
 

Instructions for use

Title Anomalous dip observed in intensity autocorrelation function as an inherent nature of single-photon emitters

Author(s) Nakajima, H.; Kumano, H.; Iijima, H.; Suemune, I.

Citation Applied Physics Letters, 101(16), 161107
https://doi.org/10.1063/1.4760222

Issue Date 2012-10-15

Doc URL http://hdl.handle.net/2115/51071

Rights
Copyright 2012 American Institute of Physics. This article may be downloaded for personal use only. Any other use
requires prior permission of the author and the American Institute of Physics. The following article appeared in Appl.
Phys. Lett. 101, 161107 (2012) and may be found at https://dx.doi.org/10.1063/1.4760222

Type article

File Information APL101-16_161107.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP

https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp


Anomalous dip observed in intensity autocorrelation function as an inherent
nature of single-photon emitters
H. Nakajima, H. Kumano, H. Iijima, and I. Suemune 
 
Citation: Appl. Phys. Lett. 101, 161107 (2012); doi: 10.1063/1.4760222 
View online: http://dx.doi.org/10.1063/1.4760222 
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v101/i16 
Published by the American Institute of Physics. 
 
Related Articles
Quantum-secured imaging 
Appl. Phys. Lett. 101, 241103 (2012) 
An extremely low-noise heralded single-photon source: A breakthrough for quantum technologies 
Appl. Phys. Lett. 101, 221112 (2012) 
Three-dimensionally isotropic negative refractive index assisted by two-photon resonance via quantum
coherence 
Appl. Phys. Lett. 101, 181102 (2012) 
Light propagation in an optically active plate with topological charge 
Appl. Phys. Lett. 101, 171114 (2012) 
Exploring constrained quantum control landscapes 
J. Chem. Phys. 137, 134113 (2012) 
 
Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/ 
Journal Information: http://apl.aip.org/about/about_the_journal 
Top downloads: http://apl.aip.org/features/most_downloaded 
Information for Authors: http://apl.aip.org/authors 

Downloaded 07 Jan 2013 to 133.87.26.18. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/233908216/x01/AIP/HA_Explore_APLCovAd_1640x440_Nov2012/APL_HouseAd_1640_x_440_r2_v1.jpg/7744715775302b784f4d774142526b39?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=H. Nakajima&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=H. Kumano&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=H. Iijima&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=I. Suemune&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4760222?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v101/i16?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4770298?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4768288?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4764553?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4764546?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4757133?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov
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We report the observation of an anomalous antibunching dip in intensity autocorrelation function

with photon correlation measurements on a single-photon emitter (SPE). We show that the

anomalous dip observed is a manifestation of quantum nature of SPEs. Taking population dynamics

in a quantum two-level system into account correctly, we redefine intensity autocorrelation function.

This is of primary importance for precisely evaluating the lowest-level probability of multiphoton

generation in SPEs toward realizing versatile pure SPEs for quantum information and

communication. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4760222]

A variety of single-photon emitters (SPEs)1–21 have

been widely investigated for applications in quantum key dis-

tribution (QKD),22 quantum information processing,23 and

quantum metrology.24 Single-photon emission has been dem-

onstrated by using quantum two-level systems formed in single

molecules,1,2 atoms,3,4 ions,5 color centers in diamond,6–9 and

semiconductor quantum dots (QDs).10–21 Generating single-

photon pure state is crucial for assuring the firm security in the

cryptography25 and also minimizing error rate in linear optical

quantum computing.26 Therefore, suppression of the multipho-

ton generation is strongly required for the practical SPEs.

Recently, with a variety of quantum systems, SPEs with

considerably low multiphoton probability have been

reported,4,13,15 and implementation to the prototype QKD sys-

tems has also been demonstrated.6,8,14,16

Photons generated from SPEs are generally inspected

with the Hanbury-Brown and Twiss (HBT) setup,27 where

photons separated into two arms are introduced to single-

photon detectors located on each arm for photon correlation

measurements. The intensity autocorrelation function28 is

composed of coincidence counts as a function of the delay

time s between photon detection events in each detector. The

coincidence counts at s ¼ 0 exhibit a simultaneous photon

detection by the two detectors. Therefore, multiphoton gen-

eration can be directly measured with coincidence counts at

s ¼ 0 (Refs. 1 and 10–12) and this usually appears as a peak
in the intensity autocorrelation function.

In this paper, observation of counterintuitive dip-shaped

structure at s � 0 in intensity autocorrelation function is

reported. We show the dip structure originates from an inher-

ent nature of a single quantum emitter. In order to explicitly

include population dynamics in a quantum two-level system,

we derive an extended form of the conventionally used inten-

sity autocorrelation function. This provides a way to precisely

determine the probability of generating single-photon pure

states from SPEs over a wide range of operating conditions.

InAs QDs grown on (001) GaAs by metalorganic

molecular-beam epitaxy was used to realize a SPE. For iso-

lating a single QD, pillar structures with the diameter of

500 nm were formed with reactive ion etching and were em-

bedded with metal to enhance photon extraction efficiency.

Further details on sample preparation are given in Refs. 18

and 19. Optical properties of the QDs were examined by a

standard micro-photoluminescence (l-PL) setup equipped

with a mode-locked Ti:sapphire laser (photon energy of

1.3920 eV, pulse repetition period of 13.2 ns, pulse duration

of �5 ps) and a Si charge-coupled-device detector. Figure

1(a) shows a l-PL spectrum observed from a single QD at

20 K. The excitation power was 2:1 lW which corresponds

to the average number of excitons ( �NX) photoinjected into

the QD of �0:2. The emission line centered at 1.3214 eV is

prominent and we focus on this line hereafter. From the lin-

ear excitation power dependence of the PL intensity and the

presence of finite exciton fine structure splitting,29 this emis-

sion line was assigned to be a neutral exciton (X0).

Under the same excitation condition, a photon correlation

measurement was carried out with the HBT setup employing

a pair of single-photon counting modules (SPCMs). Resultant

intensity autocorrelation function is displayed as black line in

Fig. 1(b) with its expanded view around zero delay in the

lower trace. The accumulation time for building up the histo-

gram with a multi-channel scaler was about 10 h. Strongly

suppressed coincidence counts at s � 0 manifest highly pure

single-photon emission from the present SPE.

Here, we analyze the measured intensity autocorrelation

function with a commonly accepted formula under nonreso-

nant pulsed excitation6,11,19,20

N�1 Bþ a0 exp � jsj
se

� �
þ
X
n 6¼0

an exp � js� n � Trepj
se

� �( )
;

(1)

where a0; anð6¼0Þ; Trep; se, and N are the degree of multiphoton

contribution (0 � a0 � 1), correlation peak height of nth ex-

citation cycle (anð6¼0Þ � 1), repetition period of the excitation

pulses, decay time constant of the emitter, and the normal-

ization factor, respectively.

Here, B is the baseline originating from an accidental

coincidence, estimated to be �0:009.30 As for se, we have in-

dependently measured the decay profile of the X0 emissiona)Electronic mail: nakajima@es.hokudai.ac.jp.
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line (inset of Fig. 1(a)) and obtained double-exponential

decay times of 0.9 and 6.1 ns. The shorter decay component

is the exciton lifetime commonly observed in InAs QDs,17

while the longer one is most probably due to additional tran-

sitions involving other excitonic states, such as dark exci-

tons31 or charged excitons.32 Intensity autocorrelation

function based on Eq. (1) is simulated33 and the convoluted

result with a system response function is displayed as the

green dashed line in Fig. 1(b). In this simulation, a0 was set

to zero assuming an ideal SPE. The overall properties are

well reproduced. However, the important finding is that the

measured coincidence counts at s � 0 are lower than the one

calculated with Eq. (1) for the ideal SPE. This is a clear indi-

cation of the anomalous dip in the intensity autocorrelation

function for SPEs, which is essentially alien to the com-

monly observed one.

The observed dip-shaped coincidence with a cusp at s ¼ 0

reveals that there exists qualitative difference between the

measured intensity autocorrelation function and Eq. (1). We

discuss, to clarify the difference, the coincidence counts

between photons labeled as the first and second photons trig-

gered by the different excitation pulses. Assuming for sim-

plicity that excitation pulse drives the exciton population in a

QD, pjXi, to unity and the second photons are emitted instan-

taneously after excitation at t ¼ Trep (Fig. 2). The pjXi initi-

ated to unity at t¼ 0 will relax to the ground state (GS) with

decay time constant of se as indicated by the green line in

Fig. 2. The coincidence between the first and second photons

indicated by the black arrow occurs at the delay time of

s ¼ Trep � t0, and its counts are proportional to expð�t0=seÞ,
which is the exciton population at the time of the first photon

emission. Provided that the exciton populated at t¼ 0 decays

independently of the next excitation at t ¼ Trep, the coinci-

dence counts could be recorded even for t � Trep ðs � 0Þ as

shown in the gray arrow. The conventional formula (Eq. (1))

is formulated under this situation, in which all the contribu-

tion of the photon pairs to the coincidence counts is summed

up uncorrelatedly to the population dynamics which takes

place in the excitation and emission processes (green dashed

curve in Fig. 1(b)). In a realistic quantum two-level system,

in contrast, once the first photon is emitted at the time

t0 ð0 � t0 � TrepÞ, the population in a QD is reset to the GS

and keeps in the GS until experiencing the next excitation at

t ¼ Trep as displayed by the black dashed arrow in Fig. 2.

Therefore, no coincidence count is possible for s � 0. This

gives rise to the essential difference between observed inten-

sity autocorrelation function and Eq. (1).

The population decay for s � 0 which brings unphysical

coincidence counts is expressed by expð�jsj=seÞ (green

dashed line) with its amplitude being normalized by the exci-

ton population at s ¼ 0. Since the sum of population proba-

bility over two states in the quantum two-level system is

unity for arbitrary delay time of s, physically valid coinci-

dence is given by the complementary counterpart of the

unphysical coincidence, i.e., 1� expð�jsj=seÞ. This term

corresponds to the modulation intensity to apply to the

unphysical coincidence counts given at each delay time of s
in Eq. (1), so that the quantum nature of the emitter as a two-

level system is appropriately incorporated into the intensity

autocorrelation function. This is the brief interpretation to

the observed anomalous dip structure with a cusp at zero

delay.

According to the above argument, we define an extended

intensity autocorrelation function including the population

dynamics in a quantum two-level system as

FIG. 1. (a) l-PL spectrum from a single InAs QD. Inset indicates a decay

profile of the X0 emission line (red circles) and fitted result (black line) con-

voluted with a response function of our whole system (dotted line). (b)

Measured intensity autocorrelation function (black line) for the X0 emission

line with a time bin of 100 ps. Simulated curves based on Eq. (1) with a0 ¼ 0

(green dashed line) and Eq. (2) (red line) are also shown. Both curves are

convolved with a system response function. Measured autocorrelation func-

tion has a cusp at s ¼ 0, which is not consistent with Eq. (1). The red curve

indicates the best fit to the measured function, which gives a0 ¼ 0:003.

Expanded view at s � 0 in a logarithmic scale is displayed at the bottom.

FIG. 2. Schematic of the dynamics of exciton population in a QD. Green

thin line indicates the decay profile of exciton populated at t¼ 0 as a func-

tion of t (bottom axis) and delay time s with respect to t ¼ Trep (upper axis).

After the first photon emission at t0, system stays in the ground state until

next excitation (black dashed arrow). Black arrow indicates possible coinci-

dence between the first and second photon emissions, while the gray arrow

corresponds to unphysical coincidence in which the exciton decay is inde-

pendent of the subsequent excitations as reflected in Eq. (1).

161107-2 Nakajima et al. Appl. Phys. Lett. 101, 161107 (2012)
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~gð2Þðs � 0Þ ¼ N�1 Bþ a0 exp � jsj
se

� �
þ
X
n>0

an exp

(

� � js� n � Trepj
se

� �
� ½1� expð�jsj=seÞ	

�
(2)

and ~gð2Þðs � 0Þ ¼ ~gð2Þð�sÞ.34 In comparison to Eq. (1), the

anomalous dip observed at s � 0 is satisfactorily reproduced

with the ~gð2ÞðsÞ as indicated by the red line in Fig. 1(b). Fur-

thermore, the extended function allows us to precisely deter-

mine the multiphoton contribution of a0 ¼ 0:003 which

cannot be derived with Eq. (1). These results demonstrate

that considering the population dynamics, as an inherent

nature of quantum emitters, is essential for evaluating the in-

tensity autocorrelation function under the pulsed excitation.

In what follows, we discuss the condition for emerging

the anomalous antibunching dip based on Eq. (2). The anom-

alous dip is caused by applying the modulation term 1� exp

ð�s=seÞ to unphysical coincidence counts characterized by

exciton population at t ¼ Trep, i.e., expð�Trep=seÞ (see Fig. 2

and Eq. (1)). Thus, for evaluating the a0, it is beneficial to

describe the dip depth as a function of Trep=se which is speci-

fied by selecting the emitter and the repetition period of the

excitation. Here, we introduce the dip depth defined by

D� ~gð2Þð0Þ ¼ D� a0, where D is the lower limit of the coin-

cidence counts at s ¼ 0 without considering the inherent na-

ture of quantum emitter,35 and we set B¼ 0. Figure 3

presents the calculated dip depth as a function of Trep=se for

some a0 values. In this figure, all traces tend to �a0 for suffi-

ciently high Trep=se, which indicates that peak-shaped coin-

cidence with the amplitude of a0 appears as the multiphoton

contribution. In this condition, Eq. (2) reduces to Eq. (1).

Actually, in most of the reports, a0 has been evaluated with

relatively high Trep=se region such as >10.1,5,10,11,14 How-

ever, for the low Trep=se region, dip-shaped coincidence

emerges. This is because the coincidence counts based on

the uncorrelated decay (green dashed line in Fig. 2) are over-

estimated, and the amplitude of modulation required to

include the quantum nature is enhanced for the low Trep=se.

Thus, the conventional formula (Eq. (1)) is no longer valid.

In the present case, since Trep=se � 2:2 and D > a0, the

anomalous dip was clearly observed as indicated by Fig.

1(b). Therefore, it is essential to employ the ~gð2ÞðsÞ espe-

cially for the SPEs with low a0 operating with low Trep=se

conditions such as high repetition cycles.20,21

Note that the fine fitting for the height of each correla-

tion peak at s ¼ n � Trep ðjnj � 1Þ shown in Fig. 2 is due to

relatively low excitation condition such that �NX � 0:2. For

larger excitation power, the peak heights are subject to the

effect of excitation rate of G as is the case with the well-

known antibunching lineshape in a single-photon emission

under cw excitation.36 On the other hand, the derived modu-

lation term 1� expð�jsj=seÞ is irrelevant to the G for s � 0

since the system is free from excitation.

In conclusion, we have reported the observation of an

anomalous antibunching dip in intensity autocorrelation

function with a semiconductor single-photon emitter. By

redefining the autocorrelation function to include the popula-

tion dynamics in quantum emitters, the observed dip was

clearly interpreted. Applying the extended autocorrelation

function to the result of the photon correlation measurements

enables us to evaluate one of the most important figure of

merit a0 even with relatively low Trep=se condition evoking

a dip at around zero delay. Our findings are invaluable to

deal with versatile single-photon emitters demanded for the

state-of-the-art quantum information devices.
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