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Raman scattering and infrared reflectivity in †„InP…5„In0.49Ga0.51As …8‡30
superlattices
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We have measured far-infrared and infrared reflectivity as well as Raman scattering in an
@~InP!5~In0.49Ga0.51As!8#30 superlattice grown by molecular beam epitaxy. A numerical model for
calculating the reflectivity coefficient for complex systems which includes superlattice, buffer layer,
and substrate has been developed. The far-infrared reflectivity spectra consists of the superlattice
confined and interface modes as well as the modes from the buffer layer (In0.49Ga0.51As) and the
substrate~InP!. In the infrared spectral range above 1000 cm21 we observe only interference fringes
from the buffer layer. A good agreement between calculated and experimental spectra is achieved.
The folded longitudinal acoustic phonon doublet appears at about 39 cm21 in the Raman scattering
spectra. The frequency agrees well with a continuum model calculation. In the optical phonon
spectral region we observe confined modes corresponding to both constituents. The modes
representing vibrations of atoms at both interfaces: InP/InGaAs~230 cm21 mode! and InGaAs/InP
~240 and 260 cm21 modes! have also been observed. The geometrical parameters of the sample,
obtained from the fitting of the reflectivity data, agree well to the values of the layer thickness
obtained by double crystal x-ray diffraction. ©2000 American Institute of Physics.
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I. INTRODUCTION

InxGa12xAs/InP is a very attractive material system
considerable interest for applications in modern optoe
tronic devices and high-speed electronics.1 In spite of the
great interest in this kind of systems, there are only a f
works related to the characterization of the confined phon
and interface modes in the InP/InGaP heterojunction. I
well known that the performance of real devices is enhan
by the quality of the interfaces. In the case
InxGa12xAs/InP superlattices~SPs! it has been suggeste
that undesired strain layers, a few monolayers thick,
present at both InP–InGaAs and InGaAs–InP interfaces.
cently, Boscheriniet al.2 have demonstrated the presence
unwanted interface layers between InP and InxGa12xAs ~and
vice versa! using x-ray atomic force spectroscopy~XAFS!.
They modeled the structure as composed by the two nom
layers plus InxAs12xP and In0.53Ga0.47As12yPy strained inter-
face layers. The presence of these interface layers has
become necessary to interpret magnetophotoluminesc
measurements of InGaAs/InP multiquantum barriers.3 The
characterization of the interface abruptness of latti
matched InGaAs/InP multiquantum wells by Raman sp
troscopy is given in Refs. 4 and 5. On one hand,
interface-like peaks around 240 and 260 cm21 are shown to

a!On leave from Institute of Physics, 11080 Belgrade, P.O. Box 68, Yu
slavia.
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be related to the InGaAs/InP interface. Geurtset al.5 have
assigned these peaks to In–As and Ga–As vibrational mo
of quarternary InGaAsP layers, which originate from the e
change between P and As atoms at the InGaAs surface
ing purging prior to the InP molecular organic chemical v
por deposition~MOCVD! growth. On the other hand, th
peak which appears at about 230 cm21 is assigned to the
In–As vibration of InAsP, formed due to a carry-over of th
As precursor into the next InP layer.4

In this article we have used far-infrared and infrar
spectroscopy as well as Raman scattering measuremen
characterize an InP/InGaAs superlattice grown by molecu
beam epitaxy~MBE! techniques. For the analysis of the in
frared reflectivity~IR! spectra we have developed a mod
which includes superlattice, interface, buffer, and substr
layer properties in the calculation of the coefficient of refle
tion. A good agreement between measured and calcul
spectra is achieved. The Raman spectra shows folded ph
doublet as well as confined and interface phonon modes.
geometrical parameters obtained by the fitting procedure
infrared and far-infrared reflectivity spectra are in acc
dance with the x-ray diffraction data.

II. EXPERIMENTAL DETAILS

A practically unstrained@~InP!5~In0.49Ga0.51As!8#30 su-
perlattice with a buffer layer of In0.49Ga0.51As was grown on
a ~001!-oriented InP substrate using molecular beam epita
The sample was grown by solid source atomic layer mole

-

2 © 2000 American Institute of Physics

P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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lar beam epitaxy~ALMBE ! at a substrate temperatureTs

5425 °C. The actual period of superlattice was measu
with a high-resolution double-crystal x-ray diffractomete
The thickness of the individual InP and InGaAs layers w
determined to be 14 and 23 Å , respectively. The thicknes
the monolayers in the~001! direction isa0/2, wherea0 rep-
resents the bulk lattice constants, 5.8687 and 5.8518 Å
~InP! and (In0.49Ga0.51As!, respectively; thus the number o
monolayers in the superlattice studied is 5 and 8 of InP
InGaAs, respectively. The lattice mismatch is only 0.3%
room temperature. The thickness of the buffer layer is 50
Å and significantly exceeds the critical thicknesstc5200 Å6

in such a way that misfit dislocations which were produc
during the growth, accommodate the strain energy and
mit the buffer layer to relax to its natural, bulk, lattice co
stant.

The infrared measurements were carried out with
BOMEM DA-8 FIR spectrometer. A DTGS pyroelectric de
tector was used to cover the wave number range from 10
700 cm21; a liquid nitrogen cooled HgCdTe detector w
used from 500 to 5000 cm21. The spectra were collecte
with 1 cm21 resolution. The Raman spectra were measu
in backscattering configuration using micro-~macro!–Raman
systems with a Dilor~Jobin Yvon! triple ~double! monochro-
mator including liquid nitrogen~Peltier effect! cooled
charge-coupled device~CCD!-~photomultiplier! detector. An
Ar ion laser was used as excitation source.

III. THE PROPAGATION OF ELECTROMAGNETIC
WAVES THROUGH SUPERLATTICES

The penetration depth of the infrared electromagne
waves into a nontransparent crystal is about 3mm. The su-
perlattice thickness is usually less than 1mm, as the investi-
gated one, and the reflectivity spectra, in general, cont
information from the superlattice together with informatio
from the substrate and additional layers~buffer! if the inves-
tigated sample contains them.

We shall briefly review the propagation of plane mon
chromatic electromagnetic waves with near normal incide
in absorbing uniaxial crystal films on isotropic substrat
Figure 1 schematically presents a three-layer structure
corresponding dielectric constantse1 , e2, ande3. If medium
‘‘1’’ is air with dielectric constante1 ~51!, medium ‘‘2’’ is
a thin absorbing crystal layer~superlattice! with e25eSL ,
and medium ‘‘3’’ is a substrate withe35eS , then the am-
plitude of the reflected beam becomes7,8

Ar5Ai@r121~ t12t21!r23e2ia1~ t12t21!r21r23
2 e4ia

1~ t12t21!r21
2 r23

3 e6ia1•••#, ~1!

where Ai is the amplitude of the incident beam;a
52pvdAeSL the complex phase change related to the
sorption in the crystal layer with thicknessd5dSL ; r12, r21,
r23, t12, andt21 are the Fresnel coefficients of reflection a
transmission on the ‘‘1–2,’’ ‘‘2–1,’’ and ‘‘2–3’’ interfaces,
respectively, expressed by complex refractive indicesn, or
dielectric constantse:
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n22n1

n21n1
5

Ae22Ae1

Ae21Ae1

,

r235
n22n3

n21n3
5

Ae22Ae3

Ae21Ae3

,

t12t21512r12
2 5

4n1n2

n11n2
5

4Ae1e2

Ae11Ae2

.

~2!

Summing the components given by a series that takes
account multiple-beam interference effects@Eq.~1!#, results
in the following expression:

RA5
Ar

Ai
5

r12e2 ia1r23eia

e2 ia1r12r23eia
. ~3!

The reflectance of the crystal thin film~superlattice! on the
isotropic semi-infinite substrate, after introducing Eq.~2!
into Eq. ~3!, becomes

R5U@121/AeS #cosa2 i @AeSL /eS21/AeSL #sina

@111/AeS #cosa2 i @AeSL /eS11/AeSL #sina
U2

.

~4!

The dielectric constants of the superlattice constituents
the substrate, which takes into account the absorption of
lattice vibrations, are given in factorized form as

e5e`)
j 51

n
vLOj

2 2v21 igLOj v

vTOj
2 2v21 igTOj v

, ~5!

wherevTO andvLO are the transverse and longitudinal o
tical vibrations,gTO andgLO their damping constants, ande`

the high-frequency dielectric constant. The superlattice
treated as a unique uniaxial crystal layer with a dielec
constant which corresponds to the effective medium mod6

eSL5eeff5
( idie i

( idi
, ~6!

FIG. 1. A schematic presentation of a three-layer structure with corresp
ing dielectric constantse1 , e2, ande3.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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wheree i (di) denotes the dielectric constant~thickness! of
the SL constituents. Equation~4! was successfully applied in
the calculation of the reflection coefficient of superlattices
isotropic substrates9–11 without buffer layers.

If an additional crystal layer exists between the super
tice and the substrate~a buffer layer, for example, with a
lattice parameter different from the substrate!, the multibeam
reflectance analysis becomes more complex. Zenget al.12

have suggested a rather simple way for solving the prob
of the reflection on multilayer structures by iteration inclu
ing the effects of single layers. Using this idea, ther23 coef-
ficient, in the case of one additional layer between subst
and superlattice, becomes

r235
r23e2 ib1r34eib

e2 ib1r23r34eib
, ~7!

b52pvdBAeB being the complex phase change due to
absorption in the buffer layer of thicknessdB . The reflection
coefficientr34 now becomes

r345
n32n4

n31n4
, ~8!

wheren3 the refractive index of the buffer layer andn4 the
one of the substrate. In the same way it is possible to incl
additional layers in the calculations of the reflection coe
cient.

IV. RESULTS AND DISCUSSION

There are three types of phonons in superlattices.
confined optical phonons are the result of the inability of t
SL constituents to vibrate with the same optic frequenc
due to different atomic masses and/or different force c
stants. The energy gap between the optical disper
branches of the constituents causes the damping of one
stituent vibrations by the adjacent layers of the other c
stituent. This confinement leads to the formation of stand
waves in the growth direction with nodes near the interfac
Each mode confined in a layer with thicknessdi has an ef-
fective wave vector which depends on the orderm of the
confined mode and the effective layer thicknessdi

qm5
mp

di
, m561,62,63, . . . . ~9!

A superlattice exhibits a new periodicityd5d11d2

along the growth direction and its unit cell becomes lar
than the unit cell of the SL constituents. In consequen
mini Brillouin zones~MBZ! are formed, by folding the dis
persion curves of the bulk material. This folding produc
modes with SL wave vectorqSL50, but with frequencies
different from zero, so these modes are observable in Ra
scattering spectra.

The interface modes originated from the dielectric co
stant difference~discontinuity! at the interfaces of the SL
constituents. These Raman inactive modes, with wave
tors in the SL layers plane, appear in the Raman spe
owing to a deviation from the strict backscattering geome
or to interface imperfections. The interface modes are
tween LO and TO confined modes frequencies.
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The properties of all mentioned phonons in superlatti
have been previously discussed.13 In the case of~001! ori-
ented superlattice with ZnS-type crystal structure const
ents it is possible to observe longitudinal optic (LOm) con-
fined modes as well as longitudinal acoustic~LA ! folded
phonon modes in the backscattering geometry. For para
polarization (x8x8), (y8y8), wherex85@110#, y85@11̄0#,
both m5~odd, even! LOm confined modes are expected
Raman spectra. For crossed polarizations (x8y8) the Raman
modes are forbidden.14

The Raman spectra of our SL sample in the optical p
non region for parallel and crossed polarizations are give
Fig. 2. These spectra were measured at room tempera
with the 457.9 nm laser line. At this excitation wavelengt
the contribution of the buffer layer to Raman scattering
negligible. Namely, the penetration depth is proportional
1/a5l/4pk, wherea is the absorption coefficient andk is
imaginary part of the complex refractive index. Using t
values of k for InP, InAs, and GaAs at 514.5 nm,15 the
penetration depth is around 1100 Å. Consequently, the
lected Raman signal originated from the first 1100 Å of t
sample and the thickness of our SL sample exceeds a
that limit ~there is less absorption at 457.9 nm!.

As it can be seen in Fig. 2 there are two sets of SL pe
arising from the In0.49Ga0.51As and InP optic phonons in th
ranges 220–270 cm21 and 300–350 cm21, respectively. The
frequency position of these modes were extracted b
Lorentzian contour deconvolution technique, as it is sho
in Fig. 3. The identification of the bands in the In0.49Ga0.51As
range was done in terms of a two-mode behavior for opt
phonons of the bulk material.16–19 LO phonons can be con
sidered to be confined to the individual layers due to
large energy separation between the optical bands of InP
In0.49Ga0.51As. To our knowledge, neither neutron scatteri
data nor dispersion relations exist for the In12xGaxAs sys-
tem, except the theoretical dispersion calculated
InGaAs2.20 The theoretical curves for GaAs-like and InA
like vibrations are lower than one could expect. The L
dispersion curves for InGaAs2, which correspond to GaAs
like oscillations are almost dispersionless. Thus, confin
modes could not be resolved. On the other hand, the In
like LO frequency increases with the wave vector and
corresponding confined modes frequencies are expecte
be higher than the frequency of the bulk material. It is ob

FIG. 2. Raman spectra of the@~InP!5~In0.49Ga0.51As!8#30 superlattice mea-
sured at room temperature with parallel and crossed polarization.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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ous that only the mode at 266 cm21 has LO character. This
mode can be assigned as LO1 mode. For (x8x8) polarization
we can expect the appearance of LOm modes withm odd and
even. Because the GaAs like optical branch is practic
dispersionless,20 this mode can be the superposition of se
eral LOm modes. For crossed polarizations (x8y8), Fig. 3~b!,
this mode weakens and shifts to lower energies. Becaus
that, we assigned this mode to an interface~q in plane!
mode. The other three optical modes from Fig. 3~a! at about
230, 242, and 255 cm21 also appear in crossed polarizatio
@Fig. 3~b!#. This means that these modes are not confi
modes. We assign these modes to an InGaAs alloy mode
interface mode, and an InGaAsP alloy mode, respectiv
The support for this assignment can be found in Refs. 18
21. Namely, Quaglianoet al.21 have investigated the vibra
tional properties of thin InAs layer directly grown on In
substrate. They resolved broad bands at about 232 and
cm21 originated from atomic vibrations of the ternary allo
InAsP. This alloy is formed by the incorporation of arsen
on the InP substrate~in our case on the next InP layer!. The
mode around 230 cm21 is also found in Refs. 4 and 5. Be
sides the broad structures, Quaglianoet al. have found in-
tense narrow lines at about 244, 343, and 311 cm21, which
they assigned as InAs, InP, and InAsP interface modes.
sides that, Guertset al.,5 showed that the two modes at 24
and 260 cm21 can be assigned to the quaternary InGaA
alloy mode, which appears at the InGaAs/InP interfaces.
lowest frequency mode in Fig. 3~b! at about 221 cm21 is a
TO like InGaAs IF mode.

In the InP optical phonon region@Figs. 3~c! and~d!# we
have resolved the LO1 confined mode of InP at about 34
cm21, the InP interface mode at 342 cm21, the InAsP alloy
mode at 322 cm21, and TO-like InAsP interface mode a
about 311 cm21. Besides these modes, two additional bro
modes at about 318 and 329 cm21 are observed. We assig
these modes as TO~X! and LO~X! modes, respectively. Ac
cording to neutron scattering data shown in Fig. 4,22 there are
several modes around these frequencies. This produc
high density of phonon states near theX point of the Bril-

FIG. 3. Raman spectra of the@~InP!5~In0.49Ga0.51As!8#30 superlattice in the
optical phonon region of InP and InGaAs deconvoluted by Lorentzian
profiles.
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louin zone edge. Thus, these modes can also be observ
Raman scattering. The appearance of all mentioned ‘‘Ram
forbidden’’ ~interface-like! modes in the spectra for paralle
polarization is a consequence of the relaxation of selec
rules induced by interface disorder.

The continuous line in Fig. 4 shows the dispersion re
tion calculations for InP calculated by means of a bon
charge model. The model parameters were taken from
literature.23 There is no satisfactory agreement between
neutron scattering data and the calculated curves, as alr
stated by a bond-bending force model.24 We also found that
neutron and Raman scattering data differ significantly. W
believe that new neutron data are necessary to clarify
problem.

Raman scattering by folded acoustic phonons in (00
and high-index plane~hkl! GaAs/AlAs superlattices is wel
documented.13,25 As predicted by selection rules fo
(001)-oriented superlattices of zinc-blende crystal structu
only the LA component is Raman active. Figure 5 shows
Raman spectra for (xx) polarization in the spectral range 3
and 50 cm21 obtained at 300 K with 514.5 nm line of a
Ar1 ion laser. The doublet (21,11) of the folded LA-
phonon modes at 37.5 and 42 cm21 is clearly observed. We
have compared the frequencies of the observed fold
phonon modes with a calculation based on a continu
model. Folded-phonon dispersion curves calculated with
model are given in the inset of Fig. 5 together with the e
perimental frequencies obtained with the 514.5 nm line of
Ar1 ion laser. Our experimental data for the LA folde
phonons in the InP/InGaAs superlattice are fully in agre
ment with the continuum model calculation, which mea
that the stiffness constants, taken from the bulk materials26,27

are correct. Sharp and well defined folded phonons are
dence of abrupt interfaces in the sample.

e

FIG. 4. Phonon dispersion curves of InP calculated using a bond-ch
model. Experimental data forq50 ~Raman! andq.0 ~neutron! are shown
by open~LO! and solid~TO! circles, respectively~see Ref. 23!.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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The far-infrared and infrared reflectivity spectra of t
@~InP!5~In0.49Ga0.51As!8#30 superlattice is presented in Fig.
Circles are experimental data and the solid line is the ca
lated spectra obtained by the fitting procedure describe
Sec. III. The best fit parameters are presented in Tabl
These parameters, together with the geometrical param
dInP514 Å anddIn0.49Ga0.51As523 Å, L530 Å, anddB55550
Å, give the best fit between the experimentally obtain
spectra and the calculated ones. The highest intensity o
lator in the far-infrared region around 300 cm21 represents a
superposition of the lattice vibration of the InP substr
mode and the SL confined mode. The complex structure
tween 220 and 270 cm21 ~inset in Fig. 6! contains oscillators
from the superlattice, buffer, and interface layers as furt
discussed. It is obvious that the values of the SL geometr
parameters obtained from the fitting procedure are in ex
lent agreement with those obtained with x-ray diffracti
techniques.

The confined mode in the superlattice could not be co
pletely resolved in the Fourier infrared~FIR! spectra given in
Fig. 6. The InP confined modes are hidden by the str
substrate peak, but it was necessary to include at least

FIG. 5. Raman spectra of the@~InP!5~In0.49Ga0.51As!8#30 superlattice in the
spectral range from 30 to 50 cm21 measured with the 514.5 nm line of a
Ar1 ion laser at 300 K. The inset shows the continuum-model results
folded-phonon dispersion curves together with experimentally observed
folded phonons.

FIG. 6. Infrared reflectivity of the@~InP5~In0.49Ga0.51As!8#30 superlattice
measured at 300 K. Open circles are experimental data and the solid
represents the calculated spectra obtained by a fitting procedure. Inse
same spectra in the 220–270 cm21 spectral region.
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confined InP mode in the fitting procedure in order to obt
good agreement with the experimental data.

Two more well pronounced modes in the inset of Fig
are the bulk modes of the In0.49Ga0.51As buffer layer; the
other modes observed are the confined modes of
In0.49Ga0.51As component of the superlattice or interfa
modes. The TO and LO frequencies of the buffer layer
the same as for the bulk. The intensity of the modes in
buffer observed in the FIR spectra is stronger than that of
SL confined modes because the thickness of the buffer la
is larger. The complete assignment of all observed mode
far-infrared spectra is given in Table I and we do not rep
it here again. We have also found a very good agreem
between infrared and Raman mode frequencies.

V. CONCLUSIONS

Far infrared and Raman scattering have been use
characterize the InP/InGaP interface. This gives us a c
plete picture of all the optical modes, confined and interfa
modes, as well as folded acoustic phonon modes in the
erojunction. For the analysis of the IR reflectivity spectra
have developed a model which includes superlattice, in
face, buffer, and substrate layer properties in calculating
reflection coefficient. A good agreement between measu
and calculated spectra is achieved using the geometrica
rameters obtained from the fitting procedure of infrared a
far-infrared reflectivity spectra agree well with the x-ray d
fraction data. The Raman spectra shows folded phonon d
blet as well as confined and interface phonon modes.
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