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A series of single-quantum-well samples doped with Si in the well (antimodulation), has been
investigated using photoluminescence and photoluminescence excitation spectroscopy. The photo-
luminescence spectra are found to show a strong dependence on the excitation photon energy, in
particular as it is increased above the Al Gaq As band gap. This eR'ect is interpreted in terms of
transfer to the well of free carriers photogenerated in the barrier material. The band bending in the
system implies that only photoexcited electrons are transferred into the well; the resulting charge
separation creates an internal field that strongly alters the confining potential of the quantum well.
A dual-excitation technique allows us to control independently the potential, and probe the result-
ing electronic structure of the quantum well. Measurements made with picosecond-time-resolved
spectroscopy also highlight the importance of free-exciton capture at impurities in the presence of
an electric field. A model for the carrier-transfer process that accounts for the excitation energy
threshold at the Al Ga~ As band gap is discussed.

I. INTRODUCTION

The optical properties of quantum-well (QW) struc-
tures are strongly influenced by the presence of dopant
impurities in either the well or barrier material. As a
result intentional doping provides a powerful tool in the
design of quantum systems for device applications or for
research into specific confinement eRects. Fundamental
research has in particular focused on modulation-doped
structures with their potential for the direct study of
many-body theory effects. However, the situation for
which the impurity is present in the well and not in the
barrier (anti-modulation-doped), has received less atten-
tion despite the important implications for quantum de-
vices. The possible effects of the impurity within the well
are manifold: it can provide carriers for conduction, act
as a scattering site—hence limiting mobility —or be im-
portant as a center for radiative or nonradiative recom-
bination. Such properties have been extensively stud-
ied in bulk material; a multiple-layer structure brings, in
addition, a spatial dependence to the properties of the
impurity according to the interaction between the host
material and its neighbors. An important aspect of the
work presented here is to highlight the importance of the
band-bending resulting from the transfer of charge from
dopants in the well. The resulting distortion in the con-
fining potential is found to play a significant role even at
the lowest doping level. It is apparent that such possible
effects in an unintentionally doped system should not be
neglected.

To date there has been a significant amount of work,
both theoretical and experimental, on the properties of

isolated hydrogenic dopants in quantum wells; for a re-
view see, for example, Masselink et al. The high-doping
limit, for which the interaction between impurities be-
comes significant (leading to band degeneracy at the ex-
treme) has not yet been studied in any detail in a con-
fined system (Refs. 8-10 make some contribution towards
a theoretical treatment of such a system). In this same
limit, the perturbation of the confining potential, which
can result from a high concentration of ionized centers,
can dominate the properties of the system. This point
is more apparent for modulation-doped structures where
impurities are usually in an intentionally ionized state.
The possibility of an optically induced charge redistri-
bution for an asymmetric modulation-doped system was
demonstrated by Chaves et al and h. as also been stud-
ied by Delalande et al. In this work we report on a
strong optically induced charge transfer effect, which oc-
curs in Si anti-modulation-doped GaAs-Al Gai As sin-
gle quantum wells.

Samples have been investigated with low temperature
photoluminescence (PL) and photoluminescence excita-
tion (PLE) spectroscopy, using both a single- and a dual-
light-source excitation technique. Transient PL spec-
troscopy has also been carried out to analyze the dy-
namics of carrier transfer in returning to an equilibrium
charge distribution, typically on the ms time scale. The-
oretical calculations based on a simple model accounting
for the excitation intensity dependence of this process are
presented and discussed.

Further measurements have been carried out using
picosecond-time-resolved spectroscopy enabling a closer
study of the recombination mechanisms taking place in
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the well. A strong capture to donors is observed for the
high-doped samples, which accounts in part for the rela-
tively strong quenching of the exciton luminescence in PL
in comparison to PLE. The strong capture model is fur-
ther supported by temperature-dependent work in which
we observe the reappearance of the quenched exciton at
elevated temperatures.

The paper is arranged into separate sections which dis-
cuss each experiment and its contribution to our under-
standing of the overall model. Finally we make some
conclusions and general remarks regarding further work.

II. EXPERIMENTAL PROCEDURE

The samples used in this investigation have been pre-
pared using molecular-beam epitaxy (MBE) on a semi-
insulating GaAs substrate. An initial wide GaAs buffer
layer followed by a short-period superlattice have been
grown in order to reduce the background carbon level.
The QW structure itself consists of a single 100-A GaAs
well sandwiched between 300-A Alp 34Gap ssAs barriers
(see Fig. 1). The growth temperature was chosen at
680'C, for which segregation effects, which smear the
doping profile in the growth direction, are minimized at
the expense of oorer interface quality. The relatively
wide central 50 of the well is Si doped to provide a large
number of donor sites, the dopant being added concur-
rently without using interrupted growth. All the other
layers in the structure are nominally undoped. Samples
have been prepared with a range of doping levels from
2.5 x 10s cm ~ (essentially undoped) to 2.5 x 10i2 cm
(above the degenerate limit). A detailed discussion of
the specific changes in the PL spectra of doped QW's
observed for increasing doping levels is given in Ref. 13.
In the work presented here, results from two examples
are discussed: a low-doped sample, 2.5 x 10 cm ~, and
a high-doped sample (but below the degenerate limit),
7.5 x 10 cm ~. The close proximity of the surface to
the quantum well ( 350 A) implies a strong inHuence of

surface states, the band bending imposed by the pinning
of the Fermi level at the surface will thus play a signif-
icant role in determining the properties of the system.

Time-integrated photoluminescence measurements
have been carried out in the temperature range from 1.6
K up to room temperature. A number of diA'erent ex-
citation sources were used to cover the energy range of
interest: at "high" photon energy either by the 5145-A
(2.41 eV) line of the Ar+-ion laser or at low intensity (up
to 25 pW) by filtering the emission of a high-power xenon
lamp through a 0.32-m monochromator. A tunable dye
laser using LD700 dye and pumped using a Kr+-ion laser
was used to provide excitation in the longer wavelength
range 7250—8050 A (1.71—1.54 eV). The excited lumines-
cence was focused onto the entrance slit of a Spex double
monochromator and detected using a cooled GaAs cath-
ode photomultiplier. Excitation spectroscopy has been
made using the dye laser to scan the excitation in the
range 7250-8000 A. .

Picosecond-time-resolved PL measurements have been
carried out using a synchronously pumped, mode-locked
dye laser with a repetition rate of 80 MHz and a pulse
width of 5 ps. A Styryl 8 dye was used to give a tuning
range from 7400 to 8100 A and to allow resonant PL
excitation. The luminescence was dispersed through a
0.32-m spectrometer and detected using a Hamamatsu
streak camera giving the total luminescence as a function
of both time and energy. The temporal resolution of the
system is approximately 10 ps.

Further PL transient data have been measured using
an acousto-optic modulator to provide excitation pulses
of 10-ms duration, the luminescence being detected using
a box-car photon-counting technique on the equipment
described above. Luminescence decay in the ms time
scale was measured.

III. RESULTS AND DISCUSSION

A. Photoluminescence under different
photon energy excitation
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The low-temperature steady-state photoluminescence
spectra for two diH'erent samples at low- and high-doping
levels are presented in Figs. 2(a) and 2(b), respectively.
The results of excitation at high and low photon energy
are contrasted. For the low-doped sample under high-

energy excitation, we observe a typical single, strong ex-
citon transition. Under lower energy excitation, the sam-
ple shows a significant downshift in energy of the main
exciton peak and a second well-resolved peak at lower
energy. The high-doped case under the same comparison
of excitation conditions demonstrates a correspondingly
more significant difference. Again at high-photon-energy
excitation a single peak is observed; however, the low-

energy excitation here results in an apparent total loss of
excitonlike recombination and only a broad luminescence
=xtending to lower energies is observed.

An estimate of the strength of the mechanism behind
the observed variation in PL properties can be made from
a dual-excitation experiment. Two excitation sources are



45 OPTICALLY INDUCED CARRIER TRANSFER IN SILICON. . . 4229

V)

C3

~
I

~ ~ ~ I & & ~
I

~

Low doping
T=1.6K

514nITI

(b)

High doping
T=i.6K

g
C

I
'

I
'

I
'

I '
I

High dopi
T=1.6K

16pW

V)
C
8
C

740nm

nrn

8
C
8
C

21jW (x2)

none (x2)

I & ~ ~ I & ~ & I « ~

1.53 1.54 1.55 1.56 1.57 1..5 1.52 1.54 1.56
I & I & I & I & I

1.51 1.52 1.53 1.54 1.55 1.56
Energy (eV) Energy (eV)

Ener gy (eV)

FIG. 2. Photoluminescence spectra for excitation at two
different wavelengths; (a) the low-doped sample shows a dis-
tinct upshift in energy of the main exciton peak for excitation
of higher energy, (b) the highly doped sample shows no exci-
ton peak for low-energy excitation.

FIG. 3. Development in photoluminescence spectra in a
dual excitation experiment for increasing intensity of the high-
energy (2.1 eV) component (low-energy component constant
at 0.1 W/cm ). The highly doped sample illustrates a distinct
transition from excitonic to broad-band recombination. The
low-doped sample (not shown) demonstrates an equivalent
transition between the two states illustrated in Fig. 2(a).

used to excite the sample in Figs. 3 and 4; in both cases
the lower-photon-energy source is kept at constant en-
ergy and intensity while the high-photon-energy source
is varied. The results of illumination with high pho-
ton energy of variable intensity are given in Fig. 3. Re-
sults will be discussed here for the high-doped case, but
a corresponding transition between the limits of Fig. 2
can be shown for the low-doped sample. The necessary
high-photon-energy intensity threshold to restore the ex-
citonic character of the luminescence is of the order of a
few pW/cmz, compared to the 0.1 W/cm~ typically used
for the low-photon-energy intensity. We are thus observ-
ing a highly efficient activation of the process responsi-
ble -for the observed transition to the case of excitonic
PL spectra. .Furthermore, if the photon energy of the
low-intensity component is scanned, in this case using
the xenon lamp filtered through a small monochromator,
we observe a relatively abrupt transition to the "exci-
tonic case" as the excitation energy is increased above
the Al Gaq ~As band gap (see Fig. 4). The implied
mechanism is then dependent upon the generation of free
carriers in the Al Gaq As barrier material. The charge
redistribution brought about by the transfer of this pho-
togenerated charge into the well alters the local poten-
tial, given that the electron and hole become spatially
separated in the process, i.e. , only if one charge type
transfers and not both. If both the electron and hole are
transferred into the well, the two contribute to the total
recombination, but do not affect the confining potential.
Transfer of a single carrier type only must therefore oc-
cur.

The idea of carrier-induced optical effects through the
introduction of carriers by optical excitation has been
discussed in the context of many-body effects by a num-

ber of authors. ~~ ~z ~s Under high-intensity excitation the
resulting high-density electron-hole plasma brings about
a band-gap renormalization due to correlation and ex-
change interaction. ~s The control of the two-dimensional
electron density via optical excitation in a modulation-
type doped structure has been considered by Chaves et
al. They observe a shift in the energetic position of a
QW transition and interpret this as a change in the band
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FIG. 4. Results of dual excitation experiment where the
energy of the second component has been varied kom below
to above the barrier band gap (at constant 16 pW power, low-
energy component approximately O. l W/cm ). For increasing
excitaton energy the exciton transition is enhanced.
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FIG. 5. Schematic diagram of the band structure of the
single quantum-well samples for low (a) and high (b) doping.
The close proximity of the surface iniplies a. strong inAuence
of the Fermi-level pinning due to surface states (Ref. 14).

bending and correlation energy of the system. Similarly
Plaut et al. have also observed a reduction in electron
density under specific-photon-energy excitation in a sin-
gle GaAs/AlsGai As heterojunction. The observation
of the opposite eR'ect, i.e. , of decreasing electron con-
centration, corresponds to reversed band bending, which
exists in the modulation-doped system. The effect of an
induced change in the electron concentration in a quan-
tum well on the optical spectra can be more readily ob-
served by using a field-eH'ect-transistor configuration;
such a system allows easy control of charge densities and
has enabled detailed correlation of the optically observed
many-body effects with carrier density.

In contrast to the majority of the systems described
above, the QW structure under investigation here is anti-
modulation-doped and at low temperatures has essen-
tially no free carriers (degenerate doping is not considered
in this paperis). The role of many-body theory as ap-
plied to free carriers can therefore not be applied in the
interpretation of the observed phenomena. The Fermi
level for n-type doped samples will nominally reside at
the donor level high in the band gap. The barrier ma-
terial in this case is undoped; however, the dominant
background impurity in Al Gai As is usually the car-
bon acceptor, hence the barriers are weakly p-type and
as a result there is a certain amount of compensation
between well and barrier. The structure is additionally
complicated, however, by the close proximity of the sur-
face. The high density of defect states at the surface
pins the Fermi level at approximately 0.6 eV below the
bulk-GaAs conduction band;14 as a result there is a fur-
ther transfer of charge to the surface and depletion of
donors in the well at room temperature. zo The equilib-
rium distribution of charge, therefore, results in band
bending, which strongly distorts the confining potential
of t;he system. Exactly what proportion of the donors is

ionized is not easily deduced; however, it is clear that for
the highest-doped samples (not shown here) there still
exists a strong Moss-Burstein shift. The limit on the
depletion of the well (approximately 10is cm s), which
is apparent from the onset of band filling as the high-
energy emission tail shifts to higher energies, is in good
agreement with a simple calculation of the carrier den-
sity given that the internal field must align the Fermi
level pinned at the surface with the subband edge in the
well. On this basis it is reasonable to assume that the low

doped wells are essentially totally depleted. A potential-
energy diagram showing the band bending for the two
cases is given in Fig. 5. In the next section we develop a
model of charge transfer based upon the proposed band
structure which accounts qualitatively for the results ob-
served in emission spectra.

B. Carrier-transfer model

Excitation at energies above the band gap of the
Al Gai As barrier will result in the formation of free-
electron-hole pairs. Under the influence of the internal
field the charges are swept in opposite directions, the elec-
tron being drawn towards the well where it is trapped by
a positively charged donor (Fig. 5), while the hole is lost
to the surface or towards the substrate. At low tempera-
tures this process of charge rebalance will continue, given
sufhcient photogenerated carriers, until flat-band condi-
tions exist between well and barrier, i.e. , no internal field
across the well. The size of the internal field is depen-
dent upon the number of ionized donors and therefore
increases for higher doping (up to the depletion limit).
At higher doping and hence high fields the exciton PL
spectra are strongly perturbed.

The reason for the distinct threshold for carrier trans-
fer associated with the barrier band gap is not immedi-
ately apparent. The high density of electrons bound at
the Fermi level at the surface implies that it is possible
even with low-photon-energy excitation to excite elec-
trons with kinetic energy larger than the Al Gai sAs
barrier (although momentum considerations imply a rel-
atively low probability transition), and hence for them
to move into the well under the influence of the internal
field. Similarly, and as we shall argue later, an electron
bound to a donor within the well can be excited with
sufficient kinetic energy to escape the well. The dynamic
equilibrium set up by these two processes is that observed
under low-photon-energy excitation. The difference for
Al~Gaq As excitation is interpreted in terms of the role
of the photogenerated hole. The behavior of the hole in
the Al Ga~ As in the adjacent layers above and below
the well is not the same. An electron-hole pair generated
in the near surface Al Ga~ ~As is rapidly spatially sepa-
rated, the hole moving to the surface where it recombines
with an electron. The surface reservoir of electrons due
io defect states prevents an accumulation of holes at the
expense of depletion. Holes generated in the Al Ga~ As
layer below the well are swept towards the substrate; the
absence of any electron "reservoir, " however, means that
the holes tend to accumulate and carrier transfer to the
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well is rapidly reduced. We therefore propose that the
dominant processes are taking place in the near surface
region.

The influence of an externally applied field perpendic-
ular to the well plane has been examined by a number of
groups. ~2 The work of Mendez eg al. demonstrated
a reduction in PL intensity with increasing field, which
they interpreted as due to the spatial separation of carri-
ers within the well. The same work also noted, under low
fields, a second peak in addition to the main exciton tran-
sition; this second peak is associated with the recombina-
tion of ground-state electrons with a carbon (acceptor)
impurity (e, A). The presence of an electric field appar-
ently then relatively enhances the free-to-bound transi-
tion.

In direct analogy to the external field case, we are able
to make a similar interpretation of the results presented
here in terms of the existence of an internal field. The
presence of a static electric field will have multiple effects
upon the exciton transiton energy: (1) the efFective
band gap of the bulk semiconductor is reduced through
tilting of the band edges, the Franz-Keldysh effect, zs (2)
the binding energy of the exciton (B,„)will be modified
by the relative difference in effect upon the motion of the
electron and hole, zs (3) the variation in confinement en-
ergies of the electron (E,) and the hole (Eg) caused by
the local distortion of the well.

The exciton transition energy is given then by

Eexl —EG + Ehl + Eel +ex1 ~

The observed shift in the exciton transition with dif-
ferent excitation photon energies (Fig. 2) can be inter-
preted predominantly in terms of the latter two effects.
The reduction in luminescent intensity leading to total
quenching of the exciton in the high-doping case [Fig.
2(b)j with 740 nm can partly be explained as due to
the spatial separation of the carriers in the well. The
probability that the electron and hole recombine either
directly or through first forming an exciton is reflected in
the overlap of the respective wave functions. At zero field
the wave functions are symmetric about the well center
and their overlap is at a maximum. In general, in the
presence of an electric field the distribution of electrons
and holes is polarized in opposite directions; this reduces
the wave-function overlap and the effective recombina-
tion probability. The polarization in carrier distribution
is not equivalent for both carrier types and is relatively
stronger for the heavy hole. 24 In the present case, the
"sagging" potential of the high-doped sample illustrated
in Fig. 5(b) has the effect of more strongly localizing the
hole wave function at the edge of the well, while we in-
terpret the effect on the electron distribution to be less
extreme. The reduced overlap in electron-hole wave func-
tions implies that a photoexcited electron has a greater
chance to relax and be captured at an ionized donor site.
As a result we observe under low-energy excitation and
hence high fields what we believe is an enhanced donor to
valence-band transition. It is difBcult to make a definite
assignment on the basis of comparison with calculated
donor binding energies since the local well potential

is not well defined; the separation to the exciton peak
( 2.7 meV) is, however, approximately consistent. A
similar interpretation supports the assignment of Mendez
et al. of an acceptor-related transition under external
field conditions.

C. Excitation spectroscopy measurements

The above internal field model is strongly supported
by photoluminescence excitation spectroscopy measure-
ments. Dual excitation has again been used to control
the internal potential and probe the resulting structure.
Figure 6 shows the development in excitation spectra for
the highly doped sample under increasing intensity of the
high-photon-energy component excitation, under compa-
rable conditions to Fig. 3.

In the absence of any secondary excitation the n= 1
heavy-hole-exciton resonance is strongly reduced while
the light-hole-exciton strength is apparently unper-
turbed. For increasing illumination with high-energy
excitation the heavy-hole exciton is recovered (Fig. 6).
The shift in energy of the light-hole exciton between zero
and saturation is some 4 meV, while for the heavy hole
there is a significantly smaller shift. If we compare the
shift in the light-hole exciton with the theoretical calcula-
tions of Brum and Bastard the predicted field strength
is greater than 100 kVcm; a field of this magnitude
is on the field-ionization limit of the heavy-hole exci-
ton and may partly account for the strong reduction.
It is not clear why there should be a reduced shift in
the heavy-hole-exciton resonance; however, this may be
an artifact of the changing potential shape to which it
is strongly susceptible, as pointed out earlier. It is in-
teresting to further note that there is effectively no per-
turbation of the n=2 exciton resonance or band edge. If
indeed the observed shifts are due to changes in the elec-
tron and hole confinement energies then corresponding
shifts should be observed for higher subbands. However,
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FIG. 6. Excitation spectra for the highly doped sam-
ple under increasing intensity of the additional high-photon-
energy (2.0 eV) excitation component (low-energy component
constant at G.l W/cm ). The heavy-hole exciton is progres-
sively recovered, and begins to dominate over the light hole
at higher intensities due to scattering taking place in the well.
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if the shifts are predominantly due to changes in exci-
ton binding energy the effects for higher subbands are
potentially much weaker, the latter case seems to be im-

plied by our results. It is interesting to note that the ob-
served exciton shift in excitation spectra is not reflected
in photoluminesence. The Stokes shift in this system is
therefore also dependent on the internal field, the larger
Stokes shift occurring for larger field strengths. The im-

plication of the internal field model described above is
that under high-field conditions the hole wave function
is compressed towards the edge of the well. Studies of
the Al Gat AsjGaAs interface s have highlighted the
ability of well-width fluctuations (growth steps at inter-
face forming monolayer islands) to localize carriers, in
particular holes. The increased Stokes shift then follows
the increased localization of the hole at the barrier-well
interface.

D. Dynamics of carrier transfer

The transfer and subsequent return to equilibrium
of carriers following a high-energy-excitation pulse have
been studied using time-resolved photoluminescence
spectroscopy on a ms time scale. An optoacoustic mod-
ulator has been used to provide low-intensity excitation
pulses of a few ms duration; at the same time the sam-
ple is continuously excited with the low-photon-energy
illumination (again the dual excitation procedure). The
intensity of the pulsed excitation is typically a few pW,
while the continuous illumination at low photon energy
is considerably more intense, of the order of 1 mW or
more. Figure 7 illustrates the sharp onset of exciton lu-
minescence, corresponding to in-filling of carriers by the
high-photon-energy pulse, and the subsequent spectral
changes reflecting the slow relaxation of the potential as

U)

C

the carrier distribution returns to equilibrium under low-

photon-energy excitation only.
Figure 8 shows the decay in luminescence as detected

at the exciton transition. On the time scale investigated
the onset of exciton character is essentially coincident
with the beginning of the laser pulse. A strong depen-
dence of the decay time upon the intensity of the low-

energy excitation is found. Higher intensity results in
more rapid decay. As a consequence of this dependence
there is an apparent competition between the processes
resulting from the different illumination energies, i.e., fill-

ing of electrons into the well and reexciting out of the
well ~ In fact it is likely that the high-energy excitation
induces both processes, but the in-filling of electrons is
the more eKcient mechanism in this case.

As a result of these two competing processes, we find
that the maximum exciton PL intensity occurs at differ-
ent times dependent on the low-energy intensity. Fur-
thermore, the maximum occurs after the end of the fill-

ing pulse as a result of the exciton peak shifting down
in energy with time. As we detect below, the maximum
photon energy the peak energy relaxes through the de-
tection point giving the false maximum observed initially
in the decay curves (Fig. 8).

The idea of the intensity-dependent rebalance is an
apparent contradiction to the proposed model of charge
transfer from the Al Gaq As barrier, since we have ar-
gued that a charge redistribution only occurs for the
high-photon-energy excitation; we must, however, con-
sider that following the in-filling of carriers there is a
high density of electrons sitting on donor sites high in
the band gap. Under illumination electrons are excited
high into the conduction-band continuum (Fig. 9). Al-

though the high-energy electrons rapidly relax back into
the well, it is possible for a fraction of the electrons to
transfer to the surface. We can consider from a statisti-
cal argument an average energy distribution of electrons
at any instant in time. The exact form of the energy dis-
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FIG. 7. Development of PL spectrum in time for a dual
excitation experiment, where an optoacoustic modulator is
used to produce pulses of 5-ms duration for the high-energy
component. The low-photon-energy excitation is kept con-
stant in this experiment at approximately 0.1 W/cm . The
exciton transition is shown to decay on a time scale of ap-
proximately 100 ms.
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FEG. 8. Decay in PL as detected at the exciton transition.
The decay rate is shown to be dependent on the low-energy
illumination intensity for a fixed high-energy illumination.
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FIG. 9. Band diagram illustrating simplistic model with
which we can interpret the dynamics of the observed decay
in exciton luminescence following the high-energy excitation
pulse. The carrier distribution is modeled by d(E) = dp

x exp[—(E —Es)/kre], where T, is the effective carrier tem-
perature.

culated curve is a measure of how many nonequilibrium
(i.e. , imbalance from nonexcited distribution) electrons
remain in the well and as such is not directly the mea-
sured quantity. In attempting to match the form of the
decay we make the basic assumption that the exciton os-
cillator strength decreases linearly with increasing field.
This relationship does not represent the actual depen-
dence, but it allows some qualitative assessment to be
made. 2s The aim of the simple model presented here is
to demonstrate our ability to understand the gross fea-
tures observed; the quality of the fit obtained allows some
confidence in the picture presented. It is interesting to
note that if we use the above results to calculate the field
dependence of the oscillator strength we obtain a result
qualitatively similiar to the work of Ref. 29.

E. P icosecond-time-resolved spectroscopy

tribution of excited electrons will depend on a number of
factors and cannot be treated simply in a realistic way.
However, it is realistic to assume an exponential-type dis-
tribution which decreases rapidly at higher energies, and
which can be characterized by a specific electron temper-
ature T, . Given a known distribution we can determine a
transfer rate of electrons by considering both a tunneling
component and also, by resolving the electron velocity
perpendicular to the plane of the well, the direct transfer
of electrons with su%cient kinetic energy. The barrier
height presented to electron transfer is itself a function
of the charge imbalance and increases as the system re-
turns to equilibrium. As a result an iterative technique
is used to calculate the decay in transfer. A derivation of
the equations used in this basic analysis is given in the
Appendix. The final governing equation (5) can be seen
as a prefactor multiplied by a carrier-transfer probability,
dependent on the total barrier height. Figure 10 shows
the result of fitting to two of the decay curves. The cal-

The apparent total quenching in exciton luminescence
in highly doped samples observed for excitation at low

energy has been further investigated using picosecond-
time-resolved spectroscopy. The lifetime parameters de-
rived from measurements of this kind are important in
understanding the mechanisms of the qualitative model
described above. Figure 11 shows the spectral develop-
ment of the high-doped sample resonantly excited at the
@=2 exciton (1.66 eV).

Despite the absence of the exciton in the time-
integrated spectra (Fig. 2), the exciton is strongly ob-
served in time-resolved spectra during the excitation
pulse. Following excitation, we observe a rapid capture
of the exciton, here seen as an increasing rate of decay at
higher energies as the exciton population is transferred
to lower energies. The quenching of the exciton PL is in
part then a consequence of the strong capture present in
the system. A high capture probability is a simple re-
flection of the. large number of capture sites available in
the high-doped system. The exciton bound at the donor
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FIG. 10. Transients obtained with the carrier transfer
model described in the text, matched to two of the measured
decay curves. The ability to account for a decay of the form
observed is demonstrated.

FIG. 11. Picosecond-time-resolved spectra demonstrating
rapid spectral diffusion due to capture of free exciton at bound
site followed by relaxation and break up of exciton to give slow

decaying free-to-bound transition.
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site (either neutral or ionized), we propose, is increas-
ingly strongly localized finally being dissociated in the
local field, leaving an electron bound at the donor and a
spatially separated hole. As a result of this localization
sequence, we observe at time &500 ps only the radiative
decay of donor-bound electrons (D-band) in agreement
with the time-integrated spectra.

The loss in exciton luminescence in the time-integrated
spectra is a combination of two related effects, the polar-
ization in carrier distributions leading to reduced oscil-
lator strength and enhanced capture in the presence of
a strong electric field. The mechanism behind enhanced
capture, we propose, is predominantly a statistical one;
the larger extension of the exciton wave function implied
by reduced binding energy means that the number of pos-
sible capture sites enveloped is increased. Furthermore,
enhanced capture may be associated with the relatively
higher concentration of ionized donors under high-field
conditions, for which the Coulombic potential gives an
additional capture mechanism. The observed shift in
the light-hole exciton indicates a field strength consistent
with strong reduction in the oscillator strength. However,
the picosecond data suggest a predominant role played by
capture in quenching the exciton luminescence. The rel-
ative contribution of the two effects is dif5cult to assess
due to their interdependence.

F. Temperature-dependent analysis

The importance of capture stressed above has been fur-
ther examined by investigation of the temperature depen-
dence of luminescence in the highly doped sample. Figure
12 illustrates the change in luminescence with increasing
temperature in the range 8—200 K under single excita-
tion at low photon energy (740 nm). Significantly, we

observe at temperatures above 50 K a sudden reappear-
ance of the exciton transition. In our previous analysis,
the occurence of the exciton in the luminescence spectra
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I

I I I

~ ~ I I ~ ~ I I ~ ~ I I I ~ I ~ k ~ I k I I
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Energy (eV)

FIG. 12. Temperature dependence of PL spectra for
highly doped sample under low-photon-energy excitation.
The exciton transtition is recovered above 50 K, which is in-

terpreted as a reduction in the strong capture demonstrated
in Fig. 11.

has been associated with a change in the local well po-
tential. However, it is unclear why a significant change
in potential should result singularly from an increase in
temperature. The large impurity binding energy [ED——12
meV (Ref. 30)j associated with the strong confinement of
the system implies that the effect of thermal ionization
upon carrier concentrations at this temperature should
be minimal. We propose that the observed effect is one of
reduced capture at the donor. At elevated temperatures
the exciton is less able to be localized to form a bound
exciton. If as suggested field ionization of the exciton
does not take place, the reduction in exciton localization
results in enhanced free-exciton recombination. This pro-
posal is further supported by picosecond-time-resolved
data, which indicates slower capture for increasing tem-
perature.

IV. CONCLUSIONS

The importance of doping in perturbing the local po-
tential in a single quantum well has been demonstrated.
Perturbation of the confining potential results from su-
perposition of the Coulombic field associated with the
ionized impurities on the band profile. The dopants be-
come ionized due to compensation with background im-
purities (in particular, the carbon acceptor present in
MBE growth), or by charge loss to surface or interface
states. We have observed spectra consistent with the neu-
tralization of the Coulombic field when free carriers are
photogenerated in the Al Gai As. The internal field
has an increasingly strong effect as the concentration of
dopants is increased. In direct analogy to the case of an
externally applied field we observe a reduction in the exci-
ton binding energy and oscillator strength for increasing
field. We have also discussed a simple model based on the
idea of neutralizing the ionized donors which is able to
account for the general features observed in the time-
resolved spectra. Picosecond-time-resolved data along
with temperature-dependent measurements have further
shown that capture by ionized impurities is apparently
enhanced relative to the neutral species. A direct result
of this is that at high doping concentrations the perturba-
tion of the band structure coupled with strong capture
is able to totally quench the exciton luminescence. If
the impurities are neutralized by optical generation and
subsequent transfer of free carriers, the exciton is recov-
ered in the luminescence spectra. Dependent on the op-
tical excitation energy we have an effective two-state sys-
tem. Measurements on a ms time scale following a high-
photon-energy pulse have further demonstrated that once
the impurities are neutralized they remain neutral at low

temperatures for long periods. On the basis of these ini-

tial results it is possible to consider applications of this
mechanism in a totally optical switching element, using
the ability of a high-photon-energy pulse to flip the out-

put state of an element and for it to remain in that state
for time intervals in the fraction of a second range. Fur-
ther theoretical work is needed to provide more quanti-
tative support of the ideas put forward here.
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APPENDIX

The calculation of the loss in photoexcited carriers
from the well follows the assumption that the relative
number of electrons with a given kinetic energy at any
instant is expressed by a simple Boltzmann type distribu-
tion (see Fig. 9). This distribution is then characterized
by an effective carrier temperature T„which is one of the
two parameters used to model the carrier flux, the other
being the initial field (V;) present following the excitation
pulse.

We assume a distribution of the form

d(E) d (E Eo)(&-7'. -
(A1)

where do is a normalization coeKcient derived by con-
sidering that the sum over all states must represent the
total number of excited carriers. Eo is the zero-point en-

ergy, i.e. , the boundary between excited and nonexcited
electrons, in this case the Fermi level E~.

The number of excited carriers in a given energy range
dE is thus given by

dn = g(E)d(E)dE . (A2)

For simplicity in calculation we assume the density of
states to be three dimensional but taking the band edge
to correspond to the first subband in the quantum well.
This gives

(AS)

We consider two possible mechanisms for the carrier
escape, (1) direct thermal transfer and (2) tunneling
through the barrier. Due to the barrier width the sec-
ond component was found to be negligible and thus only
the thermal component will be discussed.

The kinetic energy of the excited electron is given by
the difference E —Eq. We now substitute for this energy
difFerence and resolve the velocity perpendicular (Vs) and
parallel (V„,V, ) to the barrier. We assume that only
those electrons traveling towards the barrier with kinetic
energy in excess of the total barrier height are trans-
ferred. The total barrier height will be a function of the
AlsGai sAs-GaAs conduction-band offset EBo, the po-
sition of the Fermi level in the well, and the effective
internal field (V) due to the charge imbalance. Integrat-
ing over those electrons above the minimum velocity for
transfer and then substituting for the total barrier height
gives us an equation for the particle flux:

The internal 6eld V we calculate on the basis of charge
imbalance distributed over a two-dimensional sheet. The
conduction-band offset Ego has been taken as 60% of
the total band-gap difference. Our final equation (5) es-
sentially represents a prefactor multiplied by a transfer
probability. This probability is dependent on the total
barrier height as would be intuitively expected.
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