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Effect of lateral confinement on valence-band mixing and polarization anisotropy
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The optical properties of high-quality-groove GaAs/AlGa_,As quantum wires have been investigated
using low-temperature photoluminescerif¢) and photoluminescence excitatiPLE) techniques. We sys-
tematically study the evolution of PL and PLE spectra as a function of the wire size. This comparison allows
us to analyze the modification of one-dimensional subbands with decreasing wire thickness. We clarify the
influence of surface corrugation and localization effects on PL and PLE spectra and we observe large polar-
ization anisotropy unambiguously related to the one-dimensional character of our quantum wires. The results
of a polarization analysis of the excitonic transitions are combined with a calculation of the electronic band
structure to identify the nature of the transitions and the impact of two-dimensional quantum confinement on
valence-band mixing. The observed large polarization anisotropy is directly compared to the effects predicted
by a four-bandk- p model calculation of the valence-band structure. The set of experimental results combined
with our model calculations is consistent with a strong suppression of band-edge absorption in these one-
dimensional structure$S0163-182808)08319-2

I. INTRODUCTION interband absorption spectra, whose nature is intimately re-
lated to the details of the band mixing in the 1D sysfem.
The electronic band structure and the optical properties of We have reported recently a combined experimental and
low-dimensional systems, particularly semiconductor quantheoretical study of the optical properties of high-quality 1D
tum wires(QWRS and quantum dots, have been attractmgsemiconductor QWRs and have shown that the observed op-
considerable interest recentiythe lateral quantum confine- tical anisotropy in the linearly polarized excitation spectra of
ment and reduced dimensionality in these artificial structure§ese wires arises solely from the 1D nature of the electronic
can be employed to tailor their electronic and optical propPand structuré. The purpose of this paper is to present a

erties so as to allow the realization of band structures nogystematic investigation of the effect of lateral confinement

achievable in bulk materials. The resulting structured mate2" photoluminescencéPL) and photoluminescence excita-

rials may find important applications in novel electronic andlion (PLE) spectra of GaAs/AGa,_,As QWRs. Owing to

optical devices, especially since the quantum confinement{1e nonmonotonous evolutl_on of the opt|ca|_propert|es with
changing wire thickness this requires the simultaneous ex-

and low dimensionality lead to enhancement of the density . . . .
of states at specific energies. Furthermore, modification iéerlmen_tal study of QWRs of.vanous sizes and theoreuc;al
A o ’ ._calculations of the corresponding band structures and optical
the electron—_hole Coulomb mtgrac_tlon in these structures Ngransitions. Moreover, we will show thidcalization effects
creases the importance of excitonic effectShese features strongly influence the polarization anisotropy of PL spectra

could allow _the utiIiz:?\tion of Fhe more confined charaqter ofand prevent therefore any polarization analysis based on
the electronic states in low-dimensional systems, particularlyytended states
useful in optical applications, together with the delocalized Up to now the experimental study of the band structure of
nature of the states in bulk semiconductors, widely employedp systems has been hampered by the technological chal-
in devices relying on carrier transport. lenge in producing QWRs with sufficiently small inhomoge-
The band structure of one-dimensioiaD) semiconduc-  neous broadening. The effect of lateral quantum confinement
tor QWRs has been extensively investigated theoretically ussn the conduction band has been evidenced by the emer-
ing model system&> Whereas theoretical models of the 1D gence of 1D subbands in the optical luminescence character-
conduction band predict effects largely similar to that in 2Distics of QWR structures prepared by different
quantum wellS(QWSs), i.e., quantization of subbands due to approache$-1° However, the observation of the details of
guantum confinement, studies of the nature of the valencehe valence-band structure requires the resolution and iden-
band states have revealed features unique to 1D systentdication of several 1D valence-band states. Furthermore, the
Unlike the case of QWSs, the quantum confinement in twouse of optical anisotropy as a probe of the valence-band mix-
spatial directions gives rise to valence-band mixing at theng prerequires the identification and separation of other
centerof the Brillouin zone. The mixing of the heavy hole physical effects? particularly straint?'3electromagnetic ef-
(hh) and light hole(lh) states, which can be tuned by the fects due to surface corrugatiolfs,and intrinsic bulk
lateral confinement potential, leads to modified energies ofalence-band anisotrogywhich can screen the intrinsic 1D
the optical interband transitions and to a redistribution of theeffects. Specific morphologies of a quantum well interface
oscillator strength. Moreover, the modified valence-bandvhich contains partially ordered and elongated monolayer
structure results in intrinsic polarization anisotropy of theislands are also known to be a source of optical anisotropies
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unrelated to any lateral confineméfitindeed, attempts to
observe the intrinsic polarization anisotropy in several types
of QWR structures could not unveil the intrinsic 1D valence-
band structure because of these spurious effédts!®
Among the experimental studies, Bloch, Bockelmann, and
Laruell€® and more recently Goldomit al?! obtained infor-
mation about the valence subbands of their QWR structures
from anisotropy spectra but could not directly relate them to - . E— i
the observation of 1D excitonic transitions. Akiyama, Som- e
eya, and Sakaki have observed optical anisotropy induced
by lateral confinement ii-shaped QWRs but the overlap of
photoluminescence excitation peaks with other spectral fea- AlGaAs
tures hindered observation of excited 1D states. barrier
On the contrary, the high quality of our QWRs results in
clear observation of excitonic transitions between 1D
guantum-confined energy levels. This enables us to study in
detail the impact of two-dimensional quantum confinement
on valence-band mixing and polarization anisotropy of PL
and PLE spectra. Our systematic studies provide further in-
sight into the relationship between the optical polarization
anisotropy and the valence-band structure of 1D semicon-
ductors. The outline of the paper is the following. In the
experimental par{Sec. I) we describe the QWR structures
(Sec. Il A) and the experimental techniques usgdc. Il B).
In Sec. lll we summarize the essential features of a four-
bandk-p model of the band structure, fully taking into ac-
count the geometry of the actual QWR structures. Section FIG. 1. TEM micrograph showing a cross-sectional viewaf
IV, which describes the experimental results, is divided intod part of a QWR array on a 0/&m pitch grating, andb) the QWR
two parts. In Sec. IV A we present PL spectra and we showegion. The nominal GaAs _thickn_ess is 2.5 nm, and the resulting
the influence of localization effects on their polarization G2AS crescent is 8.8 nm thick at its center.
properties. In Sec. IV B we present linearly and circularly ]
polarized PLE spectra and we discuss polarization effectdlxGai—xAs cladding layer was grown on top of the QWR
related to exciton localization and surface corrugation. In@rray in order to eliminate the surface corrugation ;emd reduce
Sec. V we use the results of the model, namely, subbangrastically electromagnetic effectgrating coupler,” local
spacings and optical matrix elements, to analyze and discudg!d”) tha;tlgglggt contribute to the optical anisotropy of the
the experimental linearly and circularly polarized PLE spec-Samp|e§- e _ _
tra. Finally, in Sec. VI we summarize our results and con- A typical cross-sectional view of the QWR heterostruc-

clude. ture is shown in the transmission electron microsc@peM)
micrograph of Fig. 1. At the bottom of the grooves, crescent-
Il EXPERIMENT shaped QWRs are produced due to the combined effects of
groove sharpening during Aba_,As growth and the
A. Structure higher growth rate of GaA5.The QWR regions are con-

GaAs QWRs embedded in £Ga, As were grown by nected to side-QW structures via a constriction. Note also the
low-pressure organometallic chemical vapor depositionvertical dark stripe running through the QWRs; this Ga-rich

(OMCVD) on grooved001)-GaAs substrates¥0.1°), with region constitutes a vertical Kba _,As QW (VQW) region

the wires oriented in thgl10] direction?® The periodic cor- Wh'ChZG‘E'zagys an important role in carrier capture into the
. . . ires:

rugations were made by holographic photolithography and’
wet chemical etching. The growth of the structures was car-
ried out in a horizontal reactor with a rotating susceptor
plate. The partial pressures of the growth species were 0.159 The samples were mounted in a helium-flow cryostat and
ubar for trimethylaluminum, 1.5z bar for trimethylgallium, kept & 8 K unless it is specified otherwise. The optical spec-
and 0.33ubar for arsine. K was used as the carrier gas at atra were obtained in a pseudobackscattering geometry from
total pressure of 20 mbar and a flux of 6 I/min, resulting in athe (001) plane using polarized light from an argon-ion laser
nominal[ (100 planar growth rate of 0.38 and 0.25 nm/s for (488 nm for the PL measurements and from a tunable
AlL,Ga _,As and GaAs, respectively. The substrate temperatitanium-sapphire laser for the PLE experiments. The excita-
ture was 680 °C. tion light was focused into a spot approximately @& in

We have studied three samples, each consisting of a Odiameter; typical power densities of 25 W/¢mwere used.
wm pitch lateral array of single QWRs of different sizes. TheThe emitted light was dispersed through a Spex-1404 double
nominal GaAs layer thicknesses were 5 nm, 2.5 nm, and 1.§rating spectrometer and detected with a cooled GaAs pho-
nm, resulting in a thickness at the crescent center of 14.1 nntomultiplier using photon-counting mode. For linear polar-
8.8 nm, and 4.1 nm, respectively. A sufficiently thick ization measurements, perpendiculparalle) refers to the

B. Experimental setup
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TABLE |. Material parameters of AGa, _,As used in the cal- 52 ki 9 1 9 9 1 9
culations. — - —_——
{ 2 (m*(y,Z) dy m*(y,z) dy dz m*(y,z) dz
Symbol Parameter Unit AGa _,As
Cc — Cc
Eq energy gap eV 1.5101.24% +Ve(y,z)}f (r)=Eef(r),
AE./AE, band offsets 68/32 . . .

m, electron mass my 0.0665- 0.0835 vvlhereLﬁ is the Ieng;?]*of the V\ﬂrekg tlrlw(e carger wave Ivector
9 Luttinger parameter 6.7903.000k aong_t e wire, andn*(y,z) the bulk conduction electron
i effective mass at the bottom of thg band.

72 Luttinger parameter 1.9240.69% Because of the fourfold degeneracy of the bulk hh and |h
Y3 Luttinger parameter 2.6811.286& 9 y

bands, the hole subbands are determined from the effective
Hamiltonian made up of the X4 k-p Luttinger

— . L Hamiltoniart? with the potentiaV,,(y,z) included along the
[110] ([110]) direction. For circular polarization measure- diagonal. Given the orientation of the wires in the hetero-

- o " .
men'gs the helicity .Of the exciting lighio(”) was fixed. The structure, the Hamiltonian is rotated so that the new coordi-
helicity of the luminescence was analyzed by combining a i . , i —
quarter-wave plate and a linear polarizer in order to transmifat® System is specified by the wire aws=[110], y
the o™ or the o~ component. The spectral resolution was —L110], andz=[100]. The total angular momentur is
fixed at 4 A. quantized along the growth directianThe Luttinger Hamil-

tonian expressed in the basis of the eigenstatek (3f= 3)

andJ,,
3 3
2 2/

PFfQ -S R 0

C. Theoretical model

performed calculations of the confinement energies and §’+ 2 §'+ 202" 2
squared optical matrix elements for a 2D finite potential-well )

model. In the followingx is assumed to be along the wire IS Writtén as
axis, y is the lateral-confinement direction, armis the

growth direction. We solved the 2D Schiinger equation in

For a quantitative understanding of the optical spectra we 3 3> ’3 1> ‘3 1>

the single-particle approximation using effective-mass 52 -st P-Q 0 R
Hamiltonians for conduction- and valence-band states anda ~ H = | R o P-Q S |
potential profileVy(y,z) extracted from the TEM micro- Mo : .

graph of the samples. The depth\&f,(y,z) is given by the 0 R S P+Q

band offsets in AlGa, _,As. The parameters used in the cal-
culations are listed in Table®). The VQW is described by a with

square potential profile of fixed lateral width and constant
depth. d Jd d d 2m

27 27 0
We assume negligible coupling betweBp, T',, andl'g P= ik oy oy 2z #? Vh(y.2),
bands. The conduction- and valence-band states are built
from these bulk bands in the envelope-function , 0 Jd 0
approximatior’® The conduction-band wave functions are Q:'Yka_W'YZW—FZE eyt
written as
c _fC c J J 1% J
\IrSZ(r)_f (r)uSZ(r)1 R: \/§{73k§+ W’ysw"‘kx 'YZE'FW’)/Z y
where the ugz(r) are the two spin-degenerats=3, s,
==+1) Bloch functions at the bottom of thEg bulk band. S=/3 kx( ygi +iy3) +iygi +iy3£ ,
The valence-band states are written as Jz  dz dz'"dy 9y "oz

wherem, is the free-electron mass ang ,vy,,y3 are the
P(r)= 2 f4 (rus (r), Luttinger parameters The wave-vector componenks and
3, 7 z k, have been replaced byid/dy and—idl dz, respectively,
; . and the noncommuting products have been symmetrized.
where thequ(r) are the degenerate Bloch functions at theThree peculiarities should be noted. First, the choice of the
top ot thel'g bulk bands. The sum extends over thequan-  45°-rotated axes in the-y plane reverses the roles ¢f and
tum number {,= =3 for the hh,J,= =3 for the I of the  , in the elemenR, compared to the standard principal axis
J=1$ quadruplet. orientation. Second, our choice of axes also keeps the Lut-
In the conduction band, the envelope functions tinger Hamiltonian real. Third, the substitution of the wave-
vector components by differentials of the envelope functions
) must be made separately in the upper and lower triangles of
fe(r)= \/TGXF(IKXX) é(y.2) Hr,, giving rise to nonidentical but adjoint real operators on
X both sides of the diagonal. The ScHitmger equations for
are the solutions of the following equation: electrons and holes are solved by a first order finite elements
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-0.01 -0.01

g9, My, V, andfz o represent the permittivity of vacuum, the
free-electron mass, the sample volume, and the photon en-
ergy, respectively. In QWRs, this expression yields

-0.015 F 4 -0.015

-0.02 4 -0.02

3 .0.025 a(w)fxczv fBdeﬂM|25(Ec(k)_Eu(k)_hw)

-0.03

-0.025

-0.03

ENERGY (eV)

X[ £, (E,(K) = fo(Ec(k)},

wheref (&) is the Fermi distribution of carriers in subband
004 v with a quasi-Fermi level at,. [M|? is the squared dipole
matrix element of an optical transition between a valence-

-0.045 and a conduction-band state and is written as
0 0.05 0.1 0.15 [} 0.05 0.1 0.15 0.2

WAVE VECTOR (am!)

-0.035 | -0.035

-0.04 ¢

-0.045

2
IM[2=2 | 2 (Fen)[ 5 (n)(ug e-plus)|
FIG. 2. Valence-band dispersiga) without and(b) with hh-lh Sz | J;

mixing in the 2.5 nm QWR. Subbands (8) are labeled according

to the light or heavy nature of the states at the zone center. Ban\é’heree is the poIanz%Sondvactorhof the :'ghF arpdrlsl the
mixing gives rise to nonparabolic dispersion curves and anticrossr-nomemum operator. We detine the overlap integ /8|S

ing of the subbands; a strong reduction in subband separation is to
be noted. Subband splitting away from zone centegibjris due to |JZ:<fC(r)|flJ)z(r)>-
the lack of inversion symmetry of the structure. L . . .

The polarization anisotropy of optical transitions measured
technique on an irregular mesh made up of quadrilateral¥! I_DLI4ESeXper|ments is directly relfzﬂed to valence-band
adapted to the actual boundaries of the QWRs. mixing™* through the expression 2¢M| - Indeed, by devel-

Figure 2a) [2(b)] shows the calculated valence-subband®Ping the preceding relatlon2¢M| one can shofithat the
dispersion curves for the 2.5 nm QWR withautith) hh-lh  Polarization anisotropy ofM|< in the x-y plane increases in
mixing. These results demonstrate that band mixing give®roportion 10 (gl 1o+ 145l —57) with increasing hh-lh
rise to nonparabolic dispersion curves and anticrossings dfixing in the valence band.
the subbands, a familiar occurrence in the dispersion of QW
valence bands. The subband splittingk& 0 is due to the . EXPERIMENTAL RESULTS
lack of inversion symmetry of the structure. Unlike for QWs,
the zone-center states for the QWR already contain an ad-
mixture of both hh and |h. The percentage Ih character of the PL spectra for the three QWR samples are displayed in
pair of states at th& point is given in Table Il for the three Fig. 3. The different parts of the heterostructure have their
QWR samples. The uppermost valence subband is abovdistinct luminescence signature. The lowest-energy peak of
90% hh in all three cases whereas thestate of the 5 nm €ach spectrum is assigned to the luminescence of the QWR.
and 2.5 nm QWRs and the, state of the 1.5 nm QWR are The broader peak labeled QWs corresponds to that of the
above 70% |h at th& point (Ih-like state. side and top QWs. The luminescence from the VQW appears

In the dipole approximation, the absorption coefficiant €ither as a separated peldigs. 3a), 3(b)] or as a shoulder
for a plane electromagnetic wave in a medium of refractiveon the high-energy side of QWs’ pegkig. 3(c)]. Finally,

A. Photoluminescence and its polarization properties

indexn is given by the weaker peak around 1.9 eV is due to recombination in
the AlLGa _,As barrier material. We found that the inte-
e? A grated QWR luminescence varies linearly with excitatfon
a(w)= —22 [(fle-pli)|?S(Ei—Ei—fw). power density between 1 and®\W/cn?, which supports the
nceoMuwVif intrinsic and excitonic nature of the recombination procass.

In order to identify the origin of these peaks we have com-
TABLE Il. Percentage of Ih character for valence subbands abined a polarization analysis of the luminescence of the het-
the zone center for th@) 5 nm QWR,(b) 2.5 nm QWR, andc) 1.5  erostructure with a calculation of the confinement energies

nm QWR. for the side and top QWs using a finite potential well model.
The widths of the QWs were extracted from the TEM micro-
@ graph of the sample. The Al concentration at the VQW was
Subband hy, hy hs hs hs hg hy; hg he hy determined by cross-sectional atomic force microséoagpd
% Ih 10 29 43 49 44 70 47 25 49 42 \asfound to be 9% lower than that of the nominal Al value.
b) These peak assignments are supported by low-temperature

cross-sectional cathodoluminescence imaging of the emis-

h h h h h h h h h h . ..
Subband hy hp hs Ry hs e hr g he o oo wavelengths on similar QWR structurés.

%lh 10 33 45 53 49 70 46 30 49 45 gy by full width at half maximuniFWHM) of the QWR

(© peak excited with the titanium-sapphire laser ranges from 5.4
Subband h; h, hs h, hs hg h; hg hg hy to 6.9 meV and the FWHM of the first PLE peak ranges from
% |h 8 22 36 44 46 62 71 52 60 51 3.7t012.0meV forthe three samples investigated. The PLE

FWHM was determined by fitting the first three PLE peaks
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w 0.0
Q T QWR 155 156 1.57 1.58
wo AlGaA PHOTON ENERGY (eV
9 A vaw 'barrier (eV)
E () } ' e FIG. 4. PL spectra of the 2.5 nm QWR excited by @hAr*
§ 3 QWs QWR - 1.5nm laser(488 nm and (b) Ti:sappire lasef710 nm); in both cases the
a | exciting beams were polarized parallel to the wires. The linear po-
| larization of the luminescence was analyzed parallg) énd per-
pendicular () to the wire axis. The degree of linear polarization
i P=(l)—1.)/(l;+1,) is also shown T=8 K).
- QWR
L that of the PL peak for whicP is 25%. When the excitation
| VAW AiGaAs wavellength is incre.ased to 710 riffig. 4(b)] the mgximum
. . barrier of P is also blueshifted from the PL peak whdpeis 11%.
14 15 16 17 18 19 2 2.1 This behavior can be attributed to exciton localization due to
PHOTON ENERGY (eV) disorder along the wire. We first note that localized states

dominate at the low-energy tail of an inhomogeneous exciton

FIG. 3. PL spectra of QWR samples with a nominal GaAs thick-hand*® Because localization is expected to decrease the de-
ness of(@ 5 nm, (b) 2.5 nm, andc) 1.5 nm, excited with the 488 gree of linear polarization by symmetrizing the exciton wave
nm line of an Ar" laser (T=38 K). function it leads to the lowest degree of linear polarization

: " . ._on the low-ene ide of the PL.
with a superposition of Gaussians. The PLE FWHM is : W-energy sl

mainly determined by inhomogeneous broadening of an op-
tical transition whereas the PL FWHM strongly depends on
relaxation and localization effects. As a consequence, the
FWHM of the PLE peaks can be either narrower or broader The linearly polarized PLE spectra of the three QWR
than that of the corresponding PL pedk&he small Stokes samples are shown in Fig.(&, Fig. 5b), and Fig. %c),
shifts (3.6—8.5 meV and PLE linewidths attest to the high respectively. The dependence of the optical spectra on the
quality of these wires. polarization of the exciting laser reveals a striking polariza-
Localization of excitons at interfacial defects can stronglytion anisotropy. The PLE spectra show up to seven peaks
affect the polarization properties of a 2Bef. 39 or a 1D  corresponding to excitonic transitions of 1D quantum-
system. PL spectra of QW structures which show a fineconfined energy levels. A decrease of the wire thickness
structure in micro-PL experiments have been assigned blgads to a blueshift of the ground-state transitiesih,, that
different group&~*2to recombination of excitons localized increases from 1.538 eV for the 5 nm QWR to 1.634 eV for
at interface defects caused by roughness or composition fluthe 1.5 nm QWR. An additional effect which arises from the
tuations. We find that the polarization anisotropy of PL specchange in the shape of the crescent for thinner wires leads to
tra is dependent both on excitation wavelength and on tha modification of the energy separation between gk,
spectral position within the emission line and thus cannot béransitions. As the crescent thickness decreases, the subband
related to any polarization analysis based on extended stateseparation first increases, due to the lateral tapering. For thin
To illustrate these remarks we show in Figadthe PL emis-  crescents, however, a further thickness reduction results in a
sion of the 2.5 nm QWR together with its degree of linearmore elongated crescent, which prevents further increase
polarizationP=(l—1,)/(l;+1,), wherel, (I,) isthe PL  in subband separation. This saturation in the subband sepa-
intensity linearly polarized parallelperpendicular to the ration is enhanced by the increased penetration of the
wires. The excitation wavelength was 488 nm. It can be seewave function into the surrounding barriers. The separations
that the luminescence is mainly linearly polarized in the wirebetween thee;-h; ande,-h, transitions are 15.0, 26.5, and
direction and thaP strongly depends on the emission wave-25.3 meV for the 5 nm, 2.5 nm, and 1.5 nm QWR, respec-
length. The maximum oP is found at a higher energy than tively.

B. Photoluminescence excitation
and its polarization properties
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FIG. 6. PLE spectra of 1.5 nm QWRs showing the effect of
surface corrugation(a) 1.5 nm QWR with deep surface corruga-
tion, and(b) 1.5 nm QWR with a planar surface.

surface with grooves approximately 100 nm deep, whereas

0 o

[ v ’___Degree of irc, pol the second sample was completely planarized. The vertical
06r —PLE Bt po:,'u ] shift of the PLE spectrum in Fig.(8) for excitation light
--------- , Excit. pol. L

polarized perpendicular to the wires is well explained by the

enhancement of the electric field in the grooves of a surface
PHOTON ENERGY (eV) grating when its polarization is orthogonal to the grooves.

FIG. 5. Degree of circular polarizatiofsee text for definition ;I.—hls’ In “”T" Ilacreaﬁesh the relative In'genSIt;es %f the PLE_
and linearly polarized PLE spectra for QWR samples with a nomi-mes assomate . with the QWR t.ranSItlonS or the perpen
nal GaAs thickness ofa) 5 nm, (b) 2.5 nm, and(c) 1.5 nm. The dicular polarization. The polarization dependence of the ex-

detection wavelength is set at the maximum of the QWR PL line€iting light intensity at the position of the QWRs thus gives
(T=8 K). Note different energy scale fea). rise to an additional polarization anisotropy modifiying the

intrinsic anisotropy of the 1D systet.

The presence of corrugations at the surface of a QWR Figure 6b) shows PLE spectra of the planarized 1.5 nm
structure causes several electrodynamical effects which ma@WR. In this case, the same QWR illumination is achieved
strongly affect the optical properties of the heterostructurefor the two polarizations. The difference in the luminescence
Periodic surface corrugations allow a momentum transfer besignal for the two different polarizations of the exciting light
tween photons and the microstructure, giving rise to the soreflects then the intrinsic properties of the QWRs. We also
called grating coupler effeéf. This leads to a coupling of the checked that the PLE spectra and their optical anisotropy did
photons to nonradiative exciton polaritons in the structurechot depend on the incidence angleof the exciting laser
material, which can become observable as an additiondieam, fora<<20°. For anglesx>20° the power reflectance
strongly polarized signal in the PL spectrum. This effect haof the incident wave at the surface of the sample critically
been demonstrated in GaAs/8a, _,As QWs with a modu- depends on its polarization state. The PLE spectra presented
lated cap layer and in etched GaAs/@hk, _,As QWRs for in Fig. 5 were measured at=8.5° on planarized structures
wire widths above 150 nif**®* When the wire width is de- and are therefore free from surface grating effects.
creased below 150 nm the QW exciton polaritons localize A PLE spectrum depends both on absorption and emis-
and a transition to the behavior of quasi-1D excitons ission properties. To investigate the impact of localization ef-
observed’ The polarization dependence of the observed opfects on the optical anisotropy due to the 1D valence-band
tical transitions is then mainly determined by the intrinsic structure we measured PLE spectra as a function of the de-
properties of the 1D system. tection wavelength across the PL peak. Figure 7 shows the

Corrugations at the surface of a QWR structure also resultesults for the 1.5 nm QWR. The spectral positions of the
in local fields characterized by spatial distributions which aredifferent 1D optical transitions do not change notably when
polarization dependenf.To identify this electrodynamic po- the detection wavelength is moved across the PL line. We
larization effect we measured PLE spectra on two differennote, however, that the relative intensity of the first PLE
1.5 nm QWR samplefFig. 6). The first QWR structure was peak with respect to the other peaks decreases as the detec-
not planarized and exhibited a periodic modulation of itstion is moved to lower energies. This may indicate that car-

-0.8

. ) . : .
1.56 1.60 1.64 1.68 1.72 1.76
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FIG. 8. Ratio of the integrated intensity of tieg-hg transition
and that of thee;-h; transition as a function of the angfebetween
the polarization direction and the wire ax.5 nm QWR. It was
determined by fitting the first three PLE peaks with a superposition
of Gaussians. The error bars result from the uncertainty of the curve
fitting process. The solid line is obtained from PLE spectra detected
at the maximum of the QWR PL line, while the uppgower)
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N dashed line corresponds to Iaiwigh) detection energy.
i 1.6 1.61 1.62 1.63
0 1 1 |
1.6 1.65 1.7 1.75 18 and holes® If we assume incomplete electron spin
PHOTON ENERGY (eV) relaxation®® this leads to circular polarization of the PL,

. which depends on the initial conduction and valence states.

FIG. 7. PLE spectra of the 1.5 nm QWR measured for differentre  megsurement of the degree of circular polarization

detection wavelengths. PLE spectra have been normalized to th@f luminescence has been used in QWs to identify the hh and
local minimum between the two lowest-energy peaks-g8 K). Ih transition<® In a QWR system light withs* polariza-

riers created at the energy of the first PLE peak relax lesion couples hilh) component of the wave function with
efficiently when the final state corresponds to strongly localJz= —2 (~2) and electron state with spis=—3(+3),
ized excitons. Similar results were obtained for the 2.5 nmvhereaso polarization C30Up|els high) component of the
and 5 nm QWRs. PLE spectra of other comparable QWRVave function withJ,=+3 (+3) and electron state with
samples have been found, nevertheless, to be insensitive ¥ *2 (~2). The measured degree of circular polarization
the detection wavelength. In this analysis one should there?=(I"—17)/(1"+17), wherel (1 7) is theo ™" (o) circu-

fore keep in mind that PLE experiments do not exactly reJarly polarized luminescence intensity, is also shown in Fig.
produce absorption measurements. 5 for each QWR structure. The polarization spectra of all

Figure 8 shows the ratio of the integrated intensity of thethree QWRs present strong modulations correlated with the
e,-hg transition and that of the,-h, transition as a function 1D excitonic transitions observed in the linearly polarized
of the angled between the polarization direction and the PLE spectra. The pronounced dip located at the second
wire axis (2.5 nm QWR. It was determined by fitting the lowest-energy transition in each polarization spectrum corre-

first three PLE peaks with a superposition of three Gauss3Ponds to the first valence subband with strong Ih character.
ians. Assuming the squared optical matrix elemtiellvtltﬁn h

to be constant across each peak, this correspodd&;|ﬁ:l)_h6/ IV. DISCUSSION

|M|§1 -n,- The different curves in Fig. 8 are for PLE spectra  Tq analyze the PLE spectral features we implicitly as-
detected at different wavelengths across the PL peak. Th&ume a one to one correspondence to absorption peaks as
variation of these polarization anisotropy curves with detecPLE spectra of quantum wells show a close resemblance to
tion wavelength results from localization effects describeccalculated absorption specfta.An exact correspondence
previously in this section. Comparison of the data of the 2.5holds if the relaxation rate from the excited state towards the
nm QWR and the 5 nm QWR shows that the maximum raticemitting state dominates over nonradiative recombination
(at #=90°) increases as the overall size of the wire de+ates. We also note that intersubband coupling modifies the
creases. It should be noted that theoretical calculations ioverall shape of a PLE spectrum by transferring the oscilla-
cylindrical QWRs(Ref. 46 yield a vanishing value for light tor strength towards the low-energy region, which results in
polarized parallel to the wire@t #=0°), unlike our obser- a significant increase of the first exciton péak.is well
vation of nonvanishing values in crescent-shaped wires. known that excitonic effects play a major role in the optical-
To investigate further the nature of the valence states inabsorption spectra of 2D systeffisMoreover, the Sommer-
volved in the observed optical transitions, we use circularlyfeld factor was calculatéd and found to be much smaller
polarized light to excite and analyze the QWR luminescencethan unity for a direct allowed interband transition in a 1D
In this situation the photon helicity is transferred to the semi-system, in striking contrast to the 3D and 2D cases. This
conductor through spin orientation of the excited electrongneans that electron-hole correlation leads to a strong sup-
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pression of the 1D band-edge singularity in the linear- 06 . . . . .
absorption spectra. For these reasons, we believe that our 05L& € Nye -h, QWR - 5nm
optical spectra are fully dominated by the excitonic nature of 04l e,/ h, Polarization: ||
the optical transitions; otherwise, aside from the excitonic 03 L e,hy eyéhzh
peak, a second peak which corresponds to the maximum in @ ool 8 Ses‘hge -h
the joint density of statefDOS would have been observed g oo
in the PLE spectra at higher energy. This interpretation of & 01 |
PLE spectra as a single series of peaks for each QWR struc- e,: 0 bbbk L
ture is allowed by the small inhomogeneous broadening of « ® 05 Polarization: L
the optical transitions combined with large subband separa- & o4} eh,
tion and by the comparison with theoretical predictions. We 03| (a)
note, however, that band to band transitions may still con- 02l lo-n &,sh,
tribute to the fine structure of the spectra. o4l "t e,-hy e, hy

In Fig. 5, we indicated the positions of the calculated 0 AT I||“ |L..LJ.|. vl
optical interband transitions. In order to compare the ob- 15a 186 iss o he e yer TTes
served 1D excitonic transitions with the calculated interband TRANSITION ENERGY (eV)
transitions, we introduced a rigid redshift (0— 20 me\) of 08 e-h : ' ' '
each series of optical transitioms-h,,. The overall agree- 05 11" ey o p QWR - 2.5nm
ment with the theoretical calculations is very good for all 04 | o -h Polarization: ||
three investigated samples. Remaining differences may be 03 | o
attributed to slightly different wire cross section in the sam- @ 4, | &hs o
ple’s piece used for the TEM study, to nonparabolicity of the  § & 7'%33'“9
conduction band and additional excitonic effects, whichwere g = | | | Ll jﬁl | | |
not included. The binding energy of excitons is indeed ex- & © L Ll Ly
pected to vary with the index of the subbahbdut the mag- 505 | Polarization: L
nitude of this change is small and believed to be comparable NE 0.4 Lesh,
to the difference in binding energies of hh and Ih excitonsin =~ — ,, |
guantum wells of similar thicknes? to 3 me\} (Ref. 53 e.-h (b)
for the two lowest optical transitions. 02 e1-h62 éz-hs

Optical transitions in Fig. 5 are attributed to QWR states. 01 ] l
Comparing PL(Fig. 3 and PLE(Fig. 5 spectra shows that 0 1IN N T PR
some of these transitions seem to overlap with the states of 156 16 164 168 172 176

i . TRANSITION ENERGY (eV)

the 2D QWSs. However, carrier transfer from the side QWs 06 : : : :
into the QWR region is very inefficient at low temperature. 05 L e-h e-h e-h. QWR-1.5nm
This is a consequence of the potential barrier 40—80 04 P Y Poarization: ||
meV) resulting from the necking in the side QWs next to the Tl o -h
QWR [see Fig. 1b)]. We can also exclude the contributon %3 F s eh,
to PLE of absorption and emission from the QW structures £ 02}
since at the spectral position of the QWR emission the inten- = 01 L
sity of the QW peak is practically r}egligib(es_ee Fig. 3. g 0 Loowbe w b bl l

The influence of the lateral confinement in the QWRs on  ~ ' ' ' !
the optical properties manifests itself by a linear-polarization %% | o-h Polarization: L
dependence of the PLE spectra. Clear optical anisotropy in = 04 | T
absorption is observed for all three samples. The effect is = o3 | e-h (c)
particularly pronounced for the 2.5 nm QWR and for the 5 02 L 5% e,sh
nm QWR where a distinct crossing in the PLE spectra occurs ety &h,
for the second 1D excitonic transition when measured with o1 r || ]
orthogonal polarizations. This feature is less pronounced in 01_6 164 Tes I1’ '}2‘ Ly |1'7"s' il 1I8
the PLE spectra of the thinnest 1.5 nm QWR. The weakness TRANSITION ENERGY (eV) '

of the optical anisotropy in the optical spectra of the 1.5 nm

QWR is due to the fortuitous superposition of two optical FIG. 9. Square of the optical matrix elements for interband tran-
transitions,e,-h, and e;-h,. Within the framework of an sitionse;-h;(1<i,j<10) calculated a=0 for QWR samples with
adiabatic decoupling of the 2D potential, this occurs wherf nominal thickness ofa) 5 nm, (b) 2.5 nm, and(c) 1.5 nm (no

the transverse potential splits the first hh and Ih subbands kgfAiustable parametgravajor transitions (M| ,>0.1) are labeled

an amount equal to the energy separating 1D-electron syfsccording to the indices of the participating electron and hole sub-
bands imparted by the lateral potenfial. bands.

The calculated squared optical matrix elements are disyansitionsg,-h,, in parallel and perpendicular polarizations
played in Fig. 9 for all three QWR samples. All the main js clearly evidenced:; in parallel polarization transitions with
features of the experimental PLE spectra are remarkably rgyonconserving subband indices are strongly suppressed in
produced in Fig. 9: The dominance of the diagonal opticakhe low-energy part of the spectra whereas in perpendicular
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to the first valence subband displaying a dominant light hole
character. Since the first valence subbands have a dominant
hh charactefsee Table Il the resultingP is positive, close
to 35% at thee;-h; transition in the 1.5 nm and 2.5 nm
QWRs and close to 50% in the 5 nm QWR. The deviation
1 from a 100% polarization results on one hand from electron
and hole spin relaxation and on the other hand from Ih ad-
. mixture in theh; wave function. For an excitation energy
approaching the;-“lh” ; transition, the electrons originat-
ing from the valence subband with strong Ih character start to
y contribute to the luminescence. These electrons are mainly
created withs=+ 1 and are associated with a negatiReat
_ the e;-h4 transition. As the first valence subbands contribute
to a positiveP, the JDOS for the transitiog;-“Ih"” ; has to
be very high to compensate for it giving rise to a decrease in
P. This is further supported by our calculation of the
valence-band structure: A negative “lh” mass at the center
of the Brillouin zone is found in all the QWRs investigated
[e.g., see Fig. @)]. This effect explains the pronounced dip
80 located at thee;-“Ih” 4 transition in the polarization spec-
y I [110] (nm) trum of Fig. §b). As the excitation energy increases, the
JDOS for thee;-“lh” 4 transition falls down and the net
FIG. 10. Confined zone-center hole states in the 2.5 nm QWRyo|arization increases again. For still higher excitation ener-
structure. The. contour; of the probability density are plotted for Fh ies Ee>e;-1h” ;) electrons from other valence sub-
he state with its constituents of hh and Ih._ The wire cross sectiorhands also appear in the conduction subbands. Because the
derived from a TEM micrograph and used in the calculation is alsodepolarization increases with the kinetic energy of photocre-
shown. ated electron&’ these electrons will only weakly contribute
polarization the peaks labeleg-hg in Figs. 9a) and gb)  to the polarization and, thus, the circular polarization curve
ande;-h, in Fig. 9(c) carry a significant oscillator strength features only small amplitude modulations for optical transi-
resulting in a notable polarization anisotropy for the twotionse-h, with n>2.
larger QWRs. This latter feature, clearly visible in Fig&a)5

z[|[100] (nm)

and gb), originates from the contribution to the valence sub- V. CONCLUSIONS
band of Bloch states having a dominant Ih charatten-
deed we find a value of 70% Ih character for the 6 va- We have studied the optical properties of high-quality

lence state of the 5 nm and 2.5 nm QWR, and 71% IhV-groove GaAs/A}Ga-As QWRs with three different
character for the=7 valence state of the 1.5 nm QWBee thicknesses of the GaAs layer. The systematic investigation
Table II). of PL and PLE spectra as a function of the wire size com-
Figure 10 shows the envelope functions of that Ih-likebined with model calculations has allowed us to study in
ground state(hg) in the 2.5 nm QWR. In fact, two maxima detail the effect of two-dimensional quantum confinement on
can be observed on the plot of the probability density of itsvalence-band mixing and polarization anisotropy. We have
lh constituent bg:lh in Fig. 10 because the mixing with shown that the polarization anisotropy of PL spectra criti-
higher order states results in a negative interference at theally depends on localization effects and cannot be related to
center. The ground-state character is further confirmed by thany polarization analysis based on extended states. The in-
fact that the two lobes oscillatin phasewith each other. fluence of exciton localization and surface corrugation on
This state mainly couples to the=1 conduction subband PLE spectra has also been clarified; the observed large po-
due to a large overlap as can be seen in Fih).9rhe wire larization anisotropy has been unambiguously related to the
cross section derived from a TEM micrograph and used irone-dimensional character of our QWRs. Comparison of the
the calculation is also shown in Fig. 10. The fluctuations ofexperimental results obtained for all three QWR samples
the boundaries result from the digitalization of the TEM pic- with theoretical predictions is clearly compatible with the
ture; they have no influence on the calculated wave funcstrong suppression of the 1D band-edge singularity in PLE
tions. Thee,-h, transitions withn>6 in Fig. 5a) and Fig.  spectra. We are currently extending our model to include
5(b) involve transverse electronic states. The correspondingxcitonic effects in order to quantify the contribution of in-
electron wave functions exhibit a node along the growth axigerband Coulomb coupling to PLE spectra.
at the center of the QWR and mainly couple to hole states

ha\{mg S|m|'la'1r tra.nsve.rse components. As a consequence, ACKNOWLEDGMENTS
major transitions in this spectral region do not necessarily
conserve subband indic&s. We wish to thank P. lls and U. Marti for preparing the
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