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Excitonic states in CdTeÕCd0.74Mg0.26Te quantum wires grown on vicinal substrates
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We have investigated excitonic luminescence from CdTe/Cd0.74Mg0.26Te quantum wires~QWR’s! grown on
vicinal substrates. The temperature dependence of the radiative lifetime of one-dimensional exciton in the
QWR’s was measured using time-resolved spectroscopy. The results are compared with that of two-
dimensional exciton in CdTe/Cd0.74Mg0.26Te quantum well~QW!. The radiative lifetimes of one-dimensional
exciton in the QWR’s and two-dimensional exciton in the QW increase withT but show clearly different
behavior. The observed radiative lifetime in the QWR’s obeysT1/2 in a wide temperature range, confirming the
one-dimensional nature in exciton thermalization. On the other hand, the radiative lifetime in the QW is linear
with T. Furthermore, we observed clear biexciton formation at&10 K in the QWR’s. The biexciton binding
energy estimated from the line-shape analysis of the luminescence spectra for the QWR’s is 5.2 meV.

DOI: 10.1103/PhysRevB.67.085301 PACS number~s!: 78.55.Et; 78.66.Hf
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I. INTRODUCTION

One-dimensional~1D! quantum wire~QWR! structures
have attracted great attention for optoelectronic device ap
cations, since superior optical and electrical properties
predicted theoretically.1–3 The reduced dimension leads
pronounce excitonic effects due to an enhanced spatial o
lap of the electron and hole wave functions. Different a
proaches such as lithography,4 growth on prepatterned
substrates,5–8 and cleaved-edge overgrowth9–11 have been
performed to fabricate QWR structures. In contrast to th
man-made structures, self-organized growths of lo
dimensional structures such as QWR~Refs. 12–18! and
quantum dot19 have been demonstrated, because of th
simple technological step for the growth process. Organi
growth of semiconductors on vicinal substrate is expecte
realize an array of QWR’s; the repeated deposition of a fr
tional monolayer~ML ! m of materialA followed by a frac-
tional ML n of materialB results in the array of QWR’s, als
called aAmBn tilted superlattice. The lateral scale can
controlled by the substrate off angle, and a lateral confi
ment potential depends on the degree of modulation of
lateral composition. Atm andn50.5, the cross section of th
QWR’s becomes square. Whenm is not equal ton, the shape
of the cross section tilts from the growth direction.

The temporal evolution of the luminescence, e.g., free
citon ~X! or biexciton (XX) luminescence, can be useful as
monitor of the population of respective species in lo
dimensional systems. It is generally known that linear
crease of the interband recombination time with the temp
ture is sometimes used to argue that the recombinationX
in quantum wells~QW’s! is essentially radiative.20–24Evalu-
ation of the intrinsic radiative lifetime in nanostructures r
lies on such measurement, although in real heterostructu
it is difficult to observe the intrinsic radiative lifetime d
rectly due to localization of theX. In contrast with the two-
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dimensional~2D! X in QW’s, properties of the 1DX in
QWR’s were presented theoretically by Citrin.25 A very im-
portant result for the 1DX is a long intrinsic radiative life-
time due to the finite spatial coherence in the lateral direct
and aT1/2 dependence of the effective lifetime due to the
malization effects. In the previous experiments on V-groo
GaAs QWR’s~Ref. 8! and on cleaved-edge overgrown GaA
QWR’s,9 the intrinsic radiative lifetimes have been estimat
from such temperature dependence. In contrast to the I
materials, the II-VI materials exhibit significantly largerX
binding energies, e.g., 24 meV for 6.5-nm-wid
CdTe/Cd0.51Mg0.49Te QW.26 In our recent paper,27 we have
reported the observation of such 1D behavior
CdTe/Cd0.74Mg0.26Te QWR structures grown on vicinal sub
strates, in which the samples are excited above
Cd0.74Mg0.26Te barrier. In this study, detailed measureme
of temporal evolution of photoluminescence~PL! under
below-barrier excitation are performed to avoid energy rel
ation from the barrier into the wire. The observed radiat
lifetimes in the QWR’s is typical ofX thermalization in the
1D systems, which obeysT1/2 at *10 K. At low temperature
&10 K, however, the radiative lifetime seems to devia
from theT1/2 dependence, for which we foundXX PL on the
low-energy side of theX PL.

II. EXPERIMENTS

The growth of lateral superlattice on the vicinal surface
based on the step-flow growth of fractional ML’s over a ve
regular array of monomolecular steps. The steps align al
the @010# direction. In this experiment, the array o
CdTe/Cd0.74Mg0.26Te QWR’s, withm andn'0.5, was grown
on Cd0.96Zn0.04Te ~001! substrates misoriented 1° toward th
@100# direction by molecular beam epitaxy~MBE!.28 A re-
peated deposition of a fractional MLm of CdTe followed
by a fractional ML n of Cd0.74Mg0.26Te resulted in
©2003 The American Physical Society01-1
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CdTe/Cd0.74Mg0.26Te QWR’s. This cycle was repeated 3
times. As a consequence, the 1° misoriented substrate
rise to approximately square wires of 9.3 nm39.7 nm.27 A
considerable flux intensity gradient in the MBE resulted
tilted square cross section of the QWR’s. The tilt angleu that
is defined as the angle from the@001# direction varies for
given positions on the sample. After growing the QWR
itself, a single CdTe quantum well~QW! with 25-ML thick-
ness and a coupled QW~CQW! consisting of two 12-ML
CdTe QW separated by one ML of MgTe were grown.

Continuous wave~CW! PL and its excitation~PLE! mea-
surements were performed under the excitation by the
nm line of an Ar-ion laser and monochromatic light of
tungsten lamp, respectively. Time resolved spectroscop
the radiative recombination ofX was performed at 2.5 K in a
He-gas-flow cryostat using 250-fs pulses from doubler of
optical parametric oscillator excited by a mode-locked
:sapphire laser. The repetition rate was 80 MHz, and the l
wavelength was 620 nm. This excitation energy is lower th
the Cd0.74Mg0.26Te barrier potential, which avoids energy r
laxation from the barrier. The laser spot diameter was ab
100 mm. The time-resolved PL was dispersed in a 0.25
monochromator and detected with spectral and temp
resolution of 0.15 nm and about 2 ps, respectively, by us
a streak camera with two-dimensional readout.

III. RESULTS AND DISCUSSION

A. 1D X recombination

Figure 1 shows CW-PL spectra taken at various positi
on the sample at 13.6 K. The laser spot diameter was a
50 mm. Three peaks being attributed toX recombinations
between the ground electron (E1) and heavy-hole (HH1)
states in the QW, CQW, and QWR’s are clearly observ
The inset shows the relation between the PL peak ener
for the QWR’s and QW. The large flux of CdTe an

FIG. 1. PL spectra at various positions on the sample at 13.
The inset shows the PL peak energy of CdTe/Cd0.74Mg0.26Te
QWR’s as a function of that of CdTe/Cd0.74Mg0.26Te QW. The
pointsA andB correspond to the tilted angles of'55° and'0°,
respectively.
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Cd0.74Mg0.26Te gives rise to an increase of the tilt angleu.
With increasingu, the PL peak of the QWR’s shifts towar
the higher energy side due to narrowing of the lateral c
finement, while the PL peaks of the QW and CQW sh
toward the lower energy side. Since the lattice misma
between CdTe and Cd0.74Mg0.26Te is about 0.3%, the energ
shift of PL peak due to strain is negligible. TheX-transition
energy of theE1-HH1 as a function ofu was calculated by a
theoretical approach,27 from which u at the pointsA and B
shown in the inset of Fig. 1 correspond to'55° and'0°,
respectively.~See also Fig. 4 for illustration of QWR cros
sections.!

Figure 2 shows a PLE spectrum of the QWR’s at the po
B. The sample temperature was 3.8 K. The PL intensity w

FIG. 2. PLE spectra taken at the pointB at 3.8 K.

FIG. 3. Radiative lifetime ofX as a function of temperature
where solid circles and squares indicate the measurement resul
CdTe/Cd0.74Mg0.26Te QWR’s and QW under below-barrier~2.00
eV! excitation, respectively. Open triangles plot data for the QW
under above-barrier~3.01 eV! excitation ~Ref. 27!. The measure-
ments were performed at the pointB. Radiative lifetimes evaluated
from the line-shape analysis are plotted by open circles. Solid
dashed lines show theT1/2 andT dependences, respectively.

.
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detected at 1.867 eV indicated by an open arrow. A str
excitonic absorptions is observed at 1.877 eV. This co
sponds to theX transition between theE1 and HH1 states.
Relatively broad resonances considered to be due to tra
tions related to the excited electron states and the hole s
are observed near 1.94 eV.29–31 The absorption edge due t
the continuum state of the Cd0.74Mg0.26Te barrier appears
above 2.05 eV. The excitation energy used in the follow
time-resolved measurements is indicated by a solid arro

The temperature dependence of the radiative lifetime
the 1DX in the QWR’s and 2DX in the QW are plotted by
solid circles and squares in Fig. 3, respectively. The radia
lifetime was evaluated from the decay profile at the pe
position of the time-integrated PL spectrum. The measu
ment was performed at the pointB. The excitation intensity
is 0.96mJ/cm2. We also plot data for the QWR’s~open tri-
angles! obtained under the above-barrier~3.01 eV!
excitation.27 The radiative lifetimes for the 1D- and 2D-X
recombination increase with temperatureT but show clearly
different behavior. The radiative lifetime under the belo
barrier ~2.00 eV! excitation for the QW increases linear
with temperature at*10 K. This trend has been reported
many papers.20–23When the temperature increases, the fr
tion of X that can participate in the recombination proce
decreases, and its radiative lifetime becomes long. In
2D-QW system, the fraction ofX with small kinetic energy is
inversely proportional toT, because of the Maxwell
Boltzmann distribution ofX in the 2D density of states.32

Therefore, the radiative lifetime ofX in the QW shows a
linear increase with the temperature. A dashed line in Fig
indicates theT dependence. On the other hand, the tempe
ture dependence of the radiative lifetime in the QWR’s
small. The small temperature dependence can be ascrib
the 1D density of state and thermalization in it. Citrin su
gested that the radiative lifetime in the 1D density of sta
would obeyT1/2.25 The solid line in Fig. 3 indicates theT1/2

dependence. The observed temperature dependence o

FIG. 4. Radiative lifetimes ofX measured at the pointA ~solid
triangles! andB ~solid circles! as a function of temperature. Dashe
lines show theT1/2 dependence. The insets show the sketch
CdTe/Cd0.74Mg0.26Te QWR’s at the pointA andB.
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radiative lifetime under the below-barrier~2.00 eV! excita-
tion of the QWR’s is proportional toT1/2 at *10 K, though
the radiative lifetime under the above-barrier~3.01 eV! ex-
citation shows agreement with theT1/2 dependence only a
*40 K. The relatively large deviation of the radiative life
times under the above-barrier~3.01 eV! excitation from the
T1/2 dependence is considered to be due to the energy re
ation process of photoexcited carriers from the barrier i
the wire. In this paper, we consider the data obtained un
the below-barrier~2.00 eV! excitation in order to avoid the
energy relaxation from the barrier. At temperature lower th
10 K, a new PL~NPL! ~to be discussed later in Sec. III B!
appears in addition to theX PL. This leads to a deviation o
the low-temperature total signal from the high-temperat
trend. However, a deconvolution of the total signal into t
excitonic and NPL contributions shows that the exciton
contribution ~open circles! follows the expected behavio
also at&10 K. This point is discussed in detail in the ne
subsection.

The effective radiative lifetime is given by7

t1D~T!.t0ApkBT

4D
~1!

for 1D and

t2D~T!.t0

kBT

D
~2!

for 2D, wheret0 is the intrinsic radiative lifetime of theX at
k'0, and D5\2k0

2/2M the kinetic energy ofX that can
recombine. Herek0 is the in-plane wave vector given b
2pn/l, where n is refractive index andl the PL wave-
length.M is the in-plane mass of theX. The observed radia
tive lifetimes in the QWR’s and the QW are expressed
100 T1/2 ps K21/2 and 11T ps K21. Then, according to Eqs
~1! and ~2!, the values oft0 for the QWR’s and QW are
found to be 72 and 5 ps, respectively. The longt0 in the
QWR’s is due to the decrease of theX coherence length
imposed by the lateral confinement in the QWR structure

Furthermore, we compared the radiative lifetimes at
points A (u'55°) andB (u'0°) in Fig. 4. Solid triangles
plot the radiative lifetime at the pointA. The temperature
dependence of the radiative lifetimes at the pointA is ex-
pressed as 80T1/2 ps K21. Then, the estimatedt0 is 59 ps,
which is smaller than the value at the pointB. The reduction
of thet0 means that the largeru causes a longerX-coherence
length. The cross section of the QWR at the pointA is rhom-
bic with u'55° as shown in the inset of Fig. 4. The o
served result suggests that the rhombic size is still sm
enough to exhibit the 1D excitonic properties.

B. New luminescence at›10 K

As shown in Fig. 3, at low temperature&10 K, the ra-
diative lifetimes in the QWR’s and QW deviate from theT1/2

and T dependences, respectively. Figure 5 shows the
spectra of the QWR’s measured in this temperature ran
The excitation intensity is 0.96mJ/cm2. Below '15 K, the
PL peak seems to shift toward the lower energy side beca

f
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NAGAHARA, KITA, WADA, MARSAL, AND MARIETTE PHYSICAL REVIEW B 67, 085301 ~2003!
a new signal NPL appears at the lower energy side of thX
PL. To investigate the origin of the NPL, we measured ex
tation power dependence of the NPL at 2.5 K. Figure
shows the PL spectra of the QWR’s measured at vari
excitation intensities, whereI 050.72mJ/cm2. The open
circle is the measured data. The NPL at 1.856 eV is enhan
at high excitation intensities. This result excludes the po
bility of localized states for the NPL. A similar NPL was als
observed in the QW. Several origins such asXX and trions
(X* ), i.e., negatively or positively charged excitons, for t

FIG. 5. PL spectra of CdTe/Cd0.74Mg0.26Te QWR’s measured in
a range from 1.8 to 80 K.

FIG. 6. PL spectra of CdTe/Cd0.74Mg0.26Te QWR’s at 2.5 K
measured at various excitation intensities. Open circles plot
measurement data.I 050.72mJ/cm2. Dashed and dotted curves a
the plot ofX PL and NPL component estimated from the line-sha
analysis, respectively. Solid curves plot the total line shape.
inset shows the temperature~T! estimated at these excitation inte
sities.
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NPL can be proposed. Especially,XX ~Refs. 33–43! andX*
~Refs. 44–48! have been observed in many II-VI materia
because of their relatively larger binding energy. Since
sample is undoped, photoexcited excess carriers may c
X* PL.44,48 Here, we focus on theXX andX* formations to
analyze the NPL.

We performed a deconvolution between theX ~Boltzmann
distribution! and the XX (X* ) ~reverse Boltzmann
distribution!.43 The XX ~Refs. 33–37,49! and X* ~Refs.
42,46! show similar line shapes reflecting the reverse Bo
mann distribution and the density of states, because allXX
(X* ) states are radiative. We fit the PL data with the li
shape of the 1D density of states

I ~E!}E
0

`

exp$2~EX2Eb2E2x!2/G2%

3exp~2x/kBT!x21/2dx, ~3!

whereE is the photon energy,EX theX energy,Eb the bind-
ing energy, andG a broadening parameter for the density
states.T for XX and X* is equal toTeff and MXTeff /m* ,
respectively, whereTeff is the effective temperature,m* the
electron (me) or hole (mh) mass,MX the X massme1mh .
On the other hand, the line shape of theX PL is given by the
Boltzmann distribution in the density of states broaden
with Gaussian. Dashed and dotted curves in Fig. 6 plot thX
PL and NPL components, respectively. The line shapes
cluding both components are indicated by solid lines in F
6, which agree well with the experimental data plotted by
open circles.T in Eq. ~3!, which is proportional to the effec
tive temperature, obtained from the line-shape fitting at d
ferent excitation intensities are plotted in the inset of Fig.
The result shows the expected increase with the excita
intensity, which is due to the randomization of momentu
left behind in the center-of-mass motion of theX.34 The bind-
ing energyEb estimated from the line-shape analysis is 5
meV. According to the similar analysis, the binding ener
for the QW is found to be 3.2 meV, in which we used the 2
density of states to analyze the line-shape. The reduced
mension in the QWR’s leads to the enhancement of the b
ing energy. The PL line width of the QWR’s is larger tha
that of the QW. At this moment, it is difficult to discus
quantitative contribution of homogeneous and inhomo
neous components in the PL of the QWR’s and QW. We h
ignored any inhomogeneous broadening in our descriptio
the radiative lifetime.

From the line-shape analysis, we found that eitherXX or
X* could be the origin of the NPL. Next, we analyze tim
resolved PL spectra in order to identify which ofXX andX*
is the origin of the NPL. Temporal evolutions of spectra
integratedX PL and NPL intensities are shown in Fig.
Solid and open circles plot theX PL and NPL components
respectively. These data were obtained from analyzing
time-resolved PL spectra measured at 2.5 K under the e
tation intensity of 0.72mJ/cm2. The X PL shows a rapid
decay near 50 ps. In contrast to this, the NPL intensity gro
slowly. It is considered that this slow rise indicates the d
namical properties of theXX or X* formation. Open circles
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e
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in Fig. 8 shows the ratio between theX PL and NPL inten-
sities shown in Fig. 7. The experimental data show a su
linear dependence. We compare the experimental data
calculated results from rate equations ofXX andX* . In the
case ofXX formation and its dissociation processes, the r
equations for dynamics are given by39–41

dnX

dt
5J2

nX

tX
1

nXX

tXX
22k1nX

212k2nXX , ~4!

dnXX

dt
52

nXX

tXX
1k1nX

22k2nXX , ~5!

FIG. 7. Time-resolved X PL and NPL intensities of
CdTe/Cd0.74Mg0.26Te QWR’s, where solid and open circles are t
plot of X PL and NPL components, respectively. Solid and das
curves show calculated temporal evolution of theX PL andXX PL
intensities.

FIG. 8. NPL intensity versus theX PL intensity obtained from
the decay profiles shown in Fig. 7, where solid and dashed cu
show the calculated results forXX andX* models, respectively.
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whereJ is the generation rate of theX, nX (nXX) the density
of the X (XX), tX (tXX) radiative lifetime of theX (XX),
and k1 and k2 the formation and dissociation velocities o
the XX, respectively. Here we assume that the interconv
sion time betweenX and XX is much shorter than their ra
diative decay. On the other hand,X* formation and its dis-
sociation processes can be described by an atomic
chemical equationX1e* ⇔X* , wheree* is an electron or
hole.50 The X* recombination leaves an electron or hole
an intermediate state. Therefore, the rate equations for
X* model are expressed as

dnX

dt
5J2

nX

tX
2K1ne* nX1K2nX* , ~6!

dnX*
dt

52
nX*
tX

1K1ne* nX2K2nX* , ~7!

wherenX* andtX* are the density and radiative lifetime o
the X* , respectively,ne* the density of the electron or hole
andK1 andK2 the formation and dissociation velocities o
the X* , respectively. Furthermore, the dynamics ofne* is
expressed as

dne*
dt

5Je* 1
nX*

tX*
2K1ne* nX1K2nX* , ~8!

whereJe* is the photogeneration rate of the electron or ho
To interpret the observed data in Fig. 8, we tried to fit t
data with theXX model@Eqs.~4! and~5!# and theX* model
@Eqs. ~6!–~8!#. The observed superlinear dependence agr
well with the XX model. A solid line in Fig. 8 is the best fi
result. The k1 and k2 parameters used here are 1
31022 cm/s and 431011 s21, respectively. However, since
the generation rate of theX cannot be determined quantita
tively, thek1 andk2 cannot be stated exactly. On the oth
hand, in the case of theX* model, even if some paramete
vary, the X* PL intensity dose not show the super line
dependence. A dashed line in Fig. 8 is a typical result
tained from Eqs.~6!–~8! for the X* model.

Solid and dashed curves in Fig. 7 show the temporal e
lution of the X PL and XX PL intensities calculated from
Eqs. ~4! and ~5! in which we used the parameters obtain
from the fitting in Fig. 8. Equations~4! and ~5! hold for
pulsed excitation only where the interconversion time b
tweenX andXX is much shorter than their radiative deca
The good agreement of the calculated results with the m
sured data indicates that the interconversion time betweeX
and XX is indeed short. The estimatedX and XX radiative
lifetimes are 150 and 75 ps, respectively. It is genera
known from the analysis of kinetics in the case of quasieq
librium between theX andXX that the radiative lifetime of
theXX is one-half of that of theX.39,41The observed result is
consistent with theXX model. The obtainedX radiative life-
time at 2.5 K together with analyzed lifetimes at 1.8 and 3
K are plotted in Fig. 3 by open circles. Whereas the to
decay profile including theX and XX components deviate
from theT1/2 dependence at&10 K, the extracted radiative
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lifetime of theX obeys theT1/2 dependence even at&10 K,
confirming the 1D nature inX thermalization.

IV. CONCLUSION

Excitonic luminescence from CdTe/Cd0.74Mg0.26Te
QWR’s grown on vicinal substrate was investigated. It w
found that the observed radiative lifetimes in the QWR’s a
the QW are expressed as 100T1/2 ps K21/2 and
11 T ps K21, respectively. The estimatedt0 found to be 72
ps ~1D! and 5 ps~2D!. The larget0 in the QWR’s is due to
the decrease of theX-coherence length imposed by the late
confinement in the QWR’s. With increasing the tilt angleu
of the QWR’s, theX-coherence length becomes long, a
then thet0 reduces. At low temperature&10 K, however,
the radiative lifetimes in the QWR’s deviate from theT1/2

dependence. In this temperature range, a NPL appears a
lower energy side of theX PL. This NPL is enhanced at hig
excitation intensity. We focused on theXX and X* forma-
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