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Quasi-two-dimensional photoexcited carriers in GaAs doping superlattices
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Periodic multilayer structures of GaAs exhibit new semiconductor properties such as
tunable effective band gap, long lifetime of photoexcited carriers, and quantization of car-
riers in space-charge-induced potential wells. We present a more careful treatment of the
high excitation regime, where the subbands broaden into minibands, than earlier self-
consistent calculations. Experimentally we have used photoluminescence and resonant in-
elastic light scattering measurements to study the subband structure. The luminescence
peak is found to shift with decreasing photoexcitation intensity far below the band gap of
GaAs. By comparing the peak position with the theory we determine the carrier concen-
tration. Resonant spin-flip single-particle excitations directly give the subband splittings
which are in good agreement with the theoretical results. At high excitation intensities,
the subbands merge and a quasi-three-dimensional behavior is found.

I. INTRODUCTION

In recent years extensive theoretical and experi-
mental studies of artificial semiconductor superlat-
tices have been performed. Most of the work was
focused on the electrical and optical properties of
the compositional multilayer structures
Al„Ga~ „As-GaAs (Ref. l) and InAs-GaSb (Ref.
2). The introduction of the modulation-doping
technique has opened new possibilities, especially
in connection with the strongly enhanced mobili-
ties of transferred electrons in such structures.
The progress achieved is due to the further
development of molecular-beam epitaxy as an ex-
cellent crystal-growth technique used for the
preparation of ultrathin semiconducting films of
different composition and/or doping.

Apart from these successful achievements in the
field of compositional multi-quantum well struc-
tures, extensive theoretical studies of a different
type of artificial semiconductor superlattice com-
posed of ultrathin n- and p-doped semiconductor
layers have been performed already by Dohler ten
years ago. More recently, Dohler has shown that
these new types of superlattices should have a
number of new properties such as tunable effective
band gap, long lifetime of photoexcited carriers,
quantization of carriers in space-charge induced-
potential wells, and tunable absorption coefficients.

The development of abrupt doping techniques in
combination with molecular-bean epitaxy recently
made feasible the growth of GaAs-doping superlat-
tices. In these so-called n-i-p-i crystals the elec-
trons of the donor impurities in the n-type layers
are transferred in space to the acceptor sites in the
p-type layers. This results in space-charge poten-
tials perpendicular to the layers caused by the ion-
ized impurities. It is easy to calculate the space-
charge potential and the subband splitting in this
situation. The potential-well depth and the sub-
band energies depend only on the layer thickness
d„and d~ and on the impurity coricentration XD
and Nz.

The first experimental evidence for the validity
of the basic theoretical ideas was the observation of
strong-absorption tails extending far into the gap
of the pure material. The direct observation of a
tunable effective band gap and the quantization of
photoexcited carriers in space-charge potential
wells has been reported recently.

In this work we present more extensive studies
of both photoluminescence and resonant inelastic
light scattering experiments of different GaAs-
doping superlattice structures. In Sec. II we dis-
cuss the concept and theoretical calculations of
subband energies in such n-i-p-i crystals. %e treat
more carefully than previous calculations the
highly excited regime where effects associated with
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the finite-miniband width of the subbands became
noticeable. In Sec. III the sample characterization
and the experimental techniques are described.
The experimental results are discussed in Sec. IV
followed by some concluding remarks.

II. MINIBAND THEORY

also even V(z) = V( —z). For such a potential the
stationary states are a product of plane waves

parallel and Bloch waves perpendicular to the
layers. The Bloch waves g„k(z) have the form

l(„k(z) =u„k (z)e'

where n is a Ininiband index, k a wave vector in
the first Brillouin zone

The theory of the electronic structure of n-i-p-i

superlattices has been developed by Dohler ' and

by Dohler and co-workers. ' When the superlat-

tice potential is deep, the electrons are strongly
bound to one layer and the superlattice potential
can be treated as a series of independent potential
wells in which the electrons behave quasi-two-
dimensionally. It is well known that the binding
of the electrons leads to quantization into subbands

with dispel sion,

——(k( —,
6

and u„k(z) is periodic

u„l, (z)=u„k(z+d) .

The Bloch function satisfies the Schrodinger equa-
tion

fP d
, + V(z) p„k(z)=E„(k)g„l,(z) . (4)2' gz

where k~~ is the wave vector parallel to the layers,
m is the electron effective mass, and the subband

bottom energies E„are eigenvalues of the one-

dimensional Schrodinger equation

d
g„(z)+V(z)g„(z)=E„g„(z),

2m gz
(2)

where V(z) is the superlattice potential in one

layer. The potential consists of the potential from
ionized impurities and of the direct Hartree poten-
tial from the electrons themselves. Inclusion of ex-

change and correlation effects through the local-
density-functional formalism does not change the
results much. ' It was shown in Ref. 8 that the
calculated subband-energy separations agree well

with resonant Raman scattering measurements.
In this work we present a more careful treatment

of the highly excited case in which so many elec-

trons are created that states with energy near or
even above the top of the superlattice potentials are
occupied. In that case the two-dimensional nature
of the system is less pronounced, since electrons
can easily tunnel between the wells. We mention
that for the Al„Ga~ As-GaAs superlattice such
states have been investigated by Ando and Mori. "
Our method of solution is quite different from
theirs, however, so we describe it in some detail
here.

The potential V(z) is a periodic function of z,
V(z +d) = V(z), —oo &z & oo, where d =d„+d» is
the superlattice period, and we chose z=O in the
middle of an n-type layer so that the potential is

and

l)jl(z) =—gl( —z)

$2(z) =Q2( —z),
so at the end points we have

Pl = Pl Pl
2 2

2

6
2

2
d
2

We then try to find a Bloch solution as a linear
combination of these two solutions:

u„q(z)e' =a lpl(z)+a2$2(z) .

The periodicity of u„k(z) applied at +d/2 leads to

Instead of solving this eigenvalue equation for a
given k we go the opposite way and choose the en-

ergy E. By direct integration starting from z=0
we construct two real solutions, gl(z) and $2(z), to
the Schrodinger equation in the interval

d d(z( —.
2 2

'

We choose initial conditions l(l (0)=0,$'l (0)=1 and

gq(0) = I,fg(0) =0.
Because of symmetry around z=O we have
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a homogeneous system of linear equations for a ~

and a2,
imaginary solutions for k, so that the chosen ener-

gy lies in a gap. For

p ~ (1+e' )a ~ +pz(1 —e' )az ——0,

p) (1—e' )a, +pz(1+e' )az=O,

which has a nonzero solution only if

z'kd 'kd( +p~ ) + 1 ()

where we have made use of the fact that the %ron-
skian

g)(z)Pz(z) —Qz(z)g)(z)= —1 .

For Ip&pz+pzp'& I
&2 this equation has purely

Iptpz+PzPI I
&2

we have two symmetric real k values in the first
Brillouin zone, and from Eqs. (6) and (7) we can
find the corresponding two Bloch solutions u„ke' '
and Dg ke

If we normalize so that

d/2I, Iu„I, (z)
I

dz=l,

the electron density is given by (for temperature
T=O K)

md ~~d dk
p(z)=,g f [EF—E„(k)]8(EF—E„(k))

I u„k(z)
I

', (10)

where the Fermi energy EF is determined by the condition

N = g I [EF E„(k)]6—(EF E„(k)),—
n

and N is the areal density of electrons per lattice
period.

Having shown how we solve the Schrodinger
equation (4), we make the Hartree approximation
in the standard way, i.e.„ the lattice potential is
determined by solving Poisson's equation

I

a highly excited case. Contrary to the weakly ex-
cited case, where the potential well is almost para-
bolic and the subbands almost equidistant, we have
here a much shallower and more rectangular po-
tential. Consequently, the subband separation be-
tween the lowest two subbands is smaller than be-

d V e=——fp(z) —XD(z)+Xq (z)],
dz

(12)

where ED(z) and Xq (z) are the distributions of ion-
ized donors and acceptors and e is the perrnittivity
of GaAs. The Poisson and the Schrodinger equa-
tions are calculated self-consistently. Because of
macroscopic charge neutrality, acceptors in a suffi-
ciently broad region around the top of the potential
well will be neutralized to compensate for the
charge of the free electrons. The charge-neutrality
condition and symmetry secure that the whole
periodic lattice potential can be found by integrat-
ing Poisson's equation in one lattice period with
the initial condition d V/dz=O for z=O. Com-
pared with the method of Ando and Mori" the ad-
vantages of this method are that all calculations
are done in one well and that diagonalization of
matrices of high rank is avoided.

It should be mentioned that in practice we first
determine the miniband edges E„(k=0) and
E„(k=m/d) by iteration. e=12.53eo and
m=0.067m0 have been used in the calculations.

In Fig. 1 we show some characteristic results in
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FIG. 1. Results of theoretical calculations for a sam-
ple with d„=d~ =40 nm and E~ ——N& ——10"cm ' in a
highly excited case with a two-dimensional concentra-
tion of 3.75&10' cm . Left side: self-consistent po-
tential V(z) and energy levels. The square of the elec-
tron wave function is shown for the lowest three sub-
bands. The widths of the minibands are indicated by
hatches. Right side: dispersion E„(k) in the direction
perpendicular to the layers.



QUASI-TWO-DIMENSIONAL PHOTOEXCITED CARRIERS IN. . .

tween the next two subbands. Near the top of the
potential the wave function between neighboring
wells overlaps strongly and therefore the subbands
broaden to minibands with considerable dispersion
in E„(k) shown in the right part of the figure. For
energies sufficiently high above the top of the po-
tential the gaps become small and the electrons are
almost free in the direction perpendicular to the
superlattice layers also, so that we have a three-
dimensional almost-free-electron gas. The results
of this theory are compared with the experiments
described in Sec. IV.

III. EXPERIMENTAL TECHNIQUES

scattering experiments as shown schematically in
Fig. 2. The samples were mounted in the exchange
gas chamber of a temperature-variable cryostat and
cooled to T=10 K. The photoexcitation was pro-
duced by the 647.1-nm emission line of the Kr+
ion laser. The power density was varied by several
orders of magnitude using attenuators and point
and line focus. The backscattered light was col-
lected and focused on the entrance slit of a Jarrel-
Ash double monochromator and analyzed and
detected with a GaAs photomultiplier tube and
conventional pulse-counting electronics. In the
used setup spectra could be obtained down to 1.35
eV where both our spectrometer and the photomul-
tiplier have their cutoff.

The GaAs n-i-p-i structures used in the present
experiments have been prepared by molecular-beam
epitaxy. Twenty alternative n(Si)- and p(Be)-doped
GaAs layers were grown on a semi-insulating or
n+-GaAs (100) substrate. The doping concentra-
tion N~ ——X~ ——1X10' cm was the same for all
layers. The individual layer thickness (d„and dz)
varies from 20 nm in sample 2227 to 60 nm in

sample 2229. In the ground state we have
EDd„=Xqdz which is the situation of the compen-
sated n-i-p-i crystal. The ground-state parameters
of the samples studied are summarized in Table I.

In the ground state the periodic potential well is
parabolic, which results in an equidistant spacing
of the subbands. The effective-energy gap Eg, ap-
proximately given by Eg —2VO with Eg-1.52 eV,
is the low-energy limit of the tunability of the opti-
cal properties of these structures.

In n-i-p-i crystals photoexcited electron-hole
pairs are separated in space and collected in the
respective doped layers. The Hartree potential of
free carriers is then added to the space-charge po-
tential of the ionized impurities which results in an
increased effective-energy gap Eg and, conse-
quently, in a decreased well depth and subband
splitting. In order to study these effects, we have
performed photoluminescence and inelastic light

IV. RESULTS AND DISCUSSIONS

Luminescence
Ec ~{z)

Raman

EF- —"-X- ——l ———4i' X reer
I

OOOO . —. —' —' —MOOOOO

0 E0+h0

In order to obtain information on the tunability
of the effective energy gap and on the photoexcited
quasistable carrier concentration per layer, we have
studied the photoluminescence spectra of the three
samples using different excitation intensities. The
luminescence in excited GaAs-doping superlattices
arises from the recombination of electrons in the
occupied subbands with the holes which are as-
sumed to occupy a narrow impurity band centered
around the position of the acceptor levels in the @-

type layers. This assumption is reasonable in view
of the large difference of the effective mass of
holes and electrons. Also we find experimentally

TABLE I. Parameters of the studied n-i-p-i crystals
in the ground state. 2Vp is the depth of the potential
wells.

E„+V(z)

direction of periodicity z

Sample

2227
2228
2229

de dp

(nm)

20
40
60

Ng) ——Ng
(cm )

1g10"
1g 10"
1g10"

2Vp

(meV)

144
578

1300

Ng)d„
(cm ~)

2X10"
4y 10"
6X 10"

FIG. 2. Real-space energy diagram of an excited n-i-
p-i crystal. E, and E„are the conduction- and valence-
band edges, respectively, EF is the Fermi energy in the
conduction band, Ez is the acceptor level, and V{z) is
the superlattice potential. The Raman and luminescence
processes are shown schematically.
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that in homogeneously doped p-type GaAs (Be) the
low temperature luminescence remains relatively
sharp up to concentrations of 1& 10' cm and is
mainly due to transitions from the conduction
band to the Be-acceptor levels. ' In homogeneous-

ly doped n-type GaAs (Si), on the other hand, the
system is already degenerate at donor concentra-
tions Nz &1&(10' cm

In n-i-p-i crystals the excited electrons and holes
are separated in space. The recombination is due
to the overlap of the wave functions of the elec-
trons in the subbands or minibands with the
acceptor-band wave functions. At low excitation
intensities, this overlap is extremely small. Howev-

er, it increases exponentially with increasing carrier
concentration. Iri addition, the strongest overlap
occurs for the highest occupied subband. In the
quasi-two-dimensional case the density of states is
constant in each subband. Consequently, we ex-

pect a staircaselike luminescence line shape with
the high energy onset at EF—Eq, where EF is the
Fermi energy in the conduction band and Eq is the
energy of the acceptor impurity band. As dis-
cussed already in Ref. 8, the steplike character of
the luminescence has not been observed, which is
caused by the inhomogeneous excitation of the in-

dividual layers due to the limited penetration depth
of the laser light.

In Fig. 3 we show some photoluminescence spec-
tra of sample 2227 obtained with different excita-
tion intensities. The observed peaks are asym-
metric with a relatively sharp onset on the high-
energy side and a tail on the low-energy side. The
peak position shifts to higher energies with increas-
ing excitation intensity. At very high laser excita-
tion the peak approaches the band gap of GaAs
and the line is more symmetric. Similar results
have been obtained for the other samples. The red
shift of the luminescence peak for low-excitation
intensities is much stronger in the n-i-p-i crystals
2228 and 2229 which have a larger width of the
layers and, consequently, much deeper potential
wells at a fixed carrier concentration.

On the left-hand side of Fig. 4 we show the shift
of the luminescence peak for the three samples
versus excitation intensity. The experimental
points mark the inflection points on the high-
energy side of the luminescence lines. These values
correspond to the energy difference EF—Ez. Us-
ing the calculations described in Sec. II, we can
now convert the laser-excitation scale to a carrier-
density scale X per layer. The theoretical results
for EF—E& for the three samples are shown on the
right-hand side of Fig. 4. This figure is used to

Sa
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10 Wcm
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1.35 1./ 1./ 5 1.5

ENERGY (eV)
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1.55

FIG. 3. Photoluminescence spectra of a GaAs n-i Jp-i

superlattice with d„=d~ =20 nm and N& ——ND ——10"
cm at different laser-excitation intensities.

determine the two-dimensional carrier concentra-
tion from the luminescence peaks. It should be
mentioned that at very high excitation intensities,
when the lines are more symmetric and approach
the GaAs energy gap, this method gives only a
lower limit of N.

In order to get direct information on the sub-

band splitting, we have performed resonant inelas-
tic light scattering experiments. This technique
has been successfully applied to study the subband
splitting of two-dimensional electron systems in
Al Ga~ „As-GaAs single heterojunctions' and
multiquantum well structures. ' The relevant light
scattering processes in two-dimensional plasmas
have been discussed theoretically by Burstein
et al. ' based on the theory of light scattering by
three-dimensional carrier systems. There have also
been some successful attempts made to observe
light scattering by photoexcited carriers in undoped
quantum well structures, ' as well as in pure,
homogeneous GaAs. ' ' Compared with n-i-p-i
crystals, however, the situation there is different
because the electron-hale pairs are not separated in
space. Consequently, their recombination lifetime
is much shorter. The photoexcited plasma in a
homogeneously doped or pure semiconductor is a
multicomponent carrier system which gives rise to
acoustic-plasma modes which have been observed
recently. '

To observe light scattering signals of a quasi-
two-dimensional electron system it is necessary to
work under resonance conditions where the scatter-
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ENERGY SHIFT (cm ')
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1 I 1 I

Sample 2228
7. 1 01Tl

4Q00 Wcm

300 Wcrn

1QQ Wcrn

I I i I I I I

0 10 20 30 40 50 60 70

10 Wcm

intensity. In some cases three peaks with approxi-
mately equidistant energies are observed. These
excitation lines are identified as 6=1, 6=2, agd
6=3 intersubband transitions in the n-i-p-i layers.

ENERGY SHIFT (crn ')
0 100 200 300 400 500

ENERGY SHIFT (meV)
FIG. 6. Single-particle spectra at different excitation

intensities for sample 2228.

In Fig. 8 the positions of the subband excitations
are compared with the calculated splittings. The
full points mark the experimental results. The
crosses are the results of Ref. 8 obtained for sam-
ple 2228. With the use of the procedure discussed
above, the two-dimensional carrier density has been
derived from the luminescence experiments carried
out simultaneously with the Raman measurements.
The potential well is only an ideal harmonic oscil-
lator for extremely low excitation. For higher /
the subband splittings are not exactly equal.
Therefore, the solid lines in Fig. 8 show the theo-
retical results for the average subband splittings
6=1, 2, and 3. These have been obtained by
weighting the excitation energies by the number of
electrons which can make the transitions. The en-

ergies calculated in this way are in excellent agree-
ment with the experimental results for all three
samples.

The arrows in Fig. 8 mark the carrier density at
which the Fermi energy according to the calcula-
tions reaches the top of the potential wells in the
conduction band. At higher electron concentra-
tions part of the carriers occupy states for which
the overlap of the electron wave functions between
neighboring wells is strong enough to broaden the
subbands into minibands with considerable disper-
sion perpendicular to the layers. At the same time
the mean subband distance gets smaller. This is
observed in the spectra at high excitation intensi-
ties. In sample 2229 (Fig. 7} the subband excita-

Sample 2229
47.1 nm

100-
Sample 2227

000 Wcm

500 INcrn

100 Wcm

Q

E 1QQ

C3
CL
LLI 50
z:
LLI

C) 0-
I
—10Q
V)

CL
I—

Sample 2228

10 V/cm

0- I I I I

2 3 4

CARR)ER PENg)Ty ~1012~IT}-2)

I j t I

0 10 20 3Q 40 5Q 60

ENFRGY SHIFT (meV)

FIG. 7. Single-particle spectra at different excitation
intensities for sample 2229.

FIG. 8. Comparison of experimental subband transi-
tion energies with the results of self-consistent calcula-
tions. The dots mark our own experimental values, the
crosses are from Ref. 8. For carrier densities higher
than those marked by arrows the Fermi energy lies
above the top of the potential wells.
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tions merge at 3000 Wcm resulting in a broad
single-particle excitation band which is already
very similar to the results obtained for the free-
electron system in GaAs. ' A similar broadening
and change in line shape is observed for the other
samples. At high-excitation intensities the pho-
toexcited electrons in n-i-p-i crystals are therefore
quasi-three-dimensional rather than two dimension-
al. This is also the reason that the luminescence
line is more symmetric at high carrier concentra-
tions.

V. CONCLUDING REMARKS

In summary, we have shown that new' types of
GaAs-doping superlattices definitely show the
predicted properties such as tunable effective band

gap and quantization of electrons in purely space-
charge-induced potential wells. The experimental
results obtained with three different types of com-

pensated GaAs n-i-p-i crystals are in very good
agreement with self-consistent subband calculations
which are only based on the design parameters of
the samples. In the calculation the effect of the
finite mlnlband width of the subbands was treated
more carefully. The spin-flip single-particle spec-
tra clearly show this broadening at high-excitation
intensities. The spectral line shapes change and be-

come very similar to single-particle excitations of a

three-dimensional electron gas.
We have also measured Raman spectra of collec-

tive excitations (coupled with LO-phonon modes)
which, in principle, allow the quantitative deter-
mination of the effect of resonant screening in the
electron system. With increasing excitation inten-

sity, however, more and more subbands are occu-
pied and the spectral line shapes become compli-
cated. At very high density, again a quasi-three-
dimensional coupled plasmon-LO-phonon spectrum
is observed. Thus the n-i-p-i system makes it pos-
sible to study the effects on resonant screening
concomitant with the continuous change from a
two-dimensional to a thee-dimensional system.
The coupled-mode frequencies have been calculated
recently. For a quantitative interpretation of the
collective coupled-mode spectra, however, more
theoretical work is necessary.
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