PHYSICAL REVIEW B VOLUME 54, NUMBER 16 15 OCTOBER 1996-II
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We have obtained absolute interband absorption spectra from a series of modulation-doped
GaAs/Al -Ga, ;As multiple quantum wells covering a wide range of two-dimensional electron densities. The
evolution of the threshold line shape from an exciton to a Fermi-edge singularity is quantified. We discuss the
influence of the doubly occupied bound sta¥ | on the line shape and compare the results with realistic
many-body calculations.

Interband optical absorption spectra from undoped, directeausing the formation of a negatively charged excixon
gap semiconductor heterostructures are characterized by tvithe X~ feature appears-1 meV to lower energies than the
thresholds: a discrete excitonic feature due to excitation of @xciton. The potential of the valence hole thus supports a
bound electron-hole pair, and a well-defined steplike condoublyoccupied bound state, which should continue to exist
tinuum edge shifted up in energy from the bound state by th@ven in the presence of a dense 2D electron'gatence,a
exciton binding energyE,.* In contrast, in the presence of @ priori, there should always treethresholds in the absorp-
high density of fre_e carriers the spectra ex_hlblt only a singlgjon spectrumw;, w,, andws (in order of increasing en-
threshold that typically appears as a steplike edge enhancequw’ corresponding to occupancy of the bound state by two,

gt th‘?l thr‘TstL'o'g' The éanhancerlne_nt E‘ th(;vficinzity of theéyne, and zero electrons. Physically, these transitions corre-
ermi evel[the Fermi-e 1g€e singu aritf .S]( efs. 2—7is spond to excitation of an electron in¥~ (the ground state,
similar to that observed in x-ray absorption spectra of metals

. Wwith the second electron provided by the Fermi)sdhe
and results from the many-body response of the mobile two-X iton. and th ntinuum of unbound statese Ref. 14
dimensional electrons to the photoexcited valence hdle. exciton, ang the continutim ot Linbound s e
Despite intensive investigations of the optical properties ofThe_ actual I_me shape for each_ threshold, as a function (.)f
semiconductor heterostructures, the evolution between theS&rMer density, must be determined and understood by suit-
two extremes, as a function of the density (or Fermi en-  avle calculations, and by experiment. _
ergy E¢) of a two-dimensional electron systefdDES), is The CN formalism is not directly a_pphcable to_absorptlpn
not well understood. in the presence of a 2DES because it only considers a single
This problem was addressed theoretically by CombescaiPin component of the electrons, ignores electron-electron
and Noziere3(CN) for the 3D metallic case. They found that interactions, and assumes an infinite hole mass. In the 2D
at all densities the excitonic and continuum thresholds havéase(i) different spin channels cannot be treated as indepen-
absorption line shapeor v — w;<Eg) given by the power- dent because of the existence of the doubly occupied bound
law singularity state, X™, (ii) electron—electron interactions must be in-
cluded because of the presencexof and because of the fact
Al(w)=1w— w;)4. (1) that 2DES’s exhibit gapless plasmon excitations, &iid
valence holes in semiconductor heterostructures are mobile,
CN showed that ag, increases the sharp excitonic feature with effective masses of the order of the free electron mass.
should broaden asymmetrically to higher enerdies a=0) The CN approach has previously been developed by one
and the steplike continuum edge should become increasinglyf us into a realistic model of the 2D case that considers the
rounded (0= a=—3), with the effects most significant for evolution of the spectra from the excitonic limit to the FES.
Er=E,. The model includes the doubly occupied bound state, and
Recent experimental wotk 2has shown that in the case treats electron-electron interactions within the random phase
of semiconductor heterostructures containing a low excesapproximation (RPA). Numerically generated absorption
2D carrier density, an exciton can bind an extra electrorspectrd® reveal a fundamentalkd(;) threshold that broadens
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asymmetrically with increasingg (similar to CN for the 0.8
threshold associated with the exciijpand a strongpeakat
w,. The separatiom,— w4 represents the minimum energy 0.4t
required to remove one of the bound electrons from the
ground stateX™) in the presence of a valence hole. There is 0.0
no feature in the calculated spectrum at the continuum
(w3) threshold.

Previous optical experimerits''® on modulation-doped
semiconductor systems have clearly established that the ab-
sorption threshold exhibits an asymmetric enhancement,
qualitatively similar to the FES observed in metals, far 0.0
=2%x10" cm? (Er=7 meV). The enhancement becomes
less pronounced ag, increases at a fixed temperature, or if 0.0
the temperature is increased at a fixed density. Existing
experiments'® that to some extent address the issue of how
the zero-density exciton evolves into a FES suggest that
there is a continuous evolution between the two extremes,
but the samples and/or techniques used in these studies pre-
clude a quantitative, or even semiquantitative interpretation.
Of particular interest are the relative energy schle/Ey
over which this transition occurs, quantification of the energy (eV)
strength of the singularity as a function of carrier density, FIG. 1. Absorption spectra fd@) the 50-A MOW samples with
and an understanding of the role X , n,=0, 0.25, 0.5, 1.0, and 2:010'* cm 2 (from top to bottom and

In this paper we present absolute absorption spectra th?g) the 60-A MOW samples with,=7, 14x 104 cm2. The fits to
allow us to quantify the evolution of the threshold line Shapethe absorption threshol@ashed Isinbzz,ire discussed iﬁ the text.
as the density of the 2DES is varied betwegr0 andng

_ 2 -2 ; -
=1.4x10" cm"2. From a comparison of these spectra with gyoes shift for each sample is in good agreement with that
numerical calculations, and from their temperature depengypected from the nominal doping densities: the actual 2D
dence, we conclude that fog>0 the dominant threshold i gensities are therefore close to the nominal values. Figure 2

consistent with optical excitation of the ground state of they 5o demonstrates that differences in well width from sample
many-electron system in the presence of the valence holg, sample are not significant.

i.e., the state with a doubly occupied bound state. As the | the remainder of this paper we discuss the results for
density increases, the influence of this bound state Ofhe hh featuregthe Ih features show qualitatively similar
the thresholdline shapedecreases dramatically even for behavioj. We begin by pointing out that the threshold line
Er<E, (i.e., for carrier densities where only a small fraction shape is dramatically modified by the presence of a remark-
of an electron from an uncorrelated Fermi sea would b%bly low density of free carrierin~2.5x 101 cm™2 see
within the Bohr radius of the bare excitprconsistent with Fig. 1(@)]. Even in the lowest density doped sample, only a
theoretical predictions of a dramatic reduction in the boundsingle threshold is observed, and it clearly emanates from the
state binding energy at finites (Ep). exciton peak at zero density, not from the continuum edge.
The samples investigated are 50-period modulation-doped |n addition, the temperature dependerinet shown of
50-A GaAs/400-A A}sGa-As multiple quantum wells the fundamental threshold of samples with lange (=2
(MQW's) with electron densities ranging from=0 tons  x 101 ¢cm™?) is characteristic ® of the FES, i.e., the peak is
=2x10" cm™ and a pair of 50-period 60-A MQW eliminated by raising the temperature 460 K. In the un-
samples witng=7x10"" and 14x10"" cm™% The sam- doped sample the excitonic feature is virtually temperature

ples were removed from their substrates using an epitaxighdependent up to 100 K. For intermediate densities the en-
lift-off technique and subsequently Van der Waals bonded to

glass substrates to allow absorption measurentént-
sorption was measured using broad-band, polarized light in- 1e20L 7 7 T 1]
cident near Brewster’s angle. )

Figure Xa) shows the absolute absorption spectra of the
50-A samples ®5 K in the vicinity of the threshold. The
ns=0 sample(top) has strong heavy holéh) and light hole
(Ih) exciton peaks at 1.620 and 1.6475 eV, as well as a clear
hh-continuum edge at 1.632 eV and a weaker Ih-continuum
edge at~1.660 eV. The hh and Ih exciton binding energies
(Ep) are therefore both-12 meV. Figure tb) shows absorp-
tion spectra for the higher-density 60-A samples. The fits to
the hh line shapédashed linesare discussed below.

Figure 2 shows the energy of the absorption etusf- FIG. 2. Positions of the photoluminescence pédiamonds
intensity point on the rising edgeand the corresponding and the half intensity point on the rising edge of the absorption peak
photoluminescence peak energy for the 50-A samples. Theircles.
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FIG. 3. Calculated absorption line shape far,=1.8 Fimev)

X 10" cm™2in RPA (dashed lingand in a self-consistent Hartree FIG. 4. Exponentsy; from the fits to the experimental data of
approximation (full line). Features in the RPA spectrum corre- Fig. 1 using the line shape of E@L): filled circles, 50-A wells;
sponding to doubledj;) and single ;) occupancy of the bound filled squares, 60-A wells. Also shown are the calculated values of
state are labeled. The weak oscillatory structure comes from the use, : open squares, RPA; open circles, Hartree approximation. The
of a discrete set of energy levels. inset shows that &/, depends linearly on Fermi wave vector

_ ﬁqfvE}:’Z) for large Er .
ergy, line shape, and temperature dependence of the thresh-

old all show that as\ increases, there is a continuous evo-rameters which affect the line shape are the width of the
lution toward the FES as many-body effects become moré&aussian broadening,?° (a relatively small effedtand the
dominant and the bound state more strongly screened.  exponente;. The temperature is accounted for by a convo-
The predictiof* of two peaks in the spectrufat w, and  lution with the derivative of the Fermi function at a fixed
w,) is clearly not verified by experiment. The only experi- temperaturg5 K). Figure 4 shows that the Hartree calcula-
mental evidence for an additionalvg) peak is the weak tion produces line shapes that are reasonably close to the
feature in the spectrum of the,=1x10" cm 2 sample experimental ones. The RPA line shapes are narrower (
(arrowed in Fig. 1 We note that for samples with lower large) because the RPA neglects the repulsion between the
densities the calculated separation of the peaks; w,,**is  two bound electrons and therefore overestimates the strength
smaller than the inhomogeneous broadening in our samplesf the bound state. This comparison of experimental and
making it impossible to resolve such a weak feafdre. theoretical absorption line shapes leads us to conclude that
The presence of only a single threshold suggests that it iglthough, in principle, one could expect three distinct thresh-
necessary to go beyond the theory of Ref. 14 to properlyplds, in the presence of a dense 2DES there is essentially
describe the experimental spectra. A formalism has recentignly a single threshold corresponding to excitation of the
been developéd that allows treatment of electron-electron ground state, which includes the doubly occupied bound
interactions within either the RPA or a self-consistent Har-stateX™.
tree approximation. This formalism can be used to calculate «; is a measure of how much of the total screening of the
the absorption line shape for a limited range of carrier denvalence hole is done by the bound electron generated in the
sities (1s=0.7—4.0x 10'* cm?) for the case of localized absorption process, as compared to the screening provided
holes. We compare results from the RPA and Hartree apby rearranging electrons in the Fermi Seat zero density
proximations forng=1.8x10'" cm 2 in Fig. 3. The shape the bound state electron does all the necessary screening, and
of the first threshold, corresponding to creation of e for E.>E, it is intuitively clear that several of the electrons
ground state, is relatively insensitive to the treatment ofrom the Fermi sea will be within the radius of the bound
electron-electron interactions but the peak is dramatically ~ state, and therefore they will provide the bulk of the screen-
weakened in the Hartree calculation, yielding a feature simiing despite the presence of the bound state. This sudgests
lar to that arrowed in Fig. 1. Details of these calculations willthat the spectrum should remain excitonliReé ¢like in the
be reported elsewhere. 2D casg, with a large contribution from the bound state,
The new line-shape calculations allow a direct compari-until Er~E,~12 meV. The Hartree calculation, however,
son of experiment and theory. The line shapes of the experBhows that the binding energy of the doubly occupied bound
mentally observed andumerically calculated singularities state is small and nearly constari/(-1.7 meV per elec-
can be fitted using the functional form of E@): the fitted  tron) for the density range over which the calculation is valid
exponenta, provides a phenomenological measure of the(Er=3-14 meV. This dramatic decrease in binding energy
strength of the singularities. Our proced(i@lowing that of  indicates that screening by the bound electrons is much re-
Ref. 19 for the 3D metallic cagdeads to good fits to the duced and that the Fermi sea plays an important role in
experimental datédashed lines in Fig.)lover essentially the screening the valence hole even <3 meV, hence the
whole energy range of the hh peak for all samples. In thigapid reduction in the experimental value @f as carriers
fitting procedure we find that Lorentzian lifetime broadeningare introduced.
may be ignored but convolution with a Gaussian is impor- These results show that the influence of the doubly occu-
tant: in this case it likely represents inhomogeneous broadeied bound state on the threshold line shape at Iniglis
ening rather than instrumental or phonon broadeningather subtle. At high densities the bound state is responsible
effects!® Note that while a number of free parametéesy.,  for a small fraction of the total screening of the valence hole
line position, peak heightare used in the fits the only pa- and so the value aof; is small(as in the 3D metallic case—
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compare Refs. 8 and)9The feature of the data that might weaker when interactions are treated in a self-consistent Har-
provide a definitive test of the role of the doubly occupiedtree approximation, consistent with the observation of a
bound state at highs is the density dependence of the line single threshold in the experimertii) Many-body effects
shape[and particularly the slope of the plot ofdly versus ~ modify the threshold line shape at remarkably low carrier
EF%(~ke); see Fig. 4insed]. A theoretical challenge is to concentrations: it broadens much more quickly than expected

4
develop a formalism which allows an accurate treatment of” the’ CN and” RPA treatments of the problertiii) The
interactions over a wide range af, while accounting for experimental and calculated threshold line shapes can be

the finite mass of the valence hole in a realistic way. The facﬂ%ﬁicrt;?Zg%Fé’eiz:lec,es‘t)mee(&lﬂvheexﬂgﬂg)?ir?giL;his
that the finite mass of the valence hole does not seem t. 9 P

influence the qualitative nature of the experimental absorp‘:Jlgree reasonably well with the measured line shapes over the

tion spectra is an outstanding theoretical probéft range of den_sities where the c_alculation is reliable, whereas
) . : RPA calculations do not describe the data.
In summary the comparison of the experimental absorp-
tion line shapes with the new RPA and Hartree calculations This work was supported by the Natural Sciences and
yields the following main points(i) the strong additional Engineering Research Council and by the Institute for Mi-
w, peak in the RPA calculations, associated with creation otrostructural Sciences, NRC, Canada. J.A.B. acknowledges
a neutral exciton in the 2DES is found to be very muchpartial support from the CNP(Brazil).
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