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Biexciton binding energy and exciton–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 wire~QWR!
structures have attracted great attention for potential o
electronic and all-optical device applications since they
theoretically predicted to offer superior optical and electri
properties.1–3 The reduced dimensionality leads to pr
nounced excitonic effects due to an increased electron-
overlap modifying the binding energies of excitons4–7 and
excitonic molecules.8,9 Furthermore, scattering process
with excitons10–13 and acoustic phonons13,14 are changed
compared to quasi-two-dimensional quantum well~QW! sys-
tems. Some of these effects were studied on III-V QW
systems using ultrafast degenerate four-wave mixing~FWM!

techniques8,11,12,14while quantum wires prepared from wide
gap II-VI material are less well investigated.9,10 Due to their
large exciton oscillator strength high biexciton binding en
gies and strong Fro¨hlich interaction, however, II-VI QWR
structures are well suited to examine quantum coherent
cesses such as the scattering of excitons with LO phon
and the formation and binding energy of biexcitons. Bo
properties are so far theoretically not well described in QW
structures but are of importance for possible applicatio
since its modification changes the figure of merit in nonlin
optoelectronic or all-optical devices. It is therefore of inter
to study the size dependence of LO-phonon scattering
the biexciton binding energy experimentally.

In this paper, we study etched ZnSe quantum wires
spectrally resolved transient FWM. The size dependenc
the biexciton binding energy and of the exciton–LO-phon
interaction are investigated, and negatively charged exci
are observed using FWM. The QWR structures were p
cessed by electron-beam lithography and wet chemical e
ing from a Zn0.9Mg0.1Se/ZnSe single quantum well~QW!,
which was pseudomorphically grown on~001! GaAs by
molecular-beam epitaxy. The active ZnSe layer of 10
thickness is sandwiched between two 30-nm-th
Zn0.9Mg0.1Se barriers, defining a type-I QW~Ref. 15!
~sample A in Ref. 17!. The patterned wire arrays have siz
of 100mm3100mm and comprise wires of 300 nm down
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25 nm width, which was confirmed by scanning electr
microscopy. In addition to the QWR structures, unpattern
100mm3100mm mesa structures are provided on t
sample as a quasi-2D reference. A detailed description of
fabrication process is given in Ref. 16.

As the excitation source for the experiments we use
frequency-doubled mode-locked Ti-sapphire laser, provid
100-fs pulses with a spectral width of 22 meV at a repetit
rate of 82 MHz. The two-pulse degenerate FWM expe
ments were performed in reflection geometry, applying c
linear polarized excitation fields. The 1/e2 focus diameter of
the pulses on the sample was measured with a cha
coupled device~CCD! camera to 100mm. The FWM signal
was recorded in a time-integrated manner and spectrally
solved by a combination of a spectrometer and an opt
multichannel analyzer as a function of the time delayt be-
tween the two incident pulses. The samples were kept
variable temperature helium cryostat at temperatures

tweenT̃520 and 80 K.
FWM measurements were made on the QWR arrays

on the mesa structures. Normalized FWM spectra are sh
in Fig. 1~a! for the mesa and QWR arrays of 55, 42, 36, 2
and 25 nm wire width at a delay time oft50.2 ps andT̃
520 K. In all cases, the excitation intensity was 250 nJ/c2

@corresponding to a two-dimensional~2D! exciton density of
about 63109 cm22], and the laser center wavelength was s
to the lowest excitonic transition, avoiding excitation of th
excitonic continuum. A 100-fs pulse spectrum is given as
dashed line. In the etched wires, the structure undergoe
elastic relaxation perpendicular to the wire’s^011& direction
due to the free-standing side walls, which saturates for w
sizes less than 30 nm.7 This results in a redshift of the exci
ton energies in the QWR structures compared to the m
structure.10 In the 55-nm QWR structure theX line shows an
inhomogeneous broadening of about 2 meV due to st
fluctuations or surface fields. With decreasing QWR size
blueshift of theX transition is observed@see Fig. 1~a!#, which
©2001 The American Physical Society11-1
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is due to the quantum wire confinement. The inhomogene
broadening is not significantly increased for the sma
wires. Even for the smallest QWR the increase of the in
mogeneous broadening is less than 10% and thus m
smaller than the quantum confinement energy, showing
the lateral size fluctuations are in all cases much less than
lateral size itself. The lateral exciton localization energy is
all cases less than the biexciton binding energy.

In addition to theX FWM peak, a weak signal is detecte
at the low-energy side of theX transition as shown in Fig
1~b! for a 42-nm-wide QWR atT̃520 K. The signal is at-
tributed to the formation of biexcitonsXX and trionsT in
correspondence with previous investigations on sim
QW’s.17,18 As in these structures we attribute the formati
of trions to electrons that are photoexcited from the Ga
substrate, captured by the QWR potential and localized
the reverse electric field in the GaAs substrate. While
biexciton-induced transitionXX and the trion transitionT can
be spectrally resolved in the unprocessed QW at low exc
tion intensities,17 the XX and T transitions are spectrally
overlapping in the QWR structures. However, the contrib
tion of trions can be recognized by their weak polarizat
interference with the excitonX signal as demonstrated in th
FWM traces obtained from a 25-nm-wide wire array in F
2 at low temperatures. From the beating period ofTT51.5
60.4 ps, which is similar for all QWR structures within th
experimental accuracy, we can estimate a trion binding
ergy of ET52.860.6 meV. This value is also found in th
mesa and in comparable QW structures.17,18

As in previous investigations on QW structures the exc
electron density in the QWR structures is reduced with
creasing temperature due to a thermal activation of the
riers over the ZnxMg12xSe barrier back to the GaAs sub
strate. Thus a decrease of the trion transition signa
observed at higher temperatures17 @see Fig. 1~b!#, leading to

FIG. 1. ~a! FWM spectra for the mesa~top! and QWR arrays of
55, 42, 36, 28, and 25 nm wire width recorded at a delay time

t'0.2 ps and a lattice temperatureT̃520 K. The dashed curve
gives the spectrum of the 100-fs pulse.~b! FWM spectra of the
42-nm-wide wire array on a logarithmic scale recorded at vari
lattice temperatures as labeled.X, T, and XX denote the exciton-,
trion-, and biexciton-induced transitions. The excitation intensity
the two 100-fs pulses was 2.5 MW/cm2.
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a less pronounced beating structure in the FWM traces~see
Fig. 2!. Above 45 K the trion contribution is negligible an
the biexciton-inducedXX transition remains in the FWM
spectrum. Hence we can isolate theXX signal from theT
transition and are able to determine the biexciton bind
energyEXX as a function of the wire size from the energ
difference between the excitonX and theXX transition as
shown previously in a ZnSe QW.17,18 Figure 3 shows the
FWM spectra of all investigated QWR structures at a de
time of t520.2 ps. Corresponding biexciton binding ene
gies are given in the inset of Fig. 3, where also spectra
temperaturesT̃.45 K were taken into account. A clear wir
width dependence of the biexciton binding energy is o
served, showing an energy increase fromEXX55
60.35 meV in the mesa structure toEXX56.760.35 meV in

f

s

f

FIG. 2. FWM traces at the lowest wire subband exciton ene
of the 25-nm-wide wire array recorded at various lattice tempe
tures as labeled. The excitation intensity was 2.5 MW/cm2.

FIG. 3. FWM spectra on a logarithmic scale for the mesa~bot-
tom! and QWR arrays of 55, 42, 36, 28, and 25 nm wire wid
recorded at a delay time oft'20.2 ps and a lattice temperatur

T̃545 K. The inset shows the evaluated biexciton binding ene
EXX as a function of the wire size.
1-2
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the smallest QWR array. A similar enhancement of the bi
citon binding energy has also been observed in FWM exp
ments on QWR structures prepared from a 20-
Zn0.9Mg0.1Se/ZnSe single QW structure.9 Since we do not
expect an increase of the exciton binding energy for the
vestigated wires with lateral sizes equal or larger than
times the Bohr radius,19 the enhancement of the biexcito
binding energy is not attributed to a dielectric exciton co
finement but is explained by a larger biexciton wave funct
that is more susceptible to the confinement. The obser
dependence is in agreement with a model for the biexc
binding in localized systems,20 in which the ratio between
the biexciton binding energy and the exciton confinem
energy is the important parameter. An overview of this mo
eling for ZnSe QW and QWR structures is in preparation9

The influence of the acoustic- and optical-phonon scat
ing as well as the temperature dependence of the elec
trion-exciton scattering on the exciton dephasing was inv
tigated by temperature-dependent FWM measureme
Figure 4 shows the experimentally obtained homogene
exciton linewidthGX5h/(pT2) as a function of the lattice
temperature for all investigated QWR structures and
mesa structure at an excitation density ofnX'5
3109 cm22. While the mesa structure was treated in the h
mogeneous broadening limit,17 the dephasing timeT2 in the
wire structures was determined by the relationT254td ~Ref.
21! (td being the experimentally observed decay! since wire
width fluctuations lead to an inhomogeneous broadening
comparison with calculations by Erlandet al.,22 who consid-
ered the increased ratio of the homogeneous to inhom
neous broadening at higher temperatures, shows that thi
lation holds for whole temperature range.

The homogeneous linewidth of each structure observe
T̃520 K is shown in the inset of Fig. 4. We find a decrea
of the homogeneous linewidth with decreasing wire si
which is attributed to a reduced electron-exciton scatter
due to a trapping of electrons by surface states generate
the wire fabrication process and due to a weak exciton lo
ization caused by fluctuations of the wire width. For a bet
comparison of the size dependence the linewidth curves
offset relative to each other in Fig. 4, and the homogene
linewidth is given as linewidth changeDGX5GX(T̃)
2GX(20 K! relative to the corresponding linewidth value
T̃520 K given in the inset of Fig. 4. The observed tempe
ture dependence of the decay rate is described by the fol
ing relation:23

GX~ T̃,nX!5GX~ T̃50 K,nX!1bac~w!T̃

1
bLO~w!

exp~ELO /kBT̃!21
1gXne1T~ T̃!, ~1!

where bac(w) and bLO(w) are the acoustic- and optica
phonon scattering parameters that are dependent on the
width w, ELO531.6 meV is the longitudinal-optical-phono
energy,kB is the Boltzmann constant, andGX(T̃50 K,nX) is
the low-temperature homogeneous linewidth. The last te
in Eq. ~1! considers the broadening due to the electron/tri
15531
-
i-

-
6

-
n
ed
n

t
-

r-
n/

s-
ts.
us

e

-

A

e-
re-

at
e
,
g
by
l-
r
re
s

-
w-

ire

m
-

exciton scatteringgX with ne1T(T̃) being the temperature
dependent density of electrons and trions in the QWR.18

The observed temperature dependence of the decay
exhibits two different regimes. Below 40 K, the decay ra
decrease with increasing temperature in wires above 28
wire size and in the quasi-2D mesa structure. As alre
mentioned the equilibrium carrier concentrationne1T(T̃) de-
creases with increasing temperature, due to a thermal ac
tion of the electrons from the confinement potential.17,18This
decrease leads to a reduction of the electron/trion-exc
scattering rate, which overcompensates the increase of
linewidth GX due to acoustic-phonon–exciton scattering.
contrast we find a slight increase of the homogeneous l
width GX with increasing temperature for the 28- and 25-n
wide QWR structures. In these structures both a reductio
the electron/trion-exciton scattering rate due to exciton loc
ization or electron pinning at the quantum-wire surface a
an increase of the acoustic scattering parameterbac(w) due
to the increased wire confinement can explain the obser
increase ofGX .

At temperatures above 40 K the captured carrier densit
so low that the trionT FWM signal and the polarization
interference in theX FWM trace is no longer observable bu

FIG. 4. Change of the homogeneous linewidthDGX as a func-

tion of the lattice temperatureT̃ for the 55, 42, 36, 28, and 25 nm
QWR arrays and the mesa structure. The curves are offset rel
to each other for better comparison. The inset shows the hom

neous linewidthGX of all structures at a lattice temperature ofT̃
520 K.
1-3
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GX further increases due to the onset of exciton–LO-pho
scattering. In the mesa structure the LO-phonon scatte
parameter takes the value ofbLO57065 meV obtained from
a fit using Eq.~1! where a 2D acoustic-phonon–exciton p
rameter ofbac54 meV/K was used.24 The obtained value o
bLO is in fair agreement with previous investigations
similar ZnSe QW structures.25 In the QWR structures the
LO-phonon scattering parameterbLO(w) decreases with de
creasing wire size. A rough estimate using Eq.~1! and a
constant acoustic-phonon–exciton parameter ofbac
54 meV/K for all wires give the values ofbLO(w)555, 45,
40, 30, and 25 meV for the wire sizesw555, 42, 36, 28, and
25 nm, respectively. Since there is to our knowledge no t
oretical model treating the optical-phonon scattering para
eterbLO(w) in quantum wires as a function of the wire siz
we propose the following qualitative arguments to expl
the observed behavior.

The lateral confinement of electrons and holes perp
dicular to the wire direction that is provided by the vacuu
ZnSe interface can be modeled by an infinite barrier. Alo
this direction the electron and hole wave functions are id
tical. With decreasing wire width the polarity of the carri
~electron-hole! distribution is thus reduced, leading to a r
duced polar intraband Fro¨hlich interaction of LO phonons.26

Furthermore, the LO-phonon–exciton scattering rate is
fluenced by the density of final states, which are higher
citon subband states and continua. Since the energy di
ences of the subband states increase with decreasing
15531
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size the density of final scattering states within the range
the LO-phonon energy can be reduced in narrow wires.14

In conclusion we have investigated ZnSe QWR structu
etched from a Zn0.9Mg0.1Se/ZnSe single QW by spectrall
resolved degenerate FWM. Temperature-dependent mea
ments isolate the biexciton-induced signalXX from a trionT
transition, which is due to electrons that are photoexci
from the GaAs substrate and captured by the QWR poten
The biexciton binding energyEXX increases with decreasin
wire size up to 30% in the smallest wire compared to
QW value of EXX55.0 meV. The enhancement ofEXX is
attributed to the confinement of the relatively large biexcit
wave function in the QWR. Temperature-dependent m
surements show a decrease of the exciton–LO-phonon s
tering ratebLO(w) with decreasing wire size. The decrea
of bLO(w) is tentatively explained by a reduced polarity
the exciton wave function due to the wire confinement a
due to a reduced number of final subband states that ca
reached within the LO-phonon energy. The experimenta
observed reduced LO-phonon scattering and increased b
citon binding energy in small QWR structures are advan
geous for the use of nonlinear optical applications and m
vate the need for a theoretical explanation.

We thank H. Preis for providing the Zn0.9Mg0.1Se/ZnSe
single QW structure. Stimulating discussions with W. Lan
bein and T. L. Reinecke are kindly acknowledged. This wo
was supported by the Deutsche Forschungsgemeinscha
I.

-

lidi

s.

.

B.
hu,
*Author to whom correspondence should be addressed. Email
dress: hp.wagner@physik.tu-chemnitz.de

1Y. Arakawa and H. Sakaki, Appl. Phys. Lett.40, 939 ~1982!.
2H. Temkin, G. J. Dolan, M. B. Panish, and S. N. G. Chu, App

Phys. Lett.50, 413 ~1987!.
3Y. Z. Hu, M. Lindberg, and S. W. Koch, Phys. Rev. B42, 1713

~1990!.
4W. Langbein, H. Gislason, and J. M. Hvam, Phys. Rev. B54,

14 595~1996!.
5M. Grundmann, O. Stier, A. Schliwa, and D. Bimberg, Phys. Re

B 61, 1744~2000!.
6M. Bayer, S. N. Walck, T. L. Reinecke, and A. Forchel, Phy

Rev. B57, 6584~1998!.
7T. Kümmell, G. Bacher, A. Forchel, G. Lermann, W. Kiefer, B

Jobst, D. Hommel, and G. Landwehr, Phys. Rev. B57, 15 439
~1998!.

8T. Baars, W. Braun, M. Bayer, and A. Forchel, Phys. Rev. B58,
R1750~1998!.

9H. P. Wagner, H.-P. Tranitz, W. Langbein, J. M. Hvam, G
Bacher, and A. Forchel~unpublished!.

10H. P. Wagner, W. Langbein, J. M. Hvam, G. Bacher, T. Ku¨m-
mell, and A. Forchel, Phys. Rev. B57, 1797~1998!.

11W. Braun, M. Bayer, A. Forchel, O. M. Schmitt, L. Banyai, H
Haug, and A. I. Filin, Phys. Rev. B57, 12 364~1998!.

12W. Langbein, H. Gislason, and J. M. Hvam, Phys. Rev. B60,
16 667~1999!.

13Rajesh Kumar, A. S. Vengurlekar, A. Venu Gopal, T. Melin, F
Laruelle, B. Etienne, and J. Shah, Phys. Rev. Lett.81, 2578
ad-

l.

v.

s.

.

.

.

.

~1998!.
14W. Braum, M. Bayer, A. Forchel, H. Zull, J. P. Reithmaier, A.

Filin, and T. L. Reinecke, Phys. Rev. B56, 12 096~1997!.
15M. Wörz, E. Griebl, Th. Reisinger, B. Flierl, D. Haserer, T. Sem

mler, T. Frey, and W. Gebhardt, Phys. Status Solidi B202, 805
~1997!.
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