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We applied low-temperature diffraction-limited confocal optical microscopy to spatially resolve and spec-
troscopically study photoluminescence from single self-assembled semiconductor quantum dots. Using selec-
tive wavelength imaging we unambiguously demonstrated that a single photoexcited quantum dot emits light
in a few very narrow spectral lines. The measured spectrum and its dependence on the power of either cw or
pulsed excitation are explained by taking carrier correlations into account. We solve numerically a many-body
Hamiltonian for a model quantum dot, and we show that the multiline emission spectrum is due to optical
transitions between confined exciton multiplexes. We furthermore show that the electron-electron and hole-
hole exchange interaction is responsible for the typical appearance of pairs in the photoluminescence spectra
and for the appearance of redshifted new lines as the excitation power increases. The fact that only a few
spectral lines appear in the emission spectrum strongly indicates fast thermalization. This means that a multi-
exciton relaxes to its ground state much faster than its radiative lifetime.

[. INTRODUCTION avoid the inhomogeneous broadening and therefore expect to
explore the energy spectrum of confined charge carriers in

The study of electronic properties of the semiconductothe QD, and the interactions and correlations among
heterostructure of reduced dimensionality has been a subjetttem?~4 A typical signature of such studies is the appear-
of many recent extensive efforts. These efforts are motivatednce of sharp and distinct spectral lines in the low-
both by their potential device applications as well as by theitemperature photoluminescen¢BL) spectrum due to the
being an excellent stage for experimental studies of basidiscrete nature of the energy levels of carriers that radiatively
quantum mechanical principles. Semiconductor quanturmecombine within these “zero-dimensional” QD'!° Re-
dots(QD’s) of nanometer size are of particular interest sincecently, the effects of externally applied electric and magnetic
carriers are confined there within dimensions smaller thafields on such isolated quantum systems were studied by
their de Broglie wavelength. This confinement in three direcmonitoring their influence on the PL spectrdfnl®
tions results in a characteristic discrete energy spectrum and The presence of few confined carriers in such a small
a &-like density of state$. volume gives rise to correlated few carrier multiplexes!

One of the simplest and therefore most common ways ofvhich are unstable otherwise. Therefore, the analysis of the
producing semiconductor QD’s is the Stranski and Krastanowptical studies of these systems is fundamentally different
self-assembled growth of strained QRSAQD’s).>*In this  than the analysis of recombination processes in systems of
growth mode, the elastic energy associated with the lattichigher dimensionality.
mismatch strain between different epitaxially deposited In this paper, we present continuous wat@v) and
semiconductor layers is minimized through the formation ofpulsed PL spectroscopy measurements of the recombination
small islands connected by a thin wetting laydhese high  processes in single SAQD’s. For the analysis of our data we
crystalline quality islands are typically of pyramidal shape ofoutline a theoretical model that quite systematically explains
10-30 nm base dimensions and 2—8 nm héeigdy.capping  the measured PL spectra and quantitatively accounts for their
these self-assembled islands with an epitaxial layer of widedependence on the excitation power in both cw and pulsed
band-gap material and a lattice constant that is similar to thanode. In particular, we demonstrate that the electron-
of the substrate, high-quality QD’s are produced. One of theslectron €-e) and hole-hole If-h) exchange interaction en-
main disadvantages of this growth mode is the size distribuergies can be directly obtained from the PL spectra. We un-
tion of the SAQD’s, which is typically about 10%. This, ambiguously show, in fact, that these exchange terms are
together with possible distributions in composition, strainmost instrumental for the understanding of the experimental
field, and structural shape, gives rise to a large nonuniformityesults when more than two carriers of the same type partici-
of the SAQD properties in general and inhomogeneougate in the radiative process.
broadening of their optical spectral features in partictifar. This paper is organized as follows. In Sec. Il we present
This has been a long-standing impediment on the studies afur theoretical multiexciton model. In Sec. lll we present the
SAQD'’s, which has so far limited the ability to correctly low-temperature PL spectroscopy of single SAQD’s, and in
interpret and clearly understand the experimental data. Asec. IV the experimental data are discussed in terms of the
obvious way to overcome this obstacle is to optically study anodel of Sec. Il. Our conclusions are briefly summarized in
single quantum ddt:'! By doing so one can completely Sec. V.
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[l. THE MULTIEXCITON MODEL wave functions. They strongly depend, however, on the sym-
metry and spin degeneracy of these single carrier wave func-
tions. These are accurately given by the following very
We describe the many-body Hamiltonian of a single QDsimple single carrier model. In this model both electrons and
in terms of its single carrier energies and wave functions, holes are described by envelope functions that are the ana-
lytical solutions of a potential structure described by a rect-

A. Energy levels

_ h - h-h
H=Hfcet Hireet Hoou Heour: (1) angular box of dimensionk,,L,,L,, and infinite potential
where barriers,
[ 23 Ny, 7T n,m n,m
h Sy . X . y . z
Hfree:; 8ijrbj 1 H?ree:; S]a}-aj ’ (2) ¢|,B(X)_ LxLyLZSIn( L)( X) SIn(L_yy) Sln( I—z Z)’
()
gbemzi 2 aiT aiT aaG i, (3) whe;renx,n)_,,nZ (=1,2,3. ._.), are the quantum nur_nber_s as-
25050, L2 37471200304 sociated with the respective axes. We note that in this one-

band simplified model the smad-h exchange interactiGh
strictly vanishes.
ERPREN We now diagonalize numerically the Hamiltonigb) to
yield all the multicarrier energy levels and their correspond-
ing wave functions. Since in this work we study an undoped

e-h _ T T
HCOU|__ E ailai4bj3bj4G

i1.2.03.04

+ +
+j1,i§3,i4 aizai4b13b11GJ1vizvjavi4’ (4) sample in which carriers are excited optically, we deal here
only with neutral multicarrier states with an equal number of
1 electrons and holes. We note, however, that the model is
HQ;)hm:E 2 blblbib G i (5)  general enough to allow analysis of charged QD’s as well. In
l1:2:13:14 order to keep the description concise, we consider in the

In Egs.(2)—(5), a; b (aiT,bjT) are the annihilatioricreation ~ following discussion only the lowest four single electron and
operators for electrons and holes, respectively,@nd; are four single hole energy levels. These levels, denoted hereaf-
their corresponding one-particle energy levels within thef€r by (111, (211), (123), and(221), are characterized by the
QD. The summation indek (j) runs over all the electron quantum numbers associated W_lth the con_flnement a_long the
(hole) one-particle statesspin-degenerate states are in- Cartesian axes, y, andz, respectively. In this ge.ometncallly
cluded. The Coulomb interaction terms, Eq8)—(5), can be ~nonsymmetrick,>L,>L) box, each of these single carrier

expressed in terms of the one-parti¢ilectron and hoje  States is only doubly spinf() degenerate.

envelope wave functiong, g(x) as follows: 1. Uncorrelated carriers
_ T N As an example, we describe in Fifj a few simple cases.
G'11'2v'3"4_ 554'31553752f f d*x d°x ¢'1'B(X)¢|2,B(X ) First, we consider the case in which only one electron-hole
pair occupies the QDFig. 1(a)]. If the Coulomb interaction
e -, - within the pair can be ignored, it is readily seen that there are
qus,sﬁ(x )¢1,8(X), ® 16 possible different energy levels and each one is four times
degenerate due to the various electron and hole spin states
whered;; is the Kronecker delta argl ande are the spin and [left side of Fig. 1a), where for simplicity only four levels
charge of the respective single carrier st&e;C,V is the  are showh We denote the four lowest energy states of the
band index, and; represents the set of quantum numbersnoninteracting pair by, ' 71h*t, 1e'71h?|, 1e!|1hl7,
that characterizes the single carrier envelope function. and 1e'| 1hl], respectively. Here d(h)! means one elec-
Since the main subject of this work is the optical proper-tron (hole) in its lowest single carrier levell11). Similarly,
ties of a single dot containing few interactingcarriers in it, assuming that the effective mass of the hole is larger than
we chose to describe the single-particle states in the simpleitat of the electron, the degenerate states of the second en-
possible form. As shown below, a typical PL spectrum fromergy level are denoted byet|1h?7, 1e!11h?|, 1et|1h?T,
a single quantum dot is composed of a few spectral linesand let| 1h? |, respectively. In these states, one hole resides
These lines result from the multicarrier occupation of thein its second energy levéR11).
emitting dot. We show below that the spectral positions of The situation in which two electrons and two holes oc-
these lines, as well as their dependence on the excitatiocupy the dot can be similarly described. Here, there are al-
power, can be described by two important physical propertogether 784 biexciton states in 100 energy levels and, unlike
ties of the dots. Namely, the single carrier energy level sepahe exciton energy levels, the degeneracy is energy level de-
ration and the exchange integrals between these levels. Weenden{Fig. 1(b), where for simplicity only nine levels are
show that these twmost meaningfybarameters can, in fact, shown. There are nondegenerate levels such as the lowest
be accurately deduced from the measured spectrum. Furthdsiexcitonic energy level é11e!|1h*11h?|, in which all
more, we have found out that the exchange integrals betwedhe participating single carrier electron and hole levels are
single carrier states, the many carrier wave functions, and theelll. There are also levels of maximum of 16-fold degen-
oscillator strength for optical transitions between them areeracy, like '1e?1h'1h?, in which two different electron
not strongly dependent on the details of the single carrieand hole levels are half full. These energy levels and a few
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Uncorrelated Correlated by splitting it into three levels. The lowest level WitBé
S,m,S,,Sh =1 andS=1 is ninefold degenerate. The second level with
2) Single Exciton States S2=1(0) andS?=0(1) issixfold degenerate. The third is a
nondegenerate level, wisé=0 andS3=0. We demonstrate
Vlmi, 3 (4 below that this spin degeneracy removal reveals itself in a
0/1,m,1, 1 (4) characteristic multispectral line PL spectrum. We further
show that such a behavior is characteristic to all even multi-
0/l,m1, 1 (4) exciton (i.e., even number of correlated electron-hole pairs
Olm.t, 1 (4) cases.
b) Biexciton States _ B o

2 20212 B. Optical transitions between multiexciton states
eehh” (1) —

y 21in 0,0,0,0 (1) We proceed and calculate, using the dipole approxima-
cehhi() 0,0,0,0 (1) tion, the matrix elements for optical transitions between ini-
e’e’h'h’ (1) 1,m,0,1(3) tial and final exciton multiplexeémultiexcitons, which dif-

0,0,0,0 (1) fer by onee-h pair (exciton. Such optical transitions a-h
e'e?h?h (4) annihilati_on can occur onI_y between states of the s_a%u_e
S 0,0.0.0 (1) and S, eigenvalues. As discussed above for the biexciton
ele’n't’ (16) —  1m1,003) case, there are several hundred degenerate energy levels for

_— 0.0.0.0 (1) eachNth (N=2) multiexciton. Therefore, there are typically

eeh’h (4) ;7111},01/0,(1)/% ég) hundreds of allowed optical transitions of different photon
o,o,ojanfl’) ) energies between theN(+1)th to the Nth multiexciton
ele'h2k2 (1) 1.m.1.0 (3) cases. o . .
If the radiative rate is much slower than the thermaliza-
ele'h'h?@ — 00000 tion rate, fast thermalization to the ground multiexcitonic
iyt - 0,0,0,0 (1) states will significantly lower the number of these transitions.
eehh’ (1) ——— 1,m,0,1(3)

Our experimental observatithand other¥?! are definitely
in accordance with the assumption that the QD is in thermal
FIG. 1. Schematic description of the energy levels of the QDEJUilibrium when photons are emitted due to exciton annihi-
confined single-exciton and biexciton multiplexes. On the leftlation. Therefore, in the following, we consider only optical
(right) side of the figure the levels are described withauth) the  transitions from the ground energy level of eadti+(1)th
Coulomb interaction. The numbers in parentheses represent thBultiexciton to all possible levels of theth multiexciton.
level degeneracy and the symbels(h’) stand for electrorthole) As an example, we schematically display in Fig. 2 all the
in their ith (jth) single carrier level. allowed optical transitions that result from the radiative an-
nihilation of a triexciton in its ground energy level. The sub-
other noncorrelated ones are illustrated on the left side ofeduent creation of the biexciton states is also described in
Fig. 1. the figure. As can be seen, in the noncorrelated energy level
scheme(Fig. 2, left side only two optical transitions are
allowed. The first is due to the recombination of electron and
hole in their first one-carrier energy levels, and the second is
Let us consider now the effect of the Coulomb interactiondue to the recombination of electron and hole in their second
on these multicarrier states. Since the Hamiltonian is spinergy levels. In the correlated carrier picture, howeay.
independent it commutes with spin operators. Therefore2, right sidé we show that the first optical transition splits
their eigenvalues can be used to characterize the eigenstai@go two strong and one weak distinct transitions due to the
of the full Hamiltonian[Eq. (1)]. The “good” quantum  splitting of the 16 times degeneratée?h'h? energy level as
numbers that we introdut®are the total electrothole) spin  discussed above. This behavior is not limited to this optical
Sg(h), the total spins?, and its projection along the axis,  transition only. As can be readily understood, similar split-
S,. In the case of one electron-hole péisingle exciton”),  ting occurs also in every optical transition between odd to
as can be seen in the right-hand side of Fig. 1, the Coulombven higher multiplexes of excitons.
attraction gives rise to a rigid downward shift of all the en-  This splitting results directly from the exchange interac-
ergy levels. However, there is no degeneracy removal and aflon between carriers of the same charge. Its magnitude de-
the excitonic levels remain four times degeneréi®e note  pends on the Coulomb integral as given by Ej. In Table
here that the electron-hole exchange interaction, which wé& we list the nonvanishing exchange integrals that involve
ignore, should in principle, remove the degeneracy betweenarriers within the first two energy levels of our model rect-
the threeS?=1 states and the or@ =0 state of each energy angular QD. In these calculatiohs, Ly, andL, were set to
level %) 30.5, 30.0, and 5.0 nm, respectively, and the InAs dielectric
The situation is vastly different for the case of two elec-constant(15.0 was used? As we discuss below, these di-
trons and two holega “biexciton”). A noteworthy example mensions were chosen to best fit our experimental observa-
is the 16-fold degenerateel1le?1h'1h? level. Here, thee-e  tions. We note in Table | that the exchange integral between
andh-h exchange interactions partly remove the degeneracthe pair of level4211)-(121) and(111)-(221) is roughly half

0,0,0,0 (1)

2. Correlated carriers
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Uncorrelated Correlated ers the energy of th&l multiexciton levels, thus causing
S,m,S,Sh successive redshifts in the transition energies.
In Fig. 3 we summarize all the calculated optical transi-

—00® 0imi i@ tions resulting from the radiative annihilation of up to eight
multiexciton ground states. For these calculations an InAs
Biexciton States band gap of 0.625 eV and electron and hole effective masses

of 0.023 and 0.6 electron rest mass, respectively, were

used®* Here, only transitions that result from annihilation of
0,0,1,0 (1) electron and hole in their lowest two single carrier levels are
1,m,1,0 (3) considered. A thirfthick) solid arrow denotes transitions due
to radiative recombination o*h? (e’h?) pairs. A dashed

TriExciton Ground State
e'e'e’h'h'h’(4)

e'e’h’h?* (4)

e'e’h'h? (16)

different transitions of the same energy are drawn along the
same vertical lines. We note that the biexciton binding en-
@ c'h' exciton + e'h' recombination ergy, which amounts to 1.3 meV, is significantly less than
the =7 meV exchange splitting. The various exchange
terms, which give rise to the splitting and to the spectral
red shifts are also marked in Fig. 3. It is readily seen that
FIG. 2. Schematic description of the allowed optical transitionsoptical transitions from a ground level of an odd multiexci-
between the ground triexciton energy level to the biexciton stateson split in a similar way to the splitting discussed in Fig. 2.
without (left sidg and with (right sidg the Coulomb interaction. ~ Starting from the annihilation of the ground state of the fifth
The light (dark gray vertical lines represerth® (e’h?) pair re-  multiexciton, both optical transitions split similarly. In addi-
combination. tion, the emission spectrum of higher multiexcitons is shifted
downward in energy, relative to that of the lower-order ones.
the magnitude of that betwedml11)-(211) and (111)-(121).  The magnitude of this energy shift equals the splitting energy
We will return to this point in the discussion of our experi- and it can be easily traced back to be the sum of the ex-
mental measurements. change integrals of all the participating single carrier levels
Thee-e andh-h exchange interactions are responsible foras given in Table I. As a result of these spectral shifts, only
the line splitting described in Fig. 2. In addition, they give two new redshifted spectral lines appear every time that a
rise to a spectral redshift of optical transitions from succeshigher-order ground level of an even multiexciton recom-
sively higher multiplexes of excitons, as demonstrated irbines.
Fig. 3. These redshifts are caused by the number of exchange In Fig. 4 we present the calculated optical transitions due
interactions, which increases with the number of carriersto the recombination of electrons and holes from the two
Therefore, the sum of exchange interaction energies lowerlowest-lying single carrier energy levels of our infinite po-
the energy of thél+ 1 multiexciton levels more than it low- tential barrier QD, as a function of the number of excitons
within it. Figures 3 and 4 demonstrate the following points.

TABLE I. Calculated exchange energies for confined carriers@ Only two optical transitions are allowed for radiative re-

0,0,0,0 (1) o 1 Ly e
e'h'h! (4) 1,m,1/0,0/1 (6) arrow denotes the _recomblnatlon efh! or e'h _pairs,

2/1/0,m,1,1 (9) which becomes partially allowed due to Coulomb interaction

~ 0,0,1,0 (1) mixing. We present only the relevant levels that participate
S—] 1m0 in the radiative recombination processes of the ground mul-

cle'hh? (1) tiexciton Ievels. Since maln_ly symmetrical _glectron and hole
T configurations participate in these transitions, the energy

T 0,0,0,0 (1) level notation is common to both charge carriers. For ex-

eleh'h’ (4)  — ample, by 2h! we denote two electrons and two holes in
i S 0,0,0,1 (1) their respective first one-carrier energy levels. The vertical
e'e'h'h' (1) ‘.! ______________ T Lm,0,1 3) lines are numbered in increasing energy order. In this way,

—oo!

0,0,0,0 (1)

@ 1’ exciton * ¢’h® recombination

within the model quantum dot. combination of an even multiexciton ground state while up
to six transitions are allowed for a recombination of an odd
j NN, Ay (meV) Ay (meV) multiexcitor).(b)_ The same _optic_al transitior_1 can be_ due to
the recombination of up to five different exciton multiplexes.
1 111 3.49 (c) The magnitude of the energy splitting and the spectral
2 211 3.48 redshift for successively higher-order multiexcitons rapidly
3 121 3.48 1.57 decrease with the number of excitons, causing the reduction
4 221 1.57 2.98 of the transition energy to converge to a finite value. This
5 311 2.17 2.83 value can be easily associated with the renormalized band
6 131 2.17 1.14 gap of a highly excited bulk semiconducidrwe note here
7 321 1.14 1.27 that Fig. 4 describes the case of infinite potential barriers
8 231 1.14 1.89 with an infinite number of discrete confined single carrier
9 111 1.47 1.82 energy levels. In reality, however, we expect only a very few
10 141 1.47 0.84 confined single electron levels before the onset of a spectral

continuum.
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2¢h'2¢h®2¢h’ eh(4) —~— 01IM L1 (4)
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»

Transition Energy

FIG. 3. Schematic description of the allowed optical transitions due to single electron-hole pair annihilation from the ground energy
levels of the first eight QD exciton multiplexes. Transitions with@uith) consideration of the Coulomb interaction are displayed on the left-
(right) hand side. Light graythick dark gray vertical arrows denote the'h! (e?h?) pair recombination. The dashed vertical arrow
representg?h! pair recombination. & is the sum of electron-electron and hole-hole exchange energies between the first and second single
carrier levels.

C. Lifetime of multiexcitons calculated optical transitions. The calculated lifetimes for the

We assumed so far that the photogenerated multiexcitor&St few exciton multiplexes in our model quantum dots are
thermalize to their ground level much faster than their decaypresented in Table II.
rates. If in addition, we assume that any nonradiative recom- At any given time, only one well-defined excitonic mul-
bination rate is much slower than the radiative ones, then thiplex may exist in the QD. We define by (0<n;<1) the
multiexciton lifetimes can be directly determined from the probability of finding theith excitonic multiplex in the QD.
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source (we neglect stimulated emission throughout this

analysis. Equation(8) can be analytically solved for both cw
B and pulse excitations.

IIl. EXPERIMENTAL RESULTS

I
o
1

A. The sample

The SAQD sample studied here was fabricated by depo-
K I sition of a coherently strained epitaxial layer of InAs on an
n i Al,Ga _,As layer deposited on GaAs substrate. The layer
! ! sequence, compositions, and widths are given elsewflere.
The SAQD’'s were embedded within an (AGa) /As/
Alg 1Gay As quantum well structure in order to shift the PL
emission energy above the silicon band gap. We used sensi-
tive liquid-nitrogen-cooled charge coupled devi€&CD) ar-
| ray detector to perform the required very low light level
spectroscopy. Note, furthermore, that the A&, ;As barri-
ers prevent vertical diffusion of photogenerated carriers into
the SAQD'’s. Therefore, the only photons that generate car-
riers are those absorbed within the quantum wells. The gen-
erated carriers then diffuse laterally into the SAQD’s. This

allowed a quite accurate estimate of the SAQD photogener-
FIG. 4. Vertical bars represent the calculated allowed opticated carrier occupation. Note also that during the growth of

transition energies of increasingly higher QD exciton multiplexes.the strained layer, the sample was not rotated. Thus a gradi-

By light gray vertical bars we denote optical transitions into theent in the QD’s density was formed across its surface. In

upper nondegenerate exchange split states, which due to the lack particular, low-density areas, in which the average distance

degeneracy have smaller intensity. between neighboring QD’s is larger than our spatial resolu-
tion, could easily be found on the sample surface.

Thus, for exampleng is the probability of finding the QD

empty, andh, is the probability of finding a biexciton in the

- ' ! B. Experimental setup
QD. We describe the temporal evolution of an exciton mul-
tiplex by the following rate equation:

Number of Exciton

n
o
1

1.35 1.40
Energy (eV)

We use diffraction-limited low-temperature confocal op-

tical microscope for the PL studies of the single SAQD'’s.
dn noon The setup is schematically described in Fig. 5. We used a
d_tI:g‘_ L (8)  X100in situ microscope objective in order to focus the tun-
i Ti+1

able Ti:sapphire laser light at normal incidence on the
sample. Both cw and picosecond pulsed excitations were
used. The emitted light was collected by the same micro-
scope objective that was accurately manipulated in three di-
rections using computer-controlled motors. A CCD camera
based active feedback loop is used for stabilizing the
objective-sample working distance. The collected light was

spatially filtered, dispersed by a 0.22 m monochromator and
detected by a nitrogen-cooled CCD array detector. The sys-
tem provides diffraction-limited spatial resolution both in the

gi=n;_,G, ) excitation and the detection channels. We tested the com-

bined spatial resolution of our system by creating selective
whereG(t) is the total(time dependentQD exciton photo-

PL images of a cleaved edge of a single quantum well
5 . . .
generation rate anG(t) is proportional to the power of the (SQW sample’ The spatial full width at half maximum of
external excitation source at a given time. Equat@nsim-  theé SQW PL emission intensity was found to be

ply expresses the idea that the photogeneration rate ftthe 0-5—0-6um, in agreement with the expected diffraction-
multiexciton depends linearly on the probability that the dotlimited optical resolution at this wavelength={50 nm).

is occupied by the i(-1)th multiexciton. This means, of The collection efficiency of our system was carefully ob-
course, that the QD cannot be emptied by the excitatiot@ined from the measured spectrum of the reflected laser

Here; is the radiative lifetime of théth multiexciton andy;

is its photogeneration rafe Eq. (8), 7=~ andgy,=0]. We
note that in addition to the “conventional” first three terms
in Eq. (8), there is also a fourth term that describes the de
crease in theth multiexciton occupation probability due to
the photogeneration of the { 1)th multiexciton that causes
the ith multiexciton to “vanish.” The photogeneration rate
of theith multiexcitong; can be expressed as

eam. We found that approximatelyx30° photons give
TABLE II. Calculated QD multiexciton recombination ratés i€ to one CCD camera count.
units of 77 ).
C. Photoluminescence line scans and selective
! 5t 3t ! PR 7t gt wavelength images

1 1.9 1375 7.21 383 15 53.62 20

The dots position and characteristic emission wavelength
are found by taking PL line scans over the SAQD sample
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X100 microscope objective
1.10 B.S Spatial filter

Polarizer

X-Y-Z
translation Ti:Sapphire
el | TiSapphire

Cryostat

Auto focus
Feedback system

FIG. 5. Schematic descrip-
tion of the low-temperature
diffraction-limited confocal mi-
croscope setup.
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surface. Typical line scans are displayed in Fig. 6, where thepatial position, and thus conclusively proves that they are
PL intensity as a function of photon energy and objectiveemitted from one SAQD. The scanneduinx 6 um area of
position is given by the gray scale as indicated by the bars ifrig. 7 contains a few SAQD's, which we revealed in a simi-
the figures. During the line scan, the PL was excited bylar way (not shown.

7 wW (30 uW) of cw, 730-nm laser light, as shown in Figs. Using this procedu_re, we.found that, ir)deed, the average
6(a) and &b). The microscope objective was moved in stepsdistance between neighboring SAQD’s is larger than our
of 0.1 um [Fig. 6@] or 0.25um [Fig. 6b)], in each of spatial resolution. The PL spectra of each of these SAQD’s
which the PL spectrum was measured by exposing the cchow se\{eral characteristic features. In particular, the sharp
camera for 50 s. We note in Fig. 6 that at various positionSPectral lines form one or more groups, and each such group

along the scanned surface, spectrally sharp PL lines are OB{pically contains a pair of particularlly strong Iings. In gen-
served. These lines are due to recombination of exciton ral, the number of groups and their PL intensity strongly

O , o : - Oepends on the power of excitation.
V.V'thm smglt_a SAQD’s, as |nd_|cate(1:i5 by their resolution We note here that since the average distance between dots
limited spatial and spectral width$!® In the low-power

; . ~ is larger than our spatial resolution and is comparable with
scan, Fig. @), the_ PL spectrum from each SAQD is malnly_ the di?‘fusion Iength,Rche estimation of the densitypof the pho-
composed of a single spectral line. In contrast, however, IRogenerated carriers within the SAQD can be made quite
the high excitation scan, all the PL spectra contain a few Plgjiaply. One does not have to know the area of the exciting
lines, which appear in pairs. In order to convince ourselvegeam for this estimation. In addition, the resonant tunneling
that, indeed, a single SAQD emits more than one spectratructure of our sampté prohibits vertical diffusion of car-
line, we generated selective wavelength images such as thoggrs, which were generated outside the, 8a, /As layer
shown in Fig. 7. In Fig. 7 we show four 220 selective into the SAQD’s. From the measured power of the exciting
wavelength images of the sample surface. In order to obtaibeam and the known index of refraction and absorption of
these images we recorded the full PL spectrum at 400 arraghe layers we estimated the carrier generation rate within the
points, by exposing the CCD for 10 s at each point. In Fig.SAQD. Thus, using the measured lifetime of photoexcited
7(a) we present the PL spectrum obtained from one suclearriers in similar such SAQD’80.7 ns(Refs. 26 and 24
point, the position of which is marked by the crossing lineswe estimated that with LW cw excitation power, three
on the images of Fig. 7. Four distinct sharp spectral lines arexcitons occupy the SAQD on average. Under pulse excita-
observed in Fig. (&). The spectral wavelength of each of tion with the same average power, we obtain over 50 exci-
these lines was used to generate each one of the imagestohs per each laser pulse.

Fig. 7, respectively, by displaying the intensity of the PL at We show below that when nonradiative recombination
the selected line wavelength, as a function of the objectiveprocesses are taken into account, the above estimates are
position. Inspection of the images clearly demonstrates thatonsiderably reduced, due to the shortening of the single
each one of the four spectral lines originates from the samexciton lifetime.
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D. Power dependence of the PL spectrum of a single SAQD
. . FIG. 7. (a) PL spectrum of a single SAQDOb) 6 umx6 um

In Figs. 8 .and 9 We .present PL Sp_eCtra from a_ Slngleselective wavelength images of the sample surface. In each of the
SAQD for varlo_us_excnatlon pPW@‘rS’ using cw and p'COS_eC'lmages(l through 4 the intensity of the emitted P(as indicated by
ond pulse excitation, respectively. A short horizontal line,e gray scaleat the energy that corresponds to the spectral line as
represents the zero for each spectrum, after subtracting éown in(a) is displayed as a function of the microscope objective
constant background due to the emission from the GaAs. Thgosition. The cross on all the images marks the spatial position of

PL spectra of both cw and pulsed excitation, which weremne QD.

obtained from two different SAQD’s, are composed of two

groups of emission lines, with a few characteristic spectratrease in approximately a square root dependence on the
lines in each group. We assigned a serial number to the maigxcitation power. They saturate only for excitation powers of
lines according to their spectral position. Thus, the lowerover 500 W.

energy group is composed of line numbers 1 and 2 and the There are two main differences between the cw and
higher-energy group is composed of line numbers 4 and Sulsed excitation as can be seen by comparing Fig. 8 with
respectively. Line number 3 is approximately positioned infig. 9. First, the total PL intensity under pulse excitation is
between the two groups. The energy difference between theughly an order of magnitude lower than that under cw
groups amounts to 52 meV, while the difference between thexcitation. Second, under pulsed excitation, already at very
pair of lines in each group is approximately 7 meV. Theselow excitation power, most of the spectral lines appear.
energies are typical for the SAQD PL spectra. Under Finally, it is very important to note that at high excitation
1 uW cw excitation(Fig. 8 only the lowest-energy PL line power a typical spectral line appears in between line num-
number 1 is observed. As the power increases, more spectiigérs 4 and 5. The significance of this line and its importance
lines are observed. At 100W cw excitation, five main in determining the QD symmetry is briefly discussed below.
spectral lines are observed. When the excitation power is

further increased, two broad spectral bands appear to the IV. DISCUSSION

lower-energy side of each group of discrete lin€d and '

C2 denote these bands, which dominate the PL spectrum for Our experimental findings are analyzed in terms of the
yet higher excitation power. The rate at which the intensitytheoretical model presented in Sec. Il. Although the actual
of each emission line grows with the excitation power isshape of each of the SAQD’s that we studied is not known,
different. While the PL intensity of line numbers 2 and 3 earlier studies have shown that the base dimensions
saturates for excitation powers of 100V and 7 uW, re-  (=20-40 nm are much larger than its heigf2—6 nm.% The
spectively, line number 1 and line number 4 continue to in-exact values of the SAQD single carrier energy levels are
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FIG. 8. Single SAQD PL spectra at various cw excitation pow- adjusted thgsmal) amount by which the base geometrical
ers. The spectra are vertically shifted for clarity. The horizontal linedegeneracy is remov&tby choosing a rectangle base with
to the left of each spectrum marks the corresponding zero emissiomearly equal sides. A rectangle side difference of approxi-
The inset contains similar spectra from SAQD sample without alumately 1 nm, which resulted in 3 meV energy separation
minum. Note that in this case due to the much less efficient nonrabetween thee?h? and e3h?® single carrier states, best ac-
diative decay channels, the single exciton linember 2is the first  counted for the excitation power dependence of the PL in-
to be observed already at very low excitation powers. The biexcitortensity of line numbers 4 and 5, and the line in between them
line (XX) is also observed in these spectRef. 31. (see Fig. 8 Note that the dimensions that we obtain are very

well compared with the reported valu&sVe stress again
undoubtedly determined by their geometrical shapes, compdhat the specific geometry used here is different from that
sitions, strain fields, and dimensioffs2°However, these de- reported in the literature. But since we fit the confined energy
tails become of secondary importance for the understandinigvel separation, the exchange integral values and the “geo-
of the confined multicarrier optical transitions. We have thusmetrical degeneracy” to our data, the actual shape of the QD
chosen a short height, right-angle parallelepiped quanturhas only a secondary importance.
box of infinite potential in order to calculate the single par- We proceed by using our rate equat|dy. (8)] to calcu-
ticle wave functions and energy levels. The advantage of thitate the emitted PL spectrum as a function of the optical
simplistic description of the QD is that its single carrier en-excitation power. We found that at moderate and high exci-
ergy levels and wave functions can be expressed analyticalltion powers, our model quite nicely reproduces the mea-
[Eq. (7)]. We varied the dimensions of our model dot in sured spectra and their power dependence. At low powers,
order to obtain maximum agreement with the measured dathowever, there is a difference between the calculated order
By varying its base dimensions, we mainly affect the energyby which the spectral lines appear as the excitation power
difference between the single carrier confined levels withinncreases and the observed order. While the first observable
the box. We found out that a base dimension of 30 nm givepeak in the experiment is the lowest-energy pgmak num-
rise to=50 meV energy separation between &ta® single  ber 1), the model obviously predicts that the first observable
exciton level and the?h? level. This separation is related to peak should have been the single exciton peak, which resides
the energy separation between the two main groups of emist higher energypeak number 2 According to the model,
sion lines, which appear in the PL spectra of the SA@Be  only when the number of excitons in the QD exceeds two,
Fig. 8. By varying now the third dimension of the box, we the lowest-energy pealpeak number X should have ap-
mainly affect the Coulomb integrals as given by E&). The  peared. We explain this apparent discrepancy in terms of
values that we present in Table | were obtained with a boxonradiative recombination channels that are very efficient at
height of 5 nm, which best fitted the characteristic 7-meVlow excitation densities and quickly saturate at higher exci-
splitting between the lines in each group. Finally, we havetation densities. The nonradiative recombination reveals it-
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self in two ways in our experimental measurements. The first

is due to the overall count rates that we obtain, which for low M R N
power excitation are about two orders of magnitude lower 2] ] HEEN Lo
than the expected rates based on PL lifetime measurefhents o e o A L il —
and count rates at higher excitation density. The second is 0 et | | | '%‘“ﬁ“ oé
the actual absence of the exciton and biexciton spectral lines 4 SHORN : r4c
in very low density excitations. =

Such nonradiative recombination channels are known to o ] S y 28
be the result of aluminum contained in the layers in which B o et t] Manriiion 02
the SAQD’s are embeddéd These nonradiative rates affect 2 4] 1000w =
the recombination of carriers within the SAQD’s. 3 L2

In order to test this hypothesis, we have measured SAQD © .. , Py
samples without aluminum. Few such spectra are depicted i i 3
for comparison in the inset to Fig. 8. As predicted by our TS T ot chotiisgen ] 0T
model, in the absence of the nonradiative decay channels 4 W 43
associated with the aluminum, the single excitbne num- e
ber 2 and biexciton KX) lines are clearly observed in these 27 : _"2
spectra, already at very low excitation power. Under high 0 b IJ“L,L o afmspisidiese il ()
excitation power the spectra are quite similar to those pre- 1.28 1.32 1.36 1.40
sented in Fig. 8. More details on these results will be pub- Photon Energy (eV)

lished elsewher& The results are similar to those of Bayer

et al™® who similarly observed the single exciton peaks in  FiG. 10. Comparison between the measured and calculated PL
the PL emission from SAQD’s embedded in aluminum-freespectra for various cw excitation densities.

layers. The observation of the exciton emission was also re-

ported by other group™ The measurements by Brunner the cw and pulsed excitation. In the pulse case the average
et al® were performed on natural QD’s formed by size fluc- number of excitons within the SAQD, during the lifetime of
tuation of an AlGa, _,As/GaAs quantum well. Both exciton the photogenerated carriers, is considerably larger. For that
and biexciton lines were reported in the emission spectra ofeason, already at very low average power, all the character-

these QD’s. istic exciton multiplex lines are observed.
Thus, a fast nonradiative decay channel is assumed for the In Fig. 11 we compare the calculated and measured PL
lowest two exciton multiplexes. We then write 74,y  intensity of the five spectral lingd-5) as a function of the

=1lririer) T Urnr, Where Tig(oR) is the radiative lifetime photogeneration power. Figures (&l and 11b) represent
of the exciton(biexciton ground level andryR is their non-  the cw excitation case, while Figs. (tl and 11d) represent
radiative lifetime. Since at higher excitation densities ourthe pulsed excitation case. There is an overall agreement
model quite accurately agrees with the measured data, weetween the measurements and calculations. We note that
conclude that the nonradiative lifetime of higher excitonour model reproduces the evolution of the PL emission with
multiplexes is negligible in comparison with their radiative excitation power for both the cw and pulsed cases. More-
lifetimes. For higher-order multiplexes, saturation and posover, the absolute emission rates measured at the PL maxima
sible screening may make this nonradiative channel ineffecare comparable with our model calculations and the effi-
tive. For example, saturation of nonradiative decay channelsiency of our experimental setup. The excitation efficiency at
such as Shockley-Read-Hall are very well known in bulkthe onset of the emission detection is also comparable with
semiconductors® Excitation transfer to neighboring dots is our estimate and the above mentioned nonradiative rates. In-
yet another nonradiative channel for a single quantum dospection of the abscissas of the measured and calculated
(but not necessarily for dot assembjieshich will be satu-  curves, however, suggests that the number of excitons in the
rated just as well at high excitation density. By adjusting theQD is proportional to the square root of the excitation power.
ratio of myr/71r~0.01 we successfully obtain the low- Such sublinear dependence may arise from the inefficient
power excitation spectra and their power dependence. Theiffusion of photogenerated carriers into the SAQD at high
results of our calculations are compared in Fig. 10 with theexcitation densities. It is obvious that at these densities, lat-
measured PL spectra. We emphasize that the assumption efal diffusion of carriers as well as stimulated emission must
full thermalization is essential. It is easily verified that with- be correctly taken into account. These processes, however,
out this assumption the emission spectrum is composed of aare beyond the scope of this work.
enormous number of allowed optical transitions, in contrast Comparing the cw and pulsed excitation, and taking into
with the experimental results. account the repetition rate, we estimate the single exciton
The main difference between the calculated and measuraddiative lifetime ¢,g) as 3—5 ns. This lifetime completely
PL spectra is that the latter loses its discrete nature at higletermines now the effective decay times of the various PL
excitation power. This is due to the finite numberZ—-5) of  lines. Using our rate equations, we obtain for the various PL
confined electron levels within the “real” SAQD’s. Thus, lines decay times of 200-700 ps, in agreement with pub-
while in our model the exchange energies continue to vary ilished data obtained by measuring the PL decay time of the
a discrete manner with the multiexciton ordEigs. 3and %4  SAQD’s inhomogeneously broadened spectral*iié and
in the real SAQD’s it becomes continuous. our more recent time resolved measurements from single
Our model qualitatively explains the differences betweenQD’s 3!
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n

used for exact diagonalization of the many-body Hamil-

tonian, to obtain the many-body eigenenergies and wave
functions. The dipole approximation is then used for calcu-
lating the oscillator strength for optical transitions between

these eigenenergies and their radiative lifetimes.

By adjusting the dimensions of the model parallelepiped
we fit the experimentally measured spectra. In addition, we
analytically solve the multiexciton radiative rate equations
and carefully compare our calculations with the measured
data. From this comparison we conclude the following.

(a) The multiline PL spectrum of an optically excited QD
is due to optical transitions between confined exciton multi-
plexes.

(b) A multiexciton relaxes to its ground state much faster
<) than its radiative lifetime. Therefore, at cryogenic tempera-
X107 - ; tures a multiexciton radiatively recombines only from its
1.01 N ground state.

(c) The exchange interaction between single carrier states
of the same type reflects itself in the appearance of pairs of
lines in the PL spectrum.

(d) With increasing cw excitation power, the emission
intensity of the spectral lines reaches maximum and then
starts to decrease, while new spectrally redshifted lines ap-
pear. The new lines similarly depend on the excitation
power.

(e) The spectral redshifts of the new lines are due to the
exchange energy between single carrier levels of increasing
energy. Once the discrete levels of the QD are fully occu-
pied, spectrally broad bands are formed due to transitions

FIG. 11. (a), (b) [(c), (d)] Comparison between the measured involving continuum electronic states.
and calculated PL intensity of few spectral lines as function of the (f) The order by which the spectral lines appear and reach
cw (pulse excitation power intensity. The line numbers are in ac-their maximum as the excitation power gradually increases
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cordance with the peak numbers in Fig(Fg. 9. yields information about the symmetry of the QD. We show
that the self-assembled quantum dots that we investigated
V. SUMMARY have only spin degeneracy but no geometrical degeneracy.

We applied low-temperature diffraction-limited confocal (g) Efficient nonradiative decay channels determine the

optical microscopy to spatially resolve and spectroscopicalI)?ecomb'nat_'o_n times of single excitons in SAQD’s embedded

study photoluminescence emission from single selfIn Al containing Iayers._Therefore,_the actual measured PL

assembled semiconductor quantum dots. Using selectiﬁﬂeca}/ times at low excitation d_ensny are much shorter than

wavelength imaging we unambiguously demonstrated that e single exciton radiative lifetime that we found here to be
: - e : a few nanoseconds long.

single photoexcited QD emits light in a few very narrow

spectral lines.

In order to explain the measured spectrum and its depen-
dence on the power of either cw or pulsed excitation, we
outlined a theoretical many-body model. The model uses The research was supported by the U.S.-Israel Binational
analytical single carrier wave functions of a parallelepiped.Science Foundatiof453/97 and the Technion Fund for the
The Coulomb interaction integrals are then calculated angromotion of research.
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