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The PL spectrum of the unimplanted sample (Fig. 1a) exhibits the typical features of an “optical 

grade” diamond substrate: the intense first-order Raman peak at 572.5 nm (i.e. 1332 cm-1

 

Raman 
shift), the zero-phonon lines (ZPLs) of the NV0 and NV- centers respectively at 575 nm and 
638 nm, together with the corresponding phonon replica at higher wavelengths [4]. Apart from the 
well-established increase in NV emission intensity, the PL spectra from the implanted regions 
(Fig. 1b-1d) revealed two sharp (<2 nm FWHM) and intense peaks at 536.5 nm and 560.5 nm, to-
gether with an emission band in the 580-630 nm spectral range (highlighted in blue in Fig. 1d for 
ease of view). This latter feature cannot be attributed to Raman transitions (as confirmed with sub-
sequent PL measurements with 405 nm excitation, see below), and it is unlikely to be related to ei-
ther phonon replica of the NV0 and NV- centers, due to the high intensity contrast with respect to 
the baseline of the NV0 emission spectrum at wavelengths >610 nm. More likely, it is to be attribu-
ted to the phonon sideband of the 560.5 nm transition, consistently with what reported in Ref. [23]. 
The intensity of these spectral features displayed a clear correlation with the implantation fluence 
(Fig. 2). Additionally, a weak peak at 740 nm, observed at the lowest implantation fluence, is attri-
buted to residual radiation-induced vacancies (GR1 centers), i.e. to isolated vacancies which were 
not completely annealed out upon thermal treatment [22, 24]. 
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Figure 4: PL spectra acquired under 532 nm excitation from sample #4 upon 2-hours annealing steps at increasing tem-
peratures: a) pristine sample; b) after implantation with 1.8 MeV He+ ions at 5#1014 cm-2 fluence; c) after 250 °C an-
nealing; d) after 500 °C annealing; e) after 750 °C annealing; f) after 1000 °C annealing. 

3.3 Photoluminescence at 405 nm excitation 

The PL emission from the region of sample #1 implanted with 1.3 MeV He+ ions at a a 1#1016 cm-2 
fluence was investigated under 405 nm excitation. The PL spectrum (Fig. 5a) is compared with the 
corresponding PL spectrum acquired under 532 nm excitation (Fig. 5b) in the same experimental 
conditions. The two PL spectra could not be normalized to the first-order Raman line, which is filte-
red out by the optical filters under blue laser stimulation. Instead, a normalization to the intensity of 
the 560.5 nm PL peak was chosen for ease of visualization. 

Both the 536.5 nm and 560.5 nm emission lines are clearly visibile under 405 nm excitation, indica-
ting that this wavelength is effective at optically stimulating the photoluminescence of He-related 
defects. As mentioned before, it is worth noting that, similarly to what observed under 532 nm exci-
tation, the PL band centered at 600 nm is still detected, thus ruling out its possible attribution as a 
Raman feature. The emission is thus identified as an additional spectral feature of He-related defec-
ts in diamond, and it is tentatively attributed to a phonon sideband of the He-related peak at 560.5 
nm. 

The observation of He-related PL features under 405 nm excitation provides some useful indica-
tions on the position of the corresponding levels in the energy band gap of diamond, while unequi-
vocally ruling out their attributions to Raman transitions. In more details, our results indicate that 
the ground state(s) of the He-related center(s) lie at an energy of >3.06 eV from the bottom of the 
conduction band, and can therefore be regarded as very deep states in the forbidden gap. Furthermo-
re, it is worth noting that no emission lines at wavelengths shorter than 536.5 nm were observed, 
such as the intense and sharp peak at 522.5 nm reported in Ref. [23], which was correlated with the 
536.5 nm and 560.5 nm transitions. In this regard, our result seems to counter-proof this tentative 
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attribution of the 522.5 nm feature. In principle, the absence of this spectral feature could be explai-
ned by the fact that it cannot be excited under 532 nm radiation; on the other hand, its absence un-
der 405 nm laser excitation could indicate that the ground state of such defect is placed at less than 
3.06 eV from the bottom of the conduction band. It is however worth noting that the 522.5 nm 
emission was not observed under electroluminescence regime in a recent experiment on a type-IIa 
diamond substrate [24]. This could indicate that the afore-mentioned spectral lines should be inter-
preted as a feature of the specific diamond substrate considered in Ref. [23]. 

!  

Figure 5: PL spectra acquired under different excitation wavelengths from sample #1, upon the 1.3 MeV He+ irradia-
tion at 1#1016 cm-2 fluence and subsequent thermal annealing: a) 532 nm excitation; b) 405 nm excitation. 

4. Conclusions 

In this work we reported for the first time the photo-excitation of two sharp emission lines at 
536.5 nm e 560.5 nm in He-implanted diamond. On the basis of the correlation of the PL intensity 
with the implantation fluence, as well as with the thermal annealing temperature of the implanted 
substrates, we attributed these spectral features to complexes containing both He impurities and 
(most likely) vacancies. Moreover, by carrying PL measurements under 405 nm laser excitation, we 
estimated a lower limit of 3.06 eV on the difference in energy between the ground state of these op-
tical transitions and the bottom of the conduction band.  

The results presented in this work provide an interesting perspective on the fabrication of diamond 
color centers with appealing emission features (sharp emission, low phonon coupling), by means of 
implantation of largely accessible and easily focusable ions such as He+ [29]. In future works we 
envisage the characterization of the opto-physical properties (emission lifetime, polarization, spin 
rensonances) of these centers at the single-defect level, in view of possible applications in quantum 
optics.
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