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TE- and TM-polarized roughness-assisted free-carrier absorption in quantum wells
at midinfrared and terahertz wavelengths
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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 smdl60163-18289)10143-1

I. INTRODUCTION previous works employed the infinite-well approximation,
and often parabolic dispersion relations as well. Furthermore,
Quantum wells currently form an integral part of many quantitative comparison of those results with the absorption
optoelectronic devices, e.g., serving as active regions ispectra of real quantum wells is often rather difficult. The
semiconductor lasers. Near-infrared laser diodes are well esesults were usually compared with the bulk FCA, which is
tablished and have demonstrated high-power cw operation @t always illuminating insofar as the mobility in the three-
room temperature and differential quantum efficiencies closéimensional(3D) and quasi-2D systems can be very differ-
to unity. On the other hand, the development of midinfraredent.
(mid-IR) semiconductor lasers remains ongotrfgand the Little work on scattering-assisted FCA of TM-polarized
feasibility of far-infrared(terahertz emitters is only begin- light in narrow quantum wells has been reported. The only
ning to be investigatedl? At mid-IR wavelengths free-carrier (to our knowledggpublished papet§22on the topic consid-
absorption tends to dominate the internal loss, and at longered primarily thick layers and only absorption due to the
wavelengths it is critical in determining whether sufficient electron-phonon interaction. None of the previous articles
gain can be generated to achieve lasing at all. have addressed the interesting issue of how the wavelength
In some classes of mid-IR semiconductor lasers, such adependence of the absorption coefficient for a quasi-two-
those featuring type-Il antimonide quantum wells with largedimensional system makes a smooth transition between the
conduction-band offsefsit is believed that cavity losses are quantum and semiclassical reginf$? In current practice,
dominated by intervalence absorption. However, once théhe semiclassical expression is usually used as the default for
lasing wavelength becomes longer than the smallest valenastimating FCA coefficients for quantum-well systems.
intersubband splitting, intervalence losses are virtually elimi- In this paper, we will calculate the FCA assisted by scat-
nated. Scattering-assisted absorption by free electrons arering from quantum-well interface fluctuatioffs2’ This in-
holes in the active quantum wells then usually determines thterface roughness scattering is known to dominate the mobil-
internal loss in optically pumped laser devices with undopedty in narrow wells at cryogenic temperaturés®2° This
claddings. Even in electrically pumped devices, assisted fregegime is precisely that of interest for far-infrared and tera-
carrier absorptiofFCA) can dominate if the lasing mode is hertz semiconductor lasers, based on both intersubband and
optically confined primarily to the active region, as in the interband transition$? Absorption coefficients will be cal-
interband cascade las€r5CA in diode optical cladding lay- culated for the examples of GaAs/AlGaAs and InAs/AISb
ers consisting of superlattice injectdfscan also be signifi- quantum wells, as well as an antimonité¢laser structure
cant. In general, for TE-polarized devices, scattering-assistedesigned for terahertz emission. We will also consider in
FCA tends to become more and more important with increasdetail the applicability of the standard semiclassical approxi-

ing wavelength. mation to these quantum well structures for a wide range of
The theory for FCA in bulk semiconduct8r$®is well  input parameters.

developed and verified experimentally. The effect of nonpa-

rabolicity on midinfrared absorption in Ill-V semiconduc- Il. FORMALISM

tors has also been considered recehtlfFor the case of

guantum wells, a number of papers have dealt with FCA of
TE-polarized radiation assisted by acoustiand polar As in all past works on the topic that we are aware of,
optical*~*® phonon scattering including the effects of pho- band mixing in the sense of appreciable contributions of
non confinement! piezoelectric coupling® ionized p-like zone-center Bloch functions to the conduction-band

impurities'®?°and electron-electron scatterifgMlost of the ~ wave function will be neglectedOn the other hand, the

A. TE-polarized absorption

0163-1829/99/6(20)/142948)/$15.00 PRB 60 14 294 ©1999 The American Physical Society



PRB 60 TE- AND TM-POLARIZED ROUGHNESS-ASSISTED . .. 14 295

effect of other bands on the electron dispersion is included invherek” andm are the momentum and subband index of the
the framework of the eight-barkl p theory) The inclusion intermediate state, arid, (k) andE,, (k") are the electron
of that higher-order effect would considerably complicate theenergies for the initial and intermediate state, respectively.
formalism due to the introduction of much different selection  |n particular we treat the case of photon absorption medi-
rules for electron scattering between conduction states with gied by carrier scattering from interface roughness fluctua-
valencelike charactef. . o tions, although many of the qualitative conclusions will be
The matrix element for absorption of TE-polarizédthe  equally applicable to other scattering mechanisms. The ma-
plane of the quantum wellight with both final and initial iy element for roughness scattering from a quantum-well
states in the conduction band is given by interface can be approximated by the relatfifi

T et % 1/2
<k N |HRAD|k’n>_ m:(k)(zsvw) e'kgk’,kén’,n! \/;AA 2A2
@ (k’,n"|Hglk,n)y= ex _d )
wherek andn are the momentum and subband index of the VA 8
initial state,k’” andn’ are the corresponding quantities for 11/ U2
the final state, the wave-vector-dependent invévsedocity) X[‘;E”'(k ) Z[aE”(k) 3
effective mass b} (k)= (JE,/dk)/(h%k)=v,/hk is de- 0z 9z ’

rived from numerically computed nonparabolic dispersion
relations,v,(Kk) is the velocity,e is the unit polarization vec-

) , ; ) whereq=k—k’, Ais the normalization area\ is the rough-
tor, € (w) is the dielectric constant,w is the photon energy,

4V is th lizati | | i di on T ness correlation length, antl is the fluctuation depth. The
an Is the normalization volume. Isotropic dispersion 8Shwvo derivatives are taken at the interface under consider-

Pneoemner?t?JSmUT:ggsé?\;inSImirF:t“rggjbtl)E;nu datlt(r)z(arlrzsi'?g(r)]\gs S(i)r?cl:)(/a e ation. Computing the total scattering rate involves summing
9 L Yhe contributions from each interface. A more fundamental,
ergy and momentum cannot be conserved simultaneousl

there is no first-order contribution to the absorption coe1‘fi-)6.lJt less practical, relat|§?1 reve"?"s Fhat Eq3) ne_glects the
sign of the wave-function derivatives at the interfaces. A

cient forz o below the energy gap. . . . o . .
The second-order contribution is made possible by thélmple rule for correcting this deficiency required for inter-

presence of a symmetry-breaking scattering mechanisifubband scattering processes is to flip the sign of the matrix
(multiphoton processes are not considered hédresecond- element whenever the two wave functions have derivatives
order perturbation theory, the matrix element connecting th&ith different signs. In this paper, we will be concerned pri-
initial and final states for an optical transition in a quantummarily with relatively low carrier densities, which at low
well is given by temperatures are sufficient to reach transparency and lasing.

K n'lH K K il oIk Screening effects are therefore expected to be small, and for
(k",n’[M[k,n)= s (k".n"|HraolK",m)(k",m|Hglk,n) simplicity we ignore them in the following discussion, al-
K" En(k) —Em(kK") though screening can be treated readily by an appropriate

b ” p modification of Eq.(3).%
(k",n"[Higlk" m){k ”’m|HRAle’n> ' Using Egs.(1) and (2), we can reduce the second-order
En(k) —En(k") + o matrix element for TE-polarized light to the following form:
)

(k’,n|Hrlk,ny(k,n[HEap k,n) = (k" ,n'[HEzplk’ 0" )k’ ,n'[Hglk,n)
(k",n"|M|k,n)= — : (4)

The scattering rate from the initial state to the final state ipolarizations yields a factor ¢f. The total absorption coef-

then given by the golden rule: ficient for TE-polarized light is finally given by
27 2A272
W k' n! T k,,n, M k,n 2 TE —w ! !
0 = e K M) TN et o > | RS | Kok
X O(En (k') —En(k) ~fiw). ©) 2r [9E(K)][GE (K) —2A2
The absorption coefficient is calculated by summing over all JO 0 iz Jz ex;{ 4 )

occupied initial states and unoccupied final states. Next, free-

carrier emission is subtracted from the absorption coefficient. k? k'2 2Kk’ cos6
Inclusion of the emission contribution is critical to obtaining m* (k) * m*,z(k,)_ m* (kym?, (k")
a correct result in the limit of very long wavelengthisas " "
will be shown below. Averaging over orthogonal in-plane X(fok—Frnr k) 0(En (k') —En(K)— 7 w), (6)
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wheren,, is the modal refractive index ardlis the period. 1 A2A2 27
Although several of the other terms also carry implicit wave- ——= —57— > J k'dk'f dé(1—cosb)
o orm(k) 28 5 0

length dependences, e.g., through the energy of the final n

state, the explicit wavelength proportionality in E@) is I (K") —k?A%(1—cosb)

cubic. This cubic dependence is expected to holdiritna- X{ 7 }exp{ )
X - . z 4

subbandabsorption of photons with energies much larger

thankgT for weakly nonparabolic carrier systems. The inte- X S(Ep/ (K'Y —Ep(k)). (8)

gral over final states can be eliminated using the energy-

conserving delta function. It is interesting to note that elastic In this paper, we will refer to the quantitySC given by

interface-roughness scattering in second-order theory takdsy. (7) as the semiclassical absorption coefficient. It displays

place between states separated by the photon energijie widely assumed quadratic dependence on the wavelength

whereas the photon-absorption portion of the interaction hasf the light. However, in the literature this is usually ex-

effectively become elastic. This is due to the absence of angressed in terms of the mobilify:3*

condition governing energy conservation in the intermediate

IEn(K)
9z

state. Furthermore, the exclusion principle does not apply to _ Ne’np, ©)
intermediate states, which will be seen below to have inter- “~ cedw?m* ZM’

esting consequences for TM-polarized absorption. . , , ) .

The extension of the above formalism to hole FCA can bevhereN is the two-dimensional carrier density, and the mo-
complicated owing to strong band mixing effects in the va-oility for an arbnrgry in-plane direction is defined through
lence band. However, in the case of narrow gap materialdn€ following relation:
guantum confinement and, in some cases, compressive f 2
strain, lead to large splittings between the valence subbands u= &) = EE f dzka nk V. (K). (10)
and a hole mass that is not much larger than the electron m* N4 oE 2"

effective mass. Therefore the presented formalism can b . .
used to estimate the hole FCA coefficient in this regime for?hom‘t)r?”ngtEﬂmlgnbthelOnetﬂa??hw'th quﬁ) and(llo) Or;t
photon energies smaller than intervalence splittings. € other, 1t should be clear that the semiclassical resuft rep-

In developing our formalism, we have so far ignored pro_resented by Eq(9) is accurate only insofar as it is a good

. . _1 _ _1 . .
cesses with intermediate states in the valence band. Abo@PProximation to se{r"")=(r) '.Wh'le the approximate
the energy gap, strong interband processes dominate T quality ho_Ids In many cases of mter_est including some (.)f
polarized absorption, and any second-order correction | ose considered in this paper, scattering processes for which

likely to be negligible. Although second-order processe§ e error is appreciable can easily be envisaged. In particular,

with intermediate states in the valence band can procee‘tji‘e approximation is expected to become quite poor at el-

whenfiw<Egy, even for narrow gap semiconductors such asevated temperatures whe_n FCA Is mediated by a strongly
InAs, their contribution to the FCA coefficient is found to be energy-dependent scattering mechanism.

quite small owing to the large denominators in Et). The

issue of valence intermediate states will be examined more C. TM-polarized absorption
Closely below in connection with antimonideW’ laser To derive ana|ogous FCA formulas for the case of TM-
structures having energy gaps in the terahertz frequencyolarized (optical electric field along the quantum-well
range. growth direction light, we consider the corresponding ma-
trix element for the photon transition:
B. Connection with semiclassical formalism [m*(k)+ m* (k)]eh A 1/2
o ; (K HIM Kk ny = — n ( )
In the limit of very long wavelengths, the absorption co ( |Hraplk,n) Zm:(k)m’r:,(k) 2:Vo

efficient is known to reduce to the semiclassical fdfm,

which scales aa?. This expression, which we will derive

next, is semiclassical in that whereas the electron transport is X 5k’,kf dz¥}, E\Pn,k- (11

handled quantum mechanically, the interaction of light with

the electrons is treated using the classical Drude theory. Equation(11) shows that only transitions involving a change

The semiclassical expression becomes a reasonable agf parity are allowed. Because both momentum and energy

proximation in the limit ofkgT>% w for nondegenerate sta- can be conserved in parity-flipping intersubband transitions,

tistics orEg>% w in the degenerate regime, whee is the  strong first-order absorption may be expected near the inter-

Fermi energy. In those limitsp’=n, k’~k, g?=2k?(1 subband resonances. Since those processes have already re-

—cosf), fny—Tfn w=(3f,/JE)hw, and the absorption ceived considerable attention in the literatéfté? our task

coefficient of Eq.(6) can be rewritten: here will be to examine the second-order contributions and to
determine their magnitudes for typical values of the carrier
scattering rates relative to the well-known first-order inter-

sc e’np, E dzkafn’k v2 7 subband absorption coefficients.
FCAT Cedw? 4 9E 27,(K)’ @) The second-order absorption coefficient for TM-polarized

light has the same form as E@) except that we must keep
the sum over all intermediate states in Ef). An obvious
where the average is over the inverse relaxation time: difficulty is that for some processes the intermediate states
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can be arbitrarily close in energy to the initial or final states, 10* —
which results in singularities. This is circumvented in the ] A= TML A
usual mannér by introducing a broadening parametér :
10°4
(k',n'[HRAol K", m){(K",m|H g|k,n) =
<kl’n,|M|k'n>:2 ERAkD E k// 1" E’, 101
K”.m n( )— m( )+i o 1003‘
< 3
(k' .0 [Higlk”,m) (k" m|H o [k, )
En(K)—En(K")+hw+il ' 10%] 100 A GaAs/Al Ga, As
3 N=10"cm®
(12 10°4
T=10K
The absorption coefficient is then proportional to the real 10° +H=——mr T —
3 10 100 1000

part of the square of the matrix element, whereas the imagi-
nary part gives rise to a small change of the refractive index.
) The second-order abS(_)rptlon coeff_|C|ent assisted by FIG. 1. Free-carrier absorption coefficient as a function of
interface-roughness scatterifi§q. (12)] will be compared  avelength for TE-polarized light incident on a 100-A
with the first-order intersubband absorption coefficient givengaag/ay, .Ga, ¢As quantum well with a carrier density of

Wavelength (um)

by 10" cm 2 at a temperature of 10 K. Scattering from monolayer
. N fluctuations at the interfaces is the mediating mechanism, and the

" nmme’h? mp (K)+my, (k") FCA coefficient is shown for roughness correlation lengths of 70 A

XM cewd ; kdkz 2m* (kym*, (k') (solid line, corresponding to a mobility of 2@L0* cn?/Vs) and 30

n n n’ A (dashed line,u=1.0x10° cn?/Vs). For the former case, the
J 2 semiclassical quadratidotted and cubic(dash-dotteffits are also
*
X J dz\I’n’,k’E\ank} (fn,k_fn’,k’) shown.

X 8 kr Ol Enr(K') —En(k) —frw]. (13)  tively. For simplicity, we neglect the strong variation of the

o refractive index near the edges of the Reststrahlen phonon
In deriving Eq.(13) care was taken to preserve the symmet-hand, which lies between~34 and 37um in GaAs and at
ric form of the interaction Hamiltonian, which is necessarygjightly shorter wavelengths in AlAs. Light in this wave-
to take into account the different effective masses of thgength range undergoes nearly total reflection from the sur-

absorption coefficient of Eq13) with the second-order FCA  refractive index is neglected.

coefficient, we follow the standard procedure and substitute a a|gq plotted in Fig. 1 are the semiclassidatith a A2
Lorentzian line-shape function for the delta function in Eq-wavelength dependenceabsorption coefficienEq. (7)]
(13). Although the prescription for the introduction of line (dotted ling and ax? fit to the quantum FCA coefficient in
broadening is different in the FCA expression, this shoulde intermediate wavelength ranggash-dotted lingfor the
provide a reasonable first-order estimate of the relative imga5e ofA =70 A. The guantum absorption coefficient is seen
portance of the first-order and second-order contributions. ;4 converge to the semiclassical value as the wavelength in-
creases beyond 100m. This is due to the relatively small
ll. RESULTS Fermi energy above the band ed@®rresponding to 500
A. TE-polarized absorption in GaAs/AlGaAs wells pm) and low temperature. For shorter wavelengths, which
are more often of practical importance, the quaniufga e
We begin by considering the simple case of free-electroris significantly lower than the semiclassical result. In fact, in
absorption in a single 100-A GaAsif:Ga sAS quantum the range between~25 and 70um, with the exception of
well. The band structure and wave functions for this and alkhe vicinity of the Reststrahlen band, the absorption coeffi-
of the following examples were computed using an eightcient is very well fit by the cubic wavelength dependence,
bandk-p model based on a finite-element technidhi@he  explicit in Eq.(6). These results are directly analogous to the
TE-polarized quantum FCA coefficient obtained using Equadistinct regimes in the wavelength dependence of the bulk
tion (6) is shown as a function of wavelength in Fig. 1 for a FCA coefficient, which have been well known for some
sheet carrier density dl=10"cm 2 at T=10K, and as- time3®
suming monolayer fluctuations. A change in the width of the  The two features at 13 and 5/6n correspond to the 1-2
quantum well byA =1 ML results in 0.52-, 1.83-, and 3.01- and 1-3 subband separations, respectively. When the photon
meV shifts for the first, second, and third subband energiessnergy becomes large enough to allow transitions to higher
respectively. Generally speaking, narrower quantum wellsubbands, the absorption strength is increased substantially
will have higher absorption coefficients owing to larger en-since higher subbands are more strongly perturbed by inter-
ergy shifts with the precise scaling determined by the barrieface fluctuations. The enhancement of the absorption coeffi-
height and effective mass. In Fig. 1, the results are given fotient associated with scattering to higher subbands also holds
roughness correlation lengths &f=70 A (solid line) and 30  for other scattering mechanisms such as polar optical-phonon
A (dashed ling which are typical of the observed rande. scattering®
These parameters imply low-temperature, low-density mo- The correlation length of interface disorder is a parameter
bilities of 2.3x10*cn?/Vs and 1.0<10° cn?/Vs, respec- that depends on the growth conditions. Changes in the cor-
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FIG. 2. Ratio between roughness-assisted quantum and semi- Wavelength (um)

classical FCA coefficients as a function of wavelength for TE- F|G. 3. Roughness-assisted second-ordelid line) and inter-
polarized light incident on a 100-A GaAsiGa esAS quantum  syphand first-ordefdashed ling absorption coefficient vs wave-
well. Monolayer fluctuations and a correlation length of 50 A arelength for TM-polarized light incident on a 100-A
assumed. The ratio is shown for carrier densities dft &2 at GaAs/Ab 3Gay gAs quantum well with a carrier density of
temperatures of 10 Ksolid ling) and 100 K(dashed lingand  10ttcm 2 at a temperature of 10 K. Monolayer fluctuations, a cor-
10"cm ™2 at T=10K (dotted line. relation length of 50 A, and a broadening linewidth of 1 meV are
assumed in both cases.
relation length can significantly modify the low-temperature
mobility. Since the Fermi wave vector in the case consideregoth the mobility and the FCA are likely to be dominated by
in Fig. 1 is rather small, a reduction in the roughness corregptical-phonon scattering rather than the interface roughness
lation length leads to a higher mobility. The semiclassicalscattering treated here. While the details of the absorption
expression predicts an absorption coefficient roughly ingpectrum will depend on the dominant scattering mechanism,
versely proportional to the mobilityEq. (9)]. However, itis  the main qualitative features treated in Figs. 1 and 2 should
clear from Fig. 1 that at wavelengths shorter thapr the  remain valid, especially for elasti@r nearly elastic on the
absorption coefficient is actualleducedfor a larger corre-  gcgle of the photon energprocesses. Absorption enhance-
lation length and lower mobility, which is opposite to the nent is expected whenever the photon energy is large
prediction of the semiclassical theory. In fact, in order toenough to permit scattering to higher subbands. For most
understand this effect, one should recall that the semiclassis)jision mechanisms, the intrasubband scattering rate de-
cal expression takes into consideration only elastic carriegjines as the difference between the energies of the initial
scattering near the bottom of the subband, for whiGh,  state and the final state increases. If this is so, the semiclas-
=2ke. However, it is clear from the quantum theory that in gical approximation is expected to overestimate the absorp-
order to absorb a short-wavelength photon, electrons must bgy coefficient by analogy with the results of this subsection.
scattered to states far above the band edge. In this case, the another interesting extension of these quantum-well re-
momentum fransfer is quite large, and the exponential deperyits would be to superlattices with nonzero dispersion along
dence dominates the scattering matrix element in @f.  the growth direction. In the superlattice case, conservation of
Thus a large correlation length acts to suppress shorrystal momentum along the growth axis for radiative tran-
wavelength absorption in spite of the reduced low-field mo-sjtions must be enforced. Therefore a smooth transition to
bility. the 3D regime is expected as the width of the miniband in-

~ For nondegenerate carrier densities, the absorption coeffiyeaseginterminiband TE-polarized radiative transitions are
cient scales wittN, while its spectral shape remains essen-orpidden in lowest order

tially invariant. However, as the carrier density becomes de-
generate, the functional dependence deviates from linear at
longer wavelengths due to the increased occupation of final
states. A similar effect reduces the absorption coefficient for So far, we have considered FCA of TE-polarized light.
A>100um at higher temperatures. Both the quantum anddowever, the GaAs well is also capable of strong second-
semiclassical expressions reproduce these exclusion effectyder absorption of light propagating with TM polarization.
Therefore in Fig. 2 we plot theatio between the coefficients In this case, we will compare the strength of second-order
obtained by using Eq¥6) and (7) for a carrier density of absorption assisted by interface roughness scattering to first-
N=10"cm 2 at temperatures of 10 Ksolid line) and 100 K  order intersubband absorption assuming the same broadening
(dashed lineandN=10"%cm 2 at T=10K. It is clear that linewidth of '=1meV and a Lorentzian line shape. The
as either the temperature or degeneracy is increased, bettmparatively small linewidth is adopted in order to empha-
agreement with the semiclassical expression at shorter wavsize the relative strengths of the two mechanisms.

lengths is obtained. However, for scattering to higher sub- In Fig. 3, we plot the second-ordésolid line) and first-
bands, the quantum absorption coefficient can actually exerder (dashed ling absorption coefficients for TM polariza-
ceed the semiclassical value owing to the strongetion as a function of wavelength fdd=10"cm 2 and A
perturbation of the subband energies. At room temperatures 70 A. We noted in connection with E¢L3) that a change

B. TM-polarized absorption in GaAs/AlGaAs wells



PRB 60 TE- AND TM-POLARIZED ROUGHNESS-ASSISTED . .. 14 299

of parity is required for first-order intersubband absorption.

Thus no first-order absorption from the first subband to the 1.0 10
third subband can take place, althougﬁ,\}l (hw=E;y) is y

nonzero owing to broadening and nonparabolicity. On the 084 ’ Los
other hand, second-order 1-3 absorption can proceed via ar \, parabolic

intermediate state in the second subband. This mechanism i \

primarily responsible for the peak at 5.6n, which slightly 9 061 r0.6
exceeds the broadened first-order absorption coefficient atg
this wavelength. Nonetheless, the combined absorption coef- 041 80 A InAs/AISb 0.4

N=4.1x10"cm?
u=37x10'cmvs 02

ficient remains rather smalh few cmi ).
The second peak at 33m corresponds to the “allowed” = 524  ful bandstructure
1-2 intersubband absorption process. The second-order ab

. S = T=
sorption coefficient is over 2000 ¢ but represents at most 0.0 10K
18% of the first-order peak. It is interesting to note that the 2 10 100 T000"
relative strength of the second-order process peakskgar Wavelength (um)

which reflects the higher scattering rate for states near the FIG. 4. Free-carrier absorption coefficient obtained using the

bO“O”.‘ of the respective subbands. . full band structure(solid line) and the parabolic approximation
Wh'l,e the results of Fig. 3 are.for a par_tlcylar case Of(dashed ling as a function of wavelength for TE-polarized light

scattering from monolayer fluctuations, mediating processegcigent on an 80-A InAs/AlSb quantum well with a carrier density

that produce second-order absorption coefficients similar tgf 4.1x 10!°cm 2 and a mobility of 3.5 10% cn?/Vs at T=10K.

or greater than the first-order coefficients, such as scattering
from interface fluctuations that are several monolayers deep |y Fig. 4, we show the ratio between the quantum and

or polar optical phonon scattering at high temperatures, argemiclassical TE-polarized absorption coefficients for an
also possible. In general, these mechanisms will also havegn_A nAs/AISb square well with a carrier density of 4
much more severe impact on the mobility. _ X10%cm 2 The second and third subbands are separated
Since the exclusion principle can be disregarded for interfrom the first subband by energies of 217 and 442 meV,
mediate states, it would appear that second-order absorptigagpectively, and the energy shifts of the first three subbands
through intermediate states in the occupied second subbangle to a 1-ML fluctuation are 2.16. 5.04. and 7.53 meV
with initial and final states in the first subband could in prin- respectively. A correlation length of 20 A has been assumed
ciple take place. However, in practlce_: thl_s effec.t is counteryyhich results in a mobility of 3.% 10¢ cm?/V's at 10 K that is
balanced by the second-order contribution to intersubbangdgsistent with experimental resuf&s®’ A larger correlation
gain with initial states in the second subband and final state@ngth was inferred in Ref. 37, possibly because of the
in the first subbanq. The qverall effect encompassing a'!;imple band-structure model employed in that paper. For
sepond—order c.ontr|but|on.s is a small enhancement_(_)f th@omparison, the same quantity is plotted in Fig. 4 assuming
gain cross section for the inverted intersubband transition. naraholic dispersion relations with the same carrier density
The extension of the present results to superlattices shoulg}, 4 mobility (this requiresA to be increased to 37)AThe
be treated with more care than for TE-polarized FCA. Agpsorption coefficient for the parabolic approximation is seen
generalization of Eq(11) reveals the existence of two terms, 4 pe overestimated over the entire spectral range, with the
the first accounting for interminiband transitions analogousyryor peing especially severe at the shortest wavelengths. The
to mtgrsubband transitions, and the second of the form of Eoparabolic approximation also yields a semiclassical absorp-
(1) with conservation of all three components of the crystalijon coefficient that is too large, which results in a total error
momentum. As the miniband width is increased, the flrstby a factor of 3—5 in the absolute value af It must be
term vanishes, while the second converges to the bulk ex;oncluded that nothing short of a fully quantum description
pression. The second term should have a small contributiocorporating nonparabolicity in a detailed band-structure
to the total transition probability when the photon energy isca|culation is adequate to treat TE-polarized absorption in
smaller than the difference between the top of the minibangnas/aISh quantum wells. Results for the absorption of TM-
and the Fermi energy. Therefore the general conclusions Qfq|arized light are qualitatively similar to the case of the
this subsection apply for the wavelength range of interest ifs5as/AIGaAs quantum well.
many practical superlattice systems. We proposetirecently that for operation in the terahertz
spectral range, antimonide interband optically pumped lasers
may be advantageous over the intersubband quantum cas-
cade lasef.Since the intervalence absorption that dominates
So far our examples have employed the GaAs/AlGaAghe internal loss at mid-IR wavelengtfis® becomes negli-
material system, which has a relatively large electron effecgible at very long\, the FCA mechanism described in this
tive mass, weak nonparabolicity, and a small conductionpaper is expected to dominate the internal loss in a terahertz
band offset. It is interesting to compare the foregoing resulténterband laser emitting TE-polarized light. Here we test the
with those for InAs/AISb quantum wells, which have a semiclassical approximation used to derive the internal loss
smaller effective masghat enhances the effects of interface in our earlier analysi8.
fluctuationg, much stronger nonparabolicity, and a much We consider a 72.5-A InAs/30-A GaSb/62.5-A InAs/65-A
higher conduction-band offset that allows transitions be-AlSb W (Ref. 40 structure from Ref. 4 that was designed for
tween confined states at shorter wavelengths. the suppression of nonradiative recombination and for lasing

C. FCA in antimonide quantum wells
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1.4 — 1.4 the valence band. In cases whé&g>% w, this approxima-
N=5x10"cm . tion is justified by the large denominator in E@) that re-
r1.2 sults for such transitions. In the present example, we must be
more careful because the type-Il band gap is very small and
1.0 corresponds to\=60um. However, the reduction of the

interband optical matrix element due to its indirect spatial
nature, in combination with the weaker effect of interface
, roughness on the hole mobility, leads to a correction of only
60-um W laser 06 about 10% to the results presented in Fig. 5. This correction
should be no larger than the error incurred in omitting band

0.8

g/ U

5 2
04 N = 10° om? w=10"cmVs 104 mixing-induced processes. It was predicted in Ref. 4 that it
02 _ . T=10 K s shpuld be possible to obtain sufficient first-order interband
5 10 - 100 1000 gain to overcome the calculated FCA losses and permit las-
Wavelength (um) ing at low temperatures.
FIG. 5. Free-carrier absorption coefficient as a function of IV. CONCLUSIONS
wavelength for TE-polarized light incident on a 72.5-A InAs/30-A
GaSb/62.5-A InAs/65-A AISbW structure with a mobility of We have considered free-carrier absorption of TE- and
~10° cm?/Vs (roughness correlation length of 20 AtT=10K for TM-poIarized infrared ||ght assisted by Scattering from inter-
several indicated carrier densities. face fluctuations in several technologically important quan-

tum well structures. For the case of TE-polarized light, we
have carried out a detailed comparison of our fully quantum-

)‘%6(1'“'“" The dguble(—jeleqtron-vxéetil g(;aomek;[ry reSLlj.ItS_ "N mechanical calculations with the predictions of the semiclas-
two closely spaced conduction subbands, whose splitting I8jc4 theory and found considerable disagreement at wave-

ié\zcreaAsed Itlo E'Olinev by tr\ﬁhsf:ight asymmetry of the ZZ'SS? ngths shorter than the reduced Fermi energy and also for
-5 A well thicknesses. lle no measurements of Mobllingitions to higher subbands. An interesting finding is that

ties in suchW structures have been performed, a Magn€,y jow carrier density and low temperature, the semiclassi-

totransport analysis of InAs/GalnSb superlattices with Simi-g| expression usually tends tverestimatethe absorption

lar b.ﬁl[ectro?r—]well d W'd:chi‘ﬁ 'FEEA";atz%dTh?‘ Iovt\Jljlt'::-mperzture coefficient, in some cases by as much as a factor of 2.
MODility on ne order of 18cmivs.m ThiS Mobiity 1S 0b- The second-order absorption of TM-polarized light pro-

tained if we assume a Correlation, length/of 20_'&‘ for this (guces a rather small correction to the results obtained with
W structure. It should be emphasized that, unlike the preceds «;_order theory, in spite of the “allowed” nature of some

ing cases of square quantum wells, contributions from interg o sitions forbidden to first order by symmetry and exclu-
face roughness scattering at all four interfaces must be addegy arguments. This finding is important for validation of

here. . . the calculations of internal loss in mid-IR intersubband semi-
In Fig. 5, we plot the ratio between the quantum and.,.qctor lasers, such as the quantum cascade (QEr).

semiclassical absorption coefficients for several carrier deng, e case of intersubband emission at terahertz frequencies,
sities atf 10 K. ‘The |nfrl]¢crt1lon points corresponding 10 they,q \yelis become too wide to be sensitive to interface rough-
onset of scattering to higher subbands are seen to be reflaqg Assuming a temperature low enough to neglect phonon
shifted as the carrier degeneracy increases. For sheet dengjission, the dominant nonradiative mechanism in these
ties less than 8 10"cm ™ the quantum absorption coeffi- g crures is expected to be intersubband relaxation by
cient is smaller than the semiclassical value for allgigciron-electron scatterifigThe latter mechanism can me-
wavelengths of interest. In particular, we f|r(1)d trl";‘t for the giate free-electron absorption only when the dispersion rela-
predicted threshold carier density of %60'°cm 2 the  ione are nonparabol. Active-region FCA in arsenide-
quantum-mechanical evaluation yields an absorption coeffipaseq QCL's is therefore probably small even at terahertz
cient ath =60um that is lower by approximately a factor of requencies, although the tendency toward substantial inter-

2. The results for free-hole absorption should be similarna| loss in the doped cladding layers must still be overcome.
since the electron and hole masses are nearly equal for this

structure, although the hole absorption coefficient is slightly
smaller because the hole mass is slightly larger. Thus the
semiclassical calculation employed in Ref. 4 was somewhat This work was supported by the Office of Naval Re-
conservative. search. We are grateful to L. R. Ram-Mohan for useful dis-

In calculating the absorption coefficients for Fig. 5, we cussions and to Quantum Semiconductor Algorithms for per-
have ignored the contributions from intermediate states immission to use the finite-element software.
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