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Wire-width dependence of the LO-phonon splitting and photoluminescence energy
in ZnSe/Cd, 352N gsS€ quantum wires
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Cd,Zn, _,Se/ZnSe quantum wires with lateral widths down to 13 nm were fabricated by electron-beam
lithography and wet chemical etching. In order to study the wire-width dependence of both the LO-phonon
splitting between the barrier and the wire regions and the emission energy, micro resonance Raman spectros-
copy and photoluminescen¢@@L) measurements have been performed. Reducing the wire width down to about
30 nm, we found an increasing splitting between the ZnSe phonon of the barrier layers and the ZnSe-like
phonon of the CgZn, _,Se wire regions as well as an increasing redshift of the PL energy. This behavior is due
to the strain relaxation of the deeply etched, biaxially strained wires. By calculating the size dependence of the
strain distribution and the LO-phonon wave numbers, good agreement between experiment and theory is
obtained. Decreasing the wire size further down to the sub-20-nm range, the LO splitting is found to be almost
independent of the wire width, indicating no further change of the strain relaxation. In this range, the PL
spectrum shows a blueshift with decreasing wire size due to lateral -carrier confinement.
[S0163-18207)00436-0

I. INTRODUCTION Cd,Zn;_,Se layer in the wire.

Recently, quantum wires of several 1l-VI semiconductors
have attracted considerable attenttof.This is due to the Il. EXPERIMENT

restriction of the vibrational and electrorigibronic) system h . | . iation is sh
to only one dimension. New physical phenomena are ex- 1he guantum-wire sample under investigation is shown

pected, which strongly depend on the width of the wires, forschematically in Fig. 1. On a GaAs substrate a GaAs buffer

example, a blueshift of the band gap due to lateral conﬁnel-ayer’ a_Zn3Se_x buffer layer, and subsequently a

ment of electrons and hol&$.Up to now, only a little infor- ZnSe/Cdzn, _ySe q_uantum- well were grown with a
. . . molecular-beam epitaxy Riber system. The ZB&_,

mation on 1l-VI semiconductor quantum wires can be found ) . X .

: . : . buffer layer is 620 nm thick with a sulphur content of 6% in

in the literature, mainly reporting on the dependence of the

luminescence on the wire widft.

As confinement effects seem to occur only for wires that Z=2

are thinner than about 40 nm, great efforts have been made S,
regarding refined etching proces$Wire sizes down to 13 y LX
x|
x'

g

nm have been achievédConsidering the photoluminescence

(PL) spectra for decreasing wire widths, an increasing red- |
shift of the PL energy has been detected as long as confine- - —

ment effects could be neglecté&.‘l’his can be explained as 15 nm \ZnSe

a result of strain and strain relaxation, which directly influ- L 2D —
_____ nS — _ 55nm
ences the band gap of the nanostructiresor a further %
decrease of the wire width, an additional blueshift of the PL /&@
energy occurs due to lateral confinement of electrons and sg nm
ZnSe

holes.

In this paper we report experimental and theoretical re-
sults concerning the correlation between the wire width de-
pendence of the LO-phonon frequency and the band gap of ZnSSe Buffer
the quantum-well layer in ZnSe/Cgh, ,Se semiconductor GaAs Buffer

nanostructures. Micro-Raman measurements and PL experi-
ments have been performed. A strong wire width dependence
of the PL energy and of the ZnSe-like LO-phonon wave-
number position for wires thinner than 100 nm has been FIG. 1. Schematic representation of the quantum wires under
found. This behavior is explained by strain relaxation in theinvestigation.

GaAs Substrate
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order to get lattice matching between the GaAs andf strain on the phonon frequency is well known from the
ZnS.Se _, layer. The bottom barrier layer is ZnSe and has diterature. But to our knowledge no theoretical considerations
thickness of 50 nm. The quantum-well layer of thickness 5.5f the influence of strain and strain relaxation in semicon-
nm consists of C&n;_,Se with a concentration of 35% ductor quantum wires including the contribution of shear
cadmium. As a cap layer 15 nm of ZnSe is used. The cadstrain components on the LO-phonon wave-number positions
mium concentration as well as the thickness of the layerhave been published until now. Our theoretical consider-
have been verified by x-ray diffraction. ations are based on the calculation of the strain components
To obtain wires of widths., down to 13 nm these quan- as a function of the coordinates of a strain relaxed quantum
tum wells were patterned by electron-beam lithography anavire.
wet chemical etching, as described in detail in Refs. 5 and 6. First, we consider a two-dimensional figlchesa of our
The wires are oriented in thél10 direction. For such a sample. The bottom ZnSe layé€0 nm and the top ZnSe
structure the strain between different layers plays a very imbayer (15 nm are very thick compared to the quantum-well
portant role. While the ZnSe layer is almost lattice matchedayer (5.5 nm Cd 35Zng 6556 in between. Therefore, we as-
to the Zn$ (S8 o4 buffer, the quantum-well layer is strained sume that the GghZnggsSe lattice has the same in-plane
due to the Cd that is incorporated into the ZnSe lattice. Thdattice constant as the ZnSe lattice. This means that the
lattice constant of CdSeat 6.052 A) is larger than that of Cdy 3Zng gsS€ quantum-well layer is under biaxial compres-
ZnSe @=5.668 A) 1° In order to avoid lattice relaxation in sive strain.
our samples the thickness of the quantum-well layer was In the case of a structured semiconductor, for example,
kept small. guantum wires, strain relaxation occurs at the edge of the
The samples used in our experiments consisted of severalires. For the calculation of this strain relaxation some defi-
patterned areas of ®070 um? each containing wires of nitions have to be made. The Cartesian crystal coordinates
well-defined width separated by several 100 from each are in the(100), (010, and (001) directions of the crystal
other. Therefore, within the focal area of the laser, which idattice and are denoted ly,y,z). The growth direction iz.
about 0.8um? for the Raman measurements and aboufThe Cartesian wire coordinates are in {140), (110), and
50 wm? in the case of the PL measurements, the widths a001) directions and are denoted by'(y’,z’). The wires
well as the compositions of the wires were always the sameare oriented parallel to th€l10) y' direction. The width of
Different wire widths were investigated by focusing the laserthe wire is in thex' direction and the height is in the =z
beam into the different patterned areas of the sample. direction (see Fig. 1 For convenience, we will use primed
In order to obtain laterally resolved Raman data from thesymbols in the wire coordinates instead of primed indices in
samples a micro-Raman setup was used. The Raman micrtite subscripts, i.e., we will use§y for €,/ . Since the di-
scope has been described in detail elsewhefhe micro-  mension of the wire in thg’ direction is Iargef{,y is con-
Raman spectra were recorded using an excitation wavelengtiant and is determined by the misfit between the ZnSe and

of 472.7 nm of an argon-ion lasé€Bpectra Physics Model Cd, ,Zn, sSe layers. Therefore, the problem is reduced to
166). An adaption lens focused the Raman light onto thethe x’-2’ plane.

entrance slit of a Spex 1404 double spectrometer equipped
with a charge coupled devid€CD) camera systenfPhoto-
metrics model 9000 The sample was placed in a closed ) ) o )
cycle cryostat(CTI Cryogenics, which enabled us to vary In stralne_d quantum wells, the in-plane strain is described
the temperature of the sample from room temperature dowRY the relative lattice mismatch of thinstrained barrier

to about 9 K. The accuracy of the chosen temperature wadnd well material:

about=5 K. The working distance of the microscope objec-

A. Calculation of the strain relaxation

tive was 4.2 mm. Therefore, we had to use a very {iin €xx= €yy= (Apar— Awell)/ Awell - ey
mm) window for the cryostat and the sample surface had tq, the Cqzn, _,Se/znSe material system the lattice constant
be placed very close to the window. of Cd,Zn,_,Se is larger than the lattice constant of ZnSe

In order to'avoid sample heating, the measurementg WeIR > apa), leading to a compressivmegative in-plane
performed using a laser power of only about 5 mW. Micro-girain This compressive strain is counterbalanced by an in-

Raman spectra were recorded by applying the scanning Mulyeased lattice constant, i.e., a tenéflesitive strain, in the
tichannel techniqu¥’ The spectral resolution was about growth direction:

2cm L
In addition to the Raman experiments, low-temperature CiatcC
. 13 23
(2 K) PL measurements on the same wire structures were €~ — - Exye 2

performed. The 363.8-nm line of an Afaser was used for Cs3

the excitation of the sample with a power of 5 mW. The PLThe ¢;; can easily be evaluated from the elastic constants
was dispersed by a 0.32-m monochromator and detected Withecause cj3=cys=C;, and  Csg=Cyy. In  the
a CCD camera. Cdy 3Zng 655€/ZnSe systeme,, and ey,=—0.0229 ande,,
=0.0286. Thus we have a biaxially strained layer with all
shear strain components, = €,,= €,,=0.
For an as-etched wire structure, there are no restrictions at
The consequence of the presence of strain in semiconduthe wire sidewalls, causing a partial lattice relaxation. To
tor heterostructures was the subject of many experimentadalculate this relaxation, we defined a grid upon the cross
and theoretical investigatior3-1® Therefore, the influence section of the wire and minimized the strain energy for each

Ill. THEORETICAL CONSIDERATIONS



56 WIRE-WIDTH DEPENDENCE OF THE LO-PHOND. ..

grid point with respect to its nearest neighbors. Similar in-

7471

Ma1= 2K g€y,

vestigations have been made in Refs. 17 and 18, using a

finite-element method, applied to strain effects in as-etched

and overgrown wires, respectively. As expecteg, e,,, €y,
are functions of the wire cross section coordinateandz’.

In principle, e, ande,, are decreasing at the wire sidewalls

Myo= Klleyy+ Ko €71 €xx)s (3b)

Mo3=2Ky4€y7,

and for narrow wires even in the wire center. In contrast to

two-dimensional(2D) material, the shear strain component

€,, IS not zero in particular at the wire edges.

B. Shift of the LO phonon in strained quantum wires

Biaxial compressive strain shifts the LO phonon to higher
frequencies® The strain-induced shifA% of a phonon is

M31= 2K 44654,
Mgo=2K 4467y,

M33= K116, Koo €45t Eyy)-

HereK,4, K45, andK,, are the phonon deformation poten-

derived by Anastassakis:

Mmyi—A my my3
My My—A My3 | =0, (38
M3y Mz,  Mgz—A

where
My =Kyi€t Ko €yyt €5,
Myo=2K 4€xy,

My3= 2K 44657,

1
3 (€xxt €yy) T+ €5y

1
€= — 2 (€ €yy)

(€4t 6{,2)

V2

1
— 2 (€ €yy)

1
3 (Exxt €y) — €y

v

2
)\i:nv-'_o AVi, (4)

where7v, is the Raman wave number of the bulk material
and theA; are the shifts of the LO phonons with respect to
the wave-number position in unstrained material. We use the
phonon deformation potentials measured by Cerdstir 14
Since there are no phonon deformation potentials known for
CdSe, we use the ZnSe phonon deformation potentials for
the Cq 3£y g55€ layer as well.

In order to solve the secular equation we have to trans-
form the strain components into crystal coordinates. In Sec.
Il A the strain components were given referring to wire co-
ordinates. The strains in crystal coordinates are calculated as

1
5 (€xz T Eyz)

1
- E (E;(z_ é_}I/z) . (5)

(€x,— E{/z) €27

As mentioned above, we neglect strain relaxations along th&sing these strain components we are able to solve the secu-
y' direction (wire length and therefore consider only the lar equation(3a). From this we obtain the eigenvalues

x'-z' plane. Withe,= e;,=0 Eq.(5) can be reduced to

1
1 ! ! 1 !
(€t Eyy) — 3 (€ ny) E €xz
e=| —3(e,—€,) e, ,te) ——e€
2\ Exx™ Eyy 2\ ExxT €Eyy 3 X
1 1 ,
o o €
vz vz “

(6)

M=Kyt Ko et €,) + 2K446xy )

@)

Ao 3= %{Kll( Exxt €2) T K135t €,) — 2K44€xy

+ \/[(Kll_ K1) (€xx— €22 — 2K446xy]2+ 2(4K445xz)2} )

and the eigenvectors
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X+y U= €xd (K11—K1o) (€xx— ézz)+6K44€xy]i
1 vVFW W=
m=1], mz=| XFY|, (8a) . ,
0 v+W - 6xz\/[(Kll_ K12 (€xx— €22 — 2K44Exy] —32Ks€,7)".
1 In the backscattering geometrkli), A7V is determined by

the eigenvalue belonging to the eigenvedt®n,) in crystal
coordinates. In our case we have to transform the vector
5 (0,0,1 into wire coordinates to obtain the coefficients that
X= €xy[ (K117 K12) (€xx— €22) — 2K ga€xy] — 4K 4465, yield the contribution of each eigenvalue of the wire system.
These coefficients, multiplied by the respective eigenvalues,
Y= €y VL (K11— K12) (€xx— €20 — 2K 4464y ]° — 32K 4465, %, provide the shift of the LO phonoA7 observed in back-
8b) scattering geometry:

with

~ Vo
Ve 8(wWx—vy)|v+Ww||v—w|

{(U_W) \/(U_W)2+2(X_y)2\/(v +W)2(X+y)X[Kll(Exx+ €,7) T KiA3€xxt €77

— 2K 465y~ VI(K 11—~ K1) (€xx— €55) — 2K44€xy]2+ 32(K 446x,)°] = (0 +W) (v +W)?+ 2(x+y) (v —w)?

X(X=Y) X[K1( €xxt €;5) + Ky €4t €,0) — 2K44Exy+ \/[( K11—= K1) (€xx— €20 — 2K446xy]2+ 32 K446XZ)2]}'
9

Due to strain relaxation at the edge of the wire the strain is a IV. EXPERIMENTAL RESULTS
function ofx’ andz’. In Sec. Il A the lattice relaxation has
been calculated characterizing every lattice cell of the wire
as one particular point. Considering one defined wire width, Raman spectra were taken of different sample areas with
the strain relaxation as a function ®f andz’ is character- Well-defined wire widths. The micro-Raman setup enabled
istic for this wire width. Therefore, the calculated LO- US to excite spectra only from a small spot and no overlap
phonon wave number as a function »f and z’ for one
particular wire width is also a characteristic function for the
considered wire width.

In Fig. 2 the calculated LO-phonon wave number is plot-
ted as a function of the coordinates of the wire cross section
(x'-z" plang for a 40-nm-wide quantum wire. The LO-
phonon wave number in the bottom and top ZnSe layers of
the wire is equal to the bulk phonon wave number of
257 cmi L. In the C@ 3Zng gsSe quantum-well layer the LO
phonon is shifted to higher wave numbers compared to the
bulk Cdh 3ZngesSe phonon positidd at 245 cmt. Due to
the strain relaxation at the edge of the wire the strain-induced
shift of the LO phonon of the quantum wire is higher in the
center than at the edge of the wire.

In Fig. 3 the wave number of the LO phonon in the
middle layer of the CgZn, _,Se wire as well as in a mesa
(2D) field is plotted as a function of the normalized wire
width. Due to the boundary conditions in the theoretical
model the wave-number position of the LO phonon at the
edge is the same for each wire width. In the middle of the
wire the strain relaxation increases for decreasing wire
width. In wires 50 or 40 nm wide a shift of about 1 cfn
with respect to the two-dimensional mesa is calculated. Fora rs 5 Theoretical LO-phonon wave-number positions obtained
20- and a 15-nm wire the shift is about 2 and 2.5¢m  for 40-nm Cgzn, ,Se/ZnSe wires as a function of the coordinates
respectively. spanning the wire cross section.

A. Raman scattering
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FIG. 4. Raman shift of the ZnSe LQabeled byO) and the
ZnSe-like LO (labeled by 00) phonon lines for 32-nm
Cdy 3ZNges5€/ZnSe wires and beside the wire regigfaSe LO-
phonon line, labeled by\) as a function of temperature.

Cdy 3ZNng gsS5e/ZnSe wires for different widths af=9 K
have been plotted. It can be seen that the position of the
ZnSe-like LO phonon of the GdsZn, gsSe layer is a func-
tion of the wire width. Also, for the two-dimensional mesa
the ZnSe-like LO phonon line of the C&h, _,Se layer is
detected as a shoulder of the ZnSe LO Raman band. The
splitting between the ZnSe LO-phonon line and the ZnSe
like LO-phonon line of the CgZn, _,Se layer increases for

fdecreasing wire width. However, the Raman spectra indicate

Cd,zn, _,SelZnSe wires for different widths in the middle of the @ Very small wire width dependence of the ZnSe-like LO-

quantum-well layer as a function of the normalized coordindte

(see Fig. 1L

with other sample areas containing wires of different width

phonon line position for wires thinner than 32 nm. The weak
ZnSe TO phonon is forbidden in backscattering geontétry.

B. Photoluminescence

took place. Parameters that were varied in our experiments Low-temperaturg2-K) PL measurements have been per-
are the wire width and sample temperature. In order to sepdermed as a function of the wire width. In Fig. 6 normalized

rate the contribution of the substrate from that of the wires
additional Raman spectra of the substrate next to the wires
were taken under otherwise identical experimental condi-
tions.

The Raman spectra taken from the G&ny gsSe wires
showed two peaks for low temperatures. Both were situated
in the wave-number region of the ZnSe LO phonon. How-
ever, in spectra measured on the ZnSe substrate only one of
these Raman bands, that at high wave numbers, could be
observed. Therefore, the high-wave-number peak is assigned
to the ZnSe LO from the bottom and top ZnSe layers of the
guantum wire and the low-wave-number peak is the ZnSe-
like LO phonon of the CglaZng gsSe quantum-well layetin
Fig. 4 the LO-phonon wave-number positions derived from
Raman spectra measured for 32-nm wi@&sSe LO-phonon
line position labeled by circles, ZnSe-like LO-phonon line
position labeled by squareand beside the wiredine posi-
tions labeled by trianglg¢sas a function of the temperature
are plotted. For 32-nm-wide wires, the splitting between the
ZnSe and the ZnSe-like LO phonons in the,Dd, _,Se
layer atT=9 K is about 7 cm?. This wave-number splitting
remains constant for increasing temperature. Due to the in-
creasing broadening of the LO signals and the change of the
resonance conditions for increasing temperature, the ZnSe-
like LO-phonon line is only separable from the ZnSe LO-
phonon line at temperatures lower than 150 K.

Raman spectra were also recorded as a function of the FIG. 5. Raman spectri&@nSe LO regioh of Cd,Zn;_,Se/ZnSe
spectra  of wires for different widths alf =9 K.

wire width. In Fig. 5 the Raman

Raman Intensity ———

ZnSe LO CdZnSe LO T=9 K
] 0 cdzn
] "forbidden”
ZnSe TO

17 nm

62 nm

Mesa

270 260 250 240 230 220 210 200

-1
<+—— Wavenumber (cm )
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FIG. 6. Photoluminescence spectra of ;Gfdn,gSe/ZnSe

PL Intensity (arb. units)

Cdg 35ZNg g55€/ZnSe—Wires
T=2K

17 nm

o

25 nm

38 nm

62 nm

2D

2.35 2.40
PL—Energy (eV)

wires. Spectra are shifted vertically for clarity.

PL spectra of quantum wires with different wire widths be-
tween 62 and 17 nm are compared to a 2D reference. Wit
decreasing wire width, at first a redshift, followed by a
strong blueshift for the narrowest wires, was found. To ana
lyze the variation of the PL energy in a more detailed way
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energies is detected. In this region the smallest wires inves-
tigated with PL experiments show a PL energy of 2.400 eV
which corresponds to a blueshift of 20 meV with respect to
the 30-nm wires. The redshift observed in large wires in both
the PL signal and the Gdn,; _,Se LO-phonon with reducing
wire width is related to strain relaxation. The blueshift of the
PL signal found for very narrow wires, in contrast, is due to
lateral confinement effects.

V. DISCUSSION

In our model we assume that the wire-width-dependent
Raman shift of the ZnSe-like LO phonon of the
Cdy 352N gsSe layer shown in Fig. 6 is due to a change of the
lattice constant caused by strain relaxation in the
Cdy3Zng gs5€ quantum-well layer. The LO-phonon wave
number of strain-free GdsZn, ¢=Se bulk materiaf is about
245cm L. The biaxial compressive strain in the epitaxial
layers results in a blueshift of the ZnSe-like LO phorit®
wards the ZnSe LO-phonon positiol? To obtain quantum
wires the semiconductor layer system is patterned. There-
fore, at the edges of the gelZng gsSe quantum wires strain
elaxation occurs. This strain relaxation influences the whole

d.Zn, _,Se lattice. The influence of the strain relaxation of
the quantum-well layer depends on the wire width because
the volume fraction of strain-relaxed ggZn, ¢sSe increases
for decreasing wire width, which results in a redshift of the

we plotted in Fig. 7 the PL energy as a function of the WireZnSe-Iike LO phonor®

width. The PL energy of the 2D mesa signal is detected at
2.392 eV. For wire widths larger than 100 nm no substantia
change of the PL energy with respect to the mesa was foun%/
For wires in the region between 100 and 30 nm an increasin
redshift for decreasing wire widths has been observed. Thi
redshift amounts to nearly 12 meV for 30-nm wires com-¢
pared with the 2D material. Because strained Zd_,Se
layers have a larger band gap than bulk Zig _,Se (Ref.
21) a redshift in the PL energy indicates strain relaxation.
For further reduction of the wire width a continuous shift 7n
of the PL signal in the opposite direction towards higher

PL Energy (eV)

FIG. 7. Photoluminescence energy of GeZn, gsSe/ZnSe wires

2.400

2.385

2.390

N
w
1]
]

2.380

The Raman spectra obtained for the different wire widths
ere fitted in order to obtain the exact wave-number posi-
ons of the ZnSe and ZnSe-like LO phonon. From the the-
'Yretical model we obtained the wave-number positions of the
FnSe LO phonon as well as the ZnSe-like LO phonon as a
unction of the coordinates of the wire cross seciisee Fig.

2). From these we calculated LO-phonon shifts averaged
over the wire cross section.

In Fig. 8 the differenced\v of the LO positions of the

Se and ZnSe-like LO phonons of the wires relative to the
position of the ZnSe LO phonon measured beside the wires
have been plotted for the measurements a9 K. For a

comparison also the average values obtained from the theo-
retical model are plotted as a function of the wire width.
Figure 8 shows that for large wire widths the experimental
and theoretical results are in good agreement. For small wire
widths, however, the calculated splitting of the ZnSe and
ZnSe-like LO phonon is smaller than the experimental value.
From the theoretical model the maximum shift due to strain
relaxation is expected for wire sizes smaller than 10(not
shown in Fig. 8. However, the experimentally observed
ZnSe-like LO-phonon positiongsee Fig. 8 indicate a very
small wire width dependence for wires thinner than 32 nm.
In order to discuss the theoretical results in comparison
with the experimental data mainly the following point has to
be taken into consideration. The experimental data are ob-
served from resonance Raman measurements. Strain and
strain relaxation are responsible for nonconstant resonance

[ O Cdo.35Zng.e55€
o) /ZnSe—wires
i © T = 2K
% O
n o ©
O @O
) o)
- O eoo)
Y
L a®
N R B
50 100

Wire Width (nm)

as a function of wire width.

conditions as a function of the wire cross-section coordi-

nates. Therefore, the measured positions of the
Cd, 35Zng gs5€ LO phonon bands may be influenced by the

resonance conditions both at the edge of a particular wire and
at the middle part of this wire.
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8 LO-phonon position seen in the Raman spectra should be
| To9K blueshifted for increasing temperature. However, this is not

- u Experiment (M, A) the case, as shown in Fig. 4. The measured splitting between
- Theory (00,4) the ZnSe and ZnSe-like LO remains constant for increasing

temperature. Therefore, we conclude that the detected LO-
phonon positions in our Raman spectra do not depend on the
different resonance conditions for the edge and for the

g 5f O " middle part of a particular wire. Further investigations con-

% o = ZnSe-like LO cerning this problem are in progre¥s.

«g " - As discussed in Fig. 3, experiments result in a splitting

7z o= between ZnSe and ZnSe-like LO phonons of about 7%tm

3 for wires thinner than 32 nm. Such a splitting is calculated

N 3r #20 only at the edge of the wires and the mean value calculated

-‘g —§-2D for the whole wire is smaller. This means that the calculated

< of splittings are too small to explain the experimental results.

< Therefore, we conclude that the strain relaxation at the edge
i aa of the narrow quantum wires is larger than the theoretically

predicted strain relaxation.
While Raman measurements directly probe the wire width
dependence of the LO-phonon energy, the PL experiments

ok AAD A AAA ZnSe LO

4 =T=§B yield information about the size-dependent variation of the

4 . | band gap. As discussed above, a biaxially strained
10 100 300 Cd,Zn, _,Se layer is characterized by a larger band gap com-
Wire Width (nm) pared to unstrained bulk material. Thus the strain relaxation

in deep etched wires, which is indicated by the Raman data,
FIG. 8. Theoretical and experimental difference between the  should result in a redshift of the band gap with decreasing
ZnSe and ZnSe-like LO-phonon line positions. wire size. From these considerations, the size-dependent red-
shift of the PL signal down to wire widths of about 30 nm

The influence of biaxial strain on the diredt<£0) band  (S€€ Fig. 7 can be understood easily. _
of zinc-blende semiconductors has been discussed in the However, the strong blueshift for wires below 30 nm is
literature® Biaxially strained CcZn, _,Se has a larger band not a strain effect, but occurs due to _Iateral quantization ef-
gap than bulk Cgzn,_,Se. Therefore, strain relaxation will fects that must beecon5|dere'd fqr wires of these SIZes, as
lead to a redshift of the band-gap energy with respect to th&ePOrted elsewher®” The contribution of the lateral confine-
band-gap energy of the strained lay&f>%In the case of a ment can be estimated by a S|mple r_nodel using a square-well
strain-relaxed quantum wire the band gap at the edge i otential. Apparently, the quantization gffgcts dominate for
smaller than the band gap in the middle of the wire. Thus thdn€ nNarrow wires because for the description of the PL data
choice of the excitation wavelength determines which part o train effects can be neglecteq to ach|e\_/e .goold agreement
the wire is resonantly excited. As a consequence, the L between th_e mOdEI and experiment. This implies that the
phonon wave-number position obtained from Raman spectril’ @i contribution on the PL energy for these extremely nar-
cannot be simply considered as the average value of contrfOW WITES IS nearly constant. This is in agreement with the .
butions arising from all parts of the wire. Rather a weighingd2t@ obtained by Raman measurements, where the experi-
determined by the resonance conditions has to be taken in{gentally ob_served ZnSe-like LO-phonon Wave—nu'mber. posi-
account. With an excitation wavelength, which is in reso-tons (See Figs. 5 and)&lso show a rather small wire width
nance with the edge of a particular wire width and only neafdeéPendence for wires smaller than 32 nm.
resonance at the higher strained middle part of this wire, the We want to emphasize thfat .PL and micro resonance Ra-
LO phonon would occur in the Raman spectra at a wave™a" experiments lead to similar re_sults. In bpth cases a
number position lower than the average value of the differenfo"9 influence of the gradual strain release IS found for
ZnSe-like LO-phonon wave-number contributions calculated"!"® SI2€S between 10.0 and'30 nm. The redshift of the PL
for this particular wire width. In this case, a change of the®N€"9Y observed for wires w_|der than 30 nm as well as the
excitation wavelength towards higher energies would lead tavwe-mdth-dependent ZnSe-like LO phonon results from the

a blueshift of the detected LO-phonon wave-number IOOSilncreasing role of strain relaxation for decreasing wire
tion. widths. Having in mind the simplicity of the model applied

In order to elucidate what influence such shifts of thefor the calculations, our theoretical results describe the ex-

resonance conditions have on the LO phonon line positionsf?er!mental data fairly well. For wires below 30 nm the ex-
we consider the temperature dependence of the Raman sp&e_rlme_nts give no indication _for a significant further strain
tra. The band gap of a semiconductor decreases for increakelaxation of the as-etched wire structures.

ing temperature. This also results in a change of the reso-
nance conditions. For an excitation wavelength, which is
only near resonance with the middle part of a particular wire
width at T=9 K, the resonance with this middle part in- In conclusion, CgZn;_,Se/ZnSe quantum wires were
creases for increasing temperature. Therefore, the ZnSe-likdudied by means of micro-Raman spectroscopy and photo-

VI. CONCLUSION
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luminescence measurements. The experimental data afiee Cdzn,_,Se remains nearly constant, indicating that no
characterized by three different size regimes. For very widgignificant further strain release occurs in narrow wires.
wires(i.e., L,>100 nm), the wire data are comparable to the While the discrepancy between Raman data and theory in
2D reference. An increase of the band gap as well as athis size regime is not fully understood yet, the experimental
increase of the ZnSe-like LO-phonon energy compared t@ata are in good agreement with the PL measurements: For
the unstrained C@&n, _,Se bulk material is observed in the wires smaller than 30 nm, a distinct blueshift of the PL sig-
biaxially strained CgZn, _,Se layers. Reduction of the wire nal is observed with decreasing wire size. This blueshift can
size down to about 30 nm leads to a size-dependent straise explained easily by taking into account lateral confine-
relaxation. This is indicated by both the decrease of the banghent effects, while the variation of the band gap due to strain

gap and the reduction of the LO-phonon energy of the ZnSerelaxation seems to be negligible in this size regime.
like phonon in the wire. In order to discuss the Raman data

more quantitatively, detailed calculations of the lateral strain
distribution in the wires and the strain-induced change of the
LO-phonon energy were performed. For large wires, reason- We gratefully acknowledge financial support from the
able agreement between the experimental data and the thedPgutsche Forschungsgemeinnschi&onderforschungsbere-

is obtained. This demonstrates the necessity to take into agch 410, Teilprojekte Al, C1, and G3G. Le., T.B., AM,,
count the strain release in quantum wires in order to underand W.K. also acknowledge support from the Fonds der Che-
stand Raman as well as PL data. Reducing further the lateratischen Industrie. We wish to thank B. Jobst and D. Hom-
sizes of the wires below 30 nm, the splitting between themel, Experimentelle Physik 1, for providing the MBE
ZnSe LO phonon of the barrier and the ZnSe-like phonon offrown samples.
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