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Observation of Tunable Band Gap and Two-Dimensional Subbands
in a Novel GaAs Superlattice
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Luminescence and Raman measurements on a new type of superlattice consisting of
n- and p-type doped GaAs layers grown by molecular-beam epitaxy confirm crucial pre-
dictions of theory. A strongly tunable energy gap is found in luminescence. Raman ex-
periments provide the first observation of electronic subbands in purely space-charge—
induced quantum wells. A combined analysis of the luminescence and Raman data yields
excellent agreement with self-consistent subband calculations based only on the design

parameters of the sample.

PACS numbers: 73.40.Lqg, 78.55.Ds, 78.30.Gt

In this Letter we provide definite experimental
evidence for the validity and applicability of basic
ideas of a new type of artificial semiconductor
superlattice which consists of ultrathin »- and
p-type doped layers, possibly separated by in-
trinsic layers, of the same semiconducting ma-
terial (“n-i-p-i” crystals).! Compared with the
well-known compositional superlattices AlAs-
GaAs? or InAs-GaSh® these doped superlattices
exhibit novel electronic properties which result
from a very efficient spatial separation between
electron and hole subbands (indirect gap in real
space) by the periodic space-charge potential.
This separation implies recombination lifetimes
which may be increased by many orders of mag-
nitude over those of bulk material. Consequently,
large deviations of the electron and hole concen-
tration from thermal equilibrium are metastable
under weak excitation conditions. In addition,
the space-charge—induced superlattice potential
itself is strongly affected by a variation of the
electron and hole concentration, e.g., by photo-
excitation or carrier injection. The effective en-
ergy gap of a n-i-p-i crystal as well as the struc-
ture of the two-dimensional (2D) subbands should
thus no longer be fixed material parameters but
tunable quantities.

The n-i-p-i superlattice configuration used for
the present investigations was grown by molecu-
lar-beam epitaxy.* It consists of twenty #z (Si)
and p (Be) doped GaAs layers with equal doping
concentrations np=n ,=1X10'® ¢cm™* deposited on
a (100) semi-insulating substrate. The individual
layer thickness is d,=d,=40 nm,

The concept of a tunable energy gap in this n-i-
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p-1 superlattice was first examined by photolum-
inescence (PL) measurements with the sample
cooled to 4.2 K. Various laser lines of a Kr *-gas
laser with either slit or point focus on the (100)
surface of the sample were used as excitation
source. Four PL spectra for A;=676.4 nm as a
function of the excitation intensity 7°*¢ are shown
in Fig. 1. For high 7%*° the asymmetric PL spec-
trum approaches the direct-band-gap energy of
GaAs. A strong redshift of about 200 meV is
found with stepwise reduction of 7%*¢ down to val-
ues of a few watts per square centimeter, where
we reached the detectability limit of our experi-
mental setup.

In order to obtain direct information on the ex-
pected quantization and subband structure in this
GaAs n-i-p-1 superlattice we additionally per-
formed resonant inelastic light scattering experi-
ments in backscattering geometry from the (100)
surface of the sample. This technique has been
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FIG. 1. Photoluminescence spectra of a GaAszn-i-
p-i superlattice withnp,=n, = 10'® cm™3 and d,, = d,
=40 nm as a function of the laser excitation intensity.
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FIG. 2. Single-particle excitation spectra of the
studied GaAs n-i-p-i superlattice observed with res-
onant Raman scattering for different laser excitation
intensities.

successfully applied to study the 2D subband
structure in selectively doped n-Al,Ga,.,As/GaAs
single heterojunction® and multi-quantum-well
structures.® The bare single-particle intersub-
band excitation energies are measured by the
spin-flip scattering signal which is polarized per-
pendicular to the exciting beam.” The laser ex-
citation line (A, =647.1 nm) was chosen close to
the E + A, gap of GaAs. The resonance condition
is fulfilled for electrons in the conduction band
but not for holes in the valence band. In Fig. 2
four Raman spectra obtained for different 7 ®*¢
are shown. Two peaks sitting on top of the E,

+ A, luminescence are clearly observed. These
peaks are interpreted as single-particle intersub-
band transitions of the photoexcited electrons in
the GaAs n-i-p-i superlattice. With decreasing
1% the peaks shift to higher energies.

We now show that the observed shift of the PL
and the energetic position of the intersubband
transitions, both as a function of 7°*¢, are in per-
fect quantitative agreement with theory. The on-
ly input data for our calculations are the design
parameters ny,, n,, d,, and d, of the GaAs n-i-
p-1 superlattice investigated. The self-consistent
potential v.(z) seen by a carrier moving in the
direction of periodic n- and p-type doping (2 di-
rection in Fig. 3) is the sum?® of a contribution
v,(2) due to the bare ionized impurities, the Har-
tree term v y(2) of the mobile carriers, and an ex-

direction of periodicity z

FIG. 3. Schematic real-space energy diagram of an
n-i-p-i crystal. See text for explanation.

change and correlation contribution v,.(2) which
is treated in the local density approximation of
the density functional formalism. At a given 2D
electron concentration per layer n(z), the electron
distribution #(2) is obtained from n(z) =1,

X |¢,,u(2)]%. The subband wave functions ¢,,,(2)
are the self -consistent solutions of the effective-
mass one-particle Schrédinger equation for con-
duction-band electrons in the potential v, (z). The
2D-carrier concentration nﬂ(z) in the uth subband
is derived from the requirement of equal Fermi
level ¢, in occupied subbands together with the
condition n? =37 n,(@. The hole distribution p(z)
is obtained to a good approximation by assuming
that the holes populate a narrow impurity band
above the valence subbands. This assumption cor-
responds to a cancellation of the acceptor space.
charge —en ,(2) by holes within the central part
of the p-type layers and vanishing p(z) outside.
The band edges modulated by the self-consistent
potential v(2), the quasi Fermi levels ¢, and
¢,, the subband energies E, ,, and the wave
functions ¢,, #(z) for the lower electron subbands
in a n-i-p-1 superlattice are shown schematically
in Fig. 3. The situation shown corresponds to an
excited state of the crystal with ¢, >¢,.

The results of the calculated electronic struc-
ture of the studied sample are summarized in
Fig. 4 and compared with experiments. Figure
4(a) displays the calculated subband energies
E,, , and the electron quasi Fermi level ¢, as a
function of carrier concentration in the range
n®=(1.5-4.0)x 10'2 cm ™. The hole quasi Fermi
level ¢, is assumed to lie in the center of the
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FIG. 4. Variation of the energy gaps E., , —¢, and
of ¢, —¢, (top part) and of subband spacings E uv = Bep
—E.,, (dotted lines in bottom part) vs carrier density
per layer as calculated self-consistently for the sample
investigated. Inset in top part: Comparison of calcu-
lated spectrum (shaded area) with the observed one
(Az =799.9 nm) (full line). Bottom part: squares,
single-particle intersubband energies as determined by
Raman spectroscopy; heavy lines, calculated average
subband spacings.

narrow acceptor impurity band and is taken as
the origin of the energy scale. The strong in-
crease of the energy gap E, ,- ¢, reflects the
decrease of the amplitude of the self-consistent
space-charge potential v, (2) due to increasing
compensation of the bare impurity space-charge
potential v,(z) by the mobile carrier potential
vH(Z) + ch(z)-

The luminescence of the GaAs n-f-p-1 super-
lattice arises from recombination of electrons in
the occupied conduction subbands with the holes
in the impurity band. The spectral range of pho-
ton energies is E, =~ ¢, <hw<¢,~ ¢,. The rela-
tive intensities of the contributions of different
subbands, however, increases strongly with the
index u because of exponentially increasing over-
lap between electron and acceptor band wave func-
tions. Therefore, an asymmetric, stair-shaped
luminescence spectrum is expected. As an ex-
ample the calculated spectrum is shown for »
=3,4X 10" cm™2 as an inset in Fig. 4(a).

The total PL is expected to increase with n'?,
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also on an exponential scale, because of the in-
creasing overlap between electron and hole states
when v, (2) flattens (see Fig. 3). Together with
the stationarity condition it follows that the
steady-state PL exhibits a roughly logarithmic
blue shift as a function of increasing I°*¢, The
high-energy edge of the experimental PL spec-
trum 7Zw ,, at a given I yields the value of
¢,~ ¢,. Interms of our calculated results of
Fig. 4(a) the observed shift of the high-energy
edge of the PL between Zw ,,=1.28 and 1.51 eV
corresponds to a variation of the steady-state

2D carrier concentration between n¢?=1,46 X 10'?
and 3.80X 10" cm™2, The relation between I°*°,
PL frequencies, and steady-state carrier concen-
tration was used to calibrate the carrier-concen-
tration scale with the experimental I **¢ scale
(see top scale in Fig. 4). Indeed, a roughly loga-
rithmic relation between those two scales is
found.

For a comparison between the shape of the ex-
perimentally observed and the theoretical spectra
the experimental PL spectrum obtained with the
799.9 nm laser line is shown in the inset of Fig.
4(a). The theoretically expected steplike struc-
ture is not observed, but the width and the asym-
metric shape agree quite well with the theory.
The lack of the steplike structure is easily under-
stood as a consequence of inhomogeneous excita-
tion of different n-i-p-i layers caused by the lim-
ited penetration depth of the laser light. The ex-
citation intensity decreases by about a factor of
2 within the n-i-p-£ structure. Therefore, the
steady-state carrier concentration and, hence,
the PL energies decrease slightly from layer to
layer. In the total spectrum, which is the super-
position of all these contributions, the steplike
structure can no longer be detected.

For the detection of quantization effects in a
n-i-p-i crystal inelastic light scattering experi-
ments are particularly suitable for several rea-
sons. Inspection of Fig. 4(b) shows that the inter-
subband spacing E, ,.a-E, , for A=1and 2 is
much less sensitive to changes of #®, and thus
to inhomogeneous excitation, than the gap ener-
gies E, , - ¢,. In addition, the contributions of
only a few n-type layers near the surface are
heavily weighted because the scattered light is
strongly absorbed if the photon energy is close
to the E,+A, gap of GaAs. Finally, the (nearly)
momentum-independent energy differences E, .
-E,,, causing a (broadened) line spectrum are
more easily detected than a steplike structure in
the luminescence.
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In Fig. 4(b) we have plotted the observed sub-
band splitting as a function of steady-state car-
rier concentration which was determined from
the simultaneously measured PL signal. The
full lines in Fig. 4(b) correspond to the average
subband spacing E -, and E 4 -, obtained by
weighting with the number of states participating
in the respective £, , .o —~E.,, processes. The
excellent quantitative agreement between the
measured and the calculated intersubband spac-
ing, even over a wide range of carrier concen-
tration, leads unambiguously to the conclusion
that the photoexcited electrons in the GaAs n-i -
p-i superlattice are populating 2D subbands.

The results of the photoluminescence and the
Raman measurements confirm the most crucial
predictions of the theory of n-i-p-i superlattices.
The observation of a strong shift of the lumines-
cence as a function of excitation intensity demon-
strates that introducing the concept of a tunable
indirect energy gap in real space is sound and
that even large nonequilibrium carrier concen-
trations are metastable. Inelastic light scatter-
ing definitely shows single-particle intersubband
excitations. This result is of special significance
as it represents the first observation of quantiza-
tion and 2D-subband formation in purely space-
charge-induced potential wells. It proves, in
particular, that the statistical impurity potential
fluctuations are so effectively screened by the
mobile electrons that they do not prevent the
formation of 2D subbands. Excellent quantitative
agreement of the observed variation of effective
energy gap and corresponding subband spacing

1

with self-consistent calculations of the n-i-p-i
subband structure is found over the full range of
carrier concentrations studied. The agreement
between theory and experiment demonstrates not
only that our theoretical approach is correct,
but it also proves a high standard of controlled
doping with sharp profiles accomplished by
molecular -beam epitaxy.
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