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Intersubband absorption line broadening in semiconductor quantum wells:
Nonparabolicity contribution
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The influence of the conduction-band nonparabolicity on the intersubband absorption line
broadening in GaAs/Al Ga &As quantum wells is discussed in the framework of an empirical
two-band model. In contrast with earlier papers, the influence of the depolarization effect on the
absorption line shape is taken into account. The obtained results indicate that the contribution to
the line broadening resulting from the nonparabolicity is, to a large extent, compensated for by the
depolarization effect.

The problem of the intersubband line broadening in
GaAs/Al, Ga, As quantum wells (QW's) arising from
the intrinsic (bulk) nonparabolicity of the well (W) and
barrier (B) materials as well as from the difFerence of the
effective masses in these materials is the subject of many
recent theoretical investigations. ' The authors concen-
trate mainly on a detailed calculation of the subband
dispersion relation using multiband k.p models, with
different degrees of sophistication, to present the bulk
band structure of the constituent materials. Unfortunate-
ly, they completely neglect the inhuence of the depolari-
zation effect on the width of the absorption line. The ob-
ject of this paper is to show that the inclusion of this
effect is essential in an accurate description of the absorp-
tion line shape when the conduction band of the bulk
crystal is not parabolic.

Several schemes ' have been proposed to take the
nonparabolicity into account. For our purpose the most
convenient is an empirical two-band model for the hetero-
structures. ' Following Refs. 9 and 10 we assume that
the bulk band structure of the well and barrier materials
is described by the two-band k.p Hamiltonian in which
Ez =2mop /fi (p is the interband-momentum matrix ele-
ment) and energy gap E are eliminated in favor of the
electron effective mass m and nonparabolicity parameter
y using the following relations:

mo/m =2E~/(3Es), y=fi /(2mE ) .

The energy dispersion relations for the electrons in the
well and barrier material resulting from this model can be
written in the form

«kw kt=)«M/2)I[1+«/EM)(@Mt+@Mt)]'" I]—
where the subscript M =B or 8' V~=0, Vz = V is the
barrier height at the interfaces, AMI =A k~1 /2m M,
D~, =A k, /2mM, mz, [~] is the band-edge effective mass
of the W(B) material, Ew=A /(2mwyw) and
Eti =Ew(ming /m w) are the effective energy gaps of the W'

and B materials, respectively, and y ~ is the nonparaboli-
city parameter of the well material. We should

remember that in the empirical two-band model m ~, mz,
and y ~ are adjustable parameters. The wave-vector
components along the normal to the layer plane (x,y) and
transverse to it are denoted by k~1 and k„respectively.

Solving the empirical two-band k p Hamiltonian in the
framework of the envelope function approximation (for
details see Refs. 5 and 11) we find the following bound-
state eigenvalue equation for allowed values of kMI..

[rkwttan(kwtL /2) ikttt ][rkwtcot(kwtL /2)+'kttt ]

+[k,(r —1)/2] =0, (3)

where r =m it [ 1 —
( V E)/Ett ] /—m w [1+E /E w ] and L is

the width of the well.
The subband dispersion relation E„(k, )—:E(kwt'(k, ), k, ) and difference bE„,„(k,) =E„„(0)
E„„(k, ) [where—E„„(k, ) =E„,( k, ) —E„(k, ) ], resulting

from Eqs. (2) and (3), for GaAs/Alo 3sGa065As QW's
(with L =75 A and 100 A) are shown in Fig. 1. For com-
parison, results obtained in the parabolic approximation
(yw=0) are also shown. (In the numerical calculations
parameters m~, mz, y~, and V have been taken the
same as in Ref. 9.) In both models b,E„.„(k, ) increases
nearly linearly with increasing k, . However, in the two-
band model, this increase is faster. The numerical calcu-
lations show that the ratio R zi

= [b E2i (k, ) ]„,„~„/
[AE2, (k, )],„changes from 2 to 5 within the thickness

0
range 75 —150 A. This result is consistent with that ob-
tained by Ikonic et al. It is interesting to note that in
the empirical two-band model, in contrast with the para-
bolic model, the dependence of k~1 on k, has a vanishing-
ly small inhuence on the subband dispersion (see Fig. 1).
Further, we neglect this dependence, i.e., we assume that
E„(k,) =E(kwt'(0), k, ).

When an external electric field Ee '"' is applied in the
z direction the absorbing power of the QW of unit area is
proportional to the real part of the zz component of the
modified two-dimensional frequency-dependent conduc-
tivity tensor [o(co)]. Since in the QW's considered here
the nonparabolicity correction to the subband dispersion
is small, cr„(co) can be calculated in a way similar to that
described in Ando's paper. ' Assuming that Ace is close
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with

G, „(n3)=G,„(co)[1+a„„G,„(n3)]

where

Gi„(co)=(1/2' N, )
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to the subband separation E„,=E„,(0) and neglecting for
simplicity the excitonlike effect we find

Reo.„(ni)=(2e'N, z„',n3/E„, )ImG, „(n3),

a„„=8ir[N,(1) —N, (n )]e L„„/E„ie
Here N, is the surface density of the electrons, N, (n) is
the surface density in subband n, Fi„(k, )

=f„D(E,(k, ))—f„D(E„(k,)) is the difFerence of the
Fermi-Dirac distribution functions calculated at E, (k, )

and E„(k,), I is the phenomenological parameter
describing the line broadening induced by the electron
scattering, and e is the dielectric constant. The parame-
ter L„„ is defined in the same way as in Ref. 13. [Deriv-
ing Eq. (4) we have used the two-subband approxima-
tion' ' and neglected the change of the matrix element
z„, with k, .]

The Fermi energy EI; appearing in the Fermi-Dirac
distribution function can be obtained from the normaliza-
tion condition 2+„kfFD(E„(k, ))=N, . At low tempera-
ture, when electron gas is strongly degenerated
(v=fi AN, /mz, k&T) 3), EF may be approximated by
the formula EF =E, (kF) where kF =(2irN, )' is the Fer
mi wave vector. [We assume that only the ground sub-
band n =1 is occupied, i.e., k„&kF„where kF, is the
solution of E i (k, ) =E2 (0). ] Calculation of EF for higher
temperature is a more difticult task. Fortunately, in the
GaAs/Al Gai As QW's where subband resonances
have been observed (i) subband separation Ez, is larger
than the thermal energy kii T, (ii) the nonparabolicity of
the ground subband is not strong. Thus, for our purposes
it will be sufficient to calculate EF (when v) 3) treating
the carriers in the QW as a pure two-dimensional elec-
tron gas with effective mass I =m ~. Then
EF =E i (0 ) +kz T in [exp(3ii kF /2m ii, kii T )

—1 ].
The absorption line profile is essentially determined by

the behavior of the function ImG&z(n3). We first discuss
the line broadening resulting only from the nonparaboli-
city of the conduction band, i.e., we consider behavior of
the function ImG&z(ni) in the limit a„„, I ~0. [Note
that when a„„=0then G,„(n3)=G,„(co).] Using the re-
lation lim, o [a/(x +a )ir]=5(x) and performing the
integration in Eq. (6) we find

ImG, „(n3)=F„,[k, =k„,(n3) ]6(E„,—A'co )

X [6'„,Eii, /(fico) fico /E ii,]—
XZ.2, m ~ r'4a'~i@, , (8)

where k„i(co) is the solution of E„&(k, ) =fico and is given
by

0 1 2 4 0 1 2 3 4

kt (10 crn j

k„, (n3) = [(fbi/Eiv) +(6„,/A'n3) —1

—2(6„+6, )/Eii, ]Eivm ii, /2'
FIG. 1. Dependence of the electron energy and subband sep-

aration AE„+, „(n =1,2) on k,' in CxaAs/Alo 35CJao 65As QW's
with L, =75 and 100 A. The solid lines contain intrinsic nonpar-
abolicity of the bulk crystal, dashed lines do not. In the calcula-
tions only the states with the energy below the barrier height V
are considered. For comparison we show also the results when
nonparabolicity e6'ects are taken into account but dependence
of k~~' on k, is ignored (dotted lines). The scale of the upper
part of the Agure is insufficient for distinguishing between the
solid and dotted curves.

Here e(x) is the unit step function, 6'„=—@55&(k, =0) and

Figure 2 presents the variation of Imo&2 with co in the
75-A GaAs/Alo &5Ciao 6&As QW for dift'erent tempera-
tures and surface carrier concentrations. (In this paper
we neglect for simplicity the dependence of the band pa-
rameters on T.) We see that at T-0 function ImG, z(ni)
has nearly rectangular shape. In higher temperatures it
becomes strongly asymmetric.
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FIG. 2. Calculated imaginary part of G»(co) in 75-A
GaAs/Alo35Gao6, As QW's with N, =l and 8.5X10" cm at
temperatures: (1) T=300 K, (2) T=77 K, (3) T=4 K. I =0.

The room-temperature values of b,v, 2 (in
GaAs/Al„Ga, ,As QW's with L (100 A and X, (10'
cm ) reported in the literature are in the range 6.5 —21
meV. ' ' These values are noticeably larger than that
resulting from Fig. 3, which suggests that line broadening
induced by collisions is also important. The full line
shape arising from nonparabolicity and scattering can be
calculated only numerically. We have performed such
calculations for a 75-A GaAs QW (the same as that in
Fig. 2) taking I =5 meV. Theoretical absorption line
shapes (see Fig. 4) have at low temperature roughly
Lorentzian shape. At room temperature our model, as
well as those developed in Refs. 3 and 4, predicts a strong
asymmetry of the absorption line whereas experimental
lines are almost symmetrical.

It is well known that in the case of parabolic subbands
[where E„,(k, )=E„,(0)] the resonance screening shifts
the peak energy from E„, to E„,=E„,(1+a„„)'/ but
does not affect the line shape (if we work in the two-
subband approximation' ). We show below that the situ-
ation changes drastically when subband separation de-

The variation of the linewidth b,v, 2 (full width at half
maximum) with X, in QW's with L =75 and 100 A for a
couple of temperatures is shown in Fig. 3. We find rather
strong dependence of Avl2 on X, and T. The numerical
values of AYI2 are very close to that obtained with the
help of the more sophisticated models. '
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FIG. 3. Linewidth A&2& vs electron concentration N, for
GaAs/Alo 3~Ga0 6~As QW's of different thicknesses at various
temperatures. I =0.
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FIG. 4. Calculated imaginary part of G»(co), G»(co) and the
position E2, and E2, in 75-A GaAs/Alo 35Ga06, As QW's with

N, =1 and 8.5X10"cm at T=4 K (dashed lines) and T=300
K (solid lines). I =5 meV.
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pends on k, . (In the QW's considered here this depen-
dence arises mainly from the bulk conduction band non-
parabolicity. ) To calculate numerically the function
Im 6,„(co), which describes absorption line shape
modified by the depolarization effect, we must know the
value of L„„. In first approximation, we can estimate L„„
using the eigenfunction of the infinite square well poten-
tial. This procedure yields the value (L2z/L)=0. 056. '

(The exact result can be slightly larger due to the tunnel-
ing of the envelope function into the Al„Ga, As bar-
riers 13 18)

The shape of the function ImG, 2(co) for the 75-A
GaAs/Alo 35Ga065As QW's is shown in Fig. 4. We find
from this figure that the change in line shape induced by
resonance screening depends sensitively on the size of
a22. In the QW with N, =10" cm factor a22 is ex-
tremely small (a22=0. 011) and the modification of the
line induced by resonance screening can be practically
neglected. However, we must remember that the experi-
ments have been usually performed on the samples with
N, =(5—10)X 10" cm (+2'--0.055 —0. 11). From Fig.

4 we see that the modification of the line shape is then
significant. Note that the depolarization effect not only
shifts the peak position to the high energy (by an amount
b„12=Ez, [(l+a22)' —I]}but also tends to compensate
the line distortion induced by different curvature of the
subbands. This finding leads us to the conclusion that
probably not the mass renormalization due to the
electron-electron interaction or polaron effect, as suggest-
ed by some authors, but rather the depolarization effect
is the main reason why observed in GaAs/Al Ga„,As
QW spectra have much smaller asymmetry than that re-
sulting from the one-electron theory developed in Refs. 3
and 4. At this point it is interesting also to note that in
In-Ga-As/In-Al-As QW's (where the intersubband ab-
sorption has recently been also observed' ' ' } the asym-
metry of the spectrum is more pronounced due to the
larger value of y ~ in this system.
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