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This paper studies the size dependence of biexciton binding energy in single quantum dots (QDs) by using atomic

force microscopy and micro-photoluminescence measurements. It finds that the biexciton binding energies in the QDs

show “binding” and “antibinding” properties which correspond to the large and small sizes of QDs, respectively. The

experimental results can be well interpreted by the biexciton potential curve, calculated from the exciton molecular

model and the Heitler—-London method.
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1. Introduction

Self-assembled
(QDs) have been intensively studied in the past few

semiconductor quantum dots
years.[! 73] Atomic-like features and narrow lines of the
luminescence have been observed in the exciton emis-
sion spectra due to the full spatial three-dimensional
confinement.*~11] Based on these unique features,
QDs have promising potential in many applications,
such as low-threshold laser,['2:13] optical amplifier, 4

and solid-state single photon source.['5—19]

In this paper, we have studied the size dependence
of the biexciton binding energy in single quantum dots
by using atomic force microscopy (AFM) and photo-
luminescence (PL). Exciton and biexciton emissions
are identified by the excitation power-dependent PL
spectra. The biexciton binding energies in the QDs,
denoted as Fox, show “binding” and “antibinding”
properties, corresponding to the large QDs (LQDs)
and the small QDs (SQDs), respectively. Based on
the exciton molecular model and the Heitler-London
method, we calculate Esx, as a function of the sepa-
rate distance between the two excitons.

2. Experimental details

Two self-assembled InAs QD samples A and B
were grown by molecular beam epitaxy on semi-
insulating GaAs substrates. Samples A (B) consist
of, in sequence, 500 nm GaAs buffer layer, 2.35 (2.25)
monolayer (ML) of InAs, 300 nm GaAs layer, and top
QD layer formed by the same growth conditions as the
first QD layer for AFM measurements. Details of the
growth process can be found elsewhere.l?”) In Fig.1(a),
AFM image shows that the LQDs in sample A have a
uniformly sized distribution, and five LQDs (marked
by 1, 2, 3, 4, 5) with the base length of about 60 nm
and the heights of 9.5, 9.8, 7.6, 7.5, and 8.3 nm, respec-
tively, are selected for calculating the Eox. Whereas
sample B has both large and small QDs, indicated in
Fig.1(b). Also, five SQDs (marked by 6, 7, 8, 9, and
10) with the base length of about 40 nm and heights
of 2.6, 1.8, 1.3, 1.0, and 0.8 nm, respectively, are used
to calculate the Esx.

Ensemble QD PL spectra were measured by a
Fourier spectrometer. The samples, mounted in a
closed cycle cryostat down to 10 K, were excited by an
He—Ne laser and the PL signals were collected by an
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LN-cooled Ge detector. Single QD micro-PL spectra
were measured by a low-temperature scanning confo-
cal microscopy. Samples were placed in a continuous
flow liquid helium cryostat cooled to 5 K. A micro-
scope objective (NA: 0.5) was used to focus He-Ne

laser on the QDs and collect the PL. The lumines-
cence was dispersed by a 0.5 m monochromator and
detected by an Si-CCD. The spatial resolution of the
micro-PL setup is about 1 pm.

Fig.1. 5 x 5 um? AFM images of the samples A (a) and B (b), where the selected QDs are marked by brackets

and numbers.

3. Results and discussion

Figure 2(a) displays the PL spectra of the sam-
ple A measured at 10 K. The ground-state exciton
transition energy (GSETE) is 1.005 eV with a full
width at half maximum (FWHM) of 22 meV, indi-
cating that the sizes of the QDs have a uniform distri-
bution. This description is consistent with the AFM
results. In order to shift the GSETE of the QDs to the
response range of the Si-CCD, the QDs were exposed
to a 30 s rapid thermal annealing at 950 °C. The
annealing-induced intermixing between the InAs QDs
and the GaAs barrier, shifts the GSETE to the higher
energy of 1.329 eV.2! The PL signals marked by a,
b, ¢ are the emissions from three large QDs (LQDa,
LQDb, LQDc), whose micro-PL spectra are shown in
Fig.3(b). Figure 2(b) shows the PL spectrum of the
sample B measured at 10 K. A broad and weak ex-
citon emission band at lower energy regime is found,
which means a broad distribution of the QD sizes, as
observed in the AFM image. Also, the PL signals
marked by d, e, and f are the emissions from three
small QDs (SQDd, SQDe, SQDf), whose micro-PL
spectra are shown in Fig.4(b). In addition, a very
strong emission peak on the higher energy side origi-

nates from the wetting layer.

Excitation power dependence of the micro-PL for
LQDa is presented in the inset of Fig.3(a). At low
excitation power of 9.4 nW, the peak X with an emis-
sion energy of 1.366 eV is observed. As the excitation
power increases to 40 nW, a new emission peak 2X
appears at an energy of 4.4 meV lower than the peak
X. To identify the emissions of the peaks X and 2X,
the integrated PL intensities, I, as a function of the
At low
excitation power limit, I can be fitted by a relation
of I o« P™, with n about 0.84 and 1.62 for peaks X
and 2X, respectively. Compared with the emission

excitation power P, are plotted in Fig.3(a).

of the peak X, we find that peak 2X occurs and sat-
urates at higher excitation power, and both have a
relation of Iox o I)Q(. Thus, the peaks X and 2X are
assigned to the emissions of the exciton and biexci-
ton, respectively. The deviation from the ideal linear
and quadratic excitation power dependence of the ex-
citon and biexciton emissions has also been observed
in QD emitting at 1300 nm.??l The LQDb and LQDc
also demonstrate the similar micro-PL spectra, as in-
dicated in Fig.3(b), where the exciton emission ener-
gies are 1.366, 1.364 and 1.345 eV for LQDa, b and c,
respectively. Compared with excitons, all biexcitons



2260 Dou Xiu-Ming et al Vol. 18

have lower emission energies and correspond to the binding energies of about —4.4, 3.8, and —4.5 meV for
LQDa, b, and c, respectively. In this case the biexciton state is called “binding” state. For clearly showing
the values of Esx, the exciton PL peaks in Fig.3(b) are shifted to the zero position. The other emission peaks

marked X* in Fig.3(b) may be related to the charged exciton emission.?3]

N (a) (b)
sample A sample B

2 P WL emission

= £

=} =]

2 as grown :

£ & £

] <

= L A B

-~ +

=1 =]

2 £

R i

A a

& &

annealing at 950 °C

x 10 a k/V\

0.9 1.0 1.1 1.2 1.3 1.4 1.0 1.1 1.2 1.3 1.4 1.5
Energy/eV Energy/eV

Fig.2. The PL spectra of the ensemble QDs measured at 10 K for as grown and annealed samples A (a) and
sample B (b) with the excitation power of about 1 uW. The arrows mark the PL signals of the QDs observed

in micro-PL measurements.

2985 2}\” X oo (® LQDs x* (b)
F91.2 h L
@ N 2 a: 1.366 eV
g 40.0 Ly x2 g -4.4 meV
O =}
. 9.4 nW X10 :
= O =
3 1350 1.359 3 *
~ ~ .
B Energy /eV o |bi1.364eV X
4 LQDa g -3.8 meV
L [}
— o X —
~ ® 2X A~ |ci1.345 eV
-4.5 meV
0.01 0.1 1 10 100 1000 —0.010 —0.005 0
Power/nW Relative energy/eV

Fig.3. (a) Log-log plots of the integrated PL intensity of LQDa as a function of the excitation power. Inset:
excitation power-dependent micro-PL spectra measured at 5 K. (b) PL spectra of three LQDs, shifted in energy
to align the exciton emission peaks. The exciton emission energy and the biexciton binding energy are given for
LQDa, b, and c.

In the inset of Fig.4(a), the excitation power-dependence of the micro-PL for SQDd is shown. At low
excitation power of 5 nW, an emission peak X is observed at 1.325 eV. With the increase of the excitation
power, the peak 2X appears, which is about 6 meV higher than the peak X. Similar to the case of Fig.3(a),
the integrated PL intensity as a function of excitation power is plotted in Fig.4(a). Depending on the linear
fitting results of the experimental data, I o< P", we find that the exponential n is about 0.954 and 1.964 for
peaks X and 2X, respectively. Then peaks X and 2X are attributed to the exciton and biexciton emissions,
respectively. The micro-PL spectra of SQDd, e, and f with the exciton emission energies of 1.325, 1.330 and
1.332 eV, respectively, are shown in Fig.4(b). The PL spectra show that the biexcitons have positive binding
energies, so called “antibinding” states, and correspond to the binding energies of about 5.9, 7.3, and 5.4 meV
for SQDd, e, and f, respectively. Here all exciton emission PL peaks are shifted to the zero position.
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Fig.4. (a) Log-log plots of the integrated PL intensity of SQDd as a function of the excitation power. Inset:
excitation power-dependent micro-PL spectra measured at 5 K. (b) PL spectra of three SQDs, shifted in energy

to align the exciton emission peaks. The exciton emission energy and the biexciton binding energy are given for

SQDd, e, and f.

As discussed above, there are “binding” and “an-
tibinding” biexcitons in the QDs, which should be re-
lated to the sizes of the QDs. It is in fact that for sam-
ple A, the annealing-induced blueshift of the GSETE
is most originating from the intermixing between the
GaAs and InAs layers. In this process, InGaAs QDs
are formed and the band-gap of the QDs is also in-
creased. This leads to the decrease of the confinement
potential but the geometric sizes of the QDs should
not alter significantly. This description is confirmed
by the PL spectra of the annealed ensemble QDs, i.e.,
the number of the confined states in QDs remains un-
changed and the energy separation between the con-
fined states decreases. Thus, in sample A, the LQDs
remain the large geometric sizes after annealing. But,
in sample B, the QDs have a broad sized distribution.
The SQDs, having higher PL emission energies, are
selected for micro-PL measurements.

Biexciton is a bound state of two excitons and
the binding energy is defined as the energy gain due
to the correlation and exchange interactions between
electrons and holes. In order to investigate the influ-
ence of three-dimensional spatial confinement on the
biexciton binding energy, we use an exciton molecu-
lar model to calculate Fox as a function of separate
distance between two excitons in bulk InAs. Then we
get the Fox in QDs by using exciton binding energy
in QDs instead of bulk InAs. Finally, the calculated
results are compared with the experimental data for
testing the validity of the model.

The Hamiltonian of a biexciton system in bulk
InAs containing two electrons and two holes24=26] are
given by

(LIl 1y
€ \T"2 Tab Tia T, T2b T2a

where indexes 1, 2 stand for the two electrons, and a, b
for the two holes, 112, Tap, 14, 18, T2, 24 fOr the cor-
responding distances between all four particles, and ¢
is permittivity. For bulk InAs, the effective mass of
the hole is about 10 times larger than the electron one,
i.e. mi ~ 10 m}. It is reasonable to treat the exciton
as a hydrogen atom and the biexciton as a hydrogen
molecule, and adopt the Heitler-London method to
deal with the Coulomb interaction between the elec-
trons and holes. So, the Hamiltonian of a biexciton
system can be reduced to

h2 2 h2 2
2m} ET1a 2my ET2p
e2 /1 1 1 1
+<+——>, (2)
€ \T12 Tab T1b T2a

where the first and second terms represent the Hamil-

tonians of the electron 1 in the potential of the hole a
and the electron 2 in the potential of the hole b, respec-
tively. These two terms describe two isolated excitons,
and mean that there is no interaction between them.
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The exciton binding energy is denoted by Ejy and the

736”/“0 , where
Ta

exciton wavefunction is ¢ (1) =
ag is the exciton Bohr radius. The t(ilil“d term rep-
resents the Coulomb interaction energy between the
electrons and the holes. Taking the electron spin into
account, we find that two electrons can form singlet
and triplet states. The singlet state of the biexciton
forms the ground state and the corresponding wave-

function ¥.4(1,2) is given by

where inside the first bracket is the symmetric spatial
wavefunction of two electrons and inside the second
bracket is the asymmetric spin wavefunction of two
electrons. Using this wavefunction, we can calculate
the Eox in the biexciton system. Therefore, the total
energy of the biexciton is given by

E = 2Ey + Exx
Q+J
= 2Fy + —— 4
0+ 1+ Sa ( )
where S is an overlap integral, ) a Coulomb integral,
and J an exchange integral. They can be expressed as

S = / Pa(1)ep(2)pa(2)pp(1)dridry = e (1 +(+ ;4‘2) :

€

2

2 2
Q= si ) +/;?¢3(1)<P127(2)d71d7'2 - 2/ - 290,2,(2)d7'2
—opex (2 L 3, 1o
e? e? o2
J = Erabs—'_/%‘Pa(1)9017(2)9011(2)3017(1)(317_1(317—2 —2/gralgoa(2)¢b(2)goa(1)gob(1)dﬁd72
— 2B | <1+C+1<2)2 —2(1+¢) <1+<+1<2> 42 (1+<+1<2) (5)
’ ¢ 3 3 8 3 ’
\
where ( = Zab .

Based on the expressions of Eqs.(4) and (5), Fig-
ure 5 plots the binding energy curve of the biexciton as
a function of the separate distance between two exci-
tons, where the unit of the X-axis is the exciton Bohr
radius ag, about 25 nm, and the unit of the Y-axis
is the exciton binding energy in InAs QDs Ej, about
10 meV, 7 instead of that in InAs bulk for considering
the influence of three-dimensional spatial confinement.
The biexciton binding energy curve shows that the
exciton-exciton interaction is attractive and a “bind-
ing” biexciton is formed when 74, > 0.8 ag. Whereas
it is repulsive between two excitons and forms a so-
called “antibinding” biexciton when 7., < 0.8 ag. In
order to understand the relation between the geomet-
ric sizes of the QDs and the states of biexcitons, it is
reasonable to define the effective diameter of the QDs,
D = (d?-h)'/3, where d and h are the base length and
the height of the QDs, respectively. Following this ex-
pression and the sizes of the QDs given by AFM, we
calculate the Ds, which are 1.30aq, 1.31ag, 1.21ag,

Eo>x /Eo

Tab/a0

Fig.5. Calculated biexciton binding energy curve as a
function of the separate distance between the two exci-
tons. The open triangles represent the effective diameters
of LQDs selected in Fig.1(a), and the reverse open trian-
gles represent the effective diameters of SQDs selected in
Fig.1(b).

1.20ag, and 1.24ag for LQD1, 2, 3, 4, and 5, respec-
tively, indicated by open triangles in Fig.4. For SQDs,
the calculated Ds are 0.64aqg, 0.57ag, 0.51ag, 0.47ag,
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and 0.43a¢ for SQD6, 7, 8, 9, and 10, respectively,
indicated by reverse open triangles in Fig.4. Then
the corresponding average Ds are 1.20ay and 0.52ag
for LQDs and SQDs, respectively. From the biexci-
ton binding energy curve, it is found that the average
biexciton binding energies for LQDs and SQDs are
about —4.4 meV (-0.44Fp) and 11.8 meV (1.18E)),
respectively. The calculated results are close to the
experimental values of Fsx, as indicated in Figs.3(b)
and 4(b), this means that the proposed simple model
is valid and can be used to study the biexciton binding
energies of the QDs.

4. Conclusion

Based on the excitation power-dependence of the
micro-PL, the excitons and the biexcitons are iden-
tified. The “binding” and “antibinding” biexcitons
are observed corresponding to the LQDs and SQDs,
respectively. Both the exciton molecular model and
the Heitler-London method are employed to calculate
the biexciton binding energy curve as a function of
the separate distance between the two excitons. This
curve can be used to interpret an attractive or a repul-
sive interaction between the excitons when biexciton
is confined in QDs.
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