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High-purity single photon sources (SPS) that can operate at room temperature are highly 
desirable for a myriad of applications, including quantum photonics and quantum key 
distribution. In this work, we realise an ultra-bright solid-state SPS based on an atomic defect in 
hexagonal boron nitride (hBN) integrated with a solid immersion lens (SIL). The SIL increases 
the source efficiency by a factor of six, and the integrated system is capable of producing over 
ten million single photons per second at room temperature. Our results are promising for 
practical applications of SPS in quantum communication protocols.  

Single-photon sources (SPSs) are the cornerstone of quantum optics, offering a reliable way to 
deterministically generate high-purity photons on demand[1, 2]. A plethora of applications exist to 
utilise these sources ranging from quantum information processing and computing to quantum 
cryptography[3-6], including efficient implementation of quantum key distribution (QKD) 
protocols[6-8]. However, practical QKD requires several SPS attributes to be addressed collectively, 
including brightness, purity and stability. Hence, there is a clear demand for such a source to be 
engineered and packaged in an integrated photonic system.  
Hexagonal boron nitride (hBN) is of particular interest in this space as a host of atomic defects that 
can be deployed as high quality SPSs, featuring both exceptional brightness, stability and good single-
photon purity (the probability that there is no more than one photon per pulse)[9-15]. In contrast to 
quantum-dot based counterparts that require cryogenic cooling[1], SPSs based on hBN operate at 
room temperature (RT), offering a practical advantage for applications in quantum communication. 
However, the main drawback of all solid-state SPSs, is a limited excitation efficiency and/or collection 
efficiency due to trapping of light in the host crystal. There have been multiple works aiming to 
improve SPS performance by increasing both the internal quantum efficiency[16-18] and collection 
efficiency[19, 20]. However, most approaches rely on precise emitter positioning and/or nano-
fabrication, making them complex, difficult to scale and unsuitable for mass-production.  
In this work, we develop and realise an integrated SPS based on hBN and a solid immersion lens 
(SILs)[21-23]. This approach is promising as SILs are easy to fabricate and available commercially. 
We show that examples of the integrated hBN - SIL device offer over a six-fold increase in photon 
collection efficiency, yielding a single-photon collection rate of 107 Hz, and are also able to maintain 
an excellent purity of g(2)(0) = 0.07 and exceptional stability over many hours of continuous 
operation. We also demonstrate a compact and robust confocal microscope design that enables 
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scalable and practical deployment of SPS technologies. We anticipate that our work will spur new 
developments in quantum photonics and find applications in SPS-based QKD. 
We employed cubic zirconia hemispheres with a diameter of 1 mm as the SILs for integration with 
hBN. hBN flakes were deposited onto the flat side of the SIL, and the sample was annealed to activate 
the SPSs. A custom-built portable confocal microscope was constructed to facilitate the 
measurements of the integrated sample at RT. The image of the microscope is shown in Figure 1 and 
the schematic of the microscope is shown as an inset. The design includes vibration isolating feet, 
removable sliding panels and a hinged lid to allow streamlined access to key components and 
interchanging of inputs and outputs. Additionally, a removable SPS mounting mechanism was used 
to enable the SPS exchange without affecting alignment or focus. The collection output can be 
configured to accept either a single-mode fibre or free-space collection. The entire confocal setup has 
a fingerprint of 500×500 mm2 and weight load of ~ 10 kg, suitable for transport and space-based 
applications. 
 

 
Figure 1: (a) Top-down photograph of the confocal setup in an isolated enclosure. Inset shows a 
schematic illustration of  the key components in the confocal microscope, with an illustration of the hBN-
SIL (solid-immersion lens) SPS in the top right corner. DM – dichroic mirror. Obj – objective. SIL – solid 
immersion lens. 
 
Figure 2a shows a characteristic hBN photoluminescence spectrum with a sharp zero phonon line 
(ZPL) at 728 nm, collected through the SIL. To prove the system is indeed an SPS, the collected light 
was directed into a Hanbury-Brown and Twiss (HBT) interferometer to perform a second-order 
correlation measurement, g2(τ). For this measurement, pulsed excitation was used with a repetition 
rate of 40 MHz, removing the effects of timing jitter and reducing the background luminescence. The 
g2(τ) measurement is shown in Figure 2b, with a g(2)(0) of 0.07, which is excellent for a RT SPS. The 
g(2)(0) was obtained by fitting the data with a Lorentzian function and the calculated areas under the 
peaks, taking the ratio of the integrated correlations at zero delay and τ time.  
 



 
Figure 2: (a) PL spectrum of a characteristic SPS. (b) Pulsed second-order autocorrelation measurement 
acquired at 40 MHz repetition rate, showing a g(2)(0) value of 0.07. 
 
The SIL used in figure 1 is intended to improve the collection efficiency, and hence the count rate and 
signal-to-noise ratio of the SPS. The employed cubic zirconia SIL acts as a high refractive-index 
material, in contrast to the hBN. Due to the resultant high index of refraction, the integrated system 
is expected to have an increased numerical aperture (NA), yielding a greater collection angle and thus 
an increased collection efficiency.  To evaluate the effectiveness of the SIL, the SPS count rate was 
measured as a function of excitation power. Figure 3a shows a comparison of count rates through the 
SIL (blue trace) and the same pristine emitter without the SIL (red trace). The latter was collected by 
inverting the SIL. The experimental data was fitted to the three level system equation: I = (Isat P) / (P 
+ Psat), where I, (P) is the emission rate (excitation power) and Isat, Psat is the emission and excitation 
power at saturation. The saturated count rate of the emitter with (without) the SIL is measured to be 
~ 1.05×107 counts/s (1.67×106 counts/s) as measured through free-space collection, representing 
over a six-fold increase. Additionally, the power needed to reach saturation was reduced to 73.1 μW 
when the SIL was employed compared to 223 μW for the refence measurement.  
 

 
Figure 3. (a) Power-dependent excitation measured with a CW laser source through the SIL (blue 
circles) and without the SIL (red circles). (b) Comparison of saturation count rates from a SIL-integrated 
SPS in free space (FS) (blue circles) and through a single mode fibre (SMF) (blue triangle). The data in 



a, b are fit with the standard three level model. (c) Power-dependent g(2)(�) measured for the same 
emitter as in (b) at different laser powers, collected through an SMF and in free space. (d) Photostability 
demonstration of an SPS recorded over 5 hours of continuous acquisition. 
 
Given the importance of fibre communications, we also measured the emission rate through a single 
mode fibre (SMF), to determine how the increase in collection efficiency translates to the practical 
setup of a fibre-based system. A different characteristic hBN emitter (with a ZPL at 582 nm) 
integrated with the SIL was measured in free-space and using SMF collection, employing the same 
confocal setup shown in Figure 1. Figure 3b shows the result of this measurement—with observed 
count rates of ~ 5.46×105 counts/s and ~ 2.43×105 counts/s for free-space and SMF collection, 
respectively, translating to a coupling efficiency of ~ 44% through the SMF.  
Next, we verify the stability and performance of the custom-built confocal microscope and enclosure. 
For practical purposes, the confocal system must perform to the same standard as typical lab-built 
confocal microscopes. Thus the following measurements were conducted to analyse signal-to-noise 
ratio and stability. Figure 3c shows power-dependent g(2)(𝜏𝜏) measurements performed on the same 
SPS as seen in Figure 2b comparing g(2)(0) values between free-space and SMF collection. The 
performance between the free-space and SMF collection is observed to be of a similar value, showing 
the g(2)(0) value to be within error bars for each respective excitation power. This is important to 
assess the performance and repeatability of our custom-built portable confocal microscope. Finally, 
Figure 3d shows the PL intensity from the SPS for an extensive duration of 5 hours. The observed 
count rates indicate the extreme photostability of the hBN source, absent of any photoblinking or 
large fluctuations in emission intensity, confirming also the mechanical robustness of the box. There 
was no physical realignment during the measurement. 
Lastly, we provide a real-world evaluation of suitability of the SPS for practical QKD, considering the 
well-established BB84 protocol[24, 25]. We consider the security analysis in the finite-key length 
regime in [26] to obtain an estimate of the secret key rate for practical deployment. The achievable 
QKD key rate, K, (in bits per second) is given by K=SfiniteRs where Sfinite is the secret key rate (in bits 
per pulse) extracted at the end of the QKD protocol per pulse and Rs is the pulse repetition rate at the 
source. Note, the key rate K obtained here assumes that the classical post-processing steps, i.e. the 
reconciliation and privacy amplification, are not the bottleneck of the overall QKD deployment. The 
assumption can be easily satisfied if state-of-the-art FPGA-based reconciliation and privacy 
amplification are adopted. 
We note recent work[27] on the second-order correlation function, g(2)(τ), that for some quantum 
state of light, the there is a non zero projection onto the single-photon Fock state. We refer to this 
projection as the single-photon projection. Specifically, we note a formal proof is given that a value of 
g(2)(0) < 0.5 for a given state, implies that there is a nonzero single-photon projection in the state. 
However, the probability, p, of obtaining a single photon in a measurement of the photon number is 
completely arbitrary - it is not related to g(2)(0). We therefore derive our key rate independent of the 
specifically measured g(2)(0) value. 
We define the total failure probability, ϵ, of the protocol as ϵ =𝜖𝜖̃+ ϵPA + ϵEC + ϵPE, where 𝜖𝜖̃  is the 
smoothing parameter for the smooth min-entropy calculation, ϵPA is the failure probability of privacy 
amplification, ϵEC is the failure probability of error-correction, and ϵPE is the probability that the true 
value of the Quantum Bit Error Rate (QBER) is out of the confidence. For a given ϵ, Sfinite is given by 
 

𝑆𝑆finite = 𝑞𝑞𝑞𝑞(1 − ℎ �𝜖𝜖�(𝑚𝑚)
𝐴𝐴
� − 𝑓𝑓ECℎ(𝑒𝑒) − ∆(𝑛𝑛))                        (1)  

 



Where fEC is the reconciliation efficiency, q=0.5n/(n+m) is the ratio of remaining bits after parameter 
estimation to the total number of bits obtained from the quantum measurement. Here, n is the 
number of bits that Alice and Bob hold for classical post-processing, and m is the number of bits 
randomly selected for parameter estimation. In Eq. 1, h(x) is the binary entropy function, the term, A 
= (Pdet – Pm)/Pdet, is the correction term due to the multi-photon emission at the SPS, where Pdet is the 
probability of detecting at least one photon, and Pm is the probability of multi-photon emission at the 
source. In Eq. (1), e is the true value of QBER, and 𝜖𝜖̃(𝑚𝑚) is the estimated QBER taking the statistical 
fluctuation of using those m bits for the QBER into account. 
Based on a realistic value of Pm = 0.07 from the previous measurements of our SIL-integrated SPSs, 
we investigate the dependence of K on the fibre length, utilising a fibre-based QKD system. The results 
are shown in Figure 4.  The calculations show that key rates, K, approaching ~ 106 bits/s can be 
achieved for 20 MHz repetition rates (exceeding that for faster triggering). The scale at which non-
zero key rate are found (up to ~ 8 km radius), are sufficient to cover the core metropolitan area of a 
typical city. 
   

 
Figure 4. K vs. d for different Rs. We adopt the following setup to obtain this figure: The fibre 
attenuation factor for 720nm fibre optic, α = 3.5 db/km, e = 2%, ϵ = 10−10, n = 106 , fEC = 1.1, and m = 
0.5n. 
 
To summarise, we show that an integrated hBN-SIL SPS can provide single-photon rates of 107 Hz, 
and can possess a high purity of g(2)(0) = 0.07. The sources are bright, photostable over a prolonged 
duration and can be incorporated into a portable, lightweight setup. We also show the potential of 
employing such a source under realistic conditions and show that high secured QKD rates 
approaching ~ MHz are feasible over several km. We expect the presented hBN-SIL system will 
accelerate the development of practical QKDs systems and will find place in real-world quantum 
photonic applications. 
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