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Intraband optical absorption in semiconductor superlattices
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Absorption coefficients are calculated for intraband (intersubband in the conduction band) optical
transition in semiconductor superlattices. The absorption line broadening is introduced by taking
the fluctuation of well thickness into account. The selection rule is quite different for two kinds of
transitions: transitions from the ground state to states below and above the conduction-band offset.
The former follows the usual selection rule, whereas the latter does not. The calculated results well

explain the experiments for Ino»Gao 4&As/Ino»A10 47As superlattices.

The conduction band and the valence band of bulk ma-
terials are quantized into several smaller subbands by
making a superlattice (SL) structure, which consists of al-
ternating layers of two semiconductors. So far, extensive
studies have been focused on the optical transition be-
tween the subbands created in different bands (interband
transition), ' the wavelength of which corresponds to the
absorption edge of the SL. Recently, another optical
transition has attracted considerable attention (intraband
transition), which occurs between the subbands that are
created within the same band (for example, in the con-
duction band): its wavelength ranges mostly from near to
far infrared. This latter transition suggests the possibility
of a whole new field of applications and related physics.
This follows from the unusual features which the above
transition is thought to possess: (I) large absorption
coefftcient, (2) narrow absorption linewidth, (3) large
optical nonlinearity, (4) fast intraband relaxation, and
(5) reduced Auger effect. These features could all be
readily exploited to enhance the performance of op-
toelectronic devices such as lasers, detectors, and optical
switches. Another advantage of this transition is (6) tu-
nability for wavelengths in the infrared region by adjust-
ing the SL structure. Moreover, if strained-layer SL's
were used, this wavelength would be extended to the
1 —2-pm region which is more attractive for optical-fiber
communication. So far, a number of theoretical studies
have reported on the optical absorption due to this intra-
band transition. These reports have mostly con-
sidered isolated quantum wells instead of SL's: although
Ando and Mori did treat a SL structure, they did not
calculate the absorption coefficient. In actual experi-
ments, however, a SL structure must be employed instead
of an isolated quantum well in order to enhance the ab-
sorption efficiency. Moreover, the above reports have
neglected to pursue the origin of the absorption linewidth
by treating it as an adjustable parameter.

This Brief Report reports the absorption coefficients
due to intraband optical transition in semiconductor
SL's. The effect of line broadening is taken into account
assuming that it comes from the fluctuation of well thick-
ness. %'e have compared the calculated results with the

experiments reported for Ino»Gao 4~As/Ino»Alo 47As
SL's, which is thought to be the most promising material
system for the present purpose owing to its large
conduction-band offset.

In the effective-mass approximation, ' the matrix ele-
ment between the two subband states (g„and $0) in a SL
can be expressed as follows:

(q„/ H'/@, )= (F„/H'(F )

where index 0 denotes the ground state and H' is the in-
teraction Hamiltonian between a free electron with mass
m and a radiation field. Then, F„and Fo are the en-
velope functions, and m * is the effective mass. Equation
(I) indicates that the problem of intraband optical transi-
tion is converted to the problem of transition between en-
velope states with the bulk Bloch state being unchanged.
The envelope functions are given by

F„(r)=y„(p)y„(z) . (2a)

Here, r=(p, z) is the coordinate of the electron, where p
and z correspond to the motion parallel and perpendicu-
lar, respectively, to the SL plane, and

y„(p)=(L L, )
' 'e

p„(z)=L, ' e '" P„(z)

(2b)

(2c)

are Bloch functions for free space (in the p direction) and
for SL (in the z direction), respectively: P„ is the periodic
part of the SL Bloch function. Here, 1(.„=(a„,IC,„)is the
wave vector. Envelope functions are orthonormalized in
a box with volume L L L„and can be obtained after a
somewhat complicated but straightforward calculation
by imposing appropriate boundary conditions. "

Let us focus our attention on the transition O~n and
exclude other possible transitions such as 1 ~n, etc. Let
the occupancy of electrons be fo(EO) and f„(K„) for
these states before irradiation. The transition rate is ap-
proximately given by
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Wr~)= g g l(y„lH'lq, ) l'[f, (K, )
—f„(K„)]

n K„,
Ko

X 5(E„O—fico), (3)

where E„O=E„(K„)—Eo(KO). The matrix element in

Eq. (3) requires the conservation of the wave vector dur-
ing this transition: K„=KO (=K). Here, we assume a
parabolic band: E„(K) =i)i a /2m '+ E„(K,), where

E„(K,) is the SL dispersion relation. This assumption
makes the 5 function in Eq. (3) independent of a, which
allows us to integrate it over ~ separately. The absorp-
tion coefficient is given by

gire A' cosg 1 1

c n (m')' L' &~
P

x yN„,(K, )l&q. lp, lqo&l'

where D2=m*/2vrR- is the density of states for a two-
dimensional system, p is the Fermi energy, and P= 1 /kT.
The meaning of Eq. (5) can be elucidated by making the
temperature ( T) zero: when the electron concentration is
such that p locates between the two subband states (0 and
n), then N„o(K, ) tends to Dz(p, —eo(K, )) which is the
sheet electron concentration in the ground subband state.
From this, it is clear that N„o(K, ) can be regarded as the
effective sheet concentration of electrons which are in-
volved in this optical transition. The optical transition
for a given photon energy (irido) occurs at the K, value
which satisfies the relation e„(K,)=co(K, )+fico. Here,
we assume that eo(K, ) is independent of K, and we write
it as co. This is generally true, since the ground state has
a very sharp band unless the barrier layer is extremely
thin. The above assumption implies that Di(EO(K, )) is
infinite, which simplifies Eq. (4) to some extent. The Fer-
mi energy (p) for a given electron concentration (N) is
determined using the standard expression,

N= J g(E)D, (E)dE, (6)

where g(E) is the Fermi distribution function and D3(E)
is the three-dimensional density of state for a SL.

Throughout the above calculation, we have not con-
sidered any absorption line broadening except for the
broadening due to the subband width which is a natural
result of using a SL structure. In actual SL's, however,

X lD, (e„(K,)) ' —D, (eo(K, )) 'l ' . (4)

Here n, is the index of refraction, g is the angle between
the electric vector of light and the normal to the SL plane
and was made zero in the following calculations,
Lp L +Lb is thc pcI iod of SL whcrc L and Lg aI c thc
thickness of well and barrier layers, respectively. Then,
(p„lp, lqo) is the matrix element of the z component of
the momentum and Di(E) is the one-dimensional density
of states for SL. N„o(K, ) is given by

D ptp —E()(K, )]

N„o(K, )
= ln (5)

several factors may contribute to this line broadening: (1)
carrier lifetime, (2) nonparabolicity of the conduction
band, and (3) fluctuation of the thickness of well and bar-
rier layers. Excited electrons are relaxed by scattering
mechanisms due to LO phonon, acoustic phonon, in-
trasubband and intersubband processes, etc. The relaxa-
tion time calculated for these scattering processes, how-
ever, is of the order of 1 ps this leads to broadening of
the order by only 1 meV. Hence these scattering process-
es are not su%cient to explain the absorption linewidth of
10-20 meV. ' ' The nonparabolicity of the conduction
band in the direction parallel to the SL plane might have
some effects on widening the absorption line when the
ground state is densely populated with electrons. This
effect requires a complicated calculation when we apply it
to a SL structure. Moreover, the nonparabolicity param-
eter values are not known for the SL materials we are pri-
marily concerned with. For these reasons, we concen-
trate our attention to the next point. In the following cal-
culations, the L„. thickness fluctuation is assumed as the
main cause of the absorption line broadening the Lt,
thickness fluctuation seems to have less influence on the
linewidth and was therefore neglected. %e have assumed
that our SL possesses the L,„ fluctuation by a monolayer
and the probability of finding the monolayer fluctuation
(monolayer increase or decrease in L ) is half that of
finding no fluctuation. This discrete probability function
can be approximated by the continuous Gaussian distri-
bution function with the standard deviation of 2.3 A.
The actual absorption coefficient was obtained by averag-
ing Eq. (4) over the entire well thickness with the weight
of this Gaussian distribution function. Parameter values
used are as follows: the conduction-band off'set (AE, ) is
500 meV, m * =(m„*,L„,+ mb'L~ )/(L +Lb ) where
m„*=0.042m and mb*=0. 076m, and n„=(n„,L„
+nbLb )/(L, , +Ll, ) where n„, =3.43 and nb =3.10.'

Figure 1(a) shows the absorption coefficient spectrum
for an Ino 53Gao 47As/Ino»Ala, 47As SL at room tempera-
ture with L =50 A, Lb=100 A, and X=1X10' cm
The arrow indicates the photon energy (AE, Eo) which—
corresponds to the transition to the band offset (b,E, ) en-

ergy state. The SL structure of Fig. 1(a) is the typical one
in which the first excited subband state is located below
hE, . The absorption bands which neglect the L fluc-
tuation are shown by the horizontal bars [at the top of
Fig. 1(a)]. The most pronounced effects of the well
thickness fluctuation can be seen in the 0~1 transition.
Note that the 0~ 1 transition shows absorption
coefficients much larger than the 0~2 and 0~3 transi-
tions (these latter two transitions are to bands above
b,E, ). This reflects the large oscillator strength of the
transition to first excited state. Through the calculation
for many SL structures of this type, we found that transi-
tions to the state n below AE, follow exactly the selection
rule (it is allowed only for odd n): the oscillator strength
ratio for forbidden or allowed transitions is usually of the
order of 10, even if the excited state has a broad band.
This is in contrast to the results shown in the following
figure [Fig. 1(b)]. Our calculated results agree well with
the experiments, ' the peak height of which has been ad-
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justed to the calculated value (1.4X 10 cm ') since its
value is not determined experimentally.

Figure 1(b) shows another example of the absorption
coeScient spectrum for the same conditions as in Fig.
1(a), except for L =30 A. This structure is the typical
one in which the first excited subband state is located
above hE, . The solid and dashed lines indicate the re-
sults considering and not considering, respectively, the
well thickness fiuctuation. The sharp absorption edge be-
comes rounded and the peak height is cut short by con-
sidering the fluctuation of well thickness. Figure 1(b) also
shows that the transition to the states above AE, does not
follow the conventional selection rule described in the
preceding paragraph. This is presumably because the ex-
cited states above hE, are extended throughout the SL so
that it deteriorates the parity of the wave function.

Figure 2 shows (a) resonance energy and (b) linewidth
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FIG. 1. Absorption coeScient spectra for
Ino»Gao 47As/Ino»Alo 4,As SL at room temperature with
N=1 X 10' cm ' and (L„„Lb)of (a) (50 A, 100 A) and (b) (30
A, 100 A). The bars at the top of (a) indicate the absorption
bands which do not consider L„, fluctuation. The experimental
results are taken from Ref. 13.

FIG. 2. (a) Resonance energy and (b) linewidth and max-

imum absorption coefficient as a function of L„, for 0~1 transi-
0

tion in Ino»Gao 47As/Ino»A10 47As SL of Lb = 100 A and
N=1X10" cm '. The experimental points are taken from
Refs. 13 and 14.
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cates the critical well thickness below which the first ex-
cited state exceeds AE, . The resonance energy in Fig.
2(a) was obtained from the absorption spectrum which
considers both the subband width and the line broaden-
ing effects. The calculated results show good agreement
with the experiments. The resonance energy for L
below L' cannot be extrapolated from the values for L„
above L', because of the large bandwidth of the excited
states above hE, . The effect of the well thickness fluctua-
tion on the absorption linewidth can be clearly seen in
Fig. 2(b): the linewidth is increased with decreasing well
thickness. This tendency is reasonable since small-L
SL's are more liable than those with a large L to be
affected by its fluctuation. The experimental points are
seen to trace the above theoretical prediction for the
linewidth. Below L, however, this tendency fails. This
is because the excited states above AE, cannot be greatly
modulated by the well thickness since they are already
broad without a fluctuation. In contrast to this, the max-
imum absorption coefficient decreases with the decrease
in L, which is closely correlated with the variation of
the linewidth.

Figure 3 shows the maximum absorption coefficient
(a ) for the 0~1 transition at room temperature for the
same SL material system as in Figs. 1 and 2, as a function
of electron concentration (N) for several combinations of
well and barrier thicknesses (L, Lb). These absorption
coefficient values are those obtained from the spectra
which have taken the well thickness fluctuation into ac-
count. The (50 A, 100 A) SL corresponds to Fig. 1(a)
and (30 A, 100 A) to Fig. 1(b). The a values increase
with increasing X and deviate from the line at higher X
values. This deviation is thought to imply the onset of
occupation by electrons of the first excited state to which
the transition from the ground state should occur. The
critical N value for this deviation approximately coin-
cides with the value at which the Fermi function goes
into the first excited state to some extent. As shown in
Fig. 3, the a value depends on the SL structure
(L, LI, ). Note that the a value has been defined in this
paper by treating the SL's as a continuous medium. In
actual transitions, however, the well region tends to con-
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FIG. 3. Maximum absorption coefficient as a function of N,
for 0~ 1 transition in Ino»Gao 4&As/Ino»Ala 4&As SL of
several combinations of L and I.b.
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tribute to the oscillator strength more than the barrier re-
gion, because the ground state is confined primarily in the
well region. From this, we can predict that a large-L
small-Lb SL structure would yield a large absorption
coefficient: this is clearly verified in Fig. 3 ~ We would
also note that the effect of accumulation has been neglect-
ed in this calculation. The effective electron concentra-
tion in the well region of an actual SL can be approxi-
mately given by N, s. =N(LI, +L )/L, when the SL is
uniformly doped. Combining this effect and the preced-
ing effect (that is, the actual transition occurring primari-

ly in the well layer), the abscissa of Fig. 3 should be read
as the effective electron concentration when these a
values are to be compared with the experiments.
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