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Quasi-two-dimensional (2D) carrier systems of GaAs/(Al, Ga)As multiple-quantum-well struc-
tures are studied under quasistationary excitation conditions using the pump and probe beam and
the luminescence spectroscopy. In the low- to medium-density regime the saturation of the n, =1
exciton resonances dominates the nonlinear optical propeties. The low-temperature saturation den-

sity is found to be N, =4X 10' cm ', independent of the well width L, . The carrier-induced ener-

getic shift of the 1hh-exciton resonance as a function of L, shows the dimensional dependence of the
0

screening properties of the carriers. The 2D limit is reached at well widths smaller than 50 A,
0

whereas the 3D behavior occurs already at L, = 190 A. In the high-excitation regime, the renormal-
ization of the fundamental band gap is investigated as a function of the electron-hole plasma densi-

ty. The density and the reduced band gap are determined via systematic evaluations of both gain
and luminescence spectra. The observed behavior can be described by a strict 2D theory using
eftective exciton parameters in order to account for the finite well widths of the structures. The
same theory describes very well an n-type modulation-doped quantum well if an independent shift
of each subband —according only to its specific carrier density —is assumed. The correlation
enhancement of the band-to-band transitions was observed in an n-type modulation-doped sample
where all excitonic features were quenched by the doping density. The study of the higher subbands
reveals that both exciton bleaching and subband renormalization are due mainly to a direct occupa-
tion of the specific subband; we find that the intersubband eAects via Coulomb screening are negligi-
ble.

I. INTRODUCTION

The progress in manufacturing high-quality layered
semiconductor structures since the beginning of the
eighties led to a strong increase in research activities on
their optical properties and use as new electronic devices
of the so-called (multiple-) quantum-well structures
(MQWS). For recent reviews, see, e.g. , Refs. 1 —3.

This contribution reviews the recent activities of our
research group concerning the nonlinear optical proper-
ties of GaAs/(Al, Ga)As MQWS under the illumination
with nanosecond laser pulses. This stands for the realiza-
tion of quasistationary excitation conditions: the dura-
tion of the exciting light pulse is long in comparison with
the intrinsic time constants of the semiconductor materi-
al.

The observed phenomena can be divided into two parts
which both depend on the number of optically created
carriers.

(i) The low- to medium-density domain is dominated by
excitonic features; we studied the bleaching and the shift
of the quasi-two-dimensional (2D) excitons as a function
of the electron-hole pair density.

(ii) The presence of an electron-hole (e-h) plasma is re-
sponsible for the high-density features of the samples;
band-gap renormalization and correlation eAects are in-
vestigated in this case.

II. EXPERIMENTM. SETUP

For our investigations several molecular-beam-epitaxy-
(MBE-) grown samples on GaAs substrates were avail-
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able. We studied undoped MQWS with different well
widths L, between 36 and 190 A and an n-type
modulation-doped MQWS (MDQW) with L, = 147 A
and ND =2. 8 X 10" cm . The carriers were created op-
tically with pulsed-excimer-laser-pumped dye-laser sys-
tems. The pulse duration was about 10 ns and we
reached power densities up to 10 MW/cm . We generat-
ed the carriers directly in the wells above the fundamen-
tal band gap with photon energies around 1.7 eV. Lattice
temperatures between 5 and 77 K were realized.

In order to prepare the samples for transmission exper-
iments the substrate was removed by a selective etching
technique. Optionally one surface of the samples was
covered with an antir exsection coating. The photo-
luminescence was detected in transmission as well as in
reflection. The reason why we did not find any remark-
able difference between both techniques lies in the small
sample thickness. To achieve absorption spectra we used
a common pump- and probe-beam setup. Transmission
and luminescence signals were detected simultaneously
by using an optical multichannel analyzer behind a spec-
trometer.

III. THE LOW- TO MEDIUM-DENSITY REGIME:
EXCITONIC FEATURES

All considerations in this chapter use a linear relation
between the reduction of the excitonic oscillator strength
f and the density X of e-h pairs, with the condition that
N is small (i.e., 1Va2D is of the order of unity, with a2D,
the excitonic Bohr radius) '

1s

Assuming a complete occupation of the states with exci-
tons, we use the following theoretical expression for the
saturation density:

0. 117
S

77a 2D
(3)

For the interpretation of the carrier-density-induced blue
shift 5E of the lowest exciton (lhh-x) we made use of the
relationship

5E 5f
Ei. fi, (4)

The shift coe%cient C is zero for 3D carrier systems,
which has been proven experimentally. ' ' Theoretical
considerations for a 2D exciton gas at T =0 K (Ref. 13)
give the shift of

Herein N, denotes the saturation density of the excitonic
resonance, which is defined as a decrease of the oscillator
strength by a factor of 2. Furthermore, we assume a
linear dependence between the reduction of the oscillator
strength and of the peak value of the absorption of the
excitonic structure 5&x, thus neglecting effects due to the
collision broadening ' '
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FIG. 1. Saturation of the 1hh-x at TL =10 K (1eft) and
TL =77 K (right) of a 190-A MQWS.

=3.86~a 2DN.Ei,
The numerical value of C is 0.5 in this case. To deter-
mine the magnitude of 6a and 6E, Gaussian or Lorentzi-
an fitting curves were used.

Taking the numerical values for the excitonic satura-
tion density from literature one gets different results—
depending on the experimental techniques used. The
values of one-beam experiments at room temperature are
about (3—5)X 10" cm (Refs. 9, 10, and 14) while the
investigation of n type M-DQW samples show that a dop-
ing density in the range of (1—3)X10" cm is high
enough to bleach the structure of the first
electron —heavy-hole exciton (lhh-x). '

The evaluation of our gain spectra gives a band-gap
shift of already —21 meV for a 130-A sample at helium
temperature under an e-h plasma density of 3 X 10" cm
while the excitonic rydberg Ryzz is only about 8 meV at
zero density; with increasing carrier density the exciton
energy is nearly constant in 3D and shifts even slightly
blue in quasi-two-dimensional systems. So we have to
look for much lower values for the saturation density N,
than those mentioned above.

Figure 1 shows results of a two-beam experiment. We
investigated the lhh-x bleaching of a 190-A MQWS at
lattice temperatures TL of 10 K (left) and 77 K (right), re-
spectively. The carriers were created optically. In order
to achieve low carrier temperatures in the first case
( TL =10 K) the excitation energy was chosen to 1.54 eV.
To deduce the carrier density from the spectra we used
formula (1) to extrapolate the well-known values of the
plasma regime (the evaluation of the plasma spectra is de-
scribed in the next paragraph).

At 77 K we observe a decrease of the absorption height
of the 1hh-x resonance with increasing pump power due
to population effects while the spectral position of the ex-
citon is still unchanged. This behavior is different from
the case of low lattice temperatures (left side of Fig. 1).
Here we find a blue-shifted maximum at the highest exci-
tation intensities in the spectra, which is due to exchange
interactions in the exciton gas. This shift only occurs if
the condition k~ T/E&, &&1 is fulfilled and vanishes with
increasing temperature T. We ascribe the effects at 77
K to the correlation enhancement of the continuum
states; an evaluation of the created density is not possible
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FIG. 2. Population-induced blue shift of the lhh-x resonance
of a 36-A MQWS.

FIG. 4. Dependence of the shift coefficient C on the well
width L, .

in this case.
The results of the fit procedure are %, =7.7X10'

cm for the 190-A MQW (multiple quantum well) at
77 K and N, =SX10' cm for a 130-A sample at 6 K.
The theoretical value of Eq. (3} gives %, =7.6X 10'
cm using the exact 2D Bohr radius azD of 70 nm. Re-
placing azD by the effective Bohr radius of a quasi-two-
dimensional system (which is about 130 A for the 130-A
MQW) we get X, =2.2 X 10' cm . The difference of
both experiment and theory is small in consideration of
the numerous assumptions which have been made.

As mentioned above there is no shift of the spectral po-
sition of the exciton in 3D. This behavior is due to the
compensation of two effects: On the one hand, popula-
tion effects result in an energetic red shift of the band gap
while on the other hand the excitonic binding energy is
reduced. ' '

It was one of our aims to study the continuous transi-
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tion from a 2D to a 3D carrier system. Therefore we in-
vestigated samples with well widths L, of 36, 75, 130, and
190 A. The 3D behavior is just reached in the 190-A
sample and is emphasized by vertical lines in Fig. 1. Fig-
ure 2 shows the 1hh-x absorption spectra of a 36-A
MQW under different excitation conditions. The expect-
ed excitonic blue shift is clearly recognizable in this case.

In order to evaluate the experimental data, the energet-
ic shift 6E of the exciton is drawn in Fig. 3 as a function
of the reduced oscillator strength of for different samples
and lattice temperatures. The shift coefficient C of Eq. (4)
is determined from the slope of the resulting straight line.

Theoretical predictions' give a resulting red shift of
the exciton for temperatures above 50 K and therefore a
negative C. Studying the 75-A sample we find a reduc-
tion of C from 0.3 to 0.1 by raising the temperature from
7to77K.

The relation between L, and C is demonstrated for the
TI =7 K data in Fig. 4. We give an interpretation of this
behavior as follows: the 2D limit is characterized by a re-
duced screening of the Coulomb interaction of the car-
riers compared to the 3D system. This results in an
enhanced inhuence of the exchange interaction and leads
finally to the observed blue shift of the excitonic reso-
nance. With increasing L, the screening of carriers be-
comes more and more important; the 3D limit is already
reached at L, =190 A. It should be emphasized that
even L, =100 A samples, which are usually used for the
investigation of 2D systems are —at least with respect to
the screening properties —far away from the strict 2D
limit.

0
0 0.1 0.2 0.3 0.4 0.5 IV. HIGH-DENSITY REGIME:

THE ELECTRON-HOLE PLASMA

FIG. 3. Shift of the 1hh-x as a function of its decreasing os-
cillator strength.

It was another aim to determine the plasma density N,
and the renormalized band gap E' by evaluating the gain
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%co
L (fico) ~ exp

k~ T,~
for QQ) p ))kg Teg (6)

with

and luminescence spectra. In the following considera-
tions we assume for simplicity parabolic subband struc-
tures for electrons and holes to make use of the effective-
mass approximation.

To obtain the plasma temperature directly from the
luminescence spectra L (A'n~) one can use'
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(7)
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and me & and T, h for the effective masses and tempera-
tures of electrons (e) and holes (h), respectively; iM, the
chemical potential of the created plasma.

Under quasistationary conditions we can assume that
both electrons and holes have enough time to interact
and reach the same temperature. Therefore we can write
T,z= T, = TI, . The plasma densities N, P and the quasi-
chemical potentials p, & of electrons and holes are com-
bined via

N
P

=g JD, i, (E)f, h(P, h, E)dE .

D, h are the two-dimensional densities of states and f, i,

the quasi-Fermi functions. To account for fluctuations of
the well widths and for alloy disorder in the (Al, Ga)As
barriers we replace the steplike density for band i by

D io(E) e, h

e, h

I+exp

(9)

L ( fini)

6 (ii'ice )

.=pa; f D, (E,E; )Dh (E,E~)FI G(E)

X 5„(fico E)dE . —(10)

Using a two-band system for the interaction of carriers
with the electric field we obtain

The adjustable parameter c, is to be fitted to the experi-
mental data. Typical values which we used are v=1 —2
meV. If we use the constant density of states instead of
Ref. 9, Eq. (8) leads to smaller values for N and P, respec-
tively. The difference increases with decreasing tempera-
ture and p (see Fig. 5).

With the assumption of momentum conservation for
the optical transitions and of a constant matrix element
and by neglecting the correlation enhancement due to the
high carrier temperatures, the luminescence and gain
spectra are given in the most simple case ' by

quasichemical potential p,, (me V)

FIG. 5. Theoretical dependence of the quasichemical poten-
tial p, on the density of electrons n at various plasma tempera-
tures T, [solid (dashed) lines: model with steplike (broadened)
density of states].

for the luminescence and absorption (gain) spectra, re-
spectively.

The factor a,~
in Eq. (10) is equal to 1 for

electron —heavy-hole (e-hh) and —,
' for electron —light-hole

(e-lh) transitions, taking into account that the e-lh oscilla-
tor strength is roughly three times weaker than the e-hh
one. ' The sum has to be taken over all subbands i,j.
We consider the limit of infinite barrier heights for the
optically allowed transitions, where only terms with i =j
will remain. The contributions of terms with i,j 2 are
negligible for low carrier densities (n, (8X 10" cm ) as
shown below. To calculate the subband energies E;,E
we assume rectangular potentials with finite barriers; the
matching conditions across the (Al, Ga)As-GaAs inter-
faces are the continuities of the envelope function (4) and
of m 'd+/dz. The deviations from the parabolic be-
havior of the lh and hh dispersion due to the breakdown
of degeneracy of their energies at the I point and the
noncrossing rule are completely neglected. The
effective masses used in our fits were
m, =(0.067+0.084x)mo, m, „=(0.087+0.063x)mo, and

mhh =(0.48+0.3lx)mo in the Al Ga, As barriers
and we have chosen, for the quantum well, values
m, =0.067mo mph =0 094mo mhh 0-34mo
mo denotes the mass of the free electron. For the values
of the band offsets of valence and conduction band V,
and V„we assumed V, =0.62(1.247x) eV (Ref. 25) and
V, /V, =62/38. The expression 5„(%co E) replaces a 5—
function which expresses the conservation of energy in
(10). 5r takes into account the final-state damping of the
photocreated carriers ' and is defined as

and

PL (E)=f, (E)fh(E)

FG(E) =1—[f,(E)+f„(E)] (10b)

The full width at half maximum (FWHM) I of this
Lorentzian profile is chosen as a function of the energy E
with its maximum 6+ I o at the band gap E, and a value
decreasing towards the chemical potential p= p, +pz,
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r, —a
(E —p)+6 if E~pr=r(E) E„

otherwise (12)

E'=E'(N )+—'A [N' (N' '+P )]-
a g

(13)

with X =%„,+AD, where ÃD is the electron density in
the well due to modulation doping and X„,the addition-

with A((1 meV. Typical values for the parameter I 0
are 2 —3 meV. In Refs. 31 and 32 an increasing I is as-
sumed for E )p. Recent publications on 2D systems
show that a fit with this model leads to lower plasma tem-
peratures. A check which we made to compare both
models gave plasma temperatures not more than 20%
smaller than those using Eq. (12).

The assumptions and approximations made in this
model are good enough to achieve a nice agreement with
our measurements. We were able to evaluate experimen-
tal data over more than two orders of magnitude of the
exciting optical power (lux density I,„, ( ~ 1 up to 420
kW/cm ) with resulting plasma densities N, between 10"
and 10' cm . The limitations of this concept are the
transition to the density regime dominated by excitons at
low densities and the increase of stimulated emission
preferentially in the plane of the platelet samples at high
densities. Figure 6 shows some results concerning the
MDQW for a lattice temperature TL =77 K. The calcu-
lated reduced fundamental band gap is marked by an ar-
row. It is satisfactory to see that the low-energy struc-
ture in Fig. 6(b) which we ascribe to the onset of stimulat-
ed emission at the I point takes place at the same energy.
The difference of both theory and experiment at the
high-energy tail of this spectrum is due to the population
of and subsequent transitions from the second subband,
which were neglected in the calculations.

Our results show significant deviations from those of
Bogiovanni, Staehli, and Martin, and of Trankle
et al. , respectively. The first group gets values for the
shift of E' which are about 5 meV too low in comparison
with our results, but are in accordance with ours if we use
a constant density of states in our calculations. The re-
sults of Trankle et al. for the shift are about 10—15 meV
too high; the reasons for the deviations have been already
briefly discussed in Ref. 33.

If the incoming light power density is high enough to
create a degenerate e-h plasma, it is possible to deduce
the plasma parameters by detecting the optical gain.
The values for E' and p are determined roughly by the
extreme points of the observed gain spectrum, i.e., by the
region of negative absorption coefficient. Two examples
are given in Fig. 7. The way how the densities are de-
duced from the gain spectra is given in Ref. 35. The
comparison of both methods, luminescence, and gain
spectroscopy shown in Fig. 8 for the MDQW sample
gives an excellent agreement. The dashed calculated line
represents a result of a dynamical single plasmon-pole ap-
proximation; to make the calculation comparable to the
experimental data of a MDQW, we assumed for the re-
duced band gap
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FICs. 7. Cxain spectra of a 50X 130 A MQWS at various lat-
tice temperatures.

Flax. 6. Line-shape analysis of the MDQW luminescence at a
lattice temperature of TL =77 K with I,„,=84 kW/cm (a) and
420 kW/cm2 (b).
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al one caused by photoexcitation; 3 is to be fitted to the
experimental data.

Equation (13) makes use of the assumption that each
subband shift depends only on the number but not on the
types of carriers. Previous calculations of the renormal-
ization of a one-component plasma show that electron
and hole subbands shift by a fairly equal amount and al-
most half as far as in the common two-component case.

Recent publications and research activities ' ' about
MDQW structures with ND & N, were able to ascribe an
observed low energetic structure to the correlation
enhancement around the spectral position of the chemi-
cal potential. It is shown in this contribution that this
phenomena reveals characteristics in the pump and probe
spectra which are different from those of excitonic

bleaching mechanisms.
Figure 9 shows absorption spectra of a 149-A MDQW

at TI =10 K. The spectra lead from N,„,=0 (top line) to
N,„,=2.4X10'' cm (lowest line) of optically created
carriers. Although we excited only slightly above the ab-
sorption edge to prevent carrier heating, carrier tempera-
tures of about 95 K were reached in the last case. The
effects of the increasing carrier density are a reduction of
height and a blue shift of the structure. The observed
shift is in contradiction to the excitonic bleaching of
comparable undoped samples where the spectral position
is nearly fixed, but can be explained by a shift to higher
energies of the absorption edge due to the filling of the
continuum states. The reduction of the absorption height
is in accordance with theoretical results '" ' ' where the
breakdown of the correlation enhancement with increas-
ing density and temperature is predicted. It should be
finally pointed out that the light power density needed to
bleach the MDQW structure in Fig. 9 is about 5
kW cm while we found out that 130 W cm are
enough for the lhh-x resonance of a 130-A MQW at
TL =7 K. This means that the necessary light power is a
good criterion to decide between both effects.

V. RENORMALIZATION OF HIGHER SUBBANDS

Concerning the investigation of the renormalization of
the higher subbands (RHS) with n, 2 two limiting cases
can be distinguished.

(i) At low light power densities the excitonic effects
dominate the absorption spectra. The higher subbands
are not occupied by carriers and therefore are only
influenced by intersubband interactions with the carriers
in the lowest subbands.

(ii) Increasing pump power leads to an occupation of
the n, ~ 2 subbands; for that reason bandfilling effects be-
come important for the RHS.

At excitation levels between these limiting cases one
can get additional information about the bleaching mech-
anisms of the higher-subband excitons.

To achieve the shifts of the higher subbands AE;, i ~ 2
in the first case, we assumed constant exciton binding en-
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FIG. 9. Decrease of the correlation enhancement and bleach-
ing of the absorption edge of a MDQW with increasing excita-
tion density.
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3hh, and 4hh excitons for a 190-A MQW. The excitation energy rrlco, „,was slightly above the 1hh-x.

ergies E&, , This simplification leads to an underrating of
the estimated subband shifts, but we assume the
discrepancy to be small as long as the excitonic resonance
of that subband is clearly observable.

Figure 10 shows pump- and probe-beam measurements
on a 30X 190 A MQWS. The lhh-x and llh-x are locat-
ed around E =1.52 eV, the 2hh-x at 1.56 eV, and the
3hh-x at 1.625 eV. To determine the carrier density X,
for small pump intensities we evaluate the 1hh-x oscilla-
tor strength. Values above the exciton bleaching density
are obtained from absorption line-shape analysis.
With increasing X, we observe the bleaching of the n, = 1

excitons due to direct occupation. After that the 2hh-x
structure vanishes. The 3hh-x shows only a slight red
shift. A line-shape analysis with a Lorentzian shape re-
veals that the area under the absorption peak remains al-
most constant. Within this model the broadening and the
reduction of the peak height are due to scattering pro-
cesses with carriers of the lower subbands. A rough es-
timation of the carrier densities in the various populated
subbands leads to the following result: the exciton
bleaching of the higher subbands is mainly due to phase-
space filling and exchange interactions, which are pure
population eAects. The exciton ionization via the inter-
subband screening is practically negligible.

In Fig. 11(a) the band-gap shift for the n, =1,2 transi-

tions of a 50X 130 A MQWS are given. It is clearly
recognizable that in the region of unpopulated higher
subbands with densities below 8X10" cm (Ref. 44)
only a slight shift AEz can be observed. As soon as the
occupation of the n, =2 subband sets in, a drastic de-
crease of the subband edge starts. Most recent theoreti-
cal results" are in good accordance with the observed be-
havior. The shift is in the order of magnitude which one
would estimate from the direct occupation density of the
n, =2 subbands. This result fits well with the observation
of the independently shifting subbands of the MDQW.
Hence the interaction of carriers in difterent subbands-
irrespective of their type of charge —appears to be very
weak. Figure 11(b) shows similar results for a wider
MQW sample. Again the shift of the higher subbands is
small compared to the shift of the fundamental gap as
long as the higher subbands are not populated.
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