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ABSTRACT: The photoluminescence of single quantum dots fluctuates between bright 

(on) and dark (off) states, also termed fluorescence intermittency or blinking. This blinking 

limits the performance of quantum dot based devices such as light-emitting diodes and 

solar cells. However, the origins of the blinking remain unresolved. Here, we use a 

movable gold micro-mirror to determine both the quantum yield of the bright state and 

the orientation of the excited state dipole of single quantum dots. We observe that the 

quantum yield of the bright state is close to unity for these single QDs. Furthermore, we 

also study the effect of a micro-mirror on blinking, and then evaluate excitation efficiency, 

biexciton quantum yield, and detection efficiency. The mirror does not modify the 
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off-time statistics, but it does change the density of optical states available to the quantum 

dot and hence the on times. The duration of the on times can be lengthened due to an 

increase in the radiative recombination rate. 

KEYWORDS  Quantum dot, blinking, CdSe, quantum yield, ionization  
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The emission quantum yield (QY) is one of the basic but important properties of 

fluorophores such as quantum dots (QDs). Ultimately, the QY defines the upper efficiency 

limit of devices such as light-emitting diodes. The photoluminescence (PL) QY is the ratio 

of the number of photons emitted to the number of photons absorbed by an emitter. It is 

directly related to the exciton dynamics in QDs, especially the competition between the 

radiative and non-radiative decay pathways. The relative PL QY can be measured in dilute 

solution by comparing the emission intensity of QD ensembles to that of a standard system 

with the same absorption.1-3 While relative QY measurements are convenient, the 

accuracy of the QY measurement depends on the standards used. A standard-free QY 

measurement can be realized via the Purcell effect,4 i.e., by recognizing that the 

spontaneous radiative decay rate is not an intrinsic property but is 

environment-dependent. Drexhage5 was the first to investigate this effect. He actively 

modified the fluorescence lifetime of ensembles of Eu3+ ions using a planar dielectric and 

metal structure. Variations in the radiative fluorescence lifetime could be accounted for 

quantitatively by considering the change in the local density of optical states (LDOS), using 

either a classical or quantum model to describe the planar structures.6-8 The intrinsic 

non-radiative decay rate is not modified by the LDOS; hence, we can measure the absolute 

QY from the variations in the measured total fluorescence lifetime when the optical 

environment is changed. Similar methods have been applied to several kinds of ensemble 

emitters such as ions,9 molecules,10-12 and QDs,13-15 but they can also be used to measure the 

QY of single emitters if they are photostable enough.16-19 The real experimental challenge is 

due to the fact that the PL from single QDs exhibit blinking or fluorescence intermittency. 
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It has been over twenty years since the first observation of fluorescence intermittency in 

single QDs.20 The emission from a single QD randomly switches between the on and off 

states, a process attributed to charging and discharging of the QD.21 During the on periods, 

the PL QY is high because the QD is in a neutral state. During the off periods, the QD is 

ionized, and then non-radiative Auger recombination quenches the emission. In addition 

to these two states, it has been reported that there exists a continuous distribution of 

emission states with different QYs.22 This has led to a second blinking model based on 

multiple recombination centers without invoking charging and discharging.23 Irrespective 

of the model which determines blinking, the QYs of grey states are lower than 1.  

 

If the QY of the bright state is 1, the QYs of grey states should be related to the emission 

intensity ratios of the grey states to the bright state.24 Therefore, it is important to know 

whether the QY of the bright state or on state is 1. Several groups have studied this aspect. 

Broxmann et al.25 modified the fluorescence of single QDs and measured the single QD 

QYs by confining the QD using dielectric interfaces. Burchler et al.17 placed a movable 

silver mirror near a single terrylene molecule and were able to extract its QY. By 

continuously changing the LDOS via the mirror position, the PL lifetime was observed to 

continuously vary.16-19 From this variation, the QY can be obtained. This method can also 

be used to evaluate the QYs of single QDs, in particular due to their superior 

photostability. However, a complication in these measurements is the multi-state nature of 

QD blinking.  
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It is widely known that blinking is sensitive to the chemical or electrical environment of 

the nanocrystal because the trapping process is modified.26 Blinking can also be changed 

(supp 

ressed) by plasmonic coupling between QDs and a thin gold film.27-29 Similar effects have 

also been reported for QDs coupled to optical antennas.30-35 The coupling enhances 

significantly the total decay rate 𝑘!"!#$ by increasing the energy transfer rate 𝑘%&!#$, and 

hence the Auger decay rate 𝑘' can become negligible (𝑘!"!#$ = 𝑘%&!#$ + 𝑘' ≈	𝑘%&!#$). 

Then the QYs of both the neutral and charged states become equal, QY = 𝑘(#)/𝑘%&!#$. 

Therefore, even though the QDs are still undergoing charging and discharging, there is 

little or no fluctuation in the PL intensity. In addition to this conventional explanation, 

blinking suppression may be realized by reducing the ionization rate.30 In principle, if 

there is sufficient enhancement of the radiative rate via changes in the LDOS, the exciton 

lifetime can be decreased so much that there is an extremely low probability of exciton 

ionization.  

 

In this paper, we have used Drexhage’s method to measure the QY and orientation of 

single QDs with a movable micro-mirror. The PL QY of the bright state is close to 1 for our 

single QDs. We have studied the blinking behavior of a single QD close to and far away 

from the mirror. We find that although the power-law distributions of on- and off-times 

are not changed, the ionization process can be suppressed either by reducing the excitation 

rate or by increasing the exciton relaxation rate. 
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Figure 1a shows a schematic of the combination of JPK AFM and a home-made confocal 

microscope. The graded shell CdSe/CdxZn1-xS QDs used here are very photostable due to 

high-temperature annealing and smooth core-shell barriers.36 In order to fix the QD 

position and orientation during measurements, the QDs were embedded in a 10 nm-thick 

PMMA film on glass. The laser was focused onto a single QD through an objective 

mounted on a piezo stage. In order to avoid photodamaging the QDs, the laser power was 

reduced to the lowest practical level. To fabricate a micro-mirror, a gold-coated 

microsphere was glued onto an AFM cantilever (see scanning electron microscopy image 

(SEM) in Figure 1b). The mirror mounted on the AFM scanned across the surface of dilute 

QD films in contact mode or tapping mode. We constructed a map of the intensity of the 

laser light reflected by the mirror (Figure 1c), which resembles Newton’s rings. By 

positioning the microsphere in the center of the rings and quenching the maximum of the 

emission from a single QD, the laser spot, the QD and the apex of the microsphere could be 

accurately aligned. After alignment, the emission of the QD was measured whilst varying 

the distance d between the mirror and the glass surface as shown in Figure 1d.  
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Figure 1 (a) Schematic of the AFM-confocal-microscope set-up. (b) SEM image of a 

gold-coated microsphere (49 µm diameter) attached to a cantilever. The gold surface of the 

microsphere can be approximated as a plane mirror at small separations. (c) A typical laser 

reflection map. When the tip is scanning across the surface, the reflected light from the 

micro-mirror is collected by the objective. (d) PL intensity trace from a single QD as a 

function of the distance between the mirror and the sample. 

 

QY and Orientation Measurement 

  Figure 2 shows how the PL lifetime varies in response to the changing distance between 

the micro-mirror and the QDs. In principle, we can analyze the lifetime variation and then 

obtain the QY for every emission state. In practice, however, we only analyzed variations 
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in the PL lifetime of the bright state (on state). The measurement time for each mirror 

position ranged from 30 s to 3 min, ensuring that the QD spent enough time in the bright 

state. Figure 2a shows a typical period during which the intensity switches on and off. The 

intensity level, 	𝐼%#*, is indicated by the red line in Figure 2a, corresponding to the most 

common occurrence of the bright state intensity. A single exponential function fitting was 

used to extract the lifetime for the emission around 	𝐼%#*	(±,𝐼%#*). The lifetime is plotted 

as a function of the distance for a single QD (QD1, batch No.: QD@618nm) in Figure 2b 

and another QD (QD2, batch No.: QD@639nm) in Figure 2c. The measurement was 

repeated three times for each QD to ensure that the distance-dependent lifetime variation 

was reproducible.  

 

Since the 49-μm-diameter microsphere is much larger than both the QD size and the 

distance between the QD and the surface of the micro-mirror, the reflective gold layer 

coating on the microsphere can be approximated as a plane mirror. The relationship 

between the PL lifetime and separation is given by 6, 7 

 

1
𝜏 =

1
𝜏+
(1 − 𝜂) +

1
𝜏+
𝜂[(1 − 𝑥)V(d) + 𝑥H(d)]	.				(1) 

 

Here 𝜏 is the PL lifetime at a certain separation, 𝜏+	is the lifetime in the bulk dielectric, 𝜂 

is the quantum yield, H and V are the distance-dependent normalized rates for horizontal 

and vertical dipoles, respectively, and 𝑥 is the portion of the horizontal dipole. As shown 

by the second term on the right side of Equation (1), the mirror only changes the radiative 
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rate of the exciton; the intrinsic non-radiative rate in the first term cannot be changed by 

the optical environment. Thus, the lifetime variation is due entirely to the radiative part, 

and the variation in the amplitude of lifetime is determined by the QY—the ratio of the 

radiative decay rate to the total decay rate. 

 

 

Figure 2 (a) PL intensity trace from a single QD at a certain distance from the 

micro-mirror. The intensity level of the bright state is selected for lifetime analysis (labeled 

by the red dashed line). (b) The lifetime of a single QD (QD1, batch No.: QD@618nm) as a 

function of the distance to the mirror. The measurement was repeated three times, 

corresponding to the black squares, red diamonds and green triangles. The 

distance-lifetime curve can be fitted to Equation (1) (blue solid line). The inset indicates 

the orientation of QD1 relative to the surface. The two degenerate dipoles (red arrows) are 
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located in the c plane. (c) Same as (b) but for another single QD (QD2, batch No.: 

QD@639nm). (d) Theoretical lifetime of a dipole emitter on glass as a function of the 

distance between the emitter and the mirror for different ratios of the vertical dipole to the 

horizontal dipole. The QY is 1, and wavelength is 545 nm. From the top to the bottom, the 

fractional contributions due to the horizontal dipole are 1, 0.8, 0.6, 0.2, and 0, respectively. 

  From the fitting, we can determine not only the QY but also the relative orientation of 

the excited state dipole moment. For QD1 in Figure 2b, the QY of the bright state is 0.90 ± 

0.08, which is close to a unity QY. In Figure 2c, the bright state QY of the other QD (QD2) 

in Figure 2c is 0.97 ± 0.09, which is also around 1. Figure 2d shows a group of calculated 

distance-lifetime curves for different ratios of the horizontal dipole to the vertical dipole. 

As the dipole orientation shifts from vertical to horizontal, a sharp lifetime peak appears 

for  distances shorter than 100 nm. The existence of a sharp lifetime peak for QD2 (Figure 

2c) implies a larger contribution to the emission from the horizontal dipole in QD2 

compared to QD1, which exhibits only a shoulder. In the case of CdSe, there is a twofold 

degenerate dipole perpendicular to the c-axis.37, 38 From the optimal fit for the dipole ratio, 

we can determine the orientation of the QD relative to the surface plane of the glass 

substrate. The insets in Figure 2b and 2c illustrate the relative orientations of the two QDs, 

with the c-axis of QD2 aligned more vertically than that of QD1. 

 

The effect of mirror on blinking, excitation rate and detection efficiency  

In Figure 3, the blinking behaviours of a single QD (QD@618nm) are presented for two 

mirror distances. In Figure 3a, when the micro-mirror is fully retracted from the surface 
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(d = ∞), the PL intensity of the QD is high; when the mirror contacts the PMMA surface 

(d = 0) and its distance to the centre of the QD is less than 20 nm (the thickness of the 

PMMA film is about 10nm), both the PL intensity and the blinking rate are reduced. 

Figure 3b shows the dependence of the PL intensity on the excitation power. At the same 

time, the lifetime of the exciton decreases from 26.0 ns at d = ∞ to 7.0 ns at d = 0. In 

order to establish histograms of the on and off times, the emission is divided into on and off 

sections by setting the threshold level at half of the highest intensity. In Figure 3c and 3d, 

the distributions of off and on durations,		𝑝",,(𝑡) and	𝑝"-(𝑡)	,	 are fitted to a power-law 

function and a truncated power-law function, respectively: 

𝑝",,(𝑡) ∝ 𝑡./!"" 		for	𝑜𝑓𝑓	times; (2) 

𝑝"-(𝑡) ∝ 𝑡./!#𝑒
. !
0$ 				for	𝑜𝑛	times. (3) 

In spite of the change in blinking rate in Figure 3a, the power-law distributions of on and 

off states, specifically, the exponents, 𝛼"-	and 𝛼",,, do not change much (see Figure 3c, 3d 

and 3e). However, it is evident from the data in Figure 3f that both the excitation power 

and the mirror position affect the inverse of the truncation time for the on times.  

 

  According to the charging model for QD blinking, the inverse truncation time,	1/𝜏1, 

characterizes the ionization rate. Under a higher excitation power, more excitons are 

created per unit time, and the QD is more likely to be ionized within a unit time. The 

dependence of the ionization rate on the excitation power is related to the mechanisms of 

ionization: direct (or thermal) ionization and Auger ionization.21 Here we used a pulsed 
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laser to excite the QDs. The probability of direct creation of 𝑛 excitons per pulse,	𝑓(𝑛), is 

governed by the Poisson distribution according to 

 

  

Figure 3 (a) PL intensity trace of a single QD (QD@618nm) far away from (d = ∞) and 

close to (d = 0) a micro-mirror. (b) Bright state intensity of the single QD close to (red 

open squares) and far from (black solid squares) the micro-mirror as a function of 

excitation power (200 nW, 400 nW and 600 nW). The solid lines indicate the nonlinear 
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dependence of the emission intensity on the excitation power. (c) The distributions of off 

state duration when the single QD is far from (d = ∞ ) and close to (d = 0 ) the 

micro-mirror. Blue arrows indicate the direction of increasing excitation power. Close to 

the micro-mirror: black open diamonds (200 nW), red open squares (400 nW) and green 

open triangles (600 nW). Far from the micro-mirror: black solid diamonds (200 nW), red 

solid squares (400 nW) and green solid triangles (600 nW). The off state duration 

distributions are fitted to a power-law function. (d) Same as (c) but for the on state 

duration. The solid line is the truncated power law fit. (e) Power-law exponents as a 

function of the excitation power. Red open diamonds (αon, close to the micro-mirror), red 

open squares (αoff, close to the micro-mirror), black solid diamonds (αon, far from the 

micro-mirror), black solid squares (αoff, far from the micro-mirror). (f) The inverse of the 

truncation times of on state duration as a function of excitation power when the single QD 

is close to (black solid squares) and far from (red open squares) the micro-mirror. 

   

𝑓(𝑛) =
𝑁-

𝑛! 𝑒
.2 ,						𝑁 = 𝛽𝐼&*	, (4) 

where 𝑁	is the average excitation rate—the average number of excitons per pulse, which is 

proportional to the excitation power 𝐼&* with a coefficient 𝛽. If the ionization is due to direct 

or thermally-assisted tunneling of one excited state charge carrier, then the ionization rate is 

proportional to the probability of single exciton generation per pulse 𝛾3*. Under conditions of 

low excitation, 𝛾3* the ionization rate therefore depends linearly on the excitation power: 

𝛾3* 	= R𝑓(𝑛)
4

-53

= 1 − 𝑓(0) 
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= 	1 − 𝑒.2 ≈ 𝑁 ∝ 𝐼&*	for	𝑁 → 0	.		(5) 

Note that a single exciton can be generated via direct excitation by laser or via fast Auger 

relaxation from a multiexciton state. Similarly, under low excitation conditions, biexciton 

Auger ionization results in a quadratic relationship39 as: 

𝛾6* = R𝑓(𝑛)
4

-56

= 1 − 𝑓(0) − 𝑓(1) 

= 	1 − 𝑒.2 − 𝑁	𝑒.2 ≈ 0.5𝑁6 ∝ 𝐼&*6	for	N → 0	.				(6) 

 

The current literature on the dependence of the ionization rate on the excitation power 

shows little consensus. Both linear40-42 and quadratic39, 43-45 dependences have been 

reported. In some cases, the ionization rate is even reported to be independent46 of the 

excitation power, or exponentially dependent.41 Figure 3f shows a linear dependence of the 

ionization rate on the excitation power, which does not support pure Auger ionization. 

However, we cannot conclude that pure single exciton ionization is occurring from the 

linear dependence, either, because the excitation rate is not low here. Instead, the QD is 

under a medium or high excitation condition (N~1 or N > 1). This can be inferred from 

the nonlinear increase in the bright state intensity with excitation power shown in Figure 

3b. Under medium or high excitation conditions, the generation rates of both single 

excitons and biexcitons are significant. However, the possibility of direct biexciton 

ionization is low due to its fast decay rate. So the direct ionization pathway should be from 

single excitons. Then, the ionization rate from the single exciton state should follow		1 −

𝑒.78%&, and should not depend linearly on the excitation power. Recently, a similar linear 

relation has also been found even when the average excitation rate is larger than 1.40 
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Because the generation rate of hot excitons is proportional to the excitation power, it was 

proposed40 that the charging events are due to hot carrier47 ionization. Hot carriers have 

enough energy to overcome any activation barrier and hence to reach surface traps. Hot 

carrier ionization is also supported by the observed effects of wavelength-dependent 

excitation.40, 48 However, biexciton Auger recombination also produces hot carriers 

especially at high excitation powers. Thus, if hot carriers from excited hot excitons are the 

origin of ionization, then Auger ionization cannot be excluded. In summary, none of the 

above ionization mechanisms can explain the ionization process independently; the 

charging events are possibly due to several competing ionization mechanisms: band-edge 

carrier ionization, hot carrier ionization and biexciton Auger ionization.  

Since a low excitation rate leads to a low ionization rate, the lower ionization rate at d =

0 may be due to the decreased excitation field induced by the mirror contacting the 

surface. However, we will show below that the average excitation rate remains the same 

for the two mirror positions, d = 0 and d = ∞. Figure 4a shows the excitation-power 

dependence of the bright state emission intensity for d = 0 and d = ∞. As the excitation 

power increases, both PL intensities become saturated. The measured PL intensity 𝐼	of a 

single QD is the product of the average excitation rate 𝑁, quantum yield 𝜂, detection 

efficiency 𝜂), and the pulse repetition rate 𝑓 as: 

𝐼 = 𝑁𝜂𝜂)𝑓 = R𝛾-*𝜂-*𝜂)𝑓
4

-53

.				(7) 

In the above equation, we consider the contribution from 𝑛 excitons with the probability 

𝛾-* and QY 𝜂-*. Due to the low QY for multiexciton generation (𝑛 ≥ 2), the PL intensity 

arises mainly from single exciton recombination. So Equation (7) is reduced to  
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𝐼 = 𝛾3*𝜂3*𝜂)𝑓	.					(8) 

When the average excitation rate 𝑁 is high, the probability of single exciton generation 

per pulse 𝛾3* tends to 1 as 

𝛾3* = 1 − 𝑒.2
9≫3
]⎯_ 1. 

Then the ratio of the unsaturated PL intensity 𝐼$"; to the saturated PL intensity 𝐼<#! can 

be used to evaluate the “unsaturated probability” of single exciton generation per pulse 

𝛾3*	$"; according to24 

𝐼$";
𝐼<#!

=
𝛾3*	$";𝜂3*𝜂)𝑓
1 × 𝜂3*𝜂)𝑓

= 𝛾3*	$"; .		(9) 
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Figure 4 (a) Excitation-power dependence of the PL of a single QD (QD@618nm) with two 

positions of the mirror, d = ∞ (black solid squares) and d = 0 (red open squares). The solid 

lines are the fits to Equation (10) with biexciton QYs 0.078 for d = ∞ and 0.21 for d = 0, 

respectively. The laser repetition rate is 5 MHz, and the excitation power is 200 nW. (b) 

The 𝑔6 measurement for the QD when d = ∞. (c) The 𝑔6 measurement for the QD when 

d = 0. For 𝑔6 measurements, the laser repetition rate is 2.5 MHz, and the excitation power 

is 100 nW. 
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We compare the unsaturated probability of single exciton generation per pulse 𝛾3*	$"; 

between d = 0 and d = ∞ at the same excitation power. We find that the ratio is unity: 

𝛾3*	$"; 	(d = 0)
𝛾3*	$"; 	(d = ∞) =

𝐼$";3
𝐼<#!3
𝐼$";6
𝐼<#!6

≈ 1.0	, 

where 𝐼<#!3 and 𝐼<#!6 are the saturated PL intensities at high excitation conditions for 

d = 0 and d = ∞, respectively, while 𝐼$";3 and 𝐼$";6 are the unsaturated PL intensities 

at the same low excitation power (200 nW) for d = 0 and d = ∞, respectively. We have 

also measured other single QDs and found that the ratio between 𝛾3*	$"; 	is around 1. This 

means that the average excitation rate 𝑁 in the vicinity of the mirror equals that far away 

from the mirror. 

  In Equation (8), we have ignored the biexciton by assuming that it has zero QY. But 

the QY of the biexciton is not exactly zero. Second-order PL intensity correlation 

measurements collected at d = ∞ and d = 0, are shown in Figure 4b and 4c, respectively. 

Under low excitation conditions (100 nW, 2.5 MHz pulsed laser), the ratio of the center 

peak area to side peak area is the QY ratio of biexciton to single exciton,	>'&
>(&

.49  From >'&
>(&

=

0.078 for d = ∞ and >'&
>(&

= 0.21 for d = 0, we infer that the QY of the biexcitons is 

nonzero. So the PL intensity is due not only to single exciton recombination but also 

partially to biexcitons:  

 

𝐼 = 𝜂)𝑓𝜂3* c1 − 𝑒.2 +
𝜂6*
𝜂3*

(1 − 𝑒.2 − 𝑁𝑒.2)d	,	 

𝑁 = 𝛽𝐼&* . (10) 
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Using >'&
>(&

= 0.078 for d = ∞ and >'&
>(&

= 0.21 for d = 0, we can fit the excitation-power 

dependence of the PL intensity in Figure 4a. It is also found that  

 

𝛽(d = 0)
𝛽(d = ∞) ≈ 1.0	. 

Hence, we can conclude that the mirror does not change the excitation rate when it lands 

on the surface. It is reasonable that there is no strong excitation field enhancement by the 

gold film. Firstly, the laser excitation wavelength is 466 nm at which wavelength the 

plasmonic effect is weak.29 Secondly, even though the mirror is in contact with the surface, 

there is still a large gap between the QD and the mirror and any near-field plasmonic effect 

is further weakened. Thirdly, the excitation field enhancement is weak because the gold 

film is both thick and smooth.  

  Since we exclude an increased excitation rate, the only reason for the decrease in 1/𝜏1 

at d = 0 in Figure 3f must be the shortened lifetime of the excitons induced by the mirror. 

The ionization rate from a single band-edge exciton is given by 

k?"-?@#!?"- = 𝑓𝛾3*
𝑘!

𝑘! + 𝑘
≈ 𝑓𝛾3*𝑘!𝜏	, (11) 

where 𝑘! is the trapping rate for an exciton, and 𝑘 is the recombination rate. Considering 

the fact that the recombination rate is much faster than the trapping rate, the ionization 

rate k?"-?@#!?"- must be proportional to the lifetime of excitons. When the exciton lifetime 

is shortened by proximity to the mirror, the probability of ionization is reduced. A lower 

ionization rate can also be inferred from the Auger ionization mechanism. With the 

enhancement of the biexciton QY by the mirror, hot carrier generation via Auger 

recombination is suppressed. Hence, the ionization rate is reduced when the QD is close to 
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the mirror. Irrespective of the ionization mechanism, it is evident that the blinking can be 

suppressed by accelerating the radiative recombination.  

  In addition to determining both the QY and the excitation rate, we can also estimate 

the detection efficiency. The intrinsic Auger decay rate 𝑘-*	' for 𝑛 excitons cannot be 

changed by the mirror, but the radiative decay rate 𝑘-*	( can be enhanced. Here we define 

the QY as 

𝜂-* =
𝑘-*	(

𝑘-*	( + 𝑘-*	'
	 . (12) 

The radiative decay rate refers to the total non-intrinsic decay rate including energy 

transfer between the QD and the mirror. This radiative emission can be divided into two 

parts: one can be detected (𝑘-*	()&!&1!&)), and the other cannot be detected (𝑘-*	(-"-)&!&1!&)). The 

radiative decay rate (total non-intrinsic decay rate) is defined as 

𝑘-*	( = 𝑘-*	()&!&1!&) + 𝑘-*	(-"-)&!&1!&) . (13) 

So the detection efficiency 𝜂) is defined as  

𝜂) =
𝑘-*	()&!&1!&)

𝑘-*	()&!&1!&) + 𝑘-*	(-"-)&!&1!&) . (14) 

𝑘-*	()&!&1!&)  and 𝑘-*	(-"-)&!&1!&)  scale equally with the exciton number 𝑛 . Therefore, the 

detection efficiency 𝜂)  remains the same for excitons and biexcitons. Now we can 

estimate the detection efficiency from the saturation PL intensity from Figure 4a. Since the 

QY of the bright state is close to 1 for QD@618 nm, the detection efficiency can be 

determined from 

𝐼<#! = 𝛾3*𝜂3*𝜂)𝑓 = 1 × 1 × 𝜂)𝑓	, 

𝜂) = 𝐼<#!/𝑓	. (15) 
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The detection efficiencies are 0.3% and 1.3% for d = 0 and d = ∞, respectively. When 

the QD is close to the mirror, the detection efficiency is reduced mainly due to the energy 

transfer from the QD to the mirror. 

 

 

The mirror effect on biexciton QYs 

  The QY enhancement was investigated for a single QD (QD@618 nm) in Figure 5. Figure 

5a plots the PL time decays of the bright state for d = ∞	and d = 0 , respectively. 

Considering the unity QY of the bright state for QD@618nm, the lifetime of bright-state 

emission corresponds to the radiative lifetime of a single exciton. The ratio of the radiative 

decay rates of the single exciton at both separations is 

	

𝑘3*	((d = 0)
𝑘3*	((d = ∞) =

1
𝜏3*	((d = 0)

1
𝜏3*	((d = ∞)

 

=
1/(6.0	ns)
1/(21.5	ns) ≈ 3.6	.			 

Figure 5b indicates that the biexciton QYs are 0.32 at d = 0	and 0.12 at 	d = ∞ , 

respectively. The biexciton QY at d = ∞, 0.12, is in agreement with the literature.50, 51 

Both are independent of excitation power under low excitation conditions, in agreement 

with the previous report.52 Assuming a constant Auger decay rate, the ratio of the biexciton 

radiative decay rate at d = 0 to that at d = ∞ is  

𝑘6*	((d = 0)
𝑘6*	((d = ∞) =

𝜂6*
1 − 𝜂6*

(d = 0)
𝜂6*

1 − 𝜂6*
(d = ∞)

≈ 3.5	. 
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The enhancements (3.6-fold and 3.5-fold) in both radiative decay rates are the same for 

exciton and biexciton because both decay rates are proportional to the increased LDOS. By 

assuming	𝑘6*	( = 4𝑘3*	(, the Auger decay rate can be estimated from	𝜂6*: 

𝑘6*	'(𝑑 = 0) = 1.41	ns.3 

≈ 𝑘6*	'(𝑑 = ∞) = 1.36	ns.3.	 

This confirms that the mirror does not affect the Auger decay rate.  

 

  We have also calculated the 𝑔6 counts per unit time. In principle, the 𝑔6 rate,	〈𝑔6〉!, 

is a quadratic function of the excitation power, 𝐼&*6 , as has been reported for non-blinking 

QDs.52 As indicated in Figure 5c, however, the exponent here is close to 1. This can be 

attributed to the excitation-power dependent blinking. While the average off period is 

insensitive to the power, an increase in the excitation power leads to a decrease in the 

average on period. Assuming that the fraction of 𝑔6 counts due to on periods is 

proportional to 𝐼&*
.A, the exponent of 〈𝑔6〉! becomes 2-q: 

〈𝑔6〉! ∝ 𝐼&*% ∝ 𝐼&*6 ∙ 𝐼&*
.A = 𝐼&*

6.A 	. (16) 

Since the blinking rate is suppressed in the proximity of the mirror, the exponent, 𝑚 ≈

1.26 at d = ∞ is slightly larger than 𝑚 ≈ 1.10 at d = 0. 

 

  In conclusion, we have measured the bright state QY, QD orientation, the excitation 

rate and the detection efficiency for single QDs. The bright states have QYs close to 100% 

for these single QDs. The LDOS and the excitation power do not significantly affect the 

off-time statistics, while the power-law exponents of both the on- and off-duration 
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distributions are independent of the position of the micro-mirror. However, because the 

micro-mirror shortens the lifetime of the exciton, the ionization rate is reduced. 

 

Figure 5 (a) PL time decays for a single QD with two positions of the mirror, d=∞ (black) 

and d=0 (red). (b) Excitation-power dependence of 𝑔6(0) 𝑔6(𝑇)⁄  for the single QD with 

two positions of the mirror, d = ∞ (black solid squares) and d = 0 (red open squares). (c) 

Excitation-power dependence of 𝑔6	rate for the single QD with two positions of the 

mirror, d = ∞ (solid symbols) and d = 0 (open symbols). Both central peaks 𝑔6(0) 
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(triangles) and side peaks 𝑔6(𝑇) (squares) are included. The laser repetition rate is 2.5 

MHz, and the excitation power is 100 nW. 
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