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Lattice dynamics of CdSZnSe strained layer superlattices studied by Raman scattering
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We report on the lattice dynamical properties of cubic CdS/ZnSe strained-layer superlattices, investigated by
means of Raman scattering. Folded acoustic phonons, confined optical phonons and a Zn-S interface vibration,
which is a result of théAB/CD structure of the investigated heterostructure, are observed. The interpretation
of the observed modes as an interface mode and confined ZnSe and CdS optical vibrations is supported by the
behavior of multiple(two) LO-phonon scattering. The experimental results are compared with model calcula-
tions. Here the Rytov model is applied for the folded acoustic phonons. The frequencies of the confined optical
phonons are described by the linear-chain model, while their intensities are compared with the bond-
polarizability model. The agreement between these model calculations and the experimental observations is
very good.
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[. INTRODUCTION the following years, interface vibrations were observed by
means of Raman scattering for InA&),Ga)Sb SL’s (see,

Lattice-dynamical properties of superlattices differ frome.g., Refs. 9-12, and references thereind for CdSe/ZnTe
those of the bulk materials constituting a superlatige). ~ SLs*7°
Due to the back-folding of acoustic-phonon dispersions into In this work we report on an observation of folded longi-
the SL mini-Brillouin zone, folded acoustic phonons are ob-tudinal acoustic phonons, confined longitudinal optical
served. If there is no spectral overlap between the opticalPhonons, and longitudinal interface phonons in CdS/ZnSe
phonon dispersions of the two constituent materials, opticafB/CD SL's. Due to the lattice mismatch of about2.7%
phonons become confined in their respective materials, i.ePetween CdS and ZnSe, strain-induced shifts of the phonon
in the individual superlattice layers. Raman spectroscopyfequencies become important. The experimental data are
proved to be a powerfu] tool to Study these speciﬁc phonorﬁlompared with calculations based on models like the RytOV
properties. This has been demonstrated for many 111-V supeihodel, the linear-chain model, the photoelastic model and
lattices, particularly in the GaA&a,A)As system, where, the bond polarizability model.
e.g., strong confinement of optical phonons was observed
(see, e.g., Ref. 1 and references therdiRrVI superlattices Il. EXPERIMENTAL DETAILS

are, in general, more difficult to grow and often highly ) . .
strained. In spite of these difficulties, folded acoustic The investigated superlattices were grown by molecular-

phonons have been observed by means of Raman scatteriffga@m epitaxy using CdS and ZnSe compound sources. The
e.g., in CdS/ZznS and ZnS/ZnSe strained-layers@mples consist of a 200-period SL on top of a 300-nm-thick
superlattice® and recently by means of infrared spectros-ZnSe buffer layer, and are grown on a G&#Gl) substrate.

copy in CdS/CdSe superlattices due to piezoelectriSome SL's are covered by a 30-nm ZnSe cap layer. The
coupling®® In these systems, strain-induced shifts of thesubstrate temperature was lowered to 170 °C just before the

phonon frequencies become importahf superlattice growth, in order to stabilize the cubic modifica-

The CdS/ZnSe superlattices discussed in this paper are §Pn of the CdS in the SL layers. More details are given in
special interest: They are composed of two materials whictR€f. 17. The SL period lengths are short, below 20 ML. They
share no common anion or cation, so calleB/CD Sl’s.  Were determined by x-ray diffraction, and were usually in
Besides the lattice vibrations of SUs discussed above, add@xcellent agreement with those deduced from growth rates.
tional eigenmodes occur in thegeB/CD SL's which are The thickness of the |nd_|V|duaI layers was evaluated from
related to the bonds at the interfaces, in our case to Cd-S@owth rate data as monitored by beam flux pressures.
and Zn-S bonds. These additional eigenmodes are a two- The Raman scattering experiments were performed in the
dimensional analog to the vibration modes of point defects iffluasibackscattering geometry along f61] growth direc-
bulk semiconductors. They have to be distinguished frontion using the 476.5-nm line of an Arlaser. All spectra
such interface modes, which result from different dielectricvere recorded at a sample temperature of 80K in the diago-
functions of both materials forming the SL, as observed, e.ghal 001(100,100)00br off-diagonal 001(100,010)004cat-
for GaAs/AlAs SL's’ The interface vibrations occurring in tering configuration. The scattered light was dispersed by a
AB/CD SL's were first predicted in 1986 by Fasoliebal., Dilor XY spectrometer and detected by a liquid-nitrogen-
who calculated the phonon spectrum of InAs/GaSbh SL's useooled charge-coupled-device detector. The spectral resolu-
ing a linear-chain model with interplanar force constdrits.  tion was about 2 cm'.
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phonon branch. The dispersion relation of folded acoustic

A=4765 . .
LO phonons e phonons is usually calculated by using the Rytov mddal.
this model, the SL is assumed to be an elastic continuum, and
@ - the sound velocity of the propagating acoustic modes is
S multiple calculated along the growth direction by
g FLAPs LO phonons
5 d
z v= : (1)
2 dznse/vznset deds/veds
= : Hered,,se (dcg9 is the thickness of the ZnSEdS layers,
: andd=d,,sst dcgsis the period length. The sound velocity
Co of ZnSe(Cd9 along the[001] growth direction is 4030 m/s
T e—— - 3(')'0 o e (4000 m/3.**2Wwithin the Rytov model, the wave numbers of

the twofold-degenerate folded acoustic modes afl thpoint

. -1
Raman shift (cm ) can be approximated very well by

FIG. 1. Raman spectra of a 28@1.7 nm/1.4 nm) CdS/ZnSe
superlattice, recorded in the diagonal and off-diagonal scattering O~ 2vay @
configurations. The dotted arrows mark the wave numbers of the v d ’
LO phonons in ZnSe and CdS bulk material at 256 and 305 cm
respectively.

wherev=1,2, ... describes the order of the folded mode.
Taking into account the difference of the acoustic imped-
IIl. RESULTS AND DISCUSSION ances of the two SL materials lifts the degeneracy, leading to
the formation of minigaps. The size of these minigaps de-
When performing Raman spectroscopy from the CdSpends on the layer thicknesses, but is usually very small. The
ZnSe superlattices, a special challenge is to prevent the ZnSargest possible value for CdS/ZnSe SL’s is below 1~ ém
buffer or capping layer from obscuring or interfering with (Ref. 19.
the optical phonon signal from the ZnSe SL layers. Here this In a Raman experiment with quasibackscattering geom-
problem is overcome by exploiting the resonant enhanceetry, the transfer of the quasi-momentdim,, to the phonon
ment of the phonon signal when the incident and/or scatteregystem can be approximated by
photon energy is close to an electronic gap energy. Selectiv-
ity between the SL and the buffer and cap is easily achieved, hdmn
because the SL band gap is between 2.2 and 2.4 eV, whereas Adpn~ N ©)
for the buffer it amounts to 2.7 eV. However, when choosing
an incident photon energy too close to the SL gap, the Rawhere\ is the laser wavelength used for the experiment, and
man Spectrum would be Superimposed by a Strong photohj'] the refractive index of the SL at this Wavelength. Unlike in
minescence structure. Therefore our spectra were recordddllk materials, the phonon wave vector length is usually not
with the 476 nm line of the Af-laser(2.6 eV). negligible in comparison to the mini-Brillouin-zone length,
Figure 1 shows typical Raman spectra ofla7 nm/1.4 and can be tuned, e.g., by changing the laser wavelength.
nm) CdS/ZnSe superlattice recorded in diagonal and off- In Fig. &, Raman spectra are shown for a 200
diagonal scattering configurations. The vertical dotted arrows< (1.9 nm/1.9 nm) CdS/znSe SL and a 200
indicate the frequencies of the LO phonons of the bulk ma><(1.7 nm/1.4 nm) CdS/ZnSe SL. For both SL's, Raman
terials ZnSe and CdS at 256 and 305 ¢nrespectively®?  signals due to the scattering with FLAP’s up to the third
In the wave number range below 150 thiRaman signals order are observed. In case of the first-order modes, a split-
from folded |ongitudina| acoustic phono(]ELAP'S) are ob- tlng is resolved, indicated by{ and 1+, which results from
served, mainly in the diagonal scattering configuration. Théhe non-negligible phonon wave-vector length in comparison
signals arising from scattering with LO phonons are situated© that of the edge of the mini-Brillouin-zone. The intensity
approximately between 220 and 330 ©m The multiple  Of the higher-order modes, indicated by—2+ and
(two) Lo_phonon Signa|s are observed approximate|y be.3_/3+, is Strongly reduced in comparison to that of the
tween 450 and 650 cnt. In the following the signals ob- first-order modes. This observation is in qualitative agree-

served in these three wave number ranges will be discusségent with predictions based on the photoelastic model.
in more detail. For symmetrical superlatticesl{,,s—dcq9, €.9., the signal

of the second-order modes should vanish and the intensity of
the third-order modes should be one-third of that of the first-
order modes. The experimentally observed third- to first-
Because of the very similar sound velocities of the differ-order intensity ratios amount to 0.07 for ttle9 nm/1.9 nm
ent materialgabout 4000 m/s the propagation dynamics of SL, and to 0.38 for th€1.7 nm/1.4 nm SL. It is expected,
acoustic phonons through SL's show a bulklike behavior. Theespecially for short-period superlattices, that the intensity ra-
enhanced periodicity of SL's with respect to homogeneousio predicted from a continuum approximatiéire., a photo-
bulk materials is described formally by a reduction of theelastic modelfail to some extent since interfacial laydr.,
Brillouin zone, which results in a folding of the acoustic- interface bondsand the atomic structure are neglected.

A. Folded longitudinal acoustic phonons
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(a) . ' (B) 140 [ % 8 gg:z ;}i:z; gt TABLE I. Elastic constants and elastic compliances of ZnSe and
1- : : ’ cubic CdS(Ref. 34.
(1.9nm/1.9nm) 120 |: "/Id1 ”{dz
CdS/znSe SL L — Material parameter Unit ZnSe Cds
) 212+ < 1001 Vo
< 3-/3+ 1 ' Cpy GPa 85.0 77.9
g N 5 80, Ci GPa 50.2 52.7
= (1.7nm/A 4nm) S ol — S (TPay ¢ 21.1 28.3
5 CdSZnSe St 2 ; o S, (TPa)™* -7.8 -11.4
E e g 40
T=80K 20, ] : : ;
A= 476.50m B . their properties. As shown below, by analyzing the Raman
. . e 0 0L spectra in the wave number range of the longitudinal optical
%0 100 180 00 02 04 06 08 1.0 phonons, the CdS/ZnSe SLs discussed here adopt a strain
Raman shift (cm™) q(hm’) state which corresponds to that of(early free-standing
SL. In this case, the in-plane lattice paramederis given

FIG. 2. () Raman spectra of €1.7 nm/1.4 nmh CdS/ZnSe su-
perlattice and &1.9 nm/1.9 nm CdS/ZnSe superlattice in the wave
number range of the folded longitudinal acoustic phonons
(FLAP's). Spectra are recorded in diagonal scattering configuration. = 3znsBznsfznset aCdSGCdeCdS,
(b) Calculated dispersion relations of the FLAP's for the two super- Gznsdznset Geasdeas
lattices of (a) with period lengthsd;=3.8 nm andd,=3.1 nm.
Data points are the experimental FLAP wave numbers from spectr
(a), plotted atq=qpy,, the FLAP phonon wave vector length given
by Eqg. (3).

In order to evaluate the FLAP positions, the folded dis- G=2(Cy1+C1—2(C1)%Cyy) )
persion curves were calculated for both superlattices accordz 1o shear modulus. The elastic constaBysof ZnSe and
ing to the Rytov model, using the x-ray period lengths OdeS are listed in Table 1. The in-plane straipof the indi-

d;=3.8 nm andd,=3.1 nm, respectively. Note that the . S
longer-period SL has a smaller Brillouin zong{;,= 7/d), vidual ZnSe and CdS layers is given by

which implies a reduced folding period on the wave number
scale. €= : (6)
Figure 2b) shows the calculated FLAP dispersion curves a

for both SL's. The formation of minigaps has been neglectedyith a, the superlattice in-plane lattice parameter. The strain-

The dotted vertical line aj=0.066 nm* corresponds to induced shift of the LO-phonon wave numh&f), o is ob-
the phonon wave vectay,, of Eq. (3), using an average tgined by®

refractive index of 2.5. The open and full circles correspond

to the observed Raman shifts from the spectra of Fg). 2 PS+A(S11+S1) €
Obviously, the agreement of the experimental data with the AQ o= S TS Q.-
calculated dispersion curves is very good. Furthermore, the e Lo
observation of the folded acoustic modes indicates a goo&;, andS;, are the elastic compliances also listed in Table I,
lateral and in-depth homogeneity of the SL period length angb and g are the phonon deformation potentials, dnd, is

by**

4

Hered denotes the layer thicknessasthe bulk lattice con-
8tants[a,,5~0.567 nm (Ref. 18 and acys=0.582 nm
(Ref. 22, and

a”—a

)

layer thicknesses. the LO phonon wave number of the bulk material. The pho-
In evaluating the FLAP dispersion relations, strain has nohon deformation potentials of ZnSe are given Iy
been taken into account. A compressiftensilg in-plane  =0.93 Q?, andq=2.27 Q% (Ref. 1. In the case of cubic

strain increasegdecreasgsthe sound velocity along the CdS these values are not known so far. As a first approxima-
growth directior’*?° Because we are dealing withearly  tion we used the same values as for ZnSe. This approxima-
symmetrical superlattices, and due to the fact that the soungon is justified because in II-VI materials usuallp
velocities of CdS and ZnSe are very similar, the strain hasc 1 QEO andq~2 QEO hold 222 By using Eqs(4)—(7) the

little effect on the sound VelOCity and hence the wave NUM-strain-induced shift of the LO phonon wave number for sym-
bers calculated from Eq$l) and(2). Therefore, the neglect metrical superlattices is calculated to bAQ, o=

of strain effects in the calculation is justified. Such an action—4 4 cni! for ZnSe andAQ o=+6.9 cm ! for CdS.

is supported by results of Refs. 3 and 20, where it was showfthese values constitute the basis for the force constants in
that taking strain into account does not improve the agreegr |inear-chain model.

ment between the experimental data and the calculations. 1o interpret the experimental observations of the LO-

phonon scattering in detail, calculations based on a linear-
chain model have been performe¥.Only the interaction
between nearest neighbors has been taken into account. The
Unlike in the case of FLAP's, strain has to be taken intoforce constants necessary to describe the interaction between
account in the case of optical phonons in order to understan@d and S atoms and Zn and Se atoms have been chosen in

B. Confined optical phonons, strain effects, and interface
phonons
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FIG. 3. Linear-chain model calculation applied to a CdS/znse F!CG- 4. Calculated wave numbers of some selected vibration
superlattice with 6-ML CdS and 5-ML ZnSe. Left-hand side: dis- Modes @=0) as functions of the period length of symmetrical
persion relation of longitudinal phonons. The arrows indicate theCdS/ZnSe superlatticesE)IFM stands for (extendeq interface
strain-shifted bulklike wave numbers of the CdS and znSe Lomodes, LO 1 and LO 2 for the first- and second-order-confined
phonons. Right hand side: atomic displacement pattegrsd() for Iongltu_dlnal optical phonons, and FLAP’s for folded longitudinal
some selected modes across one period ledgffor clarity, the ~ @coustic phonons.
calculated longitudinal atomic displacements are plotted as trans-
verse ones(E)IFM stands for(extended interface mode. The dis- partial overlap of four bulk dispersion relations in the wave
placement patterns shown (n) and(c) [(d) and(e)] describe con-  number range between 150 and 200 _érr(LA Zns, LA
fined CdS(ZnSe phonons. ZnSe, LO CdSe, and LO Zngehowever, the interpretation

of these two modes is much more complicated. Their dis-
such a way as to fit the bulk LO-phonon frequencies afithe placement patterns extend into the CdS and ZnSe layers,
point of ZnSe and CdS, modified by the strain-induced shiftshowing a behavior more or less similar to acoustic vibra-
calculated above. At the interfaces, formed by Cd-Se andions. In the following, the two vibrationg¢f) and (g) are
Zn-S bonds, continuum strain theory is inadequate. Theretherefore called extended interface modé&s)IFM 1 and
fore, to a first approximation, the force constants describindE)FIM 2, respectively.
the interaction between Cd and Se atoms and Zn and S at- Figure 4 shows the eigenwave number of various modes
oms, respectively, were obtained by fitting thepoint bulk  calculated within the linear-chain model as function of the
CdSe and ZnS LO phonon wave numbers of 210 ancumber of CdS and ZnSe monolayers assuming a symmetri-
351 cni?, respectively:* cal SL. The wave numbers of the first- and second-order-

The left-hand side of Fig. 3 shows the dispersion relatiorconfined modegLO 1 and LO 2 and of the first- and
calculated from the linear-chain model for a SL with a periodsecond-order FLAP's clearly depend on the number of
length of 6-ML CdS plus 5-ML ZnSe. These numbers corre-monolayers. This is not the case for the Zn-S IFM, where the
spond to a very good approximation to ttle7 nm/1.4 nmh  eigenwave number becomes independent on thickness for
CdS/znSe SL sample. The arrows indicate the strain shiftethicknesses exceeding one monolayer. The calculated eigen-
bulk LO-phonon wave numbers of ZnSe and CdS. At wavewvave number of this mode is 317 crhfor all thicknesses,
numbers below 150 cnt, the dispersion relation describes except the smallest thickness, where it is 315~ émBe-
the FLAP’s. In the wave number range between 310 andause the displacement patterns of 8gFM 1 and(E)IFM
275 cm'! (250 and 200 cm?), the dispersion relation re- 2 extend into the CdS and ZnSe layers, the eigenwave num-
flects the confinement of the Cd2nSe LO phonons. The ber of these modes also depends on the layer thickness. Simi-
most important result is that the linear-chain model predicts dar results are obtained for asymmetric SL$, (s dcg9)-
vibration mode, the eigenwave number of which exceeds thé particular, the robustness of the wave number of the Zn-S
calculated wave number of the first-order-confined CdS LAOFM upon thickness variation is confirmed.
phonon. In Fig. 5, the Raman spectra of the 200

The atomic displacement patterns of some selected vibrax (1.7 nm/1.4 nm) CdS/ZnSe SL in a wave number range
tion modes aj=0 are shown on the right-hand side of Fig. between 170 and 350 cm are shown, recorded in the off-

3. For clarity, the longitudinal displacements are plotted asliagonal(diagona) scattering configuration. The dotted lines
transverse ones. Patter(ty and (c) describe the first- and indicate the calculated wave numbers of the confined LO
second-order-confined CdS LO phonons, and pattédps modes (the numbers indicate the mode ordeand the
and (e) the corresponding ZnSe phonons. The vibrationdashed line marks the calculated wave number of the Zn-S
mode with the highest eigenwave number is clearly corredFM. According to the selection ruldsscattering with a first-
lated with the Zn-S interface, and therefore is assigned to arder-confined ZnSe LO phonon is mainly observed in the
Zn-S longitudinal interface mod@FM). Further simulations off-diagonal scattering configuration, and with the second-
show that the modes with the eigen displaceméntand(g)  order mode in the diagonal configuration. Obviously, the Ra-
are also related to interface bonds. Because there is at leasan shifts observed in the experiment are in very good
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FIG. 6. Raman spectra of three superlattices with different layer

icknesses in the wave number range of the confined optical and
terface modegdiagonal scattering configuratipn

FIG. 5. Raman spectra of @.7 nm/1.4 nm CdS/ZnSe super-
lattice in the wave number range of confined optical phonons an
interface modegIFM), recorded in the diagonal and off-diagonal

scattering configuration. Vertical lines indicate the wave numbers . ,
calculated from the linear-chain model for(@ ML/5 ML) CdS/ and because of the short period of the SL's. Furthermore, the

ZnSe superlatticdthe numbers give the order of confined LO- type-Il  electronic band allgnment. of the QdS/ZnSe
heterostructur@ enhances the scattering probability of the

phonon modes . . . . .
virtually excited electron-hole pairs with the interface

. .. phonons in a Raman process.

agreement with the calculated wave numbers. In ad_dltlon, The Raman spectra of three SL's with different periods

the wave number of the peak maximum around 316 tis din Fi ded in the di | X

6 cm ! above the calculated wave number of the first-2rc cormpared In Fig. 6, recorded In the diagonal scattering

order-confined CdS mode. However. the wave number of thconﬂguranon. The Raman shift of the second-order-confined

eak Maximum aarees élmost exeictl with the calculate(%nse LO mode is seen to decrease clearly with decreasing
P 9 y hickness of the ZnSe SL layers. In contrast, the Raman shift

wave number of the Zn-S interface mode of 317 ¢m . : o
. T . . of the Zn-S interface mode appears insensitive to the layer
Therefore, we attribute this signal around 316 “crio light thickness, which varies by nearly a factor of 2. Both obser-

scattering WIS ZNES Snteriace ’T‘Ode-. This 'nterpr?tat'oq/ations agree well with the calculated thickness dependence
IS supported by the fact that thg signal 1S observeq N bo%f these modes within the linear-chain mod@lhe calcula-
diagonal and off-diagonal scattering configurations, in agrees - is shown in Fig. 4. This agreement further supports the
ment with the selection rules for such interface motlés. interpretation of the 316 ciit signal as an IFM

comparison to the confined ZnSe modes, the CdS modes Figure 7 shows the wave numbers of the confined ZnSe

appear broadened. This finding is attributed to a reduce ; . . )
quality of the CdS layers in the SL owing to the metastabilityESr Qﬂdﬁ/‘g the thvflehirSeL:] ?Sg?;]ft;:]deeffgefc:a/ : \évc?r:/f?nggm
- ZnSes

of the cubic crystal phase in CdS. 1 1S o
In order to estimate the scattering intensities of the differ-mOde' The solid line represents a fit using the expresSion

ent modes, we used the bond polarizability mdcéiin this 0?(q)=A+{A2—B[1—codays,sq/2)]}*2, ®
model, the intensity of a specific mode is proportional to the

square of the sum of all relative atomic displacements, mulwhere q is in units of 2r/az,s.. The experimental data
tiplied by the corresponding bond Raman polarizabiliGes ~ points can be fitted well using=3.175<10* cm 2 andB

The summation extends over one period length. The bonek4.11x10® cm™* which are reasonable valu#¥’ leading
Raman polarizabilities of superlattices are often taken as ado a LO-phonon wave number at thiepoint of 251.8 cm™.
justable parameters:}?4|f we assume, to a first approxi- The LO-phonon wave number of the unstrained bulk mate-
mation, the polarizabilities to be the same for both materialstial is 256 cmil, hence there is a difference &fQ) o=
a7,s= acys, the ratio of the scattering intensity between the—4.2 cm !, This difference is attributed to the tensile in-
Zn-S IFM and the CdS LO 1 mode is 0.6 in the off-diagonalplane strain of the ZnSe layers. Its value is very near to the
scattering configuration. The contributions of the Zn-Se andtrain shift of —4.4 cm ! calculated for a symmetric free-
Cd-Se bonds have been ignored in this estimation, whiclstanding SL using Eq94)—(7) (see the beginning of this
appears reasonable considering the displacement pat&rns section. From this coincidence we conclufd¢hat the inves-
and (b) in Fig. 3. If we assume, e.gazns=2X acqs, the tigated SL's have a strain state corresponding to that of
intensity ratio is enhanced to 1.1. Similar results are obtaine¢hearly free-standing SL's.

for the scattering intensity between the Zn-S IFM and the For the calculation of the effective wave vector
CdS LO 2 mode in the diagonal scattering configuration.=m/d;,s.0f the confined modes, the nominal layer thick-
These estimations indicate that the scattering intensity of thaessd;,s.has been used. In case AB/AC-type SL's such
IFM is comparable to that of the confined modes, due to thas, e.g., GaAs/AlA$As common to both constituentoften
strong atomic displacement of the Zn-S interface vibrationhalf a monolayer or an entire monolayer is added to the
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showed a clear deviation from that known from neutron-
255 ¥ LOpuk T=80K scattering dat&® In particular, the curvature became too
large. This finding reflects th&B/CD type nature of CdS/
ZnSe Sl’s, where no atom plane common to both constitu-
ents exists which could add to the effective thickness of the
vibrating layers.

Concerning the(E)IFM’s, clear Raman signals arising

250

A from light scattering with these modes were not observed.

o Similar experimental results were already reported for the

B 240 CdSe/zZnTe systertt 1By applying the bond polarizability

S model to the CdS/ZnSe system, we found that the scattering

2 intensity of the(E)IFM is much less pronounced compared

S 235 to that of the Zn-S IFM:*° Basically, this result comes from

2 the fact that the atomic displacement pattern of the Zn-S IFM
»30 kL Q(q)? = A + (A% - B(1-cos(qm))) " corresponds to an optical vibration, while that of the

(E)IFM's rather corresponds to an acoustic vibration.

/\ (1.7nm/1.4nm) CdS/znSe SL
225+  [] (1.0nm/1.2nm) CdS/ZnSe SL C. Multiple LO-phonon scattering
O «
M ]

1.9nm/1.9nm) CdS/ZnSe SL Further support to assign the signal observed around
220 T T S TR T 316 cm !to the Zn-S IFM is furnished from multipléwo)
00 01 02 03 04 05 06 LO-phonon scattering. Very strong two-LO-phonon signals
q (ema, <) have been reported in CdS and ZnSe bulk materials using
ZnSe appropriate laser linéS~3!As shown in Refs. 32 and 33, the
FIG. 7. Wave numbers of the confined optical modes from RafWO0-LO-phonon signal of GaAs/AlAs SL's is dominated by
man spectra of three different superlattideee Fig. 6 plotted ~ COmMbinations of even-order-confined LO modesth de-
against the effective wave vectqema/dy,se. The solid lineis a ~ creasing intensity LO 2- LO 2, LO2+ LO 4,LO 4+ LO
fit of Eq. (8). The arrow indicates the position of the LO phonon of 4, . . . ). These observations let us expect at least two LO-
unstrained bulk ZnSe. phonon modes in CdS/ZnSe SL’s with energies twice that of
the CdS and ZnSe LO 2 modes.

nominal layer thickness for the calculation of the effective Figure 8 shows Raman spectra of fe7 nm/1.4 nm
wave vector: This procedure takes into account that the As

atoms at the interfaces vibrate in case of both the GaAs and A = 476.5nm (CdS/ZnSe) SLs
AlAs confined modes. Applying the same procedure to the T - 80K
CdS/ZnSe SL’s resulted in a ZnSe dispersion relation which 2xLO2 2xLO2
ZnSe Cds
Zn-S IFM v
A =476.5nm ZnSe cds | '
T=80K LO 2 Lo4 Lo2 /! . +(1.9nm/1.9nm) SL .
. : s @ : :
E 1 LO phonon : % .
5 scattering | S - i
: | ¢ | o]
8 ' ) - :
z summation ! [ (1.7 nm/1.4nm) SL
@ modes ! c AR ' "
c . Q ; i
] diagonal ! 2 . .
E _ PN £ summation
(b) 2 LO phonon scattering | modes
(x-axis divided by 2) |
N 1 N 1 N 1 N 1 . 1 . 1 ol N 1
180 200 220 240 260 280 300 320 340
y (1.0nm/1.2nm) SL
Raman shift (cm™)
n 1 n 1 L 1 n 1 n 1
FIG. 8. (a) Raman spectrum of &.7 nm/1.4 nm CdS/ZnSe 400 450 500 550 600 650
superlattice in the wave number range of the confined LO phonons Raman shift (cm™)

and interface modegb) Raman spectrum of the same superlattice

in the wave number range of the two-LO-phonon scattering. To FIG. 9. Raman spectra in the wave number range of the two-

make easier a comparison, theaxis of spectrum(b) has been LO-phonon scattering of three different superlattices, recorded in

divided by a factor of 2. Dotted lines indicate the calculated con-the diagonal scattering configuration. Dotted lines are guides to the
fined LO modes of a6 ML/5 ML) CdS/ZnSe superlattice. The eye to stress the wave number dependence of the two LO 2 signals
dashed line marks the IFM. on the superlattice layer thicknesses.
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CdS/znSe SL in the diagonal scattering configuration. Figure V. SUMMARY
8(a) shows the one-LO-phonon scattering, and Fidp) 8he

two-LO-phonon scattering. To make easier visual compari—C
son of the two spectra, the Raman shift of the two-LO-

We reported on the lattice-dynamical properties of cubic
dS/ZnSe superlattices which have been investigated by

< means of Raman scattering. Preparation by molecular-beam
phonon spectrunib) has been divided by a factor of 2. The gpitaxy allowed for a stabilization of the cubic CdS phase,

dotted vertical lines indicate the cglculateq wave number§ Of)roducing superlattice structures good enough to observe
the LO 2 and LO 4 modes, while the single dashed lineyarious phenomena associated with superlattice phonons.
marks the Zn-S IFM. The two-LO-phonon spectrul  Folded longitudinal acoustic phonons up to the third order
shows signals exactly twice the frequency of the ZnSe angyere detected. The wave numbers of the modes deduced
CdS LO 2 modes of spectrurte). The additional signal from the experiment are in very good agreement with the
around 270 cm?! in between of these maxima is attributed theoretical values calculated within the Rytov model. Strong
to scattering with combinations of these modssmmation  phonon confinement and strain-induced shifts of the phonon
modes. In contrast, the two-LO-phonon scattering of the wave numbers were observed in case of longitudinal ZnSe
Zn-S IFM appears to be strongly suppressed. The reason feibrations. In addition, as a result of tA/CD structure of

this finding is presently not understood in detail, but it is inthe investigated superlattices, a Raman signal of a Zn-S in-
qualitative agreement with results of othé*dNevertheless, terface vibration was observed. The spectral positions of the
the data shown in Fig. 8 exclude the interpretation that thdkaman signals of the longitudinal optical phonons are in
signal at 316 cr’® arises from light scattering with the CdS Very good agreement with those calculated from the linear-
LO 2 mode, and again favor the assignment of this signal théhain model. Furthermore, by using the bond-polarizability
Zn-S IEM. model, it was shown that the scattering intensity of the Zn-S

Figure 9 shows the Raman spectra of three different sdFM is comparablle to the ones of the confined longitudinal
in the wave number range of two-LO-phonon scattering, remc’?esft' -[;Ee muIFpIétwo)t L?t-rﬁ)h%nosn Rargan spedctra derr:—th
corded in the diagonal scattering configuration. The signalg)nS rate the confinement ot th€ Znse modes, and support the

. interpretation that a Raman signal of the Zn-S interface vi-
attributed to the ZnSe2LO 2 mode are observed clearly to .

. . : . bration has been observed.
shift to lower wave numbers with decreasing ZnSe thickness.
A similar trend holds for the LO 2 CdS signals. This
behavior is expected from the second-order scattering of con-
fined modes, and thus confirms the assignment of these sig- This work was supported by the Deutsche Forschungsge-
nals to the two-LO-phonon scattering. meinschaft.
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