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Effect of disorder on the temperature dependence of radiative lifetimes
in V-groove quantum wires
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We have studied the effect of disorder on the radiative properties of semiconductor quantum wires by
time-resolved photoluminescence spectroscopy. The dependence of the radiative lifetimes is measured over a
temperature range extending from 8 to 150 K. At low temperatures we find that the measured dependence does
not conform to the theoretical prediction for recombination of free excitons in a quasi-one-dimensional system
due to the major influence of disorder. An extension of the theory is developed in order to take into account
exciton ionization and the contribution of free carriers. A mean localization length for excitons is also esti-
mated from the radiative lifetime at 8 KS0163-182009)12903-3

The interaction of light with excitons is profoundly af- weaker than those of reference QW's in both experiments,
fected by the reduced dimensionality in semiconductor nanathe decay times were essentially the same as in QW's at the
structures. The breaking of translation symmetry in quantunbowest temperatur€l0 K).
structures leads to the existence of resonant exciton polari- In this paper, we report a study of the temperature depen-
tons, which have finite radiative lifetimédVhereas the life- dence of the photoluminescen¢®L) decay times in high-
time of free excitons confined in GaAs heterostructures wasguality V-groove QWR’s. We show, in particular, that it is
calculated to lie in the range of tens of picoseconds in idealmportant to account for nonradiative recombination in order
quantum well&® (QW's), it was predicted to increase by an to estimate the temperature dependence of the radiative life-
order of magnitude in ideal quantum wifdQWR’s). These times from the measured PL decay times. We find that the
theoretical predictions assume that excitons are free to movabserved temperature dependence is stronger than the pre-
in the unconfined directions and, thus, that only excitonslicted one for free 1D excitons and is quasiexponential over
with a wave vector of their center of mass less thgrtkg is ~ a wide temperature range, which we attribute to the com-
the wave vector of a photon inside the structure with thebined effect of disorder and exciton ionization. At the lowest
same energy as the exciton at the zone ce¢rtan decay temperature the radiative lifetimes are strongly enhanced by
radiatively due to conservation of energy and momentum. disorder, ranging from 350 to 400 ps, and show almost no

In real heterostructures, however, disorder is present badependence on QWR sizes, which indicates the crucial role
cause of spatial fluctuations of the quantum heterostructurplayed by disorder in these studies.
size and of the alloy composition. Localization of excitons The GaAs QWR’s embedded in AGa, ;As were grown
results from this disorder and leads to enhanced radiativby low-pressure organometallic chemical vapor deposition
lifetimes® because the localized exciton wave functiorkin on V-grooved(001)-GaAs substrates; more details on the
space comprises wave-vector components larger #gan growth and morphology of the samples are given
which are nonradiative in nature in the polariton picture.elsewheré? We have studied three samples, each consisting
These inherent difficulties have been recognized in severalf a 0.5um pitch lateral array of single QWR’s of different
experimental studies of excitons in QW’s and two main ap-sizes. The nominal GaAs layer thicknesses were 5, 2.5, and
proaches emerged to measure their intrinsic radiative life1.5 nm, resulting in a thickness at the crescent center of 14.1,
times (i.e., for free excitons One study used a very-high- 8.8, and 4.1 nm, respectively. The samples were mounted
quality QW sample and was performed at very lowonto the cold finger of a continuous-flow helium cryostat
temperature under resonant photoexcitation in order to evalwhere temperature can be adjusted between 4.5 and 300 K.
ate the radiative lifetime of free excitofisThe other The luminescence was excited with 3-ps light pulses from a
studie$®relied, instead, on the predicted linear dependencenode-locked titanium-sapphire laser operating at 76 MHz by
on temperature of the radiative lifetime, which is characterfocusing them onto a 4@m spot. The emitted light was
ized by a slope proportional to the intrinsic radiative lifetime. dispersed by a 46-cm spectrograph and detected with either a
The fundamental linear dependence of the radiative decagooled CCD for time-integrated PL spectra or a cooled mi-
time with temperature was actually observed under resonamrochannel plate photomultiplier for time-resolved PL. The
excitation conditions over a narrow temperature rahBés-  temporal evolution of the PL was obtained by a time-
order effects can similarly alter the intrinsic radiative life- correlated single photon-counting techniffuand a typical
times in QWR'’s. Previous experimetftd! reported on the instrumental response of 60 ps at FWHM was achieved.
radiative decay of excitons in QWR’s and from the predicted In Fig. 1 we display time-integrated PL spectra from the
dependence for 1D excitons as a square root of tempefatur@.5 nm QWR sample for temperatures of 10, 100, and 140 K.
attempted to estimate the intrinsic radiative lifetimes of freeA photon energy of 1.660 eV was chosen in order to selec-
excitons. Although the temperature dependences of the déively excite carriers in the QWR. In these spectra the high-
cay times of the QWR’s were found to be systematicallyenergy tail of the substrate luminescence was removed. The
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FIG. 1. Time-integrated PL spectra showing the QWR line for FIG. 3. Temperature dependence of PL decay times and radia-
the sample with a nominal thickness of the GaAs layer of 2.5 nm ative lifetimes in the 2.5 nm QWR sample. Times are displayed on a
temperatures of 10, 100, and 140 K. The spectral shift of the QWRogarithmic scale; lines are guides to the eyes.
line is mainly caused by the temperature dependence of the GaAs
band gap. Inset shows the full spectrum at 100 K: emission frongity was decreased by a tenfold factor. Assuming a 1% ab-

thermally occupied excited states in the QWR is indicated by ar- fi timat | f1h I .
rows; solid line is a fit to the high-energy tail of the substrate PL. sorption, we estimate an upper vaiue or the resuiting carrer

density in the QWR of approximately>510° cm™ 1. At this
: . . excitation density, excitons in the lowest 1D subband make
untreated PL spectrum at 100 K is shown in the inset. Th he dominant contribution to radiative recombination in the

main spectral features are identified and the positions of th@WR’s This is attested to by both the time-integrated PL
h_igh_er-energy optical tzansitions are Qetermined.from PL ex_spectru.m(see Fig. 1 and the time-resolved spectrum that is
citation (PLE) spectral. The occupation of excited states easured with a delay time short compared to the decay time

associated with 1D subbands gives rise to the additiona?jb 100 o5 In this | here | id |
structures on the high-energy tail of the QWR Iuminescence 220Ut 100 ps In this latter case, there is no evidence at low

which appear if the temperature is raised above about 40 Kemperature for recombination of excitons associated with
Also shown is a standard fit to the high-energy tail of thelP excited states, which implies that relaxation to the exci-

substrate luminescence corresponding to band-to-band rénic ground state is more efficient than radiative recombi-
combination of a thermalized distribution of electrons andnation. We also found that the decay time of the QWR-PL
holes. This contribution was removed in order to better dedid not depend on the excitation wavelength: The photon

termine the temperature dependence of the luminescence &fergy was progressively decreased in order to coincide with
ficiency of the QWR. the lowest excitonic resonance in the PLE spectrum, thus

In Fig. 2 we show typical temporal profiles of the reaching resonant excitation of delocalized excitons. Decay
QWR-PL (Ref. 19 from the same sampl@WR-2.5 nm for ~ times are obtained by fitting the temporal profile to an expo-
temperatures of 15, 60, and 100 K. The measured profiles argential function over one order of magnitude from the point
characterized essentially by a monoexponential decay of theorresponding tg the maximum intensity.

QWR-PL at these and all other temperatures. The average The temperature dependence of the decay times is dis-

power density was fixed at 10 W/énWe verified that at 8 K p|ayed in F|g 3 for the 2.5 nm QWR. At the lowest tempera-

the decay of the profile did not change when the power dengres the decay time is nearly constant and as the temperature
is raised above about 20 K it increases rapidly to reach a

105 < maximum. An increase of the decay times with temperature
P~10 Wem™2 indicates that radiative recombination dominates. The ob-
& 10° [ served saturation of the decay time is, however, the signature
= of competing nonradiative processes that are activated and
; 108 L eventually dominate recombination at elevated temperatures
o) for low excitation density® Indeed, measurement of the
_E 10° 2 temperature dependence on different positions of the same
2 sample yields a similar curve with the same decay time at 8
g . K but with a maximum value that can vary by nearly 50%.
=10 Furthermore, we find that the time- and spectrally-integrated
- o intensity of the QWR-PL is nearly constant at temperatures
L — below 15 K and then steadily decreases as the temperature is
0 2 Tim4e (ns) 6 8 raised. These observations clearly confirm the significant

role played by nonradiative processes in the temporal decay

FIG. 2. Temporal profiles of the PL emission from the 2.5 nm Of the PL. The radiative lifetime at a given temperature,
QWR at temperatures of 15, 60, and 100 K. Curves for 60 and 10@;(T), is estimated from the standard expression for the PL
K are shifted upwards for clarity. radiative efficiency’
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i . where 7o=2/(I' + 'y, +T'7.) is the intrinsic radiative life-
wherery4(T) is the PL decay time anld, andI(T) represent i f itonsI 1dl“ 2 tivelv. th diati
the temporally and spectrally integrated intensities of the'r_ne orexcionst _an L are, respectively, the radia !ve
QWR-PL 4 8 K and temperaturd@, respectively. The tem- Widths for the longitudinal and the two transverse exciton-
perature dependence of the radiative lifetime exhibits a strikPelariton modes with zero wave vectdt, is the photon
ing exponential rise when the lattice temperature is raisedf/a€ number given bi,=wn/c, n is the index of refrac-
above approximately 50 Ksee Fig. 3. Current theories for tion, Ziw is the exciton energy, and is a factor that depends

the radiative decay of 1D excitons predict a functional deO" the shape of the wire. For a cylindrical wieejs exactly

i i itri = -
pendence that follows a square root of the excitons tempere‘?—qu":ll_m5 a”?" accordlhg 0 Cmnﬁ,l‘,_ 81TT1(2)' The e>.<
ture under two main assumptions: the existence of free excPression forris only valid for localized excitons that satisfy
tons and a rapid thermalization of the exciton populafion. the following relation: ag<lc<\o/n, whereag and Ao
The first assumption implies that the heterostructure is fre€"€: "eSpectively, the exciton Bohr radius and the photon

of intrinsic and extrinsic defects and, thus, that excitons Caﬁ{vavelength. In this case the notion of finite coherence area

7 . y .
propagate freely along the wire axis. The second one require'gtrocmceci by Feldmanet al.” in the context of QW's finds

that excitons following their photoexcitation reach a thermal® microscopic justification as the spatial extent of the exci-
o wing P & “tonic center-of-mass wave functiéhi?® which can be inter-
equilibrium on a time scale short compared to their radiativ

epreted as a mean localization length characteristic of the dis-

lifetime. 1t is thus important to examine whether these asqjer resyiting from random size fluctuations. From the low-

sumptions are experimentally verified. \We note, howeveremperature radiative lifetime of 400 ps we estimate this

that a significant fraction of excitons_ will k_)e i_onized as thegcalization length to be abouit=320A based on our cal-
thermal energy approaches the exciton binding energy andjated value ofro=104 ps and ofx=0.48 for the 2.5 nm
thus, free carriers will also contribute to the radiative recom-QWR structure.
bination. In comparison to the 3D and 2D cases, the contri- Apove 60 K, we find that different spectral components
bution of the free electron-hole pairs to radiative recombinawithin the high-energy tail of the QWR-PL spectrum are
tion is diminished because the Sommerfeld factor is smallegharacterized by the same decay time. A comparison of the
than unity in the 1D cas¥. time-integrated PL spectra at temperatures higher than 60 K
We have measured the PL and PL-excitatiBhE) spec- shows that they are well described by a unique spectral pro-
tra of our three samples as a function of temperature. In thifile times the energy-dependent Boltzmann factor for that
study we find a common behavior, which was previouslylattice temperature. These findings provide direct evidence
reported'® as the temperature is increased, the Stokes shithat excitons and free carriers have reached a thermal equi-
(e.g., 5.4 meV at 8 K, 2.5 nm QWhprogressively reduces librium. The radiative recombination time can thus be iden-
and vanishes at a thermal energfgT, that can be signifi- tified as the radiative lifetime of the thermal population of
cantly larger than its magnitudd ¢ 100 K). This vanishing excitons and free carriers. Consequently, the exciton model
of the Stokes shift reflects the thermally induced redistribu-describing the temperature dependence of a thermal popula-
tion of exciton population from localized states to largely tion of excitons cannot be applied at least in the temperature
extended states at the maximum of the lowest excitonic resagangeT=60 K.
nance in the PLE spectrum. Localization of excitons is Another model that includes the contribution of free car-
caused by interface and alloy disorder, which results in flucfiers to radiative recombination has been proposed for carri-
tuations of the confining potential along the wire axis anders confined in quantum-well structurésWe now outline
thus in the occurrence of local potential minima where exci-an extension of this model to the case of quantum wires and
tons are bound. Several studies have recently confirmed thidiscuss its predictions in relation to our experimental data.
picture with the direct observation of sharp excitonic linesThe model is based on two assumptions: a thermodynamic
that are attributed to these bound states in theequilibrium between free carriers and excitons that is de-
microscopic-PL spectra of narrow GaAs/Sla, _,As QW's  scribed by the Saha equation and a finite density of back-
(Ref. 20 and of V-groove QWR'$! These experimental ground holes. In quantum wires, the Saha equation is given
evidences taken together with recent theoretical stédlies by
dicate that the influence of disorder on optical spectra per-

sists up to temperatures for which the mean thermal energy N-N 2ukgT) M2 E
already exceeds the inhomogeneous broadening. The weak eh_ —Bz—) exp( - _b) =K(T), 3
temperature dependence of the radiative lifetime at the low- Nx wh KeT

est temperatures, below 10-40 K depending on the sample,

is attributed to exciton localization. The primary effect of whereNg, Ny, andNy are, respectively, the density of elec-
disorder is to increase the radiative lifetime of localized ex-trons, holes, and excitong, is the reduced effective mass of
citons over that of free excitonsAssuming that an exciton the exciton,T is the temperature, arf, is the exciton bind-
localized in a local potential minimum is characterized by aing energy. Introducing the total number of photoexcited
Gaussian center-of-mass wave function with a spatial exterglectron-hole pairsN=N,+ Ny, the fraction of exciton

l., an expression for the radiative lifetime of a localized population,Ny /N, at a given temperature can be expressed
exciton in a quantum wiré is then obtained as from Eq.(3) as
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FIG. 4. Comparison of the radiative times as obtained for the 2.5 FIG. 5. Temperature dependence of radiative lifetimes for three
nm QWR sample with the prediction of the model described by Eqsamples. Different symbols refer to samples with different nominal
(5) for the following parameters: po=5x10*cm™?, 73:640 ps, thicknesses of the GaAs layét.5, 2.5, and 5 nm I is the inho-
T7o=104 ps, «=0.48, ©=0.048ny, m,=0.061,, m,=0.16m,, mogeneous broadening characterizing each sample.

Ep,=11 meV, andE;=0.1 meV. Inset shows the temperature de-
pendence of the fraction of the exciton population that is calculateqy,ction of the exciton population that can recombine radia-
with the same parameters. tively. Although the expression for the radiative recombina-
tion rate of the free carriers has been simplified by omitting
&_ Po @) the Sommerfeld factor, which accounts for Coulomb corre-
N potKe(T) lations of unbound electron-hole pairs, and by assuming that
. o o the overlap integral of electron and hole envelope wave func-
in the limit where the background hole densfly is much  tions in the confinement directions is 1, the predicted tem-
|arger tharN. The total radiative recombination rate in QWR perature dependence is not modified. Neverthe]essy the ob-
structures with a backgrourmidoping, 1/(T), is the sum of  served temperature dependence of the radiative
two contributions: the first corresponds to the radiative reyecombination times is not reproduced by this model. We
combination rate of electrons with background holes and th@ttribute this different temperature dependence to the persis-
second to that of the effective exciton population at the temtent role of disorder at elevated temperatures as was already
peratureT. The expression for the temperature dependencgferred from the studies of the temperature dependence of

of the total rate then reads the Stokes shift.
In order to specify this role, we present in Figa com-
1 _ 1 ~ exd — E parison of the temperature dependence of the radiative life-
7(T) ;g (memh)”2 kgT times for our three samples that are characterized by differ-

2 ent degrees of disorder. The disorder is assessed by the
14(1+a) ( = ) Po ®) inhomogeneous broadening as estimated from the full width
kg T Pot Ke(T)’ at half maximum(I") of the first optical transition in a PLE
spectrum obtained at 8 ¥.First to be noted is the similarity
where E;=%%k§/2M is the maximum kinetic energy of ra- of the temperature dependence for the three sets of data;
diative excitonsm,, my,, andM (M=m.+m,), are, respec- namely, a quasiexponential rise of the radiative time at tem-
tively, the effective masses for electrons, holes, and excitongeratures above 50 K is found. The steepness of this rise is,
7o is the radiative lifetime of excitons, ang is the radiative however, distinct and correlated to the nominal thickness of
lifetime of free carriers, which is weakly dependent on tem-the QWR. This trend can be understood in the framework of
perature through the band-gap enefsge, e.g., Ref. 26We  the radiative model for thermalized and free excitons: be-
note that the PL is described by a single exponential decagides the square root of temperature dependence predicted by
when the condition for the validity of Eq4) is fulfilled; this  that model, the lifetime is inversely proportional to the exci-
corresponds to our experimental condition of low excitationton oscillator strengtA.Therefore, the more tightly confined
density. In Fig. 4 we report a comparison between the preexcitons, e.g., in sample 1.5 nm QWR, are expected to have
diction of the model and our data for the 2.5 nm QWR structhe weakest temperature dependence and also the lowest
ture. As the temperature is increased beyond 60 K, where walue of the radiative lifetime at a given temperature. Our
thermal equilibrium is known to exist experimentally, the results are consistent with this description although excitons
exciton population decreases steadibee inset in Fig. 4 in the present QWR structures cannot be regarded as free
and, thus, the radiative rate is reduced by the remaining fraexcitons. The similar lifetimes observed at the lowest tem-
tion of excitons at a given temperature. We find that thisperature in the three samples are attributed to the effect of
model can account for the order of magnitude increase of thiocalization that enhances more effectively the radiative life-
radiative recombination times assuming a reasonable valuime of excitons in the presence of stronger disofder, for
for the background density of holepd=5%x10*cm™), larger inhomogeneous broadenirigereby balancing the in-
which is the only free parametéf.It is worth mentioning  herently larger oscillator strengths of thinner wires.
that the dependence on temperature is dominated by the re- With regard to the temperature dependence of inhomoge-

To 3



2914 OBERLI, DUPERTUIS, REINHARDT, AND KAPON PRB 59

neously broadened 2D excitons, we remark that it followsperature range that extends to values of the thermal energy
the same lafindicating that dimensionality of the exciton comparable to the inhomogeneous broadening. In the upper
confinement may not be relevant, but rather that the magnipart of the measured temperature raf@-150 K, the tem-
tude of the inhomogeneous broadening of the exciton at lovperature dependence of the radiative lifetime follows a
temperature plays a key role. In this latter study the broadquasiexponential law, which contrasts with current theoreti-
ening was comparable to the exciton binding energy. On thgga| predictions for a thermalized distribution of free excitons
other hand, when the exciton resonance was much narrowghq free carriers. We believe that these results are generally
than the binding energy, a quasilinear temperature depengjevant for excitons confined in disordered nanostructures

dence of tg_egfradiative lifetime was observedhin severabnq that they should stimulate further the theoretical model-
experiments ™ for a narrow temperature range that did oty ¢ excitons and their radiative properties when strong
exceed 30-50 K. The radiative lifetime has also been Calcudisorder is present

lated for two-dimensional excitons in the presence of weak™\ o 5 qqed in proofA recent paper by J. Bellessaal.*!
disorder, implying that the internal motion of the exciton andre orts a direct determination of the radiative lifetimes of
its center-of-mass motion can be decoupled. With this as P

sumption and in the limit of high temperature;T>1"), the localized excitons in simila¥/-groove QWR's.

radiative lifetime of 2D excitons is found to recover the same

linear temperature dependence as that of free excibnl. HeIpfuI discussions with R. Zimmermann and D. Citrin
In conclusion, disorder is shown to affect the temperaturére acknowledged. This work was supported in part by the
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