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Many-body analysis of the efFects of electron density and temperature on
the intersubband transition in GaAs/Al Ga1 As multiple quantum wells
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Infrared absorption spectroscopy is used to study conduction electron intersubband transitions
between the ground and first excited states in a Si-doped Alo sGao. yAs/GaAs quantum well. A
line-shape calculation is presented for the absorption coefBcient as a function of the incident photon
energy for difFerent values of T and n2D (where 2D is two dimensional). Good agreement between
the numerical results and the experimental data is achieved. The measured blueshift or redshift of
the peak position is quantitatively reproduced as T or n&D is reduced, respectively. In the theory, the
quasi-particle eigenstates are obtained using a self-consistent Hartree potential and a z-dependent
effective mass and nonparabolic energy dispersion. The screened exchange interaction is calculated
based on the Hartree self-consistent wave functions and the Thomas-Permi screening model, and
is found to play a crucial role in the T- and n2D-dependence. The many-body theory includes
the depolarization shift from a collective dipole moment and the excitonic shift from the vertex
correction.

One way of monitoring changes in the material optical
response is to use a light probe that perturbs the mate-
rials studied. Optical absorption has proven to be one
of the simplest and most applicable methods to char-
acterize materials. A full understanding of their optical
properties will be important because of their potential
use as optoelectronic devices such as detectors, modu-
lators, and lasers. The band-structure design of these
devices requires a simple but accurate theory for numer-
ical simulations. Early work on intersubband transi-
tions in Si-doped quantum wells (QW's) showed that the
exchange energy plays a nontrivial role on the subband
structure. Bandara et al. explicitly calculated the ex-
change correction to the Hartree interaction for electrons
in a QW for the case with an occupied lowest subband.
However, their study was restricted to zero temperature
(T = 0) and the infinite barrier model. Szmulowicz et
al. have generalized it to 6nite T. But there is an over-
estimation of the blueshift of the peak position as T is
reduced at low electron densities n2D (where 2D is two-
dimensional). Simple and intuitive attempts to model
the T dependence of the absorption peak positions have
shown an increase in the transition energy as T is in-
creased, contrary to experimental data. ' As pointed
out by Gumbs, Huang, and Loehr the reason for this
failure is an inadequate treatment of the many-body ef-
fects. However, there is still a 10% difFerence in the
T dependence of the peak energies compared with the
measurement. ' In this paper, we improve the agreement
between theory and experiment for the peak positions
and compare line shapes. For this, we include the non-
parabolicity of the energy bands, the exchange energy,

the depolarization shift, and the excitonic e6'ect through
vertex correction. In Refs. 6, 8, and 9, both the depolar-
ization shift and exchange interaction were included but
the vertex correction was neglected in their theories.
Another effect not included by these authors concerns the
interference of the re&active index with the energy-loss
function, which enters the absorption coefBcient. This
has a significant eKect on the peak position and asym-
metry of the line shape. The exchange energy calculated
in Refs. 6, 8, and 9 is overestimated because the screen-
ing of the exchange interaction was neglected and the
electrons were con6ned by two infinite potential walls.
The many-body and interference effects are T and n2D
dependent since the Coulomb interaction between elec-
trons depends on the subband population, which varies
with T and n2D. In this paper, we calculate the absorp-
tion spectrum for different T and n2D so that both the
peak positions and line shapes can be compared with the
experimental measurements.

In our model, we assume a square-well potential
Vclw(z) with finite barriers for a Alo sGao 7As/GaAs
QW. The barrier height is Vo —— 0.57 x 1.247x eV
with x = 0.3. The Schrodinger equation, determining
the wave function Ps(z) and eigenvalue E~, in the self-
consistent Hartree approximation is '

d
, 0 d 2 + Vqw(z) + V11(z) ps(z) = Es gi(z),
s

where j = 1, 2, 3, . . . is the subband index. The non-
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parabolic electron energy dispersion in the GaAs mate-
rial is included through ~

m. E(=1+—
I

m~(k) 3
~ Eg + h2k~/2mgr

The Grst effect of the Coulomb interaction is the renor-
malization of the electron kinetic energy. From the cal-
culated self-consistent wave functions P~ (z) and eigenval-
ues E~, we can further include the exchange interaction,
which strongly depends on T and n2D. This brings us to
the renormalized electron kinetic energy

1

Es + Ep+ hzkz/2m~) (2) h2k2
E,i, = E~ + + ) n, i, Vg (lk —k'I),

2m, . k

which depends on the in-plane wave vector k. Here, m,
is the &ee electron mass, m~ is the effective mass in the
GaAs material, Eg = 1.5192 —5.405 x 10 T2/(204+ T)
eV is the energy gap, 40 ——0.341 eV is the spin-orbit
splitting, and Ez ——22.71 eV is related to Kane matrix
elements. Because the effective masses in the well and
barrier materials are different, we obtain the "average"
efFective mass in the QW, using first-order perturbation
theory, '

27re2/e,

'I + &»s»(lk —k'I)

x dz dz ~ z,. z

x exp( —lk —k'llz —z'I) P;(z')P;(z') .
(9)

vg(lx -k'I) =—

where the exchange-interaction matrix is '

1 P +m'. (k) mg (k) mg
(3)

OO

V~(z) = — dz' Iz —z'I [ n(z') —N; (z') ]
t-'e

where e, = 4meo~g, eg is an average background dielectric
constant, and the impurity doping profile is

N; (z) = N, (z) + ) N,. . (n) h(z —z„).

In Eq. (5), N2D (n) is the sheet density of b doping in the
nth layer at z = z . The electron-density function is

1
n(z) = —) dk k n;i, IP~(z)l

0

where nor, = (1+exp([E~ + h2k2/2m'(k) —p]/k~TH
is the jth subband occupation factor in k space and p is
the chemical potential. Charge neutrality leads us to

dz z(z) = zzn = J dz N; (z)+) N; (n),

(7)

and Eq. (7) can be used to determine p self-consistently.

which depends on j. Here, m~ is the efFective mass in
the Al Gai As barrier region, P~ = f &&2

dz IP~(z)l
is the QW dwelling probability of electrons, and L is the
QW width. Using the virtual crystal approximation2 for
Al Gai As, we have 1/m~ = z/mpip, + (1 —z)/mph'
with x = 0.3, where mp~p, is the effective mass in the
A1As material. Classically, every electron in the QW will
be acted on by a total Coulomb force &om all the other
electrons and ionized donors. The quantum-mechanical
counterpart of this is the Hartree potential in Eq. (1) and
is given by '

As an electron is excited &om state i to j at z, there
will be another electron simultaneously making a tran-
sition from state j to i at z . Equivalently, there is an
exchange between these two indistinguishable electrons
in these two positions. Their fermion character produces
a negative sign in the exchange interaction. In Eq. (9),
the Thomas-Fermi screening length qTF is calculated ac-
cording to

(2e ), d 1 (p —E~)
qTF =

I I ) m,'(0)——arctan
Iqeh2) .- ' du vr

where p~ is the inhomogeneous broadening of the jth
subband and

( 1 ) oo oo

STF(lk —k'I) =
I 2 I

dz dz'
kn2D J
x exp (—lk —k'I lz —z'I) n (z) (11)

is the correction to qTF (Ref. 13) due to the finite-
size distribution of electrons in the QW. In our nu-
merical calculations, we have used the phenomenolog-
ical formula ' for the impurity-scattering broadening

(meV)= 3.144 + 0.101 x 10 n2D(10 cm ) +
2.55[exp(Re~i, /k~T) —1] i, where the optical phonon
&equency is ~ph 36 7 meV. The quadratic n2D term
in pz is neglected since the impurity scattering is only
proportional to n2D in the Born approximation. This
completes our way of including the efFect of the Coulomb
interaction in renormalizing the electron kinetic energy.
The Hartree interaction can only produce a shift of the
subband edge. However, this shift depends weakly on the
subband index, temperature, and electron density com-
pared with the shift produced by the exchange interac-
tion. The dominant exchange interaction also gives rise
to an additional nonparabolic energy dispersion. The
other efFects of the Coulomb interaction on the optical
response are described below.

When an external z-polarized electromagnetic field is
applied, the resulting perturbation in the electron density
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distribution will produce an optical response from a nor-
mal mode of density fluctuation. In the long-wavelength
limit, only vertical transitions need be considered. The
absorption coefFicient is

()= [ ()+1]I ()ld ~Eg
cn((u)

with the scaled re&active index function

1
n((u) = [1+Rey(~)

2

+V'(1+R X( )k'+(I X( ))

where p~b(ur) = [ exp(fun/k~T) —1 ] is the photon dis-
tribution function and Lu is the incident photon energy.
The susceptibility g(u) is~4

The second effect of the Coulomb interaction is the
vertex correction to the noninteracting electron polariz-
ability. At the same time when an electron is excited to
a higher subband, it creates a "hole" state in the initial
occupied subband. This will lead to an "excitonic" inter-
action between the excited electron and the "hole" state.
The vertex part r~~ (k, w) in Eq. (15) can be calculated
by summing over all the ladder diagrams, which yield the
following equation:

r,, (k', ~) = 1+— dk k &g (Ik —k'I)
2K 0

xll,".,.I (k, ~)r, ,'(k, ~),
where the noninteracting electron polarizability for

E&J Q Egg is '

2c
y((u) = — ) dk k p, ~ (k, (u) F~ ~ .

e,L ., 022'

ll~.', I(k, ~) = (~,„—~, ,„)Lu —I',E~ I, —EjI,j + xp~~

The first-order density-matrix element &om linear re-
sponse theory is '

njIc njrk
p, , (k, (u) =

Ru —(E~ I, —Z~y) +ip~~

x I',, (k, ur) [F,, + D;,, (u))],

where D', (u) is the collective dipole moment due
to the Hartree interaction as a correction to the
dipole moment of noninteracting electrons, i.e., Ejj
f dz P~(z) z Pz (z), and r~~ (k, u) is the vertex cor-

rection due to the excitonic interaction.

Ru+ (E~ I, —E~g) +ip~,

Here, pz~ ——(p~ + p~. )/2 is the dephasing rate. In Eq.
(16), the small exciton-coupling effect is neglected for low
electron density.

The third eKect due to the Coulomb interaction is
the screening of D', (u). When an electron is excited
to a high subband, it induces a density fluctuation in
neighboring electrons through the long-range Coulomb
force. This will introduce a screening on D', (u). In the
random-phase approximation, D' , (u) is the s.olution of
the following linear-matrix equation: '

) D;, , (~) b„,b„,.

j&i '

dk k II,', ', (k, ) 1",,'(k, ) d d ' y„()y„,( ) i—
~
(

~

0
~

~
)

7 jjI I l
~

~
~

~
I

~ ~ ~~ ~ ~e ~ I
~ j I

~
~

I

0 —oo —oo E e8 J

(0)
OO OO

= —) k dk II,'.,'.I(k, ~) r, ,'(k, ~)z...
2~2 I 0 —OO —OO

dz P (z)P, (z)
~

~z z
~ ~

P~. (z )P~., (z ) (18)
2~e'

We can see that the screening has been included
through the dielectric function shown as a coefficient ma-
trix in Eq. (18). The effect due to screening and the ver-
tex correction tends to shift the peak position up and
down, respectively. In addition, screening shrinks the
peak width but the vertex correction expands it.

In Fig. 1, we present the absorption coefBcient P b, (~)
from both our calculated results using Eq. (12) and ex-
perimental data (recorded at the Brewster angle using
a Fourier transform infrared spectrometer) for two sam-
ples at T = 5 K. The peak energy increases with n2D.
The positive Hartree energy, depending on n2D, shifts

both subbands upward, while leaving their separation al-
most unchanged. The negative exchange energy shifts
the first subband down more than the second subband,
thereby increasing their separation. For an increased
n2D, the exchange energy becomes dominant. There-
fore, the peak position moves to the right. In addition,
we find that the calculated peak positions coincide well
with those &om experiment for both the low- and high-
density samples. The peak strength of the low-density
peak is slightly lower than that observed in the experi-
ment. The line shapes show slight deviations at energies
away &om the peak energy and a small peak width is
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FIG. 1. Comparison between the calculated P b, (u)
(dashed lines) with the measurements (solid lines) at T = 5
K for samples with n2D = 7.5 and 37.5 x 10 cm . The
high-energy peak is for the high-density sample. In the cal-
culations, the parameters are chosen as eq = 13.0, L = 75 A,
mw = 0.0665m, and mA~A. ——0.124m .

FIG. 3. Comparison between the calculated P b, (u)
(dashed lines) of the sample with n2D = 37.5 x 10 cm
at T = 5 K and 300 K with the experimental measurements
(solid lines). The high-energy peak is for T = 5 K. The cho-
sen parameters for eg, L, mw, and mA~A, are the same as in
Flg. 1.

obtained in comparison with the measurement. The ab-
sorption coefficient P b, (u) in Eq. (12) contains the u-
dependent refractive index function n(w) in the denomi-
nator. This produces an interference which changes both
the line shape and the peak position. For high n2D, the
second subband begins to be populated. The collective
dipole moment D' , (u) due t.o the Hartree interaction
is found to shrink the peak width, while the exchange
interaction expands the peak width. We attribute the
asymmetrical line shape to the interference effect, strong
nonparabolic energy dispersion at large k, and the ex-
change interaction.

In Fig. 2 we present a quantitative comparison between

P b, (tu) from our numerical simulations and experimen-
tal data for the low-density sample at two temperatures.
The peak energy increases with reducing T, shown as a
blueshift. The crucial negative exchange energy brings
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FIG. 2. Comparison between the calculated P b, (cu)
(dashed lines) of the sample with n2D = 7.5 x 10 cm
at T = 5 K and 300 K with the experimental measurements
(solid lines). The high-energy peak is for T = 5 K. The cho-
sen parameters for eg, L, mw, and mA~A, are the same as in
Fig. 1.

down the Grst subband more than the second subband,
and increases the separation between them. With an in-
crease in T, the exchange interaction becomes weaker,
and, then, the peak energy decreases. Moreover, we
find that the calculated peak positions also coincide with
those measured at low and high temperatures. The peak
strength of the high-temperature peak seems a bit smaller
than that observed. The asymmetrical line shape of both
curves displays very small deviations on the lower energy
side.

Figure 3 shows the numerical comparison between

P b, (u) with the experimental data for the high-density
sample at two different temperatures. The peak energy
again increases when T is reduced, with a large blueshift
compared with Fig. 2 due to high n2D. Similarly, the
negative exchange energy lowers the erst subband more
than the second subband. Therefore, their separation in-
creases with exchange interaction. By reducing T, the
exchange interaction is strengthened, so that the peak
energy shifts upward. Furthermore, we know that both
calculated peak positions and peak strengths for the high-
density sample coincide very well with those measured at
low and high temperatures. The line shape of both en-

ergy peaks, however, differs slightly at energies away &om
the peak energy. The peak width calculated is smaller
than that measured.

In conclusion, by demonstrating reasonably good
agreement between our theory and experimental data
for absorption &om electron intersubband transitions
between the ground and erst excited states in a
Ale sGao 7As/GaAs QW as a function of n2D and T, we
have established a simple but accurate formula for the
band-structure design of infrared photodetectors. Our
model does not contain any adjustable parameters for
comparing the peak positions except for the subband
broadening p~, p2, which are used to fit the full width at
half maximum in the experimental data. The blueshift
and redshift of the absorption peak position found in the
experimental data are quantitatively reproduced theoret-
ically as T and n2D are reduced, respectively.
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