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We have studied small InP quantum dots in a GalnP matrix theoretically and experimentally. Using low-
temperature photoluminescence spectroscopy in conjunction with sixkbandalculations, 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 undopéype 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.
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I. INTRODUCTION neutral, depending on the energy of the electron ground state.
We will also show that the emission of the bi-exciton can be
Optical investigations of individual quantum dd®D’s) either on the low-energy side of the exciton emission line or
are becoming more and more interesting due to progress i@h the high-energy side, depending on dot size. Furthermore,
the fabrication of low-density samples as well as in micros-we will show that experiment and theory agree well with
copy techniques. One of the most widely studied systems igach other.
guantum dots grown by the Stranski-Krastanow technique.
These quantum dots are usually coherent with the barrier
material and give strong photoluminescence. Investigations
of individual quantum dots have shown effects of few- The samples were grown by metal-organic vapor-phase
particle states;* strongly nonlinear electron-phonon epitaxy at low pressure. Initially a lattice matched layer of
coupling® random telegraph noifeand nonclassical photon Ga, 51Ny 4P Was grown on GaAs. Subsequently, two mono-
statistics® The most widely studied system is(@a)As dots  layers of InP was grown, which formed quantum dots after a
in GaAs, but we will here concentrate on the less well stud-12-s growth interrupt. A final cap layer of 100 nm GalnP was
ied system of InP dots in GalnP. Such dots usually grow in dhen grown. The sample was not rotated during the growth,
bimodal fashior?. There are thus two sets of doi§) fully resulting in a gradient in the dot density. In some regions of
developed dots with a typical size of 15 nm in height and 40the samples the separation of small dots was sufficiently
nm in width, and(ii) smaller dots with a height of less than large that single dots could easily be measured. The samples
5 nm and a width of about 40 nm. The fully developed dotsweren-type with a carrier concentration of about'i@m=3,
have been investigated by transmission electron microscopy For the photoluminescence measurements, a frequency-
(TEM),X® atomic force microscop¥. scanning tunnelling doubled yttrium-aluminum-garnet laser emitting at 532 nm
microscopy> and scanning tunnelling  induced was used. The samples were mounted in a cold finger cry-
luminescencé? single dot photoluminescend®L),** time-  ostat and a typical measurement temperature was 10 K. The
resolved photoluminescent®,capacitance spectroscolfy, emission was collected by a microscope, equipped with a
and by theoretical modeling both of the electronic structure long working distance objective having a numerical aperture
as well as of the equilibrium shap&These dots have proven of 0.4. For increased light collection efficiency we also used
to be suitable candidates for red laskts. a 3-mm hemisphere solid immersion lens with a refractive
One of the most significant features of the fully developedindex of 1.832* The emission was usually dispersed by a
InP dots is that they are highly chargednrtype materials single, 0.46-m, spectrometer but in some cases a double,
and the photoluminescence is dominated by emission fror.85-m, spectrometer was used. The signal was detected with
charged exciton®’ This is because the energy of the electrona charge-coupled device camera cooled by liquid nitrogen. In
ground state in the dot is below the Fermi level. We will hereorder to vary the excitation power density we used neutral
present evidence that the small InP dots can be charged density filters. Integration times from a few seconds up to

Il. EXPERIMENT
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FIG. 1. The middle trace shows the macro-PL
spectra of a typical sample. At an energy of about
1.65 eV there is emission from fully developed
InP quantum dots having multiple, and quite
broad, emission lines. This is true also for the
spectrum of individual dots. At higher energy, for
example 1.8 eV, there is emission from small InP
quantum dots which have narrow emission lines.
There is also emission from the substrate, the
wetting layer, and the GalnP barrier.

Energy (eV)

several hours were used, depending on the excitation powéevel, the dot should not be charged, indicated in the insets of
density. About 100 dots in ten samples have been investiFig. 2.
gated with very similar results. We have therefore investigated dots emitting at higher
energy and one example is shown in Figh)2 In this case
the photoluminescence spectra consist of very few lines at
low excitation power density. At higher excitation power
Figure 1 shows PL spectra of a typical sample. ThedenSitY’_ new emissi(_)n lines appear With_in_a few meV from
middle trace is a macro-PL spectrum where the main emi:sf[-he original lines. Th!S behavior is very s_|m|lar to the behav-
sion features come from the GaAs substrate at 1.5 eV, th&' of In(Ga)As dots in GaAs, and IS attnbutecj to_ formation
distribution of emission from the fully developed InP quan-©f Multiexciton complexes at higher excitation power
tum dots is centered at 1.65 eV, and at 1.9 eV and above th%ensmesl. At the lowest excitation power Qen3|ty we could
emission is from the InP wetting layer and the GalnP barrieHS€: the dot 'has a dom!nqnt emission Ime at 1'81.28 ev,
material. The figure also has a representative spectrum of"é{h'?h we attribute to emission from an exciton. At higher
fully developed dot, which shows the presence of severafXcitation power densities, we observe emission also at
broad emission lines distributed over basically the sam -8123 eV{ which we a.ttnbute to emission from b|-excnons..
range as the dot ensemble. At higher energy, between 1. even hlgher.excnat|on power de.nsny_ we observe "’.‘dd"
and 1.9 eV, there is emission from the smaller quantum dotg!onal lines, V\.’h'Ch. we 'attrlbute to tn-exmtqns. Our assign-

: ; ment of the_: b|_-eXC|ton is somewhat uncertain _and we cannot
figure. For the smaller dots the spectra consists of emission; clude this line to be due_ o a chargeq exciton. However,
lines which are substantially narrower than for the fully de-différent dots emitting at different energies, but being neu-
veloped QD’s and are limited by the spectral resolution of
our detection system, 50—1Q8eV, depending on configura-
tion. This behavior is very consistent from sample to sample
and essentially disproves the hypothesis that fluctuations ir
the charge state of the matrix are responsible for the line-
width of the fully developed dots in our samples, although a@
different behavior has been observed by other grééiphe  §
large linewidth of fully developed InP dots has instead beensg
attributed to a short dephasing time caused by a large numbe{:
of electrons in the do® In fact, if the number of electrons is &
reduced, the linewidth of the fully developed dots become §
narrow. Such a reduction of the number of electrons in theE
dots was achieved by a controlled change in the Fermi leve
using an applied electric bid8In Fig. 2(a) we show spectra
of a small dot emitting at an energy of about 1.7 eV. The
spectra consist of a multitude of lines, also at the lowest
possible excitation power density we could use, which is
very similar to the fully developed dots.

We attribute the large number of emission lines in Fig. £ 2 small InP quantum dots showing drastically different
2(a) to emission from charged excitons in this dot. The NUM-gpectral behavior. Ifa) the spectra consist of a large number of
ber of lines as well as the emission energy range is consistegharp lines, whereas ifb), at slightly higher energy, the spectra
with this interpretation and will be further discussed in Sec.consist of a few lines under low excitation power density and scales
V (theoretical results It is expected that the precise position highly nonlinear as the laser power is increased. We attribute the
of the Fermi level with respect to the electron ground stateiifferences in the spectra from different charge situations, where the
determines whether the dot should be charged or not. That isipt in (a) is charged and the dot ifb) is neutral, demonstrated in
if the electron ground state is positioned above the Fermihe insets.

IIl. EXPERIMENTAL RESULTS
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a) b) n <)
1000P 1000P 300000P
200P ” 200P M\ 100000F \ ’\ _ FIG. 3. Ne_utral dots c_)f different siz_e having a
different relative separation of the exciton and bi-
100P A “ 100P M 10000F, exciton lines. In(a) the dominating exciton line is
h at 1.749 eV while the energy of the biexciton line
S0F 30p 1000P L is approximately 1 meV higher. Itb) the dis-
108 10P 100P _JJ\ tance is less than 0.4 meV and (o) the lines
b X2 xﬁ‘ Xo Xo % have changed positions and the distance is about
* — i R 18 A 0.7 meV with the bi-exciton on the low-energy
LN__VJLA_» LWJW e N side.
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tral, show a very similar behavior which argues against thenation. Strain effects on the electronic structure of the dot
hypothesis that the relative position of the electron energynaterial as well as the matrix material were modeled using
and the Fermi level is importagas long as the Fermi level is the finite element method and the strain-dependent
below the ground state of the electjoin our experiments Hamiltonian?®?” This theory has been successfully applied
we usually obtain a linear increase of the intensity with in-to fully developed InP quantum dots in GatPand InAs
creasing excitation power density for the exciton emissiomquantum dots in InB® The theory has also been used for
line but a nearly quadratic increase for the biexciton. Al-calculating the enerdy>°and optical oscillator strengths of
though this is not complete evidence that our assignment isultiexciton complexes in InAs quantum dots in G&As.
correct it is not in disagreement. The spectral boundary sepa- Energy levels and wave functions were calculated in a
rating charged and neutral dots has been found to vary someingle-particle approximation by solving a strain-dependent
what between samples. This is not particularly surprising2+6 bandk-p Hamiltonian using the Lanczos algorithm.
since the doping concentration, and thus the Fermi-level poRelevant material parameters used in the calculations can be
sition, varies somewhat from sample to sample. The uniquéound in Ref. 17. In order to take account of both direct
shape and strain situation of the individual quantum dot willCoulomb interaction and particle-particle interactions, such
also affect the position of the spectral boundary. as the exchange interaction, a multiparticle base was formed
One puzzling aspect of the few-particle states in InAsout of products of the single-particle wave functions. Be-
guantum dots in GaAs relates to the emission energy of theause of Kramer’s degeneracy the single-particle wave func-
bi-exciton compared to the exciton emission. Most studiesions are twofold degenerate. We can thus forfa™2h dif-
have shown that the bi-exciton emission occurs at a loweferent basis functions, or products, givep andn;, single-
energy than the exciton emissighbut there are also studies particle electron and hole states, respectively. For example,
that show the opposite orderii§® In Fig. 3 we show PL by denoting the time-reversal operafyrwe can expand the
spectra of InP dots having different emission energieg  exciton(X) wave function in a linear combination of all pos-
still assumed to be neutjaks a function of excitation power sible combinations of products between filled orbitals ac-
density. We find that for dots emitting at high energy, thecording to
bi-exciton emission is on the low-energy side of the exciton
!ine._ However_, for dots_ emi_tting at I_0\_Ner energy the ordering Dot height (nm)
is different with the bi-exciton emitting at a higher energy 5 4 3
than the exciton.
In Fig. 4 we have plotted the experimental energy differ- 310 + A
ences between the bi-exciton and the exciton emission as £ ~
function of the exciton emission energy. We have also calcu-8 o 5| N
lated this difference and we find an essentially complete§ +
agreement between experiment and theory. Thus the “bind-g N
ing energy” of the bi-exciton can be either positive or nega- s 00 R
tive for small InP quantum dots, depending on the dot size.g ~
We believe that the same situation is true for InAs quantumy ;5 + +F *'-_'_
dots in GaAs, which would resolve the apparent contradic- ¢ £ &
tion in the literature. The agreement between theory and ex> +

periment lends further support to our interpretation of the 47z 1_'76 : 1_'78 ' 1_'80 182 184
Exciton emission energy (eV)

s
/

emission lines as due to excitons and bi-excitons.

IV. THEORY FIG. 4. Experimental and theoretical distances between exciton
and bi-exciton emission. Positive values corresponds to a situation
In order to verify the experimental results, we have madeyhere the bi-exciton emission is at higher energy than the exciton;
theoretical investigations of small InP quantum dots usingee Figs. &) and (b). The dashed line is the calculated situation,
the multibandk - p theory in the envelope function approxi- showing excellent agreement with experiments.
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‘I’(Fe,Fh)=a¢e(Fe)¢h(Fh)+b[TQDe(Fe)]th(Fh) tion, whlch can be very co_nfusmg. The emplrlqal contact
interaction, thus representing both the analytic and the
+Cee(r)[Ten(Fn) 1+ d[Teere) T Ten(r)], nonanalytic part, is given by
D

where ¢o(re) and ¢(r},) are the ground-state electron and Hexcheci= a(a-J), )

hole single-particle orbitals ané{d) are the expansion co- )
efficients. To solve the multiparticle Sclioger equation by  wherea is a coupling constantr the spins operator acting

using first-order perturbation theory we need to diagonalizgyp theI's components of the conduction band, ahé the

the 2" "™ Hamiltonian given by spin< operator acting on thEg components of the valence
band. The form of the exchange energy operator given by
H=Hy+ Hgirect+ Hexchs (2 Eq. (3) can be deduced by symmetry consideratitins.

In our calculations, we have used an exchange coupling
where Hy is the single-particle HamiltonianH girect @and  parametern of 0.2 eV nnf. Following the relations of Ref.
Hexch are the direct and exchange Coulomb interaction, resy this value results in a reasonable exchange split of less
spectively. BothH, and H;,ec; are diagonal in the basis of than 0.1 meV for bulk InP.
product functions, Iikape(Fe)goh(Fh), but Heycn is not. The Equation (3) is only valid for the case when we have
exchange interaction representedHhy . is actually divided decoupled conduction and valence bands. This does not con-
into two pieces, one short-range and one long-range. Thetitute a problem because of the comparable large band gap
short-range part is from the interaction within a unit cell of InP resulting in a weak coupling between electrons and
while the long-range part is from the interaction betweenholes. In order to find the energies of the different multipar-
different unit cells. Because the short-range piece dominateficle states we have to compute the matrix elements of
in strength we will not consider the long-range piece. TheHexcheci, 9iven by Eq.(3), in the product function basis and
short-range piece is sometimes called the “empirical contacthen perform a trivial diagonalization. Assuming a spin up
interaction.” The empirical contact interactideci) consists  electron and using Pauli two-component and four-component
of an “analytic” and a “nonanalytic” part! These parts are formalism the matrix elements of the exchange operator be-
also sometimes called short-range and long-range interatween an electron and a hole will be on the form

Fisfm ] [ Fia(fa)
w{aHdsrh Fia(to) | 5| Fraio
Fro(re) Fis(rn) Fis(rp)

Fie(rn) Fis(Th)

+

>

(oa

Fia(re)

R , 4
FiZ(re) ( )

<<pi<r’e><pj<Fh>|Hexcheci|<pk<Fe>¢|<Fh>>=af o,

where F;,, is the envelope function for orbitaland band -split multiplet as well as the total number of states.
indexm, 5:(%,%,02) is the angular momentum operator ~ In order to gain information about the transition ampli-
in the j=1/2 space anci:(Jx J,,3,) is the angular mo- tudes of recombining electron-hole pairs, we have calculated

mentum operator in th¢=3/2 space. By including the ex- the transition matrix elements in the linear d|polle approxi-
mation, assuming a transverse electromagnetic field. We

change interaction we take the spinor structure of the multis L of the fermionic ch fth cles. | h

particle state of interest into account. In a quantum dot, accP track of t ? r?rmlomcfc aracter of the partic ES' |r.]e.,t N

originally four times degenerate state will split due to the@ntisymmetry of the wave function, in transitions by the use
of electron and hole creation and annihilation operators, de-

exchange interaction and due to the Igar nonexisting da bt dGb velv. obevi ;
symmetry into four nondegenerate levels. These four level§0t€d @ ,b’) and (@,b), respectively, obeying anticommu-

occur in two closely spaced pairs where the lowest pair has Qti?nTreTIaEions. For example, consider the S_ﬂ@@ihZ@ ,
very low transition probability. =aja,bib,|0), where the numeric subscript indicates dis-

We specify the different multiparticle states by the occy-tinct orbitals and0) is the vacuum state characterized by the

pation numbers of the single electron and single hol¢condition aj0)=0, b|0)=0. The dipole operator can be
orbitals?® For example, in our notation the four different constructed of the annihilation operators and the dipole vec-

exciton states are denoted10:h10),_,,, meaning that we tOr operators of the different possible transitions according to
have one electron and one hole in their single-particle groun®=2; jpi;a;b; . It follows that (e10:h10/P|e20:h20)=p3
states and no electrons or holes in the excited (sv€The  —p,,— pos+ p,s, Where the minus signs indicate the anti-
subscript specifies the different states within an exchangsymmetric character of the wave function.
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a T4 a) b)
5 (e2:h2), - n
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£ 9 | 2 A
-10 (e1:h), 3
Distance [010] © 8
10 10 2 _.n
(All distances in nm) 44  Distance [100] (e T)ize - X
x| £ A
) + {113} ; X
_ 10 o |, i i
3 x_ {115} nm . : . .
- 1744 1746 1748 1750 1.752
g 18+ Energy (eV)
o
u FIG. 6. (a) shows the states involved in the decay chain of the
17 L L L L L L bi-exciton. (b) demonstrates calculated spectra with emission from
3 4 I5-|eight (nm? 7 8 the excitonX, the charged excitoK ~, and the bi-excitorX,. In the
figure, the emission from the dark states have been enhanced for
0.08L€) visibility.
g
3 006l much larger in a quantum dot due to the confineniéStev-

g I X eral publications report considerably smaller splits. For ex-
w ; ample, Bayeeet al. measures an exchange split of 0.15 meV
0.041x for InGaAs dots in GaAs? However, experiments on colloi-

3 — — —s 7 3 dal InAs(Ref. 35 and InP(Ref. 36 quantum dots, as well as
Height (nm) epitaxially grown CdSe/ZnSgref. 37 and InAs/GaAqRef.

25) dots, report values of several meV. The explanation to
FIG. 5. (a) Geometry used for the theoretical calculations. Thethese discrepancies could mere'y be a manifestation of the
example given is an island of 4 nm height. The surfaces arg /R3 dependence of the exchange splittﬁ]lgnaking it very
{114-like and the structure is based on TEM studigs.Ground-  sansitive to the size of the quantum dots. ThE3ldepen—
state energy levels in the conduction band as a function of doaence of the exchange splitting is derived for dots having
infinitely high confining barriers and is weaker for dots with
finite barriers, e.g., Stranski-Krastanow grown quantum dots.
*The effect of size should thus be stronger for colloidal dots
with a very strong localization of the charges. However, an
inspection of our calculated wave functions shows that both
electrons and holes are strongly localized inside the dots de-
Figure 5 shows the geometry of the InP quantum dot usedpite having finite barriers.
in the calculations. We use a pointed pyramid wjittOn}- In Fig. 6(b) we can see a simulated spectrum of a recom-
and{11n}-type surfaces and with a height in the range 3—8bining exciton ), a charged exciton{~) and a bi-exciton
nm. The size and geometry was obtained by inspections dfX,) for a 4-nm dot. The symmetric arrangement of the ex-
cross-sectional TEM imagés. citon and the bi-exciton lines, with respect to energy, can be
Single-particle energy levelgground statgs are also easily understood by inspection of the level diagram pre-
shown in Fig. 5 as a function of dot height for three differentsented in Fig. @). The equal transition amplitudes are
dot geometries. The dependence on the geometry is not vecaused by the symmetry between the initial state in the bi-
pronounced and we have chosen the geometry witkexciton recombination,g20:h20),,,, and the final state in
{114-like surfaces for the more detailed calculations involv-the exciton recombination,eQ0:h00),,;, i.e., the vacuum
ing multiparticle states. state. A charged exciton contributes only with one single,
Figure 6 shows the level diagram of the exciton and theéwofold degenerated line. The calculated transition ampli-
bi-exciton. The exciton is split into four levels: two dark tudes cannot be directly compared to the intensities seen in
almost degenerate levels and two, optically allowed, excitedPL, since the experimental intensities are highly dependent
levels with a splitting of about 0.3 meV situated 5 meV on the occupation probability of the various possible initial
above the dark states. We believe that this split, although thstates, and can also be influenced by phonon interaction.
line is forbidden, sometimes is observable as a line on the In Fig. 4 we have plotted the transition energies of the
low-energy side of the main exciton emission line, as in Fig.bi-exciton relative to the transition energy of the exciton, as
3(a) at 1.745 eV. The direct interaction contributes to a bind-a function of the quantum dot height. There is a very good
ing energy of the exciton of about 20 meV. agreement between theory and experiment. Figure 7 shows a
Although the exchange splitting in bulk is small, it can be simulated spectrum of a doubly charged excitdff () and

height. Three different geometries, having surfaces of §ids},
{114}, and{115};, have been calculatett) Ground-state energy lev-
els in the valence band as a function of dot height. The same thr
geometries as ib) were used.

V. THEORETICAL RESULTS
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a) b) (1) X2 (4 lines) clear.v_vhy this is _the case but it appears that we a]so (_)bserve
transitions involving excited hole states. Such a situation has
™) previously been found in InAs QDs in GaA%lt is clear that
a large amount of research is needed to give a complete and
(i) reliable assignment of every peak of a spectrum such as that
in Fig. 7(a).

c) X2 (16 lines)
3] ®)
3)3) VI. CONCLUSIONS

Intensity (arb. units)

1)) In conclusion we have shown that the size of a quantum
dot, or more specifically the electron ground-state energy of
the dot relative to the Fermi level, is a very crucial parameter
174 1745 175 1755 1745 175 1755 that determines whether a dot is charged or remains neutral
in a weakly doped host material. An electron ground state
located below the Fermi level allows the dot to be charged
FIG. 7. Experimenta(a) and simulatedb) spectra of a doubly ~Whereas it stays neutral if the ground state is higher than the
charged excitonX?~) and bi-exciton K3~) involving transitions ~ Fermi-level, i.e., for a small enough quantum dot. We have
of the type €21:h10)—(ell:h00), 16 lines, and €22:n20)  also shown that the doubly charged dot heavily complicates
—(e12:h10), 4 lines. the emission spectrum, and that our calculations, in terms of
number of lines and emission energy range, agrees rather
of a doubly charged bi-excitonXg ™) involving transitions  well with the experimental data presented.
of the type €21:h10)—(el1:h00) and €22:h20) In addition, we have shown that the bi-exciton emission
—(e12:h10), respectively. The charged excitdff~ con-  energy with respect to the exciton emission energy is size
tributes theoretically with 16 different lines while the dependent and can be on either side of the exciton emission
charged bi-excitorX3~ has only four possible transitions €nergy. For dots small enough, the main exciton peak is al-
when no excited electron orbitals are involved. The degenways positioned on the high-energy side of the biexciton but
eracy of the levels are indicated in the figure and is to a largér slightly larger dots, the ordering is opposite.
extent due to th&€,, symmetry of the dot. The dots that we
measure most likely do not have any remaining symmetry.
The number of emission lines from a doubly charged exciton
then agrees quite well with the observed number of lines. This work was performed within the Nanometer Consor-
Thus it is likely that we observe th¥?~ emission for dots tium in Lund and was supported by the Swedish Research
emitting at a low energy. There are, however, more lines inCouncil (VR), and the Swedish Foundation for Strategic Re-
the experimental spectra than in the computed one. It is ursearch(SSH.

Energy (eV) Energy (eV)
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