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Size dependence of strain relaxation and lateral quantization in deep etched CdxZn12xSe/ZnSe
quantum wires
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A systematic experimental and theoretical analysis of the lateral size and composition dependence of strain
release and lateral quantization in etched CdxZn12xSe/ZnSe quantum wires is presented. Wires with lateral
structure sizes down to 14 nm were realized by electron beam lithography and wet chemical etching and
characterized by photoluminescence~PL! and Raman spectroscopy. For wide wires (Lx.40 nm!, the strain
relaxation results in a redshift of both the energy of the PL signal and the CdxZn12xSe LO phonon frequency
in the wire region. To model the strain release, theoretical calculations have been performed, minimizing the
elasticity energy in the wire cross section. A size-dependent strain release, strongly inhomogeneous across the
wire cross section, is obtained. This results in a size- and composition-dependent band-gap shift, which is
found to be in good agreement with the experimental data. In narrow wires (Lx,30 nm!, the Raman data
indicate a saturation of the strain release. As a consequence, clear lateral quantization effects due to the
quasi-one-dimensional carrier confinement are observed in the PL spectrum, resulting in a blueshift of the PL
signal with decreasing wire width.@S0163-1829~98!04424-5#
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I. INTRODUCTION

Strain in epitaxially grown semiconductor heterostru
tures is a consequence of the combination of compou
with different lattice constants. Modern growth techniqu
such as, e.g., molecular beam epitaxy~MBE! or metal-
organic vapor phase epitaxy~MOVPE! allow the realization
of high quality elastically strained heterostructures, if t
thickness of the strained layers is kept below a certain crit
thickness.1 On the one hand, this allows the design of a wi
variety of semiconductor heterostructures. On the other h
the strain can be used intentionally to modify fundamen
electronic and optical properties like the band gap, the sp
ting between heavy and light holes, the hole masses, and
density of states, and therefore, e.g., to improve the per
mance of laser diodes.2–5 Thus strain effects in quasi-two
dimensional epilayers have been investigated widely both
experiment and theoretically.6–10

The growing attention to the properties of quantum wi
and quantum dots in recent years has resulted in new q
tions concerning the lattice strain in low-dimensional stru
tures. In quasi-one-dimensional~quasi-1D! or quasi-zero-
dimensional structures the strain is expected to change
respect to 2D layers, because the sidewalls can relax part
in deep etched patterns11–13 or are affected by an additiona
lateral change of the lattice constant in buri
nanostructures.14,15 De Caro and Tapfer have published
theoretical investigation assuming homogeneous strain
wires and solving the problem analytically for different su
strate and wire orientations.16 On the other hand, it has bee
observed that strain release in wires shows a high nonun
570163-1829/98/57~24!/15439~9!/$15.00
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mity in both overgrown17 and deeply etched structures.12

Model calculations and Raman experiments at freestand
stripe films confirm these results.18,19 In their comprehensive
work on overgrown quantum wires, Notomiet al. extrapo-
lated calculated strain fields to obtain band-gap change
the InxAs12xP/InAs system, explaining the experimental
observed blueshift of the photoluminescence~PL! signal
with decreasing wire width.14 Similar effects have been in
vestigated experimentally and theoretically for buried d
and wires based on InAs/GaAs, InP/GaAs, or InP/InGaP.15,20

Because in these overgrown structures both strain and la
carrier confinement are responsible for a blueshift of
bandgap with decreasing wire width, it is difficult to distin
guish experimentally between quantization and strain effe
In contrast, in deeply etched CdxZn12xSe/ZnSe wires the
strain release causes a redshift of the signal with decrea
wire width11,13 and can be clearly separated from confin
ment effects, which are observed only in narrow quant
wires due to the high carrier masses.21 The lattice mismatch
between CdSe and ZnSe is quite substantial~about 6.7%!
and very high quality heterostructures are available beca
of the application potential of this system for blue-gre
emitting laser diodes.22,23 Hence, deep etched
CdxZn12xSe/ZnSe quantum wires represent an ideal mo
system to study the influence of strain release as wel
lateral carrier confinement on the optical properties
strained nanostructures.

In this work a systematic experimental and theoretical
vestigation of strain release in deeply etch
CdxZn12xSe/ZnSe wire structures is presented. The techn
ogy of electron beam lithography and wet chemical etch
15 439 © 1998 The American Physical Society
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15 440 57T. KÜMMELL et al.
for the wire fabrication allows a well defined variation of th
lateral wire size. Photoluminescence and Raman spec
copy were performed in order to get experimental acces
both the change of the band gap and the LO phonon
quency as a consequence of the size-dependent lattice d
tion. The strain fields are modeled theoretically by minim
ing the lattice strain energy in deep etched wire structu
We discuss the calculated strain distribution and the resul
variation of the band gap across the wire cross section
the consequences to the optical properties of the wire st
tures and compare the predicted effects with experime
data.

II. SAMPLE PREPARATION AND EXPERIMENT

Single quantum well~SQW! heterostructures have bee
grown by molecular beam epitaxy in a two chamber Rib
2300 system on a~001!-oriented GaAs substrate using a 2
nm GaAs buffer layer to guarantee high sample qual
Sample A was grown with a 620 nm ZnS0.06Se0.94 buffer,
latticed matched to the GaAs substrate, a 50 nm ZnSe la
a 5.5 nm Cd0.35Zn0.65Se well, and covered by a 13 nm ZnS
cap layer. Sample B consists of a 70 nm ZnSe barrier, a
nm Cd0.12Zn0.88Se well, and a 15 nm ZnSe cap layer. As t
lattice constants of CdSe, ZnSe, and GaAs are 6.052
5.668 Å, and 5.653 Å, respectively,24 it is important to keep
the total layer thickness of the CdxZn12xSe/ZnSe structure
below the critical layer thickness.25 The pseudomorphic
growth was confirmed by high resolution x-ray diffraction26

Both the ZnSe barrier and the CdxZn12xSe well are compres
sively strained in thê100& and the^010& direction.

The samples were coated with polymethylmethacryl
~PMMA! resist, and wire patterns were defined by elect
beam lithography. The resist was developed and a 15
thick Ti layer was evaporated. After resist lift-off, the T
patterns serve as etch masks. In order to obtain high quan
efficiencies down to the narrowest wires, the pattern tran
was performed by wet chemical etching using
K2Cr2O7/HBr/H2O solution.21 The etch depth was about 7
nm. A characteristic feature of this wet etch process i
strong dependence of the etch profile on the wire orienta
with respect to the substrate. In order to obtain vertical si
walls in the vicinity of the CdxZn12xSe well the wires are
oriented parallel to thê110& direction.27 70370 mm2 arrays
with lateral wire sizes between 14 nm and 500 nm w
realized on each sample as well as some 2D reference~mesa!
fields. This enables us to obtain PL and Raman data a
function of the wire width in direct comparison with a two
dimensional reference from each sample.

The structures were characterized by low tempera
photoluminescence and Raman spectroscopy. For the
measurements at 2 K, the samples were placed into a li
helium cryostat. The 363.8 nm line of an Ar1 laser was used
for excitation. The excitation density was varied betwee
mW/cm2 and 100 W/cm2. The PL signal was dispersed by
monochromator with a focus length of 0.32 m and detec
with a charge coupled device~CCD! camera. The Raman
measurements were performed using a micro Raman s
with a microscope objective at a working distance of 4.2 m
that enabled us to focus the laser to an area of about
mm2. The sample was placed in a closed cycle cryostat
s-
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temperature of 9 K. For these experiments the excitat
wavelength of the Ar1 laser was 472.7 nm and the excitatio
power was about 5 mW. The scattered Raman signal
detected by a double monochromator equipped with a C
camera.

III. OPTICAL CHARACTERIZATION OF THE WIRES

In order to investigate the shift of the band gap with d
creasing wire width, we performed PL measurements. In F
1, low temperature (T52 K! PL spectra of sample A
~Cd0.35Zn0.65Se/ZnSe SQW! for a quasi-two-dimensional ref
erence~mesa! and quantum wires with different widths ar
plotted. The intensity is normalized to the 2D reference a
the spectra are shifted vertically for clarity. As a strikin
result, we see two regimes with opposite behavior. Star
with the 2D reference and reducing the wire size, a conti
ous shift of the PL maximum to lower energies is observ
For a wire width of about 32 nm, this shift has reached
maximum with a peak energy of the PL signal, which
redshifted by about 11 meV compared to the 2D referen
Decreasing the wire size further, a strong increase of the
energy is observed, which amounts to 17 meV between a
nm and a 14 nm wide wire. The complicated size dep
dence of the PL energy indicates that at least two differ
effects have to be taken into account in order to explain
experimental data quantitatively. On the one hand, the b
ial strain in the epitaxial CdxZn12xSe layer increases th
band gap compared to bulk CdxZn12xSe.8 Therefore in the
etched structures strain relaxation results in a systematic
of the wire luminescence to lower energies with decreas
wire width.11,13 On the other hand, the blueshift of the P
signal observed for the narrowest wires is attributed to late
carrier confinement.21,27 Both effects will be discussed late
in more detail.

A more direct experimental access to the lattice distort
by strain release is given by Raman spectroscopy. As the

FIG. 1. PL spectra of deeply etched Cd0.35Zn0.65Se/ZnSe wire
arrays with lateral widthLx.32 nm ~left side! and Lx<32 nm
~right side!.
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phonon frequency strongly depends on the lattice consta
change of the lattice constant due to strain release sh
result in a shift of the LO phonon frequency.28 We have
analyzed the same sample as discussed above by micro
man measurements, probing the wire width dependenc
the LO phonon energy. Figure 2 shows Raman spectra
different wire widths atT59 K compared to the 2D refer
ence. For both mesa and wires two characteristic Raman
nals are observed. The peak at about 256 cm21 is detected on
the wire arrays as well as between the patterned fields
corresponds to the LO phonon of the ZnSe barrier mate
with an energy nearly independent of the wire width. T
second signal is only obtained by focusing the laser be
onto the wire arrays and thus is attributed to the LO phon
of the CdxZn12xSe wire. In accordance with forme
measurements,29 no separate CdSe LO phonon mode
found. In the case of the 2D reference the CdxZn12xSe re-
lated Raman peak is only detected as a shoulder at the
energy side of the ZnSe signal. With decreasing lateral w
size the CdxZn12xSe phonon shifts further towards lower e
ergies and becomes clearly separable from the ZnSe
peak. As a shift of the Raman signal of the CdxZn12xSe
wires directly reflects the influence of the lattice deformat
due to a variation of the strain,19,28these results are attribute
to a release of the compressive strain in the wires for
creasing lateral size. For wires below 30 nm, however,
further shift of the LO peak is obtained, indicating a satu
tion of the strain release in narrow wires.

IV. THEORETICAL MODELING OF THE STRAIN
RELAXATION

In order to describe the strain relaxation process in
wires quantitatively we have used elasticity theory. As m
tioned before, heteroepitaxial structures are strained in
case of a lattice mismatch between the different layers a
pseudomorphic growth. The latter point is of particular im
portance, as a model applying elasticity theory can only

FIG. 2. Raman spectra of deeply etched Cd0.35Zn0.65Se/ZnSe
wire arrays.
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valid for a layer structure free from dislocations and w
clearly defined lattice constants. The samples investigate
this work consist of ZnSe and CdxZn12xSe layers, grown
lattice matched to GaAs on a GaAs substrate with a Ga
buffer ~sample B! and a GaAs/ZnxS12xSe buffer~sample A!.
The lattice mismatches with respect to the GaAs substr
defined as (asubstrate2alayer)/alayer ~unstrained lattice con-
stants! are20.26%,22.57%, and21.07% for the ZnSe bar-
rier, the quantum well in sample A, and the quantum well
sample B, respectively. The negative signs indicate comp
sive strain for both the CdxZn12xSe quantum well and the
ZnSe barrier.

With z parallel to the growth direction and the quantu
well in thex-y plane, the in-plane strain for the ZnSe barri
and the CdxZn12xSe well is

exx
ZnSe5eyy

ZnSe5~aGaAs2aZnSe!/aZnSe

and

exx
CdxZn12xSe

5eyy
CdxZn12xSe

5~aGaAs2aCdxZn12xSe!/aCdxZn12xSe,

respectively. Because no restriction is applied to the gro
(z) direction, the strain in this direction is determined by t
Poisson ratios: ezz

ZnSe52exx
ZnSe/sZnSe in the barrier and

ezz
CdxZn12xSe

52exx
CdxZn12xSe/sCdxZn12xSe in the quantum well.14

As s.0, the compressive in-plane strain is counterbalan
by a tensile strain perpendicular to the plane. All shear str
componentsexy , eyz , ezx are equal to zero in the 2D mate
rial.

In a quasi-one-dimensional, deep etched wire structure
situation changes fundamentally. The wire sidewalls rep
sent additional free surfaces where the structure is free f
the constraints given in the 2D structure. As a conseque
the structure undergoes a partial strain relaxation at leas
the vicinity of the sidewalls, reducing the strain energy.
order to get quantitative information on the strain relaxatio
we have to minimize numerically the strain energy in t
wire. The following coordinates are used:z indicates the
growth direction^001&, y is parallel to the wire direction
^110&, and x describes the direction perpendicular to t
wires ^11̄0&.

In a solid, the strain energy of a deformed volume e
ment is given by

W5
1

2 (
i , j 51

6

ci j e ie j , ~1!

where

e15exx , e25eyy , e35ezz,

e45eyz , e55ezx , e65exy ,

and theci j are the elastic constants in the (x,y,z) coordinate
system, i.e., theCi j for ZnSe~Ref. 24! have to be transferred
from the crystal lattice axes to our coordinate system.19 To
calculate the strain in a wire, we assume a rectangular w
profile, i.e. vertical sidewalls in the vicinity of the
CdxZn12xSe layer. As the strain in the wire directioneyy
does not change andexy andeyz are zero, the problem can b
reduced to two dimensions. We are subdividing the w
cross section (x-z plane! into a two-dimensional grid. The
evaluation ofexx , ezz, and ezx as functions of (x,z) com-
pletely characterizes the strain field in the wire. The str
energy of each grid point with respect to its neighbors w
minimized according to Eq.~1!. This procedure was repeate
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until the minimum of the total strain energy in the wire w
obtained, resulting inexx , ezz, andezx as functions of (x,z).

To discuss the results of our model calculations, we w
first concentrate on sample A. The exact sample design,
the well and the barrier thickness as well as the Cd conten
the well, has been determined by x-ray diffractio
measurements.26 We evaluated the strain fieldse i j (x,z) for
different wire widths and compared it to the quasi-tw
dimensional reference. As the strain field is only determin
by the ratio between the well thickness and the wire wid
the results can be easily transferred to other quantum
thicknesses.

To give an impression of how the strain field chang
with decreasing wire size,exx in the center of the quantum
well ~i.e., z5const! is depicted in Fig. 3~a! for different wire
widths as a function ofx. The dotted line describes the situ
ation in the 2D reference, whereexx amounts to22.51% due
to the uniform compressive strain. In the 88 nm wide w
~solid line!, the absolute value ofexx is reduced, caused by
release of the compressive in-plane strain. The figure sh
that the increase of the in-plane lattice constant of
CdxZn12xSe wire is most important at the sidewalls. This
easy to understand, because in the vicinity of the open s
walls the relaxation process is expected to be most effici
Reducing the wire width to 33 nm~dashed line!, the relax-
ation process has proceeded further, resulting in a resi
strainexx in x direction of21.6% in the center of the wire
However, the strain field at the sidewall is quite independ
of the wire width. Hence, the difference between the strain
the sidewalls and in the center of the wire is more p
nounced in wide wires. There are typically 5–10 nm wi
regions at the sidewalls, where a strongly inhomogene
strain field is obtained.

For comparison, Fig. 3~b! showsezz in the center of the
quantum well as a function ofx. In the 2D case~dotted line!,
there is a uniform tensile strain ofezz, which is about 3.02%.
The strain relaxation occurring in the wires results in a

FIG. 3. Strain in the center of a Cd0.35Zn0.65Se/ZnSe layer for
2D layer~dotted line!, an 88 nm wide wire~solid line!, and a 33 nm
wide wire ~dashed line! as a function of the lateral positionx in the
wire: @~a!, top# Strain perpendicular to growth direction and wi
orientation,exx . @~b!, bottom# Strain in growth direction,ezz.
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duction of the tensile strain of the CdxZn12xSe layer, which
is not surprising, because the tensile strain in the gro
direction was caused by the compressive in-plane strain
mentioned above. Therefore, as in Fig. 3~a!, the relaxation
process is most pronounced at the sidewalls. However,
strain relaxation inz direction is less distinct than the chang
of exx . For instance, in wires ofLx588 nm ~solid line! and
Lx533 nm~dashed line!, ezz in the center of the wire is only
reduced to about 2.8% and 2.4%, respectively.

Because no dislocations are induced at the barrier-w
interface, the strain release in the wires results in a mod
cation of the strain field in the barriers. This is illustrated
Fig. 4, whereexx is plotted as a function ofz, while x is kept
constant in the center of the well. The etch depth, i.e.,
height of the wire, ishwire . The dotted line describes the 2
reference, where the barrier has a compressive strain
20.26% and the quantum well a compressive strain
22.51%, as mentioned above. In the case of a narrowLx
533 nm! wire ~dashed line!, the strain release results in
reduction of the compressive strain in the CdxZn12xSe layer
from 22.51% to about21.6%. In addition, the barrier un
dergoes a tensile deformation, which is particularly strong
the vicinity of the barrier-well interface. From an energe
point of view, a fraction of the strain energy in the quantu
well region is transmitted to the barrier regions, and even
ally a balance of deformation between barrier and well w
a minimal total energy is achieved. It has to be noted t
because of the small cap layer thickness, even the top o
wire is influenced by the strain release, resulting in a ten
strain of the ZnSe cap layer. As expected, in the center o
88 nm wide wire~solid line!, both strain release in the quan
tum well and the tensile strain in the barrier reveal an int
mediate state between the mesa reference and the na
wire. In addition to the size-dependent strainexx andezz, the
distortion causes a shear strain componentezx especially pro-
nounced at the wire sidewalls and at the quantum-we
barrier interface.

In order to compare the PL data with our theory, the c

FIG. 4. Strain in the center of the wire for a 2D reference~dot-
ted line!, an 88 nm wide wire~solid line!, and a 33 nm wide wire
~dashed line! as a function of the position along the growth dire
tion z. The curves refer to the Cd0.35Zn0.65Se/ZnSe system.
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TABLE I. Deformation potentialsac , av , a, b, andd, Luttinger parametersg1 andg2 , electron mass
me , and in-plane heavy hole massmhh,i for ZnSe and CdSe in zinc-blende formation. The values for
ternary compounds are obtained by a linear interpolation.

CdSe ZnSe Cd0.35Zn0.65Se Cd0.12Zn0.88Se

ac ~eV! 23.13a 25.9b 24.9 25.57
av ~eV! 20.53a 21.0b 20.84 20.94
(a5ac2av) ~eV! 22.6 24.9 24.06 24.63
b ~eV! 20.7c 21.14d 20.99 21.09
d ~eV! 23.8c

g1 1.9a 2.45e

g2 0.75a 0.61e

me /m0 0.11f 0.145a 0.133 0.141
mhh,i /m0 0.38 0.33 0.345 0.334

aReference 32.
bReference 35.
cReference 31.

dReference 36.
eReference 37.
fReference 24.
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culated strain fields in the partially relaxed wires have to
transferred to a variation of the band gap. We define prim
coordinates (x8,y8,z8), that follow the ^100&, ^010&, and
^001& directions of the crystal, respectively, and solve t
strain Hamiltonian atk50. Primede i j8 are introduced as ab
breviations fore i 8 j 8 referring to the (x8,y8,z8) coordinate
system. As the wires are orientated in^110& direction, and
exy5eyz50, the transformation from the wire coordina
system (x,y,z) to the crystal coordinate system (x8,y8,z8) is
performed by

eyz8 5ezx8 5ezx /A2, exy8 5~exx2eyy!/2,
~2!

exx8 5eyy8 5~exx1eyy!/2.

According to Pikus and Bir30 the change of the energy of th
conduction and the valence band, respectively, due to st
is

DEc5ac~exx8 1eyy8 1ezz8 !,
~3!

DEv
75av~exx8 1eyy8 1ezz8 !6Ab2

2
S1d2T,

where

S5~exx8 2eyy8 !21~eyy8 2ezz8 !21~ezz8 2exx8 !2,

T5exy8
21eyz8

21ezx8
2,

andac , av , b, andd are the deformation potentials.
From Eq.~3! it follows that the conduction band is merel

influenced by the hydrostatic deformation(e i i , but the va-
lence band undergoes an additional splittingDEv

22DEv
1

due to tetragonal distortions and due to shear strain.
situation in strained 2D layers is comprehensively describ
e.g., in Ref. 6 and we want to outline it only briefly. In th
case of a quantum well,DEv

2 corresponds to the heavy hol
~hh! andDEv

1 to the light hole~lh! of the valence band. The
change of the band gap for thee-hh transition is given by
DEc2DEv

2 . As all deformation potentials for ZnSe ar
negative~see Table I! and alsoa5(ac2av),0, a negative
~compressive! hydrostatic deformation results in a positiv
e
ed

e

ain

he
d,

shift of the conduction band, the valence band, and the b
gap, too. On the other hand, the valence band splitting le
to a reduction of thee-hh transition energy in biaxially
strained layers like CdxZn12xSe/ZnSe quantum wells. How
ever, this reduction is not sufficient to compensate for
increase of the band gap due to the hydrostatic strain,
cause CdxZn12xSe layers pseudomorphically grown on ZnS
or GaAs show a blueshift of the band gap compared to b
material.8 Vice versa, strain relaxation in wires is expected
cause a redshift with respect to the quantum well referen

In Fig. 5~a!, the energy shift of the conduction band an
the valence band with respect to the compressively stra
Cd0.35Zn0.65Se/ZnSe quantum well is shown as a function
x, with z fixed in the center of the quantum well. We hav
neglected piezoelectric effects, which are not expected
have dominant influence on the PL energy, even in narr
wires.11 The values of the deformation potentialsa, av , ac ,
and b for ZnSe and cubic CdSe are listed in Table I. F
CdxZn12xSe we used linear interpolations. As the parame
d is not available for CdSe in zinc-blende formation, t
ZnSe valued523.8 was taken in a first approximation. Th
change of the conduction band edge is only influenced byexx

andezz, becauseeyy is independent of the wire width.
In wires, the relaxation process causes a shift of the c

duction band to lower energies. This shift increases in n
row wires due to the stronger relaxation in the wire center
compared to wide ones. The laterally inhomogeneous st
distribution results in a more distinct shift of the conducti
band at the wire sidewalls thus causing a substantial inho
geneity in the conduction band energy of the wires. In pr
ciple the valence band shows a similar behavior. Howev
the variation of the energy between the center and the s
walls of the wire is much less pronounced due to shear st
and due to the smaller value ofav compared toac . From this
result, a field enhanced transfer of the electrons to the e
getically favorable regions at the sidewalls is expected, wh
the holes should be weakly confined in the center of the w
It has to be noted that a substantial spreading ofav and ac

can be found in the literature,31,32causing uncertainties in th
lateral variation of conduction and valence band. Howev
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15 444 57T. KÜMMELL et al.
the calculated energy gap is rather reliable, because the
formation potentiala is known quite exactly.

The shift of the energy gap for thee-hh transitionDEgap
5DEc2DEv

2 with respect to the compressively strain
quantum well is shown at the bottom of Fig. 5~b! for differ-
ent wires. The energy shift between the band gap of
strained layer, marked asDEgap50 on our scale, and the
unstrained bulk material~dashed-dotted line! is about 21.8
meV. In wires, a redshift of the band gap is obtaine
strongly inhomogeneous over the wire cross section
most pronounced in narrow wires. While, e.g., at the cen
of the wire theLx588 nm wide wires exhibit a redshift o
only 4 meV, the band-gap shift between the quantum w
and the 33 nm wide wires is about 13 meV. In contrast, at
wire sidewalls the band-gap shift is nearly independent of
wire width and amounts to more than 30 meV. This refle
the minor influence of the wire width on the strain field at t
sidewalls. It is worth mentioning that in a region of a few n
at the sidewalls the band gap of the wires is even sma
than in unstrained CdxZn12xSe bulk material. This is mainly
due to the shear strain componentezx , which reaches its
maximum at the sidewalls and modifies the valence b
according to Eq.~3!.

V. DISCUSSION

In this section, some selected theoretical predictions
compared to experimental data obtained by PL spectrosc

FIG. 5. Shift of the conduction and the valence bandDEc and
DEv , respectively@~a!, top# and the band gapDEgap @~b!, bottom#
in the Cd0.35Zn0.65Se/ZnSe system as a function ofx with respect to
a biaxially strained 2D reference. Solid line: wire widthLx588 nm,
dashed line:Lx533 nm, dotted line~b!: unstrained Cd0.35Zn0.65Se.
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First, we discuss an experimental indication for the late
inhomogeneity of the band gap. Subsequently, the s
dependent band gap variation due to strain and lateral q
tization effects will be analyzed.

A. Lateral band-gap inhomogeneity in wires

In Fig. 6, PL spectra for the 2D reference, an 80 nm w
wire array, and wires withLx530 nm are compared for dif
ferent excitation densities ranging from 2 mW/cm2 to 100
mW/cm2.

In the case of the 2D reference, no significant change
the PL spectrum is observed by varying the excitation d
sity by almost five orders of magnitude~see Fig. 6, left!.
There is only a slight broadening of the spectra for excitat
densities above 10 W/cm2 due to the saturation of localize
states. Especially, there is no indication of defect rela
photoluminescence at low densities, indicating the high qu
ity of the sample.

The situation is completely different in the case of the
nm wide wires~Fig. 6, center!, where both the peak energ
and the shape of the PL spectrum strongly depend on
excitation density. Increasing the excitation density from
mW/cm2 to 100 W/cm2, the PL maximum shifts by about 1
meV to the blue, while simultaneously the FWHM~full
width at half maximum! of the PL spectrum decreases fro
34 meV to about 22 meV. For an interpretation of the
phenomena we follow the arguments given by Tanet al.,12

taking into account the lateral inhomogeneity of the cond
tion and the valence band in wires due to partial strain rel
ation. As discussed above~see Fig. 5!, the sidewalls are en
ergetically favorable especially for the electrons, resulting
a reduction of the band gap in the vicinity of the wire sid
walls. For low excitation densities, these energetically low
states are expected to be populated efficiently, contribu
significantly to the PL spectrum. Due to the averaging of
PL signal over the cross section of the wires, the FWHM
enhanced compared to the 2D reference. At high excita
densities the recombination in the center region of the w
dominates the PL spectrum due to the successive filling
the low energy states at the wire sidewalls. As a conseque

FIG. 6. PL spectra for a 2D reference~left!, wires with Lx

580 nm ~center!, and Lx530 nm ~right! for different excitation
power densities.
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FIG. 7. Experimental@~a!, left# and theoretical@~b!, right# PL energy shifts with respect to a 2D reference for CdxZn12xSe/ZnSe wires
with x50.12 andx50.35 versus the lateral wire widthLx . Dashed lines in~b!: energy shift due to strain relaxation, solid lines: energy sh
due to strain relaxation and lateral confinement.
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both a shift of the PL maximum to higher energies and
reduction of the FWHM is expected, in agreement with t
experimental data.

In contrast, the change of the PL energy and the PL
shape with excitation power is suppressed for narr
(Lx530 nm! wires~see Fig. 6, right!. This reflects on the one
hand the smaller variation of the band gap across the w
for decreasing wire width~see Fig. 5!. On the other hand
lateral confinement effects have to be taken into accoun
such narrow structures, resulting in fixed eigenenerg
across the wires. Consequently, no significant energy s
and line shape change with varying excitation density is
pected in narrow quantum wires, in agreement with our
perimental findings. The enhanced PL linewidth compare
the 2D reference is most likely caused by a spatial varia
of the lateral quantization energy due to size fluctuations33

B. Size dependence of the PL energy

In order to discuss the wire width dependence of the
energy in the light of our model calculations, we perform
PL measurements at a relatively high excitation power d
sity of 100 W/cm2. This guarantees a sufficient carrier de
sity in the wire in order to suppress the influence of str
induced carrier localization in the vicinity of the sidewalls
discussed above. In Fig. 7~a!, the shift of the peak energy o
the PL signal with respect to the 2D reference is plot
versus the wire size for both Cd0.12Zn0.88Se/ZnSe~triangles!
and Cd0.35Zn0.65Se/ZnSe wires~circles!. The two regimes re-
vealing a different behavior concerning the size-depend
energy shift mentioned in Sec. III become very clear. F
wire widths larger than 30 nm the strain relaxation
Cd0.35Zn0.65Se/ZnSe wires leads to a redshift of the PL sig
of more than 10 meV with decreasing width. In the case
the Cd0.12Zn0.88Se/ZnSe wires this effect is less pronounce
because of the smaller compressive strain in this system
the contrary, a substantial shift of the transition energy
higher energies due to lateral quantization effects is obse
for narrow wires.

In Fig. 7~b!, the size-dependent energy shift of the ba
gap caused by strain relaxation calculated for the cente
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the wire is depicted for CdxZn12xSe/ZnSe wires withx
50.35 ~lower dashed line! andx50.12 ~upper dashed line!.
The calculations predict a strong redshift when reducing
wire width from 100 nm to 10 nm. Of course, the change
the band gap is less pronounced forx50.12, as the strain in
the 2D layer is smaller than in the case of t
Cd0.35Zn0.65Se/ZnSe quantum well. As can be seen easily
a comparison between the experimental data and the m
calculations, no agreement can be obtained for wire wid
below 40 nm because of the increasing influence of late
confinement effects in such narrow wires. Therefore we to
into account the lateral quantization energy using a fin
square well potential,21 which results in a blueshift of the
band gap with decreasing size. For the electron and
heavy hole mass again linear interpolations between the
ues for ZnSe and CdSe~see Table I! were used. Because th
lateral confinement affects the in-plane motion of the hol
we evaluated the in-plane heavy hole massmhh,i for
CdxZn12xSe using the Luttinger-Kohn parameters.34 Taking
into account both the band-gap shift due to strain relaxa
and lateral carrier confinement@solid lines in Fig. 7~b!#, a
reasonable agreement between the experimental data an
model calculations is obtained. It is important to note that
fit parameters are used for the theoretical curve.

While this agreement is rather good in the size regi
larger than about 30 nm, some deviations have to be
cussed for the narrowest wires. As can be seen, the blue
of the PL signal in narrow wires is more distinct than pr
dicted by the theory. Our calculations show that the str
release should continue down to the sub-20-nm regime w
a saturation not above 10 nm. However, as discussed in
III, the Raman data indicate no substantial strain relaxat
for wire widths below 30 nm. Thus both experiments, P
and Raman spectroscopy, give an indication that the re
ation in the deeply etched narrow wires is more efficient th
predicted by theory. This discrepancy is not fully understo
yet. A reason for this phenomenon might be on the one h
the etch profile in these structures, which is not perfec
rectangular shaped. On the other hand, the sidewall rou
ness of about 3 nm in the wet etched patterns may mo
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the strain relaxation mechanism. This effect would play
important role especially in very narrow wires, where a re
tively large fraction of the structure is in the vicinity of th
sidewalls.

VI. CONCLUSION

Quantum wires fabricated by lateral patterning of co
pressively strained CdxZn12xSe/ZnSe quantum well struc
tures have been studied both experimentally and theoretic
as a model system to evaluate the size dependence of s
relaxation and lateral carrier confinement effects. Photolu
nescence measurements have been performed to inves
the variation of the band gap with decreasing wire size.
addition, Raman experiments gave insight into the chang
the lattice constant by monitoring the size-dependent shif
the CdxZn12xSe LO frequency. The experimental data ha
been compared to model calculations of the size-depen
band gap taking into account strain relaxation as well
lateral carrier confinement.

From our calculations we conclude~i! the strain relax-
ation in deep etched compressively strain
CdxZn12xSe/ZnSe wires is strongly inhomogeneous, caus
a variation of the conduction and the valence band across
wire cross section and~ii ! the strain relaxation results in
redshift of the band gap with decreasing size.

An experimental indication of the lateral inhomogene
m
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of the conduction and the valence band was found at
tremely low excitation densities, where the spatial separa
of electrons and holes is evident by an energetically bro
ened photoluminescence signal, shifted to lower energy. A
main result, however, the redshift observed experiment
for the band gap and the CdxZn12xSe LO phonon frequency
with decreasing wire width indicates a size-dependent lat
distortion due to strain relaxation for large wires. A goo
agreement is achieved between the PL data and the the
ical calculations for wire widths down to 40 nm, explainin
the observed redshift of the PL maximum with respect to
2D reference of more than 10 meV for wires with a hig
(x535%) and 3 meV for wires with a low (x512%) Cd
content. While the theory predicts a progressing strain re
ation down to wire widths in the 10 nm range, our expe
mental data indicate a saturation of the strain release for w
widths below 30 nm, possibly caused by the influence of e
profile and sidewall roughness on the strain relaxation p
cess. In narrow wires, lateral quantization effects have to
taken into account to model the observed blueshift of the
signal.
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