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Spectroscopic study of self-organized quantum dot like structures
in Ga–In–P superlattices on „311… GaAs
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We report temperature dependent photoluminescence, contactless electroreflectance and
photoluminescence excitation study of~GaP!2~InP!2.5 strained short period superlattices sandwiched
between GaxIn12xP alloy layers grown on GaAs~311!A substrates. Transmission electron
microscope pictures of these samples reveal the presence of self-organized In rich globular
structures with Ga rich surroundings in the superlattice planes. The variation of the peak position of
the photoluminescence band with decreasing temperature has an anomalous dip. We show that this
is not due to an anomalous change in the band gap with temperature but is due to the interplay
between two luminescence pathways associated with two phases, one which has the original
~GaP!2~InP!2.5 superlattice and the other being the self-organized composition modulated In rich
regions within the superlattice layers. We also present spectroscopic results which indicate quantum
dot like nature of the self-organized In rich structures in these samples. ©1999 American Institute
of Physics.@S0021-8979~99!03905-5#
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I. INTRODUCTION

In recent years it has been a challenge to grow h
quality and high density of semiconductor quantum d
~QDs! for making semiconductor lasers as they are expec
to have significantly improved characteristics such as hig
optical gain, lower threshold current density, greater ther
stability, etc. One route being explored for fabricating su
structures is that of self-organized growth.1 Improved perfor-
mance of lasers based on InAs QDs, formed via strain
duced Stranski–Krastanow growth mode, has already b
demonstrated.2 However InAs QD lasers emit only in th
infrared while it is desirable to have QD based lasers o
wider spectral range. Fafardet al.3 using InAlAs alloy
~larger band gap than InAs! based QDs have demonstrat
lasers which emit red light~707 nm!. Another self-organized
growth mechanism namely strain induced lateral comp
tion modulation~SILCM! has been shown to give rise t
alternate regions of Ga rich and In rich lamellae in the~001!
plane oriented along@1̄10# direction during the growth of
~GaP!m~InP!n short period superlattice~SPS! on GaAs~001!
substrates.4 Evidence for this composition modulation wa
obtained from transmission electron microscope~TEM! pic-
tures, energy dispersive x-ray analysis~EDX! and polariza-
tion dependent spectroscopic measurements.5,6 It has been
proposed that the process leading to this composition mo
lation is initiated by strongly anisotropic diffusion of th
group III atoms on the GaAs surface and thereafter is s
tained by strain induced nucleation of excess adatoms.7 Use

a!Present address: Physics Dept., University of Surrey, Guildford GU2 5
United Kingdom; Electronic mail: s.ghosh@surrey.ac.uk
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of these self-organized structures as building blocks to f
ricate semiconductor quantum wire lasers has b
demonstrated.8

Thereafter Kimet al.9 showed that the SILCM proces
can give rise to QD-like structures when the~GaP!m~InP!n

SPS are grown on GaAs~N11! substrates as evidenced fro
TEM pictures and scanning tunneling microscopy~STM!
studies.10 It was also reported that some of these samp
did not show the expected regular increase in the photolu
nescence ~PL! peak energy position with decreasin
temperature.9 There have been several other reports
anomalous temperature dependence of PL peak position
Ga–In–P based systems some of which have been attrib
to ordered alloy formation.11,12Wohlertet al.13 have reported
anomalously weak temperature dependence of the PL p
positions in samples where SILCM modified layers form t
building blocks, to explain which they proposed a hypothe
involving multiaxial strains which counterbalance the norm
temperature dependence of the band gap. However in
case of broad PL features, interplay between different lu
nescence mechanisms with different temperature depend
can give rise to misleading results. Since PL is often do
nated by transitions involving defects/impurities, the info
mation obtained from it about the band structure is less
isfactory. A modulation spectroscopy experiment such
contactless electroreflectance~CER! does not suffer from
these drawbacks and can also identify higher lying criti
points in the band structure14 and therefore is better suited t
examine this issue.

In this paper we present the results of PL~including its
dependence on the excitation intensity!, CER and photolumi-
nescence excitation~PLE! measurements on samples whi
,

7 © 1999 American Institute of Physics
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2688 J. Appl. Phys., Vol. 85, No. 5, 1 March 1999 Ghosh et al.
have SILCM induced QD-like structures and whose PL pe
position shows an anomalous dip. Comparing the result
temperature dependent CER and PL spectroscopy, we i
tify the origins of the features in the PL spectrum, determ
the PL quenching pathway and provide an explanation
the anomalous temperature dependence of the PL peak
tions. A simple preliminary calculation has also been ma
to determine the optical transition energies in these Ga–I
alloy based QDs whose results are compared with exp
mental observations.

II. EXPERIMENT

The samples used in this study were grown by g
source molecular beam epitaxy. Several samples were gr
with different GaP/InP layer thickness on differently orient
GaAs substrates.9,10 From among them, the present stu
concentrates on the sample which shows maximum anom
in the temperature dependence of its PL peak position.
sample structure is shown schematically in Fig. 1~a!. It con-
sists of five layers of 18 period~GaP!2~InP!2.5 SPS sand-

FIG. 1. ~a! Schematic of the sample structure.~b!,~c! TEM pictures of the

sample~side view,@ 2̄33# and @011̄# faces, respectively! showing the alter-
nating bright In rich and dark Ga rich regions within the SPS layers.
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wiched between 200 Å layers of GaxIn12xP alloy. This was
grown on a Si doped GaAs~311!A substrate with an undope
GaAs buffer layer, followed by another 3000 Å GaxIn12xP
alloy buffer layer and was finally capped by a 3000
GaxIn12xP alloy layer at the top. The intended nominal val
of x in the alloy layers was 0.51, however spectroscopic a
high resolution x-ray diffraction measurements suggest
the value ofx . 0.57 both in the cap alloy layer as well a
the alloy layers in between the SPS layers. Figures 1~b! and
1~c! show the TEM pictures of the sample~side view! which
reveal alternate bright and dark patches within the SPS
ers. EDX studies on samples grown on~001! substrates8

showed that the bright regions in the SPS layers are In
while the darker regions are Ga rich. The Ga/In composit
contrast is typically found to be. 40%/60% in this system
STM studies on the SPS planes of the sample in Fig.1 sh
that the Ga/In rich regions form globular structures with
distribution in diameters.10 The distribution ~average for
@011̄# and@2̄33# directions! can be approximated by a Gaus
ian with a mean diameter of. 210 Å and a full width at half
maximum of. 50 Å. Since InP has a smaller band gap th
GaP, from the point of view of electronic band structure, t
In rich globules within the SPS layers represent poten
troughs for electrons and holes surrounded on four sides
the Ga rich regions which act as barriers. The Ga0.57In0.43P
alloy layers in between the SPS layers act as barriers in
vertical direction so as to confine the carriers in the In r
regions of the SL from all directions making them into QD
The details of the growth and structural characterization h
been reported earlier.9,10

In the PL experiments, the excitation source was an A1

ion laser~488 nm!. The luminescence was detected using
photomultiplier tube~S20 type response! after it was dis-
persed by a 1/8 m monochromator with 1 nm band pass.
sample was cooled using a closed cycle helium refrigera
In the PLE experiments, light from a 150 W quartz
tungsten–halogen~QTH! lamp, dispersed using a 1/8 m
monochromator with.3.5 nm bandpass was used as t
excitation source. In the CER15,16 measurements, the samp
was placed between two electrodes in a capacitor like
rangement with the top electrode kept. 0.3 mm from the
sample surface. A 1 kV ~rms! sinusoidal voltage was applie
on the top transparent electrode to modulate the samp
surface electric field. The probe beam was obtained by
persing light from a 150 W QTH lamp using a 1/8 m mon
chromator with.4 nm bandpass and detected using a silic
photodetector. In all cases phase sensitive detection of
signal was made using a lock-in amplifier.

III. RESULTS AND DISCUSSION

A. Temperature dependence

Figures 2~a! and 2~b! show the PL spectra at two differ
ent spots A and B on the sample at various temperatu
Apart from the large widths of the PL spectra, it is quite cle
from the large shifts of the main 8 K PL feature’s peak
position between spots A and B that the sample is inhom
geneous. The magnified high energy end of the 8 K PLspec-
tra show two more features which have been labeled P1
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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P2. The peak positions of these features show relativ
much smaller shifts between spot A and B. The spectra a
and B represent the two extreme PL peak positions in
sample. We observed that the PL peak position tends to
monotonically along@011̄# while remaining practically un-
changed along the@2̄33# direction. The insets in Figs. 2~a!
and 2~b! show the variation of the dominant PL feature
peak position at spots A and B, respectively, as a function
temperature. It is evident that while the temperature dep
dence of the peak position of the dominant PL feature a
shows a large anomalous dip, that for A is closer to norm
Significantly, the 200 K PL spectrum at spot B gives cle
indication that there are two features which have been
beled as B1 and B2. The single main feature at A has b
labeled A1.

Fitting a single Gaussian to feature A1 and a sum of t
Gaussians to the feature at B we estimated the integr
intensity of the main PL features at the two spots as a fu
tion of temperature. The symbols in Fig. 3 represent a lo
rithmic plot of the integrated PL intensity as a function
inverse temperature for the PL features A1~circles!, B1 ~tri-
angles! and B2~squares!. The lines represent a fit to the da
using the following equation:17

I ~T!PL5I 0 /@11g exp~2Q/kBT!# ~1!

where I (T)PL is the integrated PL intensity at a given tem
peratureT, Q is the activation energy for PL quenching,I 0 is
the intensity at the lowest temperature andg has been inter-
preted as the ratio of the radiative lifetime to the minimu
nonradiative lifetime for carrier decay. The value ofQ is
found to be 243610 meV for A1; while it is 244610 meV

FIG. 2. PL spectra at two different spots A~a! and B ~b! on the sample at
various temperatures. The 200 K spectrum at B indicates the presen
two features which are labeled B1 and B2. The insets show the temper
dependence of the peak position of the dominant PL features at the
spots. The dotted lines are a guide to the eye.
Downloaded 14 Jun 2002 to 158.144.58.148. Redistribution subject to A
ly
A
is
ry

f
n-
B
l.
r
-

en

o
ed
c-
-

and 150610 meV for B1 and B2, respectively. From Fig
2~b! and 3 it is clear that the anomaly in the temperatu
dependence of the PL peak position arises because the
ture B1, which has a different energy position as compa
to B2, dominates the spectrum in the temperature range 2
125 K while B2 dominates in the rest of the temperatu
range.

To further confirm that the PL peak position anomaly
not due to an anomalous temperature dependence of the
gaps we performed CER measurements on this sample.
ure 4 shows typical CER spectra of the sample at spot
and B at 8 K. In both these spectra we can identify th
major transitions shown as C1, C2 and C3. A feature due
the GaAs substrate also arises at lower energies but bec
it is unimportant in the present context, it has not be
shown here. The transition energies of these features w
estimated by separately fitting to them the following lin
shape function:

of
re
o

FIG. 3. The temperature dependence of the integrated PL intensity for
tures A1~circle!, B1 ~triangle! and B2~square!. The lines are fits to Eq.~1!.
The plots for feature A1 have been shifted up (3100) for clarity.

FIG. 4. Contactless electroreflectance spectrum of the sample at the
different spots A and B. The plots are vertically shifted for clarity. The thr
major transitions seen in both the spectra have been labeled C1, C2 an
The dotted lines represent the line shape function in Eq.~2! fitted separately
to these features. The inset~circles! shows the temperature dependence
the energy position of transition C1 while the line represents a fit to
Varshini equation~3!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



n-
, a
e

rs

tic
te
t i
a
ic
th

sh
he

B1
o
r
p
ti
th

he
e
in

at

ec

th
ce
S

c

e
o

th
e
is
ik
t

ur
n
e

o
s
te
he
th

el

1

ny
ris-

dis-
ery

n.
al

d
od
h as
L

sion

the
rgy
hey
At
ant
and
rob-
ur
ctive

L
the
x-

g
es
he
he

ich

s in
the
se is
i-
g of
her
nd
g a

n of
PL
is-

ot
-

2690 J. Appl. Phys., Vol. 85, No. 5, 1 March 1999 Ghosh et al.
DR/R5(
j 51

n

Re@ajexp~ iu j !/~E2E0 j1 iG j !
m#,

i 5A21 ,
~2!

whereE0 j ,G j ,u j andaj are the transition energy, broade
ing parameter, phase factor and amplitude, respectively
sociated with thejth transition. In the above equation th
value of m used was 3, which mimics the case of a fi
derivative Gaussian broadened line shape function14 appli-
cable in the case of inhomogeneous broadening of the cri
point energies in quantum confined systems. The fit
curves are shown by the dotted lines in Fig. 4. The inse
Fig.4 ~circles! shows the temperature dependence of the tr
sition energy of the lowest energy CER feature C1 wh
clearly shows no anomalous dip. It is also evident that
transition energy of lowest energy feature~C1! in the CER
spectra at the two spots A and B does not have the large
that is observed in the case of the dominant features in t
K PL spectra at these two spots.

Before discussing the origins of the PL features A1,
and B2 in detail, we shall briefly comment on the origins
the dominant CER features C1, C2, C3 and the PL featu
P1, P2. From the composition dependence of the band ga
GaxIn12xP alloys, the feature C3 arround 2.06 eV is iden
fied as the signature of the transition at the band gap of
Ga0.57In0.43P random alloy which forms the cap layer and t
layers in between the SPS layers. Based on the peak en
position, the PL feature P2 can also be identified as be
associated with this alloy. The feature C2 and the associ
PL feature P1 arise from the buffer Ga0.51In0.49P alloy layer
at the bottom. Comparing the feature C1 with photorefl
tance spectroscopy measurements and calculations
Armelleset al.18 on ~GaP!m~InP!n SPS grown on GaAs~001!
substrates we identify it as being associated with
~GaP!2~InP!2.5 SPS layers in our sample. The differen
(. 50 meV! in the transition energy values for the SP
structure in our sample and those of Armelleset al. arises
most likely due to them/n ratio being different and also
because of the different strains that the SPS layer is subje
to on a~311! substrate as compared to a~001! substrate.

The origins of the features A1, B1 and B2 can be und
stood as follows. Within the SPS layer there exist tw
phases, one which is the original SPS structure and the o
the SILCM modified phase having In rich globular structur
with Ga rich surroundings. The PL features A1 and B1 ar
from the In rich regions of the latter phase and have QD-l
characteristics to be discussed subsequently. The PL fea
B2 whose peak position is coincident with the CER feat
C1, arises from the unmodified SPS phase. The differe
between the spots A and B is the extent of SILCM induc
modification. Because the modification is more at A~high
QD density!, nearly all the photogenerated carriers are c
lected by the QDs while at B where the modification is le
~low QD density!, the unmodified SPS phase also contribu
to the PL signal. The larger extent of the modification of t
SPS layers at A as compared to B is also indicated by
broader CER feature C1 at A as compared to B. The r
Downloaded 14 Jun 2002 to 158.144.58.148. Redistribution subject to A
s-

t

al
d
n
n-
h
e

ift
8

f
es
of

-
e

rgy
g
ed

-
of

e

ted

r-

er
s
e
e
ure
e
ce
d

l-
s
s

e
a-

tively small difference in the PL peak positions of A1 and B
~see the 150 K PL spectra at the two spots! is most likely due
to the difference in the size and composition distribution~In
content! of the QDs at A and B. However we do not see a
signature of the QDs in the CER spectra. This is not surp
ing since their low density~as compared to bulk! and inho-
mogeneous broadening due to dot size and composition
tribution make detection of the QDs in the CER spectra v
difficult. In fact in the only definitive identification of self-
organized QDs by CER reported so far~InAs QDs on
GaAs!,19 the signal strength wasDR/R.231026, that too
with narrower dot size distribution and uniform compositio

We see that the activation energy values for therm
quenching of PL (Q) for A1 and B1 are nearly identical an
differ considerably from that for B2. This can be understo
as follows. In the case of quantum confined systems suc
quantum wells it is found that the activation energy for P
quenching is equal to the difference between the PL emis
energy and the barrier band gap,20 indicating that the PL
quenching involves simultaneous thermal emission of
electron and the hole, constituting an exciton, into ene
levels corresponding to the adjacent barriers from where t
can recombine both radiatively as well as nonradiatively.
the barrier energy the latter process is normally domin
since carriers are no longer confined to a small region
therefore encounter more defects which increase the p
ability of nonradiative recombination considerably. In o
case, for the carriers confined in the SPS phase, the effe
barriers are expected to be the Ga0.57In0.43P alloy layers in
between the SPS layers. This explains the 150610 meV
value ofQ for B2, since as shown in the Fig. 4 plot~ii !, at an
energy 150610 meV higher than the peak position of the P
feature B2 lies the CER feature C3 associated with
Ga0.57In0.43P alloy layers. The carriers in the QDs are e
pected to see two kinds of barriers: Ga0.57In0.43P alloy layers
in the vertical direction~direction of growth! and SICLM
modified Ga rich surroundings in the~311! plane. In Fig. 4
plots ~i! and ~ii !, it is again seen that at an energy.243
610 meV ~equal to the activation energy for PL quenchin
for A1 and B1! higher than the peak positions of PL featur
A1 and B1 lies in the CER feature C3 indicating that t
Ga0.57In0.43P alloy layers also act as effective barriers for t
QDs. This is in accordance with the fact that the Ga0.57In0.43P
alloy barrier layers have lower Ga content than the Ga r
parts of the SILCM modified phase (> 60%! and therefore
the former represents a lower barrier height for the carrier
the QDs. We also see that the effective barrier height for
carriers in the QDs as compared to those in the SPS pha
larger, which explains why the quenching of the QD lum
nescence starts at higher temperature than the quenchin
the SPS luminescence. This suggests the possibility of hig
room temperature QD luminescence efficiency if the ba
gap of the barrier layers can be increased by incorporatin
small amount of Al in them.

The above discussion also suggests that the estimatio
temperature dependence of critical point energies from
peak shifts can be misleading in the case of QD related em
sion with large widths arising from inhomogeneities in d
size and composition~another source of error will be dis
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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2691J. Appl. Phys., Vol. 85, No. 5, 1 March 1999 Ghosh et al.
cussed in Sec. III B!. The width implies different effective
barrier heights and therefore different activation energ
those for the dots emitting at longer wavelengths is lar
than those emitting at shorter wavelengths. As the temp
ture is raised the luminescence from the QDs emitting
longer wavelengths are therefore less likely to decay
cause a more rapid shift of the peak to longer waveleng
than expected from band gap narrowing alone. We note h
that the above mentioned mechanism of quenching of
related PL signals~which modifies the temperature depe
dence of the PL peak position for an ensemble of QDs w
large size distribution! has previously been reported for se
assembled InGaAs/GaAs and InAlAs/AlGaAs QDs.21 In the
present case, the presence of the CER features at sim
energies above the PL peak position as the activation e
gies for PL quenching gives further proof of this mechani
of PL quenching.

The temperature dependence of the CER transition e
gies follows the temperature dependence of the critical p
energies accurately and are not affected by the above m
tioned source of error. Unfortunately the CER signature
the QDs could not be seen in our experiments most lik
because the inhomogeneous broadening due to QD size
composition variation makes the CER signals of the QDs
weak to be detectable. The lowest energy CER feature
seen by us is associated with the SPS phase. Fitting the
perature dependence of transition energy of feature C1~con-
tinuous line in the inset of Fig. 4! to the empirical Varshini
relation:22

Eg~T!5Eg02aT2/~b1T! ~3!

we get Eg051.91 eV, a54.431024 eV/K and b593 K.
The value obtained fora, the temperature coefficient of th
band gap, is low compared to that of GaxIn12xP alloys
(.831024 eV/K!. In general the value ofa depends on the
average phonon energy and the carrier-phonon coup
strength both of which are modified in a superlattice in co
parison to the bulk solid,14 which may be the reason for it
low value in our sample. However what is clear from t
above study is that there is no apparent anomalous dip in
temperature dependence of the critical point energies in
sample.

B. Spectroscopic indications of QD formation

First of all we note that the broad 8 K PL feature A1~at
A! is typical of luminescence from QDs with finite siz
composition distribution. In the present case the full width
half maximum~FWHM! of the PL feature A1 is.100 meV.
This is larger than those reported for other self-organi
alloy based QDs such as InAlAs/GaAs QDs~PL linewidth.
60 meV at 77 K! which have been used to fabricate laser3

This is consistent with the fact that our measured s
distribution10 (. 25%! is larger than those of the InAlAs
GaAs QDs mentioned above (. 15%!. Thus there is scope
for improvement in optimizing the growth of our samples.
simple envelope function calculation with the above me
Downloaded 14 Jun 2002 to 158.144.58.148. Redistribution subject to A
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tioned QD size distribution and Ga concentration distribut
Dx.60.05 ~assumed uncorrelated to size distribution a
first approximation! does result in a PL linewidth of. 100
meV.

Figure 5 shows the dependence of the PL peak posi
on the pump laser power. These spectra are normalized to
the same peak height. We find that at 8 K, the spectrum a
shows a blueshift with an increase in the excitation pow
while the spectrum at B~with feature B2 being dominant a
8 K! shows no measurable shift. However, when the te
perature is raised to 125 K so that the feature B1 beco
dominant at spot B, we begin to observe similar pump pow
dependent shifts in the PL spectra at both the spots. Note
in the 125 K spectrum at B there exists a high energy sho
der ~shown by arrow! whose position does not shift with
change in excitation power. This shoulder is essentiall
remnant of the feature B2 which shows no excitation pow
dependent peak shift. In these measurements the laser
diameter was. 300 mm, therefore the maximum excitatio
power density was. 30 W/cm2. The blueshift of the PL
spectrum even with such relatively low excitation pow
density is a characteristic property of luminescence fr
QDs.23 The reason suggested for this is that in such sam
the carriers generated in the regions surrounding the
funnel into it. As a consequence, even for relatively sm
excitation power densities, phase space filling effects be
to show up prominently.23 In fact, in cases where the QD
size and composition has a narrow distribution it is possi
to see new structures in the PL spectrum at higher energ
corresponding to carriers recombining from the higher lyi
states of the QDs as the excitation power is increased
. 250 W/cm2 ~Refs. 24 and 25!. Such accumulation of car
riers in a small region is not expected in bulk or in 2D sy
tems~in plane!. Accordingly the feature B2, which we hav
already identified as arising from recombinations in the u
modified SPS phase, shows no measurable excitation po
dependent peak position shift. The observation of pu
power dependent blueshift of the PL spectra for features

FIG. 5. Laser excitation power dependence of the PL spectrum at the
spots A and B at two different temperatures. The dashed lines represen
spectrum recorded with the lower excitation power. These spectra are
malized to get the same peak height. The laser spot diameter was. 300
mm.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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and B1 is the first spectroscopic indication of QD formati
in the SILCM modified layers of our sample. This results
the following additional source of error in estimating th
temperature dependence of transition energies in QDs f
PL measurements. For a given pump beam intensity, the
cess carrier concentration in the QDs is temperature de
dent. Therefore, phase space filling of the QDs is temp
ture dependent. Since the PL peak position in QDs depe
strongly on the extent of phase space filling therefore the
peak position does not provide an accurate measure o
variation of the critical point energies with temperature.

As a further investigation, we performed PLE expe
ments on this sample at different detection energies.
results are shown in Fig. 6~a!. For the spectrum in plot~i! the
detection energyEd51.81 eV corresponds to the peak po
tion of the PL spectrum at spot A where we presume
luminescence arises predominantly from carrier recomb
tions in dots of size and composition~In concentration! that
are most prevalent. In plot~ii ! Ed51.9 eV, which is close to
the peak position of the PL spectrum at spot B where
luminescence arises from recombination in the SPS phas
plot ~iii ! the spectrum was taken withEd52.04 eV at spot A
~similar PLE spectrum is also obtained for thisEd at spot B!,
where the luminescence arises from recombination in the
Ga0.57In0.43P layers. The two rising edges in plot~iii ! repre-
sent the absorption at theE0 and E01D0 gaps of
Ga0.57In0.43P alloys which are. 98 meV apart. Plot~ii ! has
three rising features, the first one between 1.9 and 2.05 e

FIG. 6. ~a! The photoluminescence excitation spectra of the sample at
ferent detection energies~i!Ed51.81 eV, at A,~ii !Ed51.9 eV at B and~iii !
Ed52.04 eV at A. The dotted line is a smooth fitted background to
spectrum in plot~i! vertically shifted up for clarity.~b! The spectrum in plot
~i! after background subtraction.~c! Simulated PLE spectra for the quantu
dots including effects due to dot size, composition distribution and ins
mental broadening. The vertical lines represent the ideal absorption sp
of a 210 Å diam dot.
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due to absorption in the SPS layers. The other two are id
tical to those seen in plot~iii ! indicating that the carriers
generated in the Ga0.57In0.43P layers get transferred to th
SPS layers which have lower band gap and finally recomb
from there. However the spectrum in plot~i! is different. A
closer inspection of this spectrum reveals four weak a
broadened humps@indicated by the arrows in Fig. 6~a!#,
riding on top of a smoothly varying background. Although
is tempting to associate these humps in plot~i!PLE with the
features in the CER spectrum in Fig. 4, however a deta
comparison does not allow a one to one match between
features in the two sets of spectra. We suggest that all th
weak humps in plot~i! arise due to absorption by the high
lying excited states of the QDs while the background h
contributions from recombination of carriers that were ori
nally generated in the Ga0.57In0.43P layers and the SPS phas
adjacent to the dots and then transfered to the QDs. We h
made an attempt to bring out these weak resonant hu
more clearly by subtracting from plot~i! a smooth back-
ground obtained by fitting to it the functionf (E)5a(1
21/$exp@(E2b)/c#11%), whereE is the energy anda,b,c are
the fitting parameters. The fitted smooth background
shown by the dotted lines in Fig. 6~a! ~vertically shifted for
clarity! and the subtracted spectrum is shown in Fig. 6~b!
where four peaks are clearly seen. It is well established
intradot exciton relaxation from higher excited states o
QD to the QD ground state is mediated by multiple phon
emission.24,25 As a result peaked structures are seen in
PLE spectrum of QDs whenever the excited and the gro
state are separated by multiples of the longitudinal opt
~LO! phonon energy (hnLO)26 and therefore separation be
tween these peaks are also multiples ofhnLO . For an In rich
GaxIn12xP alloyhnLO. 43 meV and as seen in Fig. 6~b! the
first three structures do have an average spacing of 2hnLO .

In order to make a preliminary estimate of the absorpt
spectrum of the QDs we performed a simple envelope fu
tion calculation where the QD was modeled by a spherica
symmetric potential well of diameter 210 Å with infinit
barriers. Only heavy hole absorption was considered~light
hole absorption is smaller by more than a factor of 3! and
carrier effective masses were obtained by appropriate lin
interpolation between listed values27 for InP and GaP. The
other assumptions involve neglecting Coulomb effects a
heavy hole–light hole mixing.28 The former is strictly valid
if the free exciton Bohr radius is much larger than the Q
radius~in our case they are comparable! and the latter begins
to influence the spectrum drastically29 for heavy hole–light
hole coupling constant.0.7 ~in our case it is. 0.5!. In
order to match the PL peak at 1.81 eV we had to consid
band gap of. 1.763 eV for the In rich regions of the
SILCM modified phase. The Ga concentration required
get this value for the band gap of a relaxed rand
GaxIn12xP alloy is x50.35. This value ofx ~which might
change somewhat when the appropriate strain tensor, a
quired in the present case, is taken into account! is close to
the expected. 0.4/0.6 Ga composition contrast between t
Ga deficient and Ga rich regions in the SILCM modifie
phase.8,30 The sharp vertical lines in Fig. 6~c! show the ab-
sorption spectrum for a 210 Å dot using the above mod
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The continuous curve represents a simulated PLE spec
~of only the dots! taking into account broadening due to d
size distribution, composition distribution (Dx.60.05
about mean Ga concentrationx assumed!, finite spectral
width of the excitation source and the spectral band pas
the detection system. Multiple phonon emission related P
signal enhancement was not considered in the above sim
tion. The above calculation makes many simplifying a
sumptions and so it is not surprising that the features in
simulated PLE spectra do not exactly match the feature
Fig. 6~b!. Nevertheless the simulated spectrum brings out
following two points in support of our suggestion:~i! the
average spacings of some of the prominent calculated
transitions are close to 2hnLO and approximately match thos
of the features seen in Fig. 6~b!, ~ii ! it shows that in spite of
the large QD size and composition variation it is still po
sible to see resonant peaks in the PLE spectrum assoc
with QD transitions. The latter is because unlike CER
absorption measurements which are broadened by the
QD size and compositon distribution to the extent that
QD related features can be resolved, in PLE one is abl
selectively probe a narrow range within this distributio
This selectivity of PLE~and also resonantly excited PL! has
in fact previously been exploited in the study of se
organized InGaAs/GaAs QDs.31

IV. CONCLUSION

In summary, we have reported results of the detai
spectroscopic study of Ga–In–P based self-organized
like structures formed during the growth of~GaP!2~InP!2.5

SPS short period superlattices sandwiched betw
GaxIn12xP alloy layers on GaAs~311!A substrates. We hav
identified the origins of the various features in different sp
tra. Our results indicate the simultaneous presence of
major optically active phases in these samples. One is
original ~GaP!2~InP!2.5 SPS layer while the other is th
SILCM modified regions in some parts of the~GaP!2~InP!2.5

layer. This suggests that the SILCM modification of the S
layers is incomplete. The SILCM modified In rich region
were shown to have a QD-like nature. The anomalous t
perature dependence of the PL peak positions in s
samples arises due to competition between two luminesc
pathways: one associated with the QDs and the other
the original SPS layer phase. The photoluminesce
quenching pathway for the QDs has also been determin
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