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TE- and TM-polarized roughness-assisted free-carrier absorption in quantum wells
at midinfrared and terahertz wavelengths

I. Vurgaftman and J. R. Meyer
Code 5613, Naval Research Laboratory, Washington, D.C. 20375

~Received 17 May 1999!

A free-carrier absorption mechanism, in which a photon transition is accompanied by an elastic interface-
roughness scattering event, is considered for a few representative quantum well structures. Interface-roughness
scattering determines the low-temperature mobility in undoped narrow quantum wells such as those used in
infrared lasers. It is found that in spite of the contribution due to scattering to higher subbands, the absorption
coefficient for TE-polarized light remains appreciably less than the semiclassical value at shorter wavelengths.
The implications of these results for the recently proposed interband far-infrared and terahertz lasers based on
‘‘ W’’ antimonide structures are discussed. In the case of roughness-assisted absorption of TM-polarized light,
transitions forbidden by symmetry and exclusion arguments become allowed. However, the largest second-
order contribution relative to first-order intersubband absorption tends to occur at wavelengths where the total
absorption coefficient is rather small.@S0163-1829~99!10143-7#
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I. INTRODUCTION

Quantum wells currently form an integral part of ma
optoelectronic devices, e.g., serving as active regions
semiconductor lasers. Near-infrared laser diodes are wel
tablished and have demonstrated high-power cw operatio
room temperature and differential quantum efficiencies cl
to unity. On the other hand, the development of midinfra
~mid-IR! semiconductor lasers remains ongoing,1,2 and the
feasibility of far-infrared~terahertz! emitters is only begin-
ning to be investigated.3,4 At mid-IR wavelengths free-carrie
absorption tends to dominate the internal loss, and at lon
wavelengths it is critical in determining whether sufficie
gain can be generated to achieve lasing at all.

In some classes of mid-IR semiconductor lasers, suc
those featuring type-II antimonide quantum wells with lar
conduction-band offsets,1 it is believed that cavity losses ar
dominated by intervalence absorption. However, once
lasing wavelength becomes longer than the smallest vale
intersubband splitting, intervalence losses are virtually eli
nated. Scattering-assisted absorption by free electrons
holes in the active quantum wells then usually determines
internal loss in optically pumped laser devices with undop
claddings. Even in electrically pumped devices, assisted f
carrier absorption~FCA! can dominate if the lasing mode
optically confined primarily to the active region, as in th
interband cascade lasers.5 FCA in diode optical cladding lay-
ers consisting of superlattice injectors6,7 can also be signifi-
cant. In general, for TE-polarized devices, scattering-assi
FCA tends to become more and more important with incre
ing wavelength.

The theory for FCA in bulk semiconductors8–10 is well
developed and verified experimentally. The effect of non
rabolicity on midinfrared absorption in III–V semicondu
tors has also been considered recently.11 For the case of
quantum wells, a number of papers have dealt with FCA
TE-polarized radiation assisted by acoustic12 and polar
optical13–16 phonon scattering including the effects of ph
non confinement,17 piezoelectric coupling,18 ionized
impurities,19,20and electron-electron scattering.21 Most of the
PRB 600163-1829/99/60~20!/14294~8!/$15.00
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previous works employed the infinite-well approximatio
and often parabolic dispersion relations as well. Furtherm
quantitative comparison of those results with the absorp
spectra of real quantum wells is often rather difficult. T
results were usually compared with the bulk FCA, which
not always illuminating insofar as the mobility in the thre
dimensional~3D! and quasi-2D systems can be very diffe
ent.

Little work on scattering-assisted FCA of TM-polarize
light in narrow quantum wells has been reported. The o
~to our knowledge! published papers18,22on the topic consid-
ered primarily thick layers and only absorption due to t
electron-phonon interaction. None of the previous artic
have addressed the interesting issue of how the wavele
dependence of the absorption coefficient for a quasi-tw
dimensional system makes a smooth transition between
quantum and semiclassical regimes.23,24 In current practice,
the semiclassical expression is usually used as the defau
estimating FCA coefficients for quantum-well systems.

In this paper, we will calculate the FCA assisted by sc
tering from quantum-well interface fluctuations.25–27This in-
terface roughness scattering is known to dominate the mo
ity in narrow wells at cryogenic temperatures.26,28,29 This
regime is precisely that of interest for far-infrared and te
hertz semiconductor lasers, based on both intersubband
interband transitions.3,4 Absorption coefficients will be cal-
culated for the examples of GaAs/AlGaAs and InAs/AlS
quantum wells, as well as an antimonideW laser structure
designed for terahertz emission. We will also consider
detail the applicability of the standard semiclassical appro
mation to these quantum well structures for a wide range
input parameters.

II. FORMALISM

A. TE-polarized absorption

As in all past works on the topic that we are aware
band mixing in the sense of appreciable contributions
p-like zone-center Bloch functions to the conduction-ba
wave function will be neglected.~On the other hand, the
14 294 ©1999 The American Physical Society
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PRB 60 14 295TE- AND TM-POLARIZED ROUGHNESS-ASSISTED . . .
effect of other bands on the electron dispersion is include
the framework of the eight-bandk•p theory.! The inclusion
of that higher-order effect would considerably complicate
formalism due to the introduction of much different selecti
rules for electron scattering between conduction states w
valencelike character.30

The matrix element for absorption of TE-polarized~in the
plane of the quantum well! light with both final and initial
states in the conduction band is given by

^k8,n8uHRAD
TE uk,n&5

e\

mn* ~k!
S \

2«Vv D 1/2

e•kdk8,kdn8,n ,

~1!

wherek andn are the momentum and subband index of
initial state,k8 and n8 are the corresponding quantities f
the final state, the wave-vector-dependent inverse~velocity!
effective mass 1/mn* (k)5(]En /]k)/(\2k)5vn /\k is de-
rived from numerically computed nonparabolic dispers
relations,vn(k) is the velocity,e is the unit polarization vec-
tor, « ~v! is the dielectric constant,\v is the photon energy
andV is the normalization volume. Isotropic dispersion h
been assumed for simplicity. Equation~1! allows only
momentum-conserving intrasubband transitions. Since
ergy and momentum cannot be conserved simultaneou
there is no first-order contribution to the absorption coe
cient for \v below the energy gap.

The second-order contribution is made possible by
presence of a symmetry-breaking scattering mechan
~multiphoton processes are not considered here!. In second-
order perturbation theory, the matrix element connecting
initial and final states for an optical transition in a quantu
well is given by

^k8,n8uM uk,n&5 (
k9,m

F ^k8,n8uHRADuk9,m&^k9,muH IRuk,n&
En~k!2Em~k9!

1
^k8,n8uH IRuk9,m&^k9,muHRADuk,n&

En~k!2Em~k9!1\v G ,
~2!
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wherek9 andm are the momentum and subband index of t
intermediate state, andEn (k) andEm (k9) are the electron
energies for the initial and intermediate state, respective

In particular we treat the case of photon absorption me
ated by carrier scattering from interface roughness fluct
tions, although many of the qualitative conclusions will
equally applicable to other scattering mechanisms. The
trix element for roughness scattering from a quantum-w
interface can be approximated by the relation26,28

^k8,n8uH IRuk,n&5
ApLD

AA
expS 2

q2L2

8 D
3F]En8~k8!

]z G1/2F]En~k!

]z G1/2

, ~3!

whereq5k2k8, A is the normalization area,L is the rough-
ness correlation length, andD is the fluctuation depth. The
two derivatives are taken at the interface under consid
ation. Computing the total scattering rate involves summ
the contributions from each interface. A more fundamen
but less practical, relation25 reveals that Eq.~3! neglects the
sign of the wave-function derivatives at the interfaces.
simple rule for correcting this deficiency required for inte
subband scattering processes is to flip the sign of the ma
element whenever the two wave functions have derivati
with different signs. In this paper, we will be concerned p
marily with relatively low carrier densities, which at low
temperatures are sufficient to reach transparency and la
Screening effects are therefore expected to be small, and
simplicity we ignore them in the following discussion, a
though screening can be treated readily by an appropr
modification of Eq.~3!.26

Using Eqs.~1! and ~2!, we can reduce the second-ord
matrix element for TE-polarized light to the following form
^k8,n8uM uk,n&5
^k8,n8uH IRuk,n&^k,nuHRAD

TE uk,n&2^k8,n8uHRAD
TE uk8,n8&^k8,n8uH IRuk,n&

\v
. ~4!
-
The scattering rate from the initial state to the final state
then given by the golden rule:

Wk,n;k8,n85
2p

\ (
all interfaces

z^k8,n8uM uk,n& z2

3d„En8~k8!2En~k!2\v…. ~5!

The absorption coefficient is calculated by summing over
occupied initial states and unoccupied final states. Next, f
carrier emission is subtracted from the absorption coeffici
Inclusion of the emission contribution is critical to obtainin
a correct result in the limit of very long wavelengths,23 as
will be shown below. Averaging over orthogonal in-plan
s

ll
e-
t.

polarizations yields a factor of12. The total absorption coef
ficient for TE-polarized light is finally given by

aFCA
TE 5

e2L2D2nm

8pc«dv3 (
all int.

(
n
E kdk(

n8
E k8dk8

3E
0

2p

duF]En~k!

]z GF]En8~k8!

]z GexpS 2q2L2

4 D
3S k2

mn*
2~k!

1
k82

mn8
* 2

~k8!
2

2kk8 cosu

mn* ~k!mn8
* ~k8! D

3~ f n,k2 f n8,k8!d„En8~k8!2En~k!2\v…, ~6!
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wherenm is the modal refractive index andd is the period.
Although several of the other terms also carry implicit wav
length dependences, e.g., through the energy of the
state, the explicit wavelength proportionality in Eq.~6! is
cubic. This cubic dependence is expected to hold forintra-
subbandabsorption of photons with energies much larg
thankBT for weakly nonparabolic carrier systems. The in
gral over final states can be eliminated using the ene
conserving delta function. It is interesting to note that elas
interface-roughness scattering in second-order theory t
place between states separated by the photon ene
whereas the photon-absorption portion of the interaction
effectively become elastic. This is due to the absence of
condition governing energy conservation in the intermed
state. Furthermore, the exclusion principle does not appl
intermediate states, which will be seen below to have in
esting consequences for TM-polarized absorption.

The extension of the above formalism to hole FCA can
complicated owing to strong band mixing effects in the v
lence band. However, in the case of narrow gap mater
quantum confinement and, in some cases, compres
strain, lead to large splittings between the valence subba
and a hole mass that is not much larger than the elec
effective mass. Therefore the presented formalism can
used to estimate the hole FCA coefficient in this regime
photon energies smaller than intervalence splittings.

In developing our formalism, we have so far ignored p
cesses with intermediate states in the valence band. Ab
the energy gap, strong interband processes dominate
polarized absorption, and any second-order correction
likely to be negligible. Although second-order process
with intermediate states in the valence band can proc
when\v,Eg , even for narrow gap semiconductors such
InAs, their contribution to the FCA coefficient is found to b
quite small owing to the large denominators in Eq.~1!. The
issue of valence intermediate states will be examined m
closely below in connection with antimonide ‘‘W’’ laser
structures having energy gaps in the terahertz freque
range.

B. Connection with semiclassical formalism

In the limit of very long wavelengths, the absorption c
efficient is known to reduce to the semiclassical form24

which scales asl2. This expression, which we will derive
next, is semiclassical in that whereas the electron transpo
handled quantum mechanically, the interaction of light w
the electrons is treated using the classical Drude theory.

The semiclassical expression becomes a reasonable
proximation in the limit ofkBT@\v for nondegenerate sta
tistics orEF@\v in the degenerate regime, whereEF is the
Fermi energy. In those limits,n85n, k8'k, q252k2(1
2cosu), f n,k2 f n8,k8'(] f n,k /]E)\v, and the absorption
coefficient of Eq.~6! can be rewritten:

aFCA
SC 5

e2nm

c«dv2 (
n
E d2k

] f n,k

]E

v2

2tn~k!
, ~7!

where the average is over the inverse relaxation time:
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tn~k!
5

D2L2

2\ (
n8

E k8dk8E
0

2p

du~12cosu!F]En~k!

]z G
3F]En8~k8!

]z GexpS 2k2L2~12cosu!

4 D
3d„En8~k8!2En~k!…. ~8!

In this paper, we will refer to the quantityaSC given by
Eq. ~7! as the semiclassical absorption coefficient. It displa
the widely assumed quadratic dependence on the wavele
of the light. However, in the literature this is usually e
pressed in terms of the mobilitym:31

a5
Ne3nm

c«dv2m* 2m
, ~9!

whereN is the two-dimensional carrier density, and the m
bility for an arbitrary in-plane direction is defined throug
the following relation:

m5
e^t&
m*

5
e

N (
n
E d2k

] f n,k

]E

v2

2
tn~k!. ~10!

Comparing Eq.~7! on the one hand with Eqs.~9! and~10! on
the other, it should be clear that the semiclassical result
resented by Eq.~9! is accurate only insofar as it is a goo
approximation to set̂t21&5^t&21. While the approximate
equality holds in many cases of interest including some
those considered in this paper, scattering processes for w
the error is appreciable can easily be envisaged. In particu
the approximation is expected to become quite poor at
evated temperatures when FCA is mediated by a stron
energy-dependent scattering mechanism.

C. TM-polarized absorption

To derive analogous FCA formulas for the case of TM
polarized ~optical electric field along the quantum-we
growth direction! light, we consider the corresponding m
trix element for the photon transition:

^k8,n8uHRAD
TM uk,n&5

@mn* ~k!1mn8
* ~k!#e\

2mn* ~k!mn8
* ~k!

S \

2«Vv D 1/2

3dk8,kE dzCn8,k8
*

]

]z
Cn,k . ~11!

Equation~11! shows that only transitions involving a chang
of parity are allowed. Because both momentum and ene
can be conserved in parity-flipping intersubband transitio
strong first-order absorption may be expected near the in
subband resonances. Since those processes have alrea
ceived considerable attention in the literature,30,32 our task
here will be to examine the second-order contributions an
determine their magnitudes for typical values of the carr
scattering rates relative to the well-known first-order int
subband absorption coefficients.

The second-order absorption coefficient for TM-polariz
light has the same form as Eq.~6! except that we must kee
the sum over all intermediate states in Eq.~1!. An obvious
difficulty is that for some processes the intermediate sta
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can be arbitrarily close in energy to the initial or final stat
which results in singularities. This is circumvented in t
usual manner33 by introducing a broadening parameterG:

^k8,n8uM uk,n&5 (
k9,m

F ^k8,n8uHRAD
IM uk9,m&^k9,muH IRuk,n&

En~k!2Em~k9!1 iG

1
^k8,n8uH IRuk9,m&^k9,muHRAD

TM uk,n&
En~k!2Em~k9!1\v1 iG G .

~12!

The absorption coefficient is then proportional to the r
part of the square of the matrix element, whereas the im
nary part gives rise to a small change of the refractive ind

The second-order absorption coefficient assisted
interface-roughness scattering@Eq. ~12!# will be compared
with the first-order intersubband absorption coefficient giv
by

aTM
~1! 5

nmpe2\2

c«vd (
n
E kdk(

n8

mn* ~k!1mn8
* ~k8!

2mn* ~k!mn8
* ~k8!

3F E dzCn8,k8
*

]

]z
Cn,kG2

~ f n,k2 f n8,k8!

3dk,k8d@En8~k8!2En~k!2\v#. ~13!

In deriving Eq.~13! care was taken to preserve the symm
ric form of the interaction Hamiltonian, which is necessa
to take into account the different effective masses of
initial and final states.30 In order to compare the first-orde
absorption coefficient of Eq.~13! with the second-order FCA
coefficient, we follow the standard procedure and substitu
Lorentzian line-shape function for the delta function in E
~13!. Although the prescription for the introduction of lin
broadening is different in the FCA expression, this sho
provide a reasonable first-order estimate of the relative
portance of the first-order and second-order contribution

III. RESULTS

A. TE-polarized absorption in GaAs/AlGaAs wells

We begin by considering the simple case of free-elect
absorption in a single 100-Å GaAs/Al0.35Ga0.65As quantum
well. The band structure and wave functions for this and
of the following examples were computed using an eig
bandk•p model based on a finite-element technique.34 The
TE-polarized quantum FCA coefficient obtained using Eq
tion ~6! is shown as a function of wavelength in Fig. 1 for
sheet carrier density ofN51011cm22 at T510 K, and as-
suming monolayer fluctuations. A change in the width of t
quantum well byD51 ML results in 0.52-, 1.83-, and 3.01
meV shifts for the first, second, and third subband energ
respectively. Generally speaking, narrower quantum w
will have higher absorption coefficients owing to larger e
ergy shifts with the precise scaling determined by the bar
height and effective mass. In Fig. 1, the results are given
roughness correlation lengths ofL570 Å ~solid line! and 30
Å ~dashed line!, which are typical of the observed range26

These parameters imply low-temperature, low-density m
bilities of 2.33104 cm2/Vs and 1.03105 cm2/Vs, respec-
,
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tively. For simplicity, we neglect the strong variation of th
refractive index near the edges of the Reststrahlen pho
band, which lies betweenl'34 and 37mm in GaAs and at
slightly shorter wavelengths in AlAs. Light in this wave
length range undergoes nearly total reflection from the s
face of the sample. Similarly, the plasma contribution to
refractive index is neglected.

Also plotted in Fig. 1 are the semiclassical~with a l2

wavelength dependence! absorption coefficient@Eq. ~7!#
~dotted line! and al3 fit to the quantum FCA coefficient in
the intermediate wavelength range~dash-dotted line! for the
case ofL570 Å. The quantum absorption coefficient is se
to converge to the semiclassical value as the wavelength
creases beyond 100mm. This is due to the relatively sma
Fermi energy above the band edge~corresponding to 500
mm! and low temperature. For shorter wavelengths, wh
are more often of practical importance, the quantumaFCA,TE
is significantly lower than the semiclassical result. In fact,
the range betweenl'25 and 70mm, with the exception of
the vicinity of the Reststrahlen band, the absorption coe
cient is very well fit by the cubic wavelength dependen
explicit in Eq.~6!. These results are directly analogous to t
distinct regimes in the wavelength dependence of the b
FCA coefficient, which have been well known for som
time.35

The two features at 13 and 5.6mm correspond to the 1-2
and 1-3 subband separations, respectively. When the ph
energy becomes large enough to allow transitions to hig
subbands, the absorption strength is increased substan
since higher subbands are more strongly perturbed by in
face fluctuations. The enhancement of the absorption co
cient associated with scattering to higher subbands also h
for other scattering mechanisms such as polar optical-pho
scattering.13

The correlation length of interface disorder is a parame
that depends on the growth conditions. Changes in the

FIG. 1. Free-carrier absorption coefficient as a function
wavelength for TE-polarized light incident on a 100-
GaAs/Al0.35Ga0.65As quantum well with a carrier density o
1011 cm22 at a temperature of 10 K. Scattering from monolay
fluctuations at the interfaces is the mediating mechanism, and
FCA coefficient is shown for roughness correlation lengths of 70
~solid line, corresponding to a mobility of 2.33104 cm2/Vs) and 30
Å ~dashed line,m51.03105 cm2/Vs). For the former case, the
semiclassical quadratic~dotted! and cubic~dash-dotted! fits are also
shown.
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relation length can significantly modify the low-temperatu
mobility. Since the Fermi wave vector in the case conside
in Fig. 1 is rather small, a reduction in the roughness co
lation length leads to a higher mobility. The semiclassi
expression predicts an absorption coefficient roughly
versely proportional to the mobility@Eq. ~9!#. However, it is
clear from Fig. 1 that at wavelengths shorter than 9mm the
absorption coefficient is actuallyreducedfor a larger corre-
lation length and lower mobility, which is opposite to th
prediction of the semiclassical theory. In fact, in order
understand this effect, one should recall that the semicla
cal expression takes into consideration only elastic car
scattering near the bottom of the subband, for whichqmax
52kF . However, it is clear from the quantum theory that
order to absorb a short-wavelength photon, electrons mus
scattered to states far above the band edge. In this case
momentum transfer is quite large, and the exponential dep
dence dominates the scattering matrix element in Eq.~3!.
Thus a large correlation length acts to suppress sh
wavelength absorption in spite of the reduced low-field m
bility.

For nondegenerate carrier densities, the absorption co
cient scales withN, while its spectral shape remains esse
tially invariant. However, as the carrier density becomes
generate, the functional dependence deviates from linea
longer wavelengths due to the increased occupation of fi
states. A similar effect reduces the absorption coefficient
l.100mm at higher temperatures. Both the quantum a
semiclassical expressions reproduce these exclusion eff
Therefore in Fig. 2 we plot theratio between the coefficient
obtained by using Eqs.~6! and ~7! for a carrier density of
N51011cm22 at temperatures of 10 K~solid line! and 100 K
~dashed line! and N51012cm22 at T510 K. It is clear that
as either the temperature or degeneracy is increased, b
agreement with the semiclassical expression at shorter w
lengths is obtained. However, for scattering to higher s
bands, the quantum absorption coefficient can actually
ceed the semiclassical value owing to the stron
perturbation of the subband energies. At room temperat

FIG. 2. Ratio between roughness-assisted quantum and s
classical FCA coefficients as a function of wavelength for T
polarized light incident on a 100-Å GaAs/Al0.35Ga0.65As quantum
well. Monolayer fluctuations and a correlation length of 50 Å a
assumed. The ratio is shown for carrier densities of 1011 cm22 at
temperatures of 10 K~solid line! and 100 K ~dashed line! and
1012 cm22 at T510 K ~dotted line!.
d
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both the mobility and the FCA are likely to be dominated
optical-phonon scattering rather than the interface roughn
scattering treated here. While the details of the absorp
spectrum will depend on the dominant scattering mechani
the main qualitative features treated in Figs. 1 and 2 sho
remain valid, especially for elastic~or nearly elastic on the
scale of the photon energy! processes. Absorption enhanc
ment is expected whenever the photon energy is la
enough to permit scattering to higher subbands. For m
collision mechanisms, the intrasubband scattering rate
clines as the difference between the energies of the in
state and the final state increases. If this is so, the semic
sical approximation is expected to overestimate the abs
tion coefficient by analogy with the results of this subsectio

Another interesting extension of these quantum-well
sults would be to superlattices with nonzero dispersion al
the growth direction. In the superlattice case, conservatio
crystal momentum along the growth axis for radiative tra
sitions must be enforced. Therefore a smooth transition
the 3D regime is expected as the width of the miniband
creases~interminiband TE-polarized radiative transitions a
forbidden in lowest order!.

B. TM-polarized absorption in GaAs/AlGaAs wells

So far, we have considered FCA of TE-polarized lig
However, the GaAs well is also capable of strong seco
order absorption of light propagating with TM polarizatio
In this case, we will compare the strength of second-or
absorption assisted by interface roughness scattering to
order intersubband absorption assuming the same broade
linewidth of G51 meV and a Lorentzian line shape. Th
comparatively small linewidth is adopted in order to emph
size the relative strengths of the two mechanisms.

In Fig. 3, we plot the second-order~solid line! and first-
order ~dashed line! absorption coefficients for TM polariza
tion as a function of wavelength forN51011cm22 and L
570 Å. We noted in connection with Eq.~13! that a change

i-
- FIG. 3. Roughness-assisted second-order~solid line! and inter-
subband first-order~dashed line! absorption coefficient vs wave
length for TM-polarized light incident on a 100-Å
GaAs/Al0.35Ga0.65As quantum well with a carrier density o
1011 cm22 at a temperature of 10 K. Monolayer fluctuations, a c
relation length of 50 Å, and a broadening linewidth of 1 meV a
assumed in both cases.
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of parity is required for first-order intersubband absorptio
Thus no first-order absorption from the first subband to
third subband can take place, althoughaTM

(1) (\v5E13) is
nonzero owing to broadening and nonparabolicity. On
other hand, second-order 1-3 absorption can proceed vi
intermediate state in the second subband. This mechanis
primarily responsible for the peak at 5.6mm, which slightly
exceeds the broadened first-order absorption coefficien
this wavelength. Nonetheless, the combined absorption c
ficient remains rather small~a few cm21!.

The second peak at 13mm corresponds to the ‘‘allowed’
1-2 intersubband absorption process. The second-orde
sorption coefficient is over 2000 cm21, but represents at mos
18% of the first-order peak. It is interesting to note that
relative strength of the second-order process peaks nearE12,
which reflects the higher scattering rate for states near
bottom of the respective subbands.

While the results of Fig. 3 are for a particular case
scattering from monolayer fluctuations, mediating proces
that produce second-order absorption coefficients simila
or greater than the first-order coefficients, such as scatte
from interface fluctuations that are several monolayers d
or polar optical phonon scattering at high temperatures,
also possible. In general, these mechanisms will also ha
much more severe impact on the mobility.

Since the exclusion principle can be disregarded for in
mediate states, it would appear that second-order absorp
through intermediate states in the occupied second sub
with initial and final states in the first subband could in pr
ciple take place. However, in practice this effect is count
balanced by the second-order contribution to intersubb
gain with initial states in the second subband and final st
in the first subband. The overall effect encompassing
second-order contributions is a small enhancement of
gain cross section for the inverted intersubband transitio

The extension of the present results to superlattices sh
be treated with more care than for TE-polarized FCA.
generalization of Eq.~11! reveals the existence of two term
the first accounting for interminiband transitions analogo
to intersubband transitions, and the second of the form of
~1! with conservation of all three components of the crys
momentum. As the miniband width is increased, the fi
term vanishes, while the second converges to the bulk
pression. The second term should have a small contribu
to the total transition probability when the photon energy
smaller than the difference between the top of the minib
and the Fermi energy. Therefore the general conclusion
this subsection apply for the wavelength range of interes
many practical superlattice systems.

C. FCA in antimonide quantum wells

So far our examples have employed the GaAs/AlGa
material system, which has a relatively large electron eff
tive mass, weak nonparabolicity, and a small conducti
band offset. It is interesting to compare the foregoing res
with those for InAs/AlSb quantum wells, which have
smaller effective mass~that enhances the effects of interfa
fluctuations!, much stronger nonparabolicity, and a mu
higher conduction-band offset that allows transitions
tween confined states at shorter wavelengths.
.
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In Fig. 4, we show the ratio between the quantum a
semiclassical TE-polarized absorption coefficients for
80-Å InAs/AlSb square well with a carrier density of
31010cm22. The second and third subbands are separa
from the first subband by energies of 217 and 442 me
respectively, and the energy shifts of the first three subba
due to a 1-ML fluctuation are 2.16, 5.04, and 7.53 me
respectively. A correlation length of 20 Å has been assum
which results in a mobility of 3.73104 cm2/Vs at 10 K that is
consistent with experimental results.36,37 A larger correlation
length was inferred in Ref. 37, possibly because of
simple band-structure model employed in that paper.
comparison, the same quantity is plotted in Fig. 4 assum
parabolic dispersion relations with the same carrier den
and mobility ~this requiresL to be increased to 37 Å!. The
absorption coefficient for the parabolic approximation is se
to be overestimated over the entire spectral range, with
error being especially severe at the shortest wavelengths.
parabolic approximation also yields a semiclassical abso
tion coefficient that is too large, which results in a total err
by a factor of 3–5 in the absolute value ofa. It must be
concluded that nothing short of a fully quantum descripti
incorporating nonparabolicity in a detailed band-structu
calculation is adequate to treat TE-polarized absorption
InAs/AlSb quantum wells. Results for the absorption of TM
polarized light are qualitatively similar to the case of t
GaAs/AlGaAs quantum well.

We proposed4 recently that for operation in the teraher
spectral range, antimonide interband optically pumped las
may be advantageous over the intersubband quantum
cade laser.2 Since the intervalence absorption that domina
the internal loss at mid-IR wavelengths38,39 becomes negli-
gible at very longl, the FCA mechanism described in th
paper is expected to dominate the internal loss in a terah
interband laser emitting TE-polarized light. Here we test
semiclassical approximation used to derive the internal l
in our earlier analysis.4

We consider a 72.5-Å InAs/30-Å GaSb/62.5-Å InAs/65-
AlSb W ~Ref. 40! structure from Ref. 4 that was designed f
the suppression of nonradiative recombination and for las

FIG. 4. Free-carrier absorption coefficient obtained using
full band structure~solid line! and the parabolic approximatio
~dashed line! as a function of wavelength for TE-polarized ligh
incident on an 80-Å InAs/AlSb quantum well with a carrier dens
of 4.131010 cm22 and a mobility of 3.73104 cm2/Vs at T510 K.
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l'60mm. The double-electron-well geometry results
two closely spaced conduction subbands, whose splittin
increased to 50 meV by the slight asymmetry of the 72.5
62.5 Å well thicknesses. While no measurements of mob
ties in suchW structures have been performed, a mag
totransport analysis of InAs/GaInSb superlattices with si
lar electron-well widths indicated a low-temperatu
mobility on the order of 105 cm2/Vs.29 This mobility is ob-
tained if we assume a correlation length ofL520 Å for this
W structure. It should be emphasized that, unlike the prec
ing cases of square quantum wells, contributions from in
face roughness scattering at all four interfaces must be ad
here.

In Fig. 5, we plot the ratio between the quantum a
semiclassical absorption coefficients for several carrier d
sities at 10 K. The inflection points corresponding to t
onset of scattering to higher subbands are seen to be
shifted as the carrier degeneracy increases. For sheet d
ties less than 331011cm22, the quantum absorption coeffi
cient is smaller than the semiclassical value for
wavelengths of interest. In particular, we find that for t
predicted threshold carrier density of 3.631010cm22, the
quantum-mechanical evaluation yields an absorption co
cient atl560mm that is lower by approximately a factor o
2. The results for free-hole absorption should be sim
since the electron and hole masses are nearly equal for
structure, although the hole absorption coefficient is sligh
smaller because the hole mass is slightly larger. Thus
semiclassical calculation employed in Ref. 4 was somew
conservative.

In calculating the absorption coefficients for Fig. 5, w
have ignored the contributions from intermediate states

FIG. 5. Free-carrier absorption coefficient as a function
wavelength for TE-polarized light incident on a 72.5-Å InAs/30-
GaSb/62.5-Å InAs/65-Å AlSbW structure with a mobility of
'105 cm2/Vs ~roughness correlation length of 20 Å! at T510 K for
several indicated carrier densities.
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the valence band. In cases whereEg@\v, this approxima-
tion is justified by the large denominator in Eq.~1! that re-
sults for such transitions. In the present example, we mus
more careful because the type-II band gap is very small
corresponds tol560mm. However, the reduction of the
interband optical matrix element due to its indirect spa
nature, in combination with the weaker effect of interfa
roughness on the hole mobility, leads to a correction of o
about 10% to the results presented in Fig. 5. This correc
should be no larger than the error incurred in omitting ba
mixing-induced processes. It was predicted in Ref. 4 tha
should be possible to obtain sufficient first-order interba
gain to overcome the calculated FCA losses and permit
ing at low temperatures.

IV. CONCLUSIONS

We have considered free-carrier absorption of TE- a
TM-polarized infrared light assisted by scattering from inte
face fluctuations in several technologically important qua
tum well structures. For the case of TE-polarized light,
have carried out a detailed comparison of our fully quantu
mechanical calculations with the predictions of the semicl
sical theory and found considerable disagreement at wa
lengths shorter than the reduced Fermi energy and also
transitions to higher subbands. An interesting finding is t
for low carrier density and low temperature, the semiclas
cal expression usually tends tooverestimatethe absorption
coefficient, in some cases by as much as a factor of 2.

The second-order absorption of TM-polarized light pr
duces a rather small correction to the results obtained w
first-order theory, in spite of the ‘‘allowed’’ nature of som
transitions forbidden to first order by symmetry and exc
sion arguments. This finding is important for validation
the calculations of internal loss in mid-IR intersubband se
conductor lasers, such as the quantum cascade laser~QCL!.
In the case of intersubband emission at terahertz frequen
the wells become too wide to be sensitive to interface rou
ness. Assuming a temperature low enough to neglect pho
emission, the dominant nonradiative mechanism in th
structures is expected to be intersubband relaxation
electron-electron scattering.3 The latter mechanism can me
diate free-electron absorption only when the dispersion r
tions are nonparabolic.21 Active-region FCA in arsenide-
based QCL’s is therefore probably small even at terah
frequencies, although the tendency toward substantial in
nal loss in the doped cladding layers must still be overcom
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