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Optical and theoretical investigations of small InP quantum dots in GaxIn1ÀxP
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We have studied small InP quantum dots in a GaInP matrix theoretically and experimentally. Using low-
temperature photoluminescence spectroscopy in conjunction with six bandk•p calculations, including direct
and exchange interactions, we show that the dot size is a crucial parameter that determines whether the dot is
neutral or charged with electrons in the nominally undopedn-type host material. For a small enough quantum
dot, the conduction-band ground state is positioned above the Fermi level and the dot remains neutral. How-
ever, as soon as the dot is large enough for the conduction-band ground state to be located below the Fermi
level the dot is charged. Furthermore, we show that, for neutral quantum dots, the position of the bi-exciton
emission line with respect to the exciton emission line depends on the size of the quantum dot and that the
bi-exciton emission can be on either side of the exciton emission: for the smallest dots the bi-exciton emission
is always at higher energy than the exciton emission but for larger dots the ordering is the opposite with the
exciton emission line on the high-energy side.

DOI: 10.1103/PhysRevB.67.035320 PACS number~s!: 78.55.Cr, 78.67.Hc, 73.21.La
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I. INTRODUCTION

Optical investigations of individual quantum dots~QD’s!
are becoming more and more interesting due to progres
the fabrication of low-density samples as well as in micr
copy techniques. One of the most widely studied system
quantum dots grown by the Stranski-Krastanow techniq
These quantum dots are usually coherent with the ba
material and give strong photoluminescence. Investigati
of individual quantum dots have shown effects of fe
particle states,1–4 strongly nonlinear electron-phono
coupling,5 random telegraph noise,6 and nonclassical photo
statistics.7,8 The most widely studied system is In~Ga!As dots
in GaAs, but we will here concentrate on the less well st
ied system of InP dots in GaInP. Such dots usually grow i
bimodal fashion.9 There are thus two sets of dots:~i! fully
developed dots with a typical size of 15 nm in height and
nm in width, and~ii ! smaller dots with a height of less tha
5 nm and a width of about 40 nm. The fully developed d
have been investigated by transmission electron microsc
~TEM!,10 atomic force microscopy,11 scanning tunnelling
microscopy,12 and scanning tunnelling induce
luminescence,13 single dot photoluminescence~PL!,14 time-
resolved photoluminescence,15 capacitance spectroscopy,16

and by theoretical modeling both of the electronic structur17

as well as of the equilibrium shape.18 These dots have prove
to be suitable candidates for red lasers.19

One of the most significant features of the fully develop
InP dots is that they are highly charged inn-type materials
and the photoluminescence is dominated by emission f
charged excitons.20 This is because the energy of the electr
ground state in the dot is below the Fermi level. We will he
present evidence that the small InP dots can be charge
0163-1829/2003/67~3!/035320~7!/$20.00 67 0353
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neutral, depending on the energy of the electron ground s
We will also show that the emission of the bi-exciton can
either on the low-energy side of the exciton emission line
on the high-energy side, depending on dot size. Furtherm
we will show that experiment and theory agree well w
each other.

II. EXPERIMENT

The samples were grown by metal-organic vapor-ph
epitaxy at low pressure. Initially a lattice matched layer
Ga0.51In0.49P was grown on GaAs. Subsequently, two mon
layers of InP was grown, which formed quantum dots afte
12-s growth interrupt. A final cap layer of 100 nm GaInP w
then grown. The sample was not rotated during the grow
resulting in a gradient in the dot density. In some regions
the samples the separation of small dots was sufficie
large that single dots could easily be measured. The sam
weren-type with a carrier concentration of about 1016 cm23.

For the photoluminescence measurements, a freque
doubled yttrium-aluminum-garnet laser emitting at 532 n
was used. The samples were mounted in a cold finger
ostat and a typical measurement temperature was 10 K.
emission was collected by a microscope, equipped wit
long working distance objective having a numerical apert
of 0.4. For increased light collection efficiency we also us
a 3-mm hemisphere solid immersion lens with a refract
index of 1.83.21 The emission was usually dispersed by
single, 0.46-m, spectrometer but in some cases a dou
0.85-m, spectrometer was used. The signal was detected
a charge-coupled device camera cooled by liquid nitrogen
order to vary the excitation power density we used neu
density filters. Integration times from a few seconds up
©2003 The American Physical Society20-1
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FIG. 1. The middle trace shows the macro-P
spectra of a typical sample. At an energy of abo
1.65 eV there is emission from fully develope
InP quantum dots having multiple, and qui
broad, emission lines. This is true also for th
spectrum of individual dots. At higher energy, fo
example 1.8 eV, there is emission from small In
quantum dots which have narrow emission line
There is also emission from the substrate, t
wetting layer, and the GaInP barrier.
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several hours were used, depending on the excitation po
density. About 100 dots in ten samples have been inve
gated with very similar results.

III. EXPERIMENTAL RESULTS

Figure 1 shows PL spectra of a typical sample. T
middle trace is a macro-PL spectrum where the main em
sion features come from the GaAs substrate at 1.5 eV,
distribution of emission from the fully developed InP qua
tum dots is centered at 1.65 eV, and at 1.9 eV and above
emission is from the InP wetting layer and the GaInP bar
material. The figure also has a representative spectrum
fully developed dot, which shows the presence of seve
broad emission lines distributed over basically the sa
range as the dot ensemble. At higher energy, between
and 1.9 eV, there is emission from the smaller quantum d
Emission spectra from two such dots are also shown in
figure. For the smaller dots the spectra consists of emis
lines which are substantially narrower than for the fully d
veloped QD’s and are limited by the spectral resolution
our detection system, 50–100meV, depending on configura
tion. This behavior is very consistent from sample to sam
and essentially disproves the hypothesis that fluctuation
the charge state of the matrix are responsible for the l
width of the fully developed dots in our samples, althoug
different behavior has been observed by other groups.22 The
large linewidth of fully developed InP dots has instead be
attributed to a short dephasing time caused by a large num
of electrons in the dot.20 In fact, if the number of electrons i
reduced, the linewidth of the fully developed dots beco
narrow. Such a reduction of the number of electrons in
dots was achieved by a controlled change in the Fermi le
using an applied electric bias.20 In Fig. 2~a! we show spectra
of a small dot emitting at an energy of about 1.7 eV. T
spectra consist of a multitude of lines, also at the low
possible excitation power density we could use, which
very similar to the fully developed dots.

We attribute the large number of emission lines in F
2~a! to emission from charged excitons in this dot. The nu
ber of lines as well as the emission energy range is consis
with this interpretation and will be further discussed in S
V ~theoretical results!. It is expected that the precise positio
of the Fermi level with respect to the electron ground st
determines whether the dot should be charged or not. Tha
if the electron ground state is positioned above the Fe
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level, the dot should not be charged, indicated in the inset
Fig. 2.

We have therefore investigated dots emitting at hig
energy and one example is shown in Fig. 2~b!. In this case
the photoluminescence spectra consist of very few lines
low excitation power density. At higher excitation pow
density, new emission lines appear within a few meV fro
the original lines. This behavior is very similar to the beha
ior of In~Ga!As dots in GaAs, and is attributed to formatio
of multiexciton complexes at higher excitation pow
densities.1–3At the lowest excitation power density we cou
use, the dot has a dominant emission line at 1.8128
which we attribute to emission from an exciton. At high
excitation power densities, we observe emission also
1.8123 eV, which we attribute to emission from bi-exciton
At even higher excitation power density we observe ad
tional lines, which we attribute to tri-excitons. Our assig
ment of the bi-exciton is somewhat uncertain and we can
exclude this line to be due to a charged exciton. Howev
different dots emitting at different energies, but being ne

FIG. 2. Small InP quantum dots showing drastically differe
spectral behavior. In~a! the spectra consist of a large number
sharp lines, whereas in~b!, at slightly higher energy, the spectr
consist of a few lines under low excitation power density and sca
highly nonlinear as the laser power is increased. We attribute
differences in the spectra from different charge situations, where
dot in ~a! is charged and the dot in~b! is neutral, demonstrated in
the insets.
0-2
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FIG. 3. Neutral dots of different size having
different relative separation of the exciton and b
exciton lines. In~a! the dominating exciton line is
at 1.749 eV while the energy of the biexciton lin
is approximately 1 meV higher. In~b! the dis-
tance is less than 0.4 meV and in~c! the lines
have changed positions and the distance is ab
0.7 meV with the bi-exciton on the low-energ
side.
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tral, show a very similar behavior which argues against
hypothesis that the relative position of the electron ene
and the Fermi level is important~as long as the Fermi level i
below the ground state of the electron!. In our experiments
we usually obtain a linear increase of the intensity with
creasing excitation power density for the exciton emiss
line but a nearly quadratic increase for the biexciton. A
though this is not complete evidence that our assignmen
correct it is not in disagreement. The spectral boundary se
rating charged and neutral dots has been found to vary so
what between samples. This is not particularly surpris
since the doping concentration, and thus the Fermi-level
sition, varies somewhat from sample to sample. The uni
shape and strain situation of the individual quantum dot w
also affect the position of the spectral boundary.

One puzzling aspect of the few-particle states in In
quantum dots in GaAs relates to the emission energy of
bi-exciton compared to the exciton emission. Most stud
have shown that the bi-exciton emission occurs at a lo
energy than the exciton emission,23 but there are also studie
that show the opposite ordering.24,25 In Fig. 3 we show PL
spectra of InP dots having different emission energies~but
still assumed to be neutral!, as a function of excitation powe
density. We find that for dots emitting at high energy, t
bi-exciton emission is on the low-energy side of the exci
line. However, for dots emitting at lower energy the orderi
is different with the bi-exciton emitting at a higher ener
than the exciton.

In Fig. 4 we have plotted the experimental energy diff
ences between the bi-exciton and the exciton emission
function of the exciton emission energy. We have also ca
lated this difference and we find an essentially compl
agreement between experiment and theory. Thus the ‘‘b
ing energy’’ of the bi-exciton can be either positive or neg
tive for small InP quantum dots, depending on the dot s
We believe that the same situation is true for InAs quant
dots in GaAs, which would resolve the apparent contrad
tion in the literature. The agreement between theory and
periment lends further support to our interpretation of
emission lines as due to excitons and bi-excitons.

IV. THEORY

In order to verify the experimental results, we have ma
theoretical investigations of small InP quantum dots us
the multibandk•p theory in the envelope function approx
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mation. Strain effects on the electronic structure of the
material as well as the matrix material were modeled us
the finite element method and the strain-depend
Hamiltonian.26,27 This theory has been successfully appli
to fully developed InP quantum dots in GaInP,17 and InAs
quantum dots in InP.28 The theory has also been used f
calculating the energy29,30 and optical oscillator strengths o
multiexciton complexes in InAs quantum dots in GaAs.25

Energy levels and wave functions were calculated in
single-particle approximation by solving a strain-depend
216 bandk•p Hamiltonian using the Lanczos algorithm
Relevant material parameters used in the calculations ca
found in Ref. 17. In order to take account of both dire
Coulomb interaction and particle-particle interactions, su
as the exchange interaction, a multiparticle base was form
out of products of the single-particle wave functions. B
cause of Kramer’s degeneracy the single-particle wave fu
tions are twofold degenerate. We can thus form 2ne1nh dif-
ferent basis functions, or products, givenne and nh single-
particle electron and hole states, respectively. For exam
by denoting the time-reversal operatorT, we can expand the
exciton~X! wave function in a linear combination of all pos
sible combinations of products between filled orbitals a
cording to

FIG. 4. Experimental and theoretical distances between exc
and bi-exciton emission. Positive values corresponds to a situa
where the bi-exciton emission is at higher energy than the exci
see Figs. 3~a! and ~b!. The dashed line is the calculated situatio
showing excellent agreement with experiments.
0-3
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C~rWe ,rWh!5awe~rWe!wh~rWh!1b@Twe~rWe!#wh~rWh!

1cwe~rWe!@Twh~rWh!#1d@Twe~rWe!#@Twh~rWh!#,

~1!

wherewe(rWe) and wh(rWh) are the ground-state electron an
hole single-particle orbitals and (a–d) are the expansion co
efficients. To solve the multiparticle Schro¨dinger equation by
using first-order perturbation theory we need to diagona
the 2ne1nh Hamiltonian given by

H5H01Hdirect1Hexch, ~2!

where H0 is the single-particle Hamiltonian,Hdirect and
Hexch are the direct and exchange Coulomb interaction,
spectively. BothH0 andHdirect are diagonal in the basis o
product functions, likewe(rWe)wh(rWh), but Hexch is not. The
exchange interaction represented byHexch is actually divided
into two pieces, one short-range and one long-range.
short-range part is from the interaction within a unit c
while the long-range part is from the interaction betwe
different unit cells. Because the short-range piece domin
in strength we will not consider the long-range piece. T
short-range piece is sometimes called the ‘‘empirical con
interaction.’’ The empirical contact interaction~eci! consists
of an ‘‘analytic’’ and a ‘‘nonanalytic’’ part.31 These parts are
also sometimes called short-range and long-range inte
or
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tion, which can be very confusing. The empirical conta
interaction, thus representing both the analytic and
nonanalytic part, is given by

Hexch,eci5a~sW •JW !, ~3!

wherea is a coupling constant,sW the spin-12 operator acting
on theG6 components of the conduction band, andJW is the
spin-32 operator acting on theG8 components of the valenc
band. The form of the exchange energy operator given
Eq. ~3! can be deduced by symmetry considerations.32

In our calculations, we have used an exchange coup
parametera of 0.2 eV nm3. Following the relations of Ref.
31, this value results in a reasonable exchange split of
than 0.1 meV for bulk InP.

Equation ~3! is only valid for the case when we hav
decoupled conduction and valence bands. This does not
stitute a problem because of the comparable large band
of InP resulting in a weak coupling between electrons a
holes. In order to find the energies of the different multip
ticle states we have to compute the matrix elements
Hexch,eci , given by Eq.~3!, in the product function basis an
then perform a trivial diagonalization. Assuming a spin
electron and using Pauli two-component and four-compon
formalism the matrix elements of the exchange operator
tween an electron and a hole will be on the form
^w i~rWe!w j~rWh!uHexch,eciuwk~rWe!w l~rWh!&5aE d3r eFFi1~rWe!

Fi2~rWe!
G†

sW FFk1~rWe!

Fk2~rWe!
G•E d3r h F F j 3~rWh!

F j 4~rWh!

F j 5~rWh!

F j 6~rWh!

G †

JWF Fl3~rWh!

Fl4~rWh!

Fl5~rWh!

Fl6~rWh!

G , ~4!
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where Fim is the envelope function for orbitali and band
indexm, sW 5(sx ,sy ,sz) is the angular momentum operat
in the j 51/2 space, andJW5(Jx ,Jy ,Jz) is the angular mo-
mentum operator in thej 53/2 space. By including the ex
change interaction we take the spinor structure of the mu
particle state of interest into account. In a quantum dot,
originally four times degenerate state will split due to t
exchange interaction and due to the low~or nonexisting!
symmetry into four nondegenerate levels. These four lev
occur in two closely spaced pairs where the lowest pair h
very low transition probability.

We specify the different multiparticle states by the occ
pation numbers of the single electron and single h
orbitals.25 For example, in our notation the four differen
exciton states are denoted (e10:h10)1 – 4/4, meaning that we
have one electron and one hole in their single-particle gro
states and no electrons or holes in the excited level~s!. The
subscript specifies the different states within an excha
i-
n

ls
a

-
e

d

e

-split multiplet as well as the total number of states.
In order to gain information about the transition amp

tudes of recombining electron-hole pairs, we have calcula
the transition matrix elements in the linear dipole appro
mation, assuming a transverse electromagnetic field.
keep track of the fermionic character of the particles, i.e.,
antisymmetry of the wave function, in transitions by the u
of electron and hole creation and annihilation operators,
noted (a†,b†) and (a,b), respectively, obeying anticommu
tation relations. For example, consider the stateue20:h20&
5a1

†a2
†b3

†b4
†u0&, where the numeric subscript indicates d

tinct orbitals andu0& is the vacuum state characterized by t
condition au0&50, bu0&50. The dipole operator can b
constructed of the annihilation operators and the dipole v
tor operators of the different possible transitions according
PW 5( i , j pW i j aibj . It follows that ^e10:h10uPW ue20:h20&5pW 13

2pW 142pW 231pW 24, where the minus signs indicate the an
symmetric character of the wave function.
0-4
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V. THEORETICAL RESULTS

Figure 5 shows the geometry of the InP quantum dot u
in the calculations. We use a pointed pyramid with$10n%-
and $11n%-type surfaces and with a height in the range 3
nm. The size and geometry was obtained by inspection
cross-sectional TEM images.33

Single-particle energy levels~ground states! are also
shown in Fig. 5 as a function of dot height for three differe
dot geometries. The dependence on the geometry is not
pronounced and we have chosen the geometry w
$114%-like surfaces for the more detailed calculations invo
ing multiparticle states.

Figure 6 shows the level diagram of the exciton and
bi-exciton. The exciton is split into four levels: two dar
almost degenerate levels and two, optically allowed, exc
levels with a splitting of about 0.3 meV situated 5 me
above the dark states. We believe that this split, although
line is forbidden, sometimes is observable as a line on
low-energy side of the main exciton emission line, as in F
3~a! at 1.745 eV. The direct interaction contributes to a bin
ing energy of the exciton of about 20 meV.

Although the exchange splitting in bulk is small, it can

FIG. 5. ~a! Geometry used for the theoretical calculations. T
example given is an island of 4 nm height. The surfaces
$114%-like and the structure is based on TEM studies.~b! Ground-
state energy levels in the conduction band as a function of
height. Three different geometries, having surfaces of type$113%,
$114%, and$115%, have been calculated.~c! Ground-state energy lev
els in the valence band as a function of dot height. The same t
geometries as in~b! were used.
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much larger in a quantum dot due to the confinement.31 Sev-
eral publications report considerably smaller splits. For
ample, Bayeret al. measures an exchange split of 0.15 m
for InGaAs dots in GaAs.34 However, experiments on colloi
dal InAs~Ref. 35! and InP~Ref. 36! quantum dots, as well a
epitaxially grown CdSe/ZnSe~Ref. 37! and InAs/GaAs~Ref.
25! dots, report values of several meV. The explanation
these discrepancies could merely be a manifestation of
1/R3 dependence of the exchange splitting,31 making it very
sensitive to the size of the quantum dots. The 1/R3 depen-
dence of the exchange splitting is derived for dots hav
infinitely high confining barriers and is weaker for dots wi
finite barriers, e.g., Stranski-Krastanow grown quantum d
The effect of size should thus be stronger for colloidal d
with a very strong localization of the charges. However,
inspection of our calculated wave functions shows that b
electrons and holes are strongly localized inside the dots
spite having finite barriers.

In Fig. 6~b! we can see a simulated spectrum of a reco
bining exciton (X), a charged exciton (X2) and a bi-exciton
(X2) for a 4-nm dot. The symmetric arrangement of the e
citon and the bi-exciton lines, with respect to energy, can
easily understood by inspection of the level diagram p
sented in Fig. 6~a!. The equal transition amplitudes ar
caused by the symmetry between the initial state in the
exciton recombination, (e20:h20)1/1, and the final state in
the exciton recombination, (e00:h00)1/1, i.e., the vacuum
state. A charged exciton contributes only with one sing
twofold degenerated line. The calculated transition am
tudes cannot be directly compared to the intensities see
PL, since the experimental intensities are highly depend
on the occupation probability of the various possible init
states, and can also be influenced by phonon interaction

In Fig. 4 we have plotted the transition energies of t
bi-exciton relative to the transition energy of the exciton,
a function of the quantum dot height. There is a very go
agreement between theory and experiment. Figure 7 sho
simulated spectrum of a doubly charged exciton (X22) and

e

ot

ee

FIG. 6. ~a! shows the states involved in the decay chain of
bi-exciton.~b! demonstrates calculated spectra with emission fr
the excitonX, the charged excitonX2, and the bi-excitonX2. In the
figure, the emission from the dark states have been enhance
visibility.
0-5
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of a doubly charged bi-exciton (X2
22) involving transitions

of the type (e21:h10)→(e11:h00) and (e22:h20)
→(e12:h10), respectively. The charged excitonX22 con-
tributes theoretically with 16 different lines while th
charged bi-excitonX2

22 has only four possible transition
when no excited electron orbitals are involved. The deg
eracy of the levels are indicated in the figure and is to a la
extent due to theC2v symmetry of the dot. The dots that w
measure most likely do not have any remaining symme
The number of emission lines from a doubly charged exci
then agrees quite well with the observed number of lin
Thus it is likely that we observe theX22 emission for dots
emitting at a low energy. There are, however, more lines
the experimental spectra than in the computed one. It is
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clear why this is the case but it appears that we also obs
transitions involving excited hole states. Such a situation
previously been found in InAs QDs in GaAs.38 It is clear that
a large amount of research is needed to give a complete
reliable assignment of every peak of a spectrum such as
in Fig. 7~a!.

VI. CONCLUSIONS

In conclusion we have shown that the size of a quant
dot, or more specifically the electron ground-state energy
the dot relative to the Fermi level, is a very crucial parame
that determines whether a dot is charged or remains ne
in a weakly doped host material. An electron ground st
located below the Fermi level allows the dot to be charg
whereas it stays neutral if the ground state is higher than
Fermi-level, i.e., for a small enough quantum dot. We ha
also shown that the doubly charged dot heavily complica
the emission spectrum, and that our calculations, in term
number of lines and emission energy range, agrees ra
well with the experimental data presented.

In addition, we have shown that the bi-exciton emissi
energy with respect to the exciton emission energy is s
dependent and can be on either side of the exciton emis
energy. For dots small enough, the main exciton peak is
ways positioned on the high-energy side of the biexciton
for slightly larger dots, the ordering is opposite.
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