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The photostability of a colloidal single photon emitter in near-infrared regime at room temperature is investigated.
The fluorescence lifetime, blinking phenomenon, and anti-bunching effect of a single CdTeSe/ZnS quantum dot with an
emission wavelength of 800 nm at room temperature are studied. The second-order correlation function at zero delay time
is much smaller than 0.1, which proves that the emission from single quantum dots at 800 nm is a highly pure single-photon
source. The effects of the irradiation duration on the fluorescence from single quantum dots are analyzed. The experimental
results can be explained by a recombination model including a multi-nonradiative recombination center model and a multi-
charged model.

Keywords: colloidal quantum dots, single photon source, blinking

PACS: 61.46.Df, 61.46.Hk, 78.55.–m DOI: 10.1088/1674-1056/ad1090

1. Introduction
In recent years, breakthroughs in single-photon source

(SPS) technology have received much attention. The SPS
technology has been applied to quantum communication,
quantum computing, quantum key distribution (QKD), and
other quantum information fields.[1] Quantum dots (QDs) have
also been widely studied as important materials for making
single-photon quantum light sources. Arakawa and Sakaki
first proposed the concept of QDs in 1982.[2] At present, two
methods, i.e., epitaxy method and wet chemical method, are
mainly used to produce QDs . Both methods can efficiently
fabricate a single QD, while core–shell colloidal quantum dots
(CQDs) based on II–VI compounds can emit single photons at
room temperature due to their unique electronic properties.[3,4]

Herein we use core–shell CQDs as single-photon emitters in
this experiment because of their room temperature operabil-
ity and many other advantages. In 2000, CQDs were first
demonstrated as SPSs by Michler, et al.[3] In 2004, Brokmann
et al. successfully made an SPS by using CdSe/ZnS CQDs
with a central wavelength of 560 nm, the CQDs showed ob-
vious anti-bunching effect, and the effect of Auger recombi-
nation on luminescence of CQDs SPS was discussed.[5] In
2009, Yuan et al. studied the anti-bunching and blinking of
CdSe/ZnS CQDs at a wavelength of 700 nm, by coupling a
single QD with a silver nano-prism, they suppressed the blink-
ing phenomenon and enhanced single-photon emission.[6] We
developed and reported CQDs at a wavelength of 650 nm
as an SPS at room temperature in 2010.[7] Tang et al. de-
veloped all-inorganic CsPbX3 QDs with an adjustable pho-

toluminescence wavelength (400 nm–700 nm) by adjusting
the different compositions.[8] In 2017, Chandrasekaran et al.
investigated the feasibility of colloidal core/shell InP/ZnSe
CQDs as an SPS.[9] In order to transfer the maximum emis-
sion wavelength to infrared (IR) or near infrared (NIR), the
third element such as Te can be added into the core layer of
CdSe. In recent years, some studies have reported the syn-
thesis methods and optical properties of CdTexSe1−x-based
IR/NIR light-emitting CQDs.[10,11] In 2017, Hung et al. syn-
thesized CdTeSe CQDs at a temperature of 260 ◦C and real-
ized the single-photon emission of individual single-core/shell
CdTeSe/ZnSe CQDs.[12]

However, until now, an SPS of CdTeSe/ZnSe CQDs with
a wavelength of 800 nm at room temperature has rarely been
reported.[13] The QDs with longer luminous wavelengths are
sensitive to defect and surface state. These defects and sur-
face state can reduce the efficiency of radiation recombina-
tion of electron and holes, generating non-radiation recombi-
nation, thus reducing the fluorescence efficiency. The size of
the quantum dot with longer luminous wavelength is larger,
and the dimension of size and structure can also cause the flu-
orescence efficiency to decrease. This may generate a variety
of energy levels in QDs, thus complicating the radiation re-
combination of electrons and holes. Due to the lower quantum
efficiency of CQDs at longer wavelength, the single photon
emission around 800 nm is relatively difficult to realize. In or-
der to improve the fluorescence efficiency of long wavelength
QDs, we set up a precise measurement system in the experi-
ment. In this work, a single 800-nm CQD on a dielectric ma-
terial is investigated for SPS, and the fluorescence lifetime,
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blinking, and anti-bunching phenomena of a single 800-nm
CQD are characterized. A second-order correlation function
of g2(0) ≈ 0.005 is obtained, proving that the emission from
single CQD at 800 nm is a high-quality SPS. The optical prop-
erties of the single CQD SPS at 800 nm under various irradi-
ation durations are studied, and the photostability of colloidal
single-photon emitters under near-infrared conditions at room
temperature is investigated. The emission wavelength of the
investigated single photon source is about 800 nm, which is
comparable to the wavelength of the practical QKD applica-
tion system, such as Micius, quantum communication satellite
system. Combined with room-temperature working condition,
the single photon source at 800 nm has important potential ap-
plication prospects.

2. Materials and experiment system
QdotTM 800 ITKTM CQDs from Thermo Fisher were

used in our experiment.[14] The structural schematic diagram
of a colloidal quantum dot is shown in Fig. 1(a). The thick-
ness of the core–shell layer was a few nanometers, but with
the surface polymer, the total diameter of the quantum dots
reached 15 nm–20 nm. The emission wavelength of the QDs
we used was 795 nm±10 nm, the FWHM was 89 nm, and
the quantum yield was 63%.[14] The photoluminescence (PL)
spectrum of CQDs in solution was measured, the actual center
emission wavelength was 780 nm as shown in Fig. 1(b). The
images of CQDs scanned by using Oxford’s AFM instrument
are shown in Figs. 1(c) and 1(d). The original concentration
of CQDs was 10−6 M and diluted to 5×10−11 M with hexane
(C6H14) for characterizing single photon emission. We intro-
duced the low-concentration CQDs onto the surface of a piece
of sapphire material with a thickness of 175 µm by using a
drop-dragging method.[15]

The schematic diagram of measuring optical path in the
experiment is shown in Fig. 2(a). To improve the collection
efficiency of the single-photon signals, an oil objective with
refractive index matching oil was used as shown in Fig. 2(b);
the oil objective lens was 100× with N.A.= 1.25. The CQDs
were excited by a 400-nm laser with a pulse width of 30 ps and
a repetition rate of 10 MHz. The laser passed through an at-
tenuator, a small aperture and the oil immersion objective and
focused on a single CQD. The photons emitted from the CQDs
were collected by the same objective lens. The collected pho-
tons passed through a reflector and a 700-nm long pass filter,
and then they were sent to a standard Hanbury–Brown and
Twiss (HBT) system for characterization. The single-photon
signal was detected by two silicon avalanche photodiodes (Si-
APDs).
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Fig. 1. (a) Structural schematic diagram of CQD. (b) PL spectrum of CQDs
in hexane solution. (c) Images of multiple 800-nm CQDs and (d) single 800-
nm CQDs on a sapphire substrate scanned by Oxford’s AFM instrument.
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Fig. 2. (a) Schematic diagram of measuring optical path in the experiment. (b) Experimental excitation arrangement.

3. Antibunching effect with different irradiation
time

The coincidence counts changing with delay time are
measured from a single CQD for different irradiation durations

under the same conditions at room temperature, and the results

are shown in Fig. 3. The excitation power transmitted through

the objective lens was 0.028 mW. The coincidence counts as a

function of delay time for different irradiation time are shown
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in Figs. 3(a)–3(f), and the collection time is 12 min, 24 min,
48 min, 60 min, 84 min, and 108 min, respectively. The co-
incidence counts gradually increase, and the coincidence peak
at the zero point of the delay time gradually increases in the
coincidence–count curves from Figs. 3(a)–3(f) as the collec-
tion time increases. As shown in Figs. 3(a)–3(d), when the col-
lection time is less than 60 min, the coincidence–count curve
near the zero point of the delay time is relatively smooth, and
there is a large and deep dip due to antibunching effect of sin-
gle photon emission from the single CQD. In Figs. 3(e)–3(f),
when the collection time is longer than 60 min, a small peak
gradually appears in the dip, which becomes more obvious in
Fig. 3(f) with a collection time of 108 min. The background,
due to the dark counts of the Si-APDs and the effect of the
measurement system, was subtracted in Figs. 3(a)–3(f). The
coincidence–count curves in Figs. 3(a)–3(f) were fitted to a
multi-exponential function as follows:

y = y0 +
4

∑
i=0

Ai× exp(−|(x− xi−T × i)/ti|), (1)

where A0, A1, A2, A3, and A4 are amplitudes of the five co-
incidence peaks in the anti-bunching curve, and T is the time

period between the coincidence peaks.
After fitting with Eq. (1), the obtained amplitudes A0, A1,

A2, and A4 were added and averaged and then divided by A3 to
calculate the second-order correlation function, where A3 cor-
responds to the amplitude at the zero point of the delay time.
Considering the standard deviation, the calculated second-
order correlation functions at the zero point of the delay time
in Figs. 3(a)–3(d) are g2

a(0)≈ 0.022±0.0012, g2
b(0)≈ 0.005±

0.0004, g2
c(0) ≈ 0.026± 0.0012, g2

d(0) ≈ 0.048± 0.0009, re-
spectively. The experimental curves of the coincidence counts
accord well with the fitting curves (Eq. (1)), and both the ex-
perimental curves and fitting curves near the zero point of
the delay time are flat and smooth. All the values of the
second-order correlation functions at the zero point of the de-
lay time in Figs. 3(a)–3(d) are less than 0.05 for those irra-
diation durations. In Fig. 3(e) irradiation time is 84 min and
g2

e(0)≈ 0.104±0.0017, and in Fig. 3(f) the irradiation time is
108 min, and g2

f (0)≈ 0.203±0.0020. A small peak appears at
the zero point of the delay time, and the values of the second-
order correlation functions at the zero point of the delay time
reach to 0.104 and 0.203, respectively.
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Fig. 3. Coincidence counts as a function of the delay time for irradiation duration of (a) 12 min, (b) 24 min, (c) 48 min, (d) 60 min, (e) 84 min, and
(f) 108 min. The anti-bunching was measured continuously for 108 min, and each coincidence curve was collected during the measurement. The black
lines denote the experimental results, the red solid lines are fitted by a multi-exponential function, and the solid yellow lines are fitted by an exponential
decay function.

The coincidence count rate is defined as the ratio of coin-

cidence count to collection time. The coincidence count rate

(black triangles) and the value of the second-order correla-

tion function at the zero point of the delay time (red squares)

are compared in Fig. 4. The coincidence count rate decreases

as the irradiation time increases, while the value of g2(0) in-

creases with irradiation time increasing but not linearly; the

value of g2(0) obtained from Fig. 3(b) is smaller than that from

Fig. 3(a). The signal collection time in Fig. 3(a) is short and

the calculated value of g2(0) was affected by the background

noise. In the case of shorter signal collection time and less

accumulation, the adverse effect of background noise on the

purity of single photons will be more obvious. Therefore, in

Fig. 3(b), under the appropriate acquisition time (24 minutes),

the background noise was relatively low, and the obtained min-

imum value of g2(0) is about 0.005±0.0004.

We can use the theory of biexcitons proposed by Nair et

al.[16] to explain our experimental results in Figs. 3 and 4.
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They proposed that in anti-bunching effect curves, the appear-
ance of a peak at zero delay time reflects the possibility of gen-
erating biexcitons and subsequently generating two photons,
while the side peaks result from the emission of excitons and
charged excitons. In our experiment, the intensity of the peak
at zero delay time increases and the value of g2(0) increases
with irradiation time increasing from Fig. 3(a) to Fig. 3(f), the
photostability of colloidal single-photon emitters with a wave-
length of 800 nm at room temperature was influenced by the
irradiation time. In this process, firstly, long laser irradiation
time would reduce the luminous efficiency of CQDs and make
the excitons in the CQDs to be charged. The charged exci-
tons are likely to be related to surface trapping, and then non-
radiative recombination rate increased, which would make
Auger recombination increase and the photobleaching effect
would be more serious. Therefore, due to the decrease in ex-
citon yield, the ratio of the corresponding biexciton yield in-
creases, which leads to a decrease in the coincidence count rate
and cause the peak at zero delay time. From Figs. 3 and 4, un-
der the same conditions, the limited time that will change the
optical property of the single CQDs should be about 80 min-
utes.
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Fig. 4. Coincidence count rate (black triangles) and value of g2(0) (red
squares ) versus time in Fig. 3.

4. Photoluminescence blinking of single col-
loidal quantum dots
Before and after measuring the anti-bunching effect of a

single CQD, the measured fluorescence decay curves are re-
spectively denoted as Exp. 1 line and Exp. 2 line in Fig. 5(a).
The fluorescence lifetime curves in Fig. 5(a) were fitted to a
bi-exponential function. For the lifetime before measuring
the anti-bunching effect, the lifetime of the fast process is
0.897 ns, and the lifetime of the slow process is 62.643 ns.
The amplitude proportion M1/(M1 +M2) of the fast fluores-
cence lifetime process in the fitting results is 82.70%, and the
amplitude proportion of the slow process M2/(M1 + M2) is
17.30%. After two-hour measurement of the anti-bunching
effect, the lifetime of the fast process is 0.851 ns, and the life-
time of the slow process is 32.489 ns. The amplitude propor-

tion M1/(M1 +M2) of the fast fluorescence lifetime process
in the fitting results is 98.49%, and the amplitude proportion
of the slow process M2/(M1 +M2) is 1.51% for line Exp. 2
in Fig. 5(a). It is believed that the charged-exciton emission
and multiexciton emission contribute to the fast process of the
decay curve.[17] After laser irradiation for a period of time,
the fluorescence lifetime of the CQD decreases and the pro-
portion of the fast process increases, indicating an increase in
the charged-exciton emission and multi-exciton emission and
a decrease in the exciton emission. Biexciton or multiexci-
ton generation would shorten the fluorescence lifetime, and a
change in the fluorescence lifetime also confirmed the value of
the second-order correlation function at zero delay time chang-
ing with irradiation time.

In order to understand the change of lifetime, we investi-
gate the corresponding probability distribution before and af-
ter long irradiation time, and the results are shown in Fig. 5(b).
We measured the photoluminescence blinking of the CQD be-
fore and after measuring the anti-bunching effects. The re-
sults are shown in Figs. 5(c) and 5(d), where the vertical axis
in the figure represents the photon count rate. The maximum
single-photon count rate reaches to 2.5×104 cps in Fig. 5(c),
while it is 2.0×104 cps in Fig. 5(d). Researchers have proved
that the probability distribution of the “off-state” of blink-
ing of CQD will not be affected by the environment.[18] The
“off-state” probability distribution can be fitted by P(τoff) =

Aτ
−m
off .[19] However, the probability distribution of the “on-

state” will be affected by the excitation power[20] and the ex-
citation wavelength.[21] Here, we explored the effect of irradi-
ation time of excitation light on the probability distribution of
the “on-state” of the photoluminescence of the CQD. We cal-
culated the probability distribution of the “on-state” from the
following formula:

P(τon) = Aτ
−m
on exp(−τon/τfall−off). (2)

This formula was proposed by Peterson and Nesbitt in
2009, and it means that the 1/e time constant τfall−off corre-
sponds roughly to the “knee” in the “on-state” distribution.[19]

Time constant τfall−off is related to the exciton emission ef-
ficiency, and the smaller the value of τfall−off, the larger the
proportion of the multi-exciton emission is. By using Eq. (2),
the fitting curves are shown in Fig. 5(b) on a log–log scale,
and there is a falloff in the power law behavior, correspond-
ing to the time constant in the formula. Before and after the
anti-bunching effect measurement, the fitted value of τfall−off

decreases from 0.25 (red line) to 0.21 (black line), suggesting
the occurrence of multi-exciton emission. This result is con-
sistent with the analysis of the anti-bunching effect and fluo-
rescence lifetime.
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Fig. 5. (a) Fluorescence lifetime of CQD before measuring the anti-bunching effect (Exp. 1), fluorescence lifetime of CQD after measuring
the anti-bunching effect (Exp. 2). The curves were normalized (Norm.) and fitted to bi-exponential function (Fit 1 and Fit 2). (b) Probability
distribution of the “on-time” before (red) and after (black) the anti-bunching effect measurement. (c) Blinking of the CQD before measuring
the anti-bunching effect. (d) Blinking of the CQD after measuring the anti-bunching effect.

Several models have been proposed to explain the blink-
ing phenomenon of the photoluminescence of single CQDs.
Zhao et al. proposed a model[22] including a trap-assisted
process and Auger recombination by combining the multiple
nonradiative recombination centers (NRCs) model and multi-
charged model.[23] According to this model, in a CQD with
a larger “on” fraction in blinking, the number of NRCs de-
creases or the proximity to the NRC or surface capture sites is
limited, and the excitons are more likely to be radiatively re-
combined. In CQDs with a low “on” fraction, the excitons are
more likely to be charged, and carriers are more likely to be
acquired by NRCs or surface capture sites, where the carriers
are more likely to be nonradiatively recombined. In our exper-
iment, due to long-time irradiation, there is strong carrier trap-
ping, which leads to an increase of the fraction of off-state,[24]

the longer the laser irradiation on the CQDs, the lower the “on”
fraction is. When a threshold of 150 counts/20 ms is selected,
the calculated “on” fraction is 0.62 in Fig. 5(c) and 0.37 in
Fig. 5(d). With measurement time (i.e. the irradiation time)
increasing, the “on” fraction decreases, and the maintaining
time of the “off-state” of the blinking of the CQDs is signif-
icantly lengthened to ten seconds or even longer in Fig. 5(d)
than in Fig. 5(c). This is because the long-term laser irradia-
tion enhances the Auger recombination rate and leads to high
nonradiative recombination rate in the NRCs in the CQDs, the
carriers are more likely to be trapped by NRCs or surface cap-

ture sites, and the CQDs are more likely to be charged.
By measuring and analyzing the value of the second-order

correlation function at zero delay time g2(0), the fluorescence
lifetimes and the blinking phenomena of a single CQD under
different irradiation durations, we find that the irradiation time
has a great influence on the photostability of colloidal single-
photon emitters with a wavelength of 800 nm in the near in-
frared at room temperature. As the irradiation time increases,
the value of g2(0) increases, the fluorescence lifetime becomes
shorter, the intensity of the PL blinking becomes weaker, and
the “on” fraction of blinking decreases. This is because of
the charged-exciton emission and the occurrence of biexciton
or multiexciton emission in the CQDs, these will increase the
Auger recombination rate and reduce the exciton recombina-
tion rate, resulting in a decreases in the single photon yield of
CQDs. We measured some other single CQDs under the simi-
lar conditions and obtained similar results. Moreover, we have
also studied single-photon emission from an 800-nm CQD for
different laser powers.[25] The blinking phenomenon of photo-
luminescence of the single CQDs brings challenges to their ap-
plications, but the blinking can be suppressed. Useful methods
such as enhancing the thickness of the shell,[26] changing the
structure of shell,[27] using electric field to control the charge
transfer of the surrounding environment of CQDs.[28,29] At-
taching CQDs to the surfaces of different materials or doping
the substrate with metal elements can also control the fluo-
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rescence radiation characteristics of the CQDs.[30] We found
in experiments that the blinking of CQDs on different materi-
als’ surfaces (such as metals, semiconductors, and insulating
materials) is different. The photoluminescence blinking from
single CQDs on SiO2, SiN/Si, ITO, and Ti/Au are compared
in Fig. 6. It can be found that the occurrence probability of the
“on-time” of blinking from single CQDs on ITO or Ti/Au is
higher than on SiO2 and SiN/Si. The method for suppression
of blinking of CQDs will be further investigated.
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Fig. 6. Photoluminescence blinking from single CQDs on (a) 3-µm SiO2, (b)
SiN/Si, (c) ITO, and (d) Ti/Au.

5. Conclusions
In this work, we have studied the photostability of col-

loidal single-photon emitters with a wavelength of 800 nm in
the near infrared at room temperature, and we obtain a second-
order correlation function at zero delay time of g2(0)≈ 0.005,
proving that the single CQD at a wavelength of 800 nm is
a pure, high-quality SPS. We measure the fluorescence life-
times, blinking, and anti-bunching effects of single CQDs un-
der different irradiation time. The effect of laser irradiation
time on the optical properties of the single CQDs is investi-
gated, which is analyzed by using multiple NRCs and mul-
ticharged models. This result has important significance for
the future development of near-infrared CQD SPS research.
Single photon source based on 800-nm CQDs can be used in
a variety of technical fields such as quantum communication
systems, quantum computing, high-sensitive quantum sensor,
quantum imaging technology, and quantum information pro-
cessing.
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[3] Michler P, Imamoğlu A, Mason M D, Carson P J, Strouse G F and

Buratto S K 2000 Nature 406 968
[4] Lounis B and Moerner W E 2000 Nature 407 491
[5] Brokmann X, Coolen L, Dahan M and Hermier J P 2004 Phy. Rev. Lett.

93 107403
[6] Yuan C T, Yu P, Ko H C, Huang J and Tang J 2009 ACS Nano 3 3051
[7] Xu X, Chen S and Yamada T 2010 Sci. China. Ser. G 53 1619
[8] Tang X S, Hu Z P, Chen W W, Xing X, Hu W, Qiu J, Zang Z G, Du J,

Jiang X F and Mai L Q 2016 Nano Energy 28 462
[9] Chandrasekaran V, Tessier M D, Dupont D, Geiregat P, Hens Z and

Brainis E 2017 Nano Lett. 17 6104
[10] Ma Q, Yue H, Zhu Y, Wang J, Che Q, Shi R and Yang P 2017 J.

Nanosci. Nanotechnol. 15 4442
[11] Liao L, Zhang H and Zhong X 2011 Journal of Luminescence 131 322
[12] Hung L X, Bassène, Pascal D, Thang P N, Loan N T, Willy D D M and

Dhawan A R 2017 RSC Adv. 7 47966
[13] Groß H, Hamm J M, Tufarelli T, Hess O and Hecht B 2018 Sci. Adv. 4

eaar4906
[14] https://www.thermofisher.com, qdot-nanocrystal-technology
[15] Xu X, Yamada T and Otomo 2009 Appl. Phys. B 94 577
[16] Nair G, Zhao J and Bawendi M G 2011 Nano Lett. 11 1136
[17] Xu X and Li X Y 2015 Sci. Rep. 5 9760
[18] Tang J and Marcus R A 2005 J. Chem. Phys. 123 054704
[19] Peterson J J and Nesbitt D J 2009 Nano Lett. 9 338
[20] Knappenberger K L, Wong D B, Romanyuk Y E and Leone S R 2007

Nano Lett. 7 3869
[21] Kenichi G, Yamada T and Otomo A 2009 J. Chem. Phys. C 113 20161
[22] Zhao J, Chen O, Strasfeld D B and Bawendi M G 2012 Nano Lett. 12

4477
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