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Parametric distortion of the optical-absorption coefficient of semiconductors

by an additional infrared laser
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The distortion of the optical-absorption coefficient of a direct-gap semiconductor is investigated when the

semiconductor is subjected to an additional ir laser field. It is shown that, when the ir laser intensity in-

creases, the absorption coefficient develops a tail below the zero-field gap. An application is made for the

case of the InSb irradiated by an intense CO2 laser.

The development of high-power infrared (ir) lasers has
stimulated the study of the interaction of intense radiation
with atoms, ' plasmas, ' and solids. ' " In particular, in

the case of solids, considerable effort has been devoted to
the theoretical and experimental aspects of the multiphonon
spectroscopy, ' treating the disturbing ir laser as a pertur-
bation. Of the "nonperturbative" methods (i.e., treatments
which do not consider the ir laser as a perturbation), the
most well-known work is the one carried out by Keldysh"
almost two decades ago. More recently, Jones and gneiss"
have proposed another nonperturbative method based upon
the description of the band states in the presence of the
laser field by a Volkov-type wave function. '

In this paper, we address ourselves to the investigation of
the changes induced in the absorption coefficient of light of
a direct-gap semiconductor due to the simultaneous irradia-
tion of the sample by an ir laser of arbitrary intensity.
Specifically, in what follows, we consider the excitation of a
valence electron into the conduction band of a direct-band
semiconductor by a light beam of frequency 0 and polariza-
tion F. This exciting light beam is described by the vector
potential

the valence band is
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As for the conduction-electron wave function, one has
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where u„.k is the Bloch function, 5„(r) is the amplitude of
the electron oscillation in the ir laser field, namely,

t
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The entire system is simultaneously irradiated by a circularly
polarized ir laser beam of arbitrary intensity and frequency
cu, described by
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The ir laser frequency satisfies the condition tee ( ag, where

e is the gap energy, so that it penetrates well through the
sample. The semiconductor is assumed to be described by a
two-parabolic-band model within the effective-mass approxi-
mation. The influence of the intense ir laser on the band
states is taken into account by using a Volkov-type wave
function for the band states. ' This is justified by the fact
that an electron in a solid in the effective-mass representa-
tion has properties which resemble those of a free electron.
Thus we may take, to a good approximation, the band states
to be described by the wave function of an electron in the
presence of a radiation field" ' (i.e., the Volkov wave
function). Under these conditions, the wave function for

I

Here, m, and m„are the effective masses for the electron in
the conduction and valence bands, respectively.

With the use of Eqs. (3) and (5) to describe the band
states, the probability amplitude for the transition from a
valence-band state q5„k to a conduction-band state qh, ,„, ow-
ing to the interaction with the exciting light beam of fre-
quency 0, can be written as'
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Here, p, „(u,~e p~u„) is the momentum matrix element
between the band states, k t = (k„'+ k„') '/',
m' = m, m„/(m, + m„) is the reduced mass,
/g=m, m„/(m„—m, ), and a =eA/m'ceo is the amplitude of
the electron oscillation in the ir laser field. Equation (8) is

the probability amplitude for the excitation of an electron
from the valence to the conduction band by radiation of fre-
quency 0 with the simultaneous absorption ( v ) 0) or
emission (v ( 0) of (v~ photons of the ir laser. In other
words, in the presence of an additional ir laser, the absorp-
tion of a light beam of frequency 0 now takes place with
the simultaneous rnultiphoton absorption of emission of the
ir laser field.

Knowing the probability amplitude and performing the
standard calculations, the absorption coefficient o. for the
exciting light beam is readily obtained. One gets

4e'eg e/2
k (v) d & sinH J„' [k (v)a sin8], (9)
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~here n is the refractive index of the semiconductor, and
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Here, v is the smallest value of v for which energy conser-
vation is satisfied, i.e., for which k(v= —N) =0. In arriv-

ing at Eq. (9), we have also used the effective-mass sum-
rule' result for the momentum matrix element, namely,

p,'„/m = gg/2m'. In the case of no ir laser field (i.e., a =0)
and using the result J„'(0)=g„o, Eq. (9) reduces to the
well-known expression

i/2
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FIG. 1. Absorption coefficient (S), of an InSb sample as a func-
tion of the exciting frequency (g), for several values of the dressing
CO2-laser intensity (~).

where tO~=e~, i.e. , in the absence of the ir laser field,
there is absorption only for 0 ) A~, as expected. In con-
trast, the presence of the ir laser field introduces another
channel for the electron to exchange energy, thereby mak-

ing possible its excitation even for 0 & Og. This is seen
from Eq. (10) for which the condition k(v) ) 0 is satisfied
provided

vtcu+tf1 t Qg —e 3 /2p—.c~) 0

That is, for 0 ( Ag energy conservation can be satisfied
provided the electron absorbs more than N photons from
the ir laser, where

Ntco tQ g t=f1 + e'A '/2u, '—c

To better assess our results, we have calculated the absorp-
tion coefficient o. for an InSb sample irradiated by a CO2
laser with co=1.77&10' s '. The sum over v in Eq. (9)
has been carried out numerically using the following values
for the physical parameters of InSb: m „=0.18m,
m, =0.013m, n =3.75, ~g=0.167 eV. In our calculations we
have introduced the parameter r/= II/cu as a measure of the
exciting frequency in units of the ir laser frequency, and the
parameter a= e'A /2m'c'tcu as a measure of the energy
delivered by the ir laser to an electron of mass m" in units
of the ir quantum hem. The parameter e is related to the ir
laser intensity by / = ncm'tee e/2n eor, in Wic, m',

I = n e co x 1.98 && 10 (12)
m
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which for a CO2 laser reduces to

I = 10.98n e(m "/m ) GW/cm

FIG. 2. Absorption coefficient (S) of InSb, as a function of the
dressing CO2-laser intensity (e), for the exciting frequencies q = 1.0
and 1.4.
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TABLE I. Peak values of the absorption coefficient of an InSb
sample and the corresponding CO~-laser intensity, at the frequencies
q=1, 1.4, and 3.

n (cm ') I (GW/cm2)

I.O

g
*3.0

1.0
1.4
3.0

37
35

1

0.3
0.38
1.38

0,47x 10
0.59 x 10
2.15 x 10

19.81
18.74
0.53

0.5—

0
0

FIG. 3. Absorption coefficient (S) of InSb, as a function of the

dressing CO2-laser intensity (e), for the exciting frequency q = 3.
Sp= (Yf 'gg ) is the result without the ir laser.

In terms of these dimensionless parameters, Eq. (7) can be
rewritten as

&/2

4e wg 2m'cu
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where rtr is the value of rt for fl = Ag, and S =S(q, e) is
the dimensionless form of the summation over v of Eq. (9),
i.e., the dimensionless absorption coefficient.

In Fig. 1 we plot the dependence of S on q for several
values of the laser intensity (e). Also indicated in Fig. 1 is
the value of q corresponding to the energy gap for the case
of an InSb sample irradiated by a CO2 laser, namely,

kg = 1.4. We note from Fig. 1 that on increasing the ir laser
intensity, the absorption coefficient gets distorted so as to
give rise to an absorption tail below the zero-field forbidden
gap. This tail is such that the absorption coefficient in-
creases and spreads more below the gap, on increasing the ir

laser intensity. In Figs. 2 and 3 we plot the dependence of
the absorption coefficient as a function of the ir laser inten-
sity. In Fig. 2, we show this dependence for two cases
which, in the absence of the ir laser field, namely, the cases
where 0 & Ar (or rt & qr), would give us no absorption of
radiation. We note that in these cases the absorption coeffi-
cient starts from zero, as should be expected. In contrast,
in Fig. 3 we plot the absorption coefficient as a function of ~

for a case in which, in the absence of the ir laser field, we

already have a finite absorption coefficient, namely, the case

q & 1.4. In this case, the absorption starts from the ir
laser-free value Sa= (q —rt~)'~'. Figures 2 and 3 show,
however, the same general type of behavior with the laser
intensity; namely, after starting from the corresponding ir

field-free value, the absorption coefficient increases on in-

creasing the ~, reaches a peak, and finally, for higher fields,
decreases asymptotically as e ' '. This behavior is reminis-
cent of other phenomena involving multiphonon processes,
such as multiphonon ionization in atomic systems' and
high-field heating of electrons in plasmas, ' ' where one
also encounters a drop in the effectiveness of the laser at
very large fields. To explain this result, one can argue that
for small fields both absorption and emission of ir photons
by the electrons, while absorbing the radiation of frequency
0, are equally possible. This opening of extra "channels"
for the electron to exchange energy makes possible the ab-
sorption below the gap and results in an initial increase of
the absorption cross section. However, at intermediate
fields, the emission of ir photons reaches a saturation since
the energy conservation puts an upper limit equal to v on
the maximum of photons that can be emitted. At this point
the absorption cross section tends to level off. For even
higher fields, in addition to this limit, the energy gap is in-

creasing linearly with the intensity, due to the last term on
the right-hand side of Eq. (10) (namely, &g &g = &g

+e'A'/2pc'). Furthermore, in the high-field limit, the
electron is moving very fast so that its interaction with the
environment tends to weaken. These two facts thus point
in the direction of a reduction of the absorption cross sec-
tion at very large ir laser intensity.

To estimate the size of the effects reported above, let us
consider the absorption at the peaks of Figs, 2 and 3. For
q=1.0 and 1.4, the absorption peaks at a=37 and 35, and
the corresponding values of S are 0.30 and 0.38, respective-
ly. For q=30, the absorption peak occurs at &=1 and S is
equal to 1.38. Substituting these values of q, e,. and S in

Eqs. (12) and (13), one finally gets both the absorption
coefficient and the corresponding CO2 laser intensity need-
ed. The results from our calculations are summarized in

Table I. It follows from this table that, even below the
zero-field gap, the absorption coefficient is greatly enhanced
as the dressing ir laser intensity increases. This result sug-
gests that when using semiconductors such as InSb as an ir
window or as a lens in experiments involving high-power ir
lasers (e.g. , laser fusion), one should be careful about the ir
laser intensity crossing the window, otherwise severe dam-

age or malfunction of the window may occur.
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