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Intensity dependence of the Fermi edge singularity in photoluminescence from modulation-doped
Al,Ga,_,AgIn,Ga,_ AsGaAs heterostructures
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A photoluminescencéPL) study of pseudomorphic modulation-doped @&, _,As/In,Ga, _,As/GaAs het-
erostructures with high-electron density reveals a fundamental change in the PL spectrum under increased
excitation density. The high-energy tail of the PL is transformed due to the mutual repulsion of the Fermi-edge
singularity (FES and the excitonic states. The details of this repulsion depend on the excitation density and
temperature. At low temperature, the dependence of the existence of the FES feature on excitation density has
been demonstrated for the first time. The appearance of the FES is accompanied by the formation of an abrupt
high-energy edge and occurs at intensities far below those required for the appearance of the hybridized
n=2 exciton. Strong screening of time=2 exciton state by photoexcited carriers is observed. The PL behavior
under excitation density and temperature variation near the Fermi edge is explained in terms of a strong effect
of the carrier density on the appearance of the FES; the details of this effect have not yet been fully theoreti-
cally explored.

Nearly ideal conditions for the study of many-body n=2 exciton under near-resonance condition between the
effects, namely, the Fermi-edge singularityFES, n=2 subband and the Fermi energy has been recently
band-gap renormalization, or shake-up processes asfudied in AlGa _,As/In,Ga _,As/GaAs by means of PL
provided by pseudomorphic modu|ation_doped and PL eXQItatIOQ Spectra under temperature and excitation
Al,Ga,_,AslinGa_,As/GaAs heterostructurds® Due to density v_ar|at|or?. It has been shown that the FES quenches
the high density of the two-dimensional electron 2BEG) rapidly with a temperature and/or excitation density increase,

in these systems, the correlation effects are of great impoP’-"hereas the magnitude O.f te=2 exciton featur_e_ grows
tance, resulting in the rearrangement of electron and hol ccompanied by a blueshift of the energetic position. In all

. : : revious studies the FES feature either definitely exists or
subsystems in order to reduce the Coulomb interaction. It h . ) o .
been shown theoretically that two principal conditions mus efinitely doe_s not exist at low temperature. If existing, its

. tfurther evolution can be followed under temperature, mag-
be satisfied in order to observe the FE®) the strong over-

I fth f . ¢ il q el etic field, or excitation density variation. We demonstrate
ap of the wave functions of spatially separated electrons anfle ¢ for the first time the low-temperature origination of the

holes to ensure the effective electron-hole correlation(@hd Feg i the PL spectra, although it was absent initially.
an abrupt Fermi edg&® Recently, it has been demonstrated  \ye have grown ' pseudomorphic  modulation-doped
that these conditions are necessary but, likely, not SUfﬁCie”AlXGai,XAsllnyGai,yAs/GaAs heterostructures to optimize
for such an observatiohWe report here principally a behav- the FES observation in PL. The typical epilayer sequence
ior of the FES providing strong support for this latter asseronsists of a GaAs buffer layed €80 nm), an undoped
tion. In,Ga,_,As strained quantum wellQW) (2DEG channél
Typically the FES is identified(i) in photoluminescence (y=0.19, QW thicknesD =15 nm), an AlGa_,As un-
(PL) as an enhancement of the oscillator strength for transidoped spacer{=0.2, d=7.5 nm), an AlGa _,As heavily
tions close to the Fermi edge if disorder or hole localizationSi-doped supplier layer xE0.2, d=35 nm,
spreads the hole wavefunction sufficiently in k-space to alNp,=2x10® cm™3), and a Si-doped GaAs cap layer
low transitions otherwise forbidden due to momentum con{d=5 nm, Np=2.5x10'® cm~3). The electron sheet den-
servation; (ii) in absorption it appears as an excitonic en-sity n, of the 2D electrons, obtained from the Hall measure-
hancement near the Fermi level of a facte? at 4 K'°FES  ments down to 4.2 K isNg=1.18<10'2 cm 2. Double-
related effects demonstrate a strong temperature, excitatiastystal x-ray diffraction and simulation of the double x-ray
density, and magnetic-field dependence. Cleel!' ob- rocking curve were used to verify the samples’ structural
served for AlGa _,As/InGa, _ As/GaAs in perpendicular parameters. The x-ray patterns indicated a high quality of the
magnetic fieldB very strong periodic intensity oscillations in structures under investigation. The PL was excited by the
B~ for the PL at low temperature caused by the resonan14.5-nm line of a cw Af laser. The PL radiation was dis-
enhancement of the FES in the highest occupied Landapersed through a 3/4-m Czerny-Turner scanning spectrom-
level. The electron scattering by holes becomes substantiallyter, with a spectral resolution better than 0.1 meV.
enhanced due to resonance with excitons of the empty In order to be more precise in energy assignments, we
n=2 electron subband. The behavior of the FES and thealculate the subband structure for theGa, _,As QW in
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FIG. 1. Conduction- and valence-band profiles found
from a coupled Schidinger-Poisson analysis  for
Al,Ga _,As/inGa _,As/GaAs heterostructure. Squared envelope
functions for electrons and holes are also shown. Distance is mea-
sured from AlGa _,As/In,Ga, _As interface position.

PL signal (a.u.)

our heterostructures, self-consistently solving the coupled
Schralinger and Poisson equations. The Fermi level for a
given temperature was calculated by iteration from the
charge-neutrality condition. The subband energies and the
energy eigenfunctions for the JadGa, giAs QW are shown "
in Fig. 1. The intersubband separatiar=E,—E; is found 124
to be 48 meV, andr is about 5 meV smaller than tHhe,
energy. As seen, the wave function of tive 1 electron state
has its maximum near the Aba ,As/InGa _ As inter- FIG. 2. PL spectrum from a AbGay gAs/Ing 1dGa g/AS/ GaAs
face, while then=2 electron state has its main peak near theheterostructure at 4.2 K under various excitation intengay:PL
InyGa,_,As/GaAs interface, as does the hole wave functionspectrum at low excitation power of 0.0013, wherel, is the
The calculated wave functions allow one to compute the ramaximum intensity used and approximately 20 Wcrbashed
tio of the electron-hole overlap integrals squared forEhe  line presents the fit in terms of Lyo and Jones thefdry]. The
and E,; transitions; this value is found to be 12.7. Basedlow-energy tail is approximated by the Urbach form. Arrows stand
on the results derived from these calculations, one cafP' Ei1andEg energies(b) Transformation of the high energy PL
calculate a single-peaked PL spectrum from our:a” l%tr_‘deflingegzi;)glele\z/atigrgl(liur;esolltlo 44co|rrespond tt_o tlhe in-
ensities 1 - 0. 0r 2 -0.01ly, 3-0.11, 4 -1y, respectively.
Al Oﬁgﬁgﬁsgﬂgéfg)gﬁi;%ﬁ;gf tsiosglfeucﬁldﬁsét 4[Fig Transition energies for the FES and the 2 exciton are shown by
2(a)] and the evolution of its high energy tail under different arrows pointing up.

excitation densities[Fig. 2b)]. The dominant feature (ajnedE. value coincides well with that found from the self-
(Eyy-transition) at 1.284 eV[Fig. 2a)] is due to the recom-  ¢onsistent solution of Schdinger and Poisson equations
bination ofn=1 electrons with=1 heavy holes and has a (Er=43 meV). The low-energy PL threshold on the energy
typical asymmetric line shape. The recombina}ion reaches itgyig [see Fig. 2a)] is slightly redshifted with respect to the
maximum near then=1 subband bottom k=0) and E;; peak position. This is a consequence of 2D-carrier scat-
strongly decreases in intensity towelg . Due to the pres- tering by charge impurities strongly depending on the thick-
ence of impurities, the momentum conservation is brokemess of the spacer layer. These observations demonstrate that
and the transitions from electrons in states upktekg  the PL profile is primarily determined by electron-hole re-
~2x10° cm! become allowed. The shape of the spectralcombination accompanied by impurity and disorder-assisted
feature is well described in terms of a microscopic theoryprocesses, resulting in broadening and blue-shifting of the
developed by Lyo and JonEsfor steady-state PL at low PL maximum.

temperatures in modulation-doped degenerate direct-band- The FES is recognized by the transformation of the PL
gap semiconductor QW'’s. The following parameters werdine shape in the close vicinity &g under excitation density
derived from the fitE,=1.278 eV,I'=13.8 meV (" is the increasgFig. 2(b)]. Taking into account the close proximity
full width at half maximum), and Er=44 meV. The ob- of Eg andE, in our experiment, a strong interaction between

1.29 1.34
Photon energy (eV)
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the elementary excitations near the Fermi level and the 20

n=2 bare(atomig exciton is expected. Several surprising ~ 18

new characteristics arise from this interaction. Figu(k) 2 3

shows that the PL tail spreads far beyond Ereboundary at ':: 16 B
the modest excitation level. At very low excitation, transi- 3 14 M
tions associated with neither the FES nor the2 exciton g B
are seen. Increasing the excitation density, luminescence g- 12 =
from the FES clearly develops with a pronounced shift to- g qo 2
ward the energies belolg. The steepness of the spectral 5 S
drop fall after the FES feature abruptly grows and no PL £ 8 N
signal is detected behird- . Further increase of the excita- o 6

tion density results in the appearance ofna2 feature

(E,q-transition moving toward higher energy. Finally, the 4

E,; andE,; peaks are present only at the highest intensities 0.001 0.01 0.1 1

and the FES decays completely.

The optical oscillator strength for electrons at the Fermi
level recombing with photo-generated holes becomes en- F|G. 3. Excess electron concentration compared to the thermal
hanced by over two orders of magnitude when the continuunequilibrium value and electron temperature as functions of excita-
of Fermi sea excitations is resonantly coupled with the excition intensity. The maximum intensity, is approximately
ton state’. This coupling is described in terms of Fano 20 W/cn?.
interferencé’ The interaction between an exciton and 2D
electrons in asymmetrically-doped singlg@®& _,As QW’'s  excitonic emission are quenched and the free-2D electron-
was also discussed by Chest al. in terms of a Fano hole recombination dominates the high-energy PL[taifve
resonanck without solving the many-body problem. A more 4 in Fig. 2b)].
detailed theoretical treatment including the band-gap renor- The Fermi level and the electron density can be deter-
malization, static screening, and dynamical response of thmined by fitting the detailed line shape of the photolumines-
Fermi sea has been carried out by Hawryiaith inclusion  cence to a theoretical mod€lFigure 3 depicts the excess
of the hole selfenergy, the position of the actual emissiorelectron density due to optical excitation as determined from
line falls close to the bare excitonic transition, and in absorpsuch a fit. It also shows the electron temperature as deter-
tion two peaks arise, one related to the bound exciton statenined from the shape of the high-energy tail of the PL
For increasing carrier density the emission spectrum reshown in Fig. 2. The data of Fig. 3 indicated that at the
sembles the single-particle density of states in the conductiohighest excitation density studied helg=20 W/cn?, is
band with enhancement at the Fermi level, while the absorpsufficient to result in population of the=2 electronic sub-
tion spectrum evolves into a blueshifted FES. This predictedand in the IpGa, _,As QW.
behavior is somewhat obscured both in our data and in those Figure 4 shows the development energies of the FES and
presented in Ref. 12. n=2 related features as the intensity is varied. At the lowest

Indeed, at low temperature and low pumping level, theexcitation intensities, no PL that can be attributed to the FES
high-energy tail of the PL is reasonably described in terms ofs observed. At about 40 mW/¢&nthe FES appears near the
the electron-heavy hole recombination contributed by impufermi energy, immediately shifting to pronounced lower en-
rity and disorder-assisted proces$ew). 2a)]. The FES en- ergies as the excitation intensity is increased. This shifting
hancement, if exists, is of a negligible magnitude. Elevating

Excitation Intensity I/l,

the excitation density in addition to excitations of the Fermi 6
sea, an increasing contribution from excitations including
holes in then=1 heavy-hole subband and electrons in the 4l =
second subband arises. Due to strong resonance coupling of
excitons with excitations of the Fermi sea, two hybridized
. : 2t
states appear, separated by the region of destructive Fano S
interference. The state related to the Fermi edge is energeti- g
cally shifted toward lower energy and the state related to Eo ““““““““““““““
hybridized excitons shifts to higher energy. At these rela- N
tively low-excitation levels, the states related to the second 2
conduction subband exciton cannot be observed in PL be-
cause then=2 electron level is empty according to Fermi 4} FES
statistics with the electron temperature measured to be ap-
proximately 9 K. The result is the characteristic FES en- 6 o
hancement of the PL with an abrupt fall-off on the high 0.001 0.01 0.1 ;

energy side due to the Fano interference. A further increase
of excitation density leads to the population of the-2
electron level and observation of tlt&,,; transition, corre- FIG. 4. Shift by energy for the FES amd=2 related features in

sponding to the hybridized excitonic stdieurve 3 in Fig. the PL spectrum under excitation power increase. The maximum
2(b)]. At still higher excitation intensity, both the FES and intensity|, is approximately 20 W/cf

Excitation Intensity I/l,
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essentially saturates when the hybridized2 exciton state In summary, we observe a fundamental change in the PL
appears. Then=2 related feature undergoes a pronouncedspectrum as function of excitation density reflected in the
blueshift after its appearance with a tendency to saturatiorhigh-energy tail due to the mutual repulsion of the FES and
reflecting the screening of the=2 exciton by excess elec- the excited-subband excitonic states. The details of this in-
trons. It is noteworthy that the spectral shifts within e teraction depend critically on the excitation density and tem-
proximity are not accompanied by any noticeable shift of theperature. At low temperature, the dependence of the exis-
Ej; transition when the excitation level increases. The bluetence of the FES feature on excitation density has been
shift of the E»; peak is interpreted in terms of the transition gpserved for the first time in PL. The FES appearance is

from thl(g_l%lg_ridized exciton state to the bafatomio  sccompanied by the formation of an abrupt high-energy edge
exciton, ™= "if the screening of the=2 exciton by excess 4nq occurs far lower in intensity than the luminescence as-

electrons is included. Insensitivity of the transitiBg, to the  gqciated with the hybridized= 2 exciton. Strong screening
pumping density shows that the internal electrical field doegyt 4o h=2 exciton state by photoexcited carriers is ob-

tion for the Eo. t tion i inl ted with th Mserved, resulting in 2D electron gas heavy-hole recombina-
lon for thet,, transition 1S mainly connected with the excl- .\ o second electronic subband. A strong excitation
ton screening and the transition from the excitonic recombi-

nation to the free-electron-hole recombination. In fact, Wepower dependence of the 2D-related PL could be the result

show here that the carrier concentration strongl influenceOf the photoinduced change of the potential distribution
the character of both the FES and the 2 exc%gn This across the QW structure. Such an effect has also been previ-

: . . . . : . ously observed in AGa, _,/GaAs quantum structurés8A
result is consistent with the conclusion derived from PL in-

S strong band bending can arise from the neutralization of the
\Iilis;ggéilt“\(/)vgss Zafxédtﬁg??nlfﬁéch}st/rlmnelj‘:cit?r:gtstl;gfrt]u;éa;bs ionized residual acceptors by photocreated holes in the
position of the Fermi edge to the empiy=2 electron sub- nyGai__yAs chanqel and the neutralization of the ionized
band and a hole localization by allov fluctuati reni Idonors in the barriers by photocreated electrons. The reduc-

and and a noie focaiization by afloy fiuctuation potential;, ot ihe pangd bending under illumination leads to a char-
provide the optimal conditions for the occurrence of the FES

these conditions are not sufficient for the FES enhancemen cteristic blueshift of the PL spectrum. We have not ob-
" urct erved a noticeable blue-shift of the PL spectrum and, hence,

but, rather, the carrier concentrgtiqn also plays a role. .W?hese explanations must be ruled out. We believe that the
conclude that even modest variation of the concentratlonbehavior of the PL near the Fermi edge must be explained by

caused by light illumination or heating, can substantially in- ; : :
fluence the FES development. Indeed, an elevation of th%esetaoggp?grrggrtﬁ:gféaycglflf;d on the FES which has not yet

sample temperature from 4.2 to 15 K gives rise to a substan-
tial broadening and subsequent smearing out the FES related This work was supported in part by a NATO Linkage
feature in PL. Grant.
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