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In this article, recent advances in single photon source technologies based on semiconductor quantum dots are
reviewed. After brief overview of progress in quantum dot photonic devices, we address various issues on
single photon sources for practical applications, such as operation of the devices at telecommunication wave-
length, higher temperature and highly efficient emission. To solve these issues, quantum dots embedded in
photonic crystal and GaN-based quantum dots are discussed, demonstrating impact of the quantum dots on

single photon source technologies.
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Fig.1 (a) 2nd order correlation photon counting histogram
of optical output of the quantum dot type single pho-
ton source with the emission wavelength of 1.546
micron (C-band) using Hanbury-Brown and Twiss
(HBT) correlation measurement system. (b) The
single photon pulse transmission experiment data
show the successful result in 30 km transmission at
C-band. Figure also includes the result of O-band
(1.3 micron).
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Fig. 2 Comparison of optical structures. (a) Normal: Low
yield of the light extraction by the dominant total
reflection at interfaces. (b) Mesa structure: Higher
efficiency of the light extraction through the surface
by the abrupt geometry change. (c) Horn-type struc-
ture: New design for high light extraction efficiency
through the back surface by the use of total reflec-
tion at interfaces with inversed geometry. (d) SEM
photograph of the test device with the Horn-type
structure. (e) Numerical Simulation result by FDTD
method.
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Fig. 3 Quality factor dependence of the light extraction ef-
ficiency in the photonic crystal nano-scale cavity. The
lifetime of non-radiative recombination is assumed
at 1 nsec. The limit of quality factor by the deviation
from the ideal design at the fabrication is assumed at
2% 109,
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Fig. 4 SEM photograph of L3 type photonic crystal nano-
scale cavity.

ol
ig)

_ (‘)n Y TrY TTTTTTTTTY _ (b), _ (C)'
g F 840 nm ] A§ [ 945 om E % 947 nm
$ 8000 2.4 kW/cm® { Z 8000} 14xwiem’ i1 ¢ 8000 | 1 4 xWicm®
2 A =
z z 2
gwm. gmmk E gww
£ P> i = L
_ )
820 ~lozo 1060 1100 Bga— 16501060 1100 885 1020 1060 1100
Wavelength [nm] Wavelength [nm] Wavelength [m)

Fig. 5 Photoluminescence spectra with the various excitation intensities, (a) 2.4 kW/cm? at 840 nm, (b) 1.4 kW/cm? at 945 nm
and (c) 1.4 kW/cm? at 947 nm, respectively. The spectrum (c) shows the result of the cavity resonant excitation.
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Fig. 6 (a) Typical emission spectrum of single GaN quantum dot. Inset shows the excitation light intensity dependence of the
integral luminescent intensity for single GaN quantum dot. (b,c) Correlation photon counting histogram under the con-
tinuum light excitation. (b) shows the self correlation histogram of peak 1 (X: exciton). The solid line is the calculated
fitting curve. (c) shows the mutual correlation histogram between peak 1 (X: exciton) and peak 2 (XX: molecular exciton).
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Fig. 7 (a) Photoluminescence spectrum and (b) correlation
photon counting histogram of single GaN quantum
dot by pulse light excitation at 3.5 K. The numbers
on the top of each pulse in the right side histogram
means the normalized pulse area size. The 2 solid
lines in the left side spectrum indicate the selected
area by the filter.
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Fig. 8 (a) Temperature dependences of the integral inten-
sity for the exciton emission and the lifetime of ra-
diative recombination. (b) Temperature dependences
of photoluminescence spectra. The excitation light
intensity is constant. Spectra are normalized at the
maximum value for every temperature. X, XX and
LO show the recombination assisted with the exci-
ton, the molecular exciton and LO phonon, respec-
tively.

b, BFFy PIEBAAEETELERTLIERST /L
LCHEELREH LRSI ENEENS. SEITHEEK
OEBRTEFE LD, EELOTV—T T, &, &
TRy FERA T AAZ 7 ADOBEIZ L A ETFIREDH
22, 73 Py ZRERERA T AT ADFEIZ X
BIAA v F 2 FERTOEBEBMWIZONT, BELREY
BTwd, 5%, IhonETF Ry N, 73 b2v 2
Wk, T/ AN A EORERN &t ) R
WO EY, BEF, BF, 7+ /7 YOS THIEL
REN, FEEYHRAICBIIAEEETTHLET,

HF, T A v DOEREER - SR A RO S AT
D, BETHEREMOBEICEST5I EE2MELV.

#H O

A2 ISR RIT 71 75 A TR SR ITER EB
EAMERE SO 27 FOXEBIZX D FEfTENT.

SE N

1) Y. Arakawa and H. Sakaki: Appl. Phys. Lett. 40 (1982) 939.

2) P. Michler, A. Kiraz, C. Becher, W. V. Schoenfeld, P. M. Petroff,
L. Zhang, E. Hu, and A. Imamogulu: Science 290 (2000) 2282.

3) C. Santori, M. Pelton, G. Solomon, Y. Dale, and Y. Yamamoto:

L ——tF7E 2006 4 11 A



Phys. Rev. Lett. 86 (2001) 1502.

4) C. Santori, D. Fattal, M. Pelton, G. Solomon, and Y. Yamamoto:
Phys. Rev. B 66 (2002) 045308/1/4.

5) K. Takemoto, Y. Sakuma, S. Hirose, T. Usuki, N. Yokoyama, T.
Miyazawa, M. Takatsu, and Y. Arakawa: Jpn. J. Appl. Phys. 43 7B
(2004) L993.

6) T. Miyazawa, K. Takemoto, Y. Sakuma, S. Hirose, T. Usuki, N.
Yokoyama, M. Takatsu, and Y. Arakawa: Jpn. J. Appl. Phys. 44
(2005) L620.

7) M. Pelton, C. Santori, J. Vuckovi¢, B. Zhang, G. S. Solomon, J.
Plant, and Y. Yamamoto: Phys. Rev. Lett. 89 (2002) 233602.

8) T. Asano and S. Noda: Opt. Express 14 (2006) 1996.

9) C. Santori, D. Fattal, J. Vuckovic, G. S. Solomon, and Y. Yamamoto:
Nature 419 (2002) 594.

10) A. Tandaechanurat, S. Iwamoto, and Y. Arakawa: o ¥ B 54
5553 M A4 E & 24p-L-5 (2006).

11) M. Ito, S. Iwamoto, and Y. Arakawa: Jpn. J. Appl. Phys. 43 4B
(2004) 1990.

12) M. Nomura, S. Iwamoto, K. Watanabe, N. Kumagai, Y. Nakata, S,
Ishida, and Y, Arakawa: Opt. Express 14 (2006) 6308.

13) T. Yoshie, A. Scherer, J. Hendrickson, G. Khitrova, H. M. Gibbs,
G. Rupper, C. Ell, O. B. Shchekin, and D. G. Deppe: Nature 432

F34%E 115 HEEET Ny bR AWCEEFRERIT O R

(2004) 200.

14) M. Nomura, S. Iwamoto, T. Nakaoka, S. Ishida, and Y. Arakawa:
Appl. Phys. Lett. 88 (2006) 141108.

15) M. Nomura, S. Iwamoto, T. Yang, S. Ishida, and Y. Arakawa: sub-
mitted to Appl. Phys. Lett.

16) Englund, D. Fattal, E. Waks, G. Solomon, B. Zhang, T. Nakaoka,
Y. Arakawa, Y. Yamamoto, and J. Vuckovic: Phys. Rev. Lett. 95
(2005) 013904.

17) S. Kako, K. Hoshino, S. Iwamoto, S. Ishida, and Y. Arakawa: Appl.
Phys. Lett. 85 (2004) 64.

18) M. Miyamura, K. Tachibana, and Y. Arakawa: Appl. Phys. Lett. 80
(2002) 3937.

19) K. Hoshino and Y. Arakawa: Phys. Stat. Sol. 0 (2003) 1101.

20) C. Santori, S. Gotzinger, Y. Yamamoto, S. Kako, K. Hoshino, and
Y. Arakawa: Appl. Phys. Lett. 87 (2005) 051916.

21) S. Kako, K. Hoshino, Y. Arakawa, C. Santori, S. Gotzinger, and Y.
Yamamoto: unpublished.

22) T. Nakaoka, T. Kakitsuka, T. Saito, and Y. Arakawa: Appl. Phys.
Lett. 84 (2004) 1392.

23) S, a4, W S, BRI RER R

24) S. Iwamoto, M. Tokushima, A. Gomyou, H. Yamada, A. Higo, H.
Toshiyoshi, and Y. Arakawa: Appl. Phys. Lett. 86 (2005) 141108.

755

P
s



