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ſtƑç@wȟȲȵŖÅƧƯƷƲƵƨ

ɩȾɇɵì9,ƣƯƷƲƳƣ�

ĐĞ9Úƣ
Ć�ėçɭɸɬɶɘƣ
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ɴɸɋɸȡĉlțŢ¡ĬÜŲȪțȮōïțȆȵȲȁȟȞȘȕƧď~�ĖȄȌƯƮ*9ȡƯƨǻƣ
ɴɸɋɸ4JǺKtç�ȡɧɸɎȼȾɶɌɯɒȾɶ6ĴȞȝǺrȆȞŴäȢǿȵȮȡȡǺƣ
9,wċȞǽÂĈŊǾȢȓȡ�8ȚȀȞȀǻƣ
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ǽƯęǾȜȀȁÆƅƅƋƧßñ]ƨȢǺƯƮ*9ȡƯȲȴȮȮȘȜĿȀħ�ț
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ƯęȹéȭȵȕȭȡïyǹɷɷɷǹKtĳ9,ǺɱɫɑȾ/Ƣ

ƯęȡyķȡpŶƣƧLĸşÁǹLöƨ
R�Ȳȴ fþȡļťYÎ �gsƊÄȡƣƯƭƶƴƣƲƮƮƣ&

ǹǹƵ�ƶ×ƧƯF��Ư*9ȡƯƨě�ȡxy¦ƣ
ǹǹǹƧɩȾɇɵì9,ȡħ�ȜWě�ƨ

ƯƷƴƮ fþȡ.ťYÎ
ÉŅĘȡƯƷƮƮ�ƯÌƮÄƯưÆȟ~ȏȵsƊ�ȡƣ
ƯƭƱƯƣƳƳƴƣƷưƳƬƷƵƲƣƵƣ&țǿȵ

ǹǹƯƮ×ƧƯƮƮ*9ȡƯƨě�ȡxy¦

ƯƷƴƵ
ɐɌȿɫKtȡƣ
ŶĚYìÀ

ɐɌȿɫƯƱƱȡKtȡj�ù¬ȡ�șȡŢ¡Ĭ
ÜŲñ�ȡƅȡŶĚȟ~¤ȏȵ¾�ȡYÎȡƣ
ƷƣƯƷưƣƴƱƯƣƵƵƮƣ&ȡıĲÆƅțǿȵ

ǹǹƯư×ȡxy¦ƧƯƷƴƵ��Æƨ

ď~�ĖȄȌƣƹƣƯƮƫƯưƣƧƯ+9ȡƯƨ

əɔɤɱɸɣɲɸ9,ȡď~�ĖȄȌȹ5ƞȍȚȀȵȡțȤȜx¢ǻ
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R�ƣƸƣÄÆŏƣƧfþȡļťYÎȟWÎƨǹǹƯęȹïȵȡȢaƐƣ
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Æŏȡ�ĭȫ

Æŏȡ¦ĻǺħ�ȢȨȩ¹DŹțéȪȵƣ
ǹǹǹøȟġÆ¦ƣ
YìÀȡ�ĖȄȌȅWȎȞȳȣǺYìÀȡƠȀÃȅħ�ȢĿȈȞȵƣ
ǹǹƧď~�ĖȄȌȢ�ȌȈȞȵƨ
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¹DŹȡīt YìÀ

¹ȴt ɽƣ

ɖɶɤ ɽƣ

ƔM ɽƣ

ɇɂɸɕ ɽƣ

Ƨǅƽǋ/¹^Ťƨ ɽƣ

ɩȾɇɵìƣ
ƧŢ¡ĬÜŲƅŶĚƨ

ɽƣ

,ƙiȡŶĚ ɽƣ

ɳɡɍȿɫKtÆŏƣ
ɐɌȿɫKtÆŏ ȾɃɶÆŏǺ,ÖtÆŏ
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ǀǛǞǗƸǋǔǒǡǥǕǛǞǞǓǦǡǤƬǜǢǙ

ǚǦǦǢƸƭƭǗǠƬǩǛǝǛǢǗǖǛǓƬǡǤǙƭǩǛǝǛƭƣ
ǀǛǞǗƸǄǃǅƻƥưƵǥǒǥǦǤǡǠǦǛǧǟǒǡǢǦǛǕǓǞǒǓǦǡǟǛǕǒǕǞǡǕǝƬǜǢǙ
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10 Hz
103  Hz
104∼5  Hz
107  Hz

1010  Hz
1015  Hz
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ǘǤǗǣǧǗǠǕǫƭǤǗǥǗǓǤǕǚƭǡǢǦǛǕǓǞƫǘǤǗǣǧǗǠǕǫƫǥǦǓǠǖǓǤǖǥƭƣ
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Ơ}�ɷÚ�îç�Ktȡā

YìÀɉɸɫƧưƮƮƮƨ
YìÀŦ�ȡ!<Ȟǽ÷�ȍǾ

ď~�ĖȄȌƣƹƣƯƮƫƯƳƣƧƯƮƮƮ+9ȡƯƨ

ƂȌßñȡ3yķƧƯƷƶƱƨ
Ưɬɸɘɳƣƹƣ,ȅĐĞ
țưƷƷƪƵƷưƪƲƳƶ9ȡƯęȡƅȟŴȬţƏ

ħ�Ȣ�ȅȘȕȅǺȞȄȞȄÂȍȀĈŊȢ8ȚȋȞȀǻƣ
ȯȢȴȮȘȜħ�ȹƠȭȵ£ŉȅǿȵǻȜǺ�ƜȡÊȞȵ¸®ȢĲȈɷɷɷ

,ÖtÆŏƧưƮƮƱƨ

,ƙiȡKtÆŏȡď�æŧƧưƮƮƶƨ

Ơ}�ɷÚ�îç�KtȟȲȵƣ
SŌ,ƙiȟȃȉȵħ}YìÀïy

ď~�ĖȄȌƣƹƣƯƮƫƯƵƣƧƯƮ�9ȡƯƨ

ď~�ĖȄȌƣƹƣƯƮƫƯƶƣƧƯƮƮ�9ȡƯƨ,ÖtÆŏƧǐǔƨƣưƮƯƱ

ȾɃɶÆŏƧǂǙƩƪƣƻǞƩƨƣưƮƮƶ

ƧŔȹ¯ȍȚǳƨ
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Ƨ,ƙiƨ

ƧKtêhƨ

ƧKtĳhƨ


¦Ktƣ
,ÖtÆŏ

ęȡyķțǿȵɐɌȿɫKtÆŏȮȓȡħ�ȹ�ȊȚȀȵȅǺƣ
ÂȕȟƄĈȌȶȕ,ƙiȡÆŏȡħ�ȟŭȀ�ȊȳȶǺƣ
ưƮƮƮ��ƇȢ�<Ȟ®ȀȜȞȘȚȀȵ

ǌǤ

ǐǔ

ǌǤ

ǌǤ

ǐǔ



ŢħĖKtÆŏȦȡŵ

ƯƱ

ưƮƯƳƭƯƭưƱǺưƵǹſtȜ,ǹǽȮȘȜ,ȹƤƣǨǥƣ�%,ȹƤǾ

ď~�ĖȄȌƯƮƫƯƶȡ	Ą

�ĖȄȌȡ2Œȡœ ƣƧǗǤǤǡǤƭǧǠǕǗǤǦǓǛǠǦǫƣǔǧǖǙǗǦƨ

光格子時計(Hg+, Al+)、Science 319, 1808 (2008)

YìÀȟ�ƕȹNȩȏÝǼȞŉ_ȟșȀȚǺɌɣɘȡrȆȌȯƣ
ȓȶȟȲȵ�ĖȄȌȡrȆȌȹĬȄȟŊĜȮȵ

ƻǞƩƣțƣưƬƱƣǪƣƯƮƫƯƵǺǂǙƩƣțƣƯƬƷƣǪƣƯƮƫƯƵ
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ýeȡÆƅßñƧƯęȡyķƨ

3ȥÆŏȡǽãȍȌǾȟ~ȏȵć\

ɐɌȿɫKtÆŏƧɩȾɇɵìŶĚȹ<Ăƨ

ÂȍȀKtÆŏƧSŌ,ƙiȡŶĚȹ<Ăƨ

șȪȴýeȡƯęȡyķȡÃȅ�ãĖ

ď~�ĖȄȌƣƹƣƯƮƫƯƳƣƧƯƮƮƮ+9ȡƯƨ

ď~�ĖȄȌƣƹƣƯƮƫƯƶƣƧƯƮƮ�9ȡƯƨ
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Figure 1. (a) Schematic diagram of single-photon device, (b) scanning-electron
microscope image of actual pillar structures; and (c) optical excitation scheme.

density of approximately 25 µm−2. The quantum dots are centred within a GaAs spacer layer
one optical wavelength thick (274 nm), which is sandwiched between two distributed-Bragg-
reflector (DBR) mirrors. The DBR mirrors consist of alternating layers of GaAs and AlAs,
with designed thicknesses of 68.6 and 81.4 nm, respectively, which are both approximately
one-quarter wavelength thick. The wafer was etched to form micropillars, about 5 µm tall, using
sapphire dust particles as etch masks. These particles were spread randomly onto the sample,
and had a distribution of sizes and shapes, leading to pillars with diameters ranging from 0.3 to
>5 µm, as seen in figure 1(b). The straightness of the pillar sidewalls results from a particular
etching process, chemically assisted ion-beam etching (CAIBE). The pillar structures served as
three-dimensional optical microcavities, with quality factors as large as 1270 and mode volumes
of only a few cubic wavelengths. Often, the fundamental mode was observed to have polarization
non-degeneracy, due to asymmetry in the pillar cross-sections, with wavelength splittings of the
order of 1 nm. The cavities produced measured spontaneous emission rate enhancement factors
as large as 5 [11]. As a result, the spontaneous-emission lifetime for quantum-dot radiative
transitions on resonance with a cavity could be as short as 100–300 ps. It is usually acceptable to
have several quantum dots contained within a pillar, since the emission wavelengths of the dots
vary randomly over a wide distribution due to fluctuations in size and composition.

The operation scheme is shown in figure 1(c). A short (2–3 ps) optical pulse generated by
a tunable Ti-sapphire laser raises the quantum dot into an excited state containing one electron–
hole pair. The quantum dot then quickly relaxes (with a timescale of the order of 10 ps) to a
lowest excited state. This state then decays through a much slower spontaneous emission process
(100–300 ps) to emit a single photon. The spontaneous emission is collected and sent through
a narrow-band (0.1 nm) spectral filter. This not only removes background emission from the
sample, but also protects against events in which the quantum dot receives multiple excitations.
In these events, multiple photons are emitted, but each photon has a unique wavelength, as a
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