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Raman scattering studies were performed on ZnSe-ZnS strained-layer superlattices with the
incident light parallel as well as perpendicular to the interface plane. We found for the

first time that the optical phonon modes split into two types, that is a singlet and a doublet,
by the built-in biaxial stress. A new method to characterize the directional stress is

demonstrated.

Recently, much attention has been paid to the various
kinds of semiconductor heterojunctions. This is because
they have novel electrical and optical properties applicable
to many kinds of devices. However, most of them have
inherent stress at the heterojunction interface due to the
lattice mismatch. For example, the lattice mismatch in
ZnSe-ZnS superlattices is about 4.5%. They become
strained-layer superlattices (SLSs) within the ecritical
thicknesses.! There exists a stress lying in the plane parallel
to the interface. In this sense they have quasi-two-dimen-
sional structures.

These strains induce a change in the band structure,
and then affect the optical properties.? Therefore, it is es-
sentially important to measure the strains in SLSs. Many
researchers have estimated the strains in the SLSs by
means of Raman scattering.>® All of the previous Raman
studies of the strains measured the peak shifts of longitu-
dinal optical (LO) phonons from bulk energies in a back-
scattering configuration with the incident light perpendic-
ular to the interface plane. In this configuration, however,
we cannot observe the directional stress directly. The bi-
axial stress may induce the biaxial splitting of optical pho-
nons. In order to find the biaxial splitting of the phonon
modes, we newly measured Raman scattering with the in-
cident light parallel as well as perpendicular to the inter-
face plane. As a result, we were able to observe two types
of phonon modes, that is a singlet and a doublet, for the
first time.

The unstrained lattice constants of bulk ZnSe and ZnS
are 5.6687 A (az,s.) and 5.4093 A (ag.s), respectively.
Thus ZnSe layers are under biaxial compressive stress,
while ZnS layers are under biaxial tensile stress. The lattice
constant of the strained layers in the plane parallel to the
interface (qy) is given by the following equation:’
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where Ly s, and Ly g are the thicknesses of ZnSe and ZnS,
fis the lattice mismatch of the unstrained ZnSe and ZnS
layers defined by the equation, f= (az,se — Gzus)/azus
Gzns. and Gy are shear moduli of ZnSe and ZnS, respec-
tively.

The components of strain-tensor paraliel to the inter-
face plane are given by
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where S|, and S|, are elastic compliance constants and X is
the strength of the stress. Following Cerdeira et al.,lo we
can obtain two types of the energy deviations from the
energy of bulk modes (wqy) under biaxial stress in the
(001) plane:

AQ=[pS1; + q(S1; + S12) 1X/w,, (3a)
AQ,=[p(S))+ Sp) +q(Sy + 3812 ]1X/ 2wy,  (3b)

where p and ¢ are parameters proportional to the changes
of the spring constant induced by the strain. In Eq. (3),
AQ, indicates the shift of the singlet-type mode vibrating
parallel to the (001) axis, while AL}, indicates the shift of
doublet-type modes vibrating perpendicular to the (001)
axis. This splitting occurs because the biaxial stress makes
the sample quasi-two-dimensional. Using the parameters
listed in Table I and Eq. (3), we can derive the relation
{AQ| > | AQy|, for both ZnSe and ZnS.

When incident and backscattered light are parallel to
the (001) axis (case-I), the LO mode corresponds to the
displacement of the atoms along the (001) direction.
Therefore, it will shift as the singlet type. On the other
hand, the TO modes correspond to the displacement in the
plane parallel to the interface. Therefore, it will shift as the
doublet type. Thus in this experimental configuration, Eq.
(3) indicates the energy deviations of the LO and TO
modes as

AQP=[pSi; + q(S1y + S12) 1X/wg°, (4a)

AQC=[p(S1y + Si2) + g(S1) + 3512) 1X/2033°.
(4b)

We consider next the case where the incident and
backscattered light are parallel to the (110} axis (case-II).
In this configuration, we can expect the LO mode will shift
as the doublet type and the TO modes will split into the
singlet and doublet types. From Eq. (3) we can obtain

AQLO=[p(Sy; + S12) + (S + 3512) 1X/206°,

(5a)
AQC=[pS1, + q(S11 + S12) 1X/ 0 °, (5b)
AQIC=[p(Sy; + S12) +¢(S1 + 3512) 1X/2w3°.

(5¢)

To summarize the above mentioned expectation,“

(i) we will observe two types of shifts, a singlet and a
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TABLE I. Parameters for ZnSe and ZnS used in the calculation.

ZnSe ZnS
LO mode (cm ') 252° 349%
TO mode (cm ~ 'y 205* 2714
Sy; (10~ 2 dyn~ ! em?) 2.11° 1.89¢
Sps (1072 dyn ! em?) —0.78° ~0.72°
p (10%) — 0.41° —0.39¢
q (10%%) —0.59° —0.99¢

#Present work.

®In Landolt-B6rnstein—Numerical Data and Functional Relationships in
Science and Technology, Vol. 17b (Semiconductors—Physics of II-IV
and I-Vil Compounds, Semimagnetic Semiconductors), edited by O.
Madelung, M. Schulz, and H. Weiss (Springer, Berlin, 1982), p. 145.
‘Reference 10.

4W. G. Nilsen, Phys. Rev. 182, 838 (1969).

“Reference 7.

doublet, of each of the LO and TO modes, corresponding
to the two cases of the scattering configuration, and (ii) we
will observe the singlet-type mode shifts larger than the
doublet-type mode.

In the present work we used three samples grown by
low-pressure metalorganic chemical vapor deposition
(MOCVD)'? on (001)GaAs substrates. All the samples
have the same thickness of ZnS layers (40 13.) and consist
of 150 periods of the superlattice, but the thickness of ZnSe
layers are different [(a) 15 A, (b) 20 A&, (c) 25 A]. We
used a (110) cleavage plane for the case-II configuration
measurements.

For the case-I experiments, a quasi-backscattering con-
figuration was used. Raman scattering measurements were
performed at room temperature with the 4880 A line of an
Ar ion laser. The scattered light was analyzed by a double
monochromator (Spex; 1403). For the case-II configura-
tion, we used a Raman microprobe measurement system
(Japan Spectroscopic Co., Ltd.; R-MPS-11) with a2 25 cm
filter double monochromator and a 1 m monochromator.
Measurements were done at room temperature with the
5145 A line of an Ar ion laser.

Figure 1 shows Raman spectra of samples (a), (b),
and (c) in the case-I configuration. Strong peaks of TO
and LO modes of a GaAs substrate are observed at about
268 and 291 ¢cm ~ . The dashed lines indicate the positions
of the unstrained bulk ZnSe and ZnS LO modes. Very
weak ZnSe TO modes are observed at about 210 cm !,
although they are forbidden in this experimental configu-
ration. As seen in the figure, ZnSe LO modes shift toward
the higher energies, while ZnS LO modes shift toward the
lower energies. This is because the ZnSe layers are under
compressive stress and the ZnS layers are under tensile

TABLE II. Observed energy deviation of the LO and TO modes from the
epergy of the bulk mode for the sample (c).

ZnSe (em ™ 1Y) ZnS (em ~ 1)
LO singlet +15 — 140
doublet +2.5 -~ 214
singlet + 14.5 — 35.8
TO doublet + 6.7 e
2136 Appl. Phys. Lett.,, Vol. 568, No. 19, 13 May 1991

GaAs:
TO LO
i
)
¥
!
$ 1
) s ;
-E : ¥
p : a2
£ ¢ t
3| ! 1 E
> E ' LOzns
= i
2 | Sty L
= f .
z| YO :
! \
; s
TOd )
} :
: ;
; { (c)
. . §
200 300 400

RAMAN SHIFT (ecm™)

FIG. 1. Raman spectra of ZnSe-ZnS SLSs with a fixed ZnS layer thick-
ness (40 A) and various ZnSe ones: (a) 15 A, (b) 20 A, (c) 25 A. The
dashed lines show the unstrained bulk frequencies. The inset shows sche-
matically the experimerital configuration: the incident light is parallel to
the {001} axis (case-I}. The subscripts of s and & denote a singlet and a
doublet, respectively.

stress. Although the shift of the ZnSe LO mode in three
samples does not differ from each other, the shift of the
ZnS LO mode decreases with increasing ZnSe thickness.
These observations are consistent with the previous
works.>® As mentioned above, in the case-I configuration,
we can regard the shift of LO modes as the singlet type and
that of TO modes as the doublet type.

Raman spectra in the case-II configuration are shown
in Figs. 2 and 3. The incident light was polarized perpen-
dicular or parallel to the (001) axis. The doublet TO mode
is allowed for both polarizations, while the singlet TO
mode is allowed only for the perpendicular polarization.
Taking into account this selection rule, we identified the
peaks of 210 and 240 cm ~' as doublet TO(ZnSe) and
singlet TO(ZnS8), respectively. Very weak peaks of about
255 ¢m ~ ! are identified as the forbidden ZnSe LO(dou-
blet) mode. We can see small peaks at about 220 cm ~ ! in
Fig. 3. We identified them as the forbidden singlet
TO(ZnSe) mode. It is allowed for the perpendicular po-
larization. However, it is not observed in Fig. 2. This is
because the singlet TO(ZnSe) mode is superposed on the
singlet TO(ZnS) mode. This identification is justified by
the following reasons. First of all, the intensity of the 220
em ~ ! mode increases with the increase in thickness of the
ZnSe layer. Thus the mode is of ZnSe. Second, because of
the selection rule, the intensity of the mode is weaker than
that of the doublet TO(ZnSe) mode,

Based on the above-mentioned identification, we can
summarize the energy deviation of all the modes in Table
II. Table II shows the energy deviation from the energy of
the bulk mode for sample (c). As for ZnSe modes, we can
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FIG. 2. Raman spectra of ZnSe-ZnS SLSs with a fixed ZnS layer thick-
ness (40 A) and various ZnSe ones: {(a) 15 A, (b) 20 A, (c) 25 A. The
dashed lines show the unstrained bulk frequencies. The inset shows sche-
matically the experimental configuration: the incident light is perpendic-
ular to the (001) axis (case-I[) and is polarized perpendicular to the
(001) axis. The subscripts of s and d denote a singlet and a doublet,
respectively.
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FIG. 3. Raman spectra of ZnSe-ZnS SLSs w1th a fixed ZnS layer thick-
ness (40 A) and various ZnSe ones: (a) 15 A (b) 20 A (c) 25 A. The
dashed line shows the unstrained ZnS energy. The inset shows schemat-
ically the experimental configuration: the incident light is perpendicular
to the (001) axis (case-II) and is polarized parallel to the (001) axis. The
subscripts of s and d denote a singlet and a doublet, respectively.
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observe the singlet-type and doublet-type shifts for both
LO and TO modes induced by the biaxial stress. The sin-
glet-type mode shifts larger than the doublet-type one as
was expected. On the other hand, for ZnS modes, we can
also observe the singlet-type and doublet-type LO modes.
However, the shift of the singlet type is not larger than that
of the doublet type. This strange behavior may be ex-
plained by the following model. The dielectric continuum
model'® shows that the optical phonon mode, which prop-
agates in the layer plane, can appear at new energy level.
The energy deviation varies with change in the relative
thickness of the two different dielectric layers. These effects
enhance the energy deviation of the doublet-type LO(ZnS)
mode. For this reason, the doublet-type LO(ZnS) mode
can shift larger than the singlet-type one.

In conclusion, we studied Raman scattering of ZnSe-
ZnS strained-layer superlattices with the incident light per-
pendicular and parallel to the interface plane. We observed
for the first time two types of the optical phonon shift, a
singlet and a doublet, induced by the biaxial stress. We
obtained reasonable relations between the stress and the
direction of the shift and between the layer thickness and
the shift. The singlet-type mode shifts larger than the dou-
blet-type mode for the ZnSe optical phonon modes. Not
only strained-layer superlattices, but there are many sys-
tems having directional stress in semiconductor devices.
The method of this work will become a new characteriza-
tion tool for measuring the directional stress in these sys-
tems.
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