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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 to n-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.
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The absorption processes for subband gap electrom
netic radiation in semiconductors falls into two categori
~i! absorption processes which can only be understood on
basis of a strictly quantum mechanical treatment and req
that the initial and final electron states differ by the phot
energy~to within the phonon energy!. These processes in
volve multiple bands~or valleys! within the conduction or
valence bands;~ii ! processes which are forbidden in the low
est order perturbation theory and which can be adequa
described by the classical Drude–Zener theory which
been quite successful in explaining free carrier absorptio
metals.

In case ofn-type silicon, it is found experimentally tha
for radiation with wavelength between 1.5 and 6.0mm ab-
sorption is dominated by the first process. For longer wa
length radiation, the absorption coefficient shows aa}l2

behavior characteristic of the Drude–Zener theory. While
classical theory has been widely used in metals, it has
been exploited in semiconductors. Second order perturba
theory has been used by Fan, Spitzer, and Collins1 to calcu-
late free carrier absorption assisted by phonons and impu
scattering. Recently, Huang, Yee, and Soma2 have improved
the results by using a nonparabolic band. Although th
quantum theories give satisfactory results, they do not
clude carrier-carrier scattering and degeneracy effects w
are important at high doping. It is also difficult to exten
these approaches to include nonlinear effects arising f
very strong radiation fields, or to calculate the absorption
a structure with a high dc bias.

In this article, we address two issues:~i! Can the stan-
dard Monte Carlo method used for transport calculations
semiconductors be extended to study free carrier absorpt
~ii ! Can free carrier absorption in samples with a dc bias
used to probe the carrier dynamics? We address these q
tions in Si where several careful measurements of free ca
absorption are available in the literature for no applied
bias. So far there have been no experiments on free ca
absorption in semiconductors with applied dc bias. Our t
oretical results show that such measurements would re
very useful information on carrier dynamics.
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We use an ensemble Monte Carlo method to study
transport response of an electron gas in silicon. The sca
ing processes that are accounted for include inelastic aco
phonon scattering, optical phonon scattering, interval
phonon scattering, ionized impurity scattering, and electr
electron scattering. The material parameters used are t
from Refs. 3 and 4. These parameters give good agreem
to the usual transport phenomena such as velocity-fi
curves.

The infrared radiation is represented in a classical p
ture by a field

F~ t !5F0 sin vt. ~1!

It is well known that the influence of the magnetic field
negligible compared to that of the electric field. The optic
power,I , gives the field amplitude through the relation

F0
25

2I

cn«0
, ~2!

wherec is the velocity of light andn is the refractive index.
Using ensemble Monte Carlo techniques, particles

followed in time until energy balance is reached, i.e., t
energy loss through scattering equals the energy gain,Eabs,
from the ac field. The absorption coefficient is then given

a5
Eabsne
Itns

, ~3!

wherene is the carrier concentration,ns is the number of
particles being simulated, andt is the simulation time.

In Fig. 1, we show results of the calculated free carr
absorption for several doping concentrations in Si. The d
ing values and compensation ratios used for these res
correspond to the experimental cases reported in Ref. 5.
also show in Fig. 1 the experimentally measured res
~shown by the solid lines!. In this article, we show results fo
samples 2, 4, and 5 of Ref. 5. These have doping and ca
densities that are well separated. The carrier density and
purity density for sample 2 are estimated in Ref. 5 to
8.031016 and 9.531016 cm23. For sample 4, the values ar
3.231017 and 1.2631018 cm23. For sample 5, they are 6.
/70(14)/1834/3/$10.00 © 1997 American Institute of Physics
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31018 and 4.631019 cm23. We note that the Monte Carlo
based formalism gives very good agreement with exp
ments for samples 4 and 2. For the heavily doped samp
our results~dotted line! are larger than those of the expe
ment if we use the values for the compensation param
given in Ref. 5. This may be because of the uncertainty
the method used in Ref. 5 to determine the impurity conc
tration. At doping densitiesNi.1019 cm23, it is difficult to
obtain the correct doping density although one can find
free carrier density quite accurately. If we maintain the sa
carrier density but change the impurity concentration to
31019 cm23, we get the results denoted by the dash-
curve in Fig. 1 which gives a good agreement with expe
ments.

As noted earlier, several groups have used second o
perturbation theory and have also achieved good agreem
with experiments. The advantage of the Monte Carlo met
arises from the ease with which additional physical effe
~additional scattering mechanisms or dc fields! can be in-
cluded.

In the case of a dc field, the absorption coefficient due
free carriers will be dependent on the polarization of the
field with respect to the dc field. In order to develop
understanding of how the absorption coefficient depends
the carrier dynamics, we develop a simple model. The res
of this model are then compared to the results obtained f
the Monte Carlo simulations.

We use semiclassical equations to analyze the free
rier absorption coefficient under dc bias. The equations
the motion of electrons are:

dE

dt
5evF2

@E2~3/2!kTL#

tE
, ~4!

dp

dt
5eF2

p

tm
, ~5!

whereE, p, tE , tm are carrier’s energy, momentum energ

FIG. 1. Absorption coefficient vs wavelength results calculated for a n
ber of samples described in Ref. 5. Also plotted are the experimen
measured results from Ref. 5~solid line!. The free carrier density and im
purity density for each sample is given in the text.
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and momentum relaxation time, respectively. The elec
field is F while TL denotes the lattice temperature.

We have solved these equations perturbatively trea
the ac field effects as a perturbation on the dc field. T
allows us to obtain the power absorbed per carrier from
ac field in terms of the parametersTL , tm , andtE .

6

When the dc field is perpendicular to the polarization
the light, we get

a'~F0!5m'~F0!
ene
cn«0

1

11~vtm!2
, ~6!

wherem'(F0) is the differential transverse mobility at d
biasF0 .

When the dc and ac fields are parallel, we get

FIG. 2. Absorption coefficient as a function of frequency forn-type Si
doped at a carrier density 3.231017 cm23and an impurity concentration
1.2631018 cm23. The results are shown for the case where laser elec
field is normal to the dc field.

FIG. 3. Absorption coefficient as a function of frequency forn-type Si with
the same carrier density and impurity concentration as Fig. 2. The result
shown for the case where the laser electric field is parallel to the dc fie

-
ly
1835Jiang, Hinckley, and Singh



e
th
rr
fie
t
ng
n
io

fo
nc
. W

-
s
te
rp-
the
off

an

ier
, and

m
e

a i~F0!5a'~F0!H 12S 12
3kTL
2E0

D
3
12v2tmtE@1.510.5~vtm!2#

@11~vtm!2#@11~vtE!2# J ~7!

and in the hot electrons region (3kTL/2!E0), we get

a i~F0!5a'~F0!
~vtE!2

11~vtE!2
. ~8!

It is easy to see,a i reaches maximum atv51/AtEtm.
In Fig. 2, we show absorption coefficient versus fr

quency for the case where the ac field is perpendicular to
dc field. The results are shown for doping parameters co
sponding to those of sample 4 discussed earlier. The dc
values are 30, 50, and 100 kV/cm. The ac field is kept a
kV/cm. We also show fits to the Monte Carlo results usi
the semiclassical model discussed above. The agreeme
quite good. We get the value of the momentum relaxat
time from thea vs f curve.

In Fig. 3, we show thea vs f results obtained from
Monte Carlo results along with a fit based on our model
the case where the ac field is parallel to the dc field. O
again the agreement between the two is reasonably good
1836 Appl. Phys. Lett., Vol. 70, No. 14, 7 April 1997
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note that the low frequencya directly gives the carrier tem
perature as can be seen from Eq.~7! and this value agree
with the value we obtained directly from ensemble Mon
Carlo simulation. This curve has an increase in the abso
tion coefficient when the frequency starts to approach
scattering time. At high frequency, there is the usual roll-
in a.

In summary, we find that the Monte Carlo method c
be used to fit the experimentally measureda vs v data for
free carrier absorption. We also find that important carr
dynamics parameters such as carrier energy, momentum
energy relaxation times can be obtained from thea vs v
measurements.
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