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Influence of the inhomogeneous strain relaxation on the optical properties
of etched quantum wires
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Inhomogeneous strain relaxation in quantum wires etched from biaxially strained quantum wells is calcu-
lated. Characteristic features of the strain field are systematically discussed as a function of wire dimensions
and illustrated with various semiconductor systems either under compressive or tensile strain. We provide a
general relaxation curve. The shift of the band-gap energy in nanostructures due to the calculated strain field is
then predicted and compared to data obtained from optical spectroscopy experiments.
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Strain relaxation is expected to play an important role inbonds (bond bending and bond stretch)ndhat each atom
guantum wiredQWRS9 etched from quantum well@QWs) makes with its four nearest neighbors. Thus, we can obtain
that are under biaxial strain due to the lattice mismatch withthe atomic positions in the whole structure by finding the
the underlying substratéor buffer layej. These structures minimum energy configuration as the wire is allowed to re-
undergo a partial elastic relaxation in the vicinity of the side-lax an initial biaxial strain. We consider here a periodic array
walls created by the patterning process, distorting the initiabf wires of infinite length and have neglected surface recon-
uniform strain state. This distortion can affect the propertiestruction on sidewalls.
of the QWR depending on the lateral size of the wire as  Thjs calculation is developed for various QWRs etched
compared to the thickness of the strained QW. Some of thgom single[001] QWs under either compressive or tensile
optical results for semiconductor QWRs—such as energyi ain. The growth axis is denotez=[001], the in-plane

shifts of the optical transitions—have been qualitatively re'directionsx=[110] andy=[110]. Note thatx andy are not

lated to such relaxation phenometfaSimple analytical so- T : : o
lutions assuming a homogeneous strain in the wire have beé[Re .CUb'C dlrectlons. Before etchmg,'the wellis under b"’."X'al
strain, the lattice mismatch in-plane deformations

used to account for experimental dataa posteriorj with-
P b l €xx= €yy= €| being imposed by a buffer. After etching of

out predictingstrain relief in the wire. More recently, calcu- ©x ] . ) A
lations using continuum elasticity theory were reported forVires oriented along thg110] direction, the wires can relax

several structures.However, no quantitative studies have their strain by the two lateral edges on which stress vanishes.
been carried out so far to predict the influence of elasticlherefore, onlye,, remains fixed by the buffer, since the
behavior on the electronic properties of etched QWRs. Thigvires are very long. We have investigated especially the case
is the purpose of this work. of three compressive semiconductor QWRs on which numer-

First, we calculate atomic positions and strain fields inous experimental data are available, namely CdTe QW
actual etched QWRs, taking into account inhomogeneouwith CdggZngisTe barriers and buffér (e= —0.73%),
strain relaxation in the system. Characteristic features abodnggdCdo.05€ QW with ZnSe barriers and buffér® [blue
strain relaxation in QWRs are discussed as a function of wiréaser syster? ()=—1.34%], and Iny;dGaggAs with
dimensions and illustrated with various semiconductorGaAs barriers' (/= —1.28%. As a case of tensile strain,
QWRs either under compressive or tensile strain. We proZnTe QW between fully relaxed ZgpdMggoole layers is
vide ageneral relaxation curvevhich can be applied to very also considerede|= +1.03%), experimental work on this
numerous systems. Band-gap energy shifts produced by theew system being underway. All lattice and elastic constants
calculated strain field in these structures are then estimatewlere taken from Ref. 8 for telluride and arsenide systems,
and compared to experiments when available. and from Ref. 4 for selenide systems QWRs.

Strain fields in relaxed QWRs are calculated within Keat- Results for 80 nm wide CdTe and ZnTe QWRs with 10
ing’s valence force field frameworié In this model, the nm thick QWs are given in Figs. 1 and 2. Since atomic
elastic strain energy depends on geometric deformations afisplacements remain small compared to the wire dimen-
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sions, the deformations have been exaggerated in Fig. 1. Thadastic energy remains stored in the well and near the inter-
figure shows clearly how wells relax strains through the fre€aces. Such situations rarely occur with experimental struc-
surfaces created by the etching. The CdTe QW under comures. In the same way, the thickness of the cap layer does
pression pushes the edges 1.25 A outwards, dragging the twmt have much influence on the relaxation ratio as soon as
barriers with it[Fig. 1(a)], whereas the ZnTe QW under ten- h,>2Lq\. Therefore the most relevant dimensions having
sion pulls wire edges 1.70 A inwardBig. 1(b)]. The strain  some influence op appear to be the lateral widthyg Of
componente,, and shear componert, are plotted on the the wire and the thickneds,,, of the well. Since we did not
entire CdTe CgggZng1,T€ Wire in Fig. 2. The strain com- find any nonlinear effects for structures downltgyr~ 10
ponente,, [Fig. 2@)] exhibits a strong gradient in the well, nm, p should essentially depend on the “aspect ratio”
since it decreases rapidly close to the sidewalls, but the straig= L qywr/Lqw Of the well.
is partly relaxed even in the center of the wire. This is also The evolution of the relaxation ratio is reported in Fig. 4
illustrated in Fig. 3 for Zp gfCdg 05 QWRs with 10 nm  for various structures. As we would expect, it decreases with
thick QWs and lateral widths within the range 80—320 nm. increasingy (that is, with increasing lateral width of the
As QWs relax their strains, they drag the barriers and thusvires Lo\ or decreasing thickness of the welh,), since
induce deformations in these layers, which accumulate ela®ffective edge relaxation only occurs close to the sidewalls
tic strain energy and hence limit the relaxation in the well.over a distance approximately twice the thickness of the
Due to lattice commensurability, the inhomogeneous wellvell. As a consequence, strains are much more uniform in
relaxation induces an inhomogeneous deformation in the bathe well across the wire width in QWRs with higher aspect
riers. The more distorted parts are close to the sidewalls anctio y.
give rise to a strong shear componept[Fig. 2(b)] and to a On the other hand, the strain field becomes strongly non-
lattice plane bending, as is clearly shown in Fig. 1. More-uniform in the well both across the wire width and along the
over, due to edge relaxation, strains decrease rapidly in thgrowth axis for wires withy< 4. We have found that the
barriers with increasing distance from the interfaces. For instress could even turn to an overrelaxation in the center of
stance, at least 90% of the elastic energy in these layers the wire wheny= 1.5, which meang> 1. The well is then
stored in the first few 20 nm on each side of the well for allpartly “overrelaxed” due to the bending of lattice planes.
structures discussed hef@0 nm wide wires, 10 nm thick However, such cases should be considered separately since
QW, and lattice mismatch close to 1% the distribution of elastic energy in these wires is far too
In order to compare different structures, we will define ainhomogeneous to be described by a single parameter such
relaxation ratiOpzl—egxleH. Here €2, is the straine,, in  asp. Thus, we will now focus on wires withy> 4, which
the center of the wire ang| the in-plane deformation before apply to most experimental structures.
etching. Calculated values pfare more than 25% for 80 nm It can be seen from Fig. 4 that the relaxation ratidoes
wide QWRs with 10 nm thick QWs for all the considered not depend very much on the nature of the materials consti-
systems. Such a strain relaxation should indeed alter the opating the QWR. This curve(x) can be viewed, therefore,
tical properties of the structures. Let us now discuss the inas a universal one as it directly applies to other various
fluence of the wire dimensions on the relaxation rgilo QWRs structures, as long as the elastic constants do not dif-
namely the lateral width of the wireqwg, the thickness of fer too much in the wells and the etched barriers. The relax-
the wellLq\y, the distancér, from the well to the unetched ation ratiop appears to decrease as)# xo) in the inves-
buffer, and the thicknesh. of the cap layer. One could tigated range 4<y< 32, with yo~0.58, which is small
expect the well and unetched buffer to interact significantlycompared toy.
which decreaseg when reducingh,. However, we have Strain relaxation in the well will induce changes in band-
shown this decrease to be significant only for QWs verygap energy and thus energy shifts of the optical transitions in
close to unetched materiah{< 2Lq,), since most of the these structures. We have calculated the total charigef
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FIG. 3. Strain relaxation in ZysCdj .05 QWRs under com-
pression with 10 nm thick QWs and various lateral widthsyg
from 80 to 320 nm. The strain componedy, is plotted across the
wire width in the middle of the ZpgfCdy 05e QW and the position
in the well is normalized to the lateral width of the wire. The solid
line labeled “2D Ref. : Biaxially strained QW” corresponds to the
in-plane deformation in the well before etching.

and in the corresponding relaxed QWRs. The results are
plotted in Fig. 5 for 80 nm wide Zgsfd, 2,05€e, CdTe, and
ZnTe wires withLoy= 10 nm. We neglect any unidimen-
sional (1D) effects(which should be negligible fok qwg =

80 nm and the confinement energies in QWs.

This figure shows a blue energy shift of the gap
in the center of CdTe QWRs and a red energy shift in
Znggfdg .05 QWRSs as compared to the biaxially strained
QW band gap. This different behavior is due to the relative
values of the deformation potentiadsand b in these two

FIG. 2. Strain component,, (a) and shear componesy, (b) in systems, which have an opposite contribution for the lowest
a CdTe QWR under compression plotted both across the wire width@nd gap[see Eq.(1)]. Note that the band-gap energy of
(x axi9 and along the growth axisz(axis). The positions of the —these two compressive layers tends towards the unstrained
CdTe QW and of the sidewalls are shown in projection on thedap in the center of the wire as it relaxes strains. However,
(x2) plane. the band-gap energy abruptly decreases close to the side-

walls. This results from(i) a strong relaxation towards a
the band-gap energy in the well 0 by solving the Bir uniaxial strained area angi) strong shear deformations.
and Pikus strain Hamiltonidf in the [110], [110], [001]

axis set: 100
904 H O ZnggCdyySeZnSe QWRs.
AE.=a(ext €yt €)  80- A CdTelCdygZny ;Te QWRS.
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Herea, b, andd are deformation potentials taken from g 40 g Wire width Loy
Refs. 5, 4, and 13 for CdTe, 4BdCdocSe, and ZnTe, re- S 301 a X=—We“widthLQW
spectively. The first term is the effect of the hydrostatic pres- *~ 20 B »
sure and the second one comes from tetragonal or trigonal  1¢ a o

) . , : a
distortions and shear deformation. For purely tetragonal dis- 0 . . . . . .
tortion (e.g., for fully biaxially strained layejsthe ground 0 5 10 15 20 25 30 35
state AE_ corresponds to the “heavy,13,+3) (“light,” Aspect ratio .

[3,+3)) hole andAE, to the “light” (“heavy”) hole for
compressivdtensile deformation. In other cases, the energy
eigenstates\E, and AE_ are mixed states of the “light”  yesults are reported for four different structures, e.g., CdTe,
and “heavy” holes. Zng gy 205€, and Gggdng 1As QWRs under compression, and

We have computed the differenceEqyr between the znTe QWRs under tension. This curpéy) is applicable to many
band-gap energy shitkE _ in fully biaxially strained QWSs other structuregsee texxt

FIG. 4. Relaxation ratio versus aspect ratio of the wire. The
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FIG. 5. Band-gap energy shifts in €pfCdg5€e (@) and CdTe(b) QWRs under compression, and in Znl®@ QWRs under tension
(Lowr = 80 nm ,Lqw = 10 nm. The band-gap energy shift is plotted across the wire width in the middle of the well. The energy reference
(dashed line labeled “2D Ref.: Biaxially strained QW band gapbrresponds to the band-gap energy in the well before etching.

This could help diffusion of free carriers from the center of In summary, we have calculated inhomogeneous strain
the wire towards its edges where they could be trapped orelaxation in etched quantum wires. We have shown how
surface defects which are induced by the etching proess.both tensile and compressive QWs tend to relax through the
These etching defects could explain the strong decrease &fe surfaces, dragging the barriers and inducing deforma-
the radiative efficiency observed in etched QWRs with delions in these layers. We have studied the influence of wire
creasing lateral width. It is nevertheless difficult to treat thisdimensions on relaxation and have derived a “universal
effect quantitatively, but it is worth noticing that the opposite l@w” which displays how relaxation decreases with the as-
behavior is expected for tensile layers such as in ZnTd€Ct ratio of the wird gur/Low. Moreover, by contrast to
QWRs; the band-gap energy increases close to the sidewalf§€vious strain relaxation calculatiohawhich assimilated
the nanostructures to an isotropic elastic medium, our work,

and should prevent any important carrier diffusion to nonra- ~. " <" , .
diative surface defects which is not based on such an assumption, validates

If we assume that the photoluminescer@.) energy (Fig. 4) these former works. Finally, we have found band-

lines lie close to the band-gap value in the central region of@p energy sh|ﬁ§ due to strain red|str|but|on in the wire for
various II-VI semiconductors systems: for nanostructures un-

the wire, we can infer PL line shifts between unetched 2Dder compression, this calculation accounts for the different
QWs and etched QWRs. Faugywg = 80 nm andL oy =10 mp S ;
. behaviors observed in experimental data, whereas for nano-

nm we get a 6 meV redshift for ZpCdg05e QWRS, a 2 . e

. : structures under tension, we expect a strong blueshift in
meV blueshift for CdTe QWRs, and an 8 meV blueshift for nTe/Z Te wires together with an increase of ra-
ZnTe QWRs. This is in good agreement with experimentalgiative rgfﬁg\iﬂe%%m due to the? larger band gap obtained on
values given for CdTéRef. 5 and Zn, gfCdg05€ (Ref. 4 Y 9 gap

. . , both sides of the wire as compared to the one in the center.
wires, where a 2.5 meV blueshift and an 8 meV redshift WereI'his latter effect, which is induced by the inhomogeneous

observed, respectively. Therefore, it is reasonable to assume . . . .
. e . rain relaxation, is expected for most of the wires that un-
that PL line shifts in etched quantum wires are due to local’

strain redistribution. Let us note finally that the shear strainsd ergo a tensile strain.

which appear outside the center of the well generate a piezo- The authors thank G. Brunthaler for communicating pre-
electric field. However, the influence on this piezoelectricliminary results on the piezoelectric effect, and R. Cox
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