the pixel 321, 400 the accuracy reduces to only 17.47%.  

4. Brief examination of the Hierarchies matter in the frame of the numerical 

game Sudoku 

There are some reasons to prefer the numerical game Sudoku relative to other 

somehow similar games [as the “Game of life” (conceived by John H. Conway 

[11]) [12], [13], pp. 204-205, e.g], namely: 

a) the number of possible different Sudoku (initial) diagrams: approx. 

5.4 billions [14] is almost equal to the present number of (living) human beings, 

b) the product 


n

j
jii NP

1

of the virtual populations of the entangled figures 

inside the different small Sudoku cells is of the same magnitude order (approx. 3010 ) 

as the number of bytes flowed in a human body during his average life duration. 

The accomplished study pointed out a certain interesting numerical phenomenon 

intervening in the processing of Sudoku diagram:  

(i) the entanglement “clouds” inside a Sudoku diagram are 

non-uniform, 

(ii) the entanglement density irregularities indicate some local 

priorities of some figures. 

In this aim, we ask the readers to look at the next figure 2. 
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Fig. 2. Main types of numerical phenomena  

from the uniqueness parameters evaluation. 

One finds easily the following irregularity: while the figures 4 are present on the 

line D3 in the square AD, they are missing in the following squares BD and CD. 

According to the Sudoku rules, the presence of the figure 4 in the line (row) D3 is 

obligatory, hence the figures 4 from the cells a3 and b3 are dominant in the square 

AD, and the other figures 4 from this square (those from the cells b1 and c1) can 

be suppressed!  

Conclusions 

The identification of the hierarchies present both in certain complex physical 

systems (as the charge coupled devices, e.g.) or in the frame of some numerical 

simulations (as the one achieved by means of the Sudoku game) allows: 

a) a best choice of the uniqueness parameters, in order to ensure a very 

good description accuracy by means of a rather reduced number of 

such parameters, 

b) the achievement of the dis-entanglement of some intricate systems, of 

the Sudoku diagrams, particularly. 
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