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systems including trapped atoms,[7] point 
defects,[8–11] and colloidal quantum dots 
(QDs),[12,13] have been studied to develop 
ideal quantum light source. However,  
epitaxially grown semiconductor QDs 
have received considerable attention 
because of their fast radiative recombina-
tion rate,[14] robustness, and scalability of 
on-chip integration with photonic[15–17] and 
electronic devices.[18–20]

Epitaxially grown QDs based on  
III-nitride material systems are among 
the most promising quantum emitters  
because of their deterministically polarized  
emission property[21] as well as their poten-
tial for high-temperature operation[22,23] 
due to their large exciton binding energy. 
Despite these advantages, two challenges 
remain for this material system. The first 
obstacle is the spectral diffusion[24,25] gen-
erated by the quantum-confined Stark 
effect. An exciton with an intrinsically 

large permanent dipole moment inside III-nitride QDs inter-
acts with the fluctuating electric field caused by the trapping 
and detrapping of charge carriers in the vicinity, which results 
in the ambiguity of the exciton ground state energy. This  
phenomenon produces inhomogeneous linewidth broadening 
of the QDs and affects the coherence properties of III-nitride 
QD-based quantum light sources.

The second obstacle is background emission from undesired 
emitters that are formed in the neighborhood of the QDs. For 
Stranski–Krastanov QDs, the wetting layer and other QDs can 
act as unwanted emitters.[26–28] Moreover, emission from the 
quantum well, which is formed in the side facets of photonic 
structures, causes background emission in site-controlled QD 
cases[29–31] (e.g., QDs embedded in nanowires or pyramids). 
The background signal harms the single-photon purity and 
limits the performance of quantum information applications.

Several efforts have been made to overcome these problems 
by applying resonant excitation to the QD ground state. However, 
the resonant excitation scheme requires a separation of the exci-
tation laser from the QD emission. Therefore, complex photonic 
systems such as waveguide-coupled QDs[32–34] or in-plane excita-
tion laser[35,36] are necessary. In addition, blocking the excitation 
laser with a cross-polarization setup[37,38] is indispensable for 
achieving resonant excitation. However, the use of this polariza-
tion setup inevitably sacrifices the emission intensity of QDs.

III-Nitride semiconductor-based quantum dots (QDs) play an essential role 
in solid-state quantum light sources because of their potential for room-
temperature operation. However, undesired background emission from the 
surroundings deteriorates single-photon purity. Moreover, spectral diffusion 
causes inhomogeneous broadening and limits the applications of QDs in 
quantum photonic technologies. To overcome these obstacles, it is demon-
strated that directly pumping carriers to the excited state of the QD reduces 
the number of carriers generated in the vicinities. The polarization-controlled 
quasi-resonant excitation is applied to InGaN QDs embedded in GaN nano-
wire. To analyze the different excitation mechanisms, polarization-resolved 
absorptions are investigated under the above-barrier bandgap, below-barrier 
bandgap, and quasi-resonant excitation conditions. By employing polari-
zation-controlled quasi-resonant excitation, the linewidth is reduced from 
353 to 272 µeV, and the second-order correlation value is improved from 
0.470 to 0.231. Therefore, a greater single-photon purity can be obtained at 
higher temperatures due to decreased linewidth and background emission.
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1. Introduction

A quantum light source is an essential element for quantum 
photonic technologies, such as quantum sensing,[1,2] quantum 
computing,[3,4] and quantum communication.[5,6] Various 
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Therefore, the quasi-resonant excitation (QRE) method, 
wherein the wavelength of the excitation laser resonates with 
the excited state of the QDs, such as the p-shell state or upper 
state, can be an alternative solution. QRE generates carriers in 
the excited state of the QDs directly, thereby suppressing both 
inhomogeneous linewidth broadening and unwanted back-
ground emission. In addition, the QD emission can be isolated 
from the laser owing to the different wavelengths. Previous 
research had employed the QRE to AlGaN/GaN QDs[39] and 
GaN/InGaN QDs.[40] However, these researches implemented 
the QRE only for coherent manipulation of the exciton state 
of a single QD. Therefore, adopting QRE to reduce linewidth  
broadening and background emission has not yet been achieved 
in III-nitride QD systems.

In this work, we conducted polarization-controlled QRE to 
InGaN QDs embedded in GaN nanowires to enhance the single-
photon purity and coherence of single QD. In particular, we 
introduced polarization-controllability in QRE, which can selec-
tively pump the intended excited state of the QD by excluding 
the contribution of continuum absorption levels caused by the 
crossed transitions. InGaN QDs in GaN nanowires were grown 
using plasma-assisted molecular beam epitaxy and dispersed 
on a silicon nitride wafer. We observed emission at 3.15  eV 
and the excited state of the QD at 3.206  eV by performing  
micro-photoluminescence (µ-PL) and µ-PL excitation (µ-PLE) 
experiments. To confirm the influence of the QRE on the 
QD, we compared its emission under three excitation wave-
lengths: 3.542, 3.303, and 3.206  eV, which correspond to the 
above-barrier bandgap excitation (ABE), below-barrier bandgap  
excitation (BBE), and QRE conditions, respectively. We meas-
ured the polarization-resolved absorption under the three excita-
tion wavelengths and found contrasting excitation polarization 

properties arising from the different excitation mechanisms. 
By measuring with a higher-order grating, the linewidth broad-
ening under polarization-controlled QRE became 78% of that 
in the ABE case. Moreover, the second-order correlation value 
under polarization-controlled QRE became 49.1% of that in the 
ABE case, due to the reduced background emission. Finally, the 
g(2)(0) value remained below 0.5, even at 100 K. In conclusion, 
we compared QD emission while changing the excitation wave-
lengths and polarizations and confirmed that the selection of 
excitation polarization is crucial in a QRE scheme. We expect 
that the polarization-controlled QRE technique, without sacri-
ficing the measured intensity, could provide improvements to 
diverse platforms that suffer from unwanted background emis-
sion and a lack of coherence.

2. Results and Discussion

Figure 1a shows the ABE and QRE schemes. In ABE, the  
carriers generated at the GaN barrier by pumping laser undergo 
relaxation from the barrier states to the ground state of the QD. 
During this process, the fluctuation of the local electric field pro-
duced by the capture and de-capture events of carriers results in 
the spectral diffusion effect. However, in QRE schemes, direct 
pumping of electrons and holes to the excited states of the QD 
prevents spectral diffusion. To investigate the effect of QRE on 
the optical properties of QD quantum emitters, we used InGaN 
QDs embedded in the GaN nanowires. Figure  1b shows scan-
ning electron microscopy (SEM) and transmission electron 
microscopy (TEM) images of the GaN nanowires. Thin InGaN 
QDs are located at the end of the nanowire. The average thick-
ness and diameter of the QDs were obtained by TEM images 
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Figure 1.  a) Schematic of the ABE and QRE processes. b) SEM and TEM images of the InGaN QD in a GaN nanowire dispersed on silicon nitride on 
a silicon wafer. c) Schematic of the µ-PL and µ-PLE experiment setup for a single QD.
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of 30 QDs, which were 4.7 ± 0.3 and 38.9 ± 1.5 nm, respectively 
(Figure S5, Supporting Information). Since the GaN nanowires 
were grown on Si(111) substrate, the nanowire axis is the c-axis. 
The nanowires were dispersed on silicon nitride on a silicon 
wafer using the drop-casting method. Subsequently, 50 nm of 
Al2O3 was deposited via atomic layer deposition. To probe the 
excited state of a single QD, we performed µ-PL and µ-PLE 
spectroscopy under low-temperature conditions, as shown in 
Figure 1c. The QD intensity was measured while changing the 
wavelength of the excitation laser. The detailed experimental 
setup is explained in the methods section.
Figure 2a shows the µ-PL and µ-PLE results. The peak at 

3.15 eV in the QD spectrum represents the ground state transi-
tion. The QD intensity decreased continuously with decreasing 
excitation photon energy until 3.25 eV. The PLE spectrum had 
a local maximum intensity at excitation of 3.206  eV, which 
was 55 meV above the ground state. Because the longitudinal 
optical (LO) phonon energy of GaN is 90 meV and that of InN 
is 72  meV, it is deduced that the 55  meV difference does not 
originate from the LO-phonon induced transition. In addition, 
the 55 meV difference is similar to the value in previous report 
on c-plane InGaN QDs.[41] Therefore, we attributed the peak 
in the PLE spectrum to the transition from the excited state to 
the ground state. The origin of the nonzero continuum absorp-
tion signal was assigned as alloy fluctuations of Indium and 
“crossed-transition”. Crossed-transition means that the elec-
tron is generated at the barrier and the hole is generated at the  
discrete states of the QD, or vice versa.[42] To compare QRE with 
other excitations, we analyzed the emission for three types of 
excitation wavelength of the laser, which are indicated in the 
shaded area of Figure 2a. The EABE = 3.542 eV pumping laser 
excites the GaN barrier (whose bandgap is ≈3.47 eV at low tem-
perature). However, the EBBE  = 3.303  eV laser does not excite 
the GaN barrier. In particular, the EQRE = 3.206 eV laser reso-
nates with the local maximum of the PLE spectrum. Figure 2b 
shows the excitation-power-dependent measurements of the 
QD intensity under three different excitation conditions. In 
each excitation condition, polarization selections in both exci-
tation and emission path were used. In general, the emission 
of a single QD follows saturation behavior in the high-power 

regime, and the saturated intensity of the QD is not deter-
mined by the absorption efficiency of the excitation laser but 
the quantum efficiency of the QD. Thus, the saturated intensity 
remains unchanged under various excitation wavelength condi-
tions if the same transition of the QD is observed. We fitted 
the power-dependent emission intensity using the following 
function:[43]

= −








∞

−
I I 1 sate

P

P 	 (1)

where I is the intensity of the QD, Psat is the saturation power 
of the pumping laser, I∞ is the saturated intensity of the QD, 
and P is the pumping power. The saturated peak intensities of 
the QD with ABE, BBE, and QRE were 7882 ± 67, 6978 ± 52, 
and 7261 ± 72, respectively. Although the intensity of the QD 
was saturated at different powers under each excitation condi-
tion, the results showed that the saturated intensities under  
different excitation wavelength conditions were almost the 
same. It is worth noting that the same saturated intensities in 
QRE indicate that we did not need to sacrifice the QD intensity. 
The lower saturation power at ABE indicates that it generated 
more carriers than the other excitation conditions due to the 
pumping of the barrier states.

To analyze the mechanisms of the various excitation 
methods, we investigated the polarization-dependent absorp-
tion properties at different excitation wavelengths. As shown 
in Figure 3a, we obtained polarization-resolved µ-PL emission 
using a half-wave plate and linear polarizer in the emission 
path. Subsequently, the intensity of the QD emission was meas-
ured depending on the polarization angle of the excitation laser 
while fixing the polarization of the emission path. In Figure 3b, 
the emission of the QD shows linear polarization under the 
BBE laser with a linear polarization of 30°. The direction of 
linear polarization of our nanowire-embedded QD was perpen-
dicular to the nanowire axis (Figure S1, Supporting Informa-
tion). This is due to recombination between the ground state 
electron and a hole from the A-band, similar to the wurtzite 
structure InAs/InP QDs.[44] Figure  3c shows the polarization-
resolved absorption in the ABE case. The polarization-resolved 
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Figure 2.  a) µ-PL and µ-PLE spectra of single InGaN QD measured at 10 K; shaded areas indicate the excitation wavelengths used in our experiments. 
b) Power-dependent PL intensity of a single QD excited by ABE, BBE, and QRE. The dashed lines represent the fitted results for investigating the QD 
saturation behavior. The inset shows the saturated intensities of the QD excited by ABE, BBE, and QRE.
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absorption is nearly unpolarized and indicates the absence of 
polarization selectivity of the absorption due to the excitation 
of the GaN barrier. Figure 3d shows a schematic and the result 
of polarization-resolved absorption under BBE. As mentioned 
above, the continuum absorption of BBE originated from alloy 
fluctuations and crossed-transition.[42] Based on the geometry of 
the nanowire QD, the dipole direction of the crossed-transition 
follows the direction of the nanowire, as shown in the  
schematic in Figure 3d. However, the dipole direction originated 
from the alloy fluctuation might be random. Therefore, the 
polarization direction of the absorption which is parallel to the 
nanowire axis indicates that the dominant origin of continuum 
absorption is crossed-transition. This result is similar to that of 
a previous report on in-plane polarized absorption from crossed 
transition in a QD in-a-well system.[45] In contrast, the polariza-
tion direction of the absorption under QRE, which is parallel to 
the emission polarization, is orthogonal to the nanowire axis, as 
shown in Figure 3e.

To compare linewidth broadening under different excita-
tion conditions, we measured the PL spectra of a single QD 
using a higher-order grating (3600 grooves per mm). In addi-
tion, to investigate the influence of excitation polarization, 

we used additional polarization selection in excitation, i.e., 
the maximum and minimum points in Figure  3d,e under 
BBE and QRE conditions. In the ABE, polarization selection 
on excitation was not used because it has an almost unpolar-
ized excitation property. Figure 4a–c shows the PL spectra 
under ABE, BBE-pol. max. (polarization maximum point in 
Figure  3d), and QRE-pol. max. (polarization maximum point 
in Figure  3e), respectively. For appropriate comparison, the 
excitation pumping powers were manipulated to set a similar 
QD intensity for each condition. The linewidths of the QD 
under each excitation condition were fitted using the Voigt 
function. In Figure  4d, they have linewidths of 353 ± 2.49,  
305 ± 3.76, 295 ± 2.69, 272 ± 1.98, and 295 ± 4.14  µeV under 
ABE, BBE-pol. max., BBE-pol. min. (polarization minimum 
point in Figure 3d), QRE-pol. max., and QRE-pol. min. (polari-
zation minimum point in Figure 3e), respectively. As the ABE 
pumping laser generated numerous carriers in the barrier 
states, it had the broadest linewidth among the various excita-
tion conditions owing to the large spectral diffusion. Although 
the BBE pumping laser excited the continuum states of the QD, 
it did not excite the barrier states. Consequently, the charge 
fluctuation could be reduced compared to that in the ABE case. 

Small 2023, 19, 2205229

Figure 3.  a) Schematic of experimental setup for polarization-dependent emission and excitation measurements. b) Polarization-dependent emission 
intensity of QD under BBE. Schematic and polarization-dependent excitation measurement under c) ABE, d) BBE, and e) QRE. The wire images (pink 
colors) in polarization-resolved emission and excitation results indicate the directions of the dispersed nanowire on a substrate.
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In particular, the direct excitation of the QD excited state by 
means of QRE with proper polarization control can exclude 
the contribution attributed to the absorption of the continuum 
state, suppressing the spectral diffusion effect and reducing the 
linewidth broadening. Another piece of evidence of suppressed 
spectral diffusion under polarization-controlled QRE is the  
contraction of time-dependent peak wavelength fluctua-
tion (Figures S3 and S4, Supporting Information). Although 
linewidth broadening was not sufficiently suppressed to 
achieve transform-limited single photon emission because the 
lifetime is 0.81 ns (Figure S2, Supporting Information) (trans-
form-limited linewidth is ≈0.80  µeV), polarization-controlled 
QRE was effective in reducing linewidth broadening. Another 
remarkable point of the normalized spectra of the QD under 
various excitation conditions was the reduction in background 
emissions under QRE compared to that of the other excitation 
cases. The suppression of the background emission affects the 
attainment of high single-photon purity.

To confirm the improvement in single-photon purity under 
QRE, we measured the second-order autocorrelation using 
a Hanbury–Brown and Twiss experimental setup. Figure 5a  
shows the second-order correlation functions of the QD 
emission for each excitation condition. In the second-order  
correlation measurements, the emission intensities of the QD 
under each excitation condition were similar. To calculate the 
g(2)(0) value, we obtained the integrated coincidence counts of 
each peak and divided the integrated counts of zero delay by 
the average integrated counts of 10 peaks, which are five peaks 
on both sides of zero delay. The error was calculated using the 
standard deviation of the integrated counts of the ten peaks. 
Although the integrated counts at zero time delay are equal 
to zero for the ideal single-photon emitter, a nonzero value of 
g(2)(0) can be obtained due to background emission. In general, 
an emitter is regarded as a single-photon emitter when g(2)(0) is 
lower than 0.5. The values of g(2)(0) under each excitation con-
dition were 0.470 ± 0.017, 0.385 ± 0.020, and 0.231 ± 0.010 for 
excitation of ABE, BBE-pol. max., and QRE-pol. max., respec-
tively. Although the antibunching signal emerged under ABE, 
the g(2)(0) value was close to 0.5. However, g(2)(0) decreased to 

0.385 under BBE-pol. max., which was probably induced by 
the decline of the background signal. Importantly, a dramatic 
change in the g(2)(0) value (0.231) was observed under QRE-pol. 
max.. To analyze the effects of the background signal on auto-
correlation, we considered the theoretical relationship between 
the background signal and g(2)(0). The value of g(2)(0) due to the 
background level is expressed by the following equation:

g 0 12
2

( ) = −
+







( ) S

S B 	 (2)

where S and B are the signal and background intensity, respec-
tively. In Figure  5b, we represent the measured g(2)(0) value 
with the corresponding S/(S + B) of the QD emission for the 
five excitation conditions, which are ABE, BBE-pol. max., BBE-
pol. min., QRE-pol. max., and QRE-pol. min.. The green line 
indicates the ideal case, which follows the equation. As can be 
observed, the measured g(2)(0) values under the five different 
conditions were well suited to the ideal case. Therefore, we can 
confirm that the change in g(2)(0) originates from the degrada-
tion of background emission. Furthermore, by comparing the 
g(2)(0) values under QRE-pol. max. and QRE-pol. min., it is 
worth noting that polarization selection of the excitation laser 
is necessary to achieve high single-photon purity. The increase 
of single-photon purity is unclear in BBE since the degree 
of polarization of BBE absorption is small, as can be seen in 
Figure 3d. However, single-photon purity is improved apparent 
by additional polarization selection in the QRE scheme. On the 
one hand, III-nitride QDs are attractive platforms for room-
temperature-operating quantum emitters due to their large 
exciton binding energy. However, the peak intensity of the QD 
decreased owing to linewidth broadening caused by phonon 
interactions at elevated temperatures. Consequently, the rela-
tively increased background emission near the QD induced a 
reduction in the single-photon purity at elevated temperatures. 
Hence, the suppression of background emission is necessary 
to accomplish high-temperature operation of single-photon 
emitters. To investigate the influence of the suppressed back-
ground emission on single-photon purity under QRE at 
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Figure 4.  µ-PL spectra of a single QD excited by a) ABE, b) BBE, and c) QRE with a higher-order grating. In each excitation, the polarization of the 
laser was chosen to make the QD intensity maximum. The linewidth was fitted with a Voigt function. d) Linewidth of the single QD under different 
excitation wavelength conditions. The circle and hole symbols signify that the polarization of the laser matched with the maximum and minimum 
points of Figure 3, respectively.
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elevated temperatures, we obtained temperature-dependent 
PL emission and second-order correlation under three exci-
tation conditions: ABE, BBE-pol. max., and QRE-pol. max.. 
Figure  5c shows the temperature-dependent QD emission 
under polarization-controlled QRE. The QD emission showed 
redshift and linewidth broadening with increasing tempera-
ture. The redshift of the emission was caused by a change in 
the bandgap and linewidth broadening originated from inter-
action with phonons. In addition, a decrease in peak intensity 
was observed with increase in temperature. Figure  5d shows 
the temperature-dependent second-order correlations under 
excitation at ABE, BBE-pol. max., and QRE-pol. max.. When 
the temperature was increased, the second-order correlation 
value increased at each excitation wavelength due to the reduc-
tion in the signal-to-noise ratio. In the ABE, the g(2)(0) value 
was greater than 0.5 even at 30 K, and it became larger than 0.6 
at 70 K. In contrast, under BBE, the g(2)(0) value became larger 
than 0.5 above 70  K. It is worth noting that we could achieve 
g(2)(0) still below 0.5 still at 100 K by applying polarization-con-
trolled QRE to the QD.

3. Conclusion

We proposed a method to improve the optical properties of 
quantum emitters via polarization-controlled QRE. We applied 
this QRE to InGaN QDs, which often suffer from the spectral 
diffusion effect and unwanted background emissions from 
adjacent emitters. Moreover, accomplishing the high single-
photon purity is not easily accessible in InGaN QD due to the 
fluctuation of indium content in InGaN alloy. In spite of these 
obstacles, InGaN QDs have advantages in high-temperature 
operation due to the large exciton binding energy (over thermal 
energy at room temperature) even under random alloy fluc-
tuation.[46] Furthermore, InGaN QDs can reveal visible light 
emission, which is valuable for quantum optical applications 
owing to the high detection efficiency of visible light. Before 
applying QRE to InGaN QDs embedded in nanowires, µ-PLE 
spectroscopy was conducted to probe the excited state of the 
QD. Then, the polarization-dependent absorption measure-
ments were performed under ABE, BBE, and QRE. We meas-
ured the unpolarized absorption in the ABE, which was caused 
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Figure 5.  Second-order correlation function with pulsed laser under different excitation conditions using a) ABE (left), BBE-pol. max. (middle), and 
QRE-pol. max. (right). b) S/(S+B) of emission and corresponding measured g(2)(0) value under different excitation conditions. Green line is the theo-
retical relation between g(2)(0) and S/(S+B). c) Temperature-dependent µ-PL emission under QRE-pol. max. d) Temperature-dependent second-order 
correlation values under excitation of ABE (black), BBE-pol. max. (red), and QRE-pol. max. (blue).
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by the absence of polarization selectivity in the GaN barrier. In 
addition, polarization absorption parallel to the nanowire axis 
was observed in BBE and was assigned to a crossed transition. 
However, in QRE, the direction of polarization absorption is 
perpendicular to the nanowire axis, which is consistent with the 
polarization direction of the emission. To confirm the effect of 
polarization-controlled QRE, we compared five excitation con-
ditions (ABE, BBE-pol. max., BBE-pol. min., QRE-pol. max., 
and QRE-pol. min.). The linewidth with polarization-controlled 
QRE was 272 µeV, which is much smaller than the 353 µeV for 
the ABE. In addition, by reducing the background emission 
near the QD, we observed a second-order correlation value of 
0.231 under polarization-controlled QRE, whereas it was 0.47 
under ABE. To investigate the possibility of higher-temperature 
operation, we measured the temperature dependence of the 
second-order correlation and confirmed that the g(2)(0) value 
was below 0.5 up to a temperature of 100  K. Therefore, we 
could selectively pump the excited state of the QD with prohib-
iting the effect of continuum state absorption.

This research can be applied to other platforms of quantum 
emitters, such as III-nitride QDs embedded in a pyramid 
structure, III-As QDs embedded in a pyramid or nanowire 
structure, and 2D materials. If these systems suffer from spec-
tral diffusion or background emission despite the necessary 
brightness, polarization-controlled QRE could be the solution. 
Furthermore, the single-photon purity can be further improved 
by exploiting other fabrication techniques, such as nanoscale 
focus pinspot,[31] metallic masking[29,47] of quantum well emis-
sion and mesa-etching.[28,48,49] Moreover, we could attempt 
to curtail the radiative lifetime of QDs for Fourier-transform-
limited emission by integrating QDs with dielectric cavities[50,51] 
or plasmonic cavities[52,53] for future quantum information 
technologies.

4. Experimental Section
Sample Growth: Self-assembled GaN/InGaN NWs were grown on 

oxide-free n-type doped Si(111) substrate by molecular beam epitaxy, 
and active nitrogen was supplied by a radiofrequency plasma cell. 
Prior to the growth of GaN/InGaN NWs, a 2.5-nm-thick AlN buffer 
layer was deposited on the substrate following a previously reported 
procedure,[54] allowing a better control of the NW nucleation, density 
and orientation.[55–57] The GaN NW bases were grown at 790 °C under 
N-rich conditions with an N/Ga flux ratio of about 1.36. Then, the 
substrate temperature was ramped down to 590  °C, under growth 
interruption to grow QD-shaped InGaN/GaN heterostructures. 
QD-shaped InGaN was achieved within the In-adlayer growth regime 
(metal-rich conditions), where a stable Indium layer is adsorbed at the 
NW growth front, promoting the growth of heterostructures with a disk-
like shape.[58] Following this growth procedure, highly homogeneous 
InGaN QDs with uniform diameters were formed and surrounded by a 
thin shell of GaN.[58] Finally, a GaN cap layer was grown on top of the 
heterostructures under N-rich conditions (N/Ga ratio of 25) at 650 °C to 
preserve abrupt InGaN/GaN interfaces.

Optical Experiment: A tunable femtosecond Ti:sapphire pulsed laser 
(pulse duration = 200 fs; repetition rate = 80  MHz) was used as the 
excitation laser. Low vibration closed-loop liquid-helium cryostation was 
used to measure a single QD under low-temperature conditions. The 
laser was focused on a single QD, and the emission of an identical QD 
was collected using a microscope objective lens (Mitutoyo; 50×; N.A., 
0.65). PL spectra were analyzed using a high-resolution monochromator 
(Princeton Instruments, SP2750). To measure the second-order 

photon correlation, the Hanbury–Brown and Twiss experimental setup 
with a 50:50 beam splitter and two avalanche photodiodes (APDs)  
(ID Quantique; ID 100; temporal resolution, 40  ps) were utilized. 
In addition, two avalanche photodiodes were connected to a time-
correlated single-photon counting system (Picoquant; Picoharp 300) 
to obtain coincidence histograms as a function of delay times between 
two detected photons at the APDs. In the second-order correlation 
measurements, spectral filtering with the bandwidth of about 0.7  nm 
was used.
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