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Electronic structure of free carriers in quantum wells calculated
by density-functional theory
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Density-functional calculations of the electronic structure of GaAs-6a, „Al„As quantum wells

in the presence of free carriers are reported. %e investigate the effect of p-type modulation dop-

ing, electric fields, and electron-hole plasmas on the band gap. The results are compared with

published photoluminescence experiments. The electron-hole drop is found to be unstable with

respect to dissociation into excitons.

I. INTRODUCTION

Local density-functional theory is an established tool for
the calculation of the properties of the inhomogeneous
electron gas. ' Its application to the calculation of the elec-
tronic structure of quasi-two-dimensional systems as inver-
sion layers and quantum wells has been very successful.

In previous work s we have found excellent agreement
of the results of local density-functional theory with exper-
iments for the photoluminescence frequency, i.e., the band
gap,

45 of n-type modulation-doped GaAs-Ga, „Al„As
quantum wells. Here we extend the calculations to dif-
ferent situations of physical interest.

It is straightforward to apply the method employed in
Refs. 4 and 5 to p-type modulation-doped systems. Our
results are presented and compared with those of Ref. 6 in
Sec. II. Electric fields modify the band gap and emission
frequency as shown in Sec. III. The results are of
relevance for the interpretation of the luminescence of
asymmetrically doped quantum wells. 7 A third problem
concerns the effects caused by high photoexcitation of the
system, i.e., the effect of an electron-hole plasma, which is
treated in Sec. IV.

ported recently: The sample has a width of d 115 A
an alloy parameter x 0.44, and a hole density of
N," 0.53X10" cm . Other parameters used here and
later are m& 0.4, rn, 0.068, dielectric constant

12.9, and total band-gap discontinuity AE 1230x
meV. We consider band-gap offsets for the valence band
and conduction band of both 0.15&F. and 0.85~,
respectively (Dingle's rule), and 0.40AR and 0.6d,E,
respectively. Our results for the confinement energy (sum
of electron and hole energies in the Hartree approxima-
tion), electron renormalization, hole renormalization, and
total band-gap shift relative to bulk GaAs are, respective-
ly, 34.3, —5.8, -3.5, and 25.0 meV, determined using
Dingle's rule, and 33.3, —6.0, —3.4, and 23.9 meV for the
0.4 and 0.6 band-gap offsets. The agreement with the ex-
perimental result6 for the gap shift of 24 meV is excellent.
The theoretical results of Ref. 6 are 35.9, —6.0, —6.0, and
23.9 meV assuming a 0.43 and 0.57 band-gap offset and a
transverse hole mass of 0.1. Electron and hole renormali-
zation have been assumed to be identical in Ref. 6, which
is found here to be a crude approximation. The agreement
of the gap shifts is accidental and caused by the larger
confinement energies calculated by Ref. 6 due to the small
hole mass.

II. p-TYPE MODULATION DOPING

In a p-type modulation-doped quantum well the holes in
the valence band are spatially confined to the well by the
potential discontinuity at the interface. For not too nar-
row wells the holes may be treated approximately as posi-
tively charged fermions with an effective isotropic mass
mz. The Kohn-Sham equations for the hole system have
been solved self-consistently in the local-density approxi-
mation, using the Gunnarson-Lundqvist potentials and a
numerical method described in Ref. 3.

In a luminescence experiment a small number of elec-
trons are excited into the conduction band. The electron
band structure can also be calculated by density-functional
theory, using the exchange-correlation potential deter-
mined in Ref. 5. The difference of the effective masses
should be taken properly into account (last entry of Table
I of Ref. 5).

%'e have carried out calculations for a quantum well for
which experimental and theoretical results have been re-

III. ELECTRIC FIELD

The optical properties of quantum wells vary as a func-
tion of electric field, which may be applied externally or
created in the sample by asymmetrical doping. We only
have to add a linear term to the confinement potentials to
calculate electric field effects. Electr'on and hole wave
functions get spatially separated, which results in a reduc-
tion of the transition probabilities. If modifications of the
vertex part are neglected luminescence intensities are sim-

ply proportional to the squared overlap matrix elements of
electron and hole envelope wave functions.

%e have calculated the band-gap shift and overlap ma-
trix elements for an n-type symmetrically doped quantum
well with 1 =150 A, x 0.35, and N, =4 X 10" cm as a
function of an applied field. The field F is measured in
units of 56 kV/cm such that F =1 corresponds to an
asymmetrically doped well, i.e., a flat potential at one side
of the GaAs layer. Results are displayed in Figs. 1 and 2.
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plasma in undoped quantum wells if the charge densities
are sufficiently high. We calculate the electronic structure
using the following convenient approximation for the
exchange-correlation energy functional (per unit area):"

E„,fp„,p, ) -„dr—,'
tp, (z)a„(p,(z))

+p„(i)e„,(p„(i))l .

s„, is the exchange-correlation energy of the homogeneous
electron-hole plasma per electron-hole pair as param-
etrized in Ref. 11. This approximation is valid as long as
the electron and hole densities p, and pz are sufficiently
similar. Electron and hole band structures and the total
energy of the plasma have been computed by solving the
coupled Kohn-Sham equations for electrons and holes
self-consistently. If the total plasma energy per e-It pair
has a minimum (or is equal to the chemical potential) as a
function of the plasma density and if this energy is lower
than the energy of the exciton (or excitonic molecule),
electron-hole drops may be formed.

In actual calculations p, and pz turn out to be very simi-
lar so that the approximation in Eq. (1) is valid. The Har-
tree potential is very small. Since the exchange-
correlation potentials depend only relatively weakly on the
densities, the confining potentials are approximately rigid-
ly shifted in the presence of carriers. The subband spac-
ings are therefore very insensitive with respect to the car-
rier density, which explains the results of light scattering
experiments.

The energy position and the bandwidth of the lumines-
cence as calculated for x 0.3 and a well width of 41 A is
displayed in Fig. 3 together with a recent experiment. '3

The well is very narrow so that the results are rather sensi-

tive to the band-offset parameter. The agreement of ex-
periment and theory is rather moderate, but one should
keep in mind that the plasma density has been determined
experimentally' by line-shape fitting. Note that a varia-
tion of the well thickness by one half of the lattice constant
shifts the band gap also by 10 meV. We thus expect a sig-
nificant intrinsic broadening such that the parameter fit
might not be very reliable.

The luminescence band is spanned by the band gap and
the chemical potential of the electron-hole plasma. It is
displayed as a function of the density for a quantum well
of a width of 145 A (0.15 and 0.85 band offsets) in Fig. 4
together with the total energy. At a density of 1.23 X IO"
cm 2 a maximum binding energy of 8.0 meV is observed.
We have also carried out a variational calculation of the
exciton binding energy in the present model system. For a
transverse-hole mass parameter of 0.1 and a dielectric con-
stant of 12.5 our result for the exciton binding energy (7.4
meV) agrees well with that of Ref. 14. For the parameters
used in the density-functional calculations we obtain a
binding energy of 8.8 meV which is significantly larger
than that of the electron-hole plasma. In agreement with a
study of strictly two-dimensional systems'5 the electron-
hole drop in a GaAs quantum well is found to be unstable
with respect to dissociation into excitons. We thus con-
clude that the density-independent luminescence peak ob-
served recently in a GaAs quantum well under low excita-
tion intensities's cannot be simply explained by the forma-
tion of an electron-hole drop. Even if against our expecta-
tions the electron-hole drop would be stable, the observed
line shape would be difficult to explain. The experimental
emission peaks at the lower energy edge of the calculated
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FIG. 3. Photoluminescence bands of a GaAs-Ga, Al„As
quantum well (width 41 A) for different plasma densities. The
experimental results (dots) and the line fits including the band-

gap estimations (arrows) have been taken from Ref. 13. The
boxes indicate the theoretical luminescence bands defined by the
band gap (low-energy edge) and the chemical potential (high-
energy edge). The full (dashed) lines correspond to 0.15 and
0.85 (0.4 and 0.6) band-gap offsets. (The unit and the origin of
the ordinate is arbitrary and different for different curves. )
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FIG. 4. Total energy (full line) and luminescence band
(shaded area) of the electron-hole plasma in a quantum well as a
function of the density of electron-hole pairs. 0.15 and Q.85
band-gap offsets have been used. (For 0.4 and 0.6 offsets the
curves are shifted by —0.7 meV. ) Also indicated is the band gap
of the well in the absence of carriers and the calculated exciton
binding energy.
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luminescence band. The electron-hole Coulomb interac-
tion enhances the line shape at the high-energy edge, how-

ever. ' An impurity scattering effect as calculated in the
self-consistent Born approximation (cf. Ref. 18) can be re-
sponsible for a weak maximum at lower energies, but it
does not bare resembtence with the sharp experimental
1ine shape.

V. CONCLUDING REMARKS

Here (and in Refs. 4 and 5) we have employed density-
functional theory to calculate optical properties of quan-
tum wells. By comparison with experiments carried out
under well-defined conditions, as, for example, in Sec. II,
we have gathered evidence by now that the method is

quantitatively reliable. We are therefore optimistic that it
may be used fruitfully as an interpretation aid for experi-
ments where not all parameters are known well. A good
example is the discussion of the photoluminescence proper-
ties of the asymmetrically doped quantum well in Sec. III,
where the combined evidence from calculations and exper-
iment lead to different conclusions than was obvious from
the experimental data alone.

Note added in proof. After submission of our
manuscript, an article appeared [D. A. Kleinman, Phys.
Rev. B 33, 2540 (1986)l with model calculations of the
electron-hole liquid in quantum wells. The binding energy
of the electron-hole drop is reported to be larger than that
of the exciton for well widths d & 80 A and larger even
than that of the biexciton for d )220 A. We find, howev-

er, that the electron-hole drop is less bound than the exci-
ton at least up to d )250 A, also when using Kleinman's
parameters. In the three-dimensional limit the electron
hole drop in a direct-gap semiconductor is not or only mar-
ginally stable. "
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