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1. Introduction 

The semiconductor quantum dot (QD) draws attention 
as a medium for quantum computing because it has long 
carrier coherence time due to discrete energy levels come 
from strong quantum confinement [1]. Li et al. had already 
demonstrated the quantum logic gate using exci-
ton-biexciton correlation in single QD [2]. But single QD 
does not have scalability for realizing large number of bit. 
Accordingly, the carrier correlation in coupled QDs is nec-
essary for realizing large number of bit. Although there 
were a few studies of single pair of coupled QDs [3], the 
carrier correlations in single QD pair has not been reported 
yet. 

In this paper, we report the carrier correlations in single 
pair of coupled InAs/GaAs self-organized QDs. We meas-
ured micro photoluminescence (µ-PL) and two colors pho-
toluminescence excitation (PLE) of single QD pair and 
observed the correlations between excitons in coupled QDs. 
 
2. Experiments 

The samples are InAs QDs stacked on (100) GaAs sub-
strate grown by molecular beam epitaxy (MBE) with In-
dium-Flush method [4]. Each sample contains two InAs 
QDs layers separated by a GaAs barrier layer, where the 
thickness of barrier between QDs is 3, 5, 7nm respectively. 
The amount of indium supplied for 2nd QDs layer was 
smaller than that for 1st layer in order to make the QDs of 
upper and lower as same size. The in-plane density of QDs 
is 10~50pcs/µm2. The detail of growth producer was men-
tioned elsewhere [5]. Moreover, the metal mask aperture 
(0.2~0.5µmφ) was fabricated on the sample surface, and 
make it possible for us to measure single QD pair. In macro 
PL spectra, the luminescence peak from QDs ensemble was 
from 940 to 950nm due to size distribution of QDs. 

The micro PL and PLE measurements were performed 
under the micro spectroscopy system with 1m length dou-
ble monochromator and CCD detector, where spectrum 
resolution is 20µeV. The samples were cool down to 6K in 
liquid helium cryostat and two cw Ti:sapphire lasers were 
used as excitation sources in two colors PLE measurement. 

 
3. Results and Discussions 

Fig. 1 shows typical µ-PL spectra from single QD and 
single pair of coupled QDs excited at wetting layer energy. 
The spectra of coupled QDs have two groups of PL peaks 
at higher and lower energy side, where each group contains 

2~4 peaks which are mainly separated by 2~5meV. The 
origin of multiple peaks among a group may be due to ani-
sotropy of QD shape or hole states in our QD [6]. The no-
table feature of coupled QDs is that energy separation be-
tween the two groups increases with decrease of barrier 
thickness as described by ∆E in Fig. 1. On the contrary, the 
spectrum of single QD has only one group of peaks. We 
observed same features at several QD pairs, though peak 
energy are different each other in a reflection of inho-
mogeneity of QDs size. From these results, we attribute this 
energy splitting between two PL groups to wave function 
coupling, and interpret that these groups constitute bonding 
(X+), anti-bonding (X-) state respectively. In addition, we 
observed several common peaks to PLE spectra of both X+ 
and X- state. This phenomenon seems due to the coupling 
stats in coupled QDs. We will mention this phenomenon of 
PLE elsewhere. 

Fig. 1  µ-PL spectra of single pair of coupled QDs and single 
QD. Figure shows three different samples of coupled QDs, where 
thickness “d” of barrier between QDs is 3, 5, 7nm respectively. 

 
Next, we tried to observe the carrier correlations, 

namely correlations between excitons, in coupled QDs. If 
we can create carriers in both X+ and X- state, we will ob-
serve the carrier correlations by measuring the change of X- 
state due to the X+ state carriers. Therefore, we measured 
differential PLE (DPLE) by two colors PLE measurement. 
Fig. 2 shows the measurement concept of X+ and X- system 
in coupled QDs by two colors PLE. The measurement pro-
cedure of Fig. 2 is as follows. To begin with, we select the 
peak in X+ PLE spectrum whose energy does not respond 
to X- state as described “Pump” in figure after measurement 
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of one color PLE spectra of both X+ and X- state. Tuning 
wavelength of pump light source at this energy makes it 
possible for us to create carriers constantly in only X+ state. 
And then, we measure PLE spectrum of X- state by probe 
light source with or without pumping X+. Finally, we can 
obtain the DPLE spectrum of X- state modulated by the 
carriers of X+ state from subtraction between two PLE 
spectra. 

Fig. 2  The measurement concept of X+ and X- system by two 
colors PLE. 

 
In Fig. 3(a), we show DPLE spectrum of coupled QDs 

whose barrier thickness is 3nm. The remarkable feature of 
DPLE spectrum is the existence of decrease of lumines-
cence (absorption) excited at a particular energy as de-
scribed by # arrow. In order to confirm this feature more 
clearly, we measured the change of the PL intensity with 
the pump injection intensity. As shown Fig. 3(b), the PL 
intensity of X- decreases linearly with increase of X+ state 
intensity. The state filling effect cannot explain this obser-
vations, because the PL intensity of X- state increase due to 
interruption of carrier transfer from X- to X+ state when the 
state filling effect occur [7]. We, therefore, think this ob-
servation due to the results from the correlation between 
excitons in coupled QDs. And we guess that this correlation 
comes from the quantum interference effect at the interme-
diate common level to both X+ and X- state as Ref.8, which 
reflects the existence of the exciton coherence between X- 
and X+ state. 

 
4. Conclusions 
   We studied the carrier correlations in single pair of 
coupled InAs/GaAs self-organized QDs. We observed the 
energy splitting due to wave function coupling by PL and 
PLE measurement of single QD pair. We measured DPLE 
by two colors PLE measurement and found the phenomena 
related to the correlation between excitons in coupled QDs. 
These results largely contribute to understanding of coupled 
QDs system for applications of the quantum information. 
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Fig. 3  (a) PLE and DPLE spectra of coupled QDs, where the 
thickness of barrier is 3nm. Two colors PLE means PLE with 
pump of X+ state. (b) The change of the PL intensity with the 
pump injection. The X- state was weakly excited at # arrow en-
ergy in figure (a) excepting when the X+ state was measured. 
 
References 
[1] A. Barenco, D. Deutsch and A. Eckert, Phys. Rev. Lett. 74 

(1998) 4083. 
[2] X. Li, Y. Wu, D. Steel, D. Gammon, T. H. Stievater, D. S. 

Katzer, D. Park, C. Piermarocchi and L. J. Sham, Science 301 
(2003) 809. 

[3] M. Bayer, P. Hawrylak, K. Hinzer, S. Fafard, M. Korkusinski, 
Z. R. Wasilewski, O. Stern and A. Forchel: Science 291 
(2001) 451; G. Ortner, M. Bayer, A. Larionov, V. B. Timofeev, 
A. Forchel, Y. B. Lyanda-Geller, T. L. Reinecke, P. Hawrylak, 
S. Fafard and Z. Wasilewski, Phys. Rev. Lett. 90 (2003) 
086404; I. Shtrichman, C. Metzner, B. D. Gerardot, W. V. 
Schoenfeld and P. M. Petroff, Phys. Rev. B 65 (2002) 081303. 

[4]  Z. R. Wasilewski, S. Fafard and J. P. McCaffrey: J. Crystal 
Growth 201/202 (1999) 1131. 

[5] S. Yamauchi, K. Komori, T. Sugaya and K. Goshima, Jpn. J. 
Appl. Phys. 43 (2004) 2083. 

[6] T. Takagahara, Phys. Rev. B 62 (2000) 16840; W. Sheng and 
J.-P. Leburton, Phys. Rev. Lett. 88 (2002) 167401. 

[7]  S. Raymond, X. Guo, J. L. Merz and S. Fafard, Phys. Rev. B 
59 (1999) 7624. 

[8] H. Kamada, T. Takagahara, H. Ando, J. Temmyo and T. Ta-
mamura, Phys. Status Solidi A 178 (2000) 291. 

Pump
excited

X+ X-

Probe
excited

En
er

gy
Pump
excited

X+ X-

Probe
excited

En
er

gy

0 2 4 6 8 10 12

(b)

 

 

In
te

gr
al

 P
L 

in
te

ns
ity

Injected pump power [mW]

 X -
1

 X +
1

1.32 1.34 1.36 1.38

#
DPLE

2 colors PLE at X -
1

1 color PLE at X -
1

(a)

Pump
1 color PLE at X +

1

PL

X -
1

X +
1

 

 

 Photon energy [eV]

 P
L 

in
te

ns
ity

- 901 -




