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Exciton and trion spectral line shape in the presence of an electron gas
in GaAs/AlAs quantum wells
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We studied the photoluminescence(ef :hh1)1S excitons K) and negatively charged excitoftsions, X ™)
in quantum wellS\QW’s) having a low-density¥n,<5x10' cm™2) two-dimensional electron gg@DEG) at
T=<12 K. Mixed type-l-type-1l GaAs/AlAs quantum wells are studied in which the 2DEG is photogenerated in
the type-l QW’s andn, is determined by the excitation intensity. At a given temperature and for every
excitation intensity the photoluminescence spectrum is decomposed into a Lorentzian-Xhales and a
convoluted Lorentzian-Gaussiafiline. Their intensity ratio is analyzed by assuming a thermal equilibrium
distribution of X and X~ that is determined by the chemical potential of the 2DEG. Khe linewidth
dependence on, is analyzed as originating from an increas¢d dephasing rate that is caused by trion-
electron K™ -e) scattering. We present a model of the elas¥c {e) scattering and calculate its rate as a
function ofn, assuming the 2DEG screening wave vectyy) (to be an adjustable parameter. Although of the
same order of magnitude, the fitted values differ from those calculated for the ideal gas model using the
Thomas-Fermi approximation. Since, to our knowledge, there is no model for calcudatinghe low 2DEG
density range studied here aiid-0, our spectroscopically extracted(n.) values might serve as guidelines
for the required theory.S0163-182606)03140-2

I. INTRODUCTION X~ ande are charged particles, they interact via the screened
Coulomb interaction and thus our spectroscopic study uti-
Interband transitions in quantum wel{l®W'’s) containing lizes theX™ linewidth as a means to learn about the screen-
a two-dimensional electron ga@DEG) are extensively ing wave-vector dependence on density(n.), in the
investigated:? The spectral range of thel-hhl andel-lh1  low-n, limit. In order to obtain a 2DEG having such low
interband transitions provides detailed information on bothdensities that can be varied continuously in the same sample,
the 2DEG properties and those of the photoexcited electrorwe use mixed type-l-type-ll GaAs/AlAs quantum wells
hole pair. For a dilute 2DEGN,<5%10'°cm™2) and at low  (MTQW's). In these undoped MTQW's, a long-lived sepa-
temperatures, th@1:hh1)1S exciton (X) is a bound statd*  rately confined 2DEG and a two-dimensional hole gas
Recently, bound electron-exciton particlesegative trions, (2DHG) are generated in the type-l and type-Il QW's, re-
X7) were observed in CdTéRef. § and in GaAs QW’'s spectively, and their density is controlled by the photoexci-
(Refs. 6—8 containing a low-density 2DEG. The reported tation intensity>!° We measure th& and X~ PL spectral
studies include th&X™ energy levels, the transition polariza- line-shape dependence o for several temperatures and
tions and their magnetic-field dependence, Xhespatial lo-  obtain their intensities and linewidths. Details are given in
calization, and the relativeX and X~ densities. The data Sec. Il. In Sec. lll we analyze the relativé and X~ PL
were extracted from low-temperature photoluminescencétensities assuming a thermal equilibrium determined by the
(PL) and its excitation(PLE) spectra. Two methods were 2DEG chemical potential(ne,T), and we use this assump-
used in order to vary the 2DEG density: application of a biagion in order to obtaim, as a function of the photoexcitation
voltage to modulatiom-doped quantum structures or deplet- intensity. We then present a model for calculating the
ing the 2DEG in such structures by varying the photoexcita{X ™ -e) elastic-scattering rate. This model usggn,) as a
tion intensity (at an energy above the barpiein such ex- fitting parameter. We thus calculate the rate by fitting it to
perimentsn, is much higher than th&™ and X densities. the observed increase in linewidth. The extracted values of
Therefore, it is reasonable to assume that the spectroscopig(n,) are found to be higher than those calculated for an
and thermodynamic properties of the three-component phasdeal 2DEG model. We conclude with a short summary.
depend mainly om, andT.
The purpose of the present study is to examinextand
X~ homogeneous linewidth when the 2DEG density is varied
in the range 19<n,<5x10'° cm 2 at temperature¥ <12 The mixed type-I-type-ll GaAs/AlAs quantum-well
K. We find that while the homogeneous linewidth ¥f  structures were grown by molecular-beam epitaxy on un-
hardly changes, that of ™ increases witm,. This increase doped, [001]-oriented GaAs substrates. Their electronic
is interpreted as originating from an enhanced dephasing rasructure is schematically shown in Fig. 1 by plotting the
that is due to the interaction of electrons wKh. Since both  variation of the conduction band$', and X;) and the va-

IIl. EXPERIMENT
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FIG. 1. Schematic description of the mixed type-I-type-Il quan-

tum well structurelLy, Ly, andLg are the widths of the narrow
well, wide well, and barrier, respectively. The solid lines represent
the spatial variation of the conduction- and valence-band edges at
the " point of the Brillouin zone and the dotted line represents that g1 2. pL spectrum obtained under photoexcitation into the
of the X band. wide wells only (at E, =1.538 eV and its excitation spectrum

lence band(T',) along zI[001] (the growth direction The  (PLE) monitored at thex line.

MTQW studied here consists of 30 periods of alternating

wide GaAs wells(L,=198 A) and narrow well§Ly=26 A)  tion of I,_ is presented in Fig. 4 fof =5, 8, and 12 K.
that are separated by AlAs barrielss=102 A). Galbraith 2
et al® and Feldmaret al1° showed that under photoexcita- - _ _
tion with E,>Ee;n— Ennan, the electrons relax rapidly from f@ined by the line-shape analysiaT'(ng) =T'(n) —1'(0),
the narrow wells, through th¥, band of the AlAs barriers, WhereT'(ne) is the linewidth obtained for a giveh , and
and accumulate in thelW band of the wide wells. The I'(0)is the linewidth observed with  only. Note that forX,
holes tunnel slowly(;~5 msec forLg=102 A atT=2 K)

and thus a spatial separation between the 2DEG in the wide
wells and the 2DHG in the narrow wells is achieved.

T T T 1
1.525 1.530 1535 1.540 1.545
Energy (eV)

Figure 5 presents the linewidth increment with, as ob-

GaAs/AlAs/GaAs (MTQW)

We utilize'! these properties in order to form a 2DEG 198A/102A/26A
with a controlled density in the wide wells by photoexciting ol . 1O(a)T=12K
L2=v L=

with an Ar" laser, E,=2.41 eV, and intensities at the
sample surface of €1, <10 mWicnt. In the PL experi-

ments reported here we simultaneously photoexcited the
MTQW at EL2 and just above thé1:hh1),,1S exciton band

with a Ti:sapphire laser at an energyk‘-),fl= 1.538 eV and
with a fixed intensity 0f|L1=3 Wicn? (cf. Fig. 1. The

samples were placed in an immersion-type dewar and the
temperature was varied in the range P<12 K. The spectra
were measured with a double spectrometer having a spectral
resolution of 0.05 meV.

The PL and PLE spectra shown in Fig. 2 serve to identify
the lines under study. The€™ line is clearly observed in the
PL spectrum aE,=1.3 meV below theX line. These two PL
lines were studied for various temperatures a[lzdvalues

and typical spectra are shown in Fig. 3. In order to obtain the
X andX™ intensities and linewidths, we fit each spectrum to
a double Voigt line-shape function. This function is a con-
volution of a Lorentzian and a Gaussian. The results of the
individual line fittings are also shown in Fig. 3 by dashed
lines for the separaté andX™ lines and by a dotted line for

their sum. We found that the€™ line is a pure Lorentzian for FIG. 3. (a) PL spectra observed &—12 K and increasing

all'T a.ndI'Lz, while theX line has a V°'9t line shape with a I... (b) PL spectra obtained for a fixdg_ and increasing tempera-
G_aussIan(lnhomogeneOl)sand LorentZIan_(h_omogeneOl)S tu12'e. The decomposition of each spezctrum idoand X~ lines
widths that depend on both andl . The fitting yields the  (gashed linesis described in the text. The dotted line is their sum.
intensity ratiol x/1x- for each spectrum. This ratio as a func- (I, is given in units of mW/crh)
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GaAs/AlAs/GaAs (MTQW)
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FIG. 4. Intensity ratio of theX to X~ lines as a function of o ] - o . ™

I, (namely, for variousn,) and for different temperatures. The

solid lines are obtained by fitting the two-level model assuming an
ideal 2DEG.

n, (10° cm™) n, (10° em?)

FIG. 5. X and X~ linewidth increment withn, for different
temperaturesl’(0) is the linewidth obtained under resonant excita-
tion only. X~ is always a Lorentziathomogeneous For X, I',,(0)
is the initial homogeneous linewidth ardg(0) is the inhomoge-
neous part(of the Voigt line shape The solid lines are model
fittings as described in Sec. Ill.

only the homogeneous linewidth is presenféigs. 5b),
5(d), and §f)]. Also, for X~ it is found that atT=5 K,
AT'(ng)>0 only for n.>2x10° cm 2 [Fig. 5e)] and at
T=8 K this occurs already fon,>10° cm? [Fig. 5c)].

I1l. MODEL AND ANALYSIS . . 5 .
I,=3 Wicn? is estimated to be-10° cm™2 by comparing

In this section we will analyze the experimental resultsthe|xl|xf obtained forl,_<0.1 mW/cn? andl,_ with that
shown in Figs. 4 and 5 in order to explain the variatiomgf ; fof . al N 2t fit the (1 ) d tlt i
andAT with increased photoexcitation intenslﬁyz. In order obtalhed ofl, alone. Nex .V\{e it thee( '—2) 'ag 0 a' lngar

function and show these fittings by the solid lines in Fig. 6.

to obtainng(l, ) we follow the analysis given in Ref. 8 and . : L

th t'z the t i d phot itai FPr the three temperatures studied, we find that the fit is

assume that in the temperature and photoexcriation ranges good except for the high photoexcitation intensities. This
|

our experiments the system consisting of the neutral and_ " ="~ 2 . .
charged excitons behaves as a two-level system in equilib_ndmg justifies the applicability of the noninteracting 2DEG

rium. Moreover, we assume that the equilibrium conditions™'0d€! to determine the dependencengfon .

are determined by the 2DEG, namely, the chemical potential We now consider theX",e) scattering as the source of

is that of the electrons given by the expression for an idealhe linewidth increase and analyze its dependence on the

fermion gas 2DEG density and on temperature. We first calculate the

ot Coulomb interaction matrix element between a pair of a free

p=KkgT In[e"F/keT—1], (1) electron and a trion. Then, the scattering rate is calculated.

with Eg= m%2n/m. Then, the intensity ratio is given by We assume that the trion is free to move in the QW plane

with an in-plane wave vectdf. Although one might expect

the trions to be able to recombine from alkystate(impart-

ing the extra momentum to the additional elecjiaxamin-

N ) ing the form factor connecting the bound and free-electron

whereny andny- are theX andX™ densities, respectively, states in the recombination process reveals a dependence of

and the factor 4 is their degeneracy ratio. The solid curveg k6 that restricts this recombination process to srifallal-

shown in Fig. 4 are obtained by fitting Eq4) and(2) to the  yes only. We thus assume that in order to recombine radia-

experimental points. Thae(l,T) values that are obtained tjyely the trion must scatter to th€ =0 state. Figure 7 is a

by this fitting procedure are shown in Fig. 6 fo5, 8, and  schematic description of thes hh, andX™ dispersion curves

12 K. It should be noted that the contribution of resonantand the wave-vector changes involved in tixe (e) scatter-

excitation qu) to n, is subtracted. This contribution for ing process. TheX ,e) Coulomb interaction Hamiltonian is

| n
42 = X — B mikeT 2)

Ix- nNx-
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GaAs/AlAs/GaAs (MTQW) 1
198A/1024/26A |(1s,K),k)= A {exdi(K-Ry+Kk-rep)]das(ry)

i [P —exili(K-Rytk ) 1dus(ra)}. (@)

] We use the notatiolR,,r, for the case of electron 1 being
bound whiler, is free(and vice versp A is the normaliza-

] tion area. TheX™ is approximated by a donorlike partitfe

0.1 o MR A with the additional bound electron in aslstate having a

Bohr radius ofay-~100 A. This donorlikeX™ wave func-

tion is
8 |\ 2r
P1s(r)= ( ﬂ_a)z() eXP( - 5) : 5

We consider scattering from an initial stdtés,K),k;) to a
final state|(1s,0),k;) from which the trion recombines radia-
tively. Using the expansion

1

n, (109 cm'z)

1 2 1
m:%% anF[iQ'(f—re)], (6)

we calculate the direct Coulomb interaction matrix element

0.1 94—

Y U(K)=((1s,K=0),k¢|H|(1s,K),k;)
I, mWiem?) 27e?
= m 27302 (7)
FIG. 6. ng(I,) values extracted frorhy /I - by using the two- eA(K+qs) 1+(_X Kay -
level model[Egs.(1) and(2)]. The contribution of resonant excita- aM

t.ion (|L1) tg ne is subtracted. The solid lines are approximatedM andmy are theX™ andX masses, respectively, and is
linear functions. the screening wave vector. Th¥{,€) scattering rate is then
given by

N — 2 dK dk;
H=Rer=ry ® w:—”f e U(K) - (K) Fe(k)

h ((277)2)
A
HereR is the X~ center-of-mass vectdin the QW plang r
is the additional bound electron position vectaith respect X[1—fe(|ki+KDI[1—fx-(K=0)]
to R), andr, is that of the free electrorie is the dielectric A2K2 (1 1 .
constany. The antisymmetrized wave function of thé in — |- —k.-K]|.
2 \M me) me

its |1s,K) state and the electron in itk) state is

The f's are Fermi-Dirac distribution functions using the
chemical potential given in Eq1). In order to fit Eq.(8) to
the experimental results we treg(n.) as a fitting param-
. ks : eter. The calculatedI’=AW values(for each experimental
' point) are interpolated by the smooth functions that are
shown by the solid lines in Figs.(®, 5(c), and Fe). This

®

: Er model is applicable to an interaction between charged, free

k particles. It is not expected to hold for electron-exciton scat-

X7 L g ’ tering since the electron interaction with a neutral particle is
""""" (T' short range(contact type Indeed, as the experimental

AT'(ng) values show, there is hardly any increment in the
homogeneous exciton linewidth with increasing [Figs.
5(b), 5(d), and 5f)], in clear contrast to those of the trion.

hh For the trion, the lowest 2DEG density value at which
AT (ng min) sShows a measurable increment is observed to de-
crease with increasing temperatunne:,min~2><109 cm 2 at

T=5 K [Fig. 5(€)] and it decreases te1x10° cm 2 at T=8
FIG. 7. Schematic description of thee hh, andX~ dispersion K [Fig. 5(¢)]. At T=12 K [Fig. 5a)] AI'>0 for the lowest
curves and the wave-vector changes in thé {e) scattering pro- N.. A plausible explanation might be the existence of shal-
cess. low localized electron stat€that decrease the probability
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GaAs/AlAs/GaA TOW change in the(n,) dependence wheh increasesct. Figs.
° s (MTQW) 8(b) and §c)]. This indicates that the 2DEG screening has a

1024264
,198A/ 02 complex dependence on both dendity the lown, range
3 et g mocel (@ T=12K and temperature. Moreover, the fitted values asymptoti-
5] IRt A . cally approach~2.5x10° cm™?* for high-n, values. Equation

1 (9) predictsgs— 2/ag for E;>kgT (i.e., in then,~10' cm 2
14 / range. Comparing this limit with the asymptotic value yields
] ag~80 A. This value is slightly smaller than the exciton

i ' ' ' ' ('b) Togk Bohr radius calculated using the effective maséeso, we
34 L R T . note that thex™ binding energy(relative to the bare excitgn
- remains unchanged with increasing. All these observa-

tions point at the complexity of the interacting electrons and
the hole. It is plausible to assume that in the lowrange

and at the temperatures of the experiments, the actual
g<(ne,T) values lie between the curves shown in Fig. 8.

Further theoretical investigations are thus required.

q, (10° cmi™)
n

IV. SUMMARY

We studied the spectral shape(el:hh1)1S excitons )
and that of the electron-bound excitoftsions, X™) as a
function of the 2DEG density in GaAs/AlAs QW's. The rela-
n, (10° cm?) tive intensity of theX andX™ lines and theithomogeneous
linewidth are measured and used in order to determine the
FIG. 8. Squares are values gf(n.) obtained by fitting the 2DEG density and th&~ dephasing by scattering with elec-
experimentalX™ linewidth data of Figs. &), 5(c), and %e) using  trons. The experimental results are analyzed in terms of a
the model given by Eqg7), (8). Solid lines are obtained by using model that assumes a mixed phase of free electrons, exci-
the 2D ideal gas mod¢Eq. (9)]. tons, and trions. This phase is at an equilibrium state with a
chemical potential that is dependent mainly on the 2DEG
of (X™-e) scattering. These localized states can be eithefiensity. The trion, being a charged particle, scatters effi-
thermally depopulated or saturatedmgsincreases. ciently by the free electrons. We calculate the elastic scatter-
The g¢(ne) values obtained by fittindI'(ne) using Egs. ing rate and relate it to the density-dependéntlinewidth.
(7) and(8) are given in Fig. 8 and are compared with thoseThis model treats the 2DEG screening wave vector as an
obtained by using the Thomas-Fermi approximation for amdjustable parameter. Its dependencegnfor various tem-

ideal two-dimensional gas: peratures, is extracted from the model fitting. Therefore, we
) demonstrate that the screening wave vector can be measured
_2me“dn, 2 CE kgT by spectroscopic means for lom and finiteT.
s(Ne) = — m—a—B[l—e 1. 9
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