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Interband optical transition spectra in GaAs quantum wires with rectangular cross sections
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Interband optical transition spectra of rectangular GaAs quantum W@@&R’s) of various cross-sectional
sizes are experimentally and theoretically studied. High-quality GaAs QWR’s with lateral sizes below 20 nm
are formed in AlAs trench structures wit110) vertical sidewalls by using metal-organic chemical vapor
deposition. Polarization-dependent photoluminescence excitd®ioB) spectra in the QWR’s clearly exhibit
absorption peaks corresponding to optical transitions between quantized one-dimensional conduction and va-
lence subbands. It is found that transition strengths and polarization anisotropies in the lowest- and higher-
energy PLE peaks significantly vary, depending on the cross-sectional shape of the rectangular wires. The
polarization-dependent interband transition matrix elements and the detailed absorption spectra are calculated
by a multiband effective-mass theory considering heavy-hole and light-hole subband mixing. The theoretical
results clarify the physical origin of observed PLE peaks and explain the strong dependence of interband
transition properties on the cross-sectional ratio of QWR3§163-182¢07)02128-7

[. INTRODUCTION by the growth process and that the abruptness of lateral in-
terfaces between GaAs and AlAs layers is less than several
Low-dimensional quantum nanostructures such as quarmonolayers= Thus tight quantum confinement in two spatial
tum wires (QWR’s) and quantum dot$QDT’s) have at- dimensions can be achieved in trench-buried QWR’s owing
tracted considerable attention in view of their basic physicgo their small sizes and to the large potential difference be-
and potential device applicatiohd. Various fabrication tween the wires and the barrier layers. Polarization-
methods, such as fine etching of quantum-wé&W) struc- dependent photoluminescence excitati®iLE) spectra that
tures and regrowth, growth on nonplanar substrates, growtbtlearly exhibit not only the lowest, but also higher quantized
on tilted substrates, selective growth on masked substratesansition peaks can be investigated in trench-buried QWR’s,
and overgrowth on cleaved-edge surfaces, have bedrading to the experimental exploration of one-dimensional
demonstrated:® With these methods, QWR'’s and QDT’s, (1D) band structures.
which exhibit photoluminescencgPL) blueshifts and Several theoretical studies on 1D band structures have
subband-energy separation due to quantum-confinement dfeen reported, demonstrating that quantum confinement in
fects in the laterali.e., perpendicular to the growth axis two spatial dimensions significantly modifies valence-band
direction, have been fabricated. Recently, natural formatiostructures; that is, that the heavy-h@h) and light-hole(lh)
methods using multiatomic steps on vicinal substrates andtates are strongly mixed even at the zone céfitéf.The
the Stranski-Krastanow growth mode also have been activelL and PLE spectra of the QWR’s are therefore expected to
investigated’~2° because small QWR'’s and QDT'’s can be exhibit strong polarization anisotropy, which is determined
formed without the limitations of the lithographic technique. by the hh-lh mixing conditions. It has also been predicted
However, the achieved structures have a tendency to exhibibhat the valence-band structures as well as the hh-lh mixing
larger lateral sizes compared to the vertigGad., growth di-  conditions significantly depend on the cross-sectional shape
rection thickness because of the poor size controllability inof the QWR's, i.e., on the relative confinement strength be-
the lateral direction. Note that precise structural control asween two confinement directioii$.Thus the investigation
well as superior uniformity in QW structures is due to theinto the cross-sectional shape dependence of overall absorp-
fact that the structures are defined by the crystal planedion spectra including the lowest- and higher-energy transi-
where layer-by-layer growth contributes to achievingtions promises to offer important knowledge on the charac-
atomic-scale control of flathess and thickness. An advancetéristics of 1D subbands in quantum-wire structures.
technique utilizing crystal planegr facets is essentially This paper reports on our systematic study of interband
required in order to control the shapes and sizes of multidioptical transition spectra in GaAs/AlAs rectangular QWR'’s
mensional confinement structures on an atomic scale. Theith various cross-sectional sizes. The polarization-
improved structure controllability can lead to a deep underdependent PLE spectra clearly exhibit quantized transition
standing of low-dimensional effects. peaks, demonstrating anisotropic optical transition properties
We previously reported on the fabrication of rectangulardetermined by the characteristics of 1D valence subbands. It
GaAs QWR'’s buried in AlAs trench structures with vertical is also revealed that the transition strength, polarization an-
(110 sidewalls by metal-organic chemical vapor depositionisotropy, and quantized energy of each transition vary with
(MOCVD) on nonplanar GaAs substratés?® These the change in the cross-sectional shape of the QWR’s. We
QWR'’s, which we call “trench-buried QWR’s,” have ad- analyze theoretically interband transition properties in rect-
vantages in that the lateral width as well as the vertical thickangular QWR’s using the multiband effective-mass theory,
ness can be precisely controlled in the region below 20 nmvhich takes the mixing of the hh and Ih states into account.

0163-1829/97/5@1/19589)/$10.00 56 1958 © 1997 The American Physical Society



56 INTERBAND OPTICAL TRANSITION SPECTRAN . .. 1959

The transition matrix elements between conduction and va- 100 nm e
lence subbands for different polarization conditions with re- —> <— \’\\

spect to the wire direction are derived to facilitate discussion Q \/—
of the experimental results. We also calculate the detailed W
absorption spectra by considering thedependence of the (l)

transition matrix element. The theoretical results clarify the GaAs substrate
physical origin of the observed PLE peaks and explain the Substrate patterning

strong dependence of the interband transition properties on AlAs

the cross-sectional ratio of the QWR’s, confirming the for-
mation of 1D valence-subband structures that significantly
depend on quantum confinement conditions, i.e., on relative
confinement strength between two directions. .
The remainder of the article is organized as follows. Sec- (ii)
tion Il describes the fabrication method for rectangular
GaAs/AlAs QWR’s. Section Il shows PL and PLE spectra Growth of AlAs trenches
for QWR’s of various wire sizes. In Sec. VI the transition
matrix element and absorption spectra for rectangular
QWR's are calculated. The valence-band structures are ana GaAs/AlAs SLs
lyzed by using a multiband effective-mass method that treats
hh-lh mixing. The theoretical model is described in Sec.
VI A. In Sec. VI B we show the polarization dependence of ('ii)
the transition matrix element between 1D conduction and
valence subbands to discuss optical transition properties. The
numerically calculated absorption spectra of rectangular
QWR'’s with various cross-sectional ratios are also presented.
In Sec. VI C we discuss the experimental results in compari-
son with the calculated transition properties. Section V sum- .
marizes our conclusions. Upper barrier

—_—
o
—
-~

(

Reduction of trench width using SLs

Il. FABRICATION METHOD FOR RECTANGULAR (vi)
QUANTUM WIRES AlAs thin barrier

Figure 1 shows schematically the process employed in the GaAs wire
fabrication of the GaAs/AlAs rectangular QWR’s. The first  Growth of GaAs wires and
step is substrate patterning. Tk@01) GaAs substrates are upper barriers
patterned with V-shaped grooves oriented along (D)
direction, using eIectrQn-beam lithographyEOL _6000F$_ FIG. 1. Schematic illustrations of the fabrication process of
and wet chemical etching. We formed 150-nm-p|tch gratingssaas/AlAs rectangular QWR's.
composed of 600 grooves, where the sidewalls of the
V-shaped grooves are (114 Yacets. Low-pressurér6 torr short-period SL’'s can laterally grow ofL10) facets. The
MOCVD growth using trimethylgallium, trimethylalumi- difference of the growth mechanism between the AlAs layer
num, and arsine were applied. An AlAs layer initially grown and GaAs/AlAs SL's orn(110) facets will be discussed else-
on the V-shaped grooves produces trench structures with vewhere. By changing the number of SL’s or the thicknesses of
tical sidewalls?~®The sidewalls correspond ta10) facets GaAs or AlAs layers in the SL’s, the trench width can be
perpendicular to th€001) substrate. We observed that the precisely controlled. The next step is the growth of GaAs
trench structures can be formed when the growth temperatusgires inside the trenches. As a result of the migration of Ga
is 620 —650 °C and the group V/III ratio for AlAs growth is species into the trenches, the GaAs growth rate at the bottom
110-220. We have reported that the trench width betweenf the trenches is enhanced compared to the growth rate on
the opposite sidewalls is determined by the growth condiplanar substrates. We found that the GaAs wire thickness is
tions, i.e., by a combination of the growth temperature angroportional to the supplied thickness and that the enhance-
the group V/III ratio for AlAs growt???3 The trench width ment factor is determined by the growth conditfdrThus
becomes about 20 nm when the growth temperature ithe thickness of the GaAs wires can be precisely controlled
620 °C and the V/III ratio is 220, whereas the trench widthby changing the GaAs growth time. The final step is growth
becomes about 30 nm when the growth temperature isf the upper barrier layer, where AlAs, &g _,As, or
650 °C and the V/III ratio is 110. Since the lateral growth GaAs/AlAs SL’s can be chosér.
rate on the(110 facets is slow, an increase in the AlAs  Figure 2 shows a transmission electron microscopy
growth time does not effectively reduce the trench widthbright-field image for the cross section of a typical trench-
below the growth-condition-determined dimensions ofburied QWR that includes the narrowing SL’s. The dark and
20-30 nm. To further reduce the trench width, GaAs/AlAsbright spots correspond to the GaAs and AlAs lattice images,
short-period superlattice laye(SL's) were grown after the respectively, exhibiting a 13-nm-wide and 13-nm-thick
formation of the base AlAs trenches because GaAs/AlAmearly square GaAs QWR surrounded by barrier layers with
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GaAs growth time. Only sample 4 had five pairs of thin
GaAs/AlAs (0.4-nm/1-nm SL’'s that were successively
grown on 20-nm-wide base AlAs trenches. The last AlAs
layer in the SL’s is 4 nm thick. The SL’s reduce the trench
quantum wire width to 16-17 nm. The GaAs wires were designed to be
about 10 nm thick. The wave functions are tightly confined

GaAs/AlAs within the GaAs wire regions in all samples due to the large
superlattice energy difference between the GaAs wire regions and the
/ surrounding barrier regions.
AIAS Il. POLARIZATION-DEPENDENT PLE SPECTRA
/ OF RECTANGULAR QUANTUM WIRES
Figures 3a)—3(d) show the low-temperaturél5-K) PL

and PLE spectra for samples 1-4, respectively. A few milli-
watts of Ti:sapphire laser light with a spot size of 1@t
was used for excitation. The dotted lines represent the PL
FIG. 2. Transmission electron microscopy bright-field image forspectra. The solid circles and open circles are the PLE spec-
the cross section of a typical trench-buried QWR that includes nartra obtained with incident polarizatiodlight electric-field
rowing SL'’s. Dark and bright spots correspond to the GaAs andsecton parallel and perpendicular to the wires, respectively.
AlAs lattice images, respectively. The incident light is traveling parallel to the epitaxial growth
direction. The PLE spectra in all samples have clear peak

an interface roughness of several monolayers. The structufdructures corresponding to optical transitions between quan-
consists of an AIA$23-nm) layer; seven pairs of GaAs/AlAs tized conduction and valence subbands, as indicated by the
(0.8-nm/2-nm SL’s, where the top AlAs layer is 4 nm thick; arrows. It is observed that each peak exhibits strong polar-
a GaAs(2-nm) layer; a thin AlAs(4-nm) barrier layer; and a ization anisotropy. The Iowest-e_ner_gy and third energy PLE
thick Aly ,Gay 6As cover layer. These thicknesses correspond€aks appear for parallel polarization, the second peak ap-
to those on the planar substrate. This sample was grown atR¢ars for perpendicular polarization, and the fourth peak
growth temperature of 650 °C with a group V/Ill ratio of 110 (shouldey appears for both polarizations. The peak positions
for AlAs growth. Under this growth condition, the growth- are found to vary with changes in the wire size. It should also
condition-determined trench width is about 30 nm. The lay-Pe noted that the shapes of the PLE spectra, such as peak
ered structures of the SL's can be seen at the bottom ari@tensity and the degree of polarization anisotropy at each
sidewalls, demonstrating that the growth of SL’s can reducdransition peak, vary with the samples. In Fig¢a)3-3(c),
the lateral width from 30 to 13 nm. which show the changes in the PLE spectra as a function of
For measurement of PLE Spectra in rectangl_”ar QWR’SEhe wire thiCkneSS, the second PLE peak becomes smaller
we prepared four kinds of QWR'’s with different wire sizes compared to the intensity of the first peak and the third peak
(samples 1-4 Table | shows the widths and thicknesses forProminently appears as the thickness of the QWR’s becomes
samples 1—4 evaluated by TEM observation. Here we chos&inner. Samples 2 and 4, which have almost the same cross-
a growth temperature of 620 °C and a group V/III ratio of Sectional ratio, exhibit similar PLE spectra except for the
220 for AlAs growth in order to prevent the incorporation of difference in the energetic positions of the peaks. These re-
carbon impurities by increasing As coverage on the growinriults Clearly demonstrate that the CharaCtem.S“CS of valence-
surfaces. The reduction of residual impurities is important inPand structures, which determine the transition strength and
the study of band structures through PLE properties becaugolarization anisotropy, significantly depend on the cross-
band-edge structures disappear due to band-filling effects, #§ctional ratio of QWR'’s. The origin of each PLE peak will
will be discussed elsewhere.Under this growth condition, Pe discussed theoretically in Sec. VI
the growth-condition-determined trench width is about 20 In Figs. 3a)-3(d) the lowest PLE peaks are Stokes
nm?! Samples 1-3 are composed of a 20-nm-wide AlAsshifted by 15-30 meV, which is comparable with PL inho-
trench, GaAs wires, and an upper AlAs barrier layer. Themogeneous broadening for each sample. We ascertained that
thicknesses of GaAs wires of samples 1-3 were designed {§€ energetic positions of the lowest- and higher-energy PLE

be about 16, 13, and 11 nm, respectively, by changing theeaks do not sensitively depend on the detecting photon en-
ergy of PLE measurement. The Stokes shifts are therefore

attributed to the nonuniformities along the wire direction. It
should also be noted that the QWR’s used in the present
study were slightly doped due to the residual carbon impuri-

TABLE I. Structure parameters of QWR samples.

Lateral width Vertical thickness e ! )
ties incorporated during growtli. The hole concentration
Sample (nm) (nm) . - . .

was estimated not to be sufficiently high to modify the
1 20 16 valence-band structures. However, we have to take into ac-
2 20 13 count that the phase-space filling and screening effects due to
3 20 11 the residual holes reduce the excitonic binding energy. When
4 17 10 the background carrier concentration is very low, the exci-

tonic binding energy is estimated to be 10—20 meV for 20-
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nm-wide QWR’s31*5-38|n this case, the transition spectrum
has pronounced excitonic transitions and suppressed inter-
band transitions because the strong Coulomb interaction con-
centrates the oscillator strength into the excitonic transitions
from interband transition$-3® On the other hand, the re-
duced excitonic effects due to the residual carriers cause the
decrease of the excitonic transitions and recovery of the in-
terband transitions. Note that in the 1D system the oscillator
strength conservation rule holds near the band-edge region
because of the inverse-square-root dependence of the density
of states. Since the excitonic binding energies are obviously
below the inhomogeneous broadening of 15-30 meV in the
present experimental conditions, it is unclear whether the
observed peak structures are due mainly to the excitonic
transitions or to the interband transitions reflecting the
inverse-square-root-type density of states. It should be em-
phasized that polarization properties of the excitonic transi-
tions strictly reflect the characters of the valence subbands
forming the excitonic state¥€. Thus, even if the excitonic
effects are not negligible, the main features of the transition
spectra are considered to be similar to the calculated inter-
band absorption spectra in the QWR’s with a smaller exci-
tonic binding energy than the inhomogeneous broadening.
From the above reasons, we will discuss the experimental
results based on the interband optical transition spectra by
considering the characteristics of 1D valence subbands in the
next section.

IV. INTERBAND OPTICAL TRANSITION SPECTRA
OF RECTANGULAR QUANTUM WIRES

A. Calculation model and method

Our theoretical discussion on interband transition proper-
ties begins with an analysis of electron and hole states that
are confined in the rectangular GaAs wire regiovith a
lateral width ofL, and vertical thickness df,) surrounded
by infinite potential barrierd! Since we deal with the optical
transitions near the fundamental GaAs band-gap energy, we
can assume that the conduction and valence bands are decou-
pled and can neglect the effects of split-off bands. A simple
effective-mass model can be used to describe the electron
states in the conduction band. The conduction-band wave
functions wfn”;','f()(r) are written as

. .mn
Sin Sin

2
(M) () =
T

z
exp(—iky)up, ,

@

where the uﬁ18 are the two spin-degeneraten{= *1/2)

Bloch functions at the bottom of thEg bulk band,m and
n refer to the indices of the envelope component inxtaand
z directions, and is the wave vector in thg (wire) direc-

10 nn?). The dotted lines indicate the PL spectra. The solidion- On the other hand, valence-subband states can %e ana-
circles and open circles represent the PLE spectra obtained wityz€d with the Luttinger-Kohn %4 HamiltonianH”,™
incident polarization parallel and perpendicular to the wires, respectnodified by Bockelmann and BastditiThe valence-band
tively. The incident light travels parallel to the epitaxial growth wave functionsyi(r) are expanded by using an orthogonal

direction.

function set®
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2 TMX Nz wires. In this calculation, the electron effective massmdf
hi(r)= C % ; JL}ﬁjm‘n) sin —— sin— =0.06Tn,, wheremy is the electron rest mass, and Lut-
xtz M i X z

tinger parameters of,=7.21 andy,= y3=2.49 are used.
X exp(—iky)u, , (2)  These Luttinger parameters give the hh and Ih effective
! masses of 0.48, and 0.1In,, respectively, in the GaAs
bulk. The vertical axis shows the absorption intensity nor-
whereu®,, (m;==3/2 and+ 1/2) represents the degenerate malized for the wire cross section. The horizontal axis is the
Bloch fun'ctions at the top of valence banflg] and the Sum of the conduction- and valence-subband confinement

suffix | refers to the index of the 1D valence subband numenergies normalized by?:%/2mgL%. The unit scale of the
bered from the top of the valence bandkatQ. Substituting horizontal axis corresponds to 0.94 meV whgp=20 nm.

the expanded wave functiof®) into the matrix equation The labelv|-c, , denotes a transition between thevalence
[H”—EL(k)]z,bL(r):O, we have the secular equation of a subband and the,, , conduction subband with them(n)

4 mnx4 mn real matrix to be solved for the eigenenergyenvelope. Since each valence subband consists of various
EL(k) and eigenvectord, \™" of each valence-subband (m,n) envelope states, thg, , conduction subband can op-
state! : tically couple with many valence subbands according to the

The optical transition probability can be discussed basedransition probabilityK| (™" . The label[cy, ,] represents
on the squared transition matrix element of a transition bethe energy region of the transition series concerning the
tween thelth valence subband, and the conduction sub- cg,, subband. In this calculation, we take into account the
band ¢, ,, which comprises the electron state with thelowest seven conduction subbands and 16 valence subbands.
(m,n) envelope. The squared transition matrix element is In Fig. 4 thec, -related transitions form the lowest two
giver?® as absorption peaks with different polarization dependence,
whereas higher-energy absorption peaks are composed of the
Co1 C1.7 C2.,y C3.97, Cp 3, andcy related transitions. First,
= (mm2_ mn (2 wl—(mn we discuss the behaviors of the lowest two absorption peaks.
M )lz_; |<¢E"s'k)|e'p|¢k>|2_l<k "Kelplv)l In the nearly square QWR’s with the cross-sectional ratio
° (3) L,/L,=10/9, in Fig. 4a), the lowest-energy absorption peak
is attributed to the;-c, ; transition having strong transition
) 1 2 s (2 1 (2 probability for mainly parallel polarization, whereas the sec-
Ki =3 (a2 ™17+ 13 S5 | )+ 5 (N ond absorption peak due to the-c, ; transition has transi-
tion probability only for perpendicular polarization. These
1 two peaks exhibit a large transition strength and strong po-
+H G2 = (I g larization anisotropy because the hh component and the Ih
V3 component with thé1,1) envelope as well as the hh-lh mix-
ing term are large in both the; and v; subbands. With
. (4) increasing cross-sectional ratio, the-c, ; transition for per-
pendicular polarization increases and thgc, ; transition
decreases, whereas the-c, ; transition for parallel polar-
where £ is the polarization vector of the Iight(c|p|v>|2 ization maintains almost the same transition probability. The
corresponds to the transition probability of the GaAs bulk,small anisotropy at the;-c, , transition, as shown in Fig.
andK} (™" expresses the polarization-dependent factor irf(d), is attributed to the reduced hh-lh mixing in the sub-
the squared transition matrix element. The signand— in ~ band, indicating that the; subband becomes hh-like in
the third term of Eq(4) correspond to the polarization vector €longated QWR'’s. In addition to a reduction in thg-c;
parallel and perpendicular to the wire axis, respectivelytransition, an increase in thes-c,; transition makes the
Polarization-dependent absorption spectra are obtained Igcond absorption peak broad and unclear. These results
using the squared transition matrix element and the joint derdemonstrate that strong polarization anisotropy in the lowest
sity of states. two absorption peaks, which show the opposite polarization
dependence, can be obtained only when the cross-sectional
shape is nearly square.
It should be noted that transition properties of higher-
energy transitions also depend on the cross-sectional ratio,
Figures 4a)—4(d) show the numerically calculated ab- reflecting the changes in the hh and |h components with
sorption spectra and the valueskdf_{™" at each transition higher (m,n) envelopes. However, it is difficult to distin-
edge k=0) for rectangular QWR’s with cross-sectional ra- guish the contribution of individual transitions to the change
tios of (& L,/L,=10/9, (b) L,/L,=4/3, (c) L,/L,=3/2, of the absorption spectra because various transitions ener-
and(d) L,/L,=2/1. The solid lines and dashed lines in the getically overlap. Here we describe the characters of only the
upper part of each figure represent the absorption spectra fay, - and ¢, rrelated transitions, where relatively-low-index
incident polarizatior(light electric-field vector parallel and  valence subbands , andv,) are dominantly concerned. Ac-
perpendicular to the wires, respectively. Sdltched bars  cording to the calculated results, thg-c,; andv4-c, 4 tran-
in the lower part of each figure show the values ofsitions have transition probability mainly for parallel polar-
K'k;(m'”) for the electric field paralle(perpendicularto the ization, whereas the,-c;, and v4-c;, transitions have

+:elly
—ellx

[—(m.n) 11— (m,
+Jk,|/(2m n)‘]k,—(r:?/;))(

B. Polarization dependence of transition matrix element
and absorption spectra in rectangular QWR'’s
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FIG. 4. Numerically calculated absorption spectra and valuds'k(;%m'”) at each transition edge&k€0) for rectangular QWR’s with
cross-sectional ratios @é) L, /L,=10/9, (b) L,/L,=4/3, (c) L,/L,=3/2, and(d) L,/L,=2/1. The solid lines and dashed lines in the upper
part of each figure represent the absorption spectra for incident polarization parallel and perpendicular to the wires, respectively. The
horizontal axis is the sum of the conduction- and valence-subband confinement energies normaﬁikalhyloLf. Solid (hatched bars
in the lower part of each figure show the valuesKQL(om'”) for electric fields paralleperpendicularto the wires. The label,-c, , denotes
the transition between thg valence subband and tlug, , conduction subband with ther(n) envelope.

transition probability for both polarizations. As shown in the large energy shift of the; , subband. As a result, only
Fig. 4(a), thev,-c, ; transition begins to increase absorptionthe v,-c,; andvy-c, 4 transitions form the third absorption
for parallel polarization at a normalized energy of 90 and thepeak for parallel polarization. In the elongated QWR with
U4-Ca1, U2-Cy 2, anduv4-Cy , transitions form the large third L,/L,=2, as shown in Fig. @), it should be noted that
absorption peak for parallel polarization. The transition prob+ransition probability for parallel polarization of the-c, ;
ability for perpendicular polarization in the,-c;, and transition at a normalized energy of 150 is highly enhanced,
v4-Cy , transitions also increases absorption around a norforming the prominent third absorption peak. In contrast to
malized energy of 100 for perpendicular polarization. Withthe smaller anisotropy in the;-c, ; transition, the third peak
an increase in the cross-sectional ratio, the energetic positiagxhibits strong anisotropy, indicating strong hh-lh mixing
of the ¢, srelated transition drastically increases because ofvith the (2,1) envelope in the , subband. As explained ear-
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lier, absorption spectra and polarization properties signifi-

' . : _ T 80
cantly vary with the cross-sectional ratio, especially around § E —— Parallel [C34]
the lowest three absorption peaks. 2 7OF Perpendicular [Cy 2]
E 6.0 - [02’1] ;
C. Comparison of theory and experiment % 5.0 - c.q  ~ \J
Figures %a)—5(d) show the calculated absorption spectra § 4.0 3 '
for rectangular QWR’s with(@ L,=21 nm, L,=16.5 nm; % 30
(b) Ly=21nm, L,=13.5 nm; (¢) L,=21 nm, L,=11 nm; S 20F
and(d) L,=17 nm,L,=11 nm. The vertical axis represents < 10 3
the absorption coefficient and the horizontal axis shows the T (@) / 21x16.5nm
transition energy at 15 K. These wire sizes were chosen to 0% 155 16 165 1.7
achieve the best fit with the lowest two PLE peaks measured Photon energy (eV)
for each sample. Here the homogeneous broadening of 6 = 8.0 p "~
meV at half-width at half maximum has been included by  § ,, f — Parallel [C12]
using a hyperbolic secant-type line-shape function. In the 2 | Perpendicular [Cy4]
figures, the labéllc,, o] denotes the conduction subband that ‘E; 6.0 3
mainly contributes to forming the absorption peak. 2 50¢F [Ci 4]
As for the lowest three PLE peaks, polarization anisot- § 40 F
ropy and the dependence of transition strength on the cross- e :
sectional ratio(sizeg are well simulated by this theoretical S 3.0 3
calculation. With an increase in the cross-sectional ratio, the g 20
second absorption peak for perpendicular polarization broad- £ 14 E (b)
ens and the third absorption peak denoteddyy] increases : / . 1 x13.5nm
for parallel polarization, consistent with the experimental re- 05 T THs 165 1.7
sults. It is found that higher PLE peaks, including the third =~ __ Photon energy (eV)
peaks in all samples, show a tendency to have lower quan- T 80
tized energies than the calculated peaks. This is because the 9 ,, t —— Parallel
electron wave functions in the higher conduction subbands £ "~ f Perpendicular [Coq]
penetrate into the barrier regions having finite potential & 60 f
height. However, the main features of the polarization prop- 3 50 F (C14]
erties are maintained because the penetration effects are § 40 3
weaker for the relatively-low-index valence subbands that 2 " |
dominantly determine the transition properties. Thus we can £ 3.0
discuss qualitatively the polarization properties of the higher g 20 E
peaks based on the calculation. o E
In Fig. 3(@) the PLE spectrum for perpendicular polariza- 10F (o)
tion begins to increase around 1.59 eV, exhibits a shoulder 0 . L
. ” 15 1.55 1.6 1.65 1.7
structure around 1.62 eV, and gradually increases again Photon energy (eV)
above 1.63 eV, whereas the spectrum for parallel polariza- = g4 .
tion has a small peak structure at 1.62 eV and increases g E — Pparallel (Co 4]
drastically above 1.62 eV. Figurgl$ also shows a similar % 70E Perpendicular (G, ]
spectra, i.e., the fourth pedkhouldey appears around 1.64 = 60F '
eV for both polarizations and the PLE intensity increases 2 5.0 3
above 1.66 eV for parallel polarization. According to the ¥ 7 |
calculated transition probability in Figs.(® and 4c), 8 40 ,
Cc,-related transitions, such ag-C, 1, vg-Cz1, V11-Co1, § 30k : i e
andv3-C, 4 transitions, contribute to increasing absorption g ; i
for perpendicular polarization, whereas thg-c,, and § 20 3
v4-Cy » transitions cause absorption for both polarizations. It 10 £ (d) 17 %71 nm
should also be noted that tieg - andc, related transitions Py S ! .
have large transition probability for mainly parallel polariza- 15 1.55 1.6 1.65 1.7

tion, forming absorption peaks in the higher-energy side of Photon energy (eV)

the ¢, ;- andc, srelated transitions. Thus the fourth peaks

(shoulders and the increase of PLE intensity above the g, 5. Calculated absorption spectra for rectangular QWR's
fourth peaks are attributed to tlwg rrelated transitions and  with (a) L,=21 nm, L,=16.5 nm; (b) L,=21 nm, L,=13.5 nm;

to thec; - andc, yrelated transitions, respectively. As for (c) L,=21 nm, L,=11 nm; and(d) L,=17 nm, L,=11 nm. The
sample 3, the calculation reproduces well the PLE spectrgertical axis represents the absorption coefficient and the horizontal
around the lowest three peaks for both polarizations. Thexis shows the transition energy at 15 K. The Idfg)} ,] denotes
featureless PLE spectra in the higher-energy side of the thirthe indices of the transition series.
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peak are attributed to wide subband energy separation in thée physical origin of the PLE peaks. They also explain well
thin QWR’s. As discussed above, the experimental resultthe dependence of the transition strength and polarization
are well explained by the theoretical calculation, clarifying anisotropy on the wire cross-sectional shapes as to the lowest
the polarization properties and the cross-sectional shape d#iree or four PLE peaks. It was demonstrated experimentally
pendence of the lowest several absorption peaks in rectangand theoretically that the characteristics of the 1D valence
lar GaAs QWR'’s. These results clearly confirm the forma-subbands depend significantly on the quantum confinement
tion of 1D valence-subband structures, which significantlyconditions, i.e., on the relative confinement strength between
vary depending on the quantum confinement conditions inwo spatial directions. In the present study, 1D excitonic ef-
QWR's. fects distinctive from interband optical transitions were not
clearly observed. It was indistinguishable whether the impu-
V. CONCLUSION rity effects prevented the formation of excitonic states or
) ) ] inhomogeneous broadening concealed the excitonic features.
In summary, we studied experimentally and theoreticallyryrther improvements in the fabrication technique, such as
the interband optical transition spectra of GaAs/AlAs reCta”‘precise control of wire sizes and shapes as well as a reduc-
gular QWR's of various wire sizes. The high-quality GaAs tion in residual impurity, are necessary to allow the more
QWR’s with lateral sizes below 20 nm were achieved bygetailed optical properties of 1D excitons to be
MOCVD growth on nonplanar substrates. Experiments demmvestigated.2'31'41'42
onstrated that the polarization properties of the PLE spectra,
which have several clear peaks corresponding to the optical
transition_s pgtween guantized conduction anq valencg sub- ACKNOWLEDGMENTS
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