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Rapid radiative decay of charged excitons
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We discuss the decay process of free trions, which differs radically from that of the neutral exciton or
localized trions. A theoretical model for the decay time of free trions shows that due to the three particle decay
process a rapid radiative decay, compared to the neutral exciton, is expected. We demonstrate the rapid decay
of negatively charged excitons in remotely doped GaAs/AlGaAs quantum (@@iés) experimentally and
show the effects of temperature and well-width on the decay of free negatively charged excitons.

Many of the optical properties of semiconductors aredefined by Byoo=7ik, satisfy k-vector conservation and
dominated by excitonic effects. This semiconductor analognay recombine radiatively. Thus only excitons of energy E
of the hydrogen atom has allowed many physical effects te<Ey=#%2k?/2M (typically for GaAs/AlGaAs QW &
be studied. Only a small fraction of excitofthose close to ~100 ueV) can couple to photons. Excitons which lie out-
k=0) in a thermalized population may decay into photonsside the light-cone, are therefore nonradiatise-called dark
due to energy-momentum conservation in the recombinatiostates. A consequence of the presence of the dark states is
process. Recently, charged excitons or trions, the semicon+that the average decay time of a thermalized exciton popula-
ductor analog of H and H; , have been observed in doped tion is typically ~ ns! while the calculated intrinsic decay
semiconductor QW's(Refs. 2 and B and unintentionally time of an exciton ak,,=0 is ~25 ps’
doped QW's! This simple, controllable analog of a two elec-  Figure Ab) shows schematically the decay process of a
tron atom can be expected to open up many avenues of reegatively charged exciton (¥, the bound state of two
search, for example concerned with the Coulomb and exelectrons and a hole. In this case charged excitons of large
change interactions. We show here experimentally and-vector may recombine, the mismatch in k-vector between
theoretically that the three particle decay process of théhe charged exciton and the photon being given up to the
charged exciton results in rapid radiative decay compared telectron. All charged exciton states are therefore radiative.
neutral excitons, which cannot be accounted for by the difThe oscillator strength of the radiative transition is, however,
ference in degeneracy of the two species of excitons. In es function of the momentum of the Xwith an exponential
sence, this is because the transfer of excess momentum to treduction withk, .8
electron left behind after trion recombination relaxes the This is a simplified picture for both the neutral and
condition that onlyk=0 excitons can recombine. Since most charged exciton as exciton-phonon scattering, and exciton-
semiconductors contain excess charge, even if not intentiorexciton scattering can profoundly affect the radiative decay
ally doped, due to the background impurity concentrationprocess by mixing states of different k-vector together. These
we suggest that this effect is important for recombination inscattering effects broaden in energy the excitonic transition,
all semiconductors. giving it a homogeneous linewidtl, . As a consequence of

Until now the study of trion decay dynamics have been
concerned with localized negatively charged excitons, which

may in essence be considered to be similar to localized neu X — photon X" — photon + e
tral excitons’ The only other study of free charged excitons @ (b)

indicated a decay time of the charged exciton four times ET iignt Ef

more rapid than that of the neutral excitbm that study the Dark

decay of neutral and charged exciton was considered to dif states

fer only in the spin degeneracy of the different species of X

excitons. In this work we discuss the fundamental differ-
ences in the decay process of a thermalized population o
charged and neutral excitons. Radiative
The radiative recombination of an excitéX) in a quan- Shates

tum well is governed by the conservation of energy and mo-
mentum(center-of-mass k-vectpbetween the initial and fi- 0_k> —
nal state. The lack of translational invariance normal to the "

plane of a quantum We_II re!axes '_[he requirement for k-ve_ctor FIG. 1. Schematic diagram of dispersions, thermalized exciton
conservation in that direction. Figurdgal shows schemati- gistribution, and decay processes farX and(b) X . Vertical axis

cally the dispersion of the exciton center of mass in the plan@orresponds to energy, while horizontal axes are total center-of-
of the quantum well. Only excitons within the light cone, mass k-vector and exciton number.

All states

radiative
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including these scattering events, excitons within a slightly n.x1010

larger radiative zone may recombine radiatively. 3 456 7 8
The radiative decay time for QW excitons is calculated 700 } ——

using Fermi’'s Golden rule. For the neutral exciton the final o—c\A X

state corresponds to the crystal in its ground state and a pho- 600F » X 1

ton with momentuny(k,,, k,) wherek,, is the in-plane mo- —_ \ E J&tA

mentum and kis the momentum normal to the QW plane. 4 500 | 1 E 1

The decay rate of the excitons as a functiorkgffor each ~ 400} \ T .

e : : o)

photon polarization is obtained. In order to include thermal- = . B

ization effects, the decay rate is averaged over a Boltzmann T 300 | m——ﬂc I

distribution of occupied exciton statésThe oscillator "_I: 200 } \ Wavelength (nm) .

strength of excitons in the light cone is shared between all . _.’./0/°’

states withinl', of E,.° The decay time is averaged over the 100 } B""’ C

singlet(J=0) and optically forbidden tripletJ=1) states. For 0

a temperature T such thag k> E, (where kg is Boltzmann’s 0.8 -06 -04 -02 00

constan, the final decay time of a thermalized exciton popu- Gate bias (V)

lation, 7y, as a function of temperature T is given as: = Increasing Electron Density =}

f(FX T (1) FIG. 2. Luminescence decay time for a 300 A QW as a func-
hotn tion of gate bias(and hence excess electron densitfhe inset

3 3
Tx= 2EO To kBT+ 5 EO
_ AT JKaT . shows PL spectra recorded at various biases where the lumines-
wheref(I'n, T)=Al"y/kg/(1—€ " " )kgT, and7gisthe  cence is dominated by recombination of neutt) (A) and
calculated intrinsic radiative decay time of an excitorkat  charged excitons (X) (B), and by recombination of excess elec-
=0." This expression is derived combining the formalismtrons with minority hole2DEG) (C). The top scale gives the ex-
used in Refs. 7 and 9, but using a second order expansion dess carrier density (hfrom a PL lineshape analysis.
terms ofEq/kgT.

To calculate the decay time for Xwe weight the Boltz- g2 MHz, pulse width of~1 ps at a power density which
mann distribution with the calculated optical matrix element..reates~ 2x10° cm 2 electron hole pairs within the quan-

The decay time of the thermalized Xpopulation,7x-, IS tym well with each pulse. The luminescence was dispersed

given as: by a spectrometer and detected by a streak camera operating
in syncroscan mode, with a temporal resolution~e8 ps.
_ 3wh? lyx(0)]? The spectral width of the laser is sufficiently small to allow
X 2mee Eo 2 the resonant excitation of only one of the two exciton spe-

J d?pix-(0,p) cies. Resonant excitation was performed using linearly po-
larized excitation light and detecting the cross linearly polar-
Me N ized emission.
M_Xfl f(Th 1), 2) Figure 2 shows the decay time obtained by nonresonant
time resolved PL on a 300 A QW as a function of applied
wheref: is the Planck constant, fis the electron mass;  gate biagand hence excess electron densifihe additional
describes the exponential dependence of the spatial part gtale shows how the excess electron density changes with
the optical matrix elementM =M e~ €€1) on the X’ wave  applied front-gate bias by analysis of the PL lineshape. At
vector’® | fd?p iy (0,0)|? and | (0)|? are the overlap in- biases below—0.45 V the excess electron density is not
tegrals for the radiative recombination of Xand X, respec- expected to be a linear function of front gate biaZhe inset
tively. Equation(2) is expressed such that the decay of aplots PL spectra obtained at selected biases. At each bias, a
thermalized population of X and X can be compared by single decay time is observed for X and Xshowing the
taking into account the ratio between the integral of the spatwo exciton populations to be in thermodynamic
tial wevefunction parts and the exponential decay ofo6-  equilibrium® Notice that the decay time decreases sharply
cillator strength withk;, . with increasing gate bias. The fact that the decay time
High quality remotely doped GaAs/MGaysAS QW's  changes dramatically over this bias range, yet the integrated
have been grown by molecular beam epitheg GaAs sub- PL intensity remains constant, indicates that the decay is
strates. We illustrate our arguments with spectra taken on predominantly radiative and nonradiative processes can be
300 A or 100 A GaAs QW, topped with 600 A undoped ignored. For a gate bias 6f0.75 V (point A), for which the
AlgsGaygAs and 2000 A Si doped (10 cm 3  electron density of the QW is minimized and the PL spec-
Al 34Gay gAs. The excess electron density is varied by ap-trum is dominated by Xsee inset a relatively long decay
plying a voltage between the Schottky NiCr gate evaporatetime of 660 ps is observed. The electron density increases
on top surface of the sample and an Ohmic contact to thaith gate bias resulting in a transfer of PL intensity from X
QW layer in order to allow the excess electron density in theo X, reflecting the relative population of the two species.
QW to be controlled. This permits the study of neutral andNotice in Fig. 2 that the transfer of PL intensity is accompa-
negatively charged excitons in the same sample. nied by a sharp decrease in the decay time. The decay time
Time resolved photoluminescen@@L) was obtained us- reaches a minimum of 110 ps at point B where the exciton
ing a mode locked Ti:Sapphire laser with repetition rate ofpopulation is composed almost entirely of XThus, as ex-
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FIG. 3. X(a) and X (b) decay profiles obtained with the exci-
tation pulse resonant with X and Xtransitions, respectively.

pected, we observe a faster decay when the exciton popula-
tion comprises charged excitons, than when it is mostly neu- Figure 3b) shows the temporal evolution of the"Xumi-
tral excitons. This is in contrast to the decay of boundnescence obtained under resonant excitation of Xhis
excitons which exhibit a decay time longer than that of freedata was obtained at a bias where only i observed in the
excitons'? For the case where X dominates the PL spectrduminescence spectra. In contrast to the case for resonant
there is still a sizeable X population, as evidenced by the €xcitation of X, only a single exponential decay is observed.
weak X~ peak in spectrum A, and the true X decay time isAS the decay time is the same as that obtained with nonreso-
not measured. By comparing the measured decay time, tHeant excitation we attribute this decay to the thermalizéd X
intensity ratio of the X and X peaks, and the decay time of Population. The dependence of this decay time with tempera-
X~ (when only X is present the true decay time of the ture, discussed later also indicates that the iX free. The
exciton can be determin€dThe X decay time is thus deter- SPike at 0 is symmetric and identical in form to the exci-
mined to be 930 ps. The Xdecay is therefore almost one tation laser. We therefore attribute it to light scattered from
order of magnitude faster than that of X, which cannot bemperfections on the sample surface. It is intriguing to note
explained by the increased degeneracy of the charged excitdhat there is no resonant Rayleigh scattered light or cold X
alone® decay observed in Fig.(B). Two factors may be responsible
In order to access directly the radiative decay rate of exfor these effects. First, the interaction oka 0 photon and a
citons, it is necessary to use resonant photoexcitafibtfor ~ thermal bath electron results in the formation of an Xf
which the excitation energy is equal to the exciton energyfinite k;,, see Fig. lb). Second, due to the charge of X
The temporal decay of luminescence due to X after resonanthich is expected to scatter efficiently with excess electrons,
excitation of X by a pulse at+ 0 is shown in Fig. 8). This  the X™ population may have a subpicoseconds thermaliza-
data was obtained at a gate bias for which X dominates th#ion time, much shorter than that for X. Conversely, X for-
luminescence spectra. A best fit to the data is obtained usingation maintains its phase with the incident light, scattering
three exponential terms with decay times of 30 ps, 140 pssoherently in random direction giving rise to a finite dephas-
and 660 ps. On the other hand, a considerably worse fit i#1g time (RRS. And then relaxes thermalizing to the lattice
obtained by using only one or two exponential terms. Wetemperature forming a Boltzmann distributionk space.
assign these three lifetimes to the decay of the coherently Figure 4a) plots the temperature dependence of the decay
excited exciton populatiofresonant Rayleigh scatterinfpr ~ time of X (adjusted for the presence of X° and X in a
the most rapid decay80 p3, to the excitons dephased but 300 A QW obtained by resonant excitation. Linear depen-
not yet thermalized140 p3, and to the thermalized exciton dencies of the decay times upon temperature for free X and
population for the longest decay tin(660 p3. The slow X~ predicted by Eqgs(1) and(2) are observed. Figure(d)
decay, which is very close to that obtained by nonresonarghows the temperature dependence of thedecay for the
excitation, indicates that the exciton population thermalize$00 A and 100 A QW samples. For the 100 A QW
to the same temperatu(ee., that of the latticeregardless of sample X displays a rather temperature insensitive decay
the excitation conditions. below 7 K, changing to a linear dependence for7 K. We
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interpret this as due to localization of Xy interface rough- function andp,, py, are the in-plane separations of the hole
ness in the 100 A QW at low temperatir€onsistent with ~ from each of the electrons. The notatipnm} represents the
this the 100 A QW sample exhibidea 1 meV Stoke shift quantum numberslel,lez,lh ,Ny,my,n,,m,. The Landau

between the X PL and PLE indicating a larger degree of |eve| states form a convenient basis to calculate the bound
localization compared to the 300 A sample, which exhibitedstates of the system allowing us to adapt the formalism of
negligible Stokes shift. Ref. 15 to obtain accurate solutions to the Xroblem,
From the equation¢l) and (2) we see that the rate of y,,4h of course the absence of a magnetic field leads to
change of the free X and free Xdecay time with tempera- 5 itional kinetic matrix elements coupling the basis states.
ture [Fig. 4(a)] provides a comparison of the overlap inte- The inclusion of higher quantum well levelsX1) is par-

grals for [ad|at|ve recombination of X anql Xin _addltlon, ticularly important for the 300 A quantum well, where the
for free X~ the rate of change of decay time with tempera- . ) L
effects of axial correlations are very significant. The calcu-

ture, and the intercept at=I0, are also governed by the ~ . : .
radiative recombination overlap integral. A comparison ofiations predict the ratiodr)/(dT)/(d7y-/dT) for the 300

the ratio of the gradients and intercepts in Figh)4allows A QW sample to be 5.0. The experimental results give a ratio
the effect of QW width on the X radiative recombination ©f 57, in good agreement with the predictions. The ratio of
overlap integral to be determined. In order to provide a thethe gradientsdry-/dT) and intercepts ;- at T = 0) for
oretical estimate of these ratios we have obtained X and X the X~ decay in the 300 A and 100 A QW samples pro-
wavefunctions by solving the Schtimger equation for the Vide a comparison of the Xoscillator strengths. Our model
relative motion using a basis of single particle states in @redicts the oscillator strength of Xin the 100 A QW to
fictitious magnetic field, i.e., be ~2 times that of the 300 A QW. The experimentally
determined ratios are 2.6 and 2.7, again in good agreement.
=S amm (Ze)x1(Ze) xin(z0) In (_:onclusion, we have discussed the fundamental dif_fer-
X (inmy {Inmj 131 fey/AT51 Sep AL Sn ence in the decay processes of neutral and charged excitons,
and have shown how the three particle charged exciton has a
rapid radiative decay. Trions are only observed in high qual-
ity materials due to the requirement for spectroscopically re-
solving the trion and exciton that the second carrier binding
3 energy is larger than the transition broadening. However, in

1
X E [ ¢nlm1(pa) ¢n2m2(Pb) + ¢nlml(pb) ¢n2m2(pa)]-

And the case where the exciton and trion lines cannot be resolved
spectroscopically it seems likely that excess carriers will still
l//xoz{%:n} ainmpX1(Ze) Xin(Zh) Pam(p) - (4 strongly modify the recombination dynamics. This effect

could also be important in nominally undoped structures, as
Where they(z) are the electron and hole bound states in theypical background impurity concentrations are sufficient to
guantum well,¢,,, is a symmetric gauge Landau level wave- produce a significant trion population.
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