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Photoluminescence due to positively charged excitons
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We study the photoluminescen@@l) spectra of nominally undoped GaAstALGa; s/AS quantum wells, as
a function of well width, temperature, excitation energy, and intensity, and an applied magnetic field. A doublet
is observed for temperatures below 10 K, whose components we demonstrate derive from the Xpatrdl (
positively charged X*) excitons. The latter appears due to the binding of excitons to holes in the quantum
well originating from the background concentration of acceptors in the&la, ¢/As barriers. Our assignment
of X* is motivated by the striking similarity of the PL spectra to those recorded on quantum wells with
acceptors deliberately incorporated in the barriers. Consistent with our assignment, we see a strengthening of
the X™ transition when more holes are introduced into the well by photoexcitation. The dependence of the
doublet splitting on well width is in close agreement with a Monte Carlo calculation of the second hole binding
energy inX*. The PL peak due t&X* may have been falsely ascribed in previous work to a biexciton.
[S0163-182696)05519-1

I. INTRODUCTION grown with and without growth interruptions, respectively.
Recently there has been research into another type of
Low-temperature photoluminesceno@L) spectra of bound? exciton: the so-called charged exciton formed when
nominally undoped bulk GaAs typically show a number of an exciton binds to an electron or hole. Negatively charged
peaks due to recombination of excitons bound to impuritiesexcitons X~) were observed by Khengt al. in CdTe/
or defects, with usually only a weak feature arising from theCd,Zn, _,Te quantum wells containing excess electrons due
free excitort: In fact, the free exciton has no radiative decayto the barriers being doped with dondfsThese authors
path that conserves both thevector and energ§.The rela- have also reported negatively charged excitons in undoped
tive strength of the bound exciton PL derives from the relax-CdTe/Cd.Zn,_,Te quantum wells, due to the presence of
ation of thek-vector conservation rule. Translational invari- photoexcited electrons in the wéfl.PL measurements per-
ance is also destroyed in a two-dimensional system, resultinfprmed on remotelyn-type-doped GaAs/AlGa; _,As quan-
in those excitons lying below the crossing with the light line tum wells with a depleting gate contact display a doublet
being able to decay radiativelyConsequently, the PL spec- structure at the lowest electron densitiést’ The higher and
tra of GaAs/ALGa, _,As quantum wells are typically domi- lower components of this doublet have been ascribed to the
nated by free-exciton recombination. Donor bound excitonsband-edge neutralX) and negatively chargedX(") exci-
similar to those seen in bulk GaAs, have been reported fotons, respectively. We observed a strodg transition at
wide undoped GaAs/AGa;_,As quantum wellé. How-  excess electron densities of arouf@4)x10° cm~2 in
ever, their observation is rarer in narrower undoped quantursamples where the effect of the fluctuations in the
wells, possibly because of the smearing caused by the depetenduction-band edge due to the donor ions in the barrier
dence of the binding energy on the donor position along thevas relatively smalt® On the other hand, Finkelstegt al.
growth axis. On the other hand, PL studies of dopedound thatX™ could persist to higher electron densities in
GaAs/Al,Ga, _,As quantum wells have revealed peaks as-samples with strong inhomogeneities, due to higher doping
cribed to donat and acceptdrbound excitons. concentrations and narrower spacer layer thickness between
PL lines below the band-edge free-exciton peak in unthe dopants and welf We have also observed positively
doped GaAs/AlGa, _,As quantum wells have also been as- charged excitonsX™) in GaAs/Al,Ga; _,As quantum wells
cribed to biexcitons, otherwise known as the excitonic mol-containing excess holes due to remote doping of the barriers
ecule, formed when two excitons bind togethel® The  with acceptors?® At the lowest hole densities the PL spec-
splitting of the biexciton line from the free exciton implies a trum again showed a doublet structure, unambiguously as-
binding energy of about 1 meV. The assignment of the biexeribed to recombination involving and X*.
citon line by these authors was based largely on its superlin- In this paper we present measurements on nominally un-
ear dependence on the laser excitation intensity. Howevedoped GaAs/A} :8Gag ¢/AS quantum wells. Their PL spectra
Charbonneaet al1° demonstrated that conflicting excitation show a doublet structure that is rather similar to that previ-
intensity dependences could be obtained and suggested thatsly observelf 8 for remotely doped quantum wells at
donor bound excitons and biexcitons could dominate in welldow carrier densities. This leads us to suspect that the lower-
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energy component of the doublet seen for the undoped wells  _,
may also be due to a charged exciton. We demonstrate that 1
the unavoidable background acceptor concentration in the i )

Al 5 34Gag gAS barriers is indeed sufficient to produce a sig- -1.5} /A/IJ’IJ‘U—LH__
nificant population of holes, and hen¥¢ , in the quantum [ conduction

. . . S [ band ed
wells. This conclusion should not be surprising, in view of [ and edge
the fact that AlGa; _,As grown by molecular-beam-epitaxy [

(MBE) incorporates a much higher density of impurities than

GaAs (Ref. 19 and therefore provides a natural explanation i’«-o.s photon (B, > B, _
for the extrinsic recombination. Despite the presence of the z | creates electron-hole pair ]
barrier impurities, we point out that the samples studied here & - valence |

W [ band edge

are high quality, as exemplified by excitonic linewidths as
narrow as 0.15 meVfull width half maximum(FWHM)].
After a description of our experimental methods, we [ ]
present PL spectra recorded on several wells of different  9-5f ]
width as a function of sample temperature, excitation inten- [
sity at different laser energies, and applied magnetic field. 1 b _holes swept
This systematic study elucidates the origin of the lower- Q7 ntoupper QW )
energy peak in the observed PL doublet as dué'tp as we 0 200 400 600 800
discuss in Sec. IV. In Sec. V we discuss the possibility that a Position (nm)
very similar PL doublet structure observed previously by
other authors in samples similar to our own, which they as-

cribed to biexciton formation, may actually derive from
X+,

FIG. 1. Conduction- and valence-band profiles across the layer
structure. The zero of the position axis corresponds to the front
surface of the sample. Electron-hole pairs photoexcited in the front
Al 3GaygAs are separated by the internal field with the holes

Il EXPERIMENTAL METHODS being swept in the upper 140-A quantum well.

Four wafers with an identical layer structure were inves-rity densities of ALGa, _,As layers grown in our MBE ma-
tigated, each consisting of four GaAs quantum wells sepachine and found acceptor concentrations of abowtl6'®
rated by Al 38Gag ¢As barriers grown by MBE on é100-  c¢m~2.2° GaAs grown in the same manner incorporates at
oriented, undoped GaAs substrate. The full layer structurgeast an order of magnitude fewer impurities.
consisted of a Jm GaAs buffer layer, 300-A The conduction- and valence-band profiles for the struc-
Al g3GageAs, 300-A GaAs quantum well, 300-A ture studied here are shown in Fig. 1, calculated using the
Al o3Gag cAs, 200-A GaAs, 300-A AbzGageAs, 165-A  nominal layer widths and @-type doping level in the
GaAs, 300-A ApsfGageAs, 140-A GaAs, 3000-A Al ,GayeAs layers of 510®° cm™2. This acceptor
Al o 3GapsAs, and 100-A GaAs capping layer. The four charge produces the curvature of the band edges in the thick
samples were nominally identical except for the substratéront Al 3dGa, gAS region. The calculated profiles assume
temperature during growth, which was 630 °C for sample 1the Fermi level is pinned just above the valence-band edge
650 °C for sample 2, 630 °C for sample 3, and 610 °C forby p-type contamination at the growth initialisation interface
sample 4. Sample 1 was grown two months prior to sampleand midgap by the surface states at the air-semiconductor
2—-4, at a time when the growth chamber had a higher backnterface.
ground impurity concentration. The PL spectra were obtained by placing the samples in a

An indication of the background impurity level is given variable temperature He cryostat within a split coil supercon-
by the mobilities of ungated high electron mobility transis- ducting magnet that could apply a field of up to 8 T. The
tors (HEMT’s) grown in the same MBE chamber. A short sample was excited with either the 488-nm line of an Ar-ion
time before sample 1, a GaAs/ifNGagsAs HEMT with a  laser or a tunable Ti:sapphire laser propagating normal to the
200-A spacer layer was grown with a 4-K mobility of 1.0 sample surface. The PL emitted normal to the sample surface
X 10° cm?V 1 s71 after illumination. On the other hand, was collected and dispersed by a single grating spectrometer
an identical HEMT structure grown around the time of of 0.64 m focal length and detected by a liquid-nitrogen-
samples 2—4 showed a higher mobility of %.80° cm? cooled charge coupled device. The incident and the emitted
V ~1s7! under identical measurement conditions, suggestlight were circularly polarized with respect to the magnetic-
ing that their background impurity concentration was signifi-field axis.
cantly lower. The HEMT mobility generally improves over

fche several month growth run duration due to th_e re_duction Ill. PHOTOLUMINESCENCE SPECTRA
in the level of background impurity concentration in the
MBE chamber. Figure 2 plots PL spectra measured for each of the four

Although none of the layers in the structure were inten-samples under identical conditions. The excitation energy
tionally doped, MBE-grown Aj 34Gag As is susceptible to (E_ ) and intensity density K ) were 1.72 eV and 42
the incorporation of significant levels pttype dopants, with mW cm™?2, respectively, while the sample temperature was
carbon generally thought to be the principle acceptor2.0 K. Each quantum well shows a strong peak due to the
species? Danielset al. have studied the background impu- recombination of the free sl exciton formed between an
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FIG. 3. PL spectrdplotted on a logarithmic scaleecorded on
sample 2 at different temperatures.

FIG. 2. Comparison of PL spectra obtained from each of thebackground impurity concentration at the time sample 1 was

four samples tested. grown. Notice too that the lower-energy component of the
doublet is stronger relative to its higher-energy companion

electron and a heavy hole in their lowest confined subband$or each of the wells in sample 1, which we will later also
el—hh1, as marked by the arrows for each quantum well ofxplain by its higher A} ;4Gag ¢As impurity concentration.
sample 1 in Fig. 2. Notice that each quantum well also dis- Figure 3 plots PL recorded on sample 2 for different
plays a weaker PL peak around 0.97—1.35 meV below théample temperatures. Notice thdataK the lower-energy
free exciton. This feature, which we show later to be due tecomponent of each of the doublets is relatively strong. How-
recombination of an exciton bound to a hole in the quantuneVver, as the temperature is increased the lower-energy peaks
well, is the focus of this paper. Notice that the splitting of theweaken sharply, while the higher-energy components
two PL peaks of the doublet emanating from each quanturgtrengthen slightly, so that only the latter is readily discern-
well increases with decreasing well width, as can be seen iible at 15 K. There is also a strengthening with temperature
Table I. of the light-hole exciton line of the 300-A quantum well, in

The three wafers grown around the same tihe., addition to the 2s state of the heavy-hole exciton. A very
samples 2, 3, and)4how very similar spectra. The differ- similar temperature dependence was observed for the PL
ences in the excitonic energies in Fig. 2 suggests a variatiodoublets of the other samples. This behavior demonstrates
in the growth rate between samples. A high degree of layethat the populations of the excitons responsible for the two
homogeneity is indicated by the narrow PL linewidths dis-transitions are in thermal equilibrium. The disappearance of
played by each sample, which for the 300-A quantum well isthe lower-energy peak with increasing temperature suggests
0.15 meV (FWHM) for samples 2 and 3 and 0.2 meV that it arises from a bound exciton, while its higher-energy
(FWHM) for sample 4. Sample 1, which was grown two companion is due to a free exciton. The exciton will disas-
months earlier, shows more significant differences to the othsociate from its binding center at temperatures where the
ers. The PL lines of sample 1 are slightly broader than thosehermal energy exceeds its binding energy. A binding energy
of samples 2—44 0.3 meV FWHM for the free exciton line of 1 meV, equal to the doublet splitting for the 300-A quan-
of the 300-A quantum we)) which may be due to the higher tum well, implies a disassociation temperature of 12 K, in

TABLE I. Splitting of the PL doublet measured for each of the quantum wells in each of the four samples.

Binding energy(meV)

Well width (&) Sample 1 Sample 2 Sample 3 Sample 4 Average
140 1.35 1.37 1.36 1.33 1.39.01
165 1.12 1.12 1.11 1.12 1.30.01
200 1.10 1.06 1.10 1.06 1.68.02

300 0.98 0.95 0.97 0.96 0.90.01
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i155i\ 14°Ai FIG. 5. PL spectra recorded on sample 2 with different excita-

tion intensities for a laser energy larger than the barrier band gap.

Fig. 4 has been normalized to the laser power, it is immedi-
ately apparent that the PL intensity is roughly proportional to
i\ P, . However, a more detailed inspection reveals that the
bound exciton PL(lower-energy component of doublet
N PP TR —l stronger relative to the free exciton at higher excitation in-
1.52 Photor‘,-gﬁgrgy (ev)1'53 1.535 tensities for sample 1, while, in contrast, it is less prominent
at higher power for sample 2.
When the sample is excited with a laser energy above the
FIG. 4. PL spectra recorded on samplas1 and(b) 2, using band gap of the AJ;GaysAs barriers £ =2.54 eV} a
relatively strong and weak illumination intensities, for a laser en-much stronger dependence on the laser power is observed.
ergy smaller than the band gap of the barrier material. The PLSince all four samples exhibited a similar dependence on
intensity is normalized to the illumination intensity. Inset: log-log P, (for excitation above the barrigrwe plot in Fig. 5 rep-
plot of the unnormalized PL intensity of the two peaks observed forresentative data taken from sample 2. Notice that at the
the 300-A quantum well vs laser intensifpoints. The straight ~weakest excitation intensity in Fig. 5, the PL spectrum is
lines are fits of the form=A(P)“. similar to those measured for excitation below the barrier
_ o band gap, with the free-exciton recombinatiomarked by
good agreement with the dependence shown in Fig. 3. the arrow from each of the wells being stronger than that of
We measured photoluminescence excitaiBhE) spec-  the bound exciton. The doublet splitting is the same for pho-
tra by detecting on the lower-energy peak of the doublet. Fofpexcitation above and below the barrier band gap. However,
each of the quantum wells this showed a strong sharp peak g the laser intensity is increased there is a dramatic strength-
the energy of the upper energy component of the PL doublegning of the bound exciton peak relative to the free exciton
consistent with it deriving from the free heavy-hole exciton. of the 140-A quantum well. Thus, at the highest excitation
There was no discernible Stokes shift between the PL angensities plotted in Fig. 5 the bound exciton PL from the
PLE peaks. The PLE spectra also showed a peak to highao-A quantum well dominates the spectrum. The bound ex-
energy for each well due to the free light-hole exciton.  ¢iton peaks of the other quantum wells also strengthen rela-
We studied the dependence of the PL spectra on the lasge to those of the free exciton, although the dependence is
excitation density P.). Figures 4a) and 4b) plot the PL  mych less dramatic than for the 140-A well.
Spectra recorded from Samples 1 and 2, reSpeCtively, with a Another intriguing phenomenon dispiayed by Sampie 1is
relatively strong and weak excitation intensity. The laser enthe dependence of the PL spectrum on the position of the
ergy wasg, = 1.72 eV for these measurements, which is|aser spot on the sample surface. Figure 6 shows PL spectra
much less than the band gap of the,AdGag ¢As barriers  taken with the spot focused on different regions of the
(Eaica_as)- The free exciton from each of the wells is sample separated by approximately 40®. The variation in
indicated by an arrow in the figure. Since the vertical axis inthe spectra is particularly pronounced for the 200-A well. It

P =222mWem' ?

PL Intensity / Laser Power (arb. units)

P =0.85mWcm’ 2
2 L] % 2 2

-
(3]
-
[3,]
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—————————r—r———————r— the doublet can be crudely regarded as the binding energy of

300A P =40mWcm'? the exciton to its binding centerkEg), yielding values of
* . E =1.72eV 0.97-1.35 meV depending on the well width, as listed in
200A Table I. The sharp decline in intensity of the bound exciton

1654 120A peak with temperature, plotted in Fig. 3, agrees well with the
v * dependence exp(E,/kT). Physically, the decline in the

bound exciton peak with temperature can be understood as
due to thermal disassociation of the exciton from its binding
center, which occurs when the thermal energy is comparable
to the binding energy, i.e., 12—-16 K. In this section we dis-
cuss the origin of the binding center.

As discussed in the Introduction, previous authors have
assigned PL peaks below the energy of the band-edge free
exciton to impurity bound excitons or biexcitons. We pro-
pose here that rather than an impurity ion, or another exciton,
the binding center is in fact a free charge carrier, which is
present in the well due to the background impurities in the
Al o 3Gay g/AS barriers. Since MBE-grown AGa; _,As is
known to bep typel®?°we can expect an excess of holes in
the GaAs wells. An excess hole can bind with an exciton to
form a positively charged excitonX("), consisting of two
el e e holes and an electron. Hence the low-energy component of
1.515 1.52 1.525 1.53 the doublet is caused by recombination of an electron-hole
Photon Energy (eV) pair in X" leaving a hole K*), according to

X*—photont+h*. The binding energy of the hole and neu-
FIG. 6. PL spectra recorded with the laser focused on different’@l €xciton of about 1 meV lowers the energy of tké PL

regions of sample 1 separated by approximately 46 relative toX.

Is the impurity concentration in the barriers sufficient to
can be seen in the lowermost spectrum that the bound exciupport a significant population &*? The measurements
ton transition is more intense than the neutral exciton featuredf Danielset al*° on Al,Ga, _,As grown in our MBE cham-
whereas for the uppermost spectrum the relative intensiticBer yielded a bulk acceptor concentration of around 5
of the two transitions is reversed. In contrast, no significant< 10> cm ™, corresponding to an areal density of about 1.5
variation in the PL spectrum was observed in PL spectra<10'® cm~2 in our 300-A barriers. Assuming that all the
taken from different regions of samples 2—-4. acceptors are ionized, the average separation of two holes in

The PL emitted by the samples was also studied as the well will be 8® A . Since the neutral exciton has a
function of a magnetic field applied perpendicular to the lay-diameter of about 300 A, the probability of it binding to a
ers. Spectra were recorded in the Faraday geometry with tHeole to form X™ will indeed be considerable. Indeed we
incident and emitted light propagating almost parallel to theexpectX™ to still be observable for considerably lower bar-
field axis. Figures (& and 7b) plot PL spectra, emitted in rier acceptor concentrations than that determined by Daniels
the o~ and o™ circular polarization sense, respectively, of et al. On the other hand, we can expect the impurity concen-
the 300-A quantum well of sample 1 with different applied tration in the GaAs wells, and hence the population of impu-
fields. Notice the shift of the free-exciton PL peak to higherrity bound excitons, to be much lower. Furthermore, the
energy with increasing fieldB). This shift shows an ap- variation in the binding energy caused by the spatial distri-
proximately quadratic dependence wlhat low field, which ~ bution of the impurities in the well will tend to smear the
is characteristic of excitonic transitions. The bound excitonmpurity bound PL peak.
feature also shifts to higher energy with field, but at a rather The hole density in the wells will be much larger than that
shallower rate than the free exciton, so that the splitting oPf the photoexcited excitons. Notice in Fig. 4 that the lower-
the bound and free exciton increases. Notice that around 4 gnergy peak is observed even at the lower excitation inten-
a third peak emerges just below the free-exciton lingsin  Sity of 0.85 mW cni 2. Taking the absorption of the 300-A
polarization and forms a well-resolved peak in the &T  quantum well at 1.72 eV to be roughly that of bulk GaAs
spectrum, marked;” . This feature is not observed4Tin  (1.7X10' cm™? from Ref. 19 after allowing for the band-
o polarization, althoughtz8 T aslight asymmetry appears 9ap shift between 295 and 2 Kneans that-5% of the light
on the low-energy side of the free-exciton line. Similar be-incident on the well will be absorbed. Assuming an exciton
havior was observed for the other quantum wells of sample fifetime of 170 ps(Ref. 21 yields an estimate for the exciton
and the other three samples. density of 3x10* cm™2, which corresponds to an average
exciton separation of-60 xm in the quantum well. Even at
the highest densities we could study before heating of the
sample occurs, the exciton density is onlx 80° cm™2,

The temperature dependence of the PL in Fig. 3 demonwhich is still several orders of magnitude less than the con-
strates that the lower-energy component of the doublet emigentration of holes in the well created by the barrier accep-
ted from each well is due to a bound exciton. The splitting oftors. Although localization due to well width fluctuations

PL Intensity (arb. units)

2

IV. ORIGIN OF THE BOUND EXCITON LINE
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may enhance the exciton density in some regions of the well, — — .
it seems very unlikely that the biexciton population could be Sample 1 X-300A|| b)o+
significant compared to that &f* at these excitation inten- a)o-—
sities. In any case, well width fluctuations do not substan-
tially broaden the exciton energy in these samples, as indi-
cated by their very sharp spectral lines.

Our supposition that the bound exciton peak derives from
the positively charged exciton was prompted by the striking
similarity of these spectra to those recorded on GaAs quan-
tum wells with intentionally doped barriers. Doping the bar-
riers with donors or acceptors produces an excess of either
electrons or holes, respectively, in the well. The density of
these excess carriers can be varied by either, applying a volt-
age between a semitransparent Schottky gate and an Ohmic
contact*~" or by photoexciting electron-hole pairs in the

4T
doped barrier layel® At the lowest carrier intensities, a dou- 27T /\ / \ 2T _A\ } \
OT AN

1h-300A

PL Intensity (arb. units)

blet structure is observed in the PL spectra, qualitatively
similar to that reported here for nominally undoped quantum
wells. For a remotelyp-type-doped 300-A GaAs quantum 0TI NN
well, we measured a doublet splitting ¢£.0=0.1) meV. R T T N TR SR
This agrees, within experimental error, with the doublet Bhoton Enary (60r 2 Photon Evioray (SV22
splitting observed here for the 300-A undoped quantum well

of (0.97+0.01) meV.

The temperature dependence observed for the lower- FIG. 7. PL spectra emitted if) ¢~ and(b) o™ circular light
energy peak in the doublet is characteristic of ¥fetransi-  polarization, on the 300-A quantum well of sample 1, with different
tion. At 2 K X* is stable. However, at the temperaturesmagnetic fields applied perpendicular to the layers.
where the thermal energgT approaches the second hole

binding energy X" will disassociate into a neutral exciton A detailed description of the spin statesXt andX~ in a
and a holeX™ — X+h™. For a binding energy of 1 meV magnetic field is presented in Refs. 17 and 18.
this corresponds to a temperature of 12 K. This causes the Our assignment of the low-energy component in the dou-
rapid decline in the intensity of the™ transition in the PL  plet to X* explains the variation in the PL intensities be-
spectra of Fig. 3, with a corresponding strengthening.oh  tween the four samples studied. As discussed in Sec. Il, the
temperature dependence similar to that in Fig. 3 has been| , ,(Ga, sAs layers of sample 1 are expected to contain a
observed forX™ in p-type remotely doped quantum wells; higher background acceptor concentration than those of
see Fig. 2 of Ref. 18. samples 2—4, producing a larger hole density in the wells.
The magnetic-field dependence shown in Fig. 7 is alsorhis explains why theX* PL peak is more prominent rela-
qualitatively similar to that observed for bofittype'® and  tive to X for sample 1 than samples 2—4 in Fig. 2. The
n-type'” remotely doped quantum wells at low carrier densi-variation in the PL spectra taken with the light focused on
ties. Notice in Fig. 7 that the higher-energy component undifferent regions in Fig. 6 indicates that there is also consid-
dergoes a blueshift with field, which is approximately qua-erable topological variation in the fk{Ga, sAS acceptor
dratic inB at low field. This behavior is characteristic of the concentration in sample 1. Both the difference in the PL
diamagnetic shift experienced by neutral excitons. The&joublet of nominally identical samples and the variation of
lower-energy component of the doublet also shifts to highethe spectrum across the wafer indicate that the low-energy
energy with field, but less rapidly than the neutral exciton, sccomponent cannot be an intrinsic property of the structure.
that the doublet splitting increases with field. A very similar positively charged excitons due to the background acceptor
increase in the splitting with field was observed for the in-charge in the barriers provide a plausible extrinsic origin.
tentionally remotely doped samples at low carrierClearly, it would be more difficult to explain the variation
density’”*® This can be explainéd by enhancement of the petween samples and across the wafer if the low-energy peak
Coulomb interaction between the neutral exciton and theyad an intrinsic origin such as biexcitons.
charge carrier, due to the in-plane confinement introduced by We now consider the well width dependence upon the
the field. Notice in Fig. 7 that a weak peak emerges on th@nergy spacing between the two peaks of the doublet in the
low-energy side of th& line in o~ polarization around 4 T PL spectra. Table | demonstrates that there is a systematic
and forms a well-resolved pedkarkedX,") at higher field.  increase in this splitting with decreasing well width. This can
This again is characteristic of charged excitonic transitionsbe readily explained by an increase in the second hole bind-
since similar behavior has been observed for metiipe and  ing energy in narrower wells, due to the enhancement in the
p-type remotely doped quantum welis'® The field-induced  Coulomb interaction of the hole and neutral exciton.
peak is due to an excited spin staspin triple of X*, for We have performed a diffusion Monte Carlo method to
which the spin wave function is symmetric upon interchangecalculate the second hole binding energiexXofas a func-
of the two holes. The higher-energy spin-triplet transitiontion of well width. The details of this calculation will be
observed irv™ polarizatiort’*8can just be resolved 8 Tin  given elsewhere, but it involves essentially a fully three-
Fig. 7, as a low-energy shoulder on the neutral exciton pealdimensional calculation in an infinite square-well potential,
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2 i i : the barrier band gaji < Ealca as, @scan be seen in Fig.

4. The insets to Figs.(d) and 4b) plot the excitation density

* dependence of the PL intensities ¥f and X* from the
L. @ 300-A well of samples 1 and 2, respectively. We fit the ex-
1.51 . perimental points in the insets with an equation of the form

L ® o * I=A(P.)“ wherel is the intensity of the PL peak and
I . and « are constants. For sample 1, we obtain

.. .O O . a=0.98+0.01 for the upper-energy peakX), while
1 m ® 1 a=1.22+0.01 for lower-energy oneX*"). Conversely, for
u ¢ O sample 2,=1.06+0.01 forX and a=1.03+0.01 forX™.
m Samples 3 and 4 showed a similar dependence prtoP
u sample 2.

For sample 1, the neutral exciton intensity increases
roughly linearly with laser power densityP(), while the
positively charged exciton strengthens B5®. A qualita-

h , tively similar superlinear dependence has been observed by

0 100 200 300 400 other authors, which led them to conclude that the lower-
Well Width () energy peak is due to the biexciton. However, our measure-

ments on samples 2—4 suggest that this conclusion is un-

FIG. 8. Well width dependence of the measured doublet split-sound' Despite being no_mlnally ldentlcal_ to sample 1,
ting (open circley compared to our calculation of the second hole samples 2—4 §hOW only linear Stfeﬂgthe”'”g (_)f the low-
binding energy inX* (solid circles and the biexciton(solid ~ €N€rgy peak with laser power. A similar conflicting depen-
squaresand donor at center of we{kolid diamonds binding en- denc;e on the excitation mtelr('l)sny was found for two §amples
ergies calculated by Kleinmar(iRef. 22. studied by Charbonneat al.”™" In any case, at the excitation

intensities used in our experiments the exciton density is too

with an effective-mass approximation and mass ratioIOW for biexcitonic effects, as discussed above.
PP We believe the variation in thX* intensity with laser

g;‘i”éhxj_o('EQI_hEehi()acwge?g:;?mdézg 22?2:3;5'&? aSmtensity forE < EA'XG%-XAS is due to a change in the hole
energies of an isolated positively charged exciton, neutrafl€NSity in the quantum well. As discussed above, the popu-
exciton, and hole, respectively. The calculatéél binding lation of electron-hole pairs directly photoexcited in the well
energies plotted in Fig. 8 are in good agreement with thdS insignificant compared to the hole density produced by the
experimental splittings. For comparison we also plot in Fig_background acceptor concentration of the barriers and can be

8 Kleinmann’s calculation of biexciton binding energies and'dnored. A more likely cause of the change in the hole popu-
the binding energies of an exciton to a neutral ddRcFhe lation with light intensity is th_e photovoltage that will be
biexciton binding energy is found to lie somewhat lower thanCr€ated by absorption of light in the GaAs buffer layer. We
the experimental data while the energy for binding to a neul’@ve observed a similar effect in remotely doped quantum
tral donor turns out to be too large. The best agreement is, iF€!lS grown on a thick GaAs buffer Igyé?.Thls_ photovolt-
fact, found with the calculated* binding energies, which age will result in holes being swept |nt_o the |IIurr_1|nated_ re-
lends support to this assignment of the experimental data. 910N Of the quantum wells from unilluminated regions. Since

We now turn to the illumination intensity dependence Off[he size of the photovoltage.wnl ergnd on the electric field
the PL for a laser energy above the barrier band@g 5, " the GaAs buffer layer it is quite likely to vary between
EL>Eni,ca_as» Which we explain with reference to Fig. 1, samples.

showing the spatial variation of the valence- and conduction-
band edges within our structure. The majority of the light
incident on the structure will be absorbed in the thick front
Al o 34Gag s/As layer creating electron-hole pairs. The elec- Our conclusion that the low-energy peak in the PL dou-
tric field across the structure, apparent in Fig. 1, spatiallyolet derives fromX* must cast some doubt over previous
separates these photoexcited electron-hole pairs, sweepiagsignments of similar structure to biexcitdn&® All these
the holes into the 140-A quantum well and the electrongprevious experiments were performed on MBE-grown
towards the front surface of the structure. This explains th&aAs/Al,Ga; _,As quantum wells similar to our own. In
dramatic strengthening of th¢" peak of the 140-A quantum Refs. 7—9 PL spectra were recorded with cw illumination
well in Fig. 5, since the population of* will increase with  intensities comparable to those we used. They observed a
the density of holes in the well. Notice that in comparison,doublet structure in the PL spectra with a splitting of be-
the quantum wells lower in the structure show a much lessween 0.9 and 1.3 meV, very similar to those we report here.
dramatic dependence on the laser intensity in Fig. 5. Th&earing in mind the similarity of the experiments and the
modest strengthening of the" peak relative to th&X can be  observed PL spectra, it seems inconceivable that these au-
explained by a smaller increase in their hole density due t¢éhors were observing a different phenomenon from ours.
tunneling from the 140-A quantum well. As discussed above, under the excitation conditions em-
In comparison, a much less pronounced change in the Pployed by us, as well as the previous workers in Refs. 7-9,
line shape with laser power is observed for excitation belowthe density of exciton is negligible in comparison to that of

Binding Energy (meV)

0_5-_ O expt. data

[ @ calc. X*

| H calc. XX by Kleinmann

| 4 calc. D°X by Kleinmann
1

V. BIEXCITONS?
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the holes created by the barrier acceptors. Under these illanomalies noted in the polarization dependence of the
mination intensities the biexciton population will be tiny. On DFWM signal®* A description of DFWM that includes posi-
the other hand, we have demonstrated that the barrier accefvely and negatively charged excitons, originating from pho-
tor concentration will produce a large populationof. The  toexcited, as well as background, charge in the well remains
superlinear strengthening of the low-energy peak with lasef theoretical challenge.

intensity (for excitation directly in the wellis not necessar-

ily indi.cative of biexcitqn formation as argue.d in Refs. 7-9, V1. CONCLUSION
since it could be explained by the photoexcitation causing a _ _
change in the background hole density in the well. The PL spectra of high-quality MBE-grown GaAs/

The line shape of the lower-energy peak, which displays &\l 0.38Ga0.67As quantum wells display a doublet structure at
broader tail on the low-energy side, has been argued to b&mperatures below about 10 K. A systematic study of the
indicative of biexcitons, since it is produced by the thermalspectra has shown that the upper and lower components of
energy distribution of the excitofsClose inspection of the this doublet derive from the band-edge neutral and positively
X* peaks in Fig. 2 shows that our spectra display this broadcharged excitons, respectivel. is formed due to the pres-
ening of the low-energy side too. However, this does no€nce of holes in the well produced by ionization of acceptors
mean the peak derives from a biexciton, since the broadenin§j the barrier layers. These acceptors were not intentionally
could just as readily be explained by the thermal energy disintroduced to the Af34Gag6As, but unavoidably incorpo-
tribution of the holes in the well. rate during MBE growth. This extrinsic origin for the lower-

As we pointed out earlier, our measured splittings areenergy peak of the PL doublet provides an explanation for
somewhat larger than the biexciton binding energies calcuthe difference in spectra taken on samples grown at different
lated by Kleinmanff for GaAs/Al,Ga; _,As quantum wells. times and the variation in the PL line shape measured across
The values calculated by Kleinmann are plotted in Fig. 8the surface of one of the wafers.
where it can be seen that although they follow the same trend Our assignment of the low-energy peak in the doublet to
with well width as that we calculated f&t*, they lie around X" was motivated by the striking similarity of the PL spectra
0.15 meV lower in energy. Although the experimental split-t0 those taken on samples with acceptors deliberately intro-
tings agree best with the binding energy calculatedfoy a ~ duced to the barriers. The energy splitting of the doublet
degree of caution must be exercised in the face of relativelpbserved in the remotely doped samples is the same as that
small calculated energy differences. Since the binding enefebserved for nominally undoped quantum wells of the same
gies are sensitive to the parameters and assumptions madeVifith. Furthermore, the PL spectra of the samples with un-
the calculation by an amount up to 0.1 meV or so, it isdoped and doped barriers show a qualitatively similar evolu-
difficult to make a definite distinction on the basis of thetion with temperature and magnetic field. The low-energy
calculations alone. peak weakens sharply with increasing temperature due to the

Confirmation that the low-energy peak is caused by théhermal dissociatiorX ™ —X+h™. Under a magnetic field
presence of holes, rather than excitons, in the well, comegpplied normal to the wells there is a large increase in the
from the laser power dependence for excitation of the fronfloublet splitting, due to the increase in the second hole bind-
barrier region. In this case we see a dramatic strengtheninigg energy ofX™ caused by the magnetic confinement. We
of the low-energy peak of the upper well due to photoexcitedhlso observe the emergence of a new peak in the PL emitted
holes being swept into the well. This behavior would bein o~ circular polarization under an applied field, due to the
difficult to explain with the biexciton assignment. excited spin-triplet state ok . Both the field-induced tran-

Finally, we comment briefly upon the large number of sition and the increase in the doublet splitting is characteris-
exciton dephasing studies in GaAs quantum wells that havic of the X™ transition.
also been interpreted as providing evidence for the existence The second hole binding energyXf also increases with
of biexcitons®®?*n particular, the observation of a degen- the enhanced confinement produced by a narrower quantum
erate four-wave mixingDFWM) signal at negative time de- Wwell. This explains the observed increase in the doublet split-
lays suggests the presence of exciton-exciton interactfons.ting of X andX™ with decreasing well width. A Monte Carlo
It should be borne in mind, however, that these pulsed-lasetalculation of the second hole binding ¥i* (Fig. 8 is in
experiments typically generate much larger exciton densitiegood agreement with the observed doublet splitting over the
than cw PL measurements such as ours. For instance, strongnge of well widths studied.
exciton-biexciton quantum beat phenomena were reported in Our assignment of the&X* peak is confirmed by its
Ref. 4 for laser powers estimated to correspond to excitostrengthening with the hole density in the well. When the
densities of~3x10'° cm™~2, which is comparable to the sample is illuminated with laser light of energy higher than
background hole density that we estimated above for outhe barrier band gap, the internal electric field separates
samples. This contrasts with the situation under cw illumina€lectron-hole pairs photoexcited in the front thick
tion, as in our experiments, where the exciton density will beAl ,Ga; _,As region, sweeping holes into the upper quantum
several orders of magnitude smaller. Clearly then, the conwell. This produces a sharp strengthening of XfePL peak
tribution of biexcitons to the DFWM signal cannot be ig- of the upper quantum well. A less dramatic strengthening of
nored, as it can be for typical cw PL experiments. On thethe X™ peak of the lower wells arises from tunneling of holes
other hand, the effect of the sizable background hole concereeper into the structure.
tration (due to the barrier acceptgralso cannot be ignored Since the intensity of th&X™ peak is sensitive to areal
in the interpretation of the DFWM experiments and couldhole densities of 18 cm~2 or less, low-temperature PL
perhaps provide an explanation for the sample-dependespectroscopy could provide a very sensitive tool for studying
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the acceptor concentration of the /&a; _,As barriers. In-
deed, we observed significant differences inXeintensity
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the low-temperaturX™ PL intensity could also be useful for
characterization of devices grown by other methods, such as

measured on samples grown at different times and across timeetal-organic chemical-vapor deposition or metal organic
surface of one of the samples. The background barrier accepapor phase epitaxy where the /&a;_,As acceptor con-

tor concentration is of interest because it limits the perfor

tamination is usually greater than for MBE.

mance of several quantum well devices. For instance, the

barrier acceptor charge is also known to degrade the perfor-

mance ofp-i-n multiple quantum-well optical modulators
since it causes a field drop between successive wells with
the (nominally) intrinsic region. This technique of studying
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