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Abstract

We have investigated optical transitions and atomically controlled interface structure in modulated period (GaP)m=(AlP)n

(m, n number of monolayers) superlattices (SLs) using low-temperature photoluminescence (PL) and Raman scattering (RS)
techniques. The modulated superlattices (GaP)m1(AlP)n1(GaP)m2(AlP)n2 were grown on Si-doped GaAs (001) substrate by
gas source molecular beam epitaxy (m = m1 + m2;n = n1 + n2;m1 > mi,n\ > 2), where total number of periods of GaP
and AlP are constants, m = 13 and n = 7. By modulating the internal structure of the superlattice period strong enhancement
in PL intensity was observed. In the modulated SLs, with reducing GaP layer (m1) thickness, the PL peak shows blue
shift and splitting accompanied with a large intensity enhancement. We attribute enhanced strength of the optical transition
to the electronic transition resulting from the disordered period in the superlattice structures. We have evaluated the 8-X
mixing factor as a function of layer thickness, from the relative oscillator strengths of the quasi-direct transitions in the
modulated SLs to that of normal SL using :rst-order perturbation theory. Using con:ned optical phonons as a probe in the
Raman scattering measurements, we have investigated interface structure of these modulated SLs. The con:ned vibrations
are sensitive to the layer thickness and the presence of the atomic scale roughness at the interface.

PACS: 78.66.Fd; 68.35.Ct; 78.30.Fs; 73.21.Cd

Keywords: GaP/AlP superlattice; Photoluminescence; Raman scattering

1. Introduction constituents. Their band-gap falls in the green to yel-
low wavelengths region and therefore, these SLs are

The GaP/AlP thin layer superlattices (SLs) form a promising for light-emitting devices. The weak optical
new class of material, which oBers an interesting pos- transition in the indirect gap materials GaP and AlP
sibility of a direct band-gap material from indirect gap is a major limitation for their use in optical devices.

The radiative transition in these materials is accom-
panied by phonon emission and the oscillator strength
of such transitions is, therefore, inferior compared to
the direct band-gap semiconductors like GaAs. By
fabricating short period SLs of GaP and AlP, it is
possible to achieve quasi-direct band-gap for certain
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combinations of GaP and AlP layers. The folding of
the indirect conduction band minimum of the con-
stituent semiconductors to the center of the Brillouin
zone and the mixing of the electronic states of both
materials at the interface result in transformation from
indirect to direct band-gap material.

Kumagai et al. [1] predicted theoretically, by us-
ing tight binding method, that the electronic structure
of lattice matched GaP/AlP superlattice is sensitive
not only to the well and barrier layer thickness but
also to the band discontinuity at the interface. Asahi
and co-workers [2] were the :rst to grow these SLs
by gas source molecular beam epitaxy (GSMBE) in
1991. They demonstrated the relationship between
band discontinuity, particularly at the valence band
Ev, and the nature of the band-gap. They found that
the superlattice is a direct band-gap material when
m and n, the number of monolayers in GaP and AlP
respectively, are both odd and greater than three
monolayers. Furthermore, it was observed from PL
and electroreMectance (ER) measurements that the
superlattice has a Type-II band line-up at the interface
[3-5]. The origin of enhanced photoluminescence
from short-period GaP/AlP SLs was investigated by
Nakayama and co-workers [6,7]. Their calculations
based on the local density approximation (LDA), are
in good agreement with the experimental values of
band-gap energies with layer thickness. However,
the calculated strength of the optical transitions was
much weaker than the observed ones. Asahi and
co-workers [8] also investigated the (GaP)m=(AlP)n

SLs, in which the stacking sequence of the layers is
modulated within each period of a SL, and observed
enhanced PL intensity for a certain kind of combina-
tion. Earlier, we studied [9] the nature of the interface
in the normal SL structures by Raman scattering
by measuring folded acoustic and con:ned optical
phonons. The measured con:ned optical phonon fre-
quencies were found to be lower than those of an
ideal superlattice with atomically sharp interfaces.
An intermediate disordered layer in the interface
plane due to short-range roughness in the short-period
SLs was considered to explain the measured phonon
frequency.

It is well known that the lowest conduction band
structure is an indirect type in this material, and the
X electrons and the 8 holes are spatially separated.
Although the X valley is threefold degenerate in bulk

AlP, con:nement eBects in the SLs split the X val-
ley into two states: the Xz state along the growth
direction (z = [001]); and the Xxy one perpendi-
cular to it. A simple eBective-mass picture predicts
[10] that the Xz state lies lower in energy than the
Xxy state. The lowest energy Type-II exciton con-
sists of the n = 1Xz electron state of AlP and the
m = 1 heavy-hole state of GaP, which is denoted
by 11HXz. In PL measurements at low temperature
strong no-phonon assisted PL bands of the 11HXz

is observed [10], which indicates that the transition
is a quasi-direct type with a :nite oscillator strength
resulting from 8-X mixing in the conduction band.
From the continuous-wave (cw) and time-resolved PL
measurements in GaP/AlP/GaP multi-quantum wells,
Nagao et al. [10] have shown that the high eOciency
of luminescence is due to the localization of indi-
rect excitons. Arimoto et al. [11] have investigated
the correlation between electronic states and opti-
cal properties in indirect GaAsP/GaP quantum wells
(QWs) which have an ultrathin AlP layer inserted
during fabrication. The insertion of one monolayer
of AlP at the center of thin GaAsP quantum wells
drastically increased the photoluminescence inten-
sity, and in particular the eOciency of the no-phonon
(NP) transition. These results also suggest that the
eOciency of the NP transition improved when the
Xz electrons are involved in radiative recombination
rather than the Xxy electrons. The (GaP)m=(AlP)n

short period SLs show anomalous PL in the pres-
ence of strong magnetic :eld attributed to a bound
exciton trapped at a defect at the interface [12] or
to the exciton localization caused by the interface
Muctuation [13].

In this paper we investigate electronic structure
resulting from modulation of superlattice period in
these (GaP)m1(AlP)n1(GaP)m2(AlP)n2 SLs grown
on Si-doped GaAs (001) substrate by gas source
molecular beam epitaxy and study dependence of
optical transition intensity on internal modulation
of superlattice period. We focus our discussion on
SL (m1;n1; m2;n2) with even number of total layer
thickness, N = m1 + n1 +m2 + n2, where zone
folding and band mixing eBects produce the di-
rect band-gap nature. Furthermore, we study the
con:ned optical phonons and interface proper-
ties using Raman measurements on the modulated
period SLs.
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2. Experiment

The (GaP)m=(AlP)n modulated period superlattices
(SLs) were grown on Si-doped GaAs(0 01) substrates
at 640° C by gas source molecular beam epitaxy.
Elemental Ga and Al and thermally cracked PH3 were
used as group III and group IV sources, respectively.
The atomic layer control of the grown SL layers
was conducted with growth times based on RHEED
intensity oscillation data before the SL growth. A
growth interruption of 10 s was adopted between GaP
and AlP layers to improve the interface smoothness.
A total of 90 periods of superlattice structures were
grown on 0:5 urn GaP buBer layers. The details of
the sample preparation and their structural and optical
characterization are given in Ref. [8]. The normal SL
is represented by (GaP)13(AlP)7 (M = 13 and n = 7).
In the modulated period superlattices, the GaP layer
'M' is further subdivided into two sub-layers (m1 and
m2) and the AlP layer 'n' is also subdivided into
two sub-layers (n1 and n2). The modulated SLs are,
therefore, denoted by (GaP)m1(AlP)n1(GaP)m2(AlP)n2

with m1 + m2 = 13 and n1 + n2 = 7. The thickness
of AlP sub-layers in the modulated period SL was
kept constant (n1 = 4 and n2 = 3 monolayers) during
growth and the thickness of the GaP sub-layers were
varied within a SL period (m1 = 10-7 and m2 = 3-6
monolayers). The total number of monolayers within
a period is constant (20 monolayers). The PL and
Raman scattering measurements were carried out at
20 K using Ar+ laser as an excitation light source and
a closed cycle liquid He cryostat with temperature
accuracy better than ±1 K. The scattered signal was
dispersed using a double monochromator (JY-HG2S)
and detected using a cooled GaAs photomultiplier
tube. Conventional photon counting electronics were
used to record the spectra. Fig. 1(a) shows the layer
structures of the (GaP)m=(AlP)n modulated SLs and
the corresponding Type-II band line-up of the SLs is
shown in Fig. 1(b).

3. Results and discussion

3.1. Optical transition

Fig. 2 shows PL spectra from modulated and nor-
mal period SLs excited by 2:71 eV photon energy at
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Fig. 1. (a) Unit period with (m = 13 and n = 7) 20 monolayers
in (GaP)m=(AlP)n superlattices. (b) Type-II band line-up of a
modulated period (GaP)m1(AlP)n1(GaP)m2(AlP)n2 superlattice.

20 K. The normal (GaP)13=(AlP)7 SL shows a weak
and asymmetrical PL peak at 2:115 eV (586 nm), Fig.
2(a) and inset, which arises from the optical transi-
tion due to the folded quasi-direct gap below the GaP
indirect gap energy. In the normal SL, the recombina-
tion is due to electrons localized in the AlP layer with
the holes localized in the GaP layer in a Type-II band
line-up at the hetero-interface. In such a Type-II band
line-up, the AlP layer only con:nes the electrons at
the X minima; the holes lie on the band edge at the
zone center in the GaP layers. The radiative recombi-
nation occurs at the interface, the oscillator strength
of the optical transition is expected to be small for
Type-II material in comparison to Type-I direct gap
materials. In the modulated SLs, the AlP sub-layers
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Fig. 2. Photoluminescence spectra of normal and modulated super-
lattices at 20 K excited with 2:71 eV (457:9 nm) Ar+ laser line.
The inset shows asymmetry of PL line towards the high-energy
side in the normal superlattice. The LO phonon replicas are marked
with arrow (J,).

are :xed with n1 = 4 and n2 = 3 monolayers whereas
the GaP sub-layers m1 and M 2 are varied keeping
m1 + m2 = 13 monolayers. The modulated structures

have two GaP sub-layers (m1 and m2) in one superlat-
tice period. When the wider sub-layer (m1) thickness
is reduced further, the emission peaks split into two as
shown in Fig. 2(c), (labeled as A and B). Both A and
B peaks show blue shift and intensity enhancement. In
addition, the splitting T E A B decreases with reducing
diBerence between sub-layer widths in the modulated
SLs (Figs. 2(d) and (e)). In the PL spectra, we deter-
mined the peak positions, full-width at half-maximum
(FWHM), and the separation of the two transitions by
:tting the asymmetric line shape (asymmetry towards
higher energy side of the spectra). In all the spectra,
we observed that the line shape asymmetry increases
when thickness of the GaP layers decreases. Interface
roughness, Muctuations in the alloy composition near
the interfaces cause inhomogeneous broadening of the
luminescence line shape in multi-quantum wells [13].
Of these mechanisms, for the narrow GaP and AlP
layers in our samples, interface roughness is expected
to cause the substantial broadening.

Table 1 displays the dependence of the PL emis-
sion wavelength on layer structure of the modulated
SLs. The PL emission shows blue shift with decreas-
ing GaP wider layer thickness in a SL period. As
the splitting of the photoluminescence is assigned to
two separate transitions, the PL peak energies vary
according to the quantum well and barrier thickness.
The combination changes in each SL sample as a
result of which there is continuous decrease in the
energy positions of peaks A and B. The width of the
PL lines also decreases for the narrow quantum wells
and barriers. Fig. 3 shows the plot of PL peak energy
variation with the SL layer structure. In this plot,

Table 1
Photoluminescence peak position, splitting and width of normal and modulated period superlattices at 20 K

Samples

(GaP)13(AlP)7 (normal)
(GaP)10(AlP)4(GaP)3(AlP)3
(GaP)9(AlP)4(GaP)4(AlP)3

(GaP)8(AlP)4(GaP)5(AlP)3

(GaP)7(AlP)4(GaP)6(AlP)3

PL peak positions

(nm)

586.1
576.3
569.8
579.0
567.9
572.4
560.8
563.0

(eV)

2.115
2.151
8 . 6 (B)
2.141 (A)
2 . 4 (B)
2.166 (A)
2.210 (B)
2.202 (A)

TEAB = EA

(meV)

—
35

20

8

~EB FWHM
(meV)

12.6
11.9
18.6 (B)
11.7 (A)
12.4 (B)
9.9 (A)
9.3 (B)
6.1 (A)
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Fig. 3. PL peak energies as a function of layer thickness m1 of
GaP in (GaP)m=(AlP)n superlattices. The dashed lines represent
the calculation of Kobayashi et al. [7] including spacer layers
of speci:c thickness j = 4. The squares and triangles represent
observed A and B PL peaks, respectively. The dotted lines are
guide to eyes.

the transition energies obtained in the PL results are
compared with the theoretical LDA calculations re-
ported by Nakayama and co-workers [7]. They have
calculated the electronic structure and optical transi-
tion strengths of the (GaP)m1(AlP)n1(GaP)m2(AlP)n2

type multi-quantum well superlattices (MQSs) and
have shown that the thickest layers of GaP and AlP
are dominant factors for determining band-gap en-
ergy of MQS, while the thin 'spacer' layers critically
change the transition strengths. Their electronic struc-
ture calculation of ((GaP)i(AlP)i((GaP)j(AlP)j)k type
SLs with i = 5, 6, and j = 4, is compared to our exper-
imental data. In our samples, we have varying thick-
ness of the GaP layers within a SL period. Though
AlP sub-layer periods n1 and n2 are :xed in all these
modulated SLs, it is considered that the wavelength
of the (GaP)m=(AlP)n modulated SLs are mainly de-
termined by the wide (GaP)m1 layer where holes are
localized. Electrons are localized in the wide (AlP)n1

layer where the eBective band gap in the GaP/AlP
modulated SLs is mainly determined by the wide pe-
riods of (m1 + m2). This description agrees quite well

with the theoretical calculations for modulated SLs
[7], which supports this localization of holes and elec-
trons in the wider GaP and AlP sub-layers, respec-
tively. Our experimental data also shows diBerent be-
havior due to splitting of emission lines. Here two PL
emission peaks originate from the two separate GaP
layers (m1 and m2) in the modulated period of SLs.
The holes are con:ned in these layers and have dif-
ferent energies due to diBerent thickness of the layers
(quantum size eBects). The electrons are most likely
con:ned in the wider of the two AlP layers. The two
peak PL emissions correspond to transitions from n1
sub-layer of AlP to both m1 and m2 sub-layers of GaP
in diBerent unit periods of these modulated SLs.

On the lower side of the main PL peaks, side bands
with relatively weak intensities occur. The energy sep-
aration between the main peaks and the replicas is
nearly 49 meV. This energy shift, which does not
change with the width of the AlP wells (n1 and n2),
corresponds to the LO phonon energy at the 8 point
in GaP. Therefore, we attribute the observed two main
peaks to the no-phonon transitions from the X band
minima in the conduction band of the AlP wells to
the 8 band maxima in the GaP valence bands. The PL
intensity gradually increases as the well width of m1
layer decreases (in samples with m1 = 10 to 8 mono-
layers). This shows deeper penetration of the AlP elec-
tron wave functions into the GaP barriers. The in-
crease in overlap of the wave functions enhances the
recombination probabilities near the interfaces and we
observed sharp increase in the intensities of the two
lines. We compared the experimental peak shifts with
a calculation within the eBective mass approximation
on the basis of a single-band envelope function ap-
proach [14]. In the calculation, the band parameters
of AlP and GaP were taken as EgGaP = 2:35 eV (op-
tical band gap) [15], Efv = 2:51 eV (optical band
gap) [16], TEV = 0:46 eV [17], m*GaP = 0:25 m0

[18], mJGaP = 0:45 m0 [19], and mJAlp = 0:51 m0 [20],
where m0 is the electron mass. Therefore, the oBset
TEC = TEV + EgGaP - EgAlP = 0:30 eV, is expected
for hetero-junction formed by GaP and AlP. Since the
electron eBective mass m*Alp of AlP is not well estab-
lished, it is treated as a :tting parameter in the calcu-
lation. We corrected our results for one to two mono-
layer Muctuations at the interfaces. The best agreement
between the calculation and experimental data is ob-
served when we used the parameters 0:37 eV for the
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conduction band oBset and 0:78 M0 for the eBective
mass of electrons in AlP. These values are in good
agreement with calculations [10]. The large mass is as-
sociated with the longitudinal mass of Xz electron gen-
erated by splitting of the threefold degenerate X states
due to the square well potential. Due to anisotropy
present at X points, the eBective mass of an Xz elec-
tron is much greater than that of a transverse Xxy elec-
tron, which remains degenerate.

We expect a signi:cant 8-X mixing of the wave
functions due to breakdown of the translational sym-
metry, which is induced by the introduction of thin AlP
and GaP layers. This eBectively relaxes the strict se-
lection rule of the momentum-conserving optical tran-
sitions and allows for the dominance of no-phonon
transitions. Strong mixing of 8 and X band states at
the interface along the growth plane arises due to in-
troduction of n1 layer in between the m1 and m2 layers
of GaP. This 8-X mixing is also enhanced due to ran-
dom potential Muctuations at the two hetero-interfaces.
As we observed smaller line widths in the PL spectra,
it is clear that the lateral size of the roughness is quite
smaller. The expected inhomogeneous broadening in
few samples shows a Muctuation of one atomic layer
in the well thickness as the well width decreases. The
sample (e) with m1 =7 and m2 = 6 monolayers sug-
gests that there is at least ±1 monolayer Muctuation
at the interface. The decrease in intensity of B lines
suggest the inter diBusion of Ga and Al atoms within
one or two monolayers adjacent to the interface. Such
Muctuation can change the neighboring GaP layer with
m2 = 6-7 with n1 = 5 resulting into m1 = 6. This mod-
i:cation will show corresponding change in the band
gap as well as the PL emission intensity.

Comparing PL intensity of normal and modulated
SLs, we observe signi:cant enhancement of radiative
intensity of 11HXz transition at diBerent temperatures
based on the eOcient thermal electron transfer be-
tween the Xz and 8 states. The relative integrated PL
intensity (IM=IN) of the 11HXz states from m1 and M 2
layers of modulated period compared to that of nor-
mal SL for all samples as a function of layer thickness
can be written as

where 'M' and 'N' represent modulated and normal
superlattices, D^_ r and S^_T corresponds to relative
density of states and relative oscillator strength, re-
spectively. TE = EM — EN is the energy diBerence of
these electron states in modulated and normal super-
lattices. The extrapolated relative PL intensity at a :-
nite temperature shows that the value Dx_r«Sx-r varies
from sample to sample. This indicates that oscillator
strength resulting from the stronger 8-X mixing in
the modulated SLs depends on layer thickness as well
as on the thickness of the spacer layers introduced by
the modulation of the unit period. We analyze the ex-
perimental results from the viewpoint of 8-X mixing
in the Type-II SLs. According to the :rst-order per-
turbation theory, the relative oscillator strength SXR-8
can be written as [21]

(2)TE2

I N KT

(1)

Here, 8 and X are the total wave functions of 8
and Xz state electrons, V is the 8 and X mixing po-
tential and TE is the energy diBerence between the
two states. We evaluate this from the relative inten-
sity of IM=IN at a :nite temperature 20 K. The band-
widths of the n1 = 1Xz and n2 = 1Xz states were calcu-
lated using the eBective mass approximation where a
two-dimensional condition in the quasi-thermal equi-
librium between the Xz and 8 electrons is assumed
[21]. The calculations were done accordingly as in
the case of GaAs/AlAs Type-II SLs. We assume that
Dx-r is given by DX=D8, where DX is the density of
states of the AlP-Xz electron, and D8 is that of the
GaP-8 electron. The mini-band width of the 8-electron
state also varies with layer thickness of the GaP and
AlP layers. To calculate density of states, we made a
simpler approach using mini-band dispersion of states
under two-dimensional condition, [21,22] where DX-8
is approximately given by 2mX;t=

m8, where mX;t is the
transverse (in-plane) X-electron mass of AlP, m8 is
the 8-electron mass of GaP, and the factor 2 is the
degeneracy of the in-plane X-electron state. From this
approach we obtained the value of relative density of
states, D\_T = 7:46. The value of SXR-8 is estimated
from the relative PL intensities of the two peaks, which
varies in the range 1:91 x 10~4 - 1:46 x 10~4. We
obtained the value of potentials Vmix ranging from
1.0-3:0 meV in the :ve samples from the observed
relative oscillator strength using the above method.
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However, the product VmixNd, where Nd is the num-
ber of monolayers in a period, is found to be constant
within 10% over the range of thickness and equal to
about 50 meV. The diBerent values of TE resulting
from the two layers of GaP shows uncertainty in the
mixing factor when layer thickness decreases. These
values are comparable to those reported in the litera-
ture [1,6] for normal SLs with layer thickness of the
order of 4, 5 monolayers. Theoretical studies predict
[1] that the 8-X mixing factor depends on the number
of AlP layers because of the symmetry change of the
wave functions of X electron state. However, intro-
ducing inner layer modulation, signi:cant 8-X mix-
ing can be achieved.

We conclude that oscillator strength is generally
larger for SLs with modulation in internal structures,
which agrees well with PL measurements; the emis-
sion intensity was found to increase with decreasing
wider period m1 that varies from 10 to 7 in our case.
In order to explain the strong intensity of PL, we con-
sider mechanisms of strong mixing between folded
states and optically allowed states at the 8 point. The
following two cases can also be considered: (1) mix-
ing eBect due to interface disorders and (2) bound ex-
citon eBects at the interface. The wave function pene-
tration of the electrons and holes into the neighboring
layer sets in as the thickness of the con:ning layers
(AlP and GaP) decreased. The increased overlap of the
wave functions is expected to lead to an increased re-
combination probability of the electrons and the holes
and enhanced luminescence. Moreover, the excitonic
binding would further strengthen the recombination
probability of the enhanced overlap of the wave func-
tions through Coulomb's attraction. The characteriza-
tion of SL samples has suggested that there is disor-
dered or defect structure in the one-monolayer scale
at the interface in the SL. Various models of disor-
dered structures at the interface have been suggested
by Sibata et al. [6]: a displaced-interface model, an
alloying-interface model, an ordered-interface model
and an antisite-interface model. They have shown that
calculated transition energies are in fair agreement
with observed ones applying corrections to the LDA
calculations. However, the transition strengths calcu-
lated for modulated SLs [7] are weaker than the ob-
served values. Therefore, we can consider the eBect of
localized excitons in these modulated SLs in order to
overcome the above demerit. In this way, the spacer
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Fig. 4. Raman spectrum from normal (GaP)13=(AlP)7 SL at 20 K.

(m2;n2) thickness also largely inMuences the optical
transition strengths in these modulated structures. To
summarize the PL results, we emphasize that the thick-
ness of the wider layers of GaP and AlP along with the
spacer determines the band gap of such multi-quantum
well SLs (MQWS). The transition strengths of MQWS
are enhanced when the spacer consists of layers with
larger thickness (m2 layer).

3.2. Interface structure

The (GaP)m=(AlP)n SL grown along the (00 1) di-
rection has the point group symmetry D2d; the incident
light couples B2 (s = odd-indexed) phonons through
the deformation potential interaction in the z(xy)Wz ge-
ometry and A1 (s = even-indexed) phonons through
the FrXohlich interaction in the z(xx)Wz geometry. The
optical vibrations of GaP and AlP have large mis-
match between them; the optical phonons are there-
fore con:ned to individual layers and decay within
a monolayer in the neighboring layer and their fre-
quencies reMect boundary conditions at each inter-
face. Fig. 4 shows the Raman spectra of normal SL at
20 K. The strongest line at 407 cm"1, labeled as LO,
arises from the GaP buBer and cap layers. Odd in-
dexed LO phonons (LO1 ; LO3) are B2 phonons from
the GaP layers in the SLs. In the frequency range
440-510 cm"1, the Raman spectrum shows AlP con-
:ned phonon modes along with interfacial mode near
475 cm"1. The interfacial mode appears due to the
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Fig. 5. 20 K Raman spectra of modulated period (GaP)13=(AlP)7 SLs. The con:ned LO phonons in GaP and AlP regions are marked
with arrowheads (J,). The interface phonon modes from the AlGaP alloys are marked with A.

intermixing of Ga and Al atoms at the interface during
the MBE growth and results in a disordered AlGaP
layer in the interface plane.

Fig. 5 shows Raman spectra of modulated period
(GaP)m=(AlP)n SL. The con:ned LO phonons show a
systematic shift with the GaP monolayers in the sam-
ples. There are several higher index modes appearing
in the Raman spectra due to con:nement in two dif-
ferent GaP layers (m1 and m2). As the con:ned modes
are more sensitive to the thickness variation, the con-
:ned modes of m1 and m2 layers in modulated SLs
overlap or intermix within each unit period of SL. The
weak TO phonons from GaP layers are observed in the
range (369-371 cm"1) at 20 K. Here, the observation
of diBerent Raman shift is attributed to TO phonons
from the SL structure as well as GaP like TO phonons
from the GaAlP alloys near the interface. Also,
Fig. 5 shows a downward con:nement shift from the
zone center bulk LO phonon of AlP, usually observed
near 501 cm"1 [9]. At low temperature, from the same
normal SL sample, phonons near 498 and 488 cm"1

can be assigned as LO1 and LO3 phonons from AlP
layer. As expected, the con:ned AlP phonons show
downward shift as the layer thickness decreases in
the modulated period SLs.

In the Raman spectra, we observed a decrease in
the line width and a shift in the line center of all the
phonon modes (bulk as well as con:ned phonons in
GaP and AlP) towards higher frequencies as the tem-
perature is lowered to 20 K from room temperature.
An increase in crystal temperature modi:es the vibra-
tional properties, which are reMected in a softening of
phonon frequencies, a broadening of line shapes, and
a decrease in intensity. The temperature dependence
of the optical phonons can be attributed to the anhar-
monic terms in the vibrational potential energy, which
leads to decay of the optical phonon into two, three,
or more low-energy phonons, respectively, from cu-
bic, quartic, or higher-order anharmonicities. As the
temperature is lowered to 20 K, hardening of the Ra-
man active bulk and con:ned phonons in GaP and AlP
layers is expected.
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Fig. 6. (a) Dispersion curves of GaP phonons as a function of layer thickness in modulated superlattices. (b) Dispersion curves of AlP
phonons as a function of layer thickness in modulated superlattices. The open circles and the open squares are the con:ned phonons
measured from the Raman spectra. The solid line represents dispersion relation calculated from the linear chain model (LCM). The dashed
lines and dot dashed lines represent LCM calculation with Muctuation of one and two monolayers at the interface, respectively.

The con:ned modes are modeled as particles in an
in:nite square well with a width of (N+1) monolayers
which leads to an eBective wave vector for a perfect
interface, kn = sn/(N +1)d;s=1;2 ..: ; N (N is num-
ber of monolayers). The extra monolayer in the well
width is included to account for the common phospho-
rous atom at each interface. The measured phonon fre-
quencies correspond to the bulk LO frequencies at the
wave vector kn and can be used to map the bulk GaP
LO dispersion along (001) direction. A linear-chain
model (LCM) [23] with force constant that reproduces
the bulk GaP dispersion curve can provide a good de-
scription of the con:ned phonons in these SLs. Using
alternating LCM [23], for the binary-binary SLs, we
plot the phonon dispersion in GaP and AlP. The solid
lines in Figs. 6(a) and (b) are the results of LCM cal-
culations for LO1 and LO3 phonons in these materials.
The observed con:ned frequencies generally fall be-
low these curves and the mismatch is pronounced due
to modulation in the inner structure for samples with
thin GaP layers. As diBerent con:ned phonons probe
diBerent lateral regions within the layers, they have
varying layer thickness dependence. In the presence of
interface roughness, the higher-indexed modes are the
ones most strongly aBected even in the thick layers of
GaP. One can consider alloy-interface layers of GaP
and AlP of diBerent widths corresponding to diBerent
relative concentration of Al and Ga. In the LCM plots,
we neglect the concentration variation within the alloy

layer, for one or two monolayers of Al0:5Ga0:5P alloy
at the interface. The GaP-like vibrational frequency of
the Al0:5Ga0:5P alloy at room temperature is expected
near 380 cm"1. Due to anharmonic eBects, we expect
a shift of 3—4 cm"1 of this mode at 20 K as in the case
of GaP LO phonon. There will also be shift of the al-
loy phonons due to compositional disorder along with
temperature. For low values of alloying, thermal an-
harmonicity is dominant, while compositional disor-
der in alloying predominates for high values of alloy-
ing. Both thermal and compositional-disorder-induced
anharmonicities in ternary alloy semiconductors intro-
duce a change in the phonon frequency and a change
in the line width. The anharmonicity at low temper-
atures in ternary alloys is mainly due to composi-
tional disorder. As seen in spectra, at low temperature
(20 K) the phonon mode from AlGaP alloy at inter-
face is prominent. The disorder is more pronounced
at the interface due to modulation of inner structure
in a SL period. From the room temperature measure-
ments in normal (GaP)n=(AlP)n (n=3 ; 5;9) SLs grown
on GaAs (001) substrates with AlGaP buBer lay-
ers, earlier we have observed GaP-like LO phonons
near 380 cm"1 from buBer GaAlP alloy layer and the
AlP-like LO phonons near 470 cm"1 from the buBer
AlGaP alloy layer [9].In the present case, at 20 K, the
observed phonons from the interface alloy layers were
seen in the range 382-385 cm"1 in the GaP region
and in the range 468^78 cm"1 in the AlP region.
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This shows relative concentration variation of Al and
Ga at the interface, which results in diBerent width of
alloy-interface layers and shift of the phonon energy.
The disordered interface layers in the modulated SLs
harden the frequencies of higher index modes, as they
approach the vibrational frequency of the alloy with
decreasing GaP layers. Close to these phonons from
the interface, the quantized vibrations will penetrate
into the interface layer and there will be increase in the
con:nement length. The con:ned phonons whose fre-
quencies fall below GaP-like LO phonons or AlP-like
LO phonons from the alloy will be broad and asym-
metric due to alloy scattering.

Turning to phonons in the AlP layers, the spectra at
room temperature in the AlP phonon frequency range
(420-520 cm"1) shows much weaker structures
(phonons from n1 and n2 layers of AlP). The 20 K
spectra shows LO1 and LO3 con:ned phonons from
AlP layer in normal SL. The well-resolved phonon
lines from the two separate AlP layers, labeled as
LO1 (n1) and LO1 (n2) are observed in all the samples
and exhibit downward con:nement shift in frequency
from the bulk LO phonon. The Raman spectrum
from modulated superlattices is diBerent from our
earlier results [9] for normal SLs. The AlP like TO
modes were observed in the range 454—446 cm"1.
These TO phonons are from AlP layers in the SLs
as well as TO phonons from the AlGaP alloy. Here,
higher-indexed phonons are very weak and cannot
be resolved as we decrease the layer thickness of
GaP layers in these SLs, whereas normal SL shows
much more structures at low temperature. Though the
AlP layers n1 and n2 are kept constant, the possibil-
ity of observing mixed modes is more prominent in
these SLs, as seen in Fig. 5. Alloy-interface phonons,
one in the region of GaP and one in the region of
AlP show intensity enhancement at low tempera-
ture. The dependence of the alloy-interface phonon
mode frequency on the layer thickness is found to be
one of the important factors in distinguishing these
alloy-interface modes from the bulk optical phonons.
These modes are also distinguished from the con-
:ned phonons due to their broad and asymmetric
nature. It is observed that less perfect interface gives
rise to larger intensities of these interface modes.
This is probably due to trapping of the indirect
Type-II excitons by the imperfections at the inter-
faces, which give rise to selective enhancement of the

alloy-interface modes relative to that of the con:ned
phonons.

The measured phonon frequencies in GaP and AlP
layers at 20 K are given in Table 2. The con:ned fre-
quencies of phonons are close to the measured values
considering proper alloy monolayers at interfaces [as
shown in Fig. 6(a) and (b)]. The reported theoreti-
cal curve for AlP suggests [24] that the LO phonon
dispersion is nearly Mat in the :rst half of the Bril-
louin zone. The frequency separation of con:ned AlP
LO modes is found to be consistent with a weak dis-
persion along the [001] direction. The experimental
points lying within or below the dispersion curves
show that there must be ± 1 monolayer Muctuations at
the interfaces. The short-range roughness responsible
for atomic intermixing at the interfaces depends on the
growth temperature. These two hetero-interfaces in a
SL period are expected to have diBerent roughness
con:gurations. The AlP layer is strongly perturbed by
the interface roughness. The formation of one or two
homogeneous monolayer of Al0:5Ga0:5P alloy at each
interface in a SL period causes asymmetry in the dis-
persion plots of GaP and AlP. These alloy monolay-
ers also have components of disorder both along the
growth axis and parallel to the interface layer.

4. Conclusions

The electronic band structure of the GaP/AlP SLs
was characterized by recording their photolumines-
cence at 20 K. The emission bands were observed in
the range 2.11-2:21 eV. The PL spectra show two
peaks originating from recombination of electrons lo-
calized in the AlP layer with the holes localized in two
separate GaP layers within a SL period in a Type-II
band line-up. A blue shift of the emission wavelengths
was seen in the samples with decreasing wider GaP
layer thickness. The existence of the spacer sub-layer
inMuences the band mixing eBect in these SLs, which
as a result increases the relative intensities of the PL
emission peaks. The PL intensity increases with de-
creasing the period (m1 + m2), which also shows an
additional increase in the optical transition strengths
due to modulation of GaP and AlP layers. Using oB
resonance Raman scattering measurements, we have
studied the con:ned phonons in these SLs. The opti-
cal vibrations in these structures are con:ned to the
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Table 2
Low-temperature (20 K) Raman modes in normal and modulated period GaP/AlP superlattices

Samples
(GaP, AlP)

(13,7)

(10,4,3,3)

(9,4,4,3)

(8,4,5,3)

(7,4,6,3)

sAlP modes

Bulk TO
(cm- 1 )

371

370

369

369

369

Bulk LO
(cm"1)

408

407

407

407

407

Quantized LO
phonons (cm 1%)

LO1-406 (m)
LO3-398 (m)

LO1 -404 (m1)
LO3-394 (m1)

LO1 -402 (m1)
LO3-392 (m1)

LO1 -402 (m1)
LO3-389 (m1)

LO1-398 (m1)

LO1-396 (m2)
LO1-387 (m1)

LO-385 (alloy-interface)

AlP modes

Bulk TO
(cm"1)

454

452

—

448

446

Quantized LO
phonons (cm"1)

LO1-498 (n)
LO3-488 (n)
LO1-494 (n1)

LO1-494 (m)

LO1-490 (n2)

LO1-493 (n1)
LO1-490 (n2)
LO1-494 (n1)

LO1-489 (n2)

AlP-like
alloy-interface
mode from
AlGaP(cm-1)

478

476

—

471

468

GaP and AlP layers. The observation of con:ned AlP
LO modes indicates that the dispersion of the branch
is considerably weaker compared to GaP. We quali-
tatively described the LO vibrations in both GaP and
AlP materials by a linear chain model. Using an eBec-
tive wave vector appropriate to the mode index and
an eBective layer thickness equal to the physical layer
thickness plus one monolayer, the measured con:ned
mode frequencies of GaP and AlP were found to map
well into the dispersion curves with one to two mono-
layer Muctuations at the interfaces.
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