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d Applied Quantum Systems, Felix-Bloch Institute for Solid-State Physics, Universität Leipzig, 04103, Leipzig, Germany
e Istituto Nazionale Di Ricerca Metrologica (INRiM), 10135, Turin, Italy

A R T I C L E  I N F O

Keywords:
NIR emission
Fluorine color centers
Diamond defects
Photoluminescence
Cathodoluminescence
Electroluminescence
Quantum emitters

A B S T R A C T

This study explores luminescence emission characteristics of fluorine-related color centers in diamond fabricated 
by ion implantation and subsequent thermal annealing. Photoluminescence, cathodoluminescence, and elec
troluminescence analysis were performed, revealing distinct emission features in the near-infrared region. In 
particular, a novel emission line identified at 990 nm is consistent with theoretical predictions for the optical 
activity of the negatively charged substitutional fluorine color center.

1. Introduction

The pursuit of robust solid-state quantum emitters operating under 
ambient conditions has established diamond color centers as appealing 
candidates for quantum optics and information processing [1]. While 
the Nitrogen-Vacancy (NV) center remains the most extensively studied 
defect [2,3], significant research efforts are dedicated to identifying and 
characterizing new quantum emitters with optimal opto-physical 
properties, particularly those with zero-phonon lines (ZPLs) within the 
near-infrared (NIR) or telecommunications range [4–7]. Among them, 
integrating halogen impurities, such as Fluorine, into the diamond lat
tice represents a promising avenue for engineering novel spin-active 
defects [8,9]. A preliminary high-throughput experimental work on 
emitters screening in diamond identified F ion implantation followed by 
thermal annealing as an effective method to create optically active color 
centers in high-purity diamond [4]. Further systematic characterization 
confirmed that the photoluminescence (PL) in F-ion-implanted diamond 
can be attributed to a stable defective complex incorporating the above- 
mentioned impurity in the diamond lattice [10]. The room-temperature 
PL spectrum displays a broad emission band in the 600–800 nm spectral 
range. Cooling the samples to liquid Helium temperature resolves this 
visible emission into a more structured set of characteristic lines in the 

600–670 nm spectral range (F-center), with the overall intensity corre
lating directly with the F ion implantation fluence [10]. Concurrently, 
theoretical investigations were conducted to address the nature and the 
potential for technological applications of halogen-related defects in 
diamond. While early models explored the stability of impurity-vacancy 
complexes [9], a recent work has focused on the fluorine substitutional 
defect in the negative charge state (FC

− 1). First-principles calculations 
predicted that the FC

− 1 defect is structurally stable and is characterized 
by a triplet ground state with optically addressable transitions [8]. 
Remarkably, the emission energy of the Zero Phonon Line (ZPL) of the 
FC
− 1 center was theoretically predicted to be 1.26 eV (984 nm): if 

confirmed, this would represent an appealing feature, since it belongs to 
the near-infrared range [8]. In this work, we experimentally address the 
prediction of a NIR emission from the FC

− 1 center in diamond by 
searching for new luminescence lines in the near-infrared region. We 
utilize multiple excitation regimes, namely photoluminescence (PL), 
cathodoluminescence (CL), and electroluminescence (EL), to explore the 
optical transitions of the F-related defects. We discuss the excitability 
under these different excitation regimes to provide a deeper under
standing of the F-related color center in diamond.
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2. Experimental

2.1. Sample preparation

This study was conducted on two artificial diamond samples pro
duced by ElementSix via Chemical Vapor Deposition (CVD) synthesis. 
The first sample (Sample A) is a 2 × 2 × 0.5 mm3 electronic-grade dia
mond, which was selected for its low impurity levels, with nominal 
concentrations of both substitutional nitrogen (N) and boron (B) below 
5 ppb. This high purity was essential to ensure that the subsequent PL 
analysis would isolate the spectral features of the FC

− 1 center by mini
mizing background emission from other intrinsic defects. The second 
substrate (Sample B) is an optical-grade diamond (3 × 3 × 0.3 mm3) 
containing higher impurity concentrations (N < 1 ppm, B < 0.05 ppm). 
This sample was employed for CL experiments, aiming at the discrimi
nation of the spectral features of the FC center against those of the well- 
known Nitrogen-Vacancy (NV) center, which is natively abundant in 
this grade of diamond.

Both samples were implanted with 50 keV F− ions using a low-energy 
accelerator through a circular beam collimator (~175 μm diameter) 
placed at ~5 mm distance from their surface. This enabled to implant 
different regions having the same nominal area as the collimated beam. 
Ion implantation was performed at fluences of 5 × 1015 cm− 2 and 1 ×
1013 cm− 2 on Samples A and B, respectively. Following the ion im
plantation, both samples underwent a two-stage thermal and chemical 
treatment: firstly, a high-temperature thermal annealing was performed 
(1200 ◦C for 4 h under high vacuum at ~10− 6 mbar). This processing 
step yields different results depending on the degree of amorphization 
caused by the implantation: if the diamond is damaged past the graph
itization threshold, the material is converted into graphite, whereas if 
the material has suffered a smaller amount of damage, the diamond 
lattice is mostly recovered as vacancies diffuse and interstitials anneal, 
promoting the formation of stable F-related color centers. After thermal 
annealing, an oxygen plasma treatment (60 Pa pressure, 0.5 sccm O2 
flux, 30 min duration, 23 W microwave power) was applied to suppress 
any spurious background fluorescence caused by residual surface 
contaminants.

It is worth noting that the ion implantation fluence adopted for 

Sample A resulted in a vacancy density exceeding the graphitization 
threshold for a significant portion of the longitudinal F− ions range. 
Fig. 1a (black line) shows a simulation of the vacancy density profile 
performed according to SRIM Monte Carlo code in “full damage 
cascade” mode, setting a 50 eV displacement energy for the diamond 
lattice [11,12]. This profile was obtained by multiplying the single ion 
vacancy linear density profile with the ion fluence, thus not taking into 
account saturation effects (e.g. defect-defect interaction, self-annealing, 
etc.) at damage densities approaching the material amorphization 
threshold. From a comparison with the graphitization threshold, esti
mated as 6 × 1022 cm− 3 for implanted ions in the keV range [13] and 
shown in Fig. 1a as the blue horizontal line, it is apparent that the entire 
implanted volume down to a depth of 70 nm was converted into a 
graphitic phase upon the adopted post-implantation thermal annealing. 
The subsequent plasma cleaning etched the graphite, uncovering the 
implanted material the end of range of the F− ions (Fig. 1b). The lon
gitudinal ions distribution, simulated by SRIM code and shown in red in 
Fig. 1a. indicates that a residual concentration of the implanted F ions 
(quantified in ~15%) stopped at larger depths (70–100 nm) and was 
thus still present in the material following the removal of the graphitized 
layer, where it had taken part in the formation of optically active F- 
related centers.

Furthermore, the spacing between the ion collimator and the sample 
surface resulted in the implantation of scattered ions at the edge of the 
collimation mask. This resulted in the formation of an “irradiation halo” 
area [14] characterized by an effective ion fluence that is lower than the 
nominal one achieved at the center of the designed implantation area 
(Fig. 1b). As a result, a buried graphitized layer was formed on an 
annular region surrounding the implantation area, which was not 
affected by the post-implantation treatments (Fig. 1b–c). This conduc
tive layer, after being directly exposed to the surface of the diamond 
sample by the removal of the circular graphitized region, was electri
cally contacted to external circuitry via metallic indium. A graphite- 
diamond-metal junction was then fabricated by depositing 200 nm Ag 
to form a second electrode with a ~ 10 μm spacing from the graphitic 
ring (sketch in Fig. 1c). The Ag electrode was in turn connected to 
external circuitry with a metallic indium electrical contact. Finally, it is 
worth remarking that F impurities were implanted in a wider annular 

Fig. 1. a) SRIM simulation of 50 keV F− ion implantation in diamond: vacancy density profile for 5 × 1015 cm− 2 ion fluence (black line), graphitization threshold for 
keV-implanted diamond (blue line), longitudinal ion range distribution (red line). The area filled in red highlights the fraction of ions implanted below the diamond 
layer experiencing graphitization at the considered ion fluence. b) Schematic representation of the region processed on Sample A. The ion implantation through a 
collimation mask results in the graphitization of a surface layer according to panel a. The ion-mask scattering causes ion implantation at the outer edge of the 
implanted region, with ion fluence decreasing at increasing scattering angles. The thermal annealing and the oxygen plasma treatment cause the graphitization and 
subsequent removal of the upper layer of the implanted region. c) optical micrograph of Sample A. The red arrows indicate the F-implanted regions probed under PL/ 
CL spectroscopy and EL analysis, respectively. The black arrow points to the residual annular graphitic region at the edge of the implanted area. The fabrication of 
electrical contacts is also sketched. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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region surrounding the graphitic circle visible in (Fig. 1c), with a fluence 
decreasing with the distance from the designed implantation area 
(Fig. 1c).

2.2. PL and EL analysis

PL characterization was performed using a custom confocal micro
scope (100×, 0.90 NA dry objective, ~350 nm Airy disk radius at focus) 
equipped with single-photon sensitive avalanche detectors (SPAD) [10]
and driven by open source Qudi software [15]. Optical excitation was 
provided by a 520 nm CW laser decoupled from the collection path via a 
550 nm long pass dichroic mirror and further filtered out by an addi
tional 550 nm long pass optical filter. Additional spectral analysis at 
higher excitation wavelengths was performed using a 80 MHz pulsed 
tunable laser source (NKT Fianum 15) in combination with a 750 nm 
cutoff dichroic mirror and long pass filters. The PL spectra were acquired 
by feeding the fiber coupled output of the confocal microscope to a 
Single Photon Avalanche Detector (SPAD) by Excelitas (<200 cps dark 
noise) via a motorized, computer-controlled monochromator (~4 nm 
spectral resolution [14]). The photon count rate was recorded as a 
function of the selected wavelength to acquire emission spectra of the 
sample from the center of the F-implanted region. EL analysis was per
formed adopting the same experimental setup. In this case, the optical 
excitation was replaced by the current injected in the active region of the 
junction, i.e. at the outer edge of the graphitic ring (see Fig. 1c).

2.3. CL analysis

CL analysis was performed at room temperature using a “Cambridge 
S260” scanning electron microscope (SEM) as the cathodoluminescence 
excitation source. The electron-beam energy was set to around 10 kV, 
corresponding to an emitting region located about 0.5 μm beneath the 
diamond surface [16]. Luminescence from the irradiated surface was 
collected with a paraboloidal mirror and directed, via a retractable light- 
collection system, onto the entrance slit of an “Applied Photophysics f/ 
3.4” monochromator (1200 mm− 1, 300 nm blaze). The signal was 
detected with a Hamamatsu Photonics E717–21 photomultiplier tube. 
Spectra were acquired over the 550–1100 nm (~2,25–1.13 eV) range 
and were not corrected for the wavelength-dependent response of the 
optical system, whose sensitivity starts to decline at approximately 650 
nm.

3. Results

A room-temperature PL spectrum acquired from the center of the 
processed region of Sample A (see Fig. 1c) is shown in the 550–1000 nm 
range in Fig. 2a under 520 nm laser excitation. The spectrum exhibits 
the typical features of the F-related center emission, namely a broad 

band in the 600–800 nm range, with the possible occurrence of a ZPL at 
600 nm. These features, absent in a pristine region of the sample as 
extensively shown in a previous work [10], are fully in line with the 
occurrence of the F-related center [4,10]. Notably, no spectral emission 
was detected in the NIR range. The excitability of a F-related NIR 
emission was also investigated by considering longer laser wavelengths. 
Fig. 2b shows the PL spectra acquired in the 750–1000 nm range under 
532 nm, 640 nm, 660 nm and 700 nm excitation wavelengths, for which 
no apparent luminescence signal was detected.

Conversely, Fig. 2c reports the CL spectra acquired from Sample B, 
where a comparison is shown between the optical signature of pristine 
material (red line) and that of the region implanted with F− ions (black 
line). The unimplanted region clearly shows the CL spectrum of the 
neutrally charged Nitrogen-Vacancy center (NV0) in diamond [17,18], 
denoted by a sharp ZPL at 575 nm followed by a phonon sideband in the 
575–700 nm range. This feature is typical of CL and EL excitation, in 
which the photon emission is mediated by an electron-hole pair 
recombination mechanism. The poor efficiency of this process for the 
negatively charged Nitrogen-Vacancy center (NV− ) typically makes the 
emission of the latter center (i.e. 638 nm) undetectable [18]. On the 
other hand, the CL spectrum acquired from the F-implanted region of 
Sample B highlights the occurrence of additional PL features. This 
spectrum represents a composite profile, combining the original NV0 

emission spectrum and the spectrum of F-related center in Fig. 2a. This 
attribution is in line with the absence of new ZPL features in the 
550–800 nm range, and by the increased PL intensity in the longer 
wavelength region (e.g., ~650–800 nm). Notably, the CL spectrum ev
idences an additional emission line at 990 nm, not visible in the pristine 
region of the material and previously unreported in the scientific liter
ature in ion irradiated diamond, to the best of the authors knowledge. 
The emission line can be thus attributed to a F-containing defect, and it 
can be tentatively assigned to the ZPL of the FC

− 1 center, given its close 
agreement with the predicted theoretical value of 984 nm [8]. The 
moderate intensity of this peak in the uncalibrated spectra in Fig. 2 is 
attributed to the detection efficiency of the detector, which is less than 
5% at 1000 nm wavelength according to the manufacturer datasheet. 
Considering similar inefficiencies for the monochromator diffraction 
gratings and the other optical elements, the emission intensity is ex
pected to be comparable with that of the F-related band at 600–800 nm..

The graphite-diamond-metal junction fabricated in Sample A was 
instrumental in assessing the spectral signatures of F-related centers in 
EL regime. Fig. 3a shows a PL confocal microscopy map (520 nm, 200 
μW excitation laser) of the implanted region. A bright circular fluores
cent area is visible, consistently with the geometry of the sample 
described in Fig. 1c. The bright region is located between two dark areas, 
consisting of the optically opaque metallic layers forming the junction. 
Similarly, the dark ring within the circular high-emitting region corre
sponds to the graphitized annular region at the edge of the implanted 

Fig. 2. a) Photoluminescence emission spectrum acquired from the F-implanted region of Sample A. b) Stacked PL spectra of the same region under pulsed laser 
excitation at 532 nm, 640 nm, 660 nm, 700 nm. c) Cathodoluminescence emission spectrum acquired from the F-implanted region of Sample B.
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area. EL analysis was preceded by an electrical characterization of the 
junction by means of current-voltage characteristics (Fig. 3b) in the 
0–125 V bias range. Similarly to what observed in previous works on 
graphite-diamond-graphite junctions [19], the current exhibits an 
almost linear trend at low bias voltages (0–20 V, red curve), followed by 
a space-charge-limited-driven sudden variation, spanning over 5 orders 
of magnitude in the 20–40 V range, where currents up to tens of μA are 
recorded. At higher voltages, the current stabilizes to an exponential 
trend in the 40–125 V bias range, which was attributed to a Poole- 
Frenkel conduction mechanism [20]. The role of electron trapping at 
lattice defects in the electrical conduction is further corroborated by the 
pronounced current hysteresis observed when reverting the voltage back 
to zero (blue line in Fig. 3b). The EL emission was investigated by 
removing the optical excitation from the sample and holding the junc
tion at a constant voltage of 125 V during the analysis. Fig. 3c shows a 
typical EL confocal microscopy map acquired from the region high
lighted in red in Fig. 3a under the same conditions. The map clearly 
shows bright ensemble emission (>2 Mcps) from the portion of the 
sample between the graphitic electrode and the outer Ag electrical 
contact, indicating that the current flow is concentrated in the active 
region of the junction. An EL emission spectrum acquired under the 
above-mentioned experimental conditions is shown in Fig. 3d. The 

spectrum highlights the same optical signatures observed in Fig. 2, 
namely the F-related intense emission band in the 600–800 nm range. 
The lack of NV center emission is a consequence of the low concentra
tion of native N impurities in Sample A and is consistent with the PL 
spectrum observed in Fig. 2a. Notably, the 990 nm emission peak 
observed in CL regime in Fig. 2c is also clearly visible, thus confirming 
the role of carrier recombination at F-related defects at the origin of this 
emission line.

4. Conclusions

In this work, we provide experimental evidence for NIR photon 
emission at 990 nm from F-related color centers in diamond. The 
emission was observed in cathodoluminescence and electrolumines
cence regimes but could not be achieved under optical excitation in the 
520–700 nm range. This latter point, in contrast with the optical 
addressability predicted in Ref. [8], suggests that the emission process 
involves the recombination of electron-hole pairs, or that alternatively 
the involved energy levels are ionized upon photon absorption in the 
considered excitation wavelengths range due to their proximity to the 
semiconductor energy bands. The observed emission wavelength is still 
in striking agreement with the theoretical predictions made for the 

Fig. 3. a) Photoluminescence map (520 nm excitation, 550 nm long-pass filtering))of the F-implanted region in Sample A. b) Current-voltage characteristic of the 
graphite-diamond-metal junction fabricated at the outer edge of Sample A. c) Electroluminescence map (550 nm long-pass filtering) acquired from the region 
highlighted in red in panel a under constant 125 V voltage bias. d) Electroluminescence emission spectrum acquired from the bright spot highlighted by the blue 
square in panel c. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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substitutional F center in its negative charge state [8]. This evidence 
leads thus to the tentative assignment of the observed spectral line to the 
FC
− 1 center.

The relation of the 990 nm emission with the previously reported F- 
related band at 600–800 nm is still unclear. On one hand, both the 
substitutional F [8] model and the F-vacancy [9] models propose a 
charge state transition at ~3 eV, which is compatible with the experi
mental measurements reported in Ref. [10] against different excitation 
wavelengths. Furthermore, in both cases the emission in the visible 
range would be assigned to the neutral charge state of either defect.

In perspective, the lack of optical excitability for the 990 nm F- 
related emission line can be overcome by the electrical control of the 
defect, which in principle could enable its integration in high-density 
optoelectronic devices. This electrical control would combine with the 
theoretically predicted appealing spin properties (triplet states with 
zero-field splitting in the GHz range [8]), with potential applications in 
quantum-enhanced sensing and information processing [21–24].
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S. Sturari, N.-H. Amine, V. Pugliese, E. Redolfi, J. Forneris, P. Olivero, 
O. Jedrkiewicz, F. Picollo, Comparative analysis of diamond graphitization 
approaches for 3D electrode fabrication, J. Mater. Sci. Mater. Electron. 36 (2025) 
1150.

[14] S. Ditalia Tchernij, T. Lühmann, T. Herzig, J. Küpper, A. Damin, S. Santonocito, 
M. Signorile, P. Traina, E. Moreva, F. Celegato, S. Pezzagna, I.P. Degiovanni, 
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