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Strain-induced optical anisotropy in self-organized quantum structures
at the E; transition
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In-plane optical anisotropies @D01)-oriented InAs/InP self-assembled quantum wires and dots
structures are studied by means of photoreflectance in the spectral regiorEgftthasition of bulk

InAs. The energy position of the transition observed in the quantum wires depends on the light
polarization; quantum dots do not exhibit, in contrast, such an optical anisotropy. This anisotropy is
attributed to the splitting of the four-fold degener&ige transition produced by the strong triaxial
behavior of the strain that appears in wires and not in dots2000 American Institute of Physics.
[S0003-695(00)00616-1

After the development of the lattice-matched quantumQWs and superlattices grown on lowsymmetry oriented
well (QW) structure and the introduction of strained well substrates®! In this letter we present a polarization study
layers by means of the heteroepitaxial growth, additional adef this transition both in InAs self-organized QWRs and QDs
vance in semiconductor science has been achieved via fugrown on(001) InP substrates. Large in-plane optical anisot-
ther reduction of dimensionality, i.e., obtaining quantumropy is found in QWRs, which appears as an energy differ-
wire (QWR) and quantum dotQD) structures. The most ence orsplitting of the QWR-related-like transition when
suitable approach to these structures from the technologicaheasured using light polarized parallel or perpendicular to
point of view, due to its feasibility and damage-free naturethe QWR axis. On the contrary, no significant in-plane opti-
could be the one based on the selforganization process. Thigil anisotropy is observable in QDs. The splitting is caused
process takes place during the heteroepitaxial growth and 8y the strong shear component of the strain that appears in
the consequence of the elastic relaxation of the strain cause&ir wires. Calculations within the finite difference method
by the lattice mismatch between epilayer and substrate. Sugnd deformation potential theory together with the experi-
prisingly, although self-organized QDs were obtained for themental results allow us to estimate the intervalley deforma-
first time more than one decade ago and their basics are wdipn potential of bulk InAs at. (D).
understood, work on self-organized QWRs is very recent  InAs self-organized QDs and QWRs were obtained on
and scarcé;® their formation being object of controversy nominally flat (001) InP substrates by means of molecular
and their physics remaining unexplored. beam epitaxy(MBE). InAs is deposited under the same con-

Magnetophotoluminescence investigations in strainedlitions in both cases, being the substrate temperature, arsenic
QWRs fabricated through electron-beam lithography and weressure and growth rate respectively 400 °Cx1®~°
etching on(001) substrates reveal that such structures exhibifnbar and 0.5 ML/s. Once the InAs deposition is finished, an
a strongly anisotropic straft’ This anisotropic strain causes annealing under arsenic flux at a substrate temperature of
large behavior deviations with respect to biaxially strainedt?80°C takes place for 10-20 s. As the reflection high-
QWs. For instance, due to its symmetry-breaking effect orfnergy electron diffraction pattern indicates, the two-
the hole wave function§ photoluminescence signal shows dimensional to three-dimensional transition occurs during
an important strain-induced in-plane optical anisotropy.the annealing. The appearance of QDs or QWRs crucially
However, quantum confinement and strain effects are oftedePends on the manner in which the buffer layer is grown.
mixed so that they are difficult to distinguish. Thus, when atomic-layer MBEALMBE) is used, isolated

The strain effect is expected to be more easily observQDPS form. On the contrary, MBE gives rise to the systematic
able in theE, transition than in théE, one. As a matter of foirmatlon of surface rogghness wth feature.s preferentially
fact, the large effective masses at thgoint of the Brillouin ~ @ligned along th¢110] direction, which establishes the lon-
zone make the quantum confinement effect shaaltl some- ~ 9itudinal axis of the QWRs that form afterwards.
times negligiblé for typical nanostructure dimensions. On _Figure 1 shows representative atomic force microscopy
the other hand, anisotropic straiontrary to the biaxial (AFM)images of samples containing Qs and QWRs(b)
strain of strained QWsmay break the four-fold degeneracy Structures. QDs show a slight elongation along [h&0]
of the E, transition. This could result in a large in-plane diréction. The wires observed in the QWR sample have a

optical anisotropy similar to that found in lattice-matched Uit regular size, being the length of the wires usually larger
than 1 um.
The polarization study of th&; transition of QDs and

dE|ectronic address: josea@imm.cnm.csic.es ; ;
YInstitut d’Electronique et de Micrdectronique du Nord, Dgartement QWRs was carried out at 80 K via photoreﬂectarﬁ@&).

ISEN, BP 69, 59652 Villeneuve d‘Ascq cedex, France. UMR CNRs8520.Incident light was polarized along the directions parallel and
®Electronic mail: jorgem@imm.cnm.csic.es perpendicular[110] and[110], respectively to the QWR
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FIG. 3. Optical response of tHe interband valleyg[111], [111], [111],
and[111]) in the [110] (solid line) and [110] (dashed ling directions
calculated for a(001) biaxially strained zinc-blende semiconductor as a
function of the in-plane strain component,).

=—2(C1p/C1pe; exy=8x,=&y,=0], due to its high sym-
metry, modifies the energy, but does not remove the degen-
eracy of this transition. Nevertheless, its shear part induces
intravalley interactions between the valence band states
FIG. 1. Representative AFM images of InAs QB) and QWR(b) struc- - anq in consequence, modifications in the oscillator strength.

tures grown under similar conditions on nominally @62 InP substrates. Ei 3 sh th lati int it f the f fi
The InAs deposition amounts to 3.5 ML in the former and 4.5 ML in the Igure 5 shows the relatve intensities o € four energet-

latter, whereas the buffer layer was deposited using, respectively, ALMBECally equivalentE; transitions versus the in-plane strain
and MBE. component §,) calculated for th¢ 110] and[110] polariza-

tion. The intraband deformation potentials was taken to be

3_ : oenliting . —
axis. Figure 2 displays PR spectra from the samples of FigP3= —4.3€V, and the spin-orbit splitting,=0.22eV. As

1. QDs[Fig. 2@)] exhibit a feature, close to 2.65 eV, asso- €an be observed, whe) is similar to the lattice mismatch
ciated with theE, critical point of bulk InAs® QWRs also  between InAs and In3.1%), the optical response of tHe

exhibit this featurdFig. 2(b)], but the energy position of this interband valleys is completely polarized along eitfet0]
feature depends on the light polarization. The intensity of thé[111] and[111] valleys or [110] ([111] and[111] val-
feature observed does not depend on light polarization nel€y9. Since the degeneracy is not removed and the relative
ther in QDs nor in QWRs. intensities of the different contributions to the signal are the
A simple Kronig—Penney model, applied to thepoint ;ame,(QOl) biaxi.al strain shoglq not cause any in-plane op-
of the Brillouin zone, has been used to explain the behavioHCal anisotropy in theg, transition. o
of the E, transiton in lattice-matched QWs and QWRs are strained to the substrate along their axis, but
superlatticed?® However, the effect of strain on the band they may be elastic relaxed in the directions perpendicular to
structure has to be taken into account previously whern€ wire axis. Figure 4 presents cross-section strain mappings
strained nanostructures are considered. The tfointerband ~ corresponding to an InAs/InP QWR like those of the sample
valleys, corresponding to thg111], [Hl], [11_1], and inFig. 1. These strain mappings has been obtained within the

[111] directions, give rise to the four-fold degenerdig finite difference method assuming infinite length and display
transition. (001) biaxial strain [ex—=eyy=¢;; €,~&, the values of the strain components, referred to the basis

characteristic  of the QWR ({x',y’,z'}={[110],
[110],[001]}), in the {110} plane, perpendicular to the
QWR axis. Thee,,,, andey,,, components have negligible
values and for simplicity only,,, ande,,,,» mappings are
shown. In general, elastic relaxation becomes important only
at the QWR edges, i.e., strain varies little in its central re-
gion. Notice that thg110 plane is an inversion plane for
ey - In the{x,y,z} ={[100],[010],[001]} basis the strain
components satisfy the relationships

AR/R (arb. units)

Sxngyy:(sxrx/+8yryr)/2,

E27= &1z,

24 26 28 3.0 Exy= (8xx ~Eyry)2,

energy (eV) Exz= &y~ Exrp 2.
FIG. 2. 80 K PR spectra of the samples of Fig. 1 showing the(@and - 3 - .
QWR (b) relatedElike transition of the QDsa) and the QWRsb). The Therefore, the strain state (_)f a self Qrganlzed QWR consists
incident light beam was polarized along th#10] (solid line) and [110] of two parts, one(001) biaxial-like (diagonal components

(dashed lingin-plane perpendicular directions. and the other purely shear-likethondiagonal ongs The
Downloaded 26 Feb 2010 to 161.111.180.191. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 76, No. 16, 17 April 2000 Prieto et al. 2199

lar direction, all of them showing the same relative intensity.

g Nevertheless, according to the picture given by thenige

z Penney model, wave functions are expected to be localized

E mainly in the QWR central region. Here, the mean value of

g 6 4 2 0 2 4 6 £y, IS zero as thd110 plane is an inversion plane for this

- [110] axis (nm) strain component. Therefore, instead of three features only

two should be observable in self-organized QWRs. The
I | strain-induced energy difference between these features or
-0.03  -0.025 -0.02 -0.015 -0.01 splitting is given by

E ex’z’ AEl(Sxy):z(D?)sxy/v‘fS-

g Due to the large QWR length and width compared to its

é height the confining direction should be mainly tH@01]

= , one, and therefore, anisotropic strain must be the principal

= 6 -4 2 0 cause of splitting so that the observed optical anisotropy is a

[110] axis (nm)

measure of the mean value&y,, i.e., the anisotropic elastic
relaxation in the growth plane. Moreover, in view of Fig. 3
both transitions should exhibit the same oscillator strength,
as is experimentally observed. From the experimental split-
FIG. 4. Cross-section st_rain mgppings showing different str_ain componentging of the E; and the theoretical calculation @f(y, Di for
referred to the basis defined by the QWR axigx'(y',z'} InAs can be estimated to be 30 eV.

={[110],[110],[001]}), in an InNAs QWR 15 nm widéat basg 2 nm high, . . . .
and faceted by001] and[113] planes. The dimensions of the InAs wire In conclusion, the anisotropic strain of self-assembled

were taken from transmission electron microscopy pictdRe. 5. QWRs has been found to cause large in-plane optical anisot-
ropy by means of the splitting of thg; transition into two
new features. Contrary to the QWRs, self-assembled QDs do

(001) biaxial-like part, as commented before, maintains thenot exhibit any splitting.

degeneracy of th&, transition, but modifies the optical re- ) ) ] . )
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