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A detailed analysis of photoluminescence (PL) from InP quantum dots (QDs) grown on Si has been
carried out to understand the effect of substrate/host material in the luminescence and carrier
escape process from the surface quantum dots. Such studies are required for the development of
monolithically integrated next generation III-V QD based optoelectronics with fully developed Si
microelectronics. The samples were grown by atmospheric pressure metalorganic chemical vapor
deposition technique, and the PL measurements were made in the temperature range 10–80 K. The
distribution of the dot diameter as well as the dot height has been investigated from atomic force
microscopy. The origin of the photoluminescence has been explained theoretically. The band
alignment of InP/Si heterostructure has been determined, and it is found be type II in nature. The
positions of the conduction band minimum of Si and the 1st excited state in the conduction band of
InP QDs have been estimated to understand the carrier escape phenomenon. A blue shift with a
temperature co-efficient of 0.19 meV/K of the PL emission peak has been found as a result of
competitive effect of different physical processes like quantum confinement, strain, and surface
states. The corresponding effect of blue shift by quantum confinement and strain as well as the red
shift by the surface states in the PL peaks has been studied. The origin of the luminescence in this
heterojunction is found to be due to the recombination of free excitons, bound excitons, and a
transition from the 1st electron excited state in the conduction band (e1) to the heavy hole band
(hh1). Monotonic decrease in the PL intensity due to increase of thermally escaped carriers with
temperature has been observed. The change in barrier height by the photogenerated electric-field
enhanced the capture of the carriers by the surface states rather than their accumulation in the QD
excited state. From an analysis of the dependence of the PL intensity, peak position, and line width
with temperature and excitation source, the existence of free and bound excitonic recombination
C 2014 AIP Publishing LLC.
together with e1 ! hh1 transitions in the QDs is established. V
[http://dx.doi.org/10.1063/1.4862439]
I. INTRODUCTION

The low cost and fully developed process technology
makes Si the backbone for microelectronic industry.
However, due to its indirect band gap it cannot be used for
optoelectronic sources.1 Researchers, thus, worked a lot to
get efficient luminescence using porous silicon (PSi)2,3 and
Si nano-crystals4,5 embedded in SiO2. However, PSi could
not be introduced in the silicon based optoelectronic industry
due to the formation of unstable bonds between hydrogen
and Si. Furthermore, instability of porous silicon at higher
temperature and corrosive ambient prohibit its application.2
On the other hand, Si nano-crystals embedded in SiO2 can
emit light in the infrared region when their sizes lowered
down to 2 nm or less.4 It has been found in the literature that
a)
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Si quantum dots having diameter less than 5 nm may have
significant luminescence properties due to higher recombination rate and overlapping of electron hole wave functions.
However, the quantum yield of the quantum dots (QDs) is
very low and needs very careful passivation.5 On the other
hand, III-V semiconductors can be used very efficiently in
optical sources due to their tunable and direct band gap.
Thus the growth of III-V semiconductors on Si substrates
has been found to be of potential interest in the field of
monolithic integration of optoelectronics with Si microelectronics. Layer by layer growth of III-V semiconductors on Si
is technologically unsuitable due to large lattice mismatch
and difference in thermal expansion coefficient between Si
and III-V. Such kind of growth introduces large number of
threading dislocation leading to non-radiative recombination.1 Thus one can think for the pseudomorphic layer; then,
its thickness within one nanometer is unrealistic in device
applications. The growth of polar III-V semiconductors on Si
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introduces anti-phase domain as well. However, creation
of the III-V nanostructures such as quantum dots on Si is
advantageous compared to other lattice mismatched conventional III-V structures since strong localization of carriers in
the active medium by quantum confinement may led to
strong luminescence. Additionally density of states in the
low dimensional structures modifies the gain medium to
have low threshold voltage during lasing.6 With the progress
of different growth techniques, the growth of InP QDs on Si
has become an interesting area of research for different
groups.7,8 It may be mentioned here that apart from the near
infrared band gap emission around 925 nm, InP can be used
in THz emitters and detectors.7 As the band gap of the InP
QDs can be tuned to emit in the red spectral region, it can be
used with the Si based single photon detectors for maximum
detection efficiency.6
Generally QDs are capped by other high band gap materials for better carrier confinement as the properties of the
QDs are dependent on the density and thickness of the cap
layer. However, exposed or uncapped QDs will be oxidized,
and there will be surface states as well as strain relaxation
leading to different interesting phenomenon.9 The band
alignment between the QDs and the host matrix element and
the size distribution of the QDs in the ensemble play significant role in the luminescence process. In the literature, some
reports on the growth and luminescence of III-V QDs on Si
substrate are available.7,8,10–13 The growths of InAs QDs on
Si matrix have been reported by a number of researchers10–12
with emission around 1.3 lm as obtained from the photoluminescence (PL) study. However, except an attempt by
Heitz et al., the emission mechanism is not fully explained.10
Kumar et al.13 reported the growth of InN QDs on Si and
characterized their samples by PL; however, the effect of the
size variation on the line broadening has not been discussed.
As GaP has the lattice constant very near to Si, some efforts
were made to grow InP QDs on GaP as a building block of
Si photonics. Growth of InP on GaP substrates and subsequent PL emission has been reported by Guo et al.14 and
Masselink et al.15 Though Masselink et al.15 discussed the
band alignment of the heterostructure, the effect of particle
distribution on the PL line width is not reported.
In the literature it has been found that Ellingson et al.16
reported the charge carrier relaxation in the colloidal InP
QDs dispersed in hexane solution. Irradiating with different
photon energies, the authors suggested that the relaxation
of the charge carriers depends on excitation energy with
remarkable reduction in relaxation efficiency. Mićić et al.17
investigated the spectroscopic behavior of InP QDs as a
function of their dimension and observed that with the
increase in PL excitation power, the line width decreases. It
can be mentioned here that all these QDs were prepared
through a colloidal route, and the luminescence properties
were studied by dispersing them in organic medium.
However, since the QDs are normally deposited onto a
substrate for device application, any contribution of the substrates will modify the luminescence properties of the QDs.
It is observed that various physical phenomena like effect of
few particle states, non-linear electron phonon coupling, and
non-classical photon statistics have been studied by different

J. Appl. Phys. 115, 043101 (2014)

groups18–20 for a well established In(Ga)As QDs grown on
GaAs by S-K mechanism. Hessman et al.21 studied the electron accumulation in a single InP QD embedded in InGaP
matrix (i.e., both the capping and the base are InGaP) and
also reported the global luminescence from the QD ensemble. The authors studied the dependence of PL intensity with
applied voltage without mentioning the carrier escape phenomenon or thermal quenching. AbuWaar et al.9 studied the
PL of InAs surface QDs grown on GaAs, and the effect of
capping layer was discussed elaborately. Though Prunchel
et al.7 reported the room temperature photoluminescence
while reporting the growth of InP nano-crystals on Si, the
details are not found in that work.
In spite of various reports on PL emission from different
QDs available in the literature, no study has been made on
the temperature dependence of the carrier relaxation with an
insight of the band alignment in InP/Si heterostructure.
However, without such study the carrier escape mechanism
could not be explained. As line broadening originates from
different phenomena and it is sample specific, different types
of broadening in the luminescence spectra should be studied
to understand the emission mechanisms in the materials. A
proper investigation is thus necessary for a dot ensemble for
better understanding of the physical processes which occur
in the nanostructures upon optical irradiation. Thus it has
been felt that the PL study of the InP QDs can contribute in
understanding various physical phenomena like band alignment of the heterostructure, luminescence process, thermal
escape of the electrons, and broadening of the PL peaks. The
possibility of Volmer-Weber (V-W) growth of InP QDs8 on
Si may open a horizon in the formation of InP QD based
emitter in red spectral region. Thus, in this work, we have
studied the optical process in the InP QD ensemble through
PL, growing them on Si substrate by means of metalorganic
chemical vapor deposition (MOCVD). Theoretical band
alignment has been studied. Efforts have also been made to
explain the temperature dependent broadening of the PL
peaks related to bound and free excitons.
II. EXPERIMENTAL PROCEDURE

InP QDs were grown by a horizontal-type atmospheric
pressure MOCVD reactor on p-type (100) c-Si substrates.
Trimethylindium (TMIn) and phosphine (PH3) were used as
the precursors for indium and phosphorus, respectively.
Hydrogen was used to carry the vaporized metal organic precursors from the bubbler to the reactor. Prior to growth, the
substrates were degreased by boiling successively in acetone
and methanol for 5 min each. To etch the native SiO2, the
Si substrates were poured in a chemical solution of
HNO3 þ HF þ CH3COOH þ H2O for 3 min. Finally all the
substrates were rinsed for 6 min in deionised water (18.2
MX) and dried using nitrogen gun. All the samples were
grown at 560  C for 15 s to enable V-W growth. The flow
rates were kept at 45 sccm for TMIn and 60 sccm for PH3.
The surface morphology of the uncapped dots was characterized by tapping mode Atomic Force Microscopy (AFM)
(Agilent Technologies). The absorbance spectroscopy of the
QDs samples was performed at room temperature using an
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FIG. 1. (a) The surface morphology of
the QDs grown on the substrate as
viewed by tapping mode atomic force
microscopy. The bright spots correspond to the QDs whereas the grey colored region indicates the surface of
the substrate. From the grey scale the
height of the dots has been found to be
within 3.3–4.2 nm. (b) The bar-chart
plots the height of the dots as function
of their percentage present in the sample. It has a Gaussian distribution with
a peak value of 3.74 nm and a variance
of 610%. (c) Two dimensional atomic
force micrograph of the quantum dots
to estimate their diameters. Migration
length related perturbation in the dot
diameter has been observed from the
diameter variation. The diameter of the
dots has a variance from its mean value
of 13 nm. (d) Gaussian like distribution
in the diameter of the dots.

ultraviolet-visible-near–infrared (UV-VIS-NIR) spectrophotometer (PerkinElmer LAMBDA 750). In order to collect the
low temperature PL spectra, the samples were excited with a
diode pump solid state laser (RGB Lase, USA) having emission wavelength 532 nm (excitation power 50 mW) mounted
in a close cycle liquid He cryostat (APD Cryogenics).
The PL system consists of a 0.5 m grating monochromator
(Acton Research, USA), a thermocouple cooled InGaAs
detector (Acton Research, USA), and a lock-in amplifier
(Stanford Research Systems). The PL spectra were taken at
five different temperatures from 10 to 80 K. Further increase
in temperature could not be possible due to sample heating
resulting in excitonic decay.
III. RESULTS AND DISCUSSION

The tapping mode AFM image has been shown in
Fig. 1(a). The small bright islands like spots indicate the formation of quantum dots at the grey colored substrate surface.
The dot height has been measured, and the percentage of
dots having a particular height has been calculated from the
processed image. The height of the dots was found to be
within 3.3–4.2 nm. In Fig. 1(b), the height distribution of the
dots has been plotted. It is observed that the distribution has
a peak centered at 3.74 nm, i.e., 30% of the dots having that
much height. For other dots, 60.5 nm (10% from the peak
value) deviation from the peak is found which suggests
controlled growth kinetics has been maintained during the
growth. In Fig. 1(c), a variation in the diameter as well as the
dot density of the ensemble has been observed from the two
dimensional projection of AFM micrograph. The density of
dots is determined using WSxM image processing software
and has been found to be around 6.2  1014 m2. The
bar-chart plot, shown in Fig. 1(d), represents the variation of

dot diameter which is found to follow the Gaussian distribution centered at 13 nm. It has been observed that there occurs
a variation in the dot diameter due to different migration
length of the species on the substrate surface. The fluctuation
in the migration length may occur due to the unavoidable
atomic level steps such as ledges and kinks present in the
substrate. However, the isolated dots on the surface of the
substrate confirm the growth mode to be V-W type where no
wetting layer is present.
Different excitonic peaks have been observed from the
UV-VIS-NIR spectroscopic analysis and have been shown in
Fig. 2. The absorbance energy for the ensemble is found to
be 1.42 eV (870 nm) which is higher than that of bulk InP
(1.34 eV). Higher order transition has also been found at
higher energies as the average dimension of the QDs is well
below the Bohr exciton radius.
Figure 3 shows the PL spectrum of the sample taken at
10 K. It shows broad luminescence having multiple peaks.
As the excitation energy of the laser is much higher than the
energy of the QDs, it can be termed as global PL17 where
almost all the dots in the ensemble got excited. The transition
of the electrons occurs from the 1st excited state in the conduction band (e1) to the 1st excited state in the valance
band (hh1) along with different excitonic recombination. A
distinct blue shift in the emission spectra has been observed
along with different excitonic peaks from the QDs. A notable
reduction in the luminescence intensity of some of the peaks
has been observed as a signature of different excitons as the
excitation power of the laser was decreased. The behavior of
the different peaks with the variation of the laser power has
been indicated by different regions in Fig. 3. The luminescence presumably coming from the transition e1 ! hh1 has
been shown by region 1 and found to have not been shifted;
however, there is change in intensity. On the other hand the
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pseudomorphically grown layer will be less than a nanometer. The nanodimensions of the QDs prevent them to be
strain relaxed through the formation of dislocations though
the thickness of the grown dots is higher than that of their
corresponding critical layer thickness. For a typical semiconductor heterostructure system having thickness h1 and h2, we
can write24
a1 G1 h1 þ a2 G2 h2
;
G1 h1 þ G2 h2


ak
1 ;
eik ¼
a?



ak
1 ;
¼ ai 1  Di
ai


ai?
1 ;
ei? ¼
a?

ak ¼

ai?
FIG. 2. UV-vis-NIR absorbance spectra of the quantum dot ensemble showing the presence of different transitions.

peaks of region 2 and 3 are coming from excitonic recombination and found to be red shifted with decrease in excitation
power. Here it should be mentioned that the higher power of
laser will produce local heating in which the excitons will
decay. Thus care has been taken to reduce the local heating,
and the power of the laser was set at 8 mW, 7 mW and 6 mW
for optimum emission output from our previous experience.
As the band lineup between the semiconductors of the
heterostructure plays an important role in the luminescence
process, let us first discuss the origin of the luminescence
from the InP QDs grown on Si substrate with the help of
modified model-solid theory22 and ab initio all-electron
calculation of absolute volume deformation potentials.23
These explain the band lineups at the strained interfaces
of the semiconductor heterojunctions. Due to 8.1% lattice
mismatch between InP and Si, the thickness of the

FIG. 3. The global photoluminescence spectra of the quantum dot ensemble
acquired at 10 K with different excitation power varied from 8 mW to 6
mW. Multiple peaks in the spectra are the signatures of the height perturbation in the quantum dot ensemble as well as the different types of excitons.
The decrease in peak intensity with reduction in laser power in region 1 suggests the recombination of the charge carriers between the 1st excited level
in the conduction band (e1) and heavy hole band (hh1), i.e., e1 ! hh1. In
both the regions 2 and 3, shift in peak positions and change in their intensity
are observed which are due to the presence of different excitons.

(1)
(2)
(3)
(4)

where ak and a? are the lattice constants parallel and perpendicular to the plane of the interface, e is the strain, i refers to
the corresponding material (1 or 2 respectively), ai and Gi
are lattice constant and shear modulus of the materials under
equilibrium circumstances.
The shear modulus can be expressed as



Di
;
(5)
Gi ¼ 2 ci11 þ 2ci12 1 
2
where D is a constant which depends on the elastic constants
like c11 , c12 , etc. of the corresponding material and the interface. In the present case, the thickness of the Si (say, h1)
wafer is much higher than the height of the InP QDs grown
on it, i.e., hh12 ! 1, which implies ak ! a1 . Thus the grown
dots are strained and their dimensions are distorted.
As there is no strain in Si, we can write, ak ¼ 5:43 Å.
Following Eqs. (1)–(4) one can also get eInPk ¼ 0:075,
eInP? ¼ 0:084, and aInP? ¼ 6:36 Å:
The modified model-solid theory not only generates the
accurate band structure but also helps in aligning the band
structure in an absolute energy scale. In this theory the position of the valance band has been calculated initially by
means of density functional theory along with the selfconsistent pseudopotential technique. The experimentally
obtained band gap is added with to get the value of the position of the conduction band. The average position of the valance band Ev;av is considered here to be deformed by a
hydrostatic deformation potential caused by the compression
of the semiconductor and strain related shift in the electrostatic potential where the absolute volume deformation
potential has been obtained according to ab initio allelectron calculation. The deformation can be expressed as
av ¼

dEv;av
;
d ln X

(6)

where d ln X ¼ dX
X . Here it should be mentioned that the
conduction band deformation, ac, also behaves the same
way, and thus the band gap deformation can be written as
a ¼ ac  av .
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h2 p2 1
1 1 1:8e2 1
þ

me mh R 2
2
fi R2
 2n
1
e2 X
S
an
;
þ
R n¼1
R

For heterojunction, the values of individual band edges
are necessary as they have influences in the interface discontinuity. Thus one can write
DEv;av ¼ av

dX
X

(7)

and
DEc;av ¼ ac

dX
;
X

(8)

where DX
X ¼ ðexx þ eyy þ ezz Þ is the fractional volume change.
Due to the spin-orbit interactions the valance band usually
splits even in the absence of the shear strain. Hence the edge
of the valance band can be estimated as Ev ¼ Ev;av þ D30 and
that of the conduction band is given by
Ec ¼ Ev þ Eg :

(9)

The parameters needed for the calculation of the band
lineups in Si/InP heterojunction has been shown in Table I.
For a large lattice mismatched Si/InP heterojunction,
there occurs a strain. As discussed earlier, the strain component in the InP can be estimated using relations (1)–(4), and
the volume change can be estimated as DX
X ¼ 0:065 which
affects the position of DEv;av as well as Ec . Thus Ev;av should
be modified and can be written as
DEv;av ¼ E0v;av þ av

EðR0 Þ ¼ E0 þ

DX
:
X

where me and mh are the electron and hole effective masses,
e is the electronic charge, fi is the dielectric constant, an is a
function of dielectric constant, S is separation between electrons and holes, and R is the radius of the QDs. As the grown
dots have difference in height (h) and base (b), R is a function of h and b, and can be expressed as27
R¼

4h2 þ b2
:
8h

(12)

A pictorial representation of R has been shown in Fig.
4(b). All the terms in the right hand side of Eq. (11) corresponds to different types of energy. The first term corresponds to the band gap energy of the bulk, the second term
corresponds to the quantum localization energy whereas the
third and the fourth term represents the Coulomb potential
and polarization energy, respectively.
Hence to understand the effect of particle size on the PL
energy inter alia the quantized energy, EðRÞ should be calculated taking calculated taking me ¼ 0:073m0 , mh ¼ 0:6m0 ,
and fi ¼ 12:5 (Ref. 28) using the following relation:
Eð RÞ  E0 ¼

(10)

From Eq. (10) and Table I we can write the valance band offset to be 0.03 eV where as the conduction band offset is
0.24 eV.
The band lineup of the heterostructure has been shown
in Fig. 4(a). Here it should be mentioned that the presence of
a few nm native oxide makes the surface potential lower
than the vacuum potential which has been found to be around
5–6 eV.25 Thus from the theoretical approach the band lineup
is found to be type II. The QDs in the present study were not
capped by any higher band gap material, and so they can be
treated as the surface quantum dots. Thus there will be shift
in energy, viz., blue shift due to (i) quantization, and (ii)
biaxial strain and (iii) red shift due to surface states or surface roughness. Hence it may be postulated that the resultant
shift in the luminescence is a competitive event.
Due to the quantization of the charge carriers in the
semiconductor nanostructures, say quantum dots, the electronic energy levels are shifted with respect to those of the
bulk. The energy associated with first band to band transition
for such QDs can be written as26

(11)

5:7364 0:9971
:

R2
R

(13)

For the QDs one can approximately take the polarization term
to be one third of the Coulomb potential,29 and hence we can
write
EðRÞ  E0 ¼ DEquantised ¼

5:7364 0:6647

:
R2
R

(14)

For our samples there occurred a perturbation in height
as well as in base diameter for the grown QDs and the
assembly can be treated as an ensemble. Generally such
ensemble of self-assembled QDs gives rise to a statistical
distribution in the eigenenergies due to quantization.30 In our
case the QDs were excited with energy higher than the emission energies of the individual dots. Several peaks can be
observed from the convolution of the peak as a finger print
of the perturbation in the QD height. From the height and
diameter distribution of the dots, the radius can be estimated
as 7.56 nm. As the effective radius is lower than that of Bohr
exciton radius, the confinement of carriers is possible in the
dots leading to a blue shift in the PL spectra.

TABLE I. Different constants used for the calculation of band lineup in InP/Si nano heterostructure.22–24

Semiconductor
Si
InP

Spin-orbit
splitting ðD0 Þ

Lattice
constant (Å)

D001

G001

Ev;av

av

Edir
g

Edir
c

adir
c

adir

Edir
g

Eind
c

adir
c

aind

0.04
0.11

5.43
5.87

0.77
1.13

3.64
1.89

6.93
6.81

2.16
1.83

3.37
1.42

3.65
5.58

1.98
5.04

0.48
6.31

1.17
…

5.85
…

4.18
…

1.72
…
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FIG. 4. (a) The band lineup at the InP/Si heterostructure interface. The difference in the valance band has been measured theoretically. The strain
related shifts and the splitting have been measured and the details are discussed in the text. (b) Pictorial representation of radius of QDs as a function
of height and base.

On the other hand, a blue shift in the PL peak energy
occurs due to the compressive strain produced by Si on the
grown InP QDs. The amount of blue shift due to the strain
can be estimated
by the Pikus-Bir Hamiltonian:31 DEstrain
c12 
¼ 2a 1  c11 ek  bð1 þ 2cc1112 Þek , where a and b are the hydrostatic and shear deformation potential of the semiconductor,
respectively. However for the surface quantum dots the presence of the surface states gives rise to the red shift in the PL
energy. The energy eigenstates in the QDs are found to be
red-shifted when getting in closer proximity to the surface
because the absence of the cap allows relaxation in the strain
of the QDs.9 It may be mentioned that such red shift in
the energy of the QDs originates from various deep traps
and surface states; for smaller dots, the effect is more prominent. It has been observed that the amount of red shift
(90–110 meV) increases with the decrease in the height of
the QDs. Thus the total shift can be determined by the competitive effect of the three mechanisms as mentioned
above (i)–(iii), and the luminescence peak occurs at an
energy which is greater than the bulk band gap energy of InP
but less than the energy which could have been obtained due
to the quantization. On the other hand as the band lineup is
type II by nature, the excited states of the charge carriers lies
in different semiconductors and may lead to red shift of the
PL spectra.
In Fig. 5, a representative PL spectrum of a sample
has been shown. It is observed that the spectrum consists of
different narrow peaks originating from transitions from
e1 ! hh1 and other exciton recombination. However, the
recombination process in such QDs may involve longitudinal
optical phonons. Generally when a bulk semiconductor is
irradiated with a photon flux having energies more than its
band gap, the generated electrons and holes share the extra
energy so that the total momentum remains constant. As in
InP, the heavy hole mass, mhh , is 8 times larger than that of
the electron effective mass, me , the electrons should take 8
times more kinetic energy than the holes.16 However, InP, in
spite of being a direct band gap material, the conservation of
kinetic energy is necessary but not sufficient due to quantum
size effect. Thus, the momentum conservation should also be
taken care for which phonon assisted momentum transfer
may be useful in understanding the process fully.

FIG. 5. The photoluminescence spectra of the sample acquired at different
temperatures from 10 to 80 K. The decrease in peak intensity with increase
in temperature has been detected as the signature of thermo-stimulated
quenching process. The peaks corresponding to excited state recombination
(e1 ! hh1) and bound excitonic recombination is found be red shifted with
increase in temperature and has been indicated by the shaded region R1 and
region R3, respectively. The peaks marked with solid line in region R2
corresponds to free excitonic peaks and is found to have not shifted with
temperature.

It should be mentioned that the host Si substrate was
taken p-type with a carrier concentration of 1016 cm3 and
InP has an unintentional n-type doping of 1017 cm3.
Though the doping concentration is low enough, the Fermi
level can move to the vicinity of the valance band edge of Si
and the conduction band edge of InP at low temperatures and
the InP QDs are filled with electrons.21 Such charging of the
dots and the substrate gives rise to a depletion region introducing a band bending at the junction. Thus the optically
generated electrons can be captured very easily by hole with
a radiative recombination.
From Fig. 5 it is found that the peak intensity of the PL
decreases with increase in temperature due to thermostimulated quenching. The intensity of the PL is associated
30
PL ð0Þ
with the temperature by the relation IPL ðT Þ ¼ ½1þaIexpð
DE .
Þ
kT

As the temperature increases from 10 K to 60 K, the PL intensity decreases monotonically and then drastically which is
apparent from the intensity value at 80 K. In Fig. 5, three
regions of interest in the PL emission spectra are marked for
all the temperatures. Those are region 1 (R1) where the
peaks are originating due to e1 ! hh1 transition, region 2
(R2) where those are due to free excitons and region 3 (R3)
for bound excitonic recombination. The Gaussian fittings of
R1, R2, and R3 peaks are shown in Figs. 6(a)–6(c), respectively. With decrease in temperature, blue shift is observed
for the peaks in R1 and R3 regions whereas peaks shown in
R2 have not been shifted.
The fitted curve for the transition between the excited
states at different temperatures has been shown in Fig. 6(a)
(R1 in Fig. 5) in which the monotonic decrease as well as the
broadening of the peaks has been observed. The carrier
escape from the QDs to the continuum states of the host
matrix increases with the increase in temperature and thereby
the intensity of PL emission decreases.30 As the conduction
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FIG. 6. Gaussian fitting of the peaks related to (a) transition between the excited states (region R1 of Fig. 5), (b) free excitons (R2 of Fig. 5), and (c) bound
excitons (R3 of Fig. 5) at different temperatures. The intensity decreases with temperature due to thermo-stimulated quenching process whereas a shift towards
higher energy has been detected while the temperature has been decreased. The change in line widths of the respective peaks with temperature has been shown
in the insets.

band minima of Si at X-valley is lower than that of the first
excited level of InP QDs, the rate of thermal escape increases
with temperature due to the change in barrier height by the
photo generated electric-field. The thermal expansion of the
lattice of the nano-crystals increases with the increase in
temperature which alters the wave-function envelope, strain
and electron-phonon coupling. The changes of these factors
influence the thermal quenching of the PL intensity. The
decrease of PL intensity with the temperature also suggests
the capture of the carriers by the surface states rather than
their accumulation in the QD excited state. Moreover, the
modification in the optically allowed and forbidden exciton
states can also quench the PL intensity with the increase in
temperature. With the quenching of the PL intensity, the PL
energy has also been found to be blue shifted with the
increase in temperature from 10 K to 60 K. The energy shift
for this temperature range has been found to decrease with a
temperature co-efficient of a ¼ ðdE
dT Þ 0.19 meV/K. At the
same time the FWHM is found to be changed with temperature and has been shown in inset of Fig. 6(a). The Gaussian
nature of the distribution in the height and diameter of the
dots leads to higher order broadening. There will be both homogeneous and inhomogeneous type of broadening with
temperature for the excitons related peaks.
The variations of the line width with temperature is
shown in insets of Figs. 6(a)–6(c) for three type of transitions
discussed above and shown in R1, R2, and R3 regions in
Fig. 5. An estimation [from inset of Fig. 6(a)] shows that the
rate of change of line width with temperature is 0.5 meV/K
whereas in R2 and R3 [Figs. 6(b) and 6(c)] it is 0.014 and
0.4 meV/K. Thus it is observed that the change in line width
of the peaks due to free excitonic recombination is almost
insignificant compared to that due to bound excitonic recombination. This variation in the linewidth for bound excitonic
recombination as well as that due to e1 ! hh1 transition followed the temperature dependence of the band gap. Almost
similar characteristics of peak shift and line broadening have
been obtained while the temperature is increased. These
characteristics validate our earlier assumption that the peaks

at R3 are coming from bound excitonic recombination having energy lower than the free excitonic recombination
energy (R2). The origin of such bound excitons may be either the background impurity present in the dots or the surface states. As the excitation power of the laser used is
sufficiently high (8 mW), the excitation may generate more
than one electron-hole pair in the dots. In such case the
ground state can be occupied by two excitons, and hence
there is a possibility of biexciton formation.32
In this context it is noteworthy to comment on the different types of broadening occurring in case of PL line width.
In semiconductor nano-structures, say QDs, when free excitons are trapped in a state created either by impurity atoms
or by any surface state, the states have some finite lifetime
with a distribution around a particular value. Furthermore
thermal vibration and radiation damping contribute to the homogeneous broadening. Thus the line width of the bound
excitonic peaks changes with the change in temperature. On
the other hand the inhomogeneous Gaussian broadening
occurs due to the Doppler effect arising from the velocity
perturbation of the charged particles in the material. The
charged particles obey the Maxwell velocity distribution,
which, for a particle of mass M and temperature T, can be
3
Mðv2 þv2 þv2 Þ
M
Þ2 exp½ x2KByT z , where
written as Fðvx ; vy ; vz Þ ¼ ð2pK
BT
Fðvx ; vy ; vz Þdvx dvy dvz is the probability of having a particle
in the velocity range from v to v þ dv. Taking the nonrelativistic approximation the light emitted in the x-direction
with a shifted frequency, #  #0 ¼ #xc#0 , the probability of
having the transition frequency between # and # þ d# can be
given by f ð#Þd# which is equal to the probability of finding
0Þ
0Þ
and cð#þd##
irrespecthe same in a range between cð##
#0
#0
tive of values of #y and #z . Hence the probability distribution
2
 
1
ð M Þc2 ð##0 Þ
.
can be written as f ð#Þd# ¼ ##0 ð2kMB T Þ2 exp½ 2kB T #2
0

Thus it is found that for an ensemble of QDs, superposition
of large number of independent spectral line resulted in a
Gaussian profile. Apart from the perturbation of the velocity,
the static strain and the surrounding medium also contribute
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to the spectral line broadening.32 The perturbations occurred
in the dot ensemble due to variation in dimension and composition of the individual dots leads to the inhomogeneous
broadening.30
IV. CONCLUSION

Analysis of the PL emission from InP QDs, grown on Si
by a horizontal atmospheric pressure MOCVD system, has
been made in the present study at different temperatures from
10 to 80 K on varying the power of the excitation laser source
to understand the excitonic transitions in an uncapped QD
ensemble in a heteroepitaxial system. The emission is found
to originate from three different mechanisms, viz., e1 ! hh1
transitions, bound and free excitonic recombination. From the
variation of the temperature and excitation power source,
these transitions were established. The formation of type II
heterostructures and the photoluminescence mechanism is
discussed through a theoretical study and is examined
through physical modeling which includes various individual
effects, such as quantization, strain and surface states along
with their competitive behavior. The decrease in intensity of
the PL emission peaks with temperature is found to be due to
carrier escape from the QDs together with thermal quenching.
The temperature coefficient of PL emission energy shift corresponding to e1 ! hh1 transition is found to be 0.19 meV/K
with a line broadening of 0.5 meV/K. The change in line
width of the peaks due to free excitonic recombination is
almost insignificant compared to that due to bound excitonic
recombination. This variation in the linewidth for bound excitonic recombination as well as that due to e1 ! hh1 transition
followed the temperature dependence of the band gap of the
material. Thus in view of the complexity of growth of InP
epitaxial layers on Si, QD based structures can be a suitable
substitute for future generation heteroepitaxial optoelectronic
devices for monolithic integration.
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