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Biexciton binding energy and excitor-LO-phonon scattering in ZnSe quantum wires
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The dependence of the biexciton binding energy and of the exciton—LO-phonon scattering rate on the wire
width is investigated in wet-etched ZnSe quantum wires by temperature-dependent transient four-wave mixing.
We observe an increase of the biexciton binding energy with decreasing wire width, reaching an enhancement
of about 30% in the smallest wire structure. In addition, we find a decrease of the exciton—LO-phonon
scattering rate with decreasing wire size, which is discussed with consideration of the reduced polarity of the
exciton wave function and the modified density of final states in narrow wire structures.
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Recently, quasi-one-dimensional quantum wi@WR) 25 nm width, which was confirmed by scanning electron
structures have attracted great attention for potential optamicroscopy. In addition to the QWR structures, unpatterned
electronic and all-optical device applications since they ard00xmXx100um mesa structures are provided on the
theoretically predicted to offer superior optical and electricalsample as a quasi-2D reference. A detailed description of the
properties= The reduced dimensionality leads to pro- fabrication process is given in Ref. 16.
nounced excitonic effects due to an increased electron-hole As the excitation source for the experiments we used a
overlap modifying the binding energies of excitdilsand  frequency-doubled mode-locked Ti-sapphire laser, providing
excitonic molecule8® Furthermore, scattering processes100.fs pulses with a spectral width of 22 meV at a repetition
with excitons®™** and acoustic phonofis'* are changed rate of 82 MHz. The two-pulse degenerate FWM experi-
compared to quasi-two-dimensional quantum WQW) Sys-  ments were performed in reflection geometry, applying col-
tems. Some of these effects were studied on III-V QWRjjnaar holarized excitation fields. Thee®/focus diameter of
systems using ultrafast degenerate four-wave mighyM) . pulses on the sample was measured with a charge-
techniqued™!-**“while quantum wires prepared from wide- coupled devicéCCD) camera to 10Qum. The FWM signal
gap II-VI material are less well investigat€d’ Due to their a5 recorded in a time-integrated manner and spectrally re-
large exciton oscillator strength high biexciton binding ener-goved by a combination of a spectrometer and an optical

gies and strong Fdich interaction, however, II-VI QWR multichannel analyzer as a function of the time defalye-

structures are well suited to examine quantum coherent P'Qween the two incident pulses. The samples were kept in a

cesses such as the scattering of excitons V\."th L 0 phononvsariable temperature helium cryostat at temperatures be-
and the formation and binding energy of biexcitons. Both ~
properties are so far theoretically not well described in QWRWeenT=20 and 80 K.
structures but are of importance for possible applications, FWM measurements were made on the QWR arrays and
since its modification changes the figure of merit in nonlinea©n the mesa structures. Normalized FWM spectra are shown
optoelectronic or all-optical devices. It is therefore of interestin Fig. 1(a) for the mesa and QWR arrays of 55, 42, 36, 28,
to study the size dependence of LO-phonon scattering anand 25 nm wire width at a delay time ef=0.2 ps andT
the biexciton binding energy experimentally. =20K. In all cases, the excitation intensity was 250 n¥/cm
In this paper, we study etched ZnSe quantum wires bycorresponding to a two-dimension@D) exciton density of
spectrally resolved transient FWM. The size dependence afbout 6x 10° cm™?], and the laser center wavelength was set
the biexciton binding energy and of the exciton—LO-phononto the lowest excitonic transition, avoiding excitation of the
interaction are investigated, and negatively charged excitonsxcitonic continuum. A 100-fs pulse spectrum is given as the
are observed using FWM. The QWR structures were prodashed line. In the etched wires, the structure undergoes an
cessed by electron-beam lithography and wet chemical etclelastic relaxation perpendicular to the wiré®L1) direction
ing from a Zn Mg, ;Se/ZnSe single quantum wediQW), due to the free-standing side walls, which saturates for wire
which was pseudomorphically grown oi®01) GaAs by sizes less than 30 nfiThis results in a redshift of the exci-
molecular-beam epitaxy. The active ZnSe layer of 10 nnmton energies in the QWR structures compared to the mesa
thickness is sandwiched between two 30-nm-thickstructure® In the 55-nm QWR structure théline shows an
Zny Mgg1Se barriers, defining a type-l QWRef. 15  inhomogeneous broadening of about 2 meV due to strain
(sample A in Ref. 1Y The patterned wire arrays have sizesfluctuations or surface fields. With decreasing QWR size, a
of 100mx 100um and comprise wires of 300 nm down to blueshift of theX transition is observefsee Fig. 18)], which
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FIG. 1. (a) FWM spectra for the mes@op) and QWR arrays of delay [ps]

55, 42, 36, 28, and _25 nm wire ngth recorded at a delay time of FIG. 2. FWM traces at the lowest wire subband exciton energy
7~0.2ps and a lattice temperatufie=20K. The dashed curve of the 25-nm-wide wire array recorded at various lattice tempera-
gives the spectrum of the 100-fs pulse) FWM spectra of the  yres as labeled. The excitation intensity was 2.5 MW{cm
42-nm-wide wire array on a logarithmic scale recorded at various

lattice temperatures as labeled. T, and XX denote the exciton-, a less pronounced beating structure in the FWM trasee
trion-, and biexciton-induced transitions. The excitation intensity OfFig. 2). Above 45 K the trion contribution is negligible and
the two 100-fs pulses was 2.5 MW/ém the biexciton-inducedXX transition remains in the FWM

. . , . spectrum. Hence we can isolate tAX signal from theT
is due to the quantum wire confinement. The inhomogeneo

broadening i t sionificantly i d for th I ansition and are able to determine the biexciton binding
roadening 15 not signiicantly increased for the sma erenergyEXX as a function of the wire size from the energy

wires. Even for the Sma”eSt QWR the increase of the inhog ifference between the excitak and the XX transition as
mogeneous broadening is less than 10% and thus mu own previously in a ZnSe QW:! Figure 3 shows the

smaller than the quantum confinement energy, showing th%WM spectra of all investigated QWR structures at a delay

e ltee] sie Juclialons are n al cases much ese Ul of r— —0.2ps. Coresporeing iexcion binding e
’ gy gies are given in the inset of Fig. 3, where also spectra at

all cases less than the biexciton binding energy. ~ ; )
In addition to theX FWM peak, a weak signal is detected temperatured >45 K were taken into account. A clear wire
at the low-energy side of th¥ transition as shown in Fig. Width dependence of the biexciton binding energy is ob-
served, showing an energy increase frofyyx=5

1(b) for a 42-nm-wide QWR af =20K. The signal is at- . = ;
tributed to the formation of biexciton¥XX and trionsT in +0.35meV in the mesa structure fy=6.7=0.35 meV in

correspondence with previous investigations on similar

QW's 18 As in these structures we attribute the formation <'§ 45K
of trions to electrons that are photoexcited from the GaAs [E6 ‘}{ %
substrate, captured by the QWR potential and localized by uf '}

204060 mesa
L width [nm]

the reverse electric field in the GaAs substrate. While the
biexciton-induced transitioXX and the trion transitioif can
be spectrally resolved in the unprocessed QW at low excita-
tion intensities,’ the XX and T transitions are spectrally
overlapping in the QWR structures. However, the contribu-
tion of trions can be recognized by their weak polarization
interference with the excitoK signal as demonstrated in the
FWM traces obtained from a 25-nm-wide wire array in Fig.
2 at low temperatures. From the beating periodief 1.5
+0.4 ps, which is similar for all QWR structures within the
experimental accuracy, we can estimate a trion binding en- : mesa
ergy of Ey=2.8+0.6 meV. This value is also found in the 15 10 5 0 5 10
mesa and in comparable QW structute®® energy [meV]

As in previous investigations on QW structures the excess
electron density in the QWR structures is reduced with in- FIG. 3. FWM spectra on a logarithmic scale for the mésat-
creasing temperature due to a thermal activation of the catem) and QWR arrays of 55, 42, 36, 28, and 25 nm wire width
riers over the ZgMg;_,Se barrier back to the GaAs sub- recorded at a delay time af~—0.2ps and a lattice temperature
strate. Thus a decrease of the trion transition signal i§=45K. The inset shows the evaluated biexciton binding energy
observed at higher temperaturefsee Fig. 1b)], leading to  E, as a function of the wire size.

FWM-signal [normalized]
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the smallest QWR array. A similar enhancement of the biex- 1 r r 1 1 17
citon binding energy has also been observed in FWM experi- 0.6t PS *
ments on QWR structures prepared from a 20-nm 05 o wv
Zno Mg, ;Se/ZnSe single QW structu?eSince we do not © 04
expect an increase of the exciton binding energy for the in- 04 --g-o = L 4 -
vestigated wires with lateral sizes equal or larger than 6 | < & i
times the Bohr radiu§’ the enhancement of the biexciton 0.2 20K ¢ Vv
binding energy is not attributed to a dielectric exciton con- 02 B 20 40 6B0mesa 1
finement but is explained by a larger biexciton wave function —, : width [nm] ¢ Vv 1
that is more susceptible to the confinement. The observeC> O PN ¢ o
dependence is in agreement with a model for the biexciton @ . ¢ ¢ * v i
binding in localized systenfd,in which the ratio between & - *e & .
the biexciton binding energy and the exciton confinement
energy is the important parameter. An overview of this mod- L<><
<

[

eling for ZnSe QW and QWR structures is in preparation.
The influence of the acoustic- and optical-phonon scatter-
ing as well as the temperature dependence of the electror
trion-exciton scattering on the exciton dephasing was inves-
tigated by temperature-dependent FWM measurements
Figure 4 shows the experimentally obtained homogeneou:
exciton linewidthI'y=h/(=T,) as a function of the lattice
temperature for all investigated QWR structures and the
mesa structure at an excitation density ofy~5 1
% 10° cm~2. While the mesa structure was treated in the ho- A0 O°
mogeneous broadening lintit,the dephasing tim&, in the Q M T T SR T
wire structures was determined by the relafioga= 474 (Ref. 20 30 40 50 60 70 80
21) (74 being the experimentally observed deraince wire
width fluctuations lead to an inhomogeneous broadening. A tempe rature [K]
comparison with calculations by Erlared al,?” who consid-
ered the increased ratio of the homogeneous to inhomoge- FIG. 4. Change of the homogeneous linewidiiiy as a func-
neous broadening at higher temperatures, shows that this rgen of the lattice temperatur€ for the 55, 42, 36, 28, and 25 nm
lation holds for whole temperature range. QWR arrays and the mesa structure. The curves are offset relative
The homogeneous linewidth of each structure observed ab each other for better comparison. The inset shows the homoge-

T=20K is shown in the inset of Fig. 4. We find a decreaseneous linewidthl"y of all structures at a lattice temperature%f

of the homogeneous linewidth with decreasing wire size=20K.

which is attributed to a reduced electron-exciton scattering _

due to a trapping of electrons by surface states generated §citon scatteringyy with ne.+(T) being the temperature-
the wire fabrication process and due to a weak exciton localdependent density of electrons and trions in the QWR.
ization caused by fluctuations of the wire width. For a better The observed temperature dependence of the decay rate
comparison of the size dependence the linewidth curves a@xhibits two different regimes. Below 40 K, the decay rates
offset relative to each other in Fig. 4, and the homogeneoudecrease with increasing temperature in wires above 28 nm
linewidth is given as linewidth change\ly=Ty(T) Wire size and in the quasi-2D mesa structure. As already

—T'x(20K) relative to the corresponding linewidth value at mentioned the equilibrium carrier concentration 1(T) de-
creases with increasing temperature, due to a thermal activa-

T=20K given in the inset of Fig. 4. The observed tempera-" X 81 :
ture dependence of the decay rate is described by the follovo" of the electrons from the_ confinement poterﬂtfeﬂ.Tms .
ing relation?® decrease leads to a reduction of the electron/trion-exciton

scattering rate, which overcompensates the increase of the
~ ~ ~ linewidth I'y due to acoustic-phonon—exciton scattering. In
Px(T,ny) =T'x(T=0 K,ny) + Bad W) T contrast we find a slight increase of the homogeneous line-
BLo(W) width I'y with increasing temperature for the 28- and 25-nm-
Lo - + 7Xne+T('~r), (1) wide QWR structures. In these structures both a reduction of
exp(ELo/ksT)—1 the electron/trion-exciton scattering rate due to exciton local-
. ) ization or electron pinning at the quantum-wire surface and
where B.{w) and B o(w) are the acoustic- and optical- an increase of the acoustic scattering parameigiw) due
phonon scattering parameters that are dependent on the Wiig the increased wire confinement can explain the observed
width w, E o=31.6 meV is the longitudinal-optical-phonon jcrease ofly.
energy kg is the Boltzmann constant, afig(T=0 K,ny) is At temperatures above 40 K the captured carrier density is
the low-temperature homogeneous linewidth. The last ternso low that the trionT FWM signal and the polarization
in Eq. (1) considers the broadening due to the electron/trioninterference in th&X FWM trace is no longer observable but

L O OO = -

o O O O o
—
o
O
o
o
o
o

>
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I'x further increases due to the onset of exciton—LO-phonorsize the density of final scattering states within the range of
scattering. In the mesa structure the LO-phonon scatteringhe LO-phonon energy can be reduced in narrow wifes.
parameter takes the value 8fo=70+5 meV obtained from In conclusion we have investigated ZnSe QWR structures
a fit using Eq.(1) where a 2D acoustic-phonon—exciton pa- etched from a ZgdMg, Se/ZnSe single QW by spectrally
rameter ofB,.=4 neV/K was used” The obtained value of resolved degenerate FWM. Temperature-dependent measure-
Bio is in fair agreement with previous investigations onments isolate the biexciton-induced sigiXal from a trion T
similar ZnSe QW structures. In the QWR structures the transition, which is due to electrons that are photoexcited
LO-phonon scattering paramet8o(w) decreases with de-  from the GaAs substrate and captured by the QWR potential.
creasing wire size. A rough estimate using Ef) and a  The piexciton binding energgyy increases with decreasing
constant  acoustic-phonon—exciton parameter  @t.  wire size up to 30% in the smallest wire compared to the
=4 peV/K for all wires give the values g8, o(w) =55, 45, QW value of Exy=5.0meV. The enhancement &y is
40, 30, and 25 meV for the wire sizes=55, 42, 36, 28, and  attributed to the confinement of the relatively large biexciton
25 nm, respectively. Since there is to our knowledge no theg,ave function in the QWR. Temperature-dependent mea-
oretical model treating the optical-phonon scattering paramsyrements show a decrease of the exciton—LO-phonon scat-
eter B o(W) in quantum wires as a function of the wire size tering rate, o(w) with decreasing wire size. The decrease
we propose the following qualitative arguments to explaingf g, J(w) is tentatively explained by a reduced polarity of
the observed behavior. the exciton wave function due to the wire confinement and
The lateral confinement of electrons and holes perpendue to a reduced number of final subband states that can be
dicular to the wire direction that is provided by the vacuum/ eached within the LO-phonon energy. The experimentally
ZnSe interface can be modeled by an infinite barrier. Alongypserved reduced LO-phonon scattering and increased biex-
this direction the electron and hole wave functions are idengjton binding energy in small QWR structures are advanta-

tical. With decreasing wire width the polarity of the carrier geous for the use of nonlinear optical applications and moti-

duced polar intraband Fitich interaction of LO phonon&

Furthermore, the LO-phonon—exciton scattering rate is in- We thank H. Preis for providing the §gMgqSe/ZnSe
fluenced by the density of final states, which are higher exsingle QW structure. Stimulating discussions with W. Lang-
citon subband states and continua. Since the energy diffebein and T. L. Reinecke are kindly acknowledged. This work
ences of the subband states increase with decreasing wiveas supported by the Deutsche Forschungsgemeinschatft.
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