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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 g _,Se/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 photoluminescen@d) and Raman spectroscopy. For wide wirés40 nm), the strain
relaxation results in a redshift of both the energy of the PL signal and thgngd,Se 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 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 widthS0163-182¢08)04424-5

I. INTRODUCTION mity in both overgrow®’ and deeply etched structurts.
Model calculations and Raman experiments at freestanding
Strain in epitaxially grown semiconductor heterostruc-stripe films confirm these resuf$°In their comprehensive
tures is a consequence of the combination of compoundsork on overgrown quantum wires, Notorat al. extrapo-
with different lattice constants. Modern growth techniqueslated calculated strain fields to obtain band-gap changes in
such as, e.g., molecular beam epitayBE) or metal- the InAs;,_,P/InAs system, explaining the experimentally
organic vapor phase epitaxifOVPE) allow the realization observed blueshift of the photoluminescen@dl) signal
of high quality elastically strained heterostructures, if thewith decreasing wire widtfi? Similar effects have been in-
thickness of the strained layers is kept below a certain criticavestigated experimentally and theoretically for buried dots
thicknesst On the one hand, this allows the design of a wideand wires based on InAs/GaAs, InP/GaAs, or InP/In&S.
variety of semiconductor heterostructures. On the other handgecause in these overgrown structures both strain and lateral
the strain can be used intentionally to modify fundamentakarrier confinement are responsible for a blueshift of the
electronic and optical properties like the band gap, the splitbandgap with decreasing wire width, it is difficult to distin-
ting between heavy and light holes, the hole masses, and thgiish experimentally between quantization and strain effects.
density of states, and therefore, e.g., to improve the perforln contrast, in deeply etched (#h, ,Se/ZnSe wires the
mance of laser diodes® Thus strain effects in quasi-two- strain release causes a redshift of the signal with decreasing
dimensional epilayers have been investigated widely both byire width'!* and can be clearly separated from confine-
experiment and theoreticalfy° ment effects, which are observed only in narrow quantum
The growing attention to the properties of quantum wireswires due to the high carrier masseésThe lattice mismatch
and guantum dots in recent years has resulted in new quebetween CdSe and ZnSe is quite substar{délout 6.7%
tions concerning the lattice strain in low-dimensional struc-and very high quality heterostructures are available because
tures. In quasi-one-dimensionéjuasi-10 or quasi-zero- of the application potential of this system for blue-green
dimensional structures the strain is expected to change witemitting  laser  diode$?® Hence, deep etched
respect to 2D layers, because the sidewalls can relax partiall@d,Zn, ,Se/ZnSe quantum wires represent an ideal model
in deep etched patterts®® or are affected by an additional system to study the influence of strain release as well as
lateral change of the lattice constant in buriedlateral carrier confinement on the optical properties of
nanostructure$*!® De Caro and Tapfer have published a strained nanostructures.
theoretical investigation assuming homogeneous strain in In this work a systematic experimental and theoretical in-
wires and solving the problem analytically for different sub- vestigation of strain release in deeply etched
strate and wire orientatiort§.On the other hand, it has been Cd,Zn,_,Se/ZnSe wire structures is presented. The technol-
observed that strain release in wires shows a high nonunifolegy of electron beam lithography and wet chemical etching

0163-1829/98/5@24)/154399)/$15.00 57 15439 © 1998 The American Physical Society



15440 T. KUMMELL et al. 57

for the wire faprlcatlon allows a well defined variation of the Cdo.35ZN0ssSe/ ZNSe—wires
lateral wire size. Photoluminescence and Raman spectros-
copy were performed in order to get experimental access to I
both the change of the band gap and the LO phonon fre- 1,}8 " 14 nm |
guency as a consequence of the size-dependent lattice distor- *é’ |
tion. The strain fields are modeled theoretically by minimiz- S 18 nm
ing the lattice strain energy in deep etched wire structures. 561 I
We discuss the calculated strain distribution and the resulting 5 25 nm '
variation of the band gap across the wire cross section and ~ |
the consequences to the optical properties of the wire struc- 2 | 2m
tures and compare the predicted effects with experimental 24 38 nm |
data. 2
C
- 45 nm |
— 2 |-
Il. SAMPLE PREPARATION AND EXPERIMENT a 80 nm |
Single quantum wel[SQW) heterostructures have been mesa :
grown by molecular beam epitaxy in a two chamber Riber 0 \ L1 |
2300 system on &01)-oriented GaAs substrate using a 200 2.34 236 238 240 242
nm GaAs buffer layer to guarantee high sample quality. PL Energy (eV)

Sample A was grown with a 620 nm Zn&Se, o4 buffer,

latticed matched to the GaAs substrate, a 50 nm ZnSe layer, FIG. 1. PL spectra of deeply etched {zgZn ¢sSe/ZnSe wire

a 5.5 nm Cg3Zn, ¢Se well, and covered by a 13 nm ZnSe arrays .with lateral widthL,>32 nm (left side and L,<32 nm

cap layer. Sample B consists of a 70 nm ZnSe barrier, a 5.§ight side.

nm Cd, 122Ny geSe well, and a 15 nm ZnSe cap layer. As the

lattice constants of CdSe, ZnSe, and GaAs are 6.052 Aemperature of 9 K. For these experiments the excitation
5.668 A, and 5.653 A, respectivel{jt is important to keep Wavelength of the AT laser was 472.7 nm and the excitation
the total layer thickness of the ¢Zh, ,Se/ZnSe structure power was about 5 mW. The scattered Raman signal was
below the critical layer thickness. The pseudomorphic detected by a double monochromator equipped with a CCD
growth was confirmed by high resolution x-ray diffractith. camera.

Both the ZnSe barrier and the (h, ,Se well are compres-
sively strained in th€100) and the{010) direction.

The samples were coated with polymethylmethacrylate
(PMMA) resist, and wire patterns were defined by electron In order to investigate the shift of the band gap with de-
beam lithography. The resist was developed and a 15 nrareasing wire width, we performed PL measurements. In Fig.
thick Ti layer was evaporated. After resist lift-off, the Ti 1, low temperature {=2 K) PL spectra of sample A
patterns serve as etch masks. In order to obtain high quantu(@d, ;5Zn, gs5€/ZnSe SQWfor a quasi-two-dimensional ref-
efficiencies down to the narrowest wires, the pattern transfegrence(mesa and quantum wires with different widths are
was performed by wet chemical etching using aplotted. The intensity is normalized to the 2D reference and
K,Cr,0;/HBr/H,0 solution?* The etch depth was about 70 the spectra are shifted vertically for clarity. As a striking
nm. A characteristic feature of this wet etch process is aesult, we see two regimes with opposite behavior. Starting
strong dependence of the etch profile on the wire orientatiomwith the 2D reference and reducing the wire size, a continu-
with respect to the substrate. In order to obtain vertical sideeus shift of the PL maximum to lower energies is observed.
walls in the vicinity of the CgzZn,_,Se well the wires are For a wire width of about 32 nm, this shift has reached its
oriented parallel to th¢110) direction?” 70x 70 um? arrays ~ maximum with a peak energy of the PL signal, which is
with lateral wire sizes between 14 nm and 500 nm weraedshifted by about 11 meV compared to the 2D reference.
realized on each sample as well as some 2D refereénesa ~ Decreasing the wire size further, a strong increase of the PL
fields. This enables us to obtain PL and Raman data as energy is observed, which amounts to 17 meV between a 32
function of the wire width in direct comparison with a two- nm and a 14 nm wide wire. The complicated size depen-
dimensional reference from each sample. dence of the PL energy indicates that at least two different

The structures were characterized by low temperatureffects have to be taken into account in order to explain the
photoluminescence and Raman spectroscopy. For the Péxperimental data quantitatively. On the one hand, the biax-
measurements at 2 K, the samples were placed into a liquidl strain in the epitaxial C&n;_,Se layer increases the
helium cryostat. The 363.8 nm line of anAtaser was used band gap compared to bulk ¢th, ,Se® Therefore in the
for excitation. The excitation density was varied between Zetched structures strain relaxation results in a systematic shift
mW/cn? and 100 W/cri. The PL signal was dispersed by a of the wire luminescence to lower energies with decreasing
monochromator with a focus length of 0.32 m and detecteavire width**3 On the other hand, the blueshift of the PL
with a charge coupled devic€CCD) camera. The Raman signal observed for the narrowest wires is attributed to lateral
measurements were performed using a micro Raman setugarrier confinemerft-?’ Both effects will be discussed later
with a microscope objective at a working distance of 4.2 mmin more detail.
that enabled us to focus the laser to an area of about 0.8 A more direct experimental access to the lattice distortion
um?. The sample was placed in a closed cycle cryostat at Ay strain release is given by Raman spectroscopy. As the LO

Ill. OPTICAL CHARACTERIZATION OF THE WIRES
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Cdg 352N sSe/ZNSe wires valid for a layer structure free from dislocations and with
0.35=7'0.65 clearly defined lattice constants. The samples investigated in
— this work consist of ZnSe and ¢4, ,Se layers, grown
T=9K Cdfgs\e /nge lattice matched to GaAs on a GaAs substrate with a GaAs
' buffer (sample B and a GaAs/ZB, _,Se buffer(sample A.
The lattice mismatches with respect to the GaAs substrate,
defined as &sypsirae Qiayed/Alayer (UNStrained lattice con-
stant$ are —0.26%,—2.57%, and—1.07% for the ZnSe bar-
rier, the quantum well in sample A, and the quantum well in
sample B, respectively. The negative signs indicate compres-
sive strain for both the Gd&n; ,Se quantum well and the
ZnSe barrier.
With z parallel to the growth direction and the quantum
well in the x-y plane, the in-plane strain for the ZnSe barrier

17 nm
25 nm

32 nm I

Raman Intensity

38 nm

62 nm and the Cdzn,_ Se well is
VAN VAN
mesa I €y =€y = (agans— znsd/8znse
T T —— and
230 240 250 260
-1 Cd,Zn;_,Se Cd,Zn,_,Se
wave number (cm™') €X;ix o ZGySX 7= (Agaas™ Acd zn, ,sél@cdzn, ser
FIG. 2. Raman spectra of deeply etched,GAn,¢sSe/ZnSe  respectively. Because no restriction is applied to the growth
wire arrays. (2) direction, the strain in this direction is determined by the
Poisson ratioo: €21°%=— €259 04,5 In the barrier and

phonon frequency strongly depends on the lattice constant, g%ZM-xSe= _ Gf)?Xan,XSe/O_C 420, sein the quantum welt!

change of the lattice constant due to strain release shoulglg o>0, the compressive in-plane strain is counterbalanced
result in a shift of the LO phonon frequentyWe have py 4 tensile strain perpendicular to the plane. All shear strain
analyzed the same sample as discussed above by micro R(g:bmponemsfxy, €2, €,x are equal to zero in the 2D mate-
man measurements, probing the wire width dependence ¢fy.
the LO phonon energy. Figure 2 shows Raman spectra for |n a quasi-one-dimensional, deep etched wire structure the
different wire widths aff =9 K compared to the 2D refer- situation changes fundamentally. The wire sidewalls repre-
ence. For both mesa and wires two characteristic Raman sigent additional free surfaces where the structure is free from
nals are observed. The peak at about 256 tim detected on the constraints given in the 2D structure. As a consequence,
the wire arrays as well as between the patterned fields aritie structure undergoes a partial strain relaxation at least in
corresponds to the LO phonon of the ZnSe barrier materiakhe vicinity of the sidewalls, reducing the strain energy. In
with an energy nearly independent of the wire width. Theorder to get quantitative information on the strain relaxation,
second signal is only obtained by focusing the laser beare have to minimize numerically the strain energy in the
onto the wire arrays and thus is attributed to the LO phonomvire. The following coordinates are used:indicates the
of the Cdzn, Se wire. In accordance with former growth direction(001), y is parallel to the wire direction
measurementd, no separate CdSe LO phonon mode is(110, and x describes the direction perpendicular to the
found. In the case of the 2D reference the,Zij_,Se re-  Wires(110). _
lated Raman peak is only detected as a shoulder at the low In @ solid, the strain energy of a deformed volume ele-
energy side of the ZnSe signal. With decreasing lateral wird"€nt is given by .
size the C¢zn,_,Se phonon shifts further towards lower en- 1
ergies and becomes clearly separable from the ZnSe LO WZE ij§=:1 Cij€i€j, @
peak. As a shift of the Raman signal of the ,Zd,_,Se  \yhere ’
wires directly reflects the influence of the lattice deformation
due to a variation of the straff;?®these results are attributed €17 Ex» €27 €y, €37 €
to a release of the compressive strain in the wires for de-
creasing lateral size. For wires below 30 nm, however, no . . .
further shift of the LO peak is obtained, indicating a satura-and thec.” are the elastic constants in they,z) coordinate
tion of the strain release in Narrow wires. system, i.e., th€;; fqr ZnSe(Ref. 29 have to be transferred
from the crystal lattice axes to our coordinate systémo
calculate the strain in a wire, we assume a rectangular wire
IV. THEORETICAL MODELING OF THE STRAIN profile, i.e. vertical sidewalls in the vicinity of the
RELAXATION CdZn,_,Se layer. As the strain in the wire directias,
_ ) _ _ does not change ang, ande,, are zero, the problem can be
In order to describe the strain relaxation process in thgeduced to two dimensions. We are subdividing the wire
wires quantitatively we have used elasticity theory. As mencross section X-z plang into a two-dimensional grid. The
tioned before, heteroepitaxial structures are strained in thevaluation ofe,,, €,,, ande,, as functions of X,z) com-
case of a lattice mismatch between the different layers and pletely characterizes the strain field in the wire. The strain
pseudomorphic growth. The latter point is of particular im-energy of each grid point with respect to its neighbors was
portance, as a model applying elasticity theory can only beninimized according to Ed1). This procedure was repeated

€4=€yz, €= €zx, €T Exy,
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FIG. 3. Strain in the center of a GgZn,cSe/ZnSe layer for FIG. 4. Strain in the center of the wire for a 2D refereiidet-

2D layer(dotted ling, an 88 nm wide wirdsolid line), and a 33 nm  ted ling, an 88 nm wide wirgsolid line), and a 33 nm wide wire
wide wire (dashed lingas a function of the lateral positionin the ~ (dashed lingas a function of the position along the growth direc-
wire: [(a), top] Strain perpendicular to growth direction and wire tion z. The curves refer to the GgdsZno gsSe/ZnSe system.

orientation, e, . [(b), bottom] Strain in growth directione,,. ) ) ) )
duction of the tensile strain of the (£h; ,Se layer, which

until the minimum of the total strain energy in the wire wasis not surprising, because the tensile strain in the growth
obtained, resulting i%,,, €,,, ande,, as functions of X,z). direction was caused by the compressive in-plane strain, as

To discuss the results of our model calculations, we willmentioned above. Therefore, as in Figa)3 the relaxation
first concentrate on sample A. The exact sample design, i.eprocess is most pronounced at the sidewalls. However, the
the well and the barrier thickness as well as the Cd content dftrain relaxation irz direction is less distinct than the change
the well, has been determined by x-ray diffractionof ¢,,. For instance, in wires df ,=88 nm(solid line) and
measurement®. We evaluated the strain fields; (x,2) for L,=33 nm(dashed ling ¢,, in the center of the wire is only
different wire widths and compared it to the quasi-two-reduced to about 2.8% and 2.4%, respectively.
dimensional reference. As the strain field is only determined Because no dislocations are induced at the barrier-well
by the ratio between the well thickness and the wire width,nterface, the strain release in the wires results in a modifi-
the results can be easily transferred to other quantum wedllation of the strain field in the barriers. This is illustrated in
thicknesses. Fig. 4, wheree,, is plotted as a function of, while x is kept

To give an impression of how the strain field changesconstant in the center of the well. The etch depth, i.e., the
with decreasing wire sizes,, in the center of the quantum height of the wire, ish,;. The dotted line describes the 2D
well (i.e.,z=cons} is depicted in Fig. @) for different wire  reference, where the barrier has a compressive strain of
widths as a function ok. The dotted line describes the situ- —0.26% and the quantum well a compressive strain of
ation in the 2D reference, wheeg, amounts to—2.51% due  —2.51%, as mentioned above. In the case of a narrow (
to the uniform compressive strain. In the 88 nm wide wire=33 nm) wire (dashed ling the strain release results in a
(solid line), the absolute value af,, is reduced, caused by a reduction of the compressive strain in the,Zd,_,Se layer
release of the compressive in-plane strain. The figure showistom —2.51% to about—1.6%. In addition, the barrier un-
that the increase of the in-plane lattice constant of thelergoes a tensile deformation, which is particularly strong in
Cd,Zn;_,Se wire is most important at the sidewalls. This isthe vicinity of the barrier-well interface. From an energetic
easy to understand, because in the vicinity of the open sidesoint of view, a fraction of the strain energy in the quantum
walls the relaxation process is expected to be most efficientvell region is transmitted to the barrier regions, and eventu-
Reducing the wire width to 33 nridashed ling the relax-  ally a balance of deformation between barrier and well with
ation process has proceeded further, resulting in a residual minimal total energy is achieved. It has to be noted that
strain e, in x direction of —1.6% in the center of the wire. because of the small cap layer thickness, even the top of the
However, the strain field at the sidewall is quite independentvire is influenced by the strain release, resulting in a tensile
of the wire width. Hence, the difference between the strain astrain of the ZnSe cap layer. As expected, in the center of an
the sidewalls and in the center of the wire is more pro-88 nm wide wire(solid line), both strain release in the quan-
nounced in wide wires. There are typically 5-10 nm widetum well and the tensile strain in the barrier reveal an inter-
regions at the sidewalls, where a strongly inhomogeneousediate state between the mesa reference and the narrow
strain field is obtained. wire. In addition to the size-dependent strajg ande,,, the

For comparison, Fig. ®) showse,, in the center of the distortion causes a shear strain componregpespecially pro-
quantum well as a function of. In the 2D casédotted ling,  nounced at the wire sidewalls and at the quantum-well—
there is a uniform tensile strain ef,, which is about 3.02%. barrier interface.
The strain relaxation occurring in the wires results in a re- In order to compare the PL data with our theory, the cal-
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TABLE |. Deformation potentialg,, a,, a, b, andd, Luttinger parametery,; andy,, electron mass
m., and in-plane heavy hole mass,,| for ZnSe and CdSe in zinc-blende formation. The values for the
ternary compounds are obtained by a linear interpolation.

Cdse ZnSe CehsZNo es5€ Cdh.12ZNo gsS€
a. (eV) -3.13 -5¢ -4.9 —5.57
a, (eV) -0.53 -1.0 -0.84 —0.94
(a=a.—a,) (eV) —-2.6 -4.9 —4.06 —4.63
b (eV) -0.7° -1.14 -0.99 -1.09
d (eV) -3.§
i 1.9 2.45
¥a 0.78 0.61°
me /Mg 0.11 0.14% 0.133 0.141
Mpp, /Mo 0.38 0.33 0.345 0.334
3Reference 32. dReference 36.
bReference 35. ®Reference 37.
‘Reference 31. ‘Reference 24.

culated strain fields in the partially relaxed wires have to beshift of the conduction band, the valence band, and the band
transferred to a variation of the band gap. We define primedap, too. On the other hand, the valence band splitting leads
coordinates X',y’,z’), that follow the (100, (010, and to a reduction of thee-hh transition energy in biaxially
(001) directions of the crystal, respectively, and solve thestrained layers like G&n,_,Se/ZnSe quantum wells. How-
strain Hamiltonian ak=0. Primede;; are introduced as ab- ever, this reduction is not sufficient to compensate for the
breviations fore;,;, referring to the ',y’,z") coordinate increase of the band gap due to the hydrostatic strain, be-
system. As the wires are orientated(ib10) direction, and cause CgZn,_,Se layers pseudomorphically grown on ZnSe
€xy= €y,= 0, the transformation from the wire coordinate or GaAs show a blueshift of the band gap compared to bulk
system &,y,2) to the crystal coordinate system'(y’,z') is  material® Vice versa, strain relaxation in wires is expected to
performed by cause a redshift with respect to the quantum well reference.
In Fig. 5@), the energy shift of the conduction band and

(2)  the valence band with respect to the compressively strained

Cdy 35£2Ng gs5€/ZnSe quantum well is shown as a function of

X, with z fixed in the center of the quantum well. We have
According to Pikus and Bif the change of the energy of the neglected piezoelectric effects, which are not expected to
conduction and the valence band, respectively, due to straihave dominant influence on the PL energy, even in narrow
is wires!! The values of the deformation potentialsa, , a.,

and b for ZnSe and cubic CdSe are listed in Table I. For
©) Cd.Zn,_,Se we used linear interpolations. As the parameter

fglz: eéx: €xx/ \/E, E;(y: (€xx— fyy)lzv

E>,<x: eg/y: (€xxt eyy)/z-

AE.=ac( et 63,/y+ €22),

b2 d is not available for CdSe in zinc-blende formation, the
AE, =a,(€y,+ e;,y-l- €)% \ /?s+ d2T, ZnSe valued= — 3.8 was taken in a first approximation. The
change of the conduction band edge is only influenced, by
where ande,,, because,, is independent of the wire width.
In wires, the relaxation process causes a shift of the con-
S=(€xx— €yy)° (€5~ €,)°+ (€5, €17, duction band to lower energies. This shift increases in nar-
row wires due to the stronger relaxation in the wire center as
T= 5>’<§+ 6>’/§+ € compared to wide ones. The laterally inhomogeneous strain
anda., a,, b, andd are the deformation potentials. distribution results in a more distinct shift of the conduction

From Eq.(3) it follows that the conduction band is merely band at the wire sidewalls thus causing a substantial inhomo-
influenced by the hydrostatic deformati@r;; , but the va-  geneity in the conduction band energy of the wires. In prin-
lence band undergoes an additional splittiag, —AE;  ciple the valence band shows a similar behavior. However,
due to tetragonal distortions and due to shear strain. Thehe variation of the energy between the center and the side-
situation in strained 2D layers is comprehensively describedyalls of the wire is much less pronounced due to shear strain
e.g., in Ref. 6 and we want to outline it only briefly. In the and due to the smaller value af compared t@.. From this
case of a quantum weljE, corresponds to the heavy hole result, a field enhanced transfer of the electrons to the ener-
(hh) andAEU+ to the light hole(lh) of the valence band. The getically favorable regions at the sidewalls is expected, while
change of the band gap for tleehh transition is given by the holes should be weakly confined in the center of the wire.
AE.—AE, . As all deformation potentials for ZnSe are It has to be noted that a substantial spreading,0énda.
negative(see Table) and alsoa=(a.—a,)<0, a negative ~can be found in the literaturé;**causing uncertainties in the
(compressive hydrostatic deformation results in a positive lateral variation of conduction and valence band. However,



15444 T. KUMMELL et al. 57

CdgsZngesSe / ZnSe wires T=2K
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FIG. 6. PL spectra for a 2D referendéeft), wires with L,
o —10- =80 nm (centej, and L,=30 nm (right) for different excitation
3 power densities.
E
g =20 First, we discuss an experimental indication for the lateral

21."" inhomogeneity of the band gap. Subsequently, the size-

=304 |,/ \ dependent band gap variation due to strain and lateral quan-

—L, = 88 nm i ati ;
\ tization effects will be analyzed.
/ ==L, = 33 nm \
-404 0 bulk material

T T T T T A. Lateral band- inhom neity in wir
-=0.50 -0.25 0.00 0.25 0.50 ateral band-gap omogeneity es

x/L In Fig. 6, PL spectra for the 2D reference, an 80 nm wide
wire array, and wires with., =30 nm are compared for dif-

FIG. 5. Sh_ift of the conduction and the valence baxifi; and  fgrent excitation densities ranging from 2 mW/icho 100
AE, , respectively[(a), top] and the band gapE,, [(b), botton mW/cn®.

in the Cdb 557 Ny¢556/ZnSe System as a functiomaiith respect to In the case of the 2D reference, no significant change of

a biaxially strained 2D reference. Solid line: wire width= 88 nm, . : oo )
dashed lineL,=33 nm, dotted lingb): unstrained CglsZng gsSe€. g:,; FS)‘/ Zﬁﬁ(gg{lrﬁvls g?{f:geo(i %/a\éi%r&ge;gepei;_mg}tﬁ r;tden
the calculated energy gap is rather reliable, because the déhere is only a slight broadening of the spectra for excitation
formation potentiak is known quite exactly. densities above 10 W/chdue to the saturation of localized
The shift of the energy gap for treehh transitionAEy,,  states. Especially, there is no indication of defect related
=AE.—AE, with respect to the compressively strained photoluminescence at low densities, indicating the high qual-
quantum well is shown at the bottom of Fighbfor differ- ity of the sample.
ent wires. The energy shift between the band gap of the The situation is completely different in the case of the 80
strained layer, marked a8Ey,,=0 on our scale, and the nm wide wires(Fig. 6, centex, where both the peak energy
unstrained bulk materialdashed-dotted lineis about 21.8 and the shape of the PL spectrum strongly depend on the
meV. In wires, a redshift of the band gap is obtained,excitation density. Increasing the excitation density from 2
strongly inhomogeneous over the wire cross section anghw/cn? to 100 W/cnf, the PL maximum shifts by about 19
most pronounced in narrow wires. While, e.g., at the centepev to the blue, while simultaneously the FWHHuIl
of the wire theL,=88 nm wide wires exhibit a redshift of \idth at half maximum of the PL spectrum decreases from
only 4 meV, the band-gap shift between the quantum welk; mev to about 22 meV. For an interpretation of these
and the 33 nm wide wires is abpu_t 13 meV. In contrast, at the&henomena we follow the arguments given by Earal, 12
wire sidewalls the band-gap shift is nearly independent of the, ¢ into account the lateral inhomogeneity of the conduc-

){/\r/]lre width a:c?d amoufnttﬁ to WOW-TJS]&” 3,[?1 m(?[v._ T?'S’lJEftlfﬁtstion and the valence band in wires due to partial strain relax-
€ minorinfluence ot the wire width on the strain field at IN€ o, - A giscussed aboyeee Fig. 5, the sidewalls are en-

;Itdfhvéa!isd;u;got%g rggggon;ng é?at‘:]:: \?/i:(:gl(i)sn g{/:nfesv:/ngweergetically favorable especially for the electrons, resulting in
than in unstrained G&n S%]e Eulk material. This is mainl & reduction of the_bapd gap in.the vicinity of the_wire side-
A-x y Y walls. For low excitation densities, these energetically lower
due o the shear strain componesy,, .Wh'Ch reaches its tates are expected to be populated efficiently, contributing
maximum at the sidewalls and modifies the valence ban ignificantly to the PL spectrum. Due to the averaging of the
according to Eq(3). PL signal over the cross section of the wires, the FWHM is
enhanced compared to the 2D reference. At high excitation
densities the recombination in the center region of the wire
In this section, some selected theoretical predictions ardominates the PL spectrum due to the successive filling of
compared to experimental data obtained by PL spectroscopthe low energy states at the wire sidewalls. As a consequence

V. DISCUSSION
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FIG. 7. Experimental(a), left] and theoretical(b), right] PL energy shifts with respect to a 2D reference forZg_,Se/ZnSe wires
with x=0.12 andx=0.35 versus the lateral wire width, . Dashed lines irib): energy shift due to strain relaxation, solid lines: energy shift
due to strain relaxation and lateral confinement.

both a shift of the PL maximum to higher energies and a&he wire is depicted for G&n, ,Se/ZnSe wires withx
reduction of the FWHM is expected, in agreement with the= (.35 (lower dashed lineandx=0.12 (upper dashed line
experimental data. ~ The calculations predict a strong redshift when reducing the
In contrast, the change of the PL energy and the PL lingyjre width from 100 nm to 10 nm. Of course, the change of
shape with excitation power is suppressed for narmoWpe pang gap is less pronounced fo¢0.12, as the strain in
(L=30 nm wwes(seg E|g. 6, right This reflects on the ON€ the 2D layer is smaller than in the case of the
hand the smaller.vana}tmn of thg band gap across the wwe&d0 +ZNo s:Se/ZnSe quantum well. As can be seen easily by
for decreasing wire widthisee Fig. 3 On the other hand, .a comparison between the experimental data and the model

h fruct i i fixed ei * Ralculations, no agreement can be obtained for wire widths
such narrow structures, resuiting in fixe elgenenergleEeIOW 40 nm because of the increasing influence of lateral

ac:ﬁs thi wwesr.] Conse(.thrjlently,. no S|g_?|ft|.can;cj ene_trgy shi onfinement effects in such narrow wires. Therefore we took
and liné shape change with varying excitation density 1S Xy, account the lateral guantization energy using a finite

peqted '? In?rrdqw qu{a}ﬂtum r\ﬁvwes,(;npigf'reemcej?; with Ours)t('square well potentig* which results in a blueshift of the
perimentaltindings. The enhance INewicith compare and gap with decreasing size. For the electron and the

the 2D reference IS most likely caused by a spatial V%'at'omeavy hole mass again linear interpolations between the val-
of the lateral quantization energy due to size fluctuations. ues for ZnSe and CdSeee Table)lwere used. Because the
lateral confinement affects the in-plane motion of the holes,
we evaluated the in-plane heavy hole massg,; for

In order to discuss the wire width dependence of the PLCd,Zn,_,Se using the Luttinger-Kohn parameté&tslaking
energy in the light of our model calculations, we performedinto account both the band-gap shift due to strain relaxation
PL measurements at a relatively high excitation power denand lateral carrier confinemefsolid lines in Fig. To)], a
sity of 100 W/cni. This guarantees a sufficient carrier den-reasonable agreement between the experimental data and the
sity in the wire in order to suppress the influence of strainmodel calculations is obtained. It is important to note that no
induced carrier localization in the vicinity of the sidewalls asfit parameters are used for the theoretical curve.
discussed above. In Fig(a), the shift of the peak energy of While this agreement is rather good in the size regime
the PL signal with respect to the 2D reference is plottedarger than about 30 nm, some deviations have to be dis-
versus the wire size for both gegZny geSe/ZnSe(triangles  cussed for the narrowest wires. As can be seen, the blueshift
and Cg 35Zng g55€/ZnSe wiregcircles. The two regimes re-  of the PL signal in narrow wires is more distinct than pre-
vealing a different behavior concerning the size-dependerdicted by the theory. Our calculations show that the strain
energy shift mentioned in Sec. Ill become very clear. Forelease should continue down to the sub-20-nm regime with
wire widths larger than 30 nm the strain relaxation ina saturation not above 10 nm. However, as discussed in Sec.
Cd, 3£y g55€/ZnSe wires leads to a redshift of the PL signallll, the Raman data indicate no substantial strain relaxation
of more than 10 meV with decreasing width. In the case offor wire widths below 30 nm. Thus both experiments, PL
the Cq 12Ny geSe/ZnSe wires this effect is less pronounced,and Raman spectroscopy, give an indication that the relax-
because of the smaller compressive strain in this system. Gation in the deeply etched narrow wires is more efficient than
the contrary, a substantial shift of the transition energy tgredicted by theory. This discrepancy is not fully understood
higher energies due to lateral quantization effects is observegkt. A reason for this phenomenon might be on the one hand
for narrow wires. the etch profile in these structures, which is not perfectly

In Fig. 7(b), the size-dependent energy shift of the bandrectangular shaped. On the other hand, the sidewall rough-
gap caused by strain relaxation calculated for the center afess of about 3 nm in the wet etched patterns may modify

B. Size dependence of the PL energy
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the strain relaxation mechanism. This effect would play arof the conduction and the valence band was found at ex-
important role especially in very narrow wires, where a rela-tremely low excitation densities, where the spatial separation
tively large fraction of the structure is in the vicinity of the of electrons and holes is evident by an energetically broad-
sidewalls. ened photoluminescence signal, shifted to lower energy. As a
main result, however, the redshift observed experimentally
VI. CONCLUSION for the band gap and the ¢h;_,Se LO phonon frequency
. . i with decreasing wire width indicates a size-dependent lattice
Quantum wires fabricated by lateral patterning of com-gjstortion due to strain relaxation for large wires. A good
pressively strained Gdn,_,Se/ZnSe quantum well struc- agreement is achieved between the PL data and the theoret-
tures have been studied both experimentally and theoreticalla| calculations for wire widths down to 40 nm, explaining

as a model system to evaluate the size dependence of straifk opserved redshift of the PL maximum with respect to the
relaxation and lateral carrier confinement effects. Photolumisp yeference of more than 10 meV for wires with a high
nescence measurements have been performed to investig%;g: 35%) and 3 meV for wires with a lowxE 12%) Cd

the variation of the band gap with decreasing wire size. Incontent. While the theory predicts a progressing strain relax-

addition, Raman experiments gave insight into the change oftjion down to wire widths in the 10 nm range, our experi-

the lattice constant by monitoring the size-dependent shift ofyental data indicate a saturation of the strain release for wire
the C4gZn,,Se LO frequency. The experimental data haveyjgths below 30 nm, possibly caused by the influence of etch
been compared to model calculations of the size-dependegfofile and sidewall roughness on the strain relaxation pro-
band gap taking into account strain relaxation as well agess. In narrow wires, lateral quantization effects have to be

lateral carrier confinement. _ _ taken into account to model the observed blueshift of the PL
From our calculations we conclud) the strain relax-  gjgng.

ation in deep etched compressively strained

Cd,zZn,_,Se/ZnSe wires is strongly inhomogeneous, causing

a variation of the conduction and the valence band across the

wire cross section andi) the strain relaxation results in a ~ We would like to thank D. Eisert for fruitful discussion

redshift of the band gap with decreasing size. and acknowledge the financial support of the Deutsche For-
An experimental indication of the lateral inhomogeneity schungsgemeinschatft.
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