Free carrier absorption as a probe of carrier dynamics: A Monte Carlo
based study for silicon
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The Monte Carlo method normally used for transport studies in semiconductors is extended and
used to study free carrier absorption of subband gap radiation in semiconductors. The approach is
applied ton-type silicon where we find very good agreement with experimental results and
calculations based on quantum electrodynamics. This method also allows us to study free carrier
absorption in semiconductors with a dc bias. With a dc bias, the absorption coefficient has a strong
dependence on the polarization of the ac field. We show that the absorption coefficient can be
directly related to the carrier temperature as well as the momentum and energy relaxation times.
Thus important carrier dynamics information can be obtained from free carrier absorption
measurements in the presence of a dc field. 1997 American Institute of Physics.
[S0003-695(197)01214-X

The absorption processes for subband gap electromag- We use an ensemble Monte Carlo method to study the
netic radiation in semiconductors falls into two categoriesitransport response of an electron gas in silicon. The scatter-
(i) absorption processes which can only be understood on thisg processes that are accounted for include inelastic acoustic
basis of a strictly guantum mechanical treatment and requirphonon scattering, optical phonon scattering, intervalley
that the initial and final electron states differ by the photonphonon scattering, ionized impurity scattering, and electron-
energy(to within the phonon energy These processes in- electron scattering. The material parameters used are taken
volve multiple bandgor valleys within the conduction or from Refs. 3 and 4. These parameters give good agreement
valence bandsji) processes which are forbidden in the low- to the usual transport phenomena such as velocity-field
est order perturbation theory and which can be adequate§urves.
described by the classical Drude—Zener theory which has The infrared radiation is represented in a classical pic-
been quite successful in explaining free carrier absorption ifure by a field
metals. N _ F(t)=Fy sin ot. D

In case ofn-type silicon, it is found experimentally that
for radiation with wavelength between 1.5 and Guth ab- It is well known that the influence of the magnetic field is
sorption is dominated by the first process. For longer wavenegligible compared to that of the electric field. The optical
length radiation, the absorption coefficient showsrax?  Power,l, gives the field amplitude through the relation
behavior characteristic of the Drude—Zener theory. While the 2]
classical theory has been widely used in metals, it has not F3= ,
been exploited in semiconductors. Second order perturbation Cheo
theory has been used by Fan, Spitzer, and Cdllimalcu-  wherec is the velocity of light anch is the refractive index.
late free carrier absorption assisted by phonons and impurity Using ensemble Monte Carlo techniques, particles are
scattering. Recently, Huang, Yee, and Sbimave improved followed in time until energy balance is reached, i.e., the
the results by using a nonparabolic band. Although thesenergy loss through scattering equals the energy &aig,
guantum theories give satisfactory results, they do not infrom the ac field. The absorption coefficient is then given by
clude carrier-carrier scattering and degeneracy effects which E
are important at high doping. It is also difficult to extend a= abdle
these approaches to include nonlinear effects arising from Itns
very strong radiation fields, or to calculate the absorption inyheren, is the carrier concentratioms is the number of
a structure with a high dc bias. particles being simulated, ards the simulation time.

In this article, we address two issués: Can the stan- In Fig. 1, we show results of the calculated free carrier
dard Monte Carlo method used for transport calculations irabsorption for several doping concentrations in Si. The dop-
semiconductors be extended to study free carrier absorptionig values and compensation ratios used for these results
(i) Can free carrier absorption in samples with a dc bias b@orrespond to the experimental cases reported in Ref. 5. We
used to probe the carrier dynamics? We address these quesso show in Fig. 1 the experimentally measured results
tions in Si where several careful measurements of free carrigshown by the solid linesIn this article, we show results for
absorption are available in the literature for no applied desamples 2, 4, and 5 of Ref. 5. These have doping and carrier
bias. So far there have been no experiments on free carrielensities that are well separated. The carrier density and im-
absorption in semiconductors with applied dc bias. Our thepurity density for sample 2 are estimated in Ref. 5 to be
oretical results show that such measurements would reve8l0x 10 and 9.5< 10 cm™3. For sample 4, the values are
very useful information on carrier dynamics. 3.2x10Y and 1.26<10*® cm™ 3. For sample 5, they are 6.1
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FIG. 1. Absorption coefficient vs wavelength results calculated for a num-FIG. 2. Absorption coefficient as a function of frequency fotype Si

ber of samples described in Ref. 5. Also plotted are the experimentallydoped at a carrier density 320" cm3and an impurity concentration

measured results from Ref.(Solid line). The free carrier density and im-

purity density for each sample is given in the text.

1.26x 10' cm™2. The results are shown for the case where laser electric
field is normal to the dc field.

% 10'® and 4.6< 10'° cm~3. We note that the Monte Carlo and momentum relaxation time, respectively. The electric
based formalism gives very good agreement with experifield is F while T, denotes the lattice temperature.

ments for samples 4 and 2. For the heavily doped sample 5, We have solved these equations perturbatively treating
our results(dotted ling are larger than those of the experi- the ac field effects as a perturbation on the dc field. This

ment if we use the values for the compensation parameted!lows us to obtain the power absorbed per carrier from the

given in Ref. 5. This may be because of the uncertainty irac field in terms of the parameteFs, 7, and7¢.°
the method used in Ref. 5 to determine the impurity concen-

When the dc field is perpendicular to the polarization of
tration. At doping densitiedl,>10' cm™3, it is difficult to  the light, we get

obtain the correct doping density although one can find the

free carrier density quite accurately. If we maintain the same

carrier density but change the impurity concentration to 2.0

(Fo) = (Fo) e —— ®)
a = - —l

x 10 cm™3, we get the results denoted by the dash-dot TR0 e ng g 1+ ()2

curve in Fig. 1 which gives a good agreement with experi-

ments.

As noted earlier, several groups have used second ord¥f€ré x.(Fo) is the differential transverse mobility at dc
perturbation theory and have also achieved good agreeme fasFo. i
with experiments. The advantage of the Monte Carlo method ~ When the dc and ac fields are parallel, we get
arises from the ease with which additional physical effects
(additional scattering mechanisms or dc fi¢ldan be in-

1600 —r—rrrrrm—
cluded. ' ' '
In thg case of a dc field, the absorption cpefficient due to 1400 SN 30kVem o A
free carriers will be dependent on the polarization of the ac o
field with respect to the dc field. In order to develop an 1200 PPN -
. . . . ! O
understanding of how the absorption coefficient depends on ;o Q-.ﬁ.\‘
the carrier dynamics, we develop a simple model. The results 1000 F P 7
of this model are then compared to the results obtained from 7 R
i i g 800 Ao \ -
the Monte Carlo simulations. S ) > it \
We use semiclassical equations to analyze the free car- ° 600 - § J
rier absorption coefficient under dc bias. The equations for ‘ EFEA;‘:
the motion of electrons are: 400 |- ++ o -
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t Tm FIG. 3. Absorption coefficient as a function of frequency fietype Si with
whereE, p, 7g, 7, are carrier’s energy,

the same carrier density and impurity concentration as Fig. 2. The results are
momentum energy, shown for the case where the laser electric field is parallel to the dc field.
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3KT. note that the low frequency directly gives the carrier tem-
a(FO)zaL(FO)[ 1—(1— 5E ) perature as can be seen from K@) and this value agrees
0 with the value we obtained directly from ensemble Monte
1— 0?7y 7e[ 1.5+ 0.5 w7y)?] Carlo simulation. This curve has an increase in the absorp-
[1+ (w2 ][1+ (07e)?] (@) tion coefficient when the frequency starts to approach the

scattering time. At high frequency, there is the usual roll-off
and in the hot electrons region K3, /2<E,), we get g g g y

In a.
(w7g)? In summary, we find that the Monte Carlo method can
au(Fo)ZaL(Fo)m- (8 be used to fit the experimentally measureds w data for
: free carrier absorption. We also find that important carrier
It is easy to seeg reaches maximum ab= 1/\ 77y, dynamics parameters such as carrier energy, momentum, and

In Fig. 2, we show absorption coefficient versus fre-gnergy relaxation times can be obtained from the's
guency for the case where the ac field is perpendicular to thg,easurements.
dc field. The results are shown for doping parameters corre-  Thjs work was funded by the U.S. Army URI program

sponding to those of sample 4 discussed earlier. The dc fielhaAL03-92-G-0109 and a grant from the U.S. Air Force
values are 30, 50, and 100 kV/cm. The ac field is kept at 4Grant No. AFOSR-91-0349
kV/icm. We also show fits to the Monte Carlo results using
the semiclassical model discussed above. The agreement iﬁ e, . O, P R e o0
quite good. We get the value of the momentum relaxations .’ Jécogiggénd L.eg‘eg;iam" R:\T i,’lod. Fﬁ%ﬁ. 6?53('1983;(Th99,\',|0me
time from thea vs f curve. Carlo Method for Semiconductor Device Simulati@pringer, New York,

In Fig. 3, we show thex vs f results obtained from  1989. _ _ _
Monte Carlo results along with a fit based on our model for K. Hess, Advanced Theory of Semiconductor Devidsentice-Hall,

. . . Englewood Cliffs, NJ, 1988

the case where the ac field is parallel to the dc field. Onces\y “spitzer and H. Y. Fan, Phys. Re108 268 (1957.

again the agreement between the two is reasonably good. W&, Jiang, J. M. Hinckley, and J. Singhnpublishedt
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