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Inhomogeneous strain relaxation in quantum dots etched from biaxially strained quantum wells is calculated.
Strain-induced band effects and piezoelectric potentials are discussed for several wires and dots ~mainly II-VI
systems, but results are generalized to other zinc-blende systems such as Inx Ga12x As/GaAs). General trends
for varying design parameters of the nanostructures are given. Results are compared to data obtained from
optical spectroscopy experiments. The case of a system under tensile strain that evidences an unexpected
relaxation phenomenon is also discussed both experimentally and theoretically. @S0163-1829~98!02023-2#

I. INTRODUCTION

Quantum wires ~QWR’s! and quantum dots ~QD’s!
etched from @001#-oriented quantum wells ~QW’s! have attracted much attention as a way to achieve one-dimensional
~1D! and 0D nanostructures with a wide range of possible
applications. Lateral confinement effects by air or vacuum
have been reported for the smallest QWR’s and QD’s.1–3
Moreover, strain relaxation is expected to play an important
role in nanostructures etched from QW’s, which are under
biaxial strain due to the lattice mismatch with the underlying
buffer layer. These QWR’s and QD’s indeed undergo a partial elastic relaxation in the vicinity of the sidewalls created
by the patterning process. This can affect the properties of
the whole structure depending on its lateral size as compared
to the thickness of the strained QW. The consequences of
strain relaxation on the electronic band structure can be
large, even in QWR’s and QD’s that are much too large to
expect 1D and 0D confinement effects. Optical results—such
as energy shifts of the optical transition—have been qualitatively related to such relaxation effects.4–6
Simple models assuming a homogeneous strain relaxation
in QWR’S and QD’s have been used7–9 to account a posteriori for experimental data, without taking into account the
detailed distribution of strains in these structures. More detailed strain calculations are usually performed within continuous elasticity’s framework, either using numerical methods such as finite elements, or more analytical methods such
as Fourier series,10 or Green’s-functions methods. From the
opposite point of view are performed atomistic calculations
based on the valence force field model.11 It should be noted
that the accuracy of the valence force field model goes beyond classical elasticity theory and should also give a rea0163-1829/98/57~23!/14850~10!/$15.00
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sonable description of relaxation on an atomic scale.
Complete strain calculations, using finite elements12,13
~FE!, Fourier series ~FS!,14,15 or Green’s-functions
methods16,17 have been developed for related problems such
as uniform stripes or semi-infinite media. More recently, calculations based on FS methods or Keating’s valence force
field ~VFF! framework have been reported for the case of
etched QWR’s,18–21 including the calculation of piezoelectric
potentials and/or strain-induced band effects.
In this paper, we report some results for QWR’s and a
complete calculation of strain relaxation, strain-induced band
effects, and piezoelectric potential in QD’s, using FE and
VFF methods. We compare these calculations with experimental data obtained from CdTe/Cd0.85Zn0.15Te QWR’s and
QD’s and from a system under tensile strains,
ZnTe/Zn0.80Mg0.20Te.
In the next section we briefly present the VFF and FE
methods and discuss typical strain fields in QD’s. In Sec. III
we calculate piezoelectric fields in QD’s. Strain-induced
band effects are given in Sec. IV. Finally, we compare in
Sec. V the calculation with experimental data from
CdTe/Cd0.85Zn0.15Te and ZnTe/Zn0.80Mg0.20Te QWR’s and
QD’s.

II. STRAIN FIELDS IN QUANTUM DOTS

Strain fields in relaxed QWR’s and QD’s are calculated
using either continuum elasticity theory ~FE method! or
Keating’s VFF framework.
The VFF approximation models the elastic properties on
the atomic scale.22 The strain elastic energy d E depends on
14 850
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the geometric deformations of bonds that each atom makes
with his four nearest neighbors. For each atom i of the zincblende structure one can write:
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rWi j is the vector connecting the central atom i to one of its
four nearest neighbors j; r 0 is the unstrained bond length; a
and b are, respectively, bond-bending and bond-stretching
elastic constants. They are related to the elastic constants
c 11 , c 12 , and c 44 of the continuum elasticity theory by the
following expressions:
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a54r 0 / A3 is the lattice constant. It is not possible to perfectly fit all three c i j ’s with only two elastic constants a and
b ; the less ionic the material, the better the fit. Thus, this
method basically works with covalent bonding, but Coulomb
corrections could be introduced.23 In practice, for the sake of
simplicity one usually simply uses Eq. ~1!.24 We do this, and
choose to fit c 11 and c 12 and to drop c 44 , resulting in a
10–20 % error range on the VFF effective c 44 . We do not
account for surface reconstruction. This is justified for structures with high enough volume to surfaces ratios. VFF calculations allow us to search for the effect of anistropy in
small structures and for the effects of the specific distribution
of atoms on the relaxation especially near free surfaces.
FE methods are very general and apply to any geometry.
The elastic medium is assumed to be isotropic and the strain
elastic energy density is given in the $ xW 8 5 @ 100# ,yW 8
5 @ 010# ,zW 8 5 @ 001# % axis set by
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However, small features such as monoatomic steps cannot
be reproduced as accurately as in VFF framework.
In both VFF and FE methods, we search for the strain
fields in relaxed QWR’s and QD’s by minimizing the total
elastic energy with respect to the e i j or to the atomic positions when the structure is allowed to relax an initial biaxial
strain.
We have performed these calculations for various QWR’s
and square-shaped QD’s etched from single @ 001# (z axis!
strained QW’s. A typical QD geometry is shown in Fig. 1.
The wire and dot widths are labeled L QWR and L QD , respectively. The well thickness is labeled L QW . The wires are
oriented along the yW 5 @ 110# / A2 direction and the dots along
the xW 5 @ 11̄0 # / A2 and yW 5 @ 110# / A2 directions. After etching, wires can relax strains by the two @ 11̄0 # lateral edges on

FIG. 1. Typical QWR and QD geometries. The QWR’s are oriented along the @ 110# direction and the QD’s are oriented along the
@ 110# and @ 11̄0 # directions. A ‘‘horizontal’’ (xW ,yW ) plane and the
middle vertical (xW ,zW ) plane are shown as dotted lines.

which stresses vanish. Therefore, only e y y remains imposed
by the buffer, the shear strains e xy and e zy being zero in the
whole structure. On the opposite, QD’s can relax in-plane
strains in both x ( @ 11̄0 # ) and y ( @ 110# ) directions.
We have especially investigated the case of one III-V and
two II-VI QWR’s and QD’s for which numerous experimental data are available, namely, ~i! Ga0.82In0.18As(QW)/GaAs
~barriers and buffer!25,26 with lattice mismatch:

e i5

a GaAs2a Gax In12x As
a Gax In12x As

521.27%,

~4!

~ii! Zn0.80Cd0.20Se/ZnSe1,5,6,27 ~blue laser system!, with e i
521.43%, ~iii! CdTe/Cd0.85Zn0.15Te,8 with e i 520.88%.
As a case of tensile strain, ZnTe/Zn0.80Mg0.20Te systems
have also been considered and experimentally investigated
( e i 511.03%). All lattice parameters and elastic constants
are taken from Ref. 28 for binary compounds, except for the
lattice parameter of cubic MgTe, taken from Ref. 29. They
are extrapolated to ternary alloys using Vegard’s law. However, in the absence of reliable elastic constants for cubic
CdSe and MgTe, the values used for Zn0.80Cd0.20Se and
Zn0.80Mg0.20Te are those of ZnSe and ZnTe, respectively.
Typical results for QWR’s have been reported in earlier
papers18,19 and the reader is referred to these papers for a
detailed discussion about strain fields in relaxed QWR’s. FE
results for a 80-nm-wide CdTe/Cd0.85Zn0.15Te QD (L QW
5100 Å! are shown in Figs. 2 and 3. The strain fields e y y ,
e zz , and e xy are plotted in a ‘‘horizontal’’ (xW ,yW ) plane in the
center of the CdTe QW. The shear strain e zx is plotted at the
upper interface of the QW where it reaches its maximum
value. The strain deformation e y y rapidly decreases along the
y axis close to the @ 110# free edges where it exhibits a singularity characteristic of heterojunction-gas interfaces.30 On
the opposite, e y y does not show strong variations along the x
axis close to the @ 11̄0 # free edges, since the motion of atoms
along the y axis is weakly influenced by the existence of
stress-free surfaces in the x direction. The strain deformation
e xx ~not represented here! can be deduced from e y y by a
simple permutation of x and y axes. The strains e xx and e y y
are partly relaxed in the center of the structure, that is, e xx
5 e y y 50.77e i . The strain component e zz is the only one that
has the full fourth-order symmetry of the QD. It also exhibits
solid-gas interface singularities at the free edges and corners.
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FIG. 2. Strain deformations e xx ~a! and e zz ~b! plotted in a
horizontal (xW ,yW ) plane in the center of the CdTe QW of a
CdTe/Cd0.85Zn0.15Te QD (L QD580 nm, L QW5100 Å,
e i 520.66%) ~FE calculation!.

The corners of the QD are the most distorted parts of the
structure and show strong in-plane shear strain e xy . The
shear strain e zx is maximum at the heterointerfaces and, like
e xx , is weakly sensitive to the y coordinate. The shear strain
e zy can be deduced from e zx by a permutation of x and y
axes.
A vertical section in the middle (xW ,zW ) plane of this QD
(y50) exhibits roughly the same features as a vertical section of the corresponding QWR (L QWR580 nm, L QW5100
Å!.18,19 The strains e xx , e y y , e zz show small variations with
the z coordinate in the QW but the shear strains e zx and e zy
change their sign from the lower to the upper interface. The
shear strain e xy is maximum in the center of the QW. The
barriers are distorted by the relaxation in the QW. Due to
lattice commensurability, the in-plane strains e xx and e y y in
the barriers are proportional, close to the interfaces, to the
strain relief in the QW. They rapidly decrease far from the
interfaces.
Similar results can be obtained for small QD’s within a
VFF framework. However, QD’s calculated with VFF model

57

FIG. 3. ~a! Shear strain e xy plotted in the center of the CdTe QW
of the same CdTe/Cd0.85Zn0.15Te QD as in Fig. 2. ~b! Shear strain
e zx plotted at the upper interface of the CdTe QW where it reaches
its maximum ~FE calculation!.

are a bit more relaxed and exhibit stronger shear strains e zx
and e zy than QD’s calculated with FE methods. As an example, in a 20-nm-wide Zn0.80Cd0.20Se/ZnSe QD (L QW525
Å!, we get in the center of the structure e xx 5 e y y 50.740e i
with VFF calculations and e xx 5 e y y 50.755e i with FE methods. The maximum shear strains at the heterointerfaces are,
respectively, e zx 5 e zy 50.388u e i u ~VFF! and e zx 5 e zy
50.336u e i u ~FE!. This is due to a weak effective c 44 within
VFF framework. Moreover, the solid-gas interface singularity at the edges is attenuated with VFF methods due to the
discrete structure of the atomic distribution.
In order to compare different structures, we have defined
a relaxation ratio r and an aspect ratio x for QWR’s and
QD’s:

x5

L QWR
L QD
~ wires! and x 5
~ dots! ,
L QW
L QW

r 512

e 0xx
.
ei

~5!

~6!
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QWR’s and QD’s and to a lot of covalent, III-V or II-VI
materials. The relaxation ratio r appears to decrease linearly
with 1/( x 2 x 0 ) in the range 2< x <45, with x 0 50.52.
III. PIEZOELECTRIC FIELDS

The strain fields induce a piezoelectric polarization field
due to the relative displacement of the cations with respect to
the anions in the lattice. The polarization density is given in
the $ xW 5 @ 11̄0 # / A2,yW 5 @ 110# / A2,zW 5 @ 001# % axis set by31
P x 522e 14e zx ,
P y 52e 14e zy ,

~8!

P z 5e 14~ e y y 2 e xx ! .
FIG. 4. Relaxation ratio r vs aspect ratio x for different III-V or
II-VI QWR’s and QD’s. This curve can be viewed as a universal
one, which applies to many other structures ~VFF calculation!.
0
e ab
is the calculated strain at the center of the relaxed QWR
or QD ~in this latter case, e 0xx 5 e 0y y ). The higher is the relaxation ratio, the more relaxed is the structure. Let us emphasize that r is not sufficient to fully determine the strain state
at the center of the QWR or QD: every shear strain vanishes,
but the vertical strain e 0zz cannot be deduced from the inplane strains e 0xx and e 0y y with the usual ‘‘biaxial’’ law:

e 0zz 52

c 12 0
~ e 1e0 !,
c 11 xx y y

~7!

as the vertical stress s zz is nonzero due to lattice plane bending. As an example, for an 80-nm-wide CdTe ~ZnSe! QD
(L QW5100 Å!, e 0zz is only 90% ~86%! of the value given by
Eq. ~7!. We have shown19,20 r to depend only on x , as soon
as the etched buffer and cap layer are thick enough to prevent these whole layers from being highly strained. The evolution of the relaxation ratio with the aspect ratio for both
QWR’s and QD’s is shown in Fig. 4. As expected, it decreases with increasing x , that is, with increasing the wire or
dot width, or decreasing the well thickness. Strain relaxation
in QWR’s and QD’s originates at the surfaces. It is very
effective close to the edges over a distance two to three times
L QW , but is weaker deep inside the structures. The QWR’s
and QD’s with smallest x exhibit very high relaxation ratios.
We have found that the stress could even turn to an overrelaxation ( r .1) in the center of the QWR’s ~QD’s! when
x ,1.5. In such cases, r is no longer a good parameter for
describing the relaxation, since the distribution of strains is
far too inhomogeneous and exhibits strong gradients, both
along the wire ~dot! width and along the growth axis. The
QWR’s and QD’s data are distributed along the same curve,
but QD’s relax in-plane strain in both x and y directions ~that
is, e 0xx 5 e 0y y ), whereas QWR’s relax in-plane strains only
across the wire width ~that is e y y 5 e i ). Hence, the strain
elastic energy density in the center of a QD is far lower than
in the corresponding QWR. Moreover, the relaxation ratio
does not depend significantly on the nature of the materials
constituting the structures, since elastic constants are usually
of the same order in QW’s and barriers. This curve r ( x ) can
therefore be seen as a universal one, which applies to both

e 14 is the piezolectric constant @ e 1450.049 C/m2 for ZnSe
and Zn0.80Cd0.20Se ~Ref. 28!#. Note that, in @ 110# oriented
QWR’s, P y is zero and P x and P z have translational invariance along the wire direction. This nonuniform piezoelectric
polarization field gives rise to a piezoelectric potential given,
in the absence of free electric charges, by
V p ~ rW ! 5

1
4 p e 0e r

E E E W WW8

P ~ r !~ rW 2rW 8 ! 3
d rW 8 .
u r 2rW 8 u 3

~9!

e 0 is the vacuum permittivity and e r is the relative dielectric
constant, which is assumed to be constant in the whole structure @ e r 58.7 for ZnSe ~Refs. 21 and 28!#. Due to translational invariance, this reduces, in QWR’s, to:
V p ~ rW ! 5

1
2 p e 0e r

E E W WW8

P ~ r !~ rW 2rW 8 ! 2
d rW 8 .
u r 2rW 8 u 2

~10!

Another way to get piezoelectric potentials is to integrate
the equivalent density of bound charges given by

W •P
W
r p ~ rW ! 52¹
W •nW
s p ~ rW ! 5 P

~ in the bulk! ,

~ on the surfaces! .

~11!

The piezoelectric density of charges r p in an 80-nm-wide
Zn0.80Cd0.20Se/ZnSe QWR (L QW5100 Å! is shown in Fig. 5
and the piezoelectric potential V p is shown in Fig. 6. Due to
translational invariance along the y axis, these bound charges
have a stringlike structure.18 It exhibits rather complicated
features at the intersections between the heterointerfaces and
the sidewalls, where e xx and e zx rapidly vary but give opposite contributions to r p . There is a residual density of piezoelectric charges deep inside the barriers where both e xx and
e zx contributions, although small, become of the same sign.
This residual density of charges is maximum at the heterointerfaces. It is responsible for the slow decay of the piezoelectric potential inside the wire. Hence the piezoelectric potential in this QWR can be as large as 635 mV, but the
maximum is located in the barriers. The maximum piezoelectric potential in the QW is 611.5 mV, which corresponds to piezoelectric fields of order 23 kV/cm. For larger
wires, the maximum is pushed farther inside the barriers,
with a decrease of the piezoelectric fields. For thicker QW’s,
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FIG. 5. Piezoelectric density of charges r p in a
Zn0.80Cd0.20Se/ZnSe QWR (L QWR580 nm, L QW5100 Å!. The position of the Zn0.80Cd0.20Se QW is shaded in the background ~FE
calculation!.

the maximum piezoelectric potential in the QW increases,
due to larger relaxation as well as higher spacing of the
charges.
The piezoelectric potential V p in an 80-nm-wide
Zn0.80Cd0.20Se/ZnSe QD (L QW5100 Å! is shown in Fig. 7.
V p is plotted in a horizontal plane at the upper interface of
the Zn0.80Cd0.20Se QW in Fig. 7~a!, and in the middle vertical
plane in Fig. 7~b!. The piezoelectric potential exhibits four
extremas, corresponding to 67.5 mV, in the growth plane
close to the sidewalls ~note by comparing Figs. 6 and 7 that,
for similar sizes, the maximum piezoelectric potentials are
much lower in QD’s than in QWR’s!. The @ 110# and @ 11̄0 #
sidewalls carry opposite charges, which is responsible for the
particular symmetry of V p . V p always vanishes along the
diagonals and the axis of symmetry of the QD, as long as it
remains square shaped.
As the strain fields are mainly dependent on the aspect
ratio x , the piezoelectric potential in QWR’s and QD’s can
be scaled with the dimensions of the structure. For example,

FIG. 7. Piezoelectric potential V p in a Zn0.80Cd0.20Se/ZnSe QD
plotted at the upper interface ~a! or in the middle vertical (xW ,zW )
plane ~b! (L QD580 nm, L QW5100 Å!. The position of the
ZnSeZn0.80Cd0.20Se QW is shaded in the background ~FE calculation!.

an 80-nm-wide QWR ~QD! with a 100-Å-thick QW exhibits
twice the piezoelectric potential of a 40-nm-wide QWR ~QD!
with a 50-Å-thick QW.
The effect of the piezoelectric potential on the optical
properties of the nanostructures is to lower the energy of the
optical transitions. If V p is high enough compared to the
confinement energies ~typically for L QW>100 Å!, the electrons and holes will be localized, respectively, in the maxima
and minima of the piezoelectric potential.32 This will downshift the optical transition. This effect is expected to be of
less importance in QD’s, due to the symmetry of the charge
distribution: strong piezoelectric fields exist in the whole
QWR, whereas the piezeolectric potential is weaker in QD’s
and vanishes in the center of the structure.
IV. STRAIN-INDUCED BAND-GAP ENERGY SHIFTS

FIG. 6. Piezoelectric potential V p in a Zn0.80Cd0.20Se/ZnSe
QWR (L QWR580 nm, L QW5100 Å! ~FE calculation!.

Strain relaxation in QD’s will induce changes in the bandgap energy and thus energy shifts of the optical transitions.
We have calculated the strain induced bandgap energy shift
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at kW 50, solving the Bir and Pikus strain Hamiltonian33 in the
$ xW 5 @ 11̄0 # / A2,yW 5 @ 110# / A2,zW 5 @ 001# % axis set. For conduction and valence bands we get, respectively,
DE c 5a c
DE 6
v 5a v

dV
V

dV

6

V

,

1
AA1B,
2

~12!
~13!

where

dV
V

5 e xx 1 e y y 1 e zz

~14!

is the relative volume change, and
A5b 2 @~ 2 e zz 2 e xx 2 e y y ! 2 112e 2xy # ,
B5d 2 @~ e xx 2 e y y ! 2 14 e 2zx 14 e 2zy # .

~15!

a c and a v are the hydrostatic band-gap deformation potentials; the two other deformation potentials b and d describe
the effect of tetragonal or trigonal distortions and shear deformations. For purely tetragonal distortion in compressive
layers ~e.g., biaxially strained layers!, the ground state DE 1
v
corresponds to the ‘‘heavy’’ u 23 ,6 32 & hole and DE 2
to
the
v
‘‘light’ u 23 ,6 21 & hole. In other cases, the energy eigenstates
3
1
3
2
DE 1
v and DE v are mixed states of the u 2 ,6 2 & and u 2 ,
3
6 2 & holes but will still be referred to as heavy and light hole
bands, respectively. All parameters are taken from Ref. 28
for ZnSe and Zn0.80Cd0.20Se.
The total confinement potential for electrons or holes is
the sum of the unstrained band offsets, the strain-induced
band-gap energy shift and the piezoelectric potential. The
conduction-band ~CB! and heavy-hole valence-band ~VB!
energies E c and E hh are shown in Figs. 8 and 9 for the same
Zn0.80Cd0.20Se/ZnSe QD as in the last section. E c and E hh are
plotted in a horizontal plane in the center of the
Zn0.80Cd0.20Se QW in Figs. 8~a! and 9~a!, and in the middle
vertical plane in Figs. 8~b! and 9~b!. The zero energies for
the valence and conduction bands are, respectively, the unstrained VB and CB energies in the Zn0.80Cd0.20Se QW. The
piezoelectric potential is nearly zero in the center of the
Zn0.80Cd0.20Se QW so that the variations of E c and E hh in
Figs. 8~a! and 9~a! are those of the Bir and Pikus strain
Hamiltonian energies DE c and DE 1
v .
The confinement potentials E c and 2E hh abruptly decrease close to the sidewalls due to strong relaxation ~which
means an increase in the relative volume change d V/V towards positive values!, and to strong shear strains. The depth
of the ‘‘triangular’’ wells appearing at the edges with respect
to the CB and VB extrema is up to 45 meV in the conduction
band and 15 meV in the valence band. They are about 10 nm
thick. This strong decrease of the CB and VB energies at the
edges will help the diffusion of the free carriers from the
center of the QD towards the edges where they may be confined in the triangular wells. In large structures, this would
lead to optical transitions from the edges redshifted with respect to the ones from the center of the structure.25 However,
most carriers may be trapped on nonradiative etching

FIG. 8. Conduction-band energy E c in a Zn0.80Cd0.20Se/ZnSe
QD plotted in the center of the Zn0.80Cd0.20Se QW ~a! or in the
middle vertical plane ~b! (L QD580 nm, L QW5100 Å! ~FE calculation!.

defects.34 This would decrease the radiative efficiency of
small QD’s. It is worth noticing that in systems under tensile
strains, such as ZnTe/Zn0.80Mg0.20Te QD’s, a strong increase
of the CB and VB energies is expected close to the edges, as
already pointed out for QWR’s.19 This should prevent important carrier diffusion towards nonradiative etching defects.
The variation DE g 5E c 2E hh of the band-gap energy with
respect to the unstrained band gap is DE g 527.3 meV in the
center of the QD structure and DE g 521.4 meV in the unetched 2D QW. Thus, the shift of the band-gap energy in the
center of the QD structure with respect to the 2D QW is
DE QD55.9 meV. The band-gap energy does not decrease
towards the unstrained band gap in the center of the QD
structure because the strain state is not representative of the
biaxial case ~see Sec. II!. An 8-meV redshift is experimentally observed in 80-nm-wide Zn0.80Cd0.20Se/ZnSe QD’s.6 It
has, however, been shown that the strong decrease of CB and
VB energies close to the edges should be taken into account
in Zn0.80Cd0.20Se/ZnSe QWR’s and QD’s for describing
more accurately experimental data.20,21
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FIG. 9. Valence-band ~heavy hole! energy E hh plotted in the
center of the Zn0.80Cd0.20Se QW ~a! or in the middle vertical plane
~b! (L QD580 nm, L QW5100 Å! ~FE calculation!.
V. COMPARISON WITH EXPERIMENTAL DATA

Experimental photoluminescence ~PL! spectra for
CdTe/Cd0.85Zn0.15Te QWR’s with various lateral sizes are
shown in Fig. 10~a!.8 The shifts of the e 1 h 1 excitonic peak
with respect to the unetched strained QW are reported in Fig.
10~b! for QWR’s and in Fig. 11 for QD’s. The QW’s are 50
Å thick ( e i 520.88%). The samples were etched in an ion
beam etching ~IBE! machine under Ar1 flux. A first set of
PL spectra ~open symbols! was taken at 2 K under either
resonant ~squares! or nonresonant ~circles! excitations using
an Ar laser. An anodic oxydation-deoxydation was then performed for additional etching and cleaning of the surface
from the damaged layer created by the etching process.35,36
A second set of PL spectra ~solid symbols! was finally taken
in the same conditions.
The calculated band-gap energy shifts in the center of the
QWR’s or QD’s are also reported in Figs. 10~b! and 11. The
piezoelectric fields have little influence since the QW is
rather thin, which means low piezoelectric potentials ~at
most 60.9 mV at the edges in 80-nm-wide QWR’s! as well
as high confinement energies. Moreover, the decrease of CB

FIG. 10. ~a! PL spectra for CdTe/Cd0.85Zn0.15Te QWR’s with
50-Å-thick QW’s and various lateral sizes. ~b! The e 1 h 1 blueshifts
with respect to the strained QW are reported together with calculated band-gap energy shifts in the center of the structures. For the
significance of open ~closed! squares and circles, see text Sec. V
~VFF calculation!.

and VB energies close to the sidewalls is far lower than in
the former ZnSe structures ~10 meV in each band in 80-nmwide QWR’s! and occurs very close to the edges ~about 5
nm!. As a consequence, the CB and VB energies in
CdTe/Cd0.85Zn0.15Te QWR’s and QD’s look rather flat as
compared to the ZnSe structures. For calculating energy
shifts, we ignore lateral confinement effects, which is valid
as long as the wire/dot size does not fall below twice the 2D
exciton radius (!250 Å!. Although the band-gap energy in
the center of the QWR or QD cannot supersede a complete
diagonalization of the Hamiltonian of the system, it can give
some basic results about the influence of strain relaxation on
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FIG. 11. The e 1 h 1 blueshifts for CdTe/Cd0.85Zn0.15Te QD’s
with 50-Å-thick QW’s and various lateral sizes are reported together with the calculated band-gap energy shifts in the center of
the structures. For the significance of open ~closed! squares and
circles, see text Sec. V ~FE calculation!.

the photoluminescence of the nanostructures. The calculated
blueshifts in QWR’s are about 0.5 meV lower than the experimental values, especially in wide wires, but the kink in
the curve takes place at about 200 nm for both experimental
and calculated data. Therefore strain relaxation is expected to
have significant effects on the PL of these CdTe QWR’s for
lateral widths below 200 nm. The difference between calculated and experimental energy shifts could be attributed to
some Zn/Cd interdiffusion during the ecthing process.35 The
calculated blueshifts in QD’s can be very large ~up to 5.75
meV in 40-nm-wide QD’s!, but decrease more rapidly than
experimental values. Strain relaxation seems to have significant effects on the band edges energies of CdTe QD’s for
lateral widths below 160 nm. A complete calculation, taking
into account the detailed variations of the CB and VB energies and effective masses, is now necessary to have a better
interpretation of the experimental data but is beyond the
scope of this paper.
The ZnTe/Zn0.80Mg0.20Te system is a new system under
tensile strains ( e i 511.03%). The ground state in the ZnTe
QW’s is the e 1 l 1 light exciton. In tensile layers, both the
hydrostatic and shear terms of Eqs. ~12! and ~13! tend to
lower the gap, whereas in compressive layers, these terms
are of opposite signs and tend to cancel each other. This is
why band gaps are usually much more sensitive to tensile
strains than to compressive strains. The band-gap energy is
decreased as much as 77 meV in the biaxially strained ZnTe
QW’s. According to our model, the optical transitions in the
smallest ZnTe/Zn0.80Mg0.20Te QWR’s and QD’s should be
blueshifted some 10 meV with respect to the unetched
strained QW. Moreover, the band-gap energy increases a lot
close to the sidewalls, which should limit the diffusion of

FIG. 12. ~a! PL spectra for ZnTe/Zn0.80Mg0.20Te QD’s with
165-Å and 25-Å-thick QW’s and various lateral sizes. ~b! The e 1 l 1
shifts in the 165-Å-thick QW are reported for wires and dots. The
heterostructure was cleaved after growth into two samples S1 and
S2. The calculated band-gap energy shifts in the center of the structures when a remaining in-plane strain e 520.14% is imposed at
the top of the buffer are also shown ~FE calculation!.

free carriers towards the edges, as pointed out in the last
section.
The samples were grown by molecular beam epitaxy on
@ 001# -oriented ZnTe substrates at 320 °C under excess of
zinc (Zn:Te52:1). Two ZnTe QW’s are strained by a 2m m-thick Zn0.80Mg0.20Te buffer layer ~lattice mismatch e i
511.03%). They are, respectively, 25 and 165 Å thick, and
are separated by a 500-Å-thick Zn0.80Mg0.20Te barrier. The
whole heterostructure is capped with a 1000-Å-thick
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Zn0.80Mg0.20Te layer. The samples were etched in a IBE machine under Ar1 flux. PL experiments were done at 2 K with
an Ar laser ~nonresonant excitations! operating in the near
UV range. Typical PL spectra for QD’s with various lateral
sizes shown in Fig. 12~a!. The energy shifts of the e 1 l 1 transitions of the 165-Å-thick QW with respect to the unetched
strained QW are reported in Fig. 12~b! for both QWR’s and
QD’s.
The overall energy variation of the excitonic transition as
a function of lateral size (De 1 l 1 59 meV! is much larger
than the one observed for CdTe nanostructures (De 1 h 1
52.5 meV! as expected. However, the 165-Å-thick QWR’s
and QD’s exhibit strong redshift even in large structures
where no important relaxation is expected. This redshift is
maximum for 400-nm-wide QD’s ~about 4 meV!, and then
decreases in smaller structures. The redshift is weaker in
QWR’s, but also exhibits a maximum at about 400 nm.
Moreover, in large structures, the shift is the same for both
25-Å and 165-Å-thick QW’s. In the smallest QWR’s and
QD’s structures a strong blueshift is observed.
These results are not in agreement with the theory, which
predicts strong ~up to 10 meV! and thickness-dependent
blueshifts in the structures. Since the observed redshifts do
not depend on the thickness of the QW in large structures, a
mechanism involving the buffer rather than the QW’s should
be considered. As the lattice mismatch between the buffer
and the substrate is rather high ( e i 521.03%), the buffer
may not be fully relaxed before etching.37 There may remain
some compressive in-plane stresses in the buffer, which will
lessen the tensile strains in the overlying ZnTe QW’s. After
etching of the QWR’s and QD’s, these remaining strains
relax even in wide structures since the aspect ratio of the
etched buffer is very small ~etching depth about 300 nm!. As
a consequence, the ZnTe QW’s undergo higher tensile
strains after etching than they did before. They thus exhibit
an additional redshift, which is almost independent of their
thickness, since this effect only involves the etched buffer. In
small QWR’s and QD’s, the strain relaxation in the QW will
bring back the PL peaks towards blue, as discussed before.
X-ray diffraction and preliminary cathodoluminescence
experiments at 77 K support the assumption of local inhomogeneities in the buffer, which would relax with the etching process.
One can evaluate the strains in the buffer using the model
developed in the former sections. The calculated shifts in the
center of the structure are reported in Fig. 12~b! when a
remaining in-plane strain e 520.14% is imposed at the top
of the buffer. After etching, there is a competition between
the relaxation of the QW ~which shifts the PL peaks towards
*
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VI. CONCLUSION
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Last, we have grown additional structures under tensile
strains. For these structures, we have experimentally shown
that the etching process has significant effects on the strain
state of the buffer, which appears not to be fully relaxed.
ACKNOWLEDGMENTS

The authors thank C. Vieu ~CNRS Bagneux! for the
electron-beam lithography and the IBE etching and Professor
G. Bauer, Dr. G. Brunthaler, and Dr. H. Straub for communicating unpublished results on the piezoelectric effect in
quantum wires, and for stimulating discussions. Y.M.N.
would like to thank GDR ‘‘Matériaux pour l’optique non
lineaire’’ for financial support. This work has been partly
supported by France Telecom ~Contract No. 96 1B002!. The
‘‘Institut d’Electronique et de Microélectronique du Nord’’
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