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The free carrier absorption due to ionized impurities in semiconductors is essentially the inverse process 
of bremsstrahlung. The cross section for bremsstrahlung is readily available in the literature and one can 
calculate the spectral distribution of bremsstrahlung for the carriers in a semiconductor; furthermore, by 
using KirchhofFs law of radiation, relating the emission and absorption in the semiconductor, one arrives 
quite easily at the absorption coefficient. The results so obtained agree with those of previous authors who 
have used a different method of calculation. The inadequacy of the Born approximation in the calculation 
of the ionized impurity effects on free carrier absorption is brought out clearly in the present treatment. 

INTRODUCTION 

THE free carrier absorption in semiconductors due 
to ionized impurities has been calculated by 

various authors,1-4 as a two-step process involving the 
electron-photon and electron-ionized impurity inter­
actions. I t has also been remarked2,3 that the free carrier 
absorption due to ionized impurities can be viewed as 
the inverse process of bremsstrahlung, but this obser­
vation has not been used to its fullest advantage. The 
cross section for bremsstrahlung has been evaluated 
exactly by Sommerfeld for low-energy electrons in the 
presence of a Coulomb field, and suitable approxi­
mations to the exact formula are readily available in 
the literature, so that one can calculate the spectral 
distribution of bremsstrahlung radiation in a semi­
conductor. The absorption coefficient can then be 
obtained with the aid of KirchhofFs law of radiation, 
as shown below. In the course of our treatment, we 
shall find that the Born approximation is inapplicable 
to the calculation of ionized impurity effects on free-
carrier absorption. 

I. SPECTRAL DISTRIBUTION OF BREMSSTRAHLUNG 
IN A SEMICONDUCTOR 

The cross section of collision between a positive ion 
of charge Ze and an electron of energy €0= \mv2 is given 
by the exact expression due to Sommerfeld,5 

W 

d(hv) hv (e^™-1) (1 - e ~ 2 ^ ) dx 
\F(x)\2, (1) 

where 
A = S7re2h/3m2d, x = 4?7o7?//(??/—yo)2> 

rjo,f=Ze2/fivo,f, and F(x) is the generalized hyper-
geometric function, F(x) = 2Fi(irj0, irjf; 1, — x); m is the 
effective mass of the electron, v0 and vf are the velocities 
of the electron before and after collision. 

For the low energies of interest in a semiconductor, 
it is difficult to use (1) in all its generality and hence we 
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replace the exact result by suitable approximations, 
given by the following expressions, together with their 
ranges of validity expressed in terms of the interaction 
parameter t\: 

daB A rjo2 /yf+rii 
= ml 
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J, val id for r ? 0 ^ l , 
l-e-2^/ 

but r}f—i)o«A, 

val id for ^o^>l<3C?7/—rjo, 

(2) 

(3) 

(4) 

where B stands for the Born approximation,6 E for the 
Elwert approximation,7 and C for the classical limit8 

of (1). Before proceeding further with the calculation, 
let us note the orders of magnitude of the quantities 
involved in the cross section. The magnitude of 77 is 
large for slow electrons or holes in a semiconductor, and 
for electrons in an ^-type semiconductor; rjo corre­
sponds to optical energies and is ^ 5 (for Z = l , X=2 
microns, w=free electron mass) ; and 77/ corresponds to 
thermal energies and is ~ 2 0 ( Z = l , at T=300°K). 
Therefore we see from the ranges of validity indicated 
along with the approximations ,(2-4), that the Born 
approximation (2) is clearly invalid for the calculation 
of free carrier absorption and, depending on the energy 
ranges of interest, (3) and (4) should be applicable to 
the case of a semiconductor. 

In adapting the approximations (2-4) for the cross 
section to the semiconductor, one must remember that 
the process is taking place in a medium characterized 
by a large refractive index n and dielectric constant K, 
i.e., the electron is decelerated in the modified Coulomb 
field, (Kr)~l of the ionized impurity. This results in a 
factor nK~2 multiplying the cross section. 

The spectral distribution of bremsstrahlung is given 
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by 
r°° / 2 € o \ * d<r 

I{v)dv = Nih I I — I hv N(eo)deo, (5) 
Jhv \ m / d(hv) 

where I(v)dv is the energy of radiation per unit volume 
per unit time in the frequency range between v and 
v+dv; Ni is the number of ionized impurities per unit 
volume; N(eo)deo is the number of electrons having 
energies between €o and e<$+deo, given for a Maxwellian 
distribution by 

( m v 
1 exp(-mv0

2/2kT)vo2dvo; (6) 
2kT/ 

Ne is the number of electrons per unit volume; k is the 
Boltzmann constant; and T is the temperature. 

Combining Eqs. (2-4), (5), and (6), we obtain 

IB(v) = De*Ko(z/2), (7) 
where 

64TT NiNenZ2e*e~* 
# = z=hv/hT\ 

3 m<?K2{2itmkT)^ 

7^(^) = sameas (7) for Z<&1, , . 

= 2D for 2 » 1 ; { } 

IC{V)=(TC/TJS)D. (9) 

II. ABSORPTION COEFFICIENT 

If fx(v) — k(v)/4:Tr is the absorption coefficient, 
KirchhofFs law for a medium of refractive index n gives 

I(v) 2hv*n2 

— r = * « = (a ' - l ) - 1 . 
k{v) c2 

Therefore, the absorption coefficient is given as 

tiBW = Je"iKo(z/2), (11) 

where 
8 NJ>JJ?#(X-e-) 

3 mchvznK2(27rmkT^ 

which is the same as the result obtained in references 1 
and 2, but corrected for stimulated emission, through 
the factor (1 — e~z); 

Mi?(j>) = same as (11) for z<Cl, 
= 2 / for1 s » l , ( } 

which result is identical with that given in reference 3 ; 
finally, 

w W = M / , (13) 

and this result is the same as the result given by 
Spitzer9 for the case of a plasma, where n, K are ~ 1 , 
and here again the formula is corrected for induced 
emission. 

III. DISCUSSION 

One sees that the various expressions (11-13) for the 
absorption coefficient behave as v~2 for the limiting case 
0<3Cl, and this is precisely what one would expect from 
semiclassical theory. I t was noted earlier that the 
magnitude of 770 and 77/ are quite large in the case of the 
semiconductor, and hence (12) and (13) are the valid 
equations for a semiconductor. Furthermore these 
expressions give the correct limiting behavior at low 
frequencies and also at the high frequency and give a 
X3 behavior of the absorption coefficient, which result 
seems to be borne out by the recent experimental results 
of Spitzer and Whelan10 on the free carrier absorption 
in heavily doped samples of gallium arsenide. 
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