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Section I. DFT Calculations
Based on density functional theory (DFT)!, we carried out first-principles calculations with

the generalized Kohn-Sham scheme?, as implemented in the Vienna ab-initio simulation package
(VASP)?. An energy cut-off of 400 eV was used in the calculation. The convergence criterion for
the forces is less than 0.02 eV/A, and the change of the total energy is less than 10 eV. We carried

)y* for the electronic

out the screened hybrid functional of Heyd, Scuseria, and Ernzernof (HSE
structural calculations. In this method, the short-range exchange potential is calculated by mixing
a fraction of nonlocal Hartree-Fock exchange with the generalized gradient approximation (GGA)
of Perdew, Burke, and Ernzernof (PBE)®. The screening parameter was set to 0.2 A and the
mixing parameter 0=0.31 was used in our calculation. This value of a closely corresponds to the
experimental band gap of hBN. The defective systems were modeled with a 3x3x2 supercell for
monolayer BN. And for bulk BN, a 6x6x1 supercell was used. The supercells were sampled with a

3x3x3 and 3x3x1 k-point mesh for bulk and monolayer BN, respectively. Native defects and



impurities are created by adding and removing atoms from the supercell. We should note that the

energy of the host valence band maxima is set to zero here. At 4 K, the electron-phonon coupling

is weak (almost no phonon sideband is observed in our spectra) and lattice relaxation hardly

affects the calculation of defect energy levels, thus we did not consider the lattice relaxation’.

Section II: Supplementary Figures
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Fig. S1 | (a) PL spectra of different hBN samples (labeled by S1-S5) with excitation wavelength
442 nm (2.81 eV) at 4K. (b-d). The zoomed-in PL range in (a).
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Fig. S2 | The measurement result of the second-order correlation function for one PL peak at 4 K.

The inset shows the corresponding PL spectrum.
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Fig. S3 | The temporal evolution of different emitters under continuous illumination at 4K.
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Fig. S4 | The calculated DAP lines based on #ype I transition.
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Fig. S5 | The calculated type I DAP lines based on different |Ep-Ea|.

We display three fitting results with different |Ea-Ep| in Fig. S5. Obviously, the deviation
between the calculated values and the experimental results in Fig. S5 (b) and (c) is larger than that
in Fig. S5(a), especially in the small shell number region (labeled by the blue oval). Thus, the

value of |[Ea-Ep| is selected specially.
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Fig. S6| The calculated DAP lines based on type I for different samples.
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We measured different nanoflakes at 4 K and they all show lots of similar sharp lines covering

from 450~750 nm though the peak distribution may be slightly biased due to the uneven

distribution of defects and stress. We use the same |Ea-Ep| value to match these spectra and find

that most of the lines can be fitted well, as shown in Fig. S8.
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Fig. S7| (a) The calculated spectral distribution of #ype2 DAPs. (b) The calculated emitted-photon
energies based on the DAP model as a function of Rm (the distance between the donors and
acceptors, where m is the shell numbers). The solid symbols are experimental results and the solid
curves are the calculated results of fype 2 based on equation 1. (¢) The coincidence of
experimental lines that match the calculated DAP lines overall measured PL lines in each range.
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Fig. S8| Two group Rn-dependent DAP lifetimes fitted by type 1.

The DAP lifetime of shallow impurities is dependent on the overlap of donor and acceptor's
wavefunctions and can be expressed as®'%:7(R,,) ™! « exp(—2R,, / a.), where Ry, is the distance
between the donor and acceptor, a. is the donor Bohr radium. This form was based on the effective
mass approximation and hydrogen-like model. For shallow impurities, the Bohr radium extent is
much greater than the crystal constant of the host materials, and thus the DAP lifetime can vary by
one or more magnitude with the distance between donor and acceptor changed!*!*. Besides, other
factors may influence the DAP radiative recombination, such as concentrations'’ and nonradiative
process'>, resulting in the relationship between lifetime with Ry, will deviate from this formula.

In our case, the impurities in hBN are deep-level defects, whose Bohr radius is much smaller
than that of the shallow levels. i.e., just extent to several protocells. Therefore, there are no
grounds for assuming a Coulomb field for the center with correction for the dielectric constant and
using the effective-mass approximation'®. We measured the PL decay of the donor-acceptor pairs
in our hBN sample and extract DAP lifetime in two groups whose |Ep — E,| equals 2.180 eV
and 1.708 eV in Fig. S4. The lifetimes of the DAP transition increase linearly with the increasing
Rm. The resolution of 600 lines mm™! grating and 550 mm focal length we used in the life
measurement is much lower than 2400 lines mm™' grating and 800 mm focal length used in the
spectral measurement in the manuscript, so if the two peaks are too close to distinguish them, and
then these decay channels interact with each other, resulting in inaccurate lifetime measurement.
In addition, the factors mentioned above that influence the lifetime of shallow level impurities

may also exist in our experiment. In conclusion, the life measurement results support "more



distant pairs should give longer lifetimes", but not the exponential relationship as with the shallow
level impurities. Therefore, it is difficult to obtain the dependence of the lifetime of deep level
DAP on R, from the existing experimental results now.

Section III: DFT calculated results
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Fig. S9| (a) The calculated band structure of the monolayer hBN and the energy levels of different
defect types. The blue lines indicate these defect states which are full-filled with electrons, the
black straight lines represent these defect states which are half-filled with electrons, and these red
lines denote the empty defect states. The energy of the host valence band maxima is set to zero. (b)
The energy of different defect types. The green columns represent defects in the monolayer hBN
case, and the white columns represent defects in the bulk hBN case. The superscript (F), (H), and
(E) indicate the defect states are full-filled with electrons, half-filled with electrons, and empty,

respectively. (An apostrophe (') is used to distinguish some substitutional atoms with the same
electron occupancy two energy levels). For example, Cl(gH) denotes a C impurity substituting for a

lattice B atom and half-filled with electrons. Anti-site denotes By and Ny, Vg and C; denote

boron vacancy and carbon interstitial, respectively.

Fig. S9 shows the electronic energy band structures of the monolayer hBN and its possible
defect states calculated by DFT. The defect types in monolayer and bulk hBN are almost the same,
but the energies have a small difference, indicating the energy is small varied in different thickness
hBN for the same defect type.
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Fig. S10| The |Ep-Ea| of different type2 DAPs from our fitting result (red circle) and DFT
calculation (black square).

Section I'V: Temperature dependence of linewidth and PL peak positions.
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Fig. S11| (a) (b) (c) The temperature dependence of linewidth and energy of the PL peaks with
different peak energies. The inset shows the PL peaks.
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