SRIM Special – Range Statistics

What are Radial and Projected Range Distributions ?

TRIM assumes that there is cylindrical symmetry in the final ion distributions. The assumed cylindrical axis is perpendicular to the target surface at the point of ion impact.  (If the initial ion beam is not normal to the target surface, then none of the following is valid.) The "radial" parameters refers to these cylindrical coordinates. The "projected" parameters assumes that an X-Y plane has been inserted through the axis, and the final ion distribution is projected onto this plane. This projection is identical to the view on the screen and marked as the "XY Plane" (X is the depth axis; the XZ plane is perpendicular to the XY plane).

The mean "lateral range" of the ions is zero in both the radial and projected definitions if there is cylindrical symmetry. So the lateral range in TRIM is defined as the mean absolute value of the lateral range. The ion straggling has its normal definition as the second moment of the distribution. The lateral projected parameters directly describe the final distribution under a mask edge as used in VLSI technology.  Remember, the total ion concentration directly at a mask edge is one half of the concentration of a uniform implantation distribution.
What is Straggling, Skewness and Kurtosis ?

These words are names for quantities related to the second, third and fourth moments of the ion distribution.  They are important because many VLSI modeling programs require these parameters to create analytic functions of ion implantation distributions. The use of these words in the ion implantation field is DIFFERENT from that in some statistics textbooks. In this field, we use mostly the definitions first proposed by B. Winterbon ("Ion Implantation Range and Energy Distributions", vol. 2, Plenum Press, 1975). For convenience, we define each moment below in several different standard notations. It is assumed below that the ion trajectory begins perpendicular to the target surface, co-linear to the x-axis, and the y-axis and z-axis are orthogonal in the target surface plane (the TRIM 4-plot display shows trajectories projected on both the XY and the XZ planes).



Mean Projected Range  
   Rp  =  i xi / N 

=  < x >  .



Lateral Projected Range  
   Ry  =  i yi / N  
=  < y >  .



Radial Range

   Rr  =  i (yi2 + zi2)1/2  /  N  .

Where xi is the projected range of ion "i" on the x-axis, i.e. the perpendicular distance from the surface to the end of an ion's track;  i xi= sum of the ion ranges; i xi / N = the mean projected range of N ions; and < x > = the mean projected range of all ions. The transverse coordinate "y" is treated the same, only the distance is taken in the XY plane. The mean projected lateral range is zero for a perpendicular beam, so the above lateral range definition averages the absolute values to provide other information on the first moment of the radial spread. The mean radial range assumes cylindrical symmetry of the ion distribution.

Variance is the second moment of the range distribution, and we show below several identical definitions using various common notations.



Variance 
= i ( xi - Rp )2  /  N  
=  < ( x - Rp )2 >  ,





=  i xi2  /  N

=  < ( xi )2 >  ,





=  < x2 > - < x >2
=  (i xi2 ) / N - ( Rp )2  .

Where i xi2  =  sum of the square of the deviations of the ion ranges from the mean projected range with xi = ( xi - Rp ).

Straggling is a word which is used in ion implantation in several ways, and care should be taken to determine the author's definition. Sometimes it is a synonym for variance and sometimes it is defined as the square root of the variance. In other cases an author, such as Winterbon, uses normalized definitions such as: Straggling = < xi2 > / < x >2. We use the common definition that straggling is the square root of the variance:

Straggling 
  
=  [ (i xi2) / N  -  Rp2 ]1/2
  
=    < ( xi )2 >1/2  .


Radial 


Straggling
  r
=  [ i (yi2 + zi2)/N  -  Rr2]1/2
=    < ( ri)2 >1/2  .

We define lateral straggling in the same way as range straggling above. (Lateral coordinates are sometimes called Transverse coordinates.) For a normally incident beam we can assume cylindrical symmetry of the range distribution, so the mean lateral projected range is zero (i.e. Ry = 0) .  Further, we average the Y and Z projected ranges to increase statistical accuracy:


Lateral


Straggling
  y
=  [ i ((yi + zi)/2)2  /  N ]1/2  .

Skewness
  
=  < x3 >  /  < x2 >3/2  ,




=  i (xi - Rp)3  /  (N3)  ,





=   i[xi3 - 3Rpxi2 + 3Rp2xi - Rp3 ] / (N3)  .


Kurtosis
  
=  < x4 >  /  < x2 >2  ,




=  i (xi - Rp)4  /  (N4)  ,





=   i[xi4 - 4Rpxi3 + 6Rp2xi2 - 4Rp3xi + Rp4 ] / (N4)  .

TRIM uses the last variations shown above for the calculation of skewness and kurtosis. The above definitions are different from those used in versions of TRIM before 91.04, and the changes were made to allow easier integration of TRIM with VLSI modeling programs.

In the above TRIM definitions, the projected range and the straggling have dimensions of length, while the high moments, skewness and kurtosis, are dimensionless.  Note that we do NOT include backscattered or transmitted ions in our moment calculations, in contrast to some theorists.  The skewness tells whether the peak is skewed towards the surface (negative values) or away from the surface (positive values). Another way of stating this is that negative skewness indicates that the most probable depth (the peak position) is greater than the mean depth, and positive values indicate the reverse.  Kurtosis indicates the extent of the distribution tails, with a value of 3.0 indicating a Gaussian distribution. Since both the shallow and deep tails contribute, no simple rule indicates what a variation from 3.0 means about the ion distribution. In general, values from 0 to 3 indicate abbreviated tails, and values above 3 indicate broad tails. 
Does SRIM generate Pearson or Lorentzian Coefficients ?

The modeling of ion implantation in semiconductors is usually accomplished by approximating the ion distribution using standard mathematical formulae which contain several coefficients. The only constraint on the formulae is that they must produce a peak somewhere. Originally, pure Gaussian forms were used:


Concentration (Y) = Ci exp[(X-Xo)2 / 2σ2]

Where Xo is the position of the peak (projected range), and σ is the straggling (width). This was soon found to be inadequate, and dual Gaussians were introduced (one for the left side and one for the right). This was followed by more generalized equations with more coefficients, such as the Pearson or Lorentzian distributions. The whole point was to reproduce experimental data. It has been shown by many authors that derived coefficients for ion distributions may be used for interpolation between data curves, but any extrapolation may lead to weird results. 

SRIM provides tables of concentrations vs. depth by clicking on the Ion Distribution or Ion Ranges (3D) boxes during the TRIM calculation. These profiles may be used with many available programs to extract coefficients for mathematical representation (for example, Mathematica). 
The papers which most clearly discuss how to regenerate complete distributions from statistical moments are : K. B.  Winterbon, A.E.C.L. Reports #4829 (1972) and #4832 (1972), and especially CRNL-1817 (1978), available from the Chalk River Nuclear Laboratory, Chalk River, Ontario, Canada, K0J-1J0.
SRIM Command: “Ion Distributions”
When the TRIM "Ion Distributions" button is pressed, a datafile called SRIM Outputs/RANGE.TXT is created (see example below). This contains the range distribution (final depth) of the ions and all recoiling atoms in the TRIM plot window. The file RANGE.TXT is made once, when the button is pressed, and stores the result of the TRIM calculation up to that point in the calculation. (Note: A file which stores the final 3-D coordinates of every ion may be initiated using the separate check-box called "Ion 3-D Ranges".)
The range distribution unit in the data table is atoms/(Å-ion). If you multiply this value by an ion dose (atoms/cm2) you will have the concentration of ions in the target (units of atoms/Å-cm2 = 108 atoms/cm3). The word dose is sometimes called fluence, and it is the areal density of injected ions.

The below example of RANGE.TXT is for boron (100 keV) into silicon. Note that you MUST use the font Courier to get the various boxes and lines.
╔════════════════════════════════════════════════╗

║     ION and final RECOIL ATOM Distributions    ║

╚════════════════════════════════════════════════╝

 Ion    =  B   Energy = 100  keV

 Target = Si/Ge - Silicon -  

 Total Ions calculated =  3859.69

 Ion Average Range =    2915E+00 A   Straggling =     715E+00 A

 Ion Lateral Range =     700E+00 A   Straggling =     866E+00 A

 Ion Radial  Range =    1092E+00 A   Straggling =     541E+00 A

════════════════════════════════════════════════════════════════════

 Transmitted Ions =     0;  Backscattered Ions =   22

 (These are not included in Skewness and Kurtosis below.)

 Range Skewness =  -1.1138  = [Σ(X-Rp)^3]/[N*Straggle^3]

 Range Kurtosis =   4.3110  = [Σ(X-Rp)^4]/[N*Straggle^4]

 Statistical definitions above are those used in VLSI implant modeling.

════════════════════════════════════════════════════════════════════

╔═══════════════════════════════════════════════════════════════╗

║ Table Distribution Units are >>>  Atoms / Angstrom / Ion  <<< ║

╚═══════════════════════════════════════════════════════════════╝

   DEPTH          B         Si         Ge    

   (Ang.)       Ions     Tgt. Atoms  Tgt. Atoms

-----------  ----------  ----------  ----------

     50E+00   1.555E-05   9.675E-03   2.529E-03

    100E+00   5.182E-06   1.583E-02   4.135E-03

    150E+00   1.555E-05   1.818E-02   4.985E-03

    200E+00   2.073E-05   2.107E-02   5.441E-03

    250E+00   5.182E-06   2.210E-02   5.565E-03

    300E+00   1.555E-05   2.258E-02   5.824E-03

    350E+00   5.182E-06   2.190E-02   5.757E-03

    400E+00   2.073E-05   2.341E-02   6.109E-03

    450E+00   1.555E-05   2.274E-02   5.798E-03

    500E+00   5.182E-06   2.449E-02   6.058E-03

-------------  Data  Omitted  -----------------
SRIM Command: “Ion Ranges (3D)”

The datafile SRIM Outputs/RANGE_3D.TXT contains the final positions of Ions.

· The datafile is opened when the TRIM command “Ion Ranges (3D)” is pressed, and then data is added for every subsequent Ion.

· This datafile may be specified in the TRIM setup, and then all ions be tabulated.

>>>·Caution: The file RANGE_3D.TXT may grow rapidly in size. <<<
RANGE_3D.TXT contains the final positions of the ions in the target. At the top of RANGE_3D.TXT is a description of the calculation. Then the ions are tabulated with their X (depth), Y and Z (lateral) coordinates. Any ions which are backscattered or transmitted are not tabulated. If the incident ion beam is specified as at an angle to the target, this angle is in the X-Y plane. Note that you MUST use the font Courier to get the various boxes and lines.
Output for H (100 keV) into a mixed silicon/germanium target.

Ion =  H ( 1)   Ion Mass=   1.0100

Energy  =      100E+00 keV

Ion Angle to Surface =  0 degrees

+------------------- TARGET ----------------------+

  Layer # 1 - Silicon

  Layer # 1 - Bottom Depth=   3000E+00 A

  Layer # 1 - Density =   2.3210 g/cm3

  Layer # 1 -  100 % of Si

  Layer # 1 -  0 % of Ge

----------------------------------------------------

  Layer # 2 - Si / Ge

  Layer # 2 - Bottom Depth=  10000E+00 A

  Layer # 2 - Density =   3.8360 g/cm3

  Layer # 2 -  50 % of Si

  Layer # 2 -  50 % of Ge

----------------------------------------------------

Ion       Depth  X   Lateral Y   Lateral Z  

Number    (Angstrom) (Angstrom)  (Angstrom) 

-------  ----------- ----------- -----------

      1  +6.9481E+03 -1.3173E+03 -3.2035E+03

      2  +7.5876E+03 +1.0210E+03 -1.7284E+03

      3  +9.1323E+03 +2.9587E+02 -9.5242E+02

      4  +8.7816E+03 -1.1579E+03 +8.1732E+02

      5  +9.1060E+03 +1.0370E+03 -9.7905E+01

      6  +8.6063E+03 -5.8419E+02 -1.8661E+03

      7  +8.8120E+03 +1.5828E+03 -5.9280E+02
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