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ABSTRACT - Investigation of doped semiconductor characteristics 
generally uses the linear screening theory of particular scatte­
ring centers based on the possibility of the Poisson 's equation 
linearization . This paper checks the correctness of the applica­
bility of this theory to a doped noncompensated Si .  It is conclu­
ded that the linearization may be applied in the region of light 
doping while at higher impurity concentration one should take ca­
re of the nonlinear screening . 

1 .  INTRODUCTION 

The ever increasing requests for an accurate calculation of 
the relaxation time due to electron and hole scattering on th� 
charged impurity donors and acceptors , as well as the state den­
sities an a doped semiconductor require the corresponding accura­
cy in the screening length calculation . This is particularly in­
teresting in the case of heavily doped semico�ductors . In litera­
ture one can encounter the connection between the idea of heavy  3 3 doping and the fulfilment of inequality R > r8 , na >> 1 ,  nR >> 1 .
(Here , .R is the screening length, r8 is the distance between im­
purity ions , a - Bohr 's radius , n - free carrier concentration) . 

The expressions used to determine this parameter are based 
on the linearization of the Poisson 's equation. However , the par­
ticularity of Si is in relatively high electron effective mass 
that brings into doubt the fulfilment of the linearization condi­
tion. 

The obj ective of this paper is in the attempt of more precise 



calculation of the screening length in a doped noncompensated Si 
at T=3 00 K ,  and impurity concentration in the range from 10 1 5  to

20 -3 10  cm • Based on the obtained results an analysis of the ap-
plicability of the linear screening theory in a doped Si as well 
as the correctness of the heavy doping definition through the re­
lation R>rs ' na3> > 1  and nR3>> 1 ,  was done .

2 .  SCREENING LENGTH CALCULATION 

In the noncompensated semiconductor the general expression 
for the screening length calculation is C lJ 

R-2 e2 dn = & e0 
dEf

' ( 1 ) 

where Ef is Fermi level energy, e electron charge , £ relative di­
electric constant of �he material ,  &0 dielectric constant of vacu-
um. 

Taking into account that the carrier concentration at T=300 
K is defined by equation c 2J 

N = n = /fp (E) dE ( 2 ) 

and af/aEf=-a f/aE ,  equation ( 1 ) under condition that the state
density does not depend on the impurity concentration N gives 

-2 e2 a-£ R = - f- ":"i:iPaE (E) dE .
.& EO 

( 3 )  

However , in  a heavily doped semiconductor , state density depends 
not only on the screening energy but on the screening length too , 
as well as on the impurity concentr�tion . In that case the equa­
tion ( 1 )  becomes 

( 4 )  

General expression for the screening length given by equati­
on ( 1 )  is the consequence of the Poisson 's equation linearization 
which is possible under condition �t in all points of the poten­
tial well ,  potential energy is less than Ferzny energy, that is 
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( 5 )  

and Fermi energy i s  calculated like in metals , i . e .  upward from 
the bottom of the conduction band and is of the order of 

2 2/3 -Ef=fl N /m* , where m* is a� effective electron mass . Only ful-
filling this condition inhomogeneity of the state density may be 
considered to be weak . In noncompensated semiconductors it is 
generaly considered that this condition is fulfilled . Then its 
fulfilment in the region of heavy doping is connected with the 
fulfilment of the conditions na3> > 1 and nR3> > 1 .

The principle consequences of the linear screening theory 
are : 

1 )  The screening length do not gepend on the magnitude of 
Coulomb 's potential and is determined by the concentration of 
free electrons and their effective mass , 

2 )  The screening of each charged ion is done independently 
of other ions . 

3 . NUMERICAL RESULTS AND DISCUSSIONS

Determination of the screening length in doped semiconduc­
tors is complicated by the fact that there are four mutually de­
pendent parameters :  impurity concentration, Fermi energy , state 
density and screening length . In paper C 3J we worked out a self­
consistent model to determine screening length and Fermi en��Y 
including equations ( 2 )  and ( 3 ) .

Fig .  1 shows the screening length in phosphorus doped Si 
at T=300  K in function of impurity concentration . For compari­
son , there were shown the values calculated according to ( 1 )  
and (3 ) ,  a s  well a s  according to the well-known expressions for 
metals and nondegenerated semiconductors.  Besides , the figure 
shows Bohr 's radius and the distance between impurity ions , r8 • 

One can also see the errors that might appear using improper 
expressions . In addition to this the obtained �esults show that 
in a heavily aoped Si screening length is less and not greater 
than the distance between impurity ions . At the observed imp�;i.ty 
concentration none of the formal condition� of heavy doping is 
fulfilled , and therefore the · correctness of the screening theory 
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R, ·r8 , a (m) 1 - according to the expression 
for metals 

2 - according to the expression 
for light degeneration 

3a- according to the expression ( 3 )  
3b- according to the expression ( 1 ) 
4 - r 
5 - as 

Pig . l  Screening length dependence in function of
impurity eoncentration 

applicability under such conditions is doubtful .  We checked the
fulfilment of the linearization condition given by equation ( 5 ) . 
The obtained results showed that this condition is fulfilled only 
in the regions of light and medium doping up to the concentrations 
of the order of 10 18cm-3 while higher concentrations disturb the
equation (5 ) . Thus , at N=S - 10

1 9cm-3 the Fermi energy is 25 meV 
while potential well energy for the same concentration is SOS mev. 

'l'o obtain more accurate data on th� screening length value 
11e tried to realize the equation to calculate R in a  general fornl 
(1) . Analytic solution of this equatlon does not exist due to the

Dmtual connection among a number of parameters defining the con­
centration of free carriers and Fermi energy. The use .of the nume­
rical differentiation gave the results which are in a very good
agreement with the results .obtained using the equation (3 ) . The

18  clifference appears above the concentration of the ord� of 1 0  

cm-3 and does not exceed 20 I at N=10
2 0cm-3 , when one obtains the

values less than those obtained wi� the equation ( 3 ) . This means
that this approach -as well leads to a conclusion that linearization
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condition is not fulfilled . It also makes doubtful the supposition 
that the screening of each ion is done independently of other ions . 
In the region where the screening length becomes smaller than the 
Bohr 's radius the ionized impurity atom cannot be observed as a 
point charge . In addition to this , at such small distances the 
macroscopic dielectric constant lose$ its sense . Therefore, the 
obtained results point to the necessity of using the phenomenon of 
the impurity ion clusters in heavily doped Si . 

The calculations done showed that .in a doped Si formal crite­
ria of heavy doping are not fulfilled . However , from the point of 
view of physical processes this region rather belongs to the regi­
on of heavy doping [ 4 J . Besides , in a doped Si it should avoid the 
use of the expressions based on the fulfilment of formal conditi­
ons of heavy doping . So , for example , [ 5 J  gives an analys'is of im­
purity band in heavy doped semiconductors including the fulfilment 
of the condition R>rs which brings into question the applicability
of the given theory to Si.  

4. CONCLUSION

The particularity of Si reflected in a relatively high effec­
tive mass may bring into d�ubt some theories and analyses of doped. 
semiconductors based on the fulfilment of the relations R>r8 , 

na 3 > > .1 , nR3 > > 1 , because none of them is fulfilled in Si .
The screening length values calculated according to ( 1 )  and 

(3 ) are in a very good agreement. They bring about the unsatisfac­
tion of the Poisson 's equation linearization condition . The obtai-· 

ned results point to the necessi.ty of using the phenomenon of im­
purity ion clusters in heavily doped Si . 
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