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Carrier relaxation in GaAs v-groove quantum wires and the effects of localization
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Carrier relaxation processes have been investigated in Gaf&S8aALAs v-groove quantum wireQWRS
with a large subband separatiGhE =46 me\). Signatures of inhibited carrier relaxation mechanisms are seen
in temperature-dependent photoluminescefiRle) and photoluminescence-excitation measurements; we ob-
serve strong emission from the first excited state of the QWR bel®f K. This is attributed to reduced
intersubband relaxation via phonon scattering between localized states. Theoretical calculations and experi-
mental results indicate that the pinch-off regions, which provide additional two-dimensional confinement for
the QWR structure, have a blocking effect on relaxation mechanisms for certain structures within the v groove.
Time-resolved PL measurements show that efficient carrier relaxation from excited QWR states into the ground
state occurs only at temperatue80 K. Values for the low-temperature radiative lifetimes of the ground- and
first excited-state excitons have been obtaili@d0 ps and 160 ps, respectivglyand their corresponding
localization lengths along the wire estimated.
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. INTRODUCTION of [011]-oriented 3um pitch v grooves; each groove was

In recent years there has been considerable interest #eParated by a SiOphotolithographic mask. A nominal
semiconductor v-groove structures, as a means of providin Inm GaAs quantum We(QVV)| was grown within ur|1doped.
a high-quality quasi-one-dimensiordD) electronic system. 04G&7AS barriers by low-pressure metal-organic

. ; chemical-vapor  deposition (MOCVD). Polycrystalline
This has enabled the study of fundamental physical propegmwth occurs on the residual Sibetween the grooves,

optoelectronic structures such as quantum wire IeﬂserswhiCh prevents the formation of a plandt0Q) QW at the
b d top of the side-wall quantum well§SQW’s).*? A cross-

Strong_spatial confinement and large subban_d sepa_ration al&ctional view of a similar heterostructure is shown in the
essential features for room-temperature devices using the§ nsmission electron microscopeEM) image of Fig. 1. A

structures. However, during the growth of IOW'dimenSionalcrescent-shaped GaAs QWR forms at the vertex of two
structures, interfacial roughness develops due to misorienteg—QW,S separated from them by a narrow constriction or
tion with the substraté,and monolaye(ML) fluctuations: pinch-c;ff. The well thickness in these narrow regions is

:{I’hls retsultsé’S :n 1}26 _Ioc?::zat|on_dt()r1f f extcnc:_ns ?t (;O,:N 1.4 nm, and the vertical thickness of the QWR is 7.6 nm,
emperatures.=in wires these wi uctuations jead to resulting in strong 2D confinement in the wire. A vertical

the formation of quasi-OD quantum boxes along the wire
- . . . uantum well(VQW) also forms at the center of the groove,
axis® the effects of which have been observed in m|crophoq (VQW) 9

tolumi L < and it di ‘perpendicular to the substrate, due to the higher mobility of
_"“m'”‘?sce”l%q“ ). measurements” and exciton radia- 5 atoms in the AlGa,_As.}3 More detailed reports on the
tive lifetimes:® Localized excitons have a key role in pro-

: g . . growth and characterization of similar grooves are given
ducing population inversion for laser emissiband strongly elsewherd2.14.15

affect the transport characteristics of 1D structdtes.

In this report we present time-integrated and time-
resolved PL measurements and PL-excitation measurements
on an array of GaAs quantum wire@WR'’s) with a subband
separation>kgT,,omw These measurements reveal a strong
temperature dependence of carrier relaxation mechanisms
between higher excited states into the ground state of the
quantum wires. We find evidence of a nonthermal exciton
distribution at low temperature, and ascribe this to strong
exciton localization. These effects are also evident in 20 nm
temperature-dependent measurements of excitonic lifetimes.

/
SQW

FIG. 1. TEM micrograph cross section showing the crescent-
shaped QWR, which is separated from side QW’s by narrow pinch-

The QWR structure studied here was prepared using aff regions. The Ga-rich VQW that also forms is seen to consist of
semi-insulating 100 GaAs substrate patterned with an arraythree separate structures.

A. Structure
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FIG. 2. (a) First three QWR electronic states
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Trapping of carriers into the QWR and the relaxation dy-are qualitatively the same for a 3 nm QW. All three electron
namics of excited states are important issues when considestates are confined within the crescent-shaped wire region,
ing carrier injection into a 1D structure. In QWR lasers car-but the first two are localized on different facets. More spe-
riers entering the wire region must be able to scatter into theifically, the n=2 QWR state has a high probability density
appropriate low-energy lasing states by processes such aser the{311 A facets that form near the bottom of the
optical phonon emission and carrier-carrier scattering. In @roove. These facets are expected to have quasiperiodic
v-groove structure there are two main carrier capture mechanodulations due to step bunchifiywith fluctuations in
nisms: direct capture from the barrier into the QWSBD-  thickness of up to 3 ML'€# this will result in strong local-
1D), or capture from the barrier into the SQW and VQW andization effects for excitons in the=2 state.
then subsequent diffusion and trapping into the QWR Figures 2b) and 2c) show then=4 state obtained with
(3D-2D-1D).1817 Calculations by Kieneret al'® of  and without a pinch-off region, respectively. In the latter case
longitudinal-optical (LO) phonon scattering rates in a the constriction is removed numerically from the QWR
v-groove structure show that the first process is greatly restructural profile. This pinch-off produces an additional po-
duced compared to barrier-VQW-QWR scattering, due to theential barrier between the quasi-1D and 2D states, strongly
small spatial overlap between initial and final states and theirestrictingn=4 electrons to the SQW's, with vanishing prob-
relatively large energy separation. Composition nonunifor-ability in the QWR itself. This results in a reduction of the
mity in the barrier may also significantly affect carrier cap- overlap between QWR and SQW electronic wave functions,
ture efficiencyt® Capture into the QWR from the SQW is and hence affects the efficiency of carrier relaxation from the
complicated due to the formation of the pinch-off regionsSQW into the QWR. Figure (&) shows the calculated con-
and will be discussed in this report. finement energies of the electron and heavy-hole states for
the specific sample under investigation. A transition from
confined QWR states to quasi-2D side-well states can be
seen ah=4 andn=6 for the electron and hole states, respec-

Electronic states of the quantum wire have been detertively. These calculations have been performed using para-
mined using a plane wave expansion to solve thebolic band approximations, whereas in reality the valence
Schrodinger equation for a real QWR cross sectbit.  band structure is nonparabolic due to heavy- and light-hole
These QWR profiles have been obtained directly from TEMmixing.2>26 The effects of the latter can be ignored if the
images such as Fig. 1, and used as input data. However, light-hole confinement is large compared to typical heavy-
order to avoid the influences of varying image quality, thehole subband separations. The heavy- and light-hole charac-
profiles shown in Fig. 2 are based on a systematic extractioter also changes for the different subbands: calculations
of facet growth evolutiod? The size of the real-space win- based on samples similar to the one considered here predict
dow was limited by computational considerations, whichthe first valence subbarg to be ~90% heavy-hole-like but
meant that the full SQW length could not be included. Thehg is 70% light-hole-like?”
quasi-2D side-well states are therefore seen as higher-energy
states of the QWR n=4 for electrons

Figure 2a) shows the electron probability density func-
tions for the first three confined QWR states. Calculations for PL measurements were made using either ah lAser
a 6 nm QW thickness are shown for clarity, but the resultsoperating at 2.41 eV, or a tunable dye lagerl.6—-1.8 eV,

B. Electronic states

II. RESULTS AND DISCUSSION
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(@), ek, ceh, cechy T sQW the specific MOCVD growth parametei%. The ratio
: : ppL=AE/8Ep = 7.7, which is comparable to the best values
of pp, that have recently been achievid°

In both sets of measurements we find that there is a de-
crease in then=2 luminescence intensity with increasing
temperature. Simultaneously the 1 intensity increases, in-
dicating that intersubband relaxation of carriers is enhanced
at higher temperatures due to scattering between localized
states. This will be discussed in more detail with the results
of the PLE measurements described below.

A predictedn=3 state at 1.675 eV does not appear in the
PL spectra but is clearly evident in the PLE measurements.
This indicates efficient relaxation to the=1 state due to a
significant wave-function overlap, as seen in Fi¢g)2Lu-
minescence from the side and vertical QWs is detected at
1.735 eV and 1.804 eV, respectively; in the former case, this
corresponds to a well thickness of approximately 2.2 nm.

The power density for both excitation energies was
50 W cmi%,  similar effects are observed down to
50 mW cm? corresponding to a photoexcited carrier density
of ~10? cm L. When using the Ar laser, absorption in a large

FIG. 3. Temperature-dependent PL spectra, exciting@t Volume of the barrier and subsequent carrier diffusion into
1.78 eV and(b) 2.41 eV. The dotted lines give the theoretical en-the QWR results in a much greatér-50X) wire carrier
ergies for various QWR optical transitions. density than for excitation with the dye laser at 1.78 eV. For
the latter case, the carrier population in the QWR is cooled

in order to excite above or below the /8a,_,As band gap. efficiently by phonon emission; with Ar illumination absorp-
The dye laser was also used for PLE measurements. Lumilon in the barrier generates a hot-phonon population that
nescence was detected with a double monochromator aryll facilitate exciton detrapping in the QWR. Direct capture
either a Peltier cooled photomultiplier tub@eMT) or  from the VQW to then=1 state is also possible with Ar
nitrogen-cooled charge-coupled devi@CD) depending on illumination. This may explain why the ratio of the intensi-
the experimental setup. Time-resolved PL measurementées of then=1 andn=2 peaks is different for the two exci-
were performed using a mode-locked Ti:sapphire laser and t@tion energies: with Ar illumination the=2 peak vanishes

synchronous streak camera, with an overall time resolutiot 50 K, whereas it is still clearly observed at 100 K when
of ~20 ps. exciting at 1.78 eV.

The low-temperature spectra in Figib3 show small lu-
minescence peaks at 1.606 eV and 1.622 eV between the
n=1 andn=2 peaks. Previous magneto-PL measurements on

Figure 3 shows the v-groove luminescence spectra as similar samples indicate that these may originate from higher
function of temperature, when exciting with) the dye laser valence bande;-h, excitonic transitiong® Parity-violating
at 1.78 eV andb) the Ar" laser at 2.41 eV. In the former transitions are optically forbidden by selection rules for an
case, only the QWR and SQW structures are excitedideal QWR?® but are allowed for an asymmetric wire poten-
whereas with the Ar laser all structures and theGd,_,As tial, which is likely to be the case for real QWR’s. Figure
barrier are excited. The calculated optical transitions from3(a) also shows that, when exciting below the, @& _,As
the QWR are also shown. From now on we will write the band gap, then=1 peak develops a high-energy shoulder
electron-hole transitior,-h, as n=x. All of the calculated above 40 K; the temperature dependence of this shoulder
transition energies have been rigidly shifted so that theeflects the increased thermal population of the higher va-
n=1 line corresponds to the low-temperature peak atence subbands. The redshift observed in all of the peaks
1.593 eV in Fig. 8a), which is attributed to excitonic recom- above 40 K is due to the overall reduction of the band gap.
bination from then=1 state. The peak at 1.639 eV corre- The temperature dependence of the SQW luminescence
sponds closely to the calculated value for recombinatiopeak provides information on the real-space transfer dynam-
from then=2 state. These assignments have been confirmeds of the structure. At 5 K there is strong luminescence with
by magneto-PL measuremefitaind scanning near-field op- both excitation sources, which decreases with increasing
tical microscopy® (SNOM). temperature: the peak has almost disappeared by 50 K for

The linewidthséEp, of then=1 andn=2 QWR peaks are excitation at 2.41 eV, but persists unti80 K when excited
approximately 6 meV and 7 meV, respectively, at 5 K;at 1.78 eV.

SNOM measurements on individual wires indicate that this Two types of potential barrier may exist that can inhibit
broadening is due to intrawire inhomogeneities. The energyelaxation between the SQW and QWR. Monolayer fluctua-
separation between the first two subband transitiais  tions in the{111} side QW will trap excitons in potential

is 46 meV; this large subband separation results from theninima and can have a detrapping time longer than the re-
small QW width and relatively strong pinch off, as well as combination time at low temperaturégVith increasing tem-

Excitation @ 1.78 eV

PL Intensity (arb. units)

Excitation @ 2.41 eV

1.56 1.58 1.60 1.62 1.64 1.66 1.68 1,70 1.72 1.74 1.76
Energy (eV)

A. Photoluminescence measurements
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calculated transition energy. The width of this PLE peak is
greater than that of the=2 peak, which is consistent with
higher excited states being more sensitive to fluctuations in
the confinement potential. With an increase in temperature,
the intensities of both peaks decrease as fast intersubband
relaxation to the ground state occurs. Above 60 K the ab-
sorption peaks shift to lower energies due to the reduction of
the band-gap.

When the detection is set at thee 1 PL peak, in Fig. &),
a weak absorption peak is observed at 1.61 eV, but the spec-
trum is otherwise featureless below 20 K. This is consistent
with the behavior of incomplete relaxation from higher en-
ergy excited states to the QWR ground state at low tempera-
tures. The absorption at 1.61 eV is unlikely to be from the
e;-h; QWR transition as this would give a Stokes shift of
almost 20 meV, much larger than that for the=2
transition?* it is most probably from a parity-violating tran-
sition (e.g., e;-h,). In order to measure the=1 PLE re-
sponse it is necessary to set the detection to a low-energy tail

PL

=2

PLE@ n

Intensity (arb. units)

1

PLE@ n

160 165 170 175 180 state of the PL peak; however, the QWR luminescence is not
Energy (¢V) strong enough to do this.

By 40 K strong features correspondingrig¢2 andn=3
absorption appear in the spectra; absorption is also observed
from e;—hh; ande; —lh, transitions in the SQW, at 1.74 eV
and 1.785 eV, respectively. The transition between the re-
gime of incomplete and efficient relaxation from higher

perature, excitons will be thermally activated and subseg,;os is clearly seen to occur over a small temperature range

quently captured into the QWR. This mechanism results in 4t ~30 K. The strong SQW absorption peaks appearing in

blueshift in the low-temperature SQW PL peak position Withthe PLE also indicate efficient carrier transfer from the SQW

increasing temperature. As mentioned in Sec. | B, there $hto the QWR above 30 K, as discussed for Fig. 3. Interest-

also a potential barrier due to the pinch-off regions, Whichin ; ;
. . L . gly, absorption from the SQW is not seen below 80 K
provide 2D confinement within the quantum weAdia- when detecting at the=2 energy in Fig. @). This indicates

batic calculations for this sample indicate that the pinch-off. ; .
- e that once carriers are able to transfer through the pinch-off
barrier is ~75 meV and 40 meV for electrons and heavy g P

: S . . =" region, they will preferentially recombine in the ground state
holes, respectively, which is consistent with the transition ¢, o QWR.

between confined QWR states and SQW states seen in Fig. There are a number of mechanisms that can explain the

2@' _The spectra in Fig. 3 0_'9 show a smah3 meV) blue- __inhibited inter-subband relaxation observed at low tempera-
shift in the SQW peak position over the range 5-50 K, in-yres Figure 1 shows that the VQW consists of three sepa-
dicating that there is some activation out of potential oie Ga-rich regions that extend upwards from different fac-
minima. However, the intensity of the SQW peak only startsgs of the QWR. These substructures of the VQW have an Al
to decrease significantly at 40 K, above which it diminishes.gnient of ~22% compared to 30% in the barrférthus
ra_lpidly with i_ncreasing temperature. This indi_cates that ?hegenerating a laterally varying potentidIThe first two QWR
pinch-off regions produce the dominant barrier for cariergiaies have a real-space separation over the wire region, as
transfer into the QWR. shown in Fig. 2; thus the lateral potential may be sufficient to

For all of the PL peaks observed in Fig. 3, the magnitudgegyrict relaxation from the=2 QWR state at low tempera-
of any thermally induced energy shift is much less than thg, o

sum of the exciton binding enerdy-10 meV (Ref. 32] and The sudden transition in the temperature-dependent PL
Stokes_ shift a_t 5 K. This mqllcaj[es that emission from thegng PLE spectra can also be explained by considering the
QWR is dominated by excitonic recombination over the e of phonons in carrier relaxation mechanisms. Generally,
whole temperature range measuféd. photo-generated electron-hole pairs will rapidly form exci-
tons within~20 ps as they simultaneously relax to the band
minima3* In polar semiconductors, a hot carrier distribution
can cool efficiently by emission of LO-phonons of energy
Figure 4 shows the PL spectrum taken at 5K andiw o (36 meV for GaA$, with a characteristic time of
temperature-dependent PLE spectra obtained while detecting1073 s. However, in 1D and 0D structures at low tempera-
at then=1 and 2 transition peaks. The PLE spectra for thetures, the emission of high-energy LO phonons may be
n=2 luminescence, in Fig.(8), show clear absorption from strongly repressed due to energy and momentum
the n=2 transition with a Stokes shift of 11 meV, as dis- conservatior$>¢ resulting in the controversial phonon
cussed below. The peak at 1.695 eV is assigned to absorptidbottleneck” effect®” In quantum wires this is usually mani-
from then=3 transition, which is in good agreement with the fested as a reduction in intersubband relaxatfon.

FIG. 4. (a) PL spectrum at 5 K, exciting at 1.83 e\h) PLE
spectra as a function of temperature, detecting atnth2 QWR
peak energy, an(t) detecting at thex=1 QWR peak energy.

B. Photoluminescence-excitation measurements
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FIG. 5. Temperature dependence of the Stokes shift for the FIG. 6. Temporal profiles of théa) n=1 and(b) n=2 lumines-
n=2 (circles and SQW(triangleg transitions. The dotted lines are cence peaks at three different temperatures. The monoexponential
guides to the eye. fits used to extract the decay times are shown.

Longitudinal-acousti¢LA) phonons are expected to give the SQW, the Stokes shift drops to almost zero at around 60 K,
dominant contribution to low energy dissipation processesvhich indicates that the majority of the exciton population
(<hw o), but with a relatively much longer scattering time has become delocalized. The Stokes shift for ke tran-
(~107s). In our case, we find that the electron subbandsition is relatively high at low temperatur&and only starts
separation is comparable #w_o. Even if the first-order to decrease around 40 K. The finite Stokes shift at 100 K
LO-phonon coupling is forbidden, LO£LA multiphonon indicates that there are still a significant numbenef2 ex-
processes should create a window of ra@@dbnanosecond citons in localized states at this temperature, which is con-
relaxation aroundiw _.3° However, the low-temperature re- sistent with the persistence of the PL in Fig. 3.
laxation dynamics of photoexcited carriers are also expected
to be strongly influenced by disorder. At low temperature,
excitons in quasi-0D quantum dots exhibit a strong decrease
in exciton-phonon scattering rates with increasing spatial Time-resolved PL measurements were made by exciting
quantizatiorf” For strong confinement, relaxation by LA- the sample with a mode-locked Ti:sapphire laser, operating
phonon emission is much less efficient than radiative recomat 76 MHz and 1.74 eV. Figureg@ and &b) show the tem-
bination, leading to very Wea_k ground-state Iuminescen_ce. poral profiles of then=1 andn=2 PL peaks, respectively, at
For the QWR system considered here, tiv2 subband is  three different lattice temperatures. All of the measured pro-
subjected to large interfacial disorder, and may be consideregles show a monoexponential decay of the luminescence of
as a series of localized OD states with a 1D continuum othe form exg-t/7), over at least one order of magnitude,
delocalized states. By considering energy and momentutijom which the decay time is obtained. By measuring the
conservation arguments, the maximum acoustic phonon epfecay profiles for a range of detection energies, the temporal
ergy that results in significant scattering rates betweegyoution of the PL spectra were obtained and are shown in

quasi-0D quantum boxes is given l?Eynax:hcs/Lz-_Lll where  Fig. 7 at(a) 60 K and(b) 5 K. Due to the limited set of
C, is the sound velocity in the materigg150 ms* in GaAs

andL, is the dimension of the strongest confinement. This

C. Time-resolved measurements

latter value is 7.6 nm for our quantum wires, giving a maxi-
mum acoustic phonon energy of about 2.8 meV. Hence we
would expect the peak for this phonon population to occur at
a lattice temperature 630 K. Below this temperature, ex-
citon relaxation will be effectively inhibited due to suppres-
sion of acoustic phonon emission over the energy range of
the localized state®?? Excitons will then recombine radia-
tively, resulting in strong luminescence at the2 level. At
higher temperatures the localized excitons can relax into the
ground state via phonon-assisted real-space scattering,
within the exciton recombination time. This scenario is con-
sistent with the sudden transition observed in the PLE spec-
tra of Fig. 4c) between 30 and 40 K.

Figure 5 shows the temperature dependence of the Stokes

shift for then=2 and SQW transitions, obtained from the PL

 (a)60 K

— 175ps

n=2

"~ lm)sk

—110ps

2:

n

PL Intensity (arb. units)

L --- 230ps
— 315ps

4 ---170ps
—220ps

== 455ps
| —— 645ps
==« 840ps

PP N L . L S L i L
158 160 162 164 166 158 160 162 164 1.66
Energy (eV) Energy (eV)

and PLE spectra. In both cases the decrease of the StokesFIG. 7. Transient PL spectrésmoothedl at (a) 60 K and (b)
shift with temperature reflects the thermal redistribution of5 K. The inset inb) is a magnified view of the=1 peak. Note the
excitons from localized states to extended states. For thghift in then=2 peak in(b).
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W ———r; ~ that of free excitond? resulting in a departure from the

® n=2 ’ square-root dependence at low temperatures. Figure 8 shows

700 | — Localized exciton ” . that the decay time of the=1 state is approximately con-
stant at low temperatures, but a rapid increase is observed

- - =Free exciton 7
/,

600 . above 30 K when phonon detrapping becomes effective.
Citrin’s models can be modified for a 1D system of free
500 . and localized excitons in thermal equilibrium. By consider-
2 ing a temperature-dependent localized exciton density
3 400 | Nioc=Np exp(Ej./ksT), Lomascoloet al*® obtain the ex-
£ pression given in Eq(l) for the temperature-dependent PL
:E: o0l 7 | decay timer(T).
a M
’ 2Mkg =
200} ! L3 1 Np exp(Ejc/kpT) + 4/ ST
'li ¢ $ 3 _ h2m?
; nT) = N 1 oME. (1)
100§ o P exp(EdkaT) + — | 57—
Tioc 70 hear
0 16 20 30 40 50 60 70 30 90 whereNp, is the effective density of localization centeB,.
Temperature (K) is the exciton localization energy, and 7, are the intrinsic

and localized exciton decay timeb) is the total exciton
FIG. 8. Experimental luminescence decay times versus temperqtnass, ancEl is the maximum Kkinetic energy of radiative
ture, for then=1 (triangley and n=2 (circles QWR states. The excitons. This method assumes that nonradiative recombina-
dashed line shows the predicted square-root dependence of the frggp, processes are negligible: we find from our measure-
exciton decay time with temperature, and the solid line include%entS that the integrated intensity of the-1 peak only
localization effects, as given by Edl). starts to decrease at about 100 K, indicating that excitonic

detection energies sampled, it is difficult to speculate on théecombination is predominantly radiative over the tempera-
existence of other peaks close to the QWR ground state. Atre range considered here.
60 K, then=2 peak drops very quickly and has vanished by ~Equation(1) has been used to fit the experimental points
~600 ps. However, th@=1 peak intensity remains essen- in Fig. 8; 7o was fixed whileNp andE,,. were adjusted, and
tially unchanged up te-450 ps, and the emission persists atthe procedure repeated to give the best fit to the ¢adhd
the longest measurement time. This is due to repopulation dine in Fig. 8. TakingM =0.3m, givesE;=0.09 meV, and
the ground state from rapid intra- and intersubband thermalwe obtain values ofNp=5X10%cm™, E,,.=11 meV,
ization by carrier-carrier and carrier-phonon scattering. Atr,.=340 ps, andr,=130 ps, the last being in good agree-
5 K, the more uniform ratio of the peak intensities is indica-ment with the predicted valu€.It should be noted here that
tive of frustrated intersubband relaxation and direct recom¥,,. gives an indication of the energy required to promote
bination of excited-state excitons, as discussed in the precetbcalized excitons into quasi-1D continuum statathin the
ing section. same subbandintersubband relaxation processes will be
There are no obvious band-gap renormalizati@®R)  governed by a separate energy scale due to a laterally vary-
effects as the QWR carrier density decreases with time. ling potential and disorder, as discussed in Sec. Il B.
the 5 K measurements, a redshift of 2.5 meV occurs in the Calculations by Oberliet all® give the characteristic
position of then=2 peak over the first 400 ps as the excitonexciton localization length resulting from disorder as
population cools. At 60 K this transient shift is not observed,|;« 7o/ 7,.. Based on the values obtained above, we estimate
indicating that a significant number of excitons are thermallythis length to bd.=43 nm, in agreement with Bellessd
activated out of localization sites at this temperature. This isl.” This expression is valid faaiz <1.<\y/n, whereag and
consistent with the behavior of the shifts observed in thexy/n are the 3D exciton Bohr radius and photon wavelength
temperature-dependent PL measurements discussed in Sétthe material, respectively.

Il A, and is also consistent with the difference in Stokes At the n=2 level there is a competition between relax-
shifts between 5 K and 60 K for the=2 state. ation into the lower subbands and recombination. The decay
The luminescence decay times of the QWR states, obtime for then=2 stater, is thus a combination of the radia-

tained from Fig. 6, are plotted in Fig. 8 as a function oftive decay timer, ,,qand the relaxation time; .o, assuming
temperature. Calculations by Citrin predict that the radiativeagain that nonradiative recombination is negligible:
lifetime 7,4 Of free excitons in QWRs will follow a square- 7,'=7%, + 7k, Consequently, it is not straightforward to
root dependence with temperatdfet, .4 \T. This assumes extract the two components from the measured decay times.
that the heterostructure is free of defects, allowing excitonglowever, the data can be interpreted qualitatively by assum-
to propagate freely along the wire axis. After photoexcita-ing that localization effects essentially inhibit all relaxation
tion, the excitons are also required to reach a thermal equbelow 30 K, and that, ,,q= 7. This is corroborated by the
librium on a time scale short compared to their radiativelow-temperature PLE spectra of Fig. 4. Above 30 K, the in-
lifetime. In real heterostructures, the localization of excitonscrease in the intersubband relaxation rate is greater than the
due to disorder will significantly increase their lifetime over decrease in the radiative recombination rate, leading to an
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overall drop in decay time. The temperature-dependent radiazalization energy due to disorder4sl1 meV, which is con-
tive efficiency n(T)=7,/7, 49 Can be calculated from the sistent with the value dE,, obtained for then=1 state. This
n=2 peak intensities in Fig. 3. By assuming a similar behav-suggests that if the characteristic localization length of the
ior for 7,44 as is observed for the=1 state, we obtain n=2 excitons is less thar12 nm(ag), then these excitons
values of, ,,=425 ps andr, =280 ps at 60 K. Intersub- are strongly confined at low temperatures; hence the reduc-
band relaxation by LO-phonon emission is expected to occution in decay timgincreased recombination ratelative to
on a time scale oF~10"'3s for delocalized1D) excitons;  then=1 exciton.
thus 7, ¢ gives an indication of the characteristic exciton
detrapping time due to LA-phonon scattering.

In contrast to then=1 state, the low-temperature radiative
lifetime of the n=2 exciton is not much greater than the  In summary, we have studied carrier relaxation processes
intrinsic lifetime 7, obtained above. The oscillator strength in an array of v-groove quantum wires. Luminescence mea-
for a bound excitorf, and hence the radiative recombination surements and theoretical models suggest that the pinch-off

Ill. CONCLUSION

rate, is found to scale 4% regions around the QWR have a blocking effect on real-
fo Lo VAl 5 space relaxation from the SQW's. In addition, relaxation
Trad™ Veorlle)Vedlo), ) from higher states of the QWR into the ground state is in-

where V., is the coherence volume of the exciton, which hibited due to disorder induced localization of excitons in the
represents the spatial extent of the center-of-mass wave funt311} facet regions. These effects result in strong lumines-
tion of the localized exciton, and,, is the exciton volume. cence from the SQW and the first excited state of the QWR
V.on Can be taken as the volume of the box in which thebelow~50 K, even at low carrier densities. Evidence for the
exciton is localized and is proportional kg Forl.>ag, the  role of phonons in exciton relaxation has been found in PL,
exciton volume is constant and a reductionlpfeads to a  PLE, and decay-time measurements; a prominent change in
reduction of the oscillator strengitie., an increase in the characteristics is observed aB80 K when fast intersubband
radiative lifetime abovery). This is observed for th@=1  relaxation occurs via phonon-assisted scattering between lo-
transition and is consistent with the value lof obtained calized states. The LA-phonon-assisted exciton detrapping
above (ag=12 nm for GaA$. If I.<ag, and the exciton time is estimated to be-300 ps at 60 K. Values for the
binding energy is smaller than the localization energy of thdow-temperature radiative lifetimes of the ground- and first-
carriers, the electrons and holes are separately confinegkcited-state excitons have been obtaing#0 ps and
(strong confinement reginid’8 V., is then no longer a 160 ps, respectivejyand interpreted in terms of their corre-
valid quantity. The recombination rate will be determined bysponding localization lengths.
v;; and will increase rapidly as is reduced due to compres-
sion of the glectron—hole wave function. . ACKNOWLEDGMENTS
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