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Exciton dephasing in ZnSe quantum wires
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The homogeneous linewidths of excitons in wet-etched ZnSe quantum wires of lateral sizes down to 23 nm
are studied by transient four-wave mixing. The low-density dephasing time is found to increase with decreas-
ing wire width. This is attributed mainly to a reduction of electron-exciton scattering within the wire due to the
electron trapping in surface states and exciton localization. The exciton-exciton scattering efficiency, deter-
mined by the density dependence of the exciton dephasing, is found to increase with decreasing wire width.
This is assigned to the reduced phase space in a quasi-one-dimensional system, enhancing the repulsive
interaction between excitons due to Pauli blocking.
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Ultrafast degenerate four-wave mixifigWM) techniques The active ZnSe layer of 16 nm thickness is sandwiched
have been successfully applied to study the fundamental cdyetween two 25 nm-thick ZyMgg oeSe barriers, defining a
herent processes in bulk and quasi-two-dimensiq@a)  type-l QW32?° The patterned wire arrays have sizes of 100
structures of both IlI-MRefs. 1-F and II-VI compound%‘13 X 100 wm? and comprise wires from 500 down to 23 nm
over the last decade. The investigation of the coherent phaevidth at an area filling factor of 0.05—0.3. By aligning the
nomena in quantum wireQQWR’s) has recently become wires in the(011) crystal orientation, steep sidewalls and
possible due to major improvements in patterning technologgmooth surfaces in the region of the active ZnSe layer are
and growth techniques. This development is driven by thebtained, as revealed by scanning electron microscopy. A
supposed superiority of QWR's for application in optoelec-high photoluminescence quantum efficiency is observed
tronic devices, where improvements as the reduction of laseaven in the narrow structures, implying a slow surface re-
threshold or the decrease of scattering processes are expectaunbination rate. In addition to the QWR'’s unpatterned
due to the modified density of stat¥'s!® 100X 100 wm? mesa structures are provided on the sample

Until recently, the efforts to fabricate low-dimensional as a quasi-2D reference. A detailed description of the fabri-
structures by lateral patterning have focused on lll-Vcation process is given in Ref. 23.
semiconductor$®=2! for which degenerate FWM experi- As excitation source for the experiments we used a
ments are reported on reactive-ion etched strucffrésl-  frequency-doubled mode-locked Ti-sapphire laser, providing
lowing the current search for blue-green laser structured00 fs pulses with a spectral width of 22 meV at a repetition
based on ZnSe and Zad,_,Se quantum wellfQW'’s), rate of 76 MHz. The two-pulse degenerate FWM experi-
high-quality 11-VI structures are available for quantum wire ments were performed in reflection geometry, applying col-
and dot fabricatiod>?* Since the wide-gap II-VI materials linear polarized input fields. The & focus diameter of the
have in general a much larger exciton oscillator strength angulses on the sample was measured with a charge-coupled
thus a higher third-order nonlinearity than 11I-V materi&ls, device camera to 6@m. The density dependence was inves-
they are better suited for the study of coherent transient phdigated by a variation of the excitation intensity. The FWM
nomena in QWR'’s, which in general suffer by a small activesignal was recorded time integrated and spectrally resolved
volume. by a combination of a spectrometer and an optical multichan-

In this paper, we report on subpicosecond FWM studiesiel analyzer, as a function of the time delaypetween the
on QWR'’s prepared from aingle ZnSe/Zn_,Mg,Se QW  two incident pulses. The samples were kept in a helium cry-
(SQW), thus avoiding propagation effed?’ These inves- ostat at a temperature of 5 K.
tigations are possible due to the high excitonic oscillator Measurements were made on the QWR arrays, on the
strength in ZnSe. We investigate the low-density dephasingnesa structures, and on the unpatterned SQW sample. The
rate and the exciton-exciton scattering rate by densitynormalized FWM spectra at zero delay time are shown in
dependent FWM on QWR'’s of lateral sizes down to 23 nm.Fig. 1 for the SQW, a mesa structure, and QWR arrays of

The QWR structures have been processed by electrori-32, 46, and 23 nm wire width. In all cases, the excitation
beam lithography and wet chemical etching from aintensity was 280 kW/cf(corresponding to a 2D exciton
Zny oMgo 0eSe/ZnSe SQW sample, which was pseudomordensity of 2X10° cm™?), and the laser center wavelength
phically grown on(001) GaAs by molecular-beam epita%§. was set to the lowest excitonic transition, avoiding excitation
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FIG. 1. FWM spectra at zero delay time of the as-grown QW,

the QW mesa, and QWR’s of 132, 46, and 23 nm width. mated to be 2.5 meV, in agreement with effective-mass cal-

culations and investigations on (Zh, _,Se/ZnSe quantum

of the excitonic continuum. In the SQW, the compressiveWil’eS-zs The lateral size fluctuations due to the fabrication
biaxial strain and the quantum confinement lift the degenfrocess can be estimated to abou8 nm from scanning
eracy between the heavy hole {113h) and light hole (11) electron microscopy data, which results in an inhomoge-
1s exciton states, which are identified by comparison withneous broadening of the transitions with decreasing wire
calculated exciton energies using the model of MathieuSizes due to the fluctuation of the lateral quantization, e.qg., in
Lefebvre, and Christa® In the etched wires, the structure the 23 nm QWR to a 1 transition broadening of about 4
undergoes an elastic relaxation perpendicular to the wiré€V. In addition, nonresolved higher quantum wire states
((011)) direction due to the free-standing sidewalls. Thisjoin at the high-energy side of the fundamentah 113,
leads to a redshift of the exciton energies in the QWRand 11 transitions.
structures® The strain-induced redshift of the light-hole ~ The FWM signal for the different samples, recorded at the
exciton is stronger than that of the heavy-hole excittins, 11h transition energy as a function of delay time, is shown in
which show equal strain shifts. Even though the QWR exciFig. 2. The coherent excitation of the 1,113n, and 11
tons are not of pure heavy-hole or light-hole character due t@xcitons leads to quantum beats in the FWM trace, which
the broken rotational symmetry along the growth direction,become weaker with decreasing wire size. The Fourier trans-
we denote them after their main component. In the investiformed FWM traces, shown in Fig. 3, show the energies of
gated structures, both the SQW width and the wire width aréhe higher transitions relative to theH &xciton. They are in
larger than the bulk ZnSe exciton diamet&6 nm), and agreement with the energy splittings observed in the FWM
even for the smallest investigated wire width of 23 nm, thespectra(Fig. 1).
lateral confinement energy is less than the strain-induced ef- The 132-nm QWR shows a slightly higher FWM signal
fects. The exciton assignments given in Fig. 1 are made aglecay rate y4=2.5 ps! compared to the mesa y{
cording to these considerations, and are supported by sys=2.2 ps?1) and to the as-grown laydryy=2.5ps?® (Ref.
tematic investigations on similar SQW structuf®s. 13)]. The small decrease of the decay rate in the QWR struc-

A small redshift of the transitions already occurs goingture is attributed to the introduction of sidewall defects and
from the unpatterned SQW to the mesa structure. This is namall inhomogeneous broadening due to nonuniform distor-
well understood, but is probably due to surface alterations byion across the wire structure. The 46- and 23-nm QWR'’s
the patterning process, influencing the SQW states by surfachow a decay rate of4=2 ps %, which is even lower than
fields. The 132-nm QWR structure shows an inhomogeneouthe value of the as-grown layer structure. Taking into ac-
broadening of about 2 meV due to strain fluctuations or sureount inhomogeneous broadening of the system, the deduced
face fields. The same holds for the 46 nm QWR structuredephasing time amounts t6,=2 ps, which is more than
showing an equal broadening. Here, the strain shift is essewice the value obtained from the mainly homogeneously
tially saturated, e.g., the structure is relaxed in (&l di- broadened mesa structure.
rection. In the 23 nm QWR, a quantization-induced blueshift Despite the localization of excitons we find a clear mo-
of the 11 transition is observed. Taking into account the noexponential decay and no redshift of the FWM signal
strain shift, the extracted lateral confinement energy is estimaximum with increasing delay time, showing that the spec-
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FIG. 3. Fourier transformed FWM traces of Fig. 2 for the QW

mesa and the QWR’s of 132 and 46 nm width. FIG. 4. Decay rates as a function of the total incident pulse
intensities for the QW mesa and the QWR’s. The dashed curves are
tral relaxation time is long compared to the dephasing timeguides for the eye. The top axis gives the 2D exciton density ob-
This feature is not observed in QW structures and might b&2ined from the QW structure.
explained by the reduced acoustic-phonon scattering with lo- ] o )
calized excitons in a 1D system. QWR. _There is no deviation found in the mesa structure,
Recent FWM experiments on unpatterned SQW’s indicatdvhich is a mainly homogeneously broadened system. The
the presence of free electrons within the vi8lThese elec- nomogeneous linewidtho,=h/(7T;) of the QWR exci-
trons originate from barrier impurities, which are excited bytons can be deduced for intensities below 200 n3fenihe
the pulses into the conduction band and captured into thB?homogeneous broadening limit from the decay tilaeby
QW. Here the free electrons act as charged scattering pal2=4Ta- The linear increase df ,,y, with increasing exci-
ticles leading to a constant background dephasing. The ifon density is described by
crease of the dephasing tinTg in the narrow QWR struc-
tures might be therefore related to a reduction of the T hom M) =To+ BENK™ . (1)
electron-exciton scattering by exciton localization or electron (m) : ) ) ) .
trapping in surface states generated by the wire fabricatioh!®"®: Bxx IS the exciton-exciton scattering parameter of di-
process. mensionalitym and n§{“> is the 2D or 1D exciton density,
Furthermore, the reduction of the coherence volume oféspectively, whilel’y is the low-density homogeneous line
the 1D confined excitons leads to a decrease of the excitovidth. The 2D exciton densitysee Fig. 4 top axjsis esti-
photon coupling® However, the radiative lifetime of the mated using the measured SQW absorption, and the mea-
11h transition in the SQW can be estimated to about $ps, sured excitation diameter and intensifyin calculating the
and is thus not the predominant dephasing mechanism evéciton densities in the wire structures, we take alterations of
in the unpatterned structure. The influence of the decreasdhe absorption due to the wire structure into account. As
exciton-phonon scattering due to the reduced dimensionalit@/ready mentioned, the width of the investigated QWR’s ex-
predicted in Refs. 14 and 18, is estimated to be insignifican¢eed the exciton Bohr diameter considerably, so that no sig-
for the observed increase of the dephasing time. nificant change of the electron-hole overlap is expected. All
The exciton-exciton scattering rate and the low-densityexperiments were performed with linear polarizations paral-
dephasing times are determined using the density depefg! to the wire, giving an increase of the FWM signal by
dence of the FWM decay, varying the intensity of the twoabout one order of magnitude compared to the linear polar-
FWM pu|ses equa"y_ The obtained decay rates are p|otted ii‘Zation perpendicular to the wires. The excitonic oscillator
Fig. 4 as a function of the total incident pulse intensity. Thestrengths for the two polarizations thus differ by approxi-
decay ratesyy strongly increase with decreasing QWR size.mately a factor of 1.8. Assuming a conservation of the total
Up to intensities of 200 nJ/chwe observe a linear increase OScillator strength, we estimate a 30% increase of the QWR
of y4 With increasing pulse intensity in all QWR structures. @bsorption in the parallel configuration compared to the
At higher intensities, we find a deviation from this behavior SQW, which is considered in the determination of the exci-
indicating the crossover from an inhomogeneously broadton density. The obtained values bl and 8 of the
ened system, giving a photon echo response, to a mainlgifferent samples are given in Table I. We observe a clear
homogeneously broadened system, showing a free inductidncrease of3{3>) with decreasing QWR size. This is attrib-
decay. This crossover appears at increasing intensities withted to the reduced phase space of the QWR’s, causing an
decreasing QWR sizes, due to the different inhomogeneougacreased repulsive interaction between excitons due to the
broadening, and is most distinctly observed in the 132 nnPauli exclusion principle. For the 23 nm wire, the use of a
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TABLE I. Low density dephasing timels, and exciton-exciton
scattering paramete@>” of the investigated samples.

Wire width (nm) Ty (MmeV) (2D) (1071 meV cn?)
o0 1.3£0.2 0.7+0.2
132 0.6:0.2 1.6-0.3
46 0.3:0.2 2.5£0.5
23 0.2:0.2 3.2£0.8
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scattering parameter oB{>)=(1.4+0.4)x 10 * meV cm
for the 23 nm QWR, which is close to the value of
(AD)=1.2x10"* meV cm found in GaAs QWR'® The
extrapolated homogeneous linewidtl is given by the re-
maining background scattering with free electrons, phonons,
and photongradiative damping It shows a decrease with
decreasing QWR size as already attributed to a reduced
exciton-electron scattering due to localization and electron

trapping.
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