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We have investigated excitonic luminescence from CdTg/@dig, .¢Te quantum wiresQWR’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/GdMggsTe quantum wel(QW). The radiative lifetimes of one-dimensional
exciton in the QWR’s and two-dimensional exciton in the QW increase Withut show clearly different
behavior. The observed radiative lifetime in the QWR’s obE}$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 formatiorsd0 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 nuntber78.55.Et; 78.66.Hf

[. INTRODUCTION dimensional(2D) X in QW's, properties of the 1DX in
QWR'’s were presented theoretically by CitfhA very im-

One-dimensional1D) quantum wire(QWR) structures portant result for the 11X is a long intrinsic radiative life-
have attracted great attention for optoelectronic device applitime due to the finite spatial coherence in the lateral direction
cations, since superior optical and electrical properties arand aT'? dependence of the effective lifetime due to ther-
predicted theoretically® The reduced dimension leads to malization effects. In the previous experiments on V-groove
pronounce excitonic effects due to an enhanced spatial ovefFaAs QWR’s(Ref. § and on cleaved-edge overgrown GaAs
lap of the electron and hole wave functions. Different ap.QWR’s,9 the intrinsic radiative lifetimes have been estimated
proaches such as |ithograp‘hygrowth on prepatterned from such temperature dependence. In contrast to the IlI-V
substrates;® and cleaved-edge overgrowifi' have been materials, the II-VI materials exhibit significantly largxr
performed to fabricate QWR structures. In contrast to thes®inding energies, e.g.,, 24 meV for 6.5-nm-wide
man-made structures, self-organized growths of low-CdTe/CdsMgoasTe QW?® In our recent paper, we have
dimensional structures such as QWRefs. 12—-18 and reported the observation of such 1D behavior in
quantum dof have been demonstrated, because of thei€dTe/Cd ;MgosTe QWR structures grown on vicinal sub-
simple technological step for the growth process. Organize@trates, in which the samples are excited above the
growth of semiconductors on vicinal substrate is expected t€d 7Mgg 26T€ barrier. In this study, detailed measurements
realize an array of QWR’s; the repeated deposition of a fracof temporal evolution of photoluminescend®L) under
tional monolayerfML) m of material A followed by a frac- below-barrier excitation are performed to avoid energy relax-
tional ML n of materialB results in the array of QWR’s, also ation from the barrier into the wire. The observed radiative
called aA,B, tilted superlattice. The lateral scale can belifetimes in the QWR's is typical oK thermalization in the
controlled by the substrate off angle, and a lateral confinelD systems, which obeyE"?at =10 K. At low temperature
ment potential depends on the degree of modulation of thes10 K, however, the radiative lifetime seems to deviate
lateral composition. A andn=0.5, the cross section of the from the T2 dependence, for which we fountX PL on the
QWR’s becomes square. Whenis not equal ta, the shape low-energy side of the PL.
of the cross section tilts from the growth direction.

The temporal evolution of the luminescence, e.g., free ex-
citon (X) or biexciton (XX) luminescence, can be useful as a
monitor of the population of respective species in low- The growth of lateral superlattice on the vicinal surface is
dimensional systems. It is generally known that linear in-based on the step-flow growth of fractional ML's over a very
crease of the interband recombination time with the temperaregular array of monomolecular steps. The steps align along
ture is sometimes used to argue that the recombinatiof of the [010] direction. In this experiment, the array of
in quantum well{QW’s) is essentially radiative’?*Evalu-  CdTe/Cq ;Mg ,¢Te QWR’s, withmandn~0.5, was grown
ation of the intrinsic radiative lifetime in nanostructures re-on Cd, g¢ZNg o4T€ (001) substrates misoriented 1° toward the
lies on such measurement, although in real heterostructurgl,00] direction by molecular beam epitaX/IBE).?® A re-
it is difficult to observe the intrinsic radiative lifetime di- peated deposition of a fractional Min of CdTe followed
rectly due to localization of th&. In contrast with the two- by a fractional ML n of Cd,;Mgg.¢Te resulted in

II. EXPERIMENTS
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FIG. 1. PL spectra at various positions on the sample at 13.6 K. FIG. 2. PLE spectra taken at the poBiat 3.8 K.

The inset shows the PL peak energy of CdTe/&blggsTe
QWR's as a function of that of CdTe/geMgg.sTe QW. The
points A and B correspond to the tilted angles ef55° and~0°,
respectively.

Cdy7aMgg 26Te gives rise to an increase of the tilt angle
With increasingé, the PL peak of the QWR'’s shifts toward
the higher energy side due to narrowing of the lateral con-
. finement, while the PL peaks of the QW and CQW shift
CdTe/Cd 7Mgo6Te QWR'’s. This cycle was repeated 30 toward the lower energy side. Since the lattice mismatch
times. As a consequence, the 1° misoriented substrate gayetween CdTe and GE&Mg, »eTe is about 0.3%, the energy
rise to approximately square wires of 9.3 8.7 nm?’ A ghift of PL peak due to strain is negligible. Thetransition
considerable flux intenSity gradient in the MBE resulted inenergy of tthl'HHl as a function of® was calculated by a
tilted square cross section of the QWR’s. The tilt angkbat theoretical approa&?’ from which @ at the pointso\ andB

is defined as the angle from th801] direction varies for  shown in the inset of Fig. 1 correspond4e65° and~0°,
given positions on the sample. After growing the QWR’srespectively.(See also Fig. 4 for illustration of QWR cross
itself, a single CdTe quantum welQW) with 25-ML thick- sections.

ness and a coupled QWCQW) consisting of two 12-ML Figure 2 shows a PLE spectrum of the QWR’s at the point

CdTe QW separated by one ML of MgTe were grown. B. The sample temperature was 3.8 K. The PL intensity was
Continuous wavéCW) PL and its excitatiofPLE) mea-

surements were performed under the excitation by the 488 R
nm line of an Ar-ion laser and monochromatic light of a 1000 {93 8%: 8:8(1) o ggﬁ:ﬁgﬁ; 4
tungsten lamp, respectively. Time resolved spectroscopy of { BQW (2.00eV excitation)

the radiative recombination of was performed at 2.5 Kin a ]
He-gas-flow cryostat using 250-fs pulses from doubler of an 500
optical parametric oscillator excited by a mode-locked Ti-
:sapphire laser. The repetition rate was 80 MHz, and the laser
wavelength was 620 nm. This excitation energy is lower than
the Cdq 7,AMgg.0eTe barrier potential, which avoids energy re-
laxation from the barrier. The laser spot diameter was about
100 um. The time-resolved PL was dispersed in a 0.25-m
monochromator and detected with spectral and temporal
resolution of 0.15 nm and about 2 ps, respectively, by using
a streak camera with two-dimensional readout.
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=
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IIl. RESULTS AND DISCUSSION 1 10 100
TEMPERATURE (K)

A. 1D X recombination
FIG. 3. Radiative lifetime ofX as a function of temperature,

Figure 1 shows CW-PL spectra taken at various positionghere solid circles and squares indicate the measurement results for
on the sample at 13.6 K. The Ia_ser spot dlamete_r was abo@dTe/qumMgo_ZGTe QWR'’s and QW under below-barrig2.00
50 um. Three peaks being attributed ¥orecombinations  ev) excitation, respectively. Open triangles plot data for the QWR’s
between the ground electrorE{) and heavy-hole (HE)  under above-barrief3.01 eV} excitation (Ref. 27. The measure-
states in the QW, CQW, and QWR’s are clearly observedments were performed at the poBt Radiative lifetimes evaluated
The inset shows the relation between the PL peak energidfom the line-shape analysis are plotted by open circles. Solid and
for the QWR’s and QW. The large flux of CdTe and dashed lines show tHEY? and T dependences, respectively.
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1000 L y radiative lifetime under the below-barri€2.00 e\j excita-
] B ol tion of the QWR’s is proportional td*? at =10 K, though
s the radiative lifetime under the above-barri@01 e\} ex-
9.3 nm e citation shows agreement with tié”?> dependence only at
_ ;" L =40 K. The relatively large deviation of the radiative life-
é4oo /ﬁ 9.7nm .~ & times under the above-barri€3.01 eV} excitation from the
257 .’ i TY2 dependence is considered to be due to the energy relax-
S <=0 S, p ay
3 e ation process of photoexcited carriers from the barrier into
% ; the wire. In this paper, we consider the data obtained under
E Ao ‘.,{'2 the below-barrief2.00 eV} excitation in order to avoid the
wq S A i energy relaxation from the barrier. At temperature lower than
S s 10 K, a new PL(NPL) (to be discussed later in Sec. I)B
RAV -1- appears in addition to the PL. This leads to a deviation of
W t 9.7 nm the low-temperature total signal from the high-temperature
TN A AT — A trend. However, a deconvolution of the total signal into the
1 10 100 excitonic and NPL contributions shows that the excitonic
TEMPERATURE (K)

contribution (open circleg follows the expected behavior
FIG. 4. Radiative lifetimes oK measured at the poirkt (solid ~ @lso at=10 K. This point is discussed in detail in the next

triangles andB (solid circle$ as a function of temperature. Dashed Subsection. _ S o

lines show theTY? dependence. The insets show the sketch of The effective radiative lifetime is given by

CdTe/Cg ;Mgg.6Te QWR's at the poinA andB.

7TkBT

detected at 1.867 eV indicated by an open arrow. A strong T(M=70\ 73 @
excitonic absorptions is observed at 1.877 eV. This corre];Or 1D and
sponds to theX transition between th&; and HH, states.
Relatively broad resonances considered to be due to transi- keT
tions related to the excited electron states and the hole states Top(T)=T9—— (2
are observed near 1.94 83! The absorption edge due to A
the continuum state of the GeMgocTe barrier appears for 2D, wherer, is the intrinsic radiative lifetime of thX at
above 2.05 eV. The excitation energy used in the followingk~q, and A=7%2k2/2M the kinetic energy ofX that can
time-resolved measurements is indicated by a solid arrow. recombine. Herek, is the in-plane wave vector given by

The temperature dependence of the radiative lifetime ob;.n/\ wheren is refractive index and\ the PL wave-
the 1DX in the QWR's and 2DX in the QW are plotted by |ength.M is the in-plane mass of thé The observed radia-
solid circles and squares in Fig. 3, respectively. The radiativgye ifetimes in the QWR’s and the QW are expressed as
lifetime was evaluated from the decay profile at the peakjggTV2 ps K12 and 11T ps K™ L. Then, according to Egs.
position of the time-integrated PL spectrum. The measurer]) and (2), the values ofr, for the QWR’s and QW are
ment was performed at the poiBt The excitation intensity  5,nd to be 72 and 5 ps, respectively. The longin the
IS 0-961“‘]/‘3'“,2- We also plot data for the QWR®pen tri-  qwR's is due to the decrease of thecoherence length
angles obtained under the above-barrief3.01 eV imposed by the lateral confinement in the QWR structure.

excitation™’ The radiative lifetimes for the 1D- and 2K- Furthermore, we compared the radiative lifetimes at the
recombination increase with temperatdréut show clearly points A (9~55°) andB (6~0°) in Fig. 4. Solid triangles

different behavior. The radiative lifetime under the below- plot the radiative lifetime at the poind. The temperature
barrier (2.00 eV} excitation for the QW increases linearly dependence of the radiative lifetimes at the pdnis ex-
with temperature at 10 K. This trend has been reported in pressed as 802 psK 1. Then, the estimated, is 59 ps,
many papers’~**When the temperature increases, the fracyyhich is smaller than the value at the poBitThe reduction

tion of X that can participate in the recombination processys the 7, means that the largercauses a longet-coherence
decreases, and its radiative lifetime becomes long. In thf‘ength. The cross section of the QWR at the pdiris rhom-
2D-QW system, the fraction of with small kinetic energy is iz with §~55° as shown in the inset of Fig. 4. The ob-
inversely proportional toT, because of the Maxwell- gered result suggests that the rhombic size is still small
Boltzmann distribution ofX in the 2D density of state¥. enough to exhibit the 1D excitonic properties.

Therefore, the radiative lifetime oX in the QW shows a
linear increase with the temperature. A dashed line in Fig. 3
indicates thel dependence. On the other hand, the tempera-
ture dependence of the radiative lifetime in the QWR’s is As shown in Fig. 3, at low temperature10 K, the ra-
small. The small temperature dependence can be ascribed diative lifetimes in the QWR’s and QW deviate from th&?

the 1D density of state and thermalization in it. Citrin sug-and T dependences, respectively. Figure 5 shows the PL
gested that the radiative lifetime in the 1D density of statespectra of the QWR’s measured in this temperature range.
would obeyT*2.2° The solid line in Fig. 3 indicates tHEY?>  The excitation intensity is 0.9aJ/cnt. Below ~15 K, the
dependence. The observed temperature dependence of thAe peak seems to shift toward the lower energy side because

B. New luminescence ats10 K
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L L NPL can be proposed. EspecialKX (Refs. 33—43and X*
(Refs. 44—48 have been observed in many II-VI materials
because of their relatively larger binding energy. Since our
- M\ sample is undoped, photoexcited excess carriers may cause
2 : X* PLA*%8Here, we focus on th¥X andX* formations to
2 _zi_/w\ analyze the NPL.
8| 36K We performed a deconvolution between ¥é&Boltzmann
| 48K distribution and the XX (X*) (reverse Boltzmann
5[ 68K distribution.*® The XX (Refs. 33—-37,4p and X* (Refs.
é M 42,46 show similar line shapes reflecting the reverse Boltz-
Z - mann distribution and the density of states, becaus& 4l
= 153K (X*) states are radiative. We fit the PL data with the line
323K shape of the 1D density of states
501K
80.0K I(E)ocfo exp{— (Ex—E,—E—x)%/T'%}
1.82 1.84 1.86 1.88 _
ENERGY (eV) X exp(—x/kgT)x ™ Y2dx, 3

FIG. 5. PL spectra of CdTe/Ge Mg, 2sTe QWR's measured in - whereE is the photon energy the X energy,E, the bind-
a range from 1.8 to 80 K. ing energy, and” a broadening parameter for the density of
states.T for XX and X* is equal toT.z and MyTeq/m, ,
a new signal NPL appears at the lower energy side ofkthe respectively, wher@ . is the effective temperature), the
PL. To investigate the origin of the NPL, we measured exci-electron (ng) or hole (m,) mass,My the X massme+mj.
tation power dependence of the NPL at 2.5 K. Figure 60n the other hand, the line shape of (€L is given by the
shows the PL spectra of the QWR’s measured at variouBoltzmann distribution in the density of states broadened
excitation intensities, wherd,=0.72uJ/cn?. The open with Gaussian. Dashed and dotted curves in Fig. 6 ploXthe
circle is the measured data. The NPL at 1.856 eV is enhancgéll. and NPL components, respectively. The line shapes in-
at high excitation intensities. This result excludes the possieluding both components are indicated by solid lines in Fig.
bility of localized states for the NPL. A similar NPL was also 6, which agree well with the experimental data plotted by the
observed in the QW. Several origins suchX and trions  open circlesT in Eq. (3), which is proportional to the effec-
(X*), i.e., negatively or positively charged excitons, for thetive temperature, obtained from the line-shape fitting at dif-
ferent excitation intensities are plotted in the inset of Fig. 6.
. : The result shows the expected increase with the excitation
80 intensity, which is due to the randomization of momentum
270 left behind in the center-of-mass motion of t&* The bind-
Pt ing energyE, estimated from the line-shape analysis is 5.2
meV. According to the similar analysis, the binding energy
for the QW is found to be 3.2 meV, in which we used the 2D
density of states to analyze the line-shape. The reduced di-
mension in the QWR'’s leads to the enhancement of the bind-
ing energy. The PL line width of the QWR's is larger than
that of the QW. At this moment, it is difficult to discuss
quantitative contribution of homogeneous and inhomoge-
neous components in the PL of the QWR’s and QW. We have
ignored any inhomogeneous broadening in our description of
the radiative lifetime.
From the line-shape analysis, we found that eithror
X* could be the origin of the NPL. Next, we analyze time-
resolved PL spectra in order to identify whichXX and X*
1.82 1.84 1.86 1.88 is the origin of the NPL. Temporal evolutions of spectrally
ENERGY (eV) integratedX PL and NPL intensities are shown in Fig. 7.

FIG. 6. PL spectra of CdTe/GdMgo,Te QWR's at 2.5 K Solid and open circles plot thé PL and NPL compongnts,
measured at various excitation intensities. Open circles plot th&€SPectively. These data were obtained from analyzing the
measurement datéy=0.72 wJ/cn?. Dashed and dotted curves are lime-resolved PL spectra measured at 2.5 K under the exci-
the plot ofX PL and NPL component estimated from the line-shapetation intensity of 0.72uJ/cnf. The X PL shows a rapid
analysis, respectively. Solid curves plot the total line shape. Thélecay near 50 ps. In contrast to this, the NPL intensity grows
inset shows the temperatuf®) estimated at these excitation inten- Slowly. It is considered that this slow rise indicates the dy-
sities. namical properties of th¥X or X* formation. Open circles

PL INTENSITY (arb. units)
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wherelJ is the generation rate of th€ ny (nyx) the density

of the X (XX), 7« (7xx) radiative lifetime of theX (XX),
andk, andk_ the formation and dissociation velocities of
the XX, respectively. Here we assume that the interconver-
sion time betweerX and XX is much shorter than their ra-
diative decay. On the other hand; formation and its dis-
sociation processes can be described by an atomic or
chemical equatiorX+e* < X*, wheree* is an electron or
hole>® The X* recombination leaves an electron or hole as
an intermediate state. Therefore, the rate equations for the
X* model are expressed as

dnx Nx
F: —T—X—K+ne*nx+K_nx*, (6)
dnx* n)(*
qt " KK

whereny and 7y« are the density and radiative lifetime of
the X*, respectivelyng the density of the electron or hole,

CdTe/Cd Mgy 26Te QWR’s, where solid and open circles are the
plot of X PL and NPL components, respectively. Solid and dashe
curves show calculated temporal evolution of ¥€L andXX PL

AndK, andK _ the formation and dissociation velocities of
the X*, respectively. Furthermore, the dynamicsmf is

intensities. expressed as

in Fig. 8 shows the ratio between tikePL and NPL inten- dNex Ny

sities shown in Fig. 7. The experimental data show a super dt =Jex + o Ko Nex N+ K Nyx, ®
X*

linear dependence. We compare the experimental data with
calculated results from rate equationsXoX andX*. Inthe  whereJ,. is the photogeneration rate of the electron or hole.
case ofXX formation and its dissociation processes, the raterg interpret the observed data in Fig. 8, we tried to fit the
equations for dynamics are given®y** data with thexX model[Egs.(4) and(5)] and thex* model
[Egs.(6)—(8)]. The observed superlinear dependence agrees

dnx _ Nx  Nxx 2 well with the XX model. A solid line in Fig. 8 is the best fit
at Y < - Tx 2k it 2K, @ result. Thek, and k_ parameters used here are 1.0
X 1072 cm/s and 4 10'* s™ 1, respectively. However, since
dnyyx Ny x ) the generation rate of th¥ cannot be determined quantita-
ar a“@”x_ K-Nxx, (® tively, thek, andk_ cannot be stated exactly. On the other

hand, in the case of thé* model, even if some parameters

vary, the X* PL intensity dose not show the super linear
dependence. A dashed line in Fig. 8 is a typical result ob-
tained from Eqs(6)—(8) for the X* model.

Solid and dashed curves in Fig. 7 show the temporal evo-
lution of the X PL and XX PL intensities calculated from
Egs. (4) and (5) in which we used the parameters obtained
from the fitting in Fig. 8. Equation$4) and (5) hold for
pulsed excitation only where the interconversion time be-
tweenX and XX is much shorter than their radiative decay.
The good agreement of the calculated results with the mea-
sured data indicates that the interconversion time betieen
and XX is indeed short. The estimatetland XX radiative
lifetimes are 150 and 75 ps, respectively. It is generally
known from the analysis of kinetics in the case of quasiequi-
librium between theX and XX that the radiative lifetime of
the XX is one-half of that of th& 2>*1The observed result is
consistent with theX X model. The obtaineX radiative life-
time at 2.5 K together with analyzed lifetimes at 1.8 and 3.6

FIG. 8. NPL intensity versus th¥ PL intensity obtained from K are plotted in Fig. 3 by open circles. Whereas the total
the decay profiles shown in Fig. 7, where solid and dashed curvedecay profile including the& and XX components deviates
show the calculated results fX andX* models, respectively.  from the TY? dependence at 10 K, the extracted radiative

=
=8
1

PL INTENSITY (arb. units)
2
[

10
EXCITON PL INTENSITY (arb. units)
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lifetime of the X obeys theT*? dependence even at10 K,  tions and analyzed the NPL. From the line-shape analysis,

confirming the 1D nature iX thermalization. XX or X* is a possible origin of the NPL. The estimated
binding energy is 5.2 meV. To confirm the origin of the NPL,
IV. CONCLUSION we analyzed time-resolved PL spectra. The experimental

o ) data were compared with the calculation using the rate equa-
Excitonic luminescence from = CdTe/6.fiMJosT€  tions for theXX andX* models. According to this analysis,

QWR's grown on vicinal substrate was investigated. It wast was concluded unambiguously that the observed NPL is
found that the observed radiative lifetimes in the QWR'’s andj,e to the XX recombination. Furthermore, the evaluated

the QW are expressed as 108°psK ¥ and ragiative lifetimes forX obey theT? dependence also at
11T ps K %, respectively. The estimateg) found to be 72 <1 k.

ps (1D) and 5 ps(2D). The larger, in the QWR’s is due to
the decrease of thé-coherence length imposed by the lateral
confinement in the QWR’s. With increasing the tilt angle
of the QWR’s, theX-coherence length becomes long, and We would like to acknowledge M. Nakayama, Osaka City
then thery reduces. At low temperature 10 K, however,  University for fruitful discussions. This work was supported
the radiative lifetimes in the QWR’s deviate from tié’> by the Photonics Materials Laboratory Project of the Gradu-
dependence. In this temperature range, a NPL appears at thte School of Science and Technology at Kobe University
lower energy side of th& PL. This NPL is enhanced at high and in part by the Scientific Research Grant-in-Aid from the
excitation intensity. We focused on theX and X* forma-  Ministry of Education, Science, and Culture, Japan.
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