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研究開発背景
次世代量子情報通信技術

単一光子光源の現状

現状は・・・Weak Coherent Pulse

　　　　　　（減衰させたレーザ光）

量子情報通信における基本構成要素

量子
重ね合わせ

観測による
射影

量子
もつれ合い

・量子暗号
・量子通信
・量子コンピュータ
が実現可能に

・単一光子発生素子（qbit生成）
・単一光子検出器（qbit検出）

の開発が不可欠

理想的には・・Single Photon Pulse

時間

時間

パルス内光子数に揺らぎが存在
!通信速度の大幅な低下
!盗聴の危険性

パルス内光子数は1個に確定

真の単一光子源が必要固体材料　かつ
高繰り返し・オンデマンド発生が可能な

量子力学に基づく情報処理・伝送
従来技術の物理的限界を打破



本研究のアプローチ：cQED効果による自然放出制御
共振器量子電気力学 (Cavity Quantum Electrodynamics, cQED)

自然放出静的制御（弱結合） 自然放出動的制御（強結合）
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原子
（電子二準位系）'

共振モード

結合定数：g

弱結合状態：g ≪ κ, γ
自然放出レートの増強
（パーセル効果）

強結合状態：g ≫ κ, γ
ラビ振動（分裂）

高繰り返し
単一光子発生 単一光子の

任意時間発生



研究開発概略
1.　通信波長帯量子ドット（QD）"ナノ共振器結合系の作製とエネルギー同調方法の確立

2.　固体特有現象の解明による静的自然放出制御高効率単一光子発生

3.　単一励起子"光子強結合状態の形成とその動的制御の試み
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エネルギー離調が存在
QD内励起子：原子的電子二準位系
　　　　　　  通信波長帯発光

フォトニック結晶ナノ共振器：
　　　　　　微小体積に強い光閉じ込め

非共鳴共振モード発光の存在：単一光子発生を阻害
　　　　　　　　　　　　　　原因とその抑制方法

パーセル効果による単一光子発光の増強
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遷移準位が存在しないにも係らず発光

発光による強結合状態の観測：
新規モデルによる構造設計

強結合状態の形成・崩壊の任意制御：
励起子Power broadeningを用いた試み

decay of an initial state with independent initial popula-
tions, whose ratio is the same as that of the pumping rates.
The main result is to be found in the way incoherent
pumping, even if it is small, affects this intrinsic structure
of SC through Eqs. (7) and (8). This is demonstrated by
confronting the theory with the experiment. In Fig. 1, we
have optimized the global nonlinear fit of the results from
Ref. [3] with Eqs. (4)–(8). That is, the detuning (!a and
!b) and pumping rates (Pa and Pb) are the fitting parame-
ter from one curve to the other, while g and !a;b have been
optimized but kept constant for all curves. We find an
excellent overall agreement, that is instructive of many
hidden details of the experiment.

First, the model provides more reliable estimates of the
fitting parameters than a direct reading of the line splitting
at resonance or of the linewidths far from resonance: The
best-fitting coupling constant is g ! 61 "eV. The value
for !a ! 220 "eV is consistent with the experiment [12],
and the value for !b, which is the most difficult to estimate
experimentally, is reasonable in the assumption of large
QDs, as is the case of those that have been used to benefit
from their large coupling strength. Our point here is not to
conduct an accurate statistical analysis of this particular
work but to show the excellent agreement that is afforded
by our model with one of the paradigmatic experiments in
the field. Such a good global fit cannot be obtained without
taking into account the effect of pumping, even when it is
small. More interestingly, it is necessary to include both the
exciton pumping Pb (expected from the experimental con-
figuration) and also the cavity pumping Pa. The latter
requirement comes from the fact that in such samples there
are numerous QDs weakly coupled to the cavity in addition
to the one that undergoes SC. Beyond this QD of interest, a
whole population of ‘‘spectator’’ dots contributes an effec-
tive cavity pumping, which looms up in the model as a
nonzero Pa. The fitting pumping rates vary slightly with
detuning, as can be explained by the change in the effective
coupling of both the strongly coupled dot with the cavity
(pumping tends to increase out of resonance) and the
spectator QDs that drift in energy with detuning. We find
as best fit parameters at resonance Pa " 0:12!a and Pb "
0:18!b (the mean over all curves is !Pa " 0:15!a and !Pb "
0:28!b with rms deviations of "10%). The existence of Pa
in an experiment with electronic pumping is supported by
the authors of [3] who observed a strong cavity emission
with no QD at resonance. We shall see in the following the
considerable importance of this fact to explain the success
of their experiment.

From a fundamental point of view, our incoherent pump-
ing model of SC not only fills in a gap in extending the
theory to the steady-state case where the excitation is not
given (sometimes arbitrarily) as an initial state, it also
defines new criteria for SC. The conventional one, from
the condition that R be real at resonance, is, neglecting
pumping,

 g > j!#j: (9)

With incoherent pumping, it becomes

 g > j"#j: (10)

The full extent of this new criterion can be appreciated in
Fig. 2, where it is displayed in shades of blue the region
where R is real and in shades of red where it is pure
imaginary. This corresponds, respectively, to oscillations
or not in the time correlators and therefore to oscillations
(SC) or damping (WC) of the fields. In white (delimited by
the red frontier) is the region where there is no steady state
because of a too-high pumping. The dashed black line
delimits the conventional (without incoherent pumping)
criterion, Eq. (9). Regions 3 and 4 show how pumping
can make a qualitative difference. In region 3, given by
j"#j< g< j!#j, SC is not expected according to Eq. (9),
but holds thanks to pumping, Eq. (10) (in this case, thanks
to cavity pumping Pa; in inset, Pa is set to zero and this
region has disappeared). In region 4, given by j!#j< g<
j"#j, where on the contrary SC is expected according to
Eq. (9), it is lost because of pumping. In regions 1 and 5,
the effect of the pump is quantitative only, renormalizing
the broadening and splitting of the peaks, but is still
important to provide a numerical agreement with experi-
mental data. Region 2 is that where, although in SC, only
one peak is observed in the PL spectrum because of the

FIG. 2 (color). (a) Regions of strong (blue) and weak (red)
coupling at resonance in the space of parameters (!a, Pb), with
!b " 2:3g and Pa " 0:12!a fitting the experiment of
Reithmaier et al. [3], marked by a plain blue point. Region 1
exhibits line splitting, while in the darker area 2, although still in
SC, the splitting cannot be resolved. The dashed vertical line
marks the criterion for SC in absence of pumping, giving rise to
region 3, where SC is recovered (with line splitting) thanks to
pumping, and region 4, where it is lost because of it. In the inset,
the same but for Pa ! 0, in which case the line splitting of [3]
would not be resolved. (b),(c) Spectra of emission with increas-
ing exciton pumping Pb marked by the hollow points in (a). For
!a ! 2g in (b), SC is retained throughout and made more
visible. For the best fit parameter, !a " 3:6g in (c), line splitting
is lost increasing pumping, first because it is not resolved
[region 2 of (a)], then because the system goes into WC [region 4
of (a)].
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通信波長帯QD"ナノ共振器結合系の作製と
エネルギー同調方法の確立

成果1



通信波長帯QD"ナノ共振器結合系の作製
Bi:InAs/InGaAs QDウエハ

フォトニック結晶ナノ共振器

GaAs Substrate 

1 µm Al0.75Ga0.25As 

100 nm GaAs 

100 nm GaAs 

PhC slab 

Sacrificial 

layer 

DWELL 

Bi:InAs/InGaAs 
QD

C 

X GaAs 100 nm
Bi:InAs/InGaAs QD
GaAs 100 nm

Air
500 nm!

・通信波長帯発光
・低密度化が可能
・高い発光効率

Okamoto et al., JJAP in press.

Q ~ 10,000



光学測定系とエネルギー同調方法
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Spectrometer!
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linear array!
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for cavity tuning!

C: refractive index change of Air Region
X: no change of energy and dephasing 

共振モードエネルギーのみを変化可能 



固体特有現象の解明による
静的自然放出制御高効率単一光子発生

成果2



固体特有の非共鳴共振モード発光
非共鳴共振器発光

非共鳴共振器発光の原因と単一光子発生への影響

InGaAs
GaAs

InAs Cavity
Cavity mode

atom cavity

共振モード発光なし

原子共振器 QD共振器

Sanchez-Mondragon, PRL 51 (1983) 550.

cavity

exciton

Hennessy, Nature 445 (2007) 896.

共振モード発光あり

Tawara et al., Opt. Express 17 (2009) 6643.

共振モード発光はバリア層準位からの
背景輻射（複数光子）に起因

・単一光子発生を阻害？
・電流注入動作では回避不可



非共鳴共振モード発光とその光子統計

C
o

in
c

id
e

n
c

e
s

Delay ( s)

g
(2

)  (
)

0.9~1

! 

gC +X

(2) "( )

量子ドットは電磁界分布 
の節付近に存在

C
y
c
le

Energy (meV)

CX

! 

gC +X

(2) "( )

! 

gC
(2) "( )

! 

gX
(2) "( )

! 

gX
(2) "( )

! 

gC
(2) "( )

!cav = 10ns ~ 10µs !X = 1.3ns

Tawara et al., Opt. Express 17 (2009) 6643.

非共鳴共振モード発光が単一光子発生を阻害
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約150ピコ秒 
(~7GHz) ・ 60%以上の純度

・ 約150ピコ秒での繰り返し
での単一光子発生が可能！

非共鳴共振モード発光とその光子統計

量子ドットは電磁界分布 
の腹付近に存在

!X (1.3ns) ! !X+C (~ 150ps)   
                            << !cav = 10ns ~ 10µs 

Tawara et al., Opt. Express 17 (2009) 6643.

パーセル効果による
・単一光子発生の促進
・非共鳴共振モード発光の抑制



単一励起子"光子強結合状態の形成と
その動的制御の試み

成果3
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従来の単一光子発生 
（レーザ光強度を弱めたもの）

【問題点】 
単一光子発生の 
　・ 純度低い 
　・ タイミングバラバラ
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1

約150ピコ秒 
(~7GHz)

・ 60%以上の純度
・ 約150ピコ秒での繰り返し
での単一光子発生が可能！

光子統計

発生光子数（=1 or >1） の任意制御を実現！

単一光子状態

複数光子状態

励起条件で 
スイッチング

ラビ分裂

ラビ分裂

単一量子ドット ! ! 共振器

パーセル効果

次世代量子情報通信におけるキーデバイスの基本動作実証 
量子光メモリ等の量子光機能デバイスの動作原理に発展

半導体ナノ共振器

500nm
通信波長帯 
単一量子ドット

単一量子ドット ! ! 共振器

1

時間

光
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数本研究で 

用いた構造

ゼロ離調スペクトル


