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The elastic strains in regions near the top surface of strained-layer structures can be quite
different from those in deeper portions of the samples. This effect has been established in epitaxi-
al layers of ZnSe grown on GaAs and ZnSe-ZnS;Se; - strained-layer superlattices. The depth
dependence of the strains was determined with Raman scattering measurements performed under
laser excitation below and above the band gap. The strain values near the top surface are driven
by a stronger relaxation of the in-plane lattice constants towards equilibrium. This relaxation ap-
pears to be independent of the generation of misfit dislocations.

The epitaxial growth of lattice-mismatched semicon-
ductors provides an extra degree of freedom in tailoring
optical and transport properties of semiconductor hetero-
structures and superlattices.! The ability to modify these
properties has impacted the fundamental and applied
fields of semiconductor research. The lattice mismatch
between epitaxial layers and substrates in heterostructures
or between thin layers in superlattices can be as large as a
few percent and therefore considerable elastic strains are
usually present in the grown layers. The strains influence
the growth habits of the epitaxial layers and play a major
role in determining the final values of parameters such as
forbidden gaps, band offsets, and carrier mobilities."?
That is why the characterization of the state of strain and
its dependence on sample parameters is an important issue
in strained-layer epitaxy. Though a considerable amount
of experimental work has been carried out to this effect,
there is one aspect of the strain behavior that has not been
dealt with in great detail up to now. This is the question
of whether the strains are constant throughout the
strained-layer structures or if some relaxation does take
place and different strain values are possible as a function
of depth into the sample. Answers to this question will
help to understand the nature of the congruent to free-
standing transition. The possibility of inhomogeneous
strains is expected to impact the analysis of optical mea-
surements such as excitation and modulation spectros-
copies and resonant Raman scattering. It will also play a
role in the experimental search for the novel nonlinear op-
tical properties which have been recently predicted in
strained-layer superlattices. >

In this paper we report on strain variations within a
sample found in two strained systems: ZnSe epitaxial lay-
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ers grown on GaAs substrates and superlattices of ZnSe-
ZnS,Se;—,. In both systems the strain values for regions
of the samples near the top surface are different from
those determined by averaging through the entire speci-
men. The strains near the top surface are influenced by a
stronger relaxation of the lattice constant towards the
equilibrium values. In the case of the superlattices this
implies more strain in the individual ZnSe layers at the
top and a gradual transition to the free-standing state.
The strains were determined by measuring with Raman
scattering the shifts in the frequencies of the long-
wavelength optical phonons.® The depth profiling is
achieved by changing the wavelength of the incoming
photons and therefore varying the skin depth from which
the Raman signal originates. In addition to the investiga-
tion of the strains at different depths into the samples, we
also studied the relaxation of the strains in the ZnSe lay-
ers of the ZnSe-GaAs heterostructure as a function of the
ZnSe thickness and compared the strain values obtained
with Raman scattering to those determined with photo-
luminescence, x-ray diffraction, and transmission electron
microscopy techniques.>® Good agreement is found be-
tween Raman and the other techniques for the strain
values representing averages throughout the entire layers.
The samples used in this investigation were grown by
molecular-beam epitaxy on (100) GaAs substrates. The
details of the growth were described in previous publica-
tions.>” The thickness D of the ZnSe layers in the hetero-
structures ranges between 50 and 1000 nm. We present
data for a superlattice sample consisting of alternating
layers of 5.5 nm of ZnSe and 6 nm of ZnSy ;9Sep3; grown
on a 1000-nm-thick ZnSe buffer layer. The total super-
lattice thickness is 4300 nm. The Raman scattering mea-
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surements were performed in backscattering geometry
with the sample mounted in a cold finger of a closed-cycle
cryostat. The sample temperature during the measure-
ments was 12 K. The Raman spectra were excited either
with the 488-nm line of an Ar*-ion laser or the 413.1-nm
line of a Kr*-ion laser. The ZnSe and ZnSg 9Segs; lay-
ers are transparent to the 488-nm incoming radiation,®
and the Raman light yields information about regions of
the samples away from the top surface. The 413.1-nm
photons are absorbed in a skin depth of = 100 nm and
therefore the Raman light will sample = 50 nm from the
top surface down.®° The selection rules for the scattering
process allow only the creation of the near zone center
longitudinal optical (LO) phonons.®

We discuss first the results on the ZnSe epitaxial layers
grown on GaAs. Figure 1 shows the Stokes-Raman spec-
tra due to the LO phonons of a = 180-nm-thick ZnSe
layer taken with the two laser wavelengths used in this ex-
periment. The Raman peaks are blue shifted with respect
to the LO phonon frequency of bulk ZnSe at 256.3 cm ~!
which is indicated by the arrow. The shift is larger for the
spectrum excited with below band gap light at 488 nm.
Similar trends in the shifts are observed for ZnSe films of
other thicknesses D. However, the absolute values of the
shifts become smaller with increasing D. The shifts of the
LO peaks to higher energies arise from in-plane compres-
sive strains in the ZnSe layers due to the lattice mismatch
with the GaAs substrate as discussed below. The undis-
turbed LO frequency was determined very accurately by
measurements done in bulk ZnSe wafers with (100) and
(111) surfaces as well as in ZnSe epitaxial layers grown
on ZnSe substrates. In these cases no dependence of the
LO peak positions was found on the exciting laser wave-
length.

The lattice constant of ZnSe (0.5669 nm) is slightly
larger than that of GaAs (0.5654 nm). Hence the epitaxi-
al growth of ZnSe on (100) GaAs surfaces will produce a
biaxial compression of the unit cell of ZnSe along the x
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FIG. 1. Raman spectra due to longitudinal optical phonons of
a ZnSe layer grown on GaAs. The Raman lines are shifted to
higher frequencies with respect to the bulk longitudinal optical
frequency indicated by the arrow. The shifts arise because
compressive strains are present in the layer. The strain values
change throughout the sample.
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and y directions parallel to the grown surface. The
nonzero components of the strain tensor are e =¢,, =¢
=(a)— aznse)/aznse and e;; =2512(S;1+S12) "'e. The
bulk value of the ZnSe lattice constant is represented by
azmse and ay gives the in-plane value along the (x,y)
directions in the epitaxial layers. S;; are the elastic com-
pliance constants of ZnSe. For compressive strains € is
negative in the convention adopted here. Under these
conditions the LO phonon frequency @ depends on € ac-
cording to the following expression:*

o=wo+2A05— 2AQ , 1)

where @y is the undisturbed bulk frequency and AQ g and
AQ are given respectively by

+2g | Sut2Sn;
AQy=2T29 | 211~ 912 , )
7 6wd | Su+Si ] °
and
—qg | Su—Sn
Aqy=£—9 |21t 21, 3)
B 0w | Su+Sn |0

For ZnSe the deformation potentials — (p+2¢)/6wé and
(p —¢)/2wé are 0.9 and 0.62, respectively.*'® We take
S +S|2=0.0145, S“ +2S|2 =0.006, and S“ _Slz
=0.0315 in GPa ! and replace the numerical values in
Egs. (1-3) to obtain the simple relationship

®=256.3—421.14¢ , 4)

with ® in units of cm ~!. Equation (4) predicts blue shifts
in o for negative ¢, as observed experimentally. Further-
more, the smaller shift observed in Fig. 1 for the 413.1-nm
case can be explained in terms of a reduced ¢ near the top
surface of the layer as compared with the € value
representative of regions of the sample closer to the inter-
face with the substrate (488-nm excitation). Quantitative
estimates of ¢ were obtained by replacing w in Eq. (4)
with the measured Raman frequencies and the results are
plotted in Fig. 2. Smaller values of ¢ near the top are en-
countered for layers of different D which points out that
we are dealing with a universal behavior of the system and
not with a property of a particular sample.

The data in Fig. 2 point out a related aspect of strain
release. In addition to the relaxation of ¢ moving away
from the interface with the substrate, there is also a de-
crease in € with increasing D. This effect was studied be-
fore with photoluminescence (PL), x-ray diffraction, and
transmission electron microscopy (TEM).>¢ Therefore, it
seems appropriate to compare the Raman data with the
results of Refs. 5 and 6 and, for this purpose, we have in-
corporated them in Fig. 2. A good agreement is found be-
tween the 488-nm Raman data (sampling the entire lay-
ers) and these other determinations of €. For the range of
D studied here, PL and x-ray experiments also yield
values of € which are averages throughout the layers. The
PL light can originate inside the samples at depths on the
order of the diffusion lengths of the photoexcited electrons
and holes. For molecular beam epitaxy grown layers,
diffusion lengths of 1000 nm are not unusual. On the oth-
er hand, the attenuation length of the x rays is much
larger than D and the entire samples are illuminated by
the x rays. Finally, the TEM determinations are partially
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FIG. 2. Dependence of the elastic strains in the ZnSe layers
of ZnSe-GaAs heterostructures as a function of layer thickness
and depth into the sample. Results from Refs. 5 and 6 included
for comparison. The dashed lines were drawn through the Ra-
man data to help the eyes.

based on
diffraction.

The magnitude of ¢ for D < 180 nm obtained by prob-
ing throughout the layers is within experimental uncer-
tainties the expected one for the case in which aj takes the
value of the GaAs lattice constant. This situation corre-
sponds to coherent growth without defects being intro-
duced at the interface between the epitaxial layer and the
substrate. The decrease in € with D above 180 nm is asso-
ciated with the appearance of misfit dislocations at this in-
terface. However, we see in Fig. 2 that the additional
release of € near the top occurs for films below and above
the critical thickness which triggers the misfit dislocation
formation. Therefore, we conclude that there is no corre-
lation between this extra relaxation of € at the top and the
generation of the misfit dislocations. This observation is
relevant for the theoretical models trying to describe the
microscopic mechanisms for strain relaxation.? More ex-
perimental and theoretical work is needed to understand if
this effect can proceed through the generation of defects
other than misfit dislocations that will allow a; to relax
faster to the azps. value at the surface. For example, we
found that stacking faults are the dominant structural de-
fects in the ZnSe layers below critical layer thickness and
are also commonly observed in other congruently grown
strained systems. !!

The stronger relaxation of a; towards its equilibrium
value near the top surface is also present in the ZnSe-
ZnSg,19Sep 3; strained-layer superlattice. Figure 3 shows
the Stokes-Raman spectra of the superlattice in the opti-
cal region of the LO phonons of the ZnSe layers (peaks
above 255 cm~') and the LO ZnSe-like modes of the
ZnSg19Sepg, layers (peaks below 255 cm ~!). The
differences in the relative intensities of the Raman peaks
for the two laser wavelengths are related to resonant
effects that will be addressed in a separate publication.
The arrows in Fig. 3 establish the undisturbed frequencies
of the LO phonons of bulk ZnSe and ZnSg 19Seos;. The
LO peaks of the ZnSe layers appear blue shifted and
those of the ZnSy ;9Seps; ones are red shifted. Contrary
to the case of the ZnSe layers in the ZnSe-GaAs hetero-
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FIG. 3. Raman spectra of a ZnSe-ZnSy,19Seq s strained-layer
superlattice in the frequency region of the ZnSe-like longitudi-
nal optical phonons. The arrows correspond to the undisturbed
bulk frequencies. The dependence of the blue and red shifts on
the laser wavelength indicates strain variations as a function of
depth.

structures, we see in Fig. 3 that the shifts to higher fre-
quencies of the LO phonons of the ZnSe layers in the su-
perlattice are larger for above band-gap excitation. On
the other hand, the red shifts of the LO modes of
ZnSq.19Segs; are smaller when the Raman light comes
from the top region of the sample (413.1 nm laser excita-
tion). The blue and red nature of the shifts is in qualita-
tive agreement with the expectation that the ZnSe layers
will be under biaxial compression and the ZnSg9Seg s
under biaxial tension. The lattice constant azgs, .S, IS
=~0.562 nm.® This value is substantially smaller than
aznse and an alternating pattern of ¢ will be produced in
the multilayer structure. We infer from the behavior of
the Raman peaks that the strains are not uniform through
the superlattice structure and that the magnitude of the
compressive (tensile) strains in the ZnSe (ZnSq 19Seo.s;)
layers increases (decreases) near the top surface. From
the measured shifts in the ZnSe LO frequencies we deter-
mined with Eq. (4) €==0.0049 in the ZnSe layers close to
the top surface of the superlattice and 0.002 for an aver-
age throughout the sample.

For the total thickness of the superlattice (4300 nm)
and the lattice mismatch between the layers one expects
the superlattice to be a free standing one, 2 in which the
equilibrium lattice constant a along x and y is deter-
mined by = aznse — dznSy 5505 (4 ZnSq 19S5 T dznse) ~
X (@ znse — A ZnS, 45¢05,) With d; the thickness of the indivi-
dual layers For the parameters of our sample af should
be =27 (az,,se+az,,s°,,s¢m) =(0.5644 nm and the asso-
ciated strain in the ZnSe layers ¢ =(a —aznsc)/a znse ON
the order of 0.0043. This value of ¢ is very close to the
measured one near the top of the superlattice but differs
substantially from the one obtained by probing deeper
into the sample. The Raman results together with the
comparison between theory and experiment indicate that
the transition from the state in which the superlattice con-
forms to the substrate or buffer layer into the free-
standing case is not a sharp one. The smaller ¢ in regions
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near to the buffer layer (488 nm laser excitation) arises
because the superlattice a; is closer to azase than to af.
Concomitant with the reduced ¢ in the ZnSe layers, the
biaxial tension in the ternary layers increases as evidenced
by the more pronounced red shifts of the Raman peaks.
With ay approaching a near the top surface the biaxial
tension in the ZnSg;9Seps; layers diminishes and the
compression in the ZnSe layers increases. The microscop-
ic mechanism of the relaxation to the free-standing state
has to be elucidated. Preliminary TEM investigations of
this and similar structures show the characteristic misfit
dislocations at the superlattice buffer layer interface.
However, it appears that they are not efficient enough to
allow for a complete relaxation to the equilibrium state
and, as in the case of the epitaxial layers, the role of other
defects cannot be disregarded.

RAPID COMMUNICATIONS

7677

In summary, we have shown in the case of two
strained-layer systems that the strains are not uniform as
a function of depth into the sample. The strains near the
top surfaces are determined by a stronger relaxation of
the lattice constants towards the equilibrium values. This
effect has been seen in samples below and above the criti-
cal layer thickness for the creation of misfit dislocations.
The transition from congruent to free standing takes place
gradually. The possibility that other type of defects play a
role in strain relaxation has been suggested but additional
experimental and theoretical work is needed in the sub-
ject.

The help of R. Dalby in the sample growth is gratefully
acknowledged.
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