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Supplementary Note.S1. Biexciton Auger recombination lifetime and 

quantum yield

The biexciton AR rates and QY was calculated according to the method published by 
Klimov1 et al.:
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Where the radiative lifetime is  and .
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Biexciton QY: 𝑄𝑌𝑋𝑋 = 4𝜏𝑋𝑋/𝜏𝑋

Supplementary Note.S2. Biexciton spectrum calculation

When the pump power is low enough, the triexciton in the QD ensemble can be 

neglect, then only biexciton and single-exciton recombination is considered. Let (t) 𝑓𝑁

be the exciton population inside a QDs at delay t, and the recombination of multi-
exciton is step-transition2, the rate function is:

 
𝑑𝑓𝑁

𝑑𝑡
= 𝛾𝑁 + 1𝑓𝑁 + 1 ‒ 𝛾𝑁𝑓𝑁

Considering the initial condition:
𝑓𝑁(𝑡 = 0) = 𝑃(𝑁)
𝑓𝑁 + 1(𝑡 = ∞) = 0

By solving the rate equation, when <N> is small enough, the decay of a single exciton 
satisfies:
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where  are the decay rate of single-exciton and biexciton, respectively, which can 𝛾1,𝛾2

be obtained from the decay curves.
Therefore, the ratio of single-exciton PL intensity at t0 and t1(t1>> τxx) can be 
calculated. The biexciton spectra can be obtained by subtracting the single-exciton PL 
spectra at t0.

Supplementary Note.S3 L-L curve fit with rate function

The microcavity L-L curve was fitted by the traditional coupled rate function3:
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where, N is carrier density, P is photon density, ηin is the efficiency of pump laser, ℏωin 
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is the energy of pump photon, V is the volume of the gain medium,  is the 𝜏𝑟

spontaneous emission lifetime,  is the linear gain function,  and 𝐺(𝑁) = 𝑔(𝑁 ‒ 𝑁𝑡𝑟)
 𝑔 =

𝛽𝑉
𝜏𝑟

Ntr is the carrier density when transparency.

Table S1 Comparison of Trion and Biexciton lifetime.

QDs Type
Size(nm
)

τx+(ns) τx-(ns)
τxx(ps
)

Ref.

CdSe/ZnSe 6.14 0.26 - 29.6 [1]
CdSe/CdS 5.6 0.218 1.67 83 [2]
CdSeS/ZnS 6 - 0.75 140 [3]
CdSe/CdS/CdZnS 5.4 - - 140 [4]
CdSe/CdS 5.7 0.32 0.95 150 [5]
InP/ZnSe/ZnS 7.4 - 2.2 20 [6]
CsPbI3 8 - 0.235 93 [7]
CdSe/CdS 6 - - 120 [8]
CdSe/CdZnS/ZnS 6.4 0.74 6.1 150.8 This article
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Fig.S1 HRTEM images of CdSe/CdZnS/ZnS QDs ensembles. Scale bar: 5 nm.
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Fig. S2 (a)-(d) Residuals for the fitting results of the single-dot fluorescence decay.

Fig.S3 (a)-(c) The streak camera image as a function of <N>. The red line corresponds to 

the interband decay curves.
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Fig.S4 The PL spectra vary with <N> obtained from the streak camera image. Integrate 

window:0-100 ps.
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Fig.S5 (a) Single-dot spectra trace under relatively high pump intensity. The intensity 

distribution shows long-lived “on” states and short-lived “grey” states. Binning time:1 S. 

(b) The corresponding “on” and “grey” states spectra. The binning energy of 13 meV was 

obtained for the negative trion.
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Fig.S6 Laser-shot-dependent ASE intensity under pump laser shots up to 5 × 10 6 

indicating the exceptional stability of the QDs. The inset shows the normalized ASE 

spectra for 0.18× 10 6 and 3.6× 10 6 shots. Pump intensity: 300 μJ cm-2.
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Fig.S7 Well-defined laser spot of VCSEL when exceeds threshold after the lens and long-

pass filter.
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