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The development of the photoluminescence spectra with doping density has been studied for a se-
ries of single GaAs/Al Gaz As quantum wells center doped with Si. The trends observed are found
to be very different from those observed for equivalent doping levels in bulk GaAs. In particular,
excitons continue to dominate the radiative recombination at doping levels right up to the metallic
limit. The electron density at which the exciton is quenched is found to be considerably higher
(about 10 cm ) in the center-doped case than has previously been demonstrated for modulation-
doped quantum wells (about 4x 10 cm ). This result is understood in terms of the difference in
phase-space filling for the center-doped quantum well when compared with the modulation-doped
case. The impurity concentration at which the material becomes degenerate is also found to be
signi6cantly higher than in bulk GaAs. The recombination dynamics at the metallic limit have been
studied using a time-resolved photoluminescence technique and demonstrate that localization, re-
sulting from either interface roughness or the high doping level, is reduced as the density is increased
above the degenerate limit. The apparent relaxation of momentum conservation observed in the
photoluminescence spectra for highly doped samples is interpreted as being due to recombination
from strongly localized holes.

I. IN TROD U CTION

The properties of semiconductors, both optical and
transport related, vary substantially as the level of dop-
ing is increased. For high dopant concentrations a regime
is reached in which the material is said to be "degen-
erate. " This threshold corresponds to the onset of over-
lap of the broadening impurity band with the free-carrier
continuum, in turn, representing a transition from insu-
lating to metallic behavior. The metal-insulator transi-
tion has been studied optically in bulk GaAs for some
30 years. A detailed understanding of the electronic
phase change taking place at high doping concentrations
in GaAs has not yet, however, become clear. At doping
levels well below the metallic limit in bulk GaAs [three-
dimensional (3D)] exciton related transitions no longer
appear in the optical spectra at low temperature, even
under low-intensity excitation conditions; this effect has
been associated with the strong screening of the electron-
hole (e-h) Coulomb interaction by carriers and impu-
rities. The typical concentration of impurities in bulk
GaAs necessary to completely suppress the exciton (free
or bound) at low temperature is found to be around 10

cm . Optical spectra for higher doping levels are then
dominantly band-to-band and band-to-impurity related
transitions.

The doping level needed to reach the metallic transi-
tion has not been accurately determined for bulk GaAs.
The difhculty in making a de6.nitive measurement of
dopant concentrations, particularly at high doping lev-
els where compensation effects question the use of meth-
ods based on the number of ionized carriers, seems to
have excluded to date a systematic study correlated with
adequate transport measurements. It is apparent from a
survey of optical spectra for n-type GaAs obtained by dif-
ferent authors that the transition occurs at a doping con-
centration around 5 x 10 cm, i.e. , a little higher than
the theoretical limit calculated from the onset of wave-
function overlap ( 2 x 10~ cm s).2 s s 7 s ~~ Above this
limit, optical spectra are dominated, for n-type GaAs,
by transitions from the degenerate electron population in
the conduction-band-to-acceptor or valence-band states.
One issue of continuing debate is whether it is neces-
sary to relax the requirement for momentum conservation
in order to account for the observed photoluminescence
(PL) line shape. 's' In an n-type quantum well the in-
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elusion of nonmomentum conserving recombination will
result in a well-defined line shape reflecting the steplike
density of electron states. The observed PL peak position
is determined by a combination of two major effects, the
shift upwards in photon energy due to band filling up to
the Fermi level ("Burstein-Moss" shift) and the counter-
acting effect of reduction in band gap due to many-body
effects of the interacting carriers (the so-called band-gap
renormalization). These shifts are of comparable mag-
nitude, but for n-type GaAs the Fermi-level shift dom-
inates, leading to an upward shift of the PL peak with
increased doping above the metallic limit, ' ' ' ' ' while
in p-type GaAs the reverse situation is true.

In the two-dimensional (2D) case, specifically for
GaAs/Al Gai As quantum wells (QW's), there has
been little discussion in the literature of the situation
where the doping inside the well is increased up to the
metallic limit. A major difference between the recombi-
nation in 2D and 3D systems is that the excitons are sig-
nificantly stronger in the optical spectra of the 2D case.
The screening of 3D excitons, which is already strong
at very low doping and carrier densities, is much weaker
in the 2D case. Work on modulation-doped 2D struc-
tures has shown that the lowest-energy excitons can ex-
ist simultaneously with free carriers up to sheet carrier
densities of about 4 x 10 cm . At higher car-
rier densities, the excitons are quenched due to a com-
bination of many-body-related effects, carrier screening
due to Coulombic interaction, short-range exchange and
correlation, ' and phase-space filling by free carriers.
Higher-energy exciton states can still be clearly observed
in absorption, demonstrating that exciton screening is
relatively ineKcient. The efFect of center doping in
the quantum well on the screening and correlation of car-
riers has received considerably less attention. At low
doping the presence of excitons both free and bound,
and their dependence on the well width and the po-
sition of the dopant, have been extensively studied.
The properties of highly doped quantum wells ( 10
cm 2) have previously been discussed in the case of an
interesting anomalous polarization of the spectra found
for such structures. This behavior has been explained
in terms of many-body interactions within the electron
Fermi sea. No systematic study of the influence of the
doping level in the well on the optical spectra of a QW
structure, however, seems to have been presented. so far
in the literature.

In this paper we discuss such a systematic study of the
optical properties of n-type Si-doped 100-A QW's, where
the doping density has been varied between 2.5 x 10 and
2.5 x 10 2 cm 2 (3D density 5 x 10i4 —+ 5 x 10is).
The study concentrates on the high doping region, i.e.,
on the transition &om exciton to free-carrier behavior in
the optical spectra. Steady-state PL and PL excitation
(PLE) data are complemented with picosecond transient
studies performed with a streak camera unit, in order
to reveal the dynamics of the exciton and free-carrier
systems in the high doping regime.

A dopant placed in a layered structure such as a QW
has the possibility, given the appropriate band structure,
of losing its charge to an adjacent layer; this is the well-

known principle of modulation doping. For a center-
doped structure this effect is generally considered to be
negligible; however, charge loss can occur given the pres-
ence of states of lower energy in the adjacent layers. For
an n-type doped system such states would be deep lev-
els or shallow acceptors. This charge loss will in general
have a small effect on the band structure of the system.
If, however, there exists a high density of "accepting"
states the dopants can be entirely depleted. resulting in
a strong Coulombic potential due to the ionized. centers.
One example of this has been studied by Harris et al. ,
in which depletion of a doped quantum well results from
a high density of defect states at the nearby surface. In
this work we also illustrate how the depletion of charge
from the quantum well results in a strong d.istortion of
the confining potential at high doping levels.

The paper is organized in the following way. Section
II briefly describes the experimental technique and the
sample structure investigated. Section III presents the
experimental data, including both steady-state PL and
PLE data and picosecond time-resolved PL spectra. The
development of the optical spectra with doping density
is discussed, in particular concentrating on the behavior
just at the metallic limit. A study of samples above the
degenerate limit is also presented. In Sec. IV we discuss
the results, making a direct comparison with previous
data from the 3D case (highly doped GaAs) to illustrate
the main differences. Finally, Sec. V makes some sum-
mary conclusions from this work.

II. SAMPLES AND EXPERIMENTAL
PROCEDURE

The series of samples used for this study were grown by
molecular-beam epitaxy. The structure is a single quan-
tum well of 100 A well width, the barriers are 150 A wide
with a 34% Al content. A GaAs buffer layer and a sub-
sequent short-period superlattice have been grown be-
fore the QW structure to minimize background impu-
rity levels. All layers except the active QW were nom-
inally undoped. The active 100-A. QW layer was doped
in the central 50 A by continuous addition of silicon dur-
ing growth and without growth interruption at the inter-
faces. The growth temperature was chosen to be 680 C.
This is a compromise between high temperatures, which
are known to producer higher interface quality, and low
temperatures used to minimize segregation effects, which
spread the doping profile within the QW in the direction
of growth. At this growth temperature some interface
defects are introduced during growth, leading to a non-
radiative recombination channel. A bulk doping level
within the 50-A. doped region of from 5 x 10 cm to
5 x 10 cm is covered, corresponding to sheet densities
of 2.5 x 10s cm 2 to 2.5 x 10i2 cm in the QW.

The time-integrated photoluminescence data were ob-
tained at 1.6 K with a photon-counting detection tech-
nique, employing a Spex double monochromator. PLE
spectra were obtained with tunable dye laser excitation
using an LD700 dye pumped with a Kr+ ion laser. The
picosecond time-resolved data were obtained with a syn-
chroscan streak camera in combination with a 0.32-m
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spectrometer; the time resolution for the combined sys-
tem is of the order of 10 ps.

III. EXPERIMENTAL RESULTS

A. Optical spectra as a function of doping level
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FIG. 1. Dependence of optical spectra on doping density
(5145-A excitation). Approximate normalization terms are
indicated.

The strong dependence of the low-temperature PL
spectra upon doping concentration in the QW is illus-
trated in Figs. 1 and 2. The results from samples with
doping in the range up to 3 x 10~s cm s (1.5 x 10tz cm 2)
are shown. In both cases the substrate luminescence has
been subtracted for clarity. As discussed in the Introduc-
tion, two sets of data are reported. Figure 1 illustrates
spectra taken with excitation at 5145 A. ; under these con-
ditions the quantum well is believed to have essentially
fiat-band conditions, i.e., the Si donor is not ionized. The
generation of electron-hole pairs with energy larger than
the Al Gaq As barrier band gap allows a redistribution
of charge to compensate for the internal field brought
about by charge transfer between impurities in different
layers. Excitation at energies below the barrier does not
allow for the transfer of charge and depleted conditions
obtained at higher temperatures and preserved during
cool down of the sample are maintained (Fig. 2).

Figure 1, then, illustrates the development in PL spec-
tra for increasing doping density with the donor pop-
ulation in a mostly neutral charge state. The neutral
donor bound exciton is not resolved for any of the sam-
ples shown; its presence is indicated by the asymmetric
broadening to lower energies of the free exciton peak (the
broadening to lower energies is most clearly seen at a
doping density of 2 x 10 cm ). The linewidth of the
exciton transition is found to increase with doping den-

5xld cm
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FIG. 2. Dependence of optical spectra on doping density
(7400-A excitation). Approximate normalization terms are
indicated.

sity. In addition, a broad donor-to-valence-band transi-
tion appears extending from 1.545 eV down to a weak
low-energy tail, as low as 1.45 eV for the most highly
doped samples.

The broadening at the low-energy tail of the donor-to-
valence-band transition can be associated with the strong
localization of the holes; such localization is a conse-
quence of the random potential distribution produced by
a high doping density. Compensation, which enhances
the potential fiuctuations in a material due to the ion-
ization of acceptors and donors, will play an important
role in increasing the localization in these samples. The
Si dopant used is amphoteric and at high densities an in-
creasing fraction occupies an acceptor (As) site. Between
the doping levels of around 7 x 10 cm and 1 x 10
cm there is a distinct change in the PL spectra, which
demonstrates an apparent reversal in the trend of broad-
ening spectra and seems more consistent with a drop in
the doping density. Interpreting this effect within the
model of localization in a random potential requires an
effective decrease in the size of the potential Huctuations.
This is, however, inconsistent with the traditional picture
of increased localization with doping density; indeed one
would expect the strongest localization at the highest
doping density where the additional process of compen-
sation begins to be effective. We instead suggest that the
spectra can be understood if we assume that this sam-
ple is already degenerate, but only marginally above the
metallic limit. The presence of a mobile charge smears
out the fluctuations in the potential due to the random
distribution of donors, in turn reducing the localization.
This interpretation of the experimental data also implies
that the exciton still remains in the optical spectra even
at the degenerate limit. In addition the picture is par-
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ticularly attractive in that it implies a relatively abrupt
transition to the metallic state, as is indeed observed.
Such a mechanism has not been discussed for bulk ma-
terial, although there a potentially stronger effect than
for the 2D case would be expected, but would be ob-
served less easily due to the absence of excitons in the
recombination spectra.

The results of experiments with modulation-doped
structures have demonstrated that the n = 1 exciton
is quenched at free-electron concentrations greater than
4 x 10 cm . The degenerate limit proposed from the
experimental data in this work would provide an equiv-
alent sheet carrier concentration of 10 cm, signifi-
cantly higher than the limit for the quenching of the
n = 1 exciton demonstrated in the modulation-doped
case. The mechanisms responsible for the loss of the ex-
citon are therefore less effective in the center-doped case.
The principal mechanisms behind the quenching of the
exciton in the case of filling in a single subband are under-
stood to be screening and phase-space filling, which result
in a progressive unbinding of the exciton state (note
that screening alone results in a finite binding energy in
2D). For center doping there exists an array of impurities
which act as strong scattering sites and thereby reduce
the effectiveness of screening. In addition the effect of a
high doping density is to distort the shape of the density
of states close to the band edge. As a result the corre-
sponding occupancy of k space can be very different from
that for the modulation-doped structure with the result
that the exciton states are not blocked at the same limit.
The uppermost spectrum in Fig. 1 clearly demonstrates
the shifted emission edge at high energies characteristic
of the Moss-Burstein effect due to band filling. At this
high electron density 2.5 x 10 cm the free-exciton
transition is finally lost in PL and recombination occurs
via band-to-band transitions.

excitation at energies below the Al Gai As band gap
is shown in Fig 2 ~ As previously discussed this set of
data corresponds to the situation where a large percent-
age of the donors are ionized and there exists a strong
internal electric field across the well. Two further conse-
quences of the increased doping are apparent. First, the
internal field becomes very strong at high doping levels;
this contributes strongly to the quenching of the exciton
luminescence. Second, at high doping levels there is a
strong localization effect; this is due to the random dis-
tribution of ionized donor potentials and the increasing
localization of holes at the QW interface with increasing
field. The spectra at high doping density () 2 x 10
cm ) again show an apparent anomaly in the picture
of strong localization. In fact, the data provide strong
support for the model discussed so far regarding reduced
localization above the degenerate limit. As implied, the
sample with a doping concentration of 7x 10 cm rep-
resents the strongest localization case, where the random
potentials are not smeared out by free carriers. The two
higher doped samples demonstrate progressively weaker
localization as the number of free carriers in the well is
increased. In both cases, however, there is no band filling
present and the loss in exciton luminescence is associated
with the combination of a strong internal field and local-

ization. For the low doped samples there are clearly two
peaks resolved; these probably result from the free exci-
ton and either an enhanced donor-to-valence-band tran-
sition or an exciton bound to an ionized donor.

Figure 3 shows the corresponding PLE data for the
conditions of Fig. 1. The spectra are measured with ad-
ditional low-intensity excitation at high photon energy to
achieve band conditions similar to those under which PL
was measured. The retention of exciton character in the
observed transition up to the highest doping level is again
illustrated in the PLE data. In fact there is relatively lit-
tle change in the spectra with doping level other than a
slight decrease in the exciton contribution in comparison
to the free-carrier level. The Stokes shift between PL and
the heavy-hole exciton in PLE is found to increase from
less than 1 meV at low doping to approximately 3 meV
at the highest observable level. This is as expected from
the increased localization with doping so far discussed.
The data for the highest doped sample do not show any
n = 1 exciton and are upshifted in energy due to band
filling. The low-energy absorption tail corresponding to
the position of the electron Fermi level is broadened to
a greater extent than that expected from simple ther-
mal broadening. The major contribution to this width
results from impurity scattering and to a lesser extent
hole localization at the valence-band edge (see following
discussion) .

B. Recombination dynamics at the metallic limit

The sample with a donor concentration in the well of
1.5x10 2cm ( 3 x 10 cm ) represents the limiting
case at which the lowest-energy n = 1 excitons are not
observed, due to electron filling in the lowest conduction
subband. As shown in Figs. 1 and 3 neither steady-state
PL nor PI.E spectra show any sign of the lowest exciton
states; rather the PLE spectrum demonstrates a broad-
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FIG. 3. Development in PLE with doping concentration.
Additional low-intensity excitation at 5145 A provides com-
parable band conditions to Fig. 1.
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ened steplike onset characteristic of a Fermi level above
the band edge. The difference between the PL spectra for
highly doped samples which still exhibit an exciton tran-
sition and those for which it is lost can be studied further
using time-resolved PL. Figure 4 compares the short-time
development in the PL spectra for two samples: (a) one
slightly below the d.oping limit for which excitons are lost
in PLE and (b) the second slightly above. In both cases

(a) FE / BE

0

/

I.56

I.5I

I.57

FIG. 4. Comparison of time-resolved PL spectra for sam-
ples at (a) and above (b) the metallic limit.

excitation is at a photon energy corresponding to the n =
2 exciton and thus gives band-bending conditions across
the structure similar to those described by the cw data
in Fig. 2. Figure 4(a) illustrates that, although the exci-
ton is not observed in the cw spectra, it is still seen for
short times ( 150 ps) in the time-resolved measurement
(FE/BE). This is consistent with the PLE data, which
continue to show the exciton at this doping level. We
believe that the rapid loss in the exciton component is
brought about via the strong localization of the hole and
the subsequent breakup of the exciton in the internal elec-
tric field. The continuing relaxation to lower energies of
the PL spectra following the loss of the exciton illustrates
that further localization is still taking place. The data
for the sample above the exciton limit [Fig. 4(b)] have, in
contrast, no short-lived component, but show a relatively
weak but continuous localization. The slower relaxation
is again indicative of the weaker-localization potentials
present in the strongly degenerate sample. The efI'ective
lifetime for recombination in the two cases is also seen to
be significantly different. Although the exciton compo-
nent in Fig. 4(a) decays extremely rapidly, the remaining
donor-to-valence-band transition is as expected relatively
long lived (r,~ 1.56 ns; note that this analysis is made
difFicult by the strong localization, manifested as a shift
to lower energies with time of the PL, as a result we
quote an intermediate value). In the strongly degener-
ate sample the decay of the band-to-band recombination
(B B) is sig-nificantly faster (620 ps). This difFerence we

again associate with the weaker localization, given that
recombination can be expected to be more efFicient in a
system where higher mobility allows stronger carrier in-
teraction. In addition the higher doped sample is found
to show a proportionately larger nonradiative recombina-
tion term as indicated by temperature-dependent data.
Given the complexity of the recombination mechanisms
involved we avoid the discussion here of the dynamics in
terms of a quantitative radiative lifetime for which it is
extremely difFicult to derive a meaningful value. Even
in the lower doped case the evaluation of true lifetime
parameters requires the solution of a system of coupled
difI'erential equations which include terms describing the
many interaction mechanisms. An in-depth discussion of
this kind of analysis is given in Refs. 25 and 26.

To the authors' knowledge the corresponding dynam-
ics have not yet been properly studied for highly doped
bulk GaAs. It is clear, however, that the recombination
scenario in this material would be fundamentally difer-
ent at the same limit. As pointed out, excitons are al-
ready lost at densities well below the metallic limit; for
this reason there is no equivalent transition &om exci-
ton to non-exciton-type recombination occurring in the
same density regime as the impurity Mott transition. It
is of interest, however, to consider the role of localiza-
tion and screening in the dynamics at this limit. The
current work suggests that a significant decrease in the
low-temperature radiative lifetime would be expected in
bulk material for doping densities above degeneracy as
compared to doping levels just below this limit. This re-
sult would be ind. ependent of any dependency of a non-
radiative channel on doping level. We hope to address
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these questions in the near future. A system that can be
usefully compared is the equivalent quantum structure,
but with modulation doping; here there is no significant
impurity concentration in the well and a high density of
a single charge type only exists. As already discussed
this results in a different limit at which true excitons
are lost. Localization, which dominates the recombina-
tion dynamics in the center-doped case, is not effective at
high densities in modulation-doped structures. At short
times ((100 ps) following pulsed excitation additional
band filling can be observed in the time-resoved PL spec-
tra in this modulation-doped case. There is, however,
no equivalent short-lived exciton component observed in
samples for which the exciton is no longer observed in
the cw spectra. Lifetimes in such structures are typi-
cally a few hundred picoseconds, i.e. , comparable to the
center-doped structure at the highest density.

IV. DISCUSSION

Comparison of 2D and 3D behavior at high
doping levels

In discussing the results obtained it is useful to com-
pare the properties of highly doped QW's with the corre-
sponding properties of bulk semiconductors in the same
doping range. One considerable difference obvious from
the results of this work is a higher metallic limit in the
QW case, a concentration of about 2.0x10 cm (corre-
sponding to a sheet density of about 1 x 10~2 cm 2). This
is a factor 2—3 times higher than in the 3D case. A simple
interpretation for this higher limit in the QW is the con-
siderable difference in donor binding energy between the
QW and bulk GaAs. While the shallow donor binding en-

ergy in GaAs is about 5.9 meV, it is increased by a little
over a factor of 2 to about 12 meV in a 100-A QW, due
to the confinement of the donor wave function. There is
no evidence to suggest that "self-screening" takes place
at higher doping levels, which would reduce the donor
binding energy. ' This higher binding energy means
that the donor impurity band created at higher doping
levels can be broader in energy in the QW and sustain
more donor electrons until the distribution merges into
filling the conduction band in the metallic limit.

Another dramatic difference between bulk and 2D ob-
vious from this work is the behavior of excitons vs doping
level. In bulk GaAs excitons are already screened at a
donor doping level of a few 10 cm . Above this doping
level no excitons are observed, either in PL emission or
in absorption. This is very different from the QW case,
as already pointed out above. Even at doping levels well
above the metallic limit, i.e. , 2.5 x 10 cm 2 (5 x 10~s

cm ), excitons are still found to exist. Similarly for
modulation-doped structures, although the n = 1 exci-
ton is lost at carrier densities of around 4 x 10 cm
the n = 2 exciton is still observed at densities as high
as 7.5 x 10 cm . It is clear that the way in which
the excitons are screened is fundamentally difFerent in
the confined system in comparison to bulk material.
The argument for the lower screening strength in the
low-dimensional system follows from the reduced degree
of movement available to the carrier. Since screening is

basically a many-body effect where the carriers arrange
themselves to maximize the total Coulombic interaction
and hence minimize the single-particle interaction, any
restriction on movement will inhibit their ability to do
this. The same qualitative reasoning explains the lim-
ited screening due to impurity bound charge. The inef-
fectiveness of screening in 2D has been discussed on a
number of occasions; it is clear that the weakness
of this mechanism is the main reason for the retention
of exciton recombination at high doping levels in the 2D
system.

The reason for the higher carrier density at which the
exciton is quenched for the center-doped case when com-
pared to the modulation-doped structure is, however,
less clear. The difference can be understood if one con-
siders the occupation of phase space in the two cases.
From efFective-mass theory the bound donor states are
made up from contributions from states in the conduc-
tion band. The free carriers introduced by modulation
doping occupy states from the band minimum upwards,
whereas donor bound electrons contribute to blocking of
states over a distributed range in k space, this distribu-
tion being density dependent. As a result the limit of
phase-space filling for which the states that go to form
the exciton are blocked can be significantly larger in the
center-doped case. Furthermore, the differences in bind-
ing energy for donors and acceptors implies that the limit
for acceptors will be larger than that for donors, a point
currently under investigation. The effect of impurity den-
sity and binding energy on the k-state distribution, the
so-called spectral density, has been discussed for GaAs
quantum wells by Gold, Ghazali, and Serre. Their cal-
culations illustrate that there is a substantial spread in k
space extending to higher energies from the band edge.
As a rough approximation one can calculate this exten-
sion in k given that the spectral density is significant for
k ( 1/a* (in fact, from the calculations of Gold, Ghaz-
ali, and Serre k ( 0.6/a* for a 100-A well). Assuming a
free-electron mass of 0.0667m„ this gives an extension in
energy of approximately 5.6 meV above the band edge.
An alternative but equivalent view (in real space) of the
effect of shallow impurities on phase-space filling is to
describe the distortion in the density of states resulting
from increasing doping levels. ' At high densities the
formation of band tails in the forbidden gap limit the ex.—

tension of the Fermi level above the defined band edge
and hence the exciton remains to higher densities.

The mechanisms of band-to-band recombination, as
observed for the highly doped sample, are also best dis-
cussed. in comparison with bulk mechanisms. A point
of continuing debate for highly doped GaAs is whether
the explanation of the observed photoluminescence line
shape requires the absence of momentum conservation in
the radiative transitions or not. It has been argued
that strong impurity scattering can lead to an enhance-
ment in nonmomentum conserving transitions. For the
modulation-doped case work to date has clearly demon-
strated that momentum conservation is fully obeyed.
In the present system, however, the picture is again un-
clear since there exists the same strong scattering poten-
tials as exist for the bulk. Figure 5 illustrates the pho-
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FIG. 5. Recombination for highly doped quantum well.
The broad plateaulike shape corresponds to the 2D density of
states.

toluminescence spectra of a highly degenerate sample.
A broad well-defined fIat region is observed extending
over a large energy range. Such a plateau over a much
larger photon energy range has been observed in sim-
ilar samples with considerably higher dopant densities

( 5 x 10t2 cm ). The plateau in the emission spectra
reflects the two-dimensional density of occupied electron
states and implies recombination of electrons with wave
vector k & 0. This can occur via either of two mech-
anisms: (i) a breakdown in momentum conservation in
the radiative recombination due to strong impurity scat-
tering or (ii) due to the localization of the hole there is
sufficient spread in k space to allow momentum conser-
vation. The experimental results for the highly doped
samples show significant tailing to lower energies, which
is a clear indication that strong hole localization is in-
deed present. A similar mechanism has been observed
in a modulation-doped system where an additional layer
of acceptors is placed in the well thereby localizing the
holes. 42

V. CONCLUSIONS
The development of low-temperature photolumines-

cence spectra with increasing doping level in a single

quantum well is found to be qualitatively very different
from the behavior in bulk material. The exciton domi-
nates the QW luminescence right up to the degenerate
doping limit and is not screened by Coulombic interaction
with dopants as is the case for bulk material. This dop-
ing level also exceeds the carrier density limit for excitons
measured for modulation-doped quantum wells. The fill-

ing of phase space, which is responsible for the loss of the
exciton in the modulation-doped case, is less effective in
the center-doped case. The bound nature of the donor
electron implies that the averaged wave function for the
electron state is distributed in k space, with the result
that a sufIicient proportion of states that go to form the
exciton are not blocked. The metallic limit is reached
only at dopant concentrations a factor of approximately 2
to 3 times higher than for bulk GaAs. A simple interpre-
tation of this is the corresponding difference in binding
energy of the donor for the confined system. We propose
that even at the degenerate limit excitons are still present
in the optical spectra of the QW. The degenerate limit
is indicated by a clear reduction in localization above
a certain doping concentration due to the presence of
free carriers which smear out the localization potentials.
Significantly above the metallic limit where the exciton
is no longer observed in PL, the spectrum is made up
of free-carrier band-to-band and donor-band-to-valence-
band recombination. PL spectra at the highest doping
level show a broad Bat emission indicating recombination
from throughout the 2D density of occupied states. Mo-
mentum conservation considerations thus imply that ei-
ther holes are sufficiently localized to provide the required
spread in k space or that the strong impurity scattering
results in a breakdown in momentum conservation. To
date there has been relatively little work on high doping
levels in low-dimensional structures, the current work has
highlighted a number of areas which require further in-
vestigation. In particular a theoretical treatment of the
mechanisms suggested in this paper is required.
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