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Quantum-confined interband absorption in GaAs sawtooth-doping superlattices
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Optical-interband-absorption experiments are performed on GaAs doping superlattices, which
have sawtooth-shaped band-edge potentials. Absorption spectra reveal for the first time a clear sig-
nature of quantum-confined transitions and exhibit excitonic enhancement of the absorption. The
maxima in the experimental absorption spectra are assigned to theoretical energies of quantum-
confined transitions with very good agreement. The observation of quantum-confined transitions
demonstrates the superiority of the new sawtooth structure over conventional doping superlattices.

Nineteen years ago, Esaki and Tsu' proposed to super-
impose a periodic superlattice potential caused by alter-
nating n-type and p-type dopants onto the crystal poten-
tial of an epitaxial semiconductor. This proposal initiat-
ed theoretical and experimental’~’ work in the field of
such doping superlattices. Extended and comprehensive
reviews’ > have become available. Size quantization
would be naively expected to occur in doping superlat-
tices with sufficiently small periods. However, the high
concentration of impurities in doping superlattices
reduces the coherence length of carriers due to impurity
scattering, possibly below the electron de Broglie wave-
length. It is thus not clear if quantum-confined optical
interband absorption can be observed at all in doping su-
perlattices. To date, optical interband spectroscopy, has
not revealed the quantum-confined nature of valence-
subband to conduction-subband transitions.>~> In con-
trast to conventional doping superlattices, compositional
superlattices [e.g., GaAs/(A]l,Ga)As] allow unambiguous
observation of quantum-confined interband transitions.>®

In this paper we report on the first observation of
quantum-confined, excitonic interband transitions in ab-
sorption measurements on GaAs sawtooth-doping super-
lattices. Although the sawtooth structure deviates from
the originally proposed structure, this novel structure
represents a significant improvement over conventional
doping superlattices and thus allow us to observe exciton-
ic quantum-confined transitions in doping superlattices.
We will first describe the sawtooth structure’ and calcu-
late the subband structure employing the exact Airy-
function solution. We will then present absorption spec-
tra for temperatures 6-300 K and compare theoretical
and experimental peak energies. Finally, we discuss the
unique features of the absorption data, including exciton-
ic enhancement of the absorption and the functional
dependence of the absorption versus energy. We point
out that the observation of quantum-confined excitonic
transitions is of special importance, because it opens the
area of quantum and excitonic effects to the field of dop-
ing superlattices.

It is desirable for doping superlattices to achieve a
large periodic potential modulation on a short length
scale. Which dopant distribution will result in the largest
possible potential modulation at a given period z, and a
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given amount of dopants? The answer to this question is
illustrated in the doping profile shown in Fig. 1(a): The
maximum potential modulation is obtained if the doping
profile is a train of alternating Dirac delta functions
separated by z,/2.7® The resulting conduction- and
valence-band potential is sawtooth shaped, as shown in
Fig. 1(b). This sawtooth structure allows us to obtain a
potential modulation that is a factor of 2 larger than the
potential modulation of conventional (n-i-p-i) doping su-
perlattices. Diffusion of impurities in 8-doped GaAs is ir-
relevant, if the sample is grown under appropriate condi-
tions.’

The exact calculation of eigenstate energies in a V-
shaped potential well is obtained by transforming the
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FIG. 1. (a) Charge distribution in a sawtooth superlattice
with period z, and doping concentration N3° and N3°. (b)
Electronic band diagram of a sawtooth superlattice. The wave
functions ,(z) are shown for k,=0. Minibands have a width
of AE,.
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Schrodinger equation into the Airy differential equa-
tion.!~!2 The V-shaped potential well is defined by
V(z)=Fz (z>0) and V(z)=—Fz (z<0), where F is the
electric field generated by the dopants and z is the spatial
coordinate. We use the ansatz for even states,

W) IclAi[ﬁ(z —7)14+¢,Bi[B(z —¥)] (z >0) (1a)

cAi[B(—z —y)]+c,Bi[B(—z —y)] (z <0)

and for odd states
Wz)= [C’Ai[ﬁ‘z —1)1+¢;Bi[B(z —y)] (z >0) (1c)
—c Ai[B(—z —y)]—c,Bi[B(—z —7)] (z <0)
(1d)

where ¢; are constants, B=(2m*eF/#)3, and
vy=E/(eF). Using appropriate boundary conditions
yields ¢, =0 and finally the subband energies. With an
asymptotic expansion for the zeros of the Airy function
and its derivative, one obtains
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n=0,12,.... (2)

To obtain the exact (nonasymptotic) subband energies the
term (n+1) in Eq. (2) has to be replaced by
0.437,1.517,2.484,3.508 for n=0,1,2,3, respectively. It is
worthwhile to point out that the first excited state (n=1)
of the V-shaped well coincides with the ground-state en-
ergy of the triangular well, which in turn is published in
Ref. 13. We have also performed a variational calcula-
tion to determine the ground-state energy of the V-
shaped potential well.'* The extension of the solutions
with Airy functions from a single V-shaped potential well
to a sawtooth superlattice implies a splitting of individual
subbands of energy E, in minibands of width AE,. How-
ever, the miniband width AE is relatively small (AE, <5
meV) for the sample parameters used in this study. Thus,
transition energies are obtained from Eq. (2) to a
sufficient degree of accuracy.

Optical transitions in sawtooth superlattices are not
governed by conventional selection rules, i.e., optical di-
pole matrix elements are finite and nonzero for all possi-
ble transitions. The matrix element involves an initial
and final state which have an exponentially decaying part
and a spatially oscillating part, as shown in Fig. 1, yield-
ing a finite, nonzero transition probability for all transi-
tions. This property of the sawtooth superlattice is in
contrast to compositional superlattices where conven-
tional selection rules do apply [e.g., An=0 for
(Al,Ga)As/GaAs superlattices with no electric field
present]. Optical transition energies are easily calculated
using

Eyp=E*"—eV, +E;+E" 3

where E, GaAs is the gap energy of the GaAs host lattice,
eV, is the modulation of the band edges [eV,=Fz,
1(e/€)N*Pz,] and Ef, e}!, and E are the subband en-

ergies of electrons, heavy holes, and light holes, respec-
tively.
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The GaAs epitaxial layers used for this study have
been grown by gas-source molecular-beam epitaxy on un-
doped semi-insulating GaAs substrate. The growth tem-
perature was kept below T'=550°C to avoid diffusion of
n-type (Si) and p-type (Be) impurities.® Undoped GaAs
samples have electron mobilities of 270000 cm?/V's at
T=40 K. The design parameters of the superlattice in-
clude a period of z, = 150 A and a two-dimensional dop-
ing concentration of N3P=N%P=1.25x10"* cm~2. The
samples have 10 periods of 20 dopant sheets separated by
32, =15 A. The samples have a closely balanced impuri-
ty concentration, i.e., N3®=N2?P. Such a balance is
essential, because its absence would blue shift the absorp-
tion edge according to the Burstein-Moss shift. Absorp-
tion measurements are performed on polished, 0.25-cm?
samples. A dual-beam Perkin-Elmer Model 330 spectro-
photometer and a variable-temperature cold-finger cryo-
stat are used.

Results of absorption measurements on GaAs sawtooth
superlattices measured at T=6 K are shown in Fig. 2.
The gap energy of the undoped GaAs substrate corre-
sponds to a wavelength of A=2820 nm and is shown by a
double arrow. The substrate absorbs light at energies
slightly below the fundamental gap; this absorption of
bulk material is known as the Urbach tail.'’> We deter-
mined the corresponding Urbach-tail energy to be E;; =6
meV for our undoped GaAs samples. A typical absorp-
tion spectrum of a GaAs sample is shown as a dashed
curve in Fig. 2.
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FIG. 2. Optical interband absorption spectrum of a GaAs
sawtooth superlattice at T=6 K. Theoretical transition ener-
gies are indicated by arrows. The lowest electron to lowest
heavy-hole transition is referred to as Oe-Ohh. The parameters
used for the calculation are a period of 142 A and a dopant con-
centration of 1.3 10"* cm 2. The energy gap of the substrate is
marked by a double arrow. The absorption tail of the substrate
is characterized by an Urbach-tail energy of Ey =6 meV.
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The absorption spectrum shown in Fig. 2 shows strong
absorption below the fundamental gap of GaAs in a
range of 400 meV below the band gap of the GaAs host
lattice. The most striking aspect of the absorption spec-
trum are four distinct features: an absorption maximum
(peak) at A=1090 nm and three shoulders at wavelengths
of A=1000, 920, and 865 nm. We attribute the structure
to transitions between quantum-confined states in the
valence and conduction band. Such quantum-confined
interband transitions have not been observed since the in-
vention of doping superlattices, 19 years ago. Further-
more, the absorption is not monotonically increasing
with energy, but has a clear peak at A=1090 nm. Unlike
the absorption spectrum shown in Fig. 2, the joint density
of states is increasing monotonically with energy. The oc-
currence of such an absorption peak therefore shows the
presence of excitonic or electron-hole correlation effects.

The formation of excitons necessitates a novel, extend-
ed understanding of physical properties of doping super-
lattices. According to previous beliefs, electron-hole sep-
aration’~* naturally objects to the formation of excitons.
However, the result presented here elucidate exciton for-
mation in sawtooth superlattices with appropriate design
parameters. Furthermore, excitonic absorption increases
the absorption coefficient by several orders of magni-
tude!®!” over nonexcitonic absorption, which in turn has
been observed in conventional doping superlattices.! >
Thus, the sawtooth superlattice provides unique physical
properties not found in other structures or material sys-
tems.

The built-in electric field in the sawtooth superlattice is
given by F =eN2P /2¢ which equals to F 25X 10° V/cm.
At such high fields excitonic absorption is not observable
in homogeneous semiconductors or square-shaped quan-
tum wells'? due to a field-induced ionization of excitons.
In contrast to homogeneous semiconductors or square-
shaped quantum wells, the sawtooth structure, even
though an extremely high field is present, opposes a
field-induced separation of carriers over more than half a
superlattice period. Thus, electron-hole correlation
effects are observed even at field strengths exceeding 10°
V/cm. Excitonic enhancement of the absorption can,
however, occur in doping superlattices, only if the spatial
electron-hole separation [which is approximately z, /2 for
the n=0 states, see Fig. 1(b) for illustration] is smaller
than the electron-hole interaction length (excitonic diam-
eter). This condition is indeed satisfied for our samples
with z, /2=75 A.

We now compare the experimental absorption data to
theoretical transition energies inferred from Egs. (2) and
(3). The arrows shown in Fig. 2 are calculated energies of
quantum-confined transitions. The lowest electron (n=0)
to lowest heavy-hole (n=0) transition is referred to as
Oe-Ohh transition. Very good agreement between calcu-
lated quantum-confined transition energies and experi-
mental ones is observed over a wide range of energies.
For the calculation a period of z,=142 A and a doping
concentration of NP=N2"=1.3x 10" cm~? has been
used.

In Fig. 3 the absorption is plotted on a logarithmic
scale versus energy. A linear relationship (straight line)
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FIG. 3. Logarithmic absorption of a GaAs sawtooth super-
lattice at T=6 K vs photon energy. The quasilinear functional
dependence (solid line) indicates a transition probability which
increases exponentially with energy. Solid circles and solid
squares represent maxima and minima of the absorption spec-
trum.
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FIG. 4. Optical interband absorption of a GaAs sawtooth su-
perlattice for sample temperatures 6 < T <300 K. A shift of the
fundamental gap as well as the quantum-confined transitions is
found with increasing temperature.
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between the envelope of In(al) and E is obtained.!” Thus,
an exponentially increasing transition probability with
energy is inferred from Fig. 3. The envelope of the ab-
sorption is exponentially increasing due to an increasing
overlap of wave functions and, accordingly, an exponen-
tially increasing matrix element.

Additional absorption spectra for temperatures
6 < T <300 K are shown in Fig. 4. The absorption edge
of the substrate shifts from 820 nm at T7=6 K to 875 nm
at T=300 K. The quantum-confined interband transi-
tions of the sawtooth superlattice exhibit the identical
qualitative shifts to longer wavelength as shown in Fig. 4.
Such a shift of peak energies of the superlattice absorp-
tion is expected to track the shift of the band edge of the
host material according to Eq. (5).

In conclusion, we have experimentally and theoretical-
ly studied optical interband absorption in a GaAs doping
superlattice with a sawtooth-shaped conduction- and
valence-band edges. Absorption measurements reveal for
the first time quantum-confined interband transitions
below the host-GaAs band-gap energy. The peak nature
of the lowest transition (n=0) shows the presence of exci-

tonic enhancement. The envelope of the absorption spec-
trum is an exponential function and reflects the increas-
ing oscillator strength of the interband transition. Sub-
band energies of a V-shaped potential well are calculated
using Airy functions. Very good agreement is obtained
between experimental absorption data and calculated
subband energies. Quantum-confined transitions shift to
lower energies at higher temperatures in agreement with
the shift of the fundamental gap of the host GaAs semi-
conductor. The observation of quantum-confined transi-
tions is made possible through the sawtooth structure
which is superior to conventional doping superlattices.
The measurement and the sawtooth structure reported
here promise to be useful tools and of special importance
in the area of superlattice research. The wide utilization
and application of quantum effects as well as excitonic
effects (which were and are so successful in compositional
superlattices) can now be extended to the field of doping
superlattice for research and technology.
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FIG. 1. (a) Charge distribution in a sawtooth superlattice
with period z, and doping concentration N3° and N3°. (b)
Electronic band diagram of a sawtooth superlattice. The wave
functions ¢,(z) are shown for k,=0. Minibands have a width

of AE,.
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FIG. 2. Optical interband absorption spectrum of a GaAs
sawtooth superlattice at T=6 K. Theoretical transition ener-
gies are indicated by arrows. The lowest electron to lowest
heavy-hole transition is referred to as Oe-Ohh. The parameters
used for the calculation are a period of 142 Aanda dopant con-
centration of 1.3 10" cm 2. The energy gap of the substrate is
marked by a double arrow. The absorption tail of the substrate
is characterized by an Urbach-tail energy of E;; =6 meV.



