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Abstract 

The Drude Zener theory of the absorption of high frequency radiation 

by free carriers (inverse bremsstrahlung) has been extended.into the quantum 

region (?iw > k. T) in terms of a frequency dependent relaxation time which 
0 

. . 
predicts the dc mobility' in the quasiclassical limit, Numerical calculations 

' 
of the.frequency and concentration dependent electron scattering rate have 

. . .  

been completed for InP, InAs, Ga0.471n0e53A~ , and' previous results for GaAs 

'extended to high carrier concentrations. When starting from a quantum stat- 

istical theory, the fact that n o Tiw + k T at low frequencies can be used to 
9 0 

prevent the divergence of the coulomb scattering rate without inclusion of 

a'screening radius, A result containing no adjustable parameters is found 

which predicts a mobility for uncompensated samples that decreases strongly 

at high concentrations. This has been observed in GaAs, and is not accounted 

for by the usual dc calculation which assumes 43w = o and a screening para- 

meter. Ca.lculated rksults for GaAs are in good agreement with experimental 

measurements of the mobility which are found to be independent of a wide 

variety of conditions of material preparation. This indicates that disagree- 

ment with previous theoretical calculations was not due to compensation. 

Calculations for ZnSe and further investigation of the modification 

of the optical constants by the presence of an intense laser field and by a 

statfc magnetic field are currently planncd, 



The classical Drude Zener theory for the transfer of energy from a 

high frequency radiation field to joule heating in' a solid through free carrier 

absorption is known, from experimental measurements of the optical properties 

of semi-conductors, to require a quantum mechanical extension in the near 

(1)- (11) 
infrared. This occurs because of a breakdown at 'these frequencies of the 

conditions required for the validity of.the quasiclassical Boltzmann transport 

equation from which the Drude Zener theory follows. (An extensive discussion 

is given in the enclosed preprint and hence will be omitted here.) 

A high frequency extension of the Drude Zener theory for free carriers 

in polar semiconductors has been derived from a quantum extension of the 

Boltzmann transport equation. (I2) Results are obtained in terms of a 

frequency dependent relaxation time which reduces to the quasiclassical limit 

at low frequencies for elastic scattering mechanisms, and gives the quantum 

result at high frequencies when used in the Drude Zener formula for the optical 

conductivity. (13)-(17) Inelastic polar optical mode scattering, charged im- 

purity scattering and deformation coupled acoustic mode scattering are con- 

sidered. Extensive numerical results have beencalculated for the frequency 

and concentration dependent scattering rates for a number of compound semi- 

conductors and comparison made with available experimental data. Previous 
. , 

calculations for light to moderately doped GaAs have been extended to include 

materials of very high carrier concentrations and an analysis has been made 

of the role of screening in coulomb scattering, which determines the mobility 

at high carrier concentrations and is the source of numerical differences 

between various theoretical calculations. The temperature dependence of the 

electron scattering rate and mobility have been examined. When used to pre- 

dict the dc mobility as a function of concentration, the low frequency limit 

a 
gives'good  result^ for InAs, InP, and C1 As; Reasnnahle results are also 

obtained for the ternary compound Ga0e471n0,53A~. 



A simple analytical expres.sion for the.10~ frequency Drude limit of 

the charged impurity scattering rate at high concentrations is derived which 

gives a good approximation to the exact result which must be integrated 

numerically. (I2) Because one starts with a quantum statistical theory, the 

fact that n o?Tw -t k.T at low frequencies (where ,<w is the photon energy 
q 0 

0 and n the equilibrium photon occupation number) can be used to prevent the 
q 

divergence of the coulomb scattering rate without inclusion of a screening 

radius. A result which contains no adjustable parameters i.s found. The 

calculated mobility for uncompensated samples then shows a strong decrease 

at high concentrations which the usual dc calculation, which assumes '?Cw = 0 

and includes a screening parameter, fails to predict. This has been observed 

experimentally in GaAs. Calculated results for GaAs at 770K are in good 

agreement with experimental measurements of the nobility at this temperature 

which were found to be independent of a wide veriety of conditions of material 
I 

preparation. This indicated that the disagreement with previous theoretical 

results was not due to compensation, as had originally been postulated. 

Numerical calculations of the frequency and concentration dependent 

electron scattering rate have been completed for InP, InAs, Ga 0 . 4 7 ~ ~ 0 . 5 3 ~ ~  

and previous results for GaAs extended to high doped materials. It was 

found that the theori could be applied to ternary compounds where alloy 

scattering is unimportant, .and hence possibly to quaternary compounds, It 
. . 

is hoped to extend investigations to these materials'in the future. The 

optfca1 constants for InP and rnAs have been calculated. Calculations for 

ZnSe will begin shortly. 

For the.coming year, the main emphasis in the.theoretica1 program 

will be on further investigation of the effect on the electron scattering: 

rate of an intense laser field and also of a static magnetic field. 



In the case of the high intensity laser field, the formulation of the 

quantum extension of the Drude Zener.theory enables one to consider the non- 
2 

linear effects in terms of a field dependence of the scattering rate at 

high fields. The joule heating is given by the carrier concentration times 

the energy increase per electron in the presence of the field times the 

scattering rate. (I2) If the intensity is low, the scattering rate is 

calculated using the unperturbed wave functions and electron energies of 

the solid which are known from the Kane theory. (I8) If the intensity is 

high, the wa.ve functions and electron energies become functions of the 

2 2 field''') and the correction to the electron energy is e E /2m w2 = 
n 

2 2  . 2 
e A /2m c i If this is not negligible, compared with the' unperturbed, n 

2 
electron energy e the scattering rate becomes a function of E just as k ' 
it becomes a function of w when the photon energy is not negligible com- 

pared with ek and the final electron state is given after scattering and 

photon absorption by e +*w. k 

In the case of the magnetic field an analogous statement holds. 

The presence of the magnetic field modifies the electron energy levels and 

wave functions introducing the dependence 0n.H. The modification of'the . 

' wave functions in.this case can introduce considerable mathematical compli- 

cations, An indication of this can be seen from Ref. (20) where one does 

not have the additional factor of bandstructure. One can shown that the 

-+ 
matrix elements for.the second order transition with E perpendicular to the 

magnetic field are multiplied by an exponentially decreasing factor, while 

3 
the free carrier absorption for E directed along the field is unchanged 

except for reduction by a factor of 3.  o ow ever, the physical results tend 

to be obscured by the mathematical formulation and it is felt that this 

should be subject to siniplificatian far the following reason. One con show 



2 2 2 
that the quanti.ty corresponding to e.E /2m w in the case of the laser 

n 
2 

field is L 121 = /hw (n + %) where L = Iw .is the angular momentum of the 
C C 

2' 
orbit, w is the cyclotron frequency, and I = m r , where r is the 'quantized 

c n 

radius of the orbit perpendicular to the magnetic field. The.rotationa1 

kinetic energy must be large compared with k T and one requires w t > 1, so 
0 C 

that the orbital period is small compared with the scattering time. One can 

2 
see that the case where L 121 = /hw (n + $) is large corresponds to high 

C 

fields or large quantum numbers, and the latter case is the classical limit, 

in which simplification should be possible. 

. . 
. ' A continuing investigation of the conductivity in the presence of 

an intense laser field, including nonlinear effects on the electron scattering 

rate, is planned for the coming year, in addition to the calculation of the 

frequency and concentration dependence of the scattering rate for ZnSe. 

Work on the quantum theory of magnetoconductivity, including an 

investigation of the approach to the classical limit as discussed above, 

would be a continuing project, extending to a third contract year. We hope 

to have developed an analytical treatment, capable of the prediction of 

. .. . 
numerical results, for comparison with experinient by the end of the third 

year. 
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