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Raman-scattering study of GaP/InP strained-layer superlattices
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%e discuss the first-order Raman spectra of short-period GaP/InP strained-layer superlattices grown

by atomic-layer molecular-beam epitaxy on [001 I GaAs substrates. Experimental spectra are successful-

ly explained and compared to the results of simulations consisting of a linear-chain-method calculation
combined with the bond-polarizability model.

I. INTRODUCTION

Strained-layer superlattices (SL's) made up of alternate
GaP and InP layers constitute a system where the strain
is symmetrized when grown on GaAs substrates. While
both components present a large lattice mismatch to
GaAs ( —3.6% GaP, +3.8% InP) giving rise to large bi-
axial deformations in the individual layers, the net value
of strain in the whole SL is very small, thus favoring their
stability. ' An incentive for studying GaP/InP SL's
consists in their potential applications in optoelectronic
devices. They are an advantageous alternative to GaInP
alloys. ' Moreover, strain adds a powerful degree of
freedom which introduces additional useful features and
can be used as a design parameter.

In the present work, we use Raman scattering to inves-
tigate the phonon spectra of GaP/InP SL's. The in-plane
extensive (compressive) strain present in the GaP (InP)
layers shifts the phonon modes to lower (higher) frequen-
cies with respect to their bulk values. These shifts are of
the order of 25 cm ' for both materials, thus causing the
flatter LO branch of bulk InP to fall within that of GaP.
The lattice dynamics of these SL's reflects then mainly
the strain present in the layers. We compare our experi-
ments to simulations of the Raman spectra made using
the bond-polarizability model ' with the eigenvectors ob-
tained from a linear-chain calculation. '

II. SAMPLE GROWTH
AND STRUCTURAL CHARACTERIZATION

Samples have been grown on t 001 J GaAs substrates by
atomic-layer molecular-beam epitaxy (ALMBE). After
a standard cleaning and oxide desorption procedure, a
0.2-pm-thick GaAs buffer layer is grown by conventional
molecular-beam epitaxy at a substrate temperature

T, -580 C, in order to improve the starting surface.
Substrate temperature is then lowered to the ALMBE
growth temperature, closing the As4 cell for T, (520'C.
By proceeding in this way, we preserve the substrate from
excess arsenic deposition at low temperature, and a clear
2X4 reconstruction is observed in the reflection high-

energy electron-diffraction (RHEED) pattern.
The effusion cells we use for group-V elements are spe-

cially designed for pulsed operation and ALMBE growth
mode. The background pressure when closed is about

TABLE I. Characteristics of our (GaP)„/(InP) SL's, grown
on I001 j CraAs.

Nominal
(n, m)

(2,2)
(2,3)
(2,3)
(3,4)
(3,4)

Period
(A)

10.6
14.1

15.3
18.7
19.1

~GaP

—3.6
—3.5
—3.8
—4.0
—3.8

~lnp

3.7
3.6
3.6
3.4
3.6

SL thickness
(nm)

200
250

50
250

50

two orders of magnitude lower than the pulse peak or
"on" beam equivalent pressure (BEP). This makes it pos-
sible to grow compounds containing As and P in the
same growth chamber and within the same growth run.

For the growth of GaP/InP SL's, Ga and In fluxes are
alternated according to a desired sequence, while phos-
phorus is supplied in pulses with a repetition cycle deter-
mined by the growth rate of each constituent material.
The layers measured in this work have been grown at
T, =400'C using P2 pulses of BEP-3X10 Torr with a
duration of ~-0.2rg, r being the growth rate deter-
mined by the Aux of the group-III elements.

'
Growth is monitored by means of the RHEED pattern

and reflectance difference spectroscopy (RDS). ' For the
growth of these SL's we have used the cracking section of
the phosphorus cell to ensure that the P2 species is dom-
inant. In previous growth experiments we have seen that,
for the mentioned substrate temperature, the incorpora-
tion of phosphorus in the InP layers is defective when us-

ing P4, whereas it is complete when using P2 as observed

by RDS. During growth of the present samples RDS os-
cillations of constant amplitude were observed indicat-
ing" that their stoichiometry was preserved throughout.
The RHEED patterns of the samples remained streaky
with clear specular beam, but a dynamic analysis of the
in-plane lattice parameter evolution' was not possible in
this strain-symmetrized system: A lattice relaxation pro-
cess should take place after growing hundreds of layers
and it is difficult to ensure unperturbed RHEED condi-
tions for such a long time.

X-ray diffraction (XRD) was used to assess the
structural quality and parameters (period d and strain e)
of the SL's. Clear satellite peaks are observed for all the
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FIG. 1. X-ray spectrum of the (GaP)&/(InP)q SL, measured
at the (002) reQection.

samples, leading to the periods given in Table I. Figure 1

shows, for example, the rocking curve taken at the (002)
reflection of the (GaP)z/(InP)z sample. There is an ex-

tinction of the satellite —2 because m =n, m and n being
the number of monolayers of GaP and InP, respectively.
The in-plane strain in the individual layers was inferred
from measurements by double-crystal XRD of the SLS
zeroth-order peak in both the symmetric (004) and asym-
metric (511) reflections and the obtained values are quot-
ed in Table I. The mean composition of the samples was
checked with microprobe analysis, where it was possible
to subtract the contribution of the substrate because
there is no As in the SL's. The composition of the layers
was found to agree within error with the nominal values.

responding compositions, ' but they look more similar to
those of strained alloys. ' However, the relative intensi-
ties of the peaks observed in the alloy do not change
significantly for compositions in the range x=0.40 to
0.57 (Ref. 14), while they do in the superlattices, as is ob-
served in Fig. 2. This point will be discussed further in
the next section.

We also measured spectra excited with other lines of
argon- and krypton-ion lasers covering the visible energy
region in order to ensure that the data presented in this
work are measured far from any resonances due to elec-
tronic transitions. This is important because the relative
intensities of both main features in the spectra change
with the excitation energy, and then the bond-
polarizability model loses its meaning. '

In the next section we present our modeling of the Ra-
man spectra. We compare the calculations to spectra
measured out of resonance, i.e., excited with the laser en-

(GaP), /(inP)

z(xy)i

- z(xx)z

III. RAMAN MEASUREMENTS

Raman experiments were performed in the back-
scattering configuration with incident light polarized
parallel to a (100) axis in the sample. Scattered light
was analyzed for polarization, taking spectra polarized
both parallel [z(xx)z] or perpendicular [z(xy)z] to the
exciting radiation. The spectra presented in this work
were excited by 200 mW of the 514.5-nm line of an
argon-ion laser, and the sample was at room temperature.
The scattered light was dispersed in a triplemate spec-
trometer and detected by a charge-coupled device, with a
spectral resolution of 4 cm ' and an uncertainty in the
frequencies of less than +1 cm

Figure 2 shows Raman spectra measured in three sam-
ples. The spectra of all the studied samples, that are
given in Table I, look similar. We could not observe fold-
ed acoustic peaks, which may indicate that the photoelas-
tic modulation is small in this highly strained system.
We concentrate on the optical region of the spectrum, be-
tween 350 and 390 cm ', where we find the main features
of the spectra. The peak observed around 380 cm ' cor-
responds to the first LO mode confined in the GaP layers.
The broader structure centered near 365 cm ' contains
one or more modes of different character. We shall re-
turn to this assignment in the next section, where a de-
tailed interpretation of the spectra is made with the help
of calculations. It must be noticed that these spectra
differ from those of unstrained Ga, „In P alloys of cor-
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FIG. 2. Raman spectra measured (circles, A,,„,=514.5 nm)
and calculated (lines): (a) (GaP) &/(InP )2, (b) 50-nm-thick
(GaP)2/(InP)3 SL, and (c) 50-nm-thick (GaP)3/(InP)4 SL. The
origin of differently polarized spectra is shifted for clarity.
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ergy farthest from resonant conditions, chosen from our
previous measurements to be 514.5 nm (2.41 eV).

IV. MODELING OF THE FIRST-ORDER
RAMAN SPECTRA

We calculate the frequencies and eigenvectors of vibra-
tional modes for our SL's using a linear-chain model. '

By taking only interactions to next-nearest neighbors, the
agreement between calculated and experimental values
for the dispersion relations of the bulk constituents was
rather poor. Hence, as a possible improvement, we have
chosen to consider also interactions between second-
nearest neighbors. The force constants used in our calcu-
lations are E&, p =102.59 N/m, Kp p =11.15 N/m, and
Ko, &, =10.34 N/m for GaP, and IC&„p=85.52 N/m,
Ep p =7.52 N/m, and E&„&„=21~ 55 N/m for InP. They
are fitted to reproduce the experimental' ' LO-phonon
frequencies of bulk GaP and InP at the I and X points of
the Brillouin zone as well as the shape (experimental or
result of elaborated calculations)' ' of the optic LO-
phonon branch along a (001 ) direction.

To transfer this model to the SL structure we introduce
the efFect of the strain in the force constants of the bulk
materials assuming that strain causes the bulk dispersion
curves to rigidly shift in the frequency scale. This ap-
proximation is reasonable from experimental results; for
instance, there is only a small wave-vector dependence in
the hydrostatic pressure coefficient of confined LO pho-
nons in GaAs/A1As superlattices. ' Also, this approxi-
mation was found' to be able to account for the phonon
frequencies measured in GaAs/GaP SL's. A better ap-
proach is to consider a scaling law of the force constants,
after Cerdeira et al. , ' as done by Ghanbari et al. for
Si/Ge SL's. The result of this approach is also that strain
causes a nearly rigid frequency shift (+2 cm ') of the
dispersion curves along a (001) direction.

In our calculations we use the known coefficients
for the shift of zone-center LO phonons of the bulk con-
stituents to modify the force constants KG, p and K&„p as

K (E)=It (0)(1+o e ),
where K (0) denotes the force constants for the un-
strained case and
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FIG. 3. (a) Optical LO-phonon-dispersion curves along [001]
calculated for strained bulk GaP (e= —3.5%, solid line) and
InP (a=3.6', dashed line). (b) Optical dispersion relations
along [001] calculated for a (GaP)2/(Inp), SL with the same
strain values as in (a).

Ci20=2 Z„—Z„ (2)
q3S8 6- 0

The coefficients K;- are defined in Ref. 6 and C, . denote
the elastic moduli in standard notation. The values cal-
culated from Eq. (2) are oo,p=2.95 and o,„p=3.85. The
second-nearest-neighbor force constants are modified in
the presence of strain to maintain the shape of the disper-
sion curve. An average of these constants is taken for in-
teractions across the interfaces.

The optical LO-phonon-dispersion curves along [001]
calculated for the strained bulk materials are shown in
Fig. 3(a). The value of e used in this case is that given in
Table I for the 250-nm-thick (GaP)z/(InP)3 SL. The op-
tical dispersion relations along [001] calculated for this
sample are displayed in Fig. 3(b). We plot in Fig. 4 the
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FIG. 4. Atomic displacements for the modes of Fig. 3(b) at
q=O. Full circles depict P atoms, open circles stay for Ga and
In atoms as indicated in the figure.
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displacements of the atoms in the unit cell for these
modes at q=0.

The SL spectrum can be related clearly to the bulk
dispersions of the strained bulk constituents. The mode
at 378 cm ' is dispersionless, occurring in a frequency
range where only vibrational states of bulk GaP are avail-
able. The displacement pattern of this mode (see Fig. 4)
accordingly shows its amplitude confined in the GaP lay-
ers. The dependence of the phonon confinement energy
with layer thickness is small for this mode, because the
barrier imposed by the vibrational frequencies of InP is
low, in a phonon quantum-well picture. Since, in addi-
tion, its frequency is very sensitive to the strain present in
the GaP layers, it is adequate to use its shift with respect
to bulk unstrained GaP to characterize the strain state of
the GaP layers, as done in Ref. 3 for (GaP)i/(InP)i SL's.
The rest of modes have dispersion, and from the displace-
ment patterns plotted in Fig. 4 we see that they have am-
plitudes in both layers. However, the third displayed
mode (co=366 cm ') has its amplitude strongly confined
in the InP layers.

Raman intensities in both backscattering
configurations are calculated with the bond-polarizability
model, ' using the eigendisplacements resulting from the
linear-chain calculation. Each bond is characterized by
polarizability parameters a„„and a» and a factor
co '[1+n (co)] is taken into account for each frequency.

The spectra calculated for three (GaP)„/(InP) sam-

ples with different values of n and m are shown in Fig. 2,
together with the experimental data. In order to simulate
the measured spectra, the discrete peaks are broadened
with a Gaussian line shape having 2-cm half-width for
the highest-frequency peak and 7.5 cm ' for the other
peaks. We choose these values because they yield a good
agreement between calculated and measured spectra for
all samples. The fact that these widths are different can
be a signature of interface roughness, especially because
the layers are extremely thin. Interface roughness relaxes
the k-conservation rule and Raman scattering from pho-
nons throughout the SL Brillouin zone is expected.
Then, a dispersionless mode will still remain a well-
defined peak, while the width of a dispersive mode will be

larger.
Bond polarizabilities have been taken to be equal for

both configurations (a„„=a„=a ) but a factor of 2.4
larger in InP than in GaP bonds (a&„P=2.4ao,p). This
choice gives a remarkably good agreement between mea-
sured and calculated z(xy)z spectra for all our samples,
and it compares well to other cases, as, for example, in
GaAs/A1As superlattices, where aG,A, =3aA&~, . The
polarizability of the bonds increases also in the sequence
of diamond-type crystals C, Si, and Ge. Barker, Merz,
and Gossard could find different values for a„, and any
of GaAs and A1As bonds. From our experimental data a
fit of a„„would be meaningless, the observed z(xx)z
scattering component out of resonance being very weak
(see Fig. 2). It is noticeable that the measured intensities
of the peaks in z(xy)z configuration are well reproduced
by the calculated eigenvectors. The intensities have no
direct relation with the mean composition of the samples
compared to Gai „In,P, being x=0.50 (n =m =2),
x=0.57 (n =3, n =4), and x=0.60 (n =2, m =3).

V. CONCLUSIONS

We have investigated the phonon spectra of
(GaP)„/(InP)~ SL's grown on I001J GaAs by using Ra-
man spectroscopy. The observed first-order Raman spec-
tra have been successfully explained on the basis of a
linear-chain method calculation of the phonon frequen-
cies and their associated eigendisplacements. These have
been used to model the Raman intensities by assigning a
polarizability to InP bonds 2.4 times larger than that of
GaP bonds. The calculated eigenvectors show that the
two main features observed in the spectra are due to pho-
non modes confined in the two types of layers.
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