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Selective Generation of Luminescent Defects in Hexagonal

Boron Nitride

Giacomo Venturi,* Stefano Chiodini, Nicola Melchioni, Eli Janzen, James H. Edgar,

Carsten Ronning, and Antonio Ambrosio*

Single photon emitters from atomic defects in crystals like hexagonal boron
nitride (hBN) are vital for quantum technologies. Although various techniques
are devised to obtain defects emission in hBN, simultaneous control over
defects position, type, and emission spectrum has not been achieved yet.
Here, ion implantation with '2C, 2°Ne, and 5°Ga are used to create a
composite defects population with emission %820 nm. The correlation of
Raman and photoluminescence (PL) spectroscopy helps to identify the
defects’ type. After selecting Ga as the ion species yielding the maximum
emitter brightness, a strategy based on thermal annealing is developed to

1. Introduction

Quantum emitters, acting as sources
of indistinguishable photons, are the
cornerstone for developing quantum
technologies.?l  Solid  state-based
emitters®®! are particularly attractive
in terms of scalability, integrability with
silicon-based technologies, cost, and
the possibility of room temperature
operation. Extensively studied systems

modify the composition of the induced defects. This results in an emitter
ensemble with selected spectral properties, even when starting from different
implantation conditions. Specifically, thermal annealing induces a defect
transmutation from one type to another, shifting the emission wavelength
from 820 to 625 nm. Moreover, sample patterning is combined with focused
ion beam implantation and subsequent annealing in an efficient method to
deterministically set the defects position as well as the PL spectral
composition. These results offer a practical avenue to achieve in situ
positioning and tuning of ensembles of emitters in hBN, promising for

quantum information and sensing applications.
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include defect centers and complexes in
diamond or silicon carbide,!*%'Y which
behave as artificial atoms emitting one
photon per excitation cycle. However,
two main drawbacks limit the range of
applications of impurities in bulk crys-
tals: low-temperature operation is often
needed, and light extraction is limited by
the high refractive index of the material.

2D materials mitigate such constra-
ints.[>*12] In particular, hexagonal boron
nitride (hBN)*13] has a large bandgap
(nearly 6 eV)," which can accommo-
date defect states emitting single pho-
tons at room-temperature, with high
brightness.[*]

Starting from the first evidence of single photon emitters
in hBN,[*] multiple studies have reported diverse defect types,
emitting photons across the visible and NIR range. Defects
were found in as-grown hBN,!!51%] resulting from growth pro-
cess impurities or lattice vacancies, as well as in samples af-
ter electron,['-2!] neutron/®?? or ion beam irradiation,!*”:23-%]
plasma etching,*] thermal or laser annealing,[*17:183132] and
atomic force microscopy (AFM) calligraphy.(****] Remarkably, the
ion irradiation technique can benefit, in the case of few spe-
cific ion sources (like He, Xe and, recently, Ga), from the em-
ployment of focused ion beams to reach an enhanced spatial
resolution.[23:25:35]

All these methods produce three main photoluminescence
(PL) signals when the material is illuminated with a sub-bandgap
(in our case 532 nm) laser: emission ~590 nm, originated from
a carbon-related defect complex (whose atomic structure is still
under debate)[262736-38]; emission ~625 nm, compatible with the
anti-site nitrogen vacancy complex (NyVy), although not uni-
vocally assigned yet!*18:2337.39-41l: near.IR emission at 820 nm,
due to a negatively charged boron vacancy (Vy~).2**?] These PL
signals from hBN are among the brightest known from single
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photon emitters,[! and their yield can be further enhanced by
integrating into optical cavities.[**]

In addition, similar to the nitrogen vacancy (NV) center in di-
amond, there is the possibility to realize a spin-photon interface
with defects in hBN, thanks to their spin properties,[>*39%]
which can be exploited for quantum sensing and
communication.[*®]

The aforementioned techniques have been also combined with
strain and external electric fields in order to possibly tune the
defect emission!?**]; however, the respective shifts obtained are
small due to the slight changes of the local fields at the defect
site. Large shifts or dramatic changes of the emission of defects
can only be realized if the microscopic configuration of the defect
changes, thus, atoms move. Up to now, there is no protocol for
such a targeted manipulation of the microscopic configuration of
photon emitters in hBN.

In this work, we establish a method for the deterministic gen-
eration of defects in hBN with selected spectral properties and
spatial distribution. To this end, we employ ion beam irradiation
to induce defects in mechanically exfoliated ''B isotopically en-
riched hBN, whose growth technique involves very low defect
concentration, which is suitable to study the effects of external
generation of emitters. Ion implantation is chosen over other
techniques as it involves a limited ablation of the material com-
pared to femtosecond laser writing (where defects are located at
the edges of the damaged area),*?! and it allows to change the
implanted ion to explore the formation of defects involving ex-
trinsic species, like C-related ones (which, unless the material al-
ready embeds it,1*®] is not possible by electron irradiation,!!3+7]
for instance).

In our work, we start by comparing the outcomes of dif-
ferent implantations and demonstrate that Ga ions produce
emitters more efficiently than the lighter carbon and neon
ions. In addition, we show that Raman spectroscopy helps to
identify the nature of the emitting defects upon inspection
of the specific defect’s vibrational properties, which is rele-
vant for distinguishing among different emitter types. We con-
firm that the intensity of a specific PL peak can be corre-
lated to the intensity of (additional) Raman peaks found only
in implanted samples and associated to the specific vibrational
excitation of Vy- defects in the crystal. Such correlation is
observed regardless of the specific ion species used for the
implantation.

Next, we demonstrate that a dramatic spectral tuning (by
>200 nm) of hBN emitters can be obtained when thermal
annealing is performed on implanted samples. This result is
not affected if the ion species, energy, or density are var-
ied, proving the universality of this approach. Considering
this, we ascribe the concurrent changes in the PL emission
to a variation of the microscopic configuration of the de-
fects, which, once again, we confirm through Raman spec-
troscopy. Finally, using Ga ions in particular, we combine
a commercial focused ion beam (FIB) system,[12234849] 1o
achieve micrometric spatial resolution over a large sample area
(>100 um in lateral size), with thermal annealing to real-
ize the unprecedented simultaneous control over the spectral
properties and the spatial distribution of emitter ensembles
in hBN.
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2. Results and Discussion

The first practical issue in controlling single photon emitters in
hBN may result from the crystal growth itself. Lattice defects of
unknown type and density are in fact usually incorporated in the
crystal, such as vacancies or impurity substitutions.>®l This is
detrimental if the aim is to induce defects in a controlled way.
For this reason, we have chosen to use high purity hBN (!B iso-
topically enriched hBN crystals) samples, grown using metal sol-
vents at atmospheric pressure (see Methods),’'->3] mechanically
exfoliated in flakes of different thicknesses (20-150 nm) on Si
substrates. The low concentration of light-emitting defects in our
pristine material is confirmed by the PL measurements shown
in Section S1 (Supporting Information). This sets a reference for
the systematic investigation of the effect of ion irradiation in our
experiment. Furthermore, starting from a pure pristine material
is important in view of patterning the defects’ location, that is, to
achieve the best contrast with respect to non-implanted regions
on the same flake.

2.1. Defects Generation with Uniform lon Implantation

As a first step, the samples were uniformly implanted with ei-
ther 13 keV 2C*, 35 keV °Ne*, or 110 keV ®Ga* ions at an ion
fluence of 1 x 10" cm™2, as sketched in Figure 1a. Different ion
energies set the depth of the maximum ion deploying region in
the sample. The energies reported above were selected to center
the ion range (the center of the implanted ion distribution along
the flake thickness) to the middle of specific reference flakes:
80 nm-thick for C implantation, 136 nm-thick for Ne implan-
tation, and 146 nm-thick for Ga implantation (see Sections S2
and S3, Supporting Information). Note that, since Ne is a noble
gas, it does not bind to the hBN lattice. The Ne* implantation is
then expected to promote only the formation of defects involving
intrinsic atomic species.

Figure 1b shows the respective PL spectra of the target flakes
measured by illuminating with a 532 nm wavelength laser, at a
diffraction limited spot far from the flakes’ edges (see Methods).
The figure also shows for comparison analogous data from a pris-
tine crystal. Regardless of the implanted species, two main peaks
can be observed in the spectra from each sample: one at 625 nm
(orange box in Figure 1b) and another at 820 nm (yellow box).

Note that for the C implanted flake we also observed an addi-
tional peak below 600 nm, ~590 nm (see Section S4, Supporting
Information for more data). This is in agreement with a recent
study reporting about a C-based color center produced by carbon
implantation.!?’]

The two observed main peaks are in line with previous
works,[#1823.2437.39-42] with the addition that from our PL spectra it
emerges that Ga implanted flakes produced considerably higher
PL signal compared to the C and Ne implanted ones. This is due
to the heavier mass of gallium. Indeed, the heavier mass requires
the use of a higher ion energy to reach the target depth in the
sample (see Section S2, Supporting Information), which resulted
into a considerable higher amount of implantation defects (Sec-
tion S2, Supporting Information). At the same time, optical and
AFM images (Section S5, Supporting Information) clearly show
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Figure 1. Uniform ion irradiation of hBN multilayer flakes on silicon. a) Illustration of the irradiation process: high energy ions (2C, °Ne, and ®Ga)
were separately implanted in three samples hosting hBN flakes with different thicknesses (sketched by different colors). Implantation region (shaded
in blue) covers homogeneously the entire surface. b) PL spectra of hBN flakes implanted with C (purple), Ne (red), and Ga (green). PL spectrum of a
pristine hBN is shown in black. Main emission peaks are shaded in orange (centered at 625 nm) and yellow (centered at 820 nm). c) Schematics of the
microscopic configuration of V3 ~. B and N are represented by different sizes and colors (orange and blue, respectively). d—g) Raman spectra from the
hBN flakes which were also measured by PL in (b). Spectra are normalized to the pristine peak value (panel (d)) to favor a relative comparison. Line
colors are chosen to match panel (b). The additional vibration mode (= 1290 cm™") in the implanted flakes is highlighted by a yellow box. h) Intensity of
PL corresponding to the V;~ peak versus intensity of Raman vibration at 1290 cm~'. Each point refers to the line of the corresponding color in panels

(b) and (d-g). Dashed line is just a guide for the eyes (not a data fitting).

that Ga implanted flakes were more damaged, consequence also
of the concurrent sputtering during implantation.>*!

Further discussion about the induced defects’ nature is sup-
ported by Raman spectroscopy, which is an often-neglected tool
for studying the optical properties of hBN defects,**] as the main
target in previous works was to check the emission wavelength
and the single photon purity of hBN emitters. From the Raman
spectra in Figure 1d—f, we can see that next to the intrinsic hBN
phonon line at 1357 cm™1,%% all the implanted flakes showed
a second broader peak centered at 1290 cm™! (marked by the
dashed line in Figure le—g), not present in our pristine material
(Figure 1d). The appearance of this Raman peak after implan-
tation can be interpreted as due to the vibrational properties of
the induced defects, which are different from the original lattice
vibrations.[5738

In particular, we attribute the observed feature to the presence
of Vi~ (Figure 1c). In fact, recent theoretical analysis using den-
sity functional theory!”] has reported that V=~ defects have a pre-
dicted vibrational mode ~1300 cm™!, which is in good agreement
with our observation.

The fact that the peak at 1290 cm™ is a Raman-active mode of
V;~ is supported by the result reported in Figure 1h, where we
plot the intensity of the PL from V™ as a function of the inten-
sity of the Raman peak at 1290 cm™!, for each implanted sample.
The positive linear trend of the data clearly shows a correlation
between the V=~ PL and its corresponding Raman peak. To bet-
ter understand this graph, we stress the adopted normalization,
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in which the Raman peak of pristine hBN is set to one (Figure 1d).
Consequently, for implanted samples, the hBN Raman signature
(at 1357 cm™!) peaks at a value below one, as the crystal now has
many more imperfections due to the induced defects. Moreover,
this value is different for each sample (Figure 1f,g), since differ-
ent damage is caused by each ion specie (impinging with dif-
ferent energies) and because of the different thicknesses of the
flakes (i.e., less material contributes to the hBN Raman peak, see
Sections S2 and S3, Supporting Information). Nevertheless, this
normalization does not affect the relative intensities of the ob-
served secondary Raman peaks at 1290 cm™! (Figure 1f,g) and
helps in the comparison, instead. Indeed, the more V™ are cre-
ated (higher PL signal at 820 nm), the higher the corresponding
Raman-active peak. The result of Figure 1h indicates a more gen-
eral relationship between the number of V;~ and the correspond-
ing emission at 820 nm, which is not altered by the implanted
ion species. This result also emphasizes that Raman spectroscopy
can be used to gain information about emitters beyond PL spec-
troscopy.

Finally, the absence of other peaks than the one at 1290 cm~
also rules out any possible alteration of the crystal lattice toward
an amorphous phase (no specific Raman features) or the tran-
sition to the cubic phase of BN (cBN)-as it might be expected
when irradiating a crystal with ions. In fact, ¢BN is character-
ized by two phonon features at &~ 1055 cm™! (TO phonons) and
~ 1305 cm™! (LO phonons). The vibrational mode at 1305 cm™!
is usually weaker than the mode at 1055 cm™! that is instead also

1
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Figure 2. Thermal annealing of defects in hBN. a) PL spectra from implanted hBN after thermal annealing at 850 °C for 2 h (same flakes measured for
Figure 1). PL from Ga implanted flake is collected with 20% of the laser power compared to C and Ne samples, to avoid detector saturation. PL spectrum
of the C and Ne implanted flakes is magnified by a factor 10 for clarity. Inset: Sketch of the transition from Vg~ to NgV\ defect complex. Note the only
structural difference between the two: the position of the N atom. b) Raman spectra relative to the flakes of panel (a), with same normalization as in
Figure 1d—g. Raman spectrum of Ga implanted flake is again collected with the same lower power as in the PL measurement. Dashed lines mark the

position of the new vibration mode (= 1600 cm™').

IR-active.>*!l Using scanning near-field optical microscopy we

were able to locally collect mid-IR spectra on the sample (see Sec-
tion S6, Supporting Information). Such spectra did not show any
evidence of the IR-active mode signature of the cBN. We can thus
conclude that a transition to the cubic phase during such ion im-
plantation is negligible.

Additional PL and Raman data, collected in different condi-
tions (i.e., for flake thicknesses differing from the one in which
the ion energy was calibrated, see Section S2, Supporting Infor-
mation), support our findings and can be found in Section S4
(Supporting Information).

2.2. Controlling Defect Type with Thermal Annealing

The investigation reported so far clearly shows that the major-
ity of defects in our hBN flakes were V;~ either after C, Ne
or Ga implantation, with larger effects produced by the heav-
ier Ga ions. This, however, with the drawback of introducing
more crystal imperfections (see Section S5, Supporting Informa-
tion). To relieve such damage, a practical avenue is to perform
thermal annealing after implantation, an effect largely used in
semiconductors industry to favor the functionalization of a semi-
conducting platform (such as III-V doping of silicon wafers).
In our case, annealing is particularly effective on Ga implanted
samples (see Section S5, Supporting Information), however, in
what follows we show that thermal annealing can be used also
to dramatically change the ratio between the emitters type, re-
ducing the emission at 820 nm in favor of the emission at
625 nm.

Specifically, we studied the effect of annealing the implanted
samples at 850 °C for 2 h in vacuum (10~ mbar) (to prevent
contamination from other atomic species, see Methods). Anneal-
ing completely changed the PL spectra of Figure 1. As shown
in Figure 2, we observed two main differences: the peak at
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820 nm reduced to almost zero; the luminescence at 625 nm
increased (see Section S7, Supporting Information for more PL
spectra).

The Raman spectra also changed with annealing as shown in
Figure 2b. The vibration at 1290 cm™" was not visible anymore,
whereas a new peak at ~1600 cm~! appeared in the C and Ne
implanted hBN. Such a peak is not visible in the spectrum of Ga
implanted flakes, as both this additional vibration and the hBN
phonon mode are buried inside the high PL signal (that is also
causing a periodic modulation of the signal itself, see discussion
in Section S7, Supporting Information).

The quenching with annealing of the emission at 820 nm in
favor of that at 625 nm, together with the appearance of the peak
at 1600 cm™! and the suppression of the peak at 1290 cm™!, al-
low us to advance the hypothesis of a specific migration of de-
fects. According to the available literature,[*%2] as the tempera-
ture of the hBN crystal is increased, the boron vacancies become
mobile (~800 °C). Instead, nitrogen vacancies or BN divacancies
require temperatures >1500 °C.[°?] In such scenario, the anneal-
ing at 850 °C could provide sufficient thermal energy to the sys-
tem for the mobilization of V;~ defects, which could undergo a
transition to the more stable NV configuration.[*18234041] Ac.
cording to our observations then, the emission at 625 nm would
be mainly due to NV, formed by transmutation of V;~ defects
over annealing. The mechanism occurring over thermal anneal-
ing is sketched in the inset of Figure 2a. A neighboring N atom
of the V;,~ shifts its position into the vacancy forming an antisite
and leaving an N vacancy behind, turning the V;~ into an N;Vy.
This scenario is equivalent to the motion of the V;~. Note also
that ref. [58] has computed a vibration frequency of 1564 cm™! for
the Ny Vy atomic configuration, close to the value of 1600 cm™!
we experimentally find in our Raman spectra.

Remarkably, the fact that the peak at 1290 cm™! in the Raman
spectrum disappears after annealing, together with the reduc-
tion of the PL peak of the V;~ emission, further corroborate our
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conclusion that the peaks in Figure le—g were due to this type of
defect in the implanted samples.

Regarding the PL emission at 625 nm after annealing, its
larger broadening compared to the V;,~ before the thermal treat-
ment is evident. This fact can be tentatively explained with dif-
ferent reasons. On one hand, it can be traced back to the pres-
ence of different strain conditions (that are expected after ion
implantation) or modifications in the dielectric environment,
which are both known to shift the energy levels of hBN defects
(although such tuning is not comparable to the shift obtained
with annealing).[*2*#1:63] Additionally, the interaction with optical
phonons may also change in these circumstances,'!] determin-
ing a smearing toward lower energies of the PL peak as a conse-
quence of phonon emissions (i.e., a larger phonon side-band).

On the other hand, the possibility that the observed broad peak
post-annealing originates from an ensemble of distinct emitter
types cannot be discounted. Bearing this in mind, it is noteworthy
that there is a decrease in the intensity of the Raman peak at 1600
cm™! concomitant with an enhancement in the PL at 625 nm, a
divergence from the pre-annealing behavior observed for the V-
(refer to Figure 1h). This lack of a positive correlation may be
attributable to the emergence of alternative defect types (as dis-
cussed in the introduction),!?’”] each characterized by vibrational
modes that may either be Raman-active or Raman-inactive.l>®!

Even if it is not possible to clearly identify a single family of
defects after the annealing, Raman spectra give meaningful in-
sights also on the condition of the overall crystal structure. In-
deed, a closer comparison between the spectra of Figures lef
and 2b (normalized to the same value) reveals that the Raman
peak of hBN (1357 cm™!) increases after annealing, pointing to-
ward a partial restoration of the crystal structure. Indeed, the in-
tensity of the peaks for both C- and Ne- implanted flakes double
after the thermal process, increasing from 5% to 10% of the pris-
tine value (as discussed above, no information can be deduced
from the Ga implanted hBN of Figure 2b because of the strong
PL covering the Raman emission). This effect, expected because
of the annealing procedure, is not detectable solely from the PL
emission.

Another observation about the spectra of Figure 2a is that the
signal ~625 nm is higher after annealing than before annealing
(see also additional data in Section S7, Supporting Information).
Comparing spectra of Figure 1b with those of Figure 2a, the en-
hancement in the signals (at 625 nm) for C, Ne, and Ga implanted
samples is up to 20 times. Such an increase in the signal cannot
Dbe justified only by considering the conversion of one defect type
into another during annealing. In this case, the overall number
of defects should be almost constant, with a much lower PL en-
hancement after annealing. A possibility is that, on top of the de-
fect transmutation, also the quantum efficiency of the emitters
changed during the annealing, as suggested by other studies.[*’]
This is in line with our observation in Section S1 (Supporting
Information), where we show that annealing of a pristine flake
can activate defects whose emission is also #625 nm, although
their brightness is not comparable to what is obtained with our
combined process of implantation followed by annealing.

Note that, although the hypothesis of defects transmutation
over annealing is reasonable and is supported by both our data
(see also Section S8, Supporting Information) and the available
literature,[#18224041] the precise nature of the defects emitting
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at 625 nm is still debated and out of the scope of the present
manuscript. Our study is rather focused on the possibility of in-
ducing defective areas and setting their main spectral features by
means of thermal annealing.

The process that we presented here-of implantation first, fol-
lowed by thermal annealing at 850 °C-clearly shows the possibil-
ity of generating V;~ emitters and then shift the emission toward
spectral features 200 nm apart and with enhanced PL.

Such conclusions are not dependent upon the specific ion
species (as shown in Figure 2a), which confirms the generality
of the observed phenomena.

2.3. Defects Patterning with Gallium-Based FIB

The motivation for Ga implantation is not limited to our finding
of its high efficiency in creating emitting centers in hBN. We in-
vestigated Ga implantation also for the possibility of implement-
ing it in commercially available focused ion beam (FIB) systems.
This is crucial in view of combining local patterning with thermal
tuning of emitters to reach a unique control over defects’ emis-
sion in hBN.

In this last part, we show that FIB implantation is a solid tech-
nique to achieve this goal. Note that while we were preparing this
paper, it was brought to our attention that another group reported
the Ga implantation with FIB. This work is summarized in ref.
[29] and mostly focus on the optimization of the implantation pa-
rameters.

As sketched in Figure 3a, we first employed a FIB to create a
pattern of 10 X 10 um? areas using a 30 keV Ga ion gun with
increasing ion fluences from 1.9 X 10" t0 5.7 X 10" cm™2 on a
pristine hBN flake (110 nm-thick; see Section S9, Supporting In-
formation). The effect of the irradiation is immediately clear in
the optical image of Figure 3b, where the implanted areas show
an increasingly different contrast with respect to the surround-
ing pristine areas. We attribute this contrast shift to a change in
the crystal refractive index caused by the increasing irradiation
fluence. Concurrently, as a consequence of the damage, also the
topography of the sample slightly changes (with thickness vari-
ations on the order of few nm),[** adding a contribution to the
observed contrast.

As shown in Figure 3c, the PL spectra collected at the center of
each region exhibit emission at both 820 and 625 nm, in accor-
dance with the results for the uniform irradiation (see Figure 1b).
The latter increases with the ion fluence until reaching a plateau
for 5.8 X 10 cm™2 (region 4). A similar behavior is further ob-
served for the (higher) PL peak at 820 nm, which peaks at a close
fluence value (5.6 X 10'3 cm™2, region 2) and then decreases. This
saturation behavior, also reported in ref. [29], can be tentatively ex-
plained considering that, when irradiating with ions, both radia-
tive and non-radiative decay channels are induced in the crystal
in the form of defects of different nature.[*”! Upon changing the
ion fluence, it is likely that the number of induced non-radiative
decay channels grows at a different rate than the radiative centers,
eventually quenching the PL emission observed in areas irradi-
ated with high fluence.

We then performed the same annealing procedure we devel-
oped in Section 2.2 to check if it is possible to modify the spectral
properties of the induced emitters while preserving the achieved
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Figure 3. Spatially and spectrally controlled generation of defects in hBN using FIB. a) Sketch of FIB implantation process using Ga ions (green) with
Eion = 30 keV. b,d) Images of a 110 nm-thick flake. Optical image after FIB irradiation (b) and after annealing (d, left). Confocal PL map of the same flake
after annealing is also shown (d, right), for identical orientation and position of the flake. The six irradiated areas are labeled in red, and the different
contrast of implanted areas arises from different applied ion fluences from 1.9 x 10" to 5.7 x 10" cm~2. c,e) PL spectra taken at the implanted areas
after irradiation and after subsequent annealing, respectively. Different colors indicate implanted areas 1to 6 (black line refers to the non-implanted

area). The labels on the right y-axes refer to the signal ratio of the implanted regions with respect to the not implanted area. Black scale bars: 20 um.

spatial resolution. The optical image reported in the left panel of
Figure 3d confirms that the quality of the pattern is not hindered
by the annealing. Conversely, the annealing modifies the contrast
of the irradiated areas with respect to the pristine crystal. Again,
this effect can be linked to a change in the crystal structure, with
impact on the refractive index.

To validate this result also from the perspective of the defects’
emission, we collect a confocal PL map as well. As shown in the
right panel of Figure 3d, the emission pattern is clearly preserved
(the orientation and position of the flake is the same as in the op-
tical image to allow for a direct identification of the irradiated
fields). From this image, we can also distinguish the regions im-
planted with lower ion fluences (regions 1 to 3), which are other-
wise invisible in the corresponding optical image (see discussion
below).

The PL signal collected after the annealing, reported in
Figure 3e, shows that the peak at 820 nm disappears, while the
peak at 625 nm is enhanced by the annealing for all fluences,
in agreement with the data collected for homogeneous (non-
localized) implantation (see Figure 2 and relative discussion).
The broadening of this peak is also observed in this case, for
which we refer to the discussion in Section 2.2.

Interestingly, we observed that thermal annealing also modi-
fies the impact of the non-radiative decay channels toward a dif-
ferent and more efficient PL emission (the PL counts are ten
times more after annealing, this is consistent with the results
of the previous sections). Indeed, as emerges from a compari-
son of Figure 3ce, the PL from the implanted regions peaks at
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a fluence f = 5.6 x 10 cm™ (region 2) before the annealing,
while the maximum emission is reached for f = 5.8 x 10 cm™?
(region 4) after annealing, pointing to a change in the radiative
efficiency of the emitters. This hypothesis is in line with the fact
that the crystal lattice undergoes a reconstruction that depends
on the damage accumulated during the previous phase of im-
plantation (i.e., on the ion fluence, which determines the num-
ber of impinging ions). For a deeper discussion of lattice healing
as a function of the ion fluence, see Section S9 (Supporting Infor-
mation), where the analysis of Raman spectra further confirms
the previous statement. In the end, to the best of our knowledge,
there are not many works in literature specifically addressing the
contributions to the radiative or non-radiative decay,!*** hence a
thorough analysis is required to better inspect the possible mech-
anisms.

The images of Figure 3b,d provide a visual proof of the con-
trast between the FIB implanted areas and our pristine material,
which we also quantified in Figure 3c,e by the ratio of the sig-
nal counts from implanted regions (1 to 6) to the not implanted
area (black lines). After the thermal annealing, the larger unifor-
mity of the crystal structure lowers the optical images contrast
(refractive index contrast). In particular, the less exposed areas
are almost invisible. However, the PL contrast around the main
peak (820 nm before annealing, and 625 nm afterward) is still on
the same order of magnitude for all the implanted areas.

Such results clearly show the possibility of combining the de-
terministic selection of the emitting spectral range and with a
precise location of the defective areas.
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3. Conclusion

By taking advantage of a material platform with low intrinsic de-
fect concentrations, we quantified the outcome of ion implan-
tation with different ions, showing that their species affect the
brightness of the emission. In particular, Ga ions produce more
defects compared to lighter elements, but also more damage to
the lattice. We then discussed the relevance of thermal annealing,
not only to heal crystal damage, but more importantly to control
the emitter structure, as different defects become mobile at dif-
ferent temperatures. This way, it is possible to switch the emis-
sion from the NIR to the visible by nearly 200 nm. This unprece-
dented result is not achievable with other already-reported tun-
ing mechanisms (e.g., electric fields or strain), which can induce
much lower shifts (<10 nm). We highlighted that the underly-
ing mechanism is better captured by Raman spectroscopy, which
even provides insights on the specific emitter nature. Specifically,
we could link two different vibrational features to the two specific
emissions obtained with ion implantation and annealing (irre-
spective of the ion species used to generate them).

We then studied the defect yield of Ga irradiation over pre-
selected area in an FIB as a function of the ion fluence. We found
that a maximum of the PL emission is reached around a fluence
of 5.6 X 10 cm™2 because of an interplay between the radiative
centers and non-radiative decay channels induced by the irradia-
tion. By performing the thermal annealing procedure, we proved
that it is possible to shift the emitter spectral properties without
hindering the achieved micrometric spatial resolution.

In conclusion, by combining ion implantation and thermal
annealing, we developed a method to deterministically induce
emitters in hBN with strong PL emission in a selected spectral
region. On top of this, we applied our method to samples im-
planted with FIB, thus demonstrating that it is possible to create
areas of selected emitters with micrometric spatial resolution and
pre-drawn geometry.

In this work we mainly focused on ensembles of emitters,
however the presented protocol can also be generalized to single
photon emitters obtained with one of the techniques mentioned
in the introduction, as the outcomes are independent of the de-
fects’ generation method. Hence, our results can enrich current
research with interesting applications in future quantum tech-
nologies. For example, fine patterns of mixed emitters can fos-
ter new applications in quantum sensing, quantum information,
and communications. For example, having an equally spaced ar-
ray of two different emitters (spin-photon interfaces) on a 2D
inert and cheap platform, could be a step forward in applica-
tions where spins or magnetic fields are to be detected on sub-
micrometer scale.

4. Experimental Section

Sample Preparation: Hexagonal ""BN crystals were grown via precip-
itation from a Fe solvent in a N,/H, atmosphere using isotopically en-
riched (> 99%) elemental "B powder as the boron source material. As
the source of nitrogen, naturally abundant gas was used, which is 99.6%
N and 0.4% N. The pristine hBN flakes can contain stacking faults,
dislocations, and point defects. Amongst C and O are the most common
residual impurities.
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Flakes were obtained by mechanical exfoliation from bulk crystals. First,
a small piece (1-2 mm?) of hBN crystal was placed onto an adhesive tape
and exfoliated by folding and unfolding multiple (usually 10) times. The
yielded flakes were then transferred to a Si substrate (n-type, 525 um thick,
lateral size 1cm?). To remove tape residuals, the samples (hBN + Si) were
bathed in N-Methyl-2-pyrrolidone (NMP, >99%) at 85 °C for 2 h, and then
rinsed with fresh NMP, acetone, and isopropyl alcohol. Finally, samples
were dried with nitrogen flow.

Atomic Force Microscopy (AFM):  AFM measurements were carried out
at room-temperature (RH ~ 40 %) using a Multimode 8 (Bruker) AFM
microscope, with ASYELEC.01-R2 (Asylum Research, k ~ 2.8 N-m~", v ~
75 kHz) cantilevers. Measurements were performed with 0.3-0.8 Hz scan
rate, with high rates for larger scans. Images were recorded when the tip-
sample interaction was tuned to the repulsive regime, to avoid artifacts
in retrieving sample thickness.[%°] AFM images were post-processed with
Gwyddion.[6¢]

lon Implantation: Uniform and homogeneous ion implantation
(Figures 1 and 2) of full samples (hBN on Si substrate) was done using a
conventional ion implanter (High Voltage Eng.). 2C*, 2°Ne*, and ®Ga™*
ions were accelerated to ion energies between 13 and 110 keV and im-
planted with different ion fluences.

Focused ion beam (FIB) irradiation was performed with a Helios
NanoLab 600i FEI system. This technique was used to finely structure the
hBN flakes (Figure 3), thanks to a nominal beam diameter of 7 nm. The
employed beam current is 1.1 pA.

For both the uniform and FIB irradiations, an incidence angle of 7° (see
Figure S1, Supporting Information) was chosen to avoid channeling, that
is, the unperturbed transit of ions in the crystal taking place along high
symmetry directions. All the implantations were done at room tempera-
ture, and the corresponding damage and ion range profiles were simulated
using the software package TRIM/SRIM.[67]

Thermal Annealing: Thermal annealing was performed using a rapid
thermal annealer UniTemp RTP-150-HV to heat the samples at 850 °C in
high vacuum (10™* mbar) for 2 h. Nitrogen flow was employed to cool
the samples at the end of the process. The effects of a different annealing
temperature (1000 °C) on pristine flakes were also explored, as reported
in Section S1 (Supporting Information).

Photoluminescence (PL) and Raman Spectroscopy:  PL and Raman mea-
surements (on a single, diffraction limited, point of the sample, i.e., point
spectroscopy) were performed with a commercial inVia Raman micro-
scope (Renishaw) coupled to a 532 nm diode laser (power on sample
plane of ~#500 uW), which was focused through a 50x objective (NA =
0.75). All the measurements were done in air at room-temperature.

PL measurements simply consist of extended Raman measurements
(hence with the same spectral resolution). Specifically, the collection grat-
ing was rotated at discrete steps to steer different wavelengths on a cali-
brated CCD. A Raman spectrum was collected for each orientation of the
grating, and a wider spectrum was reconstructed appending the sequen-
tial spectra at different grating positions. An integration time of 10 s was
used for the measurements. The spectrometer was calibrated to the 520
cm™! line of silicon. A grating with 1800 lines/mm was employed, hence
with a spectral resolution below 2 cm~" in the 532-1000 nm range.

PL measurements were always performed far from the edges of the
flakes and on flat regions, to avoid influences from fabrication-induced
defects, strain, and edge effects (like additional scattering). A gaussian
moving average with a 2 nm window was performed on the PL data to
reduce noise (but not on the Raman spectra), without affecting the inter-
pretation of the results, as witnessed by the comparison with raw data
reported in Section S10 (Supporting Information).

Confocal PL maps were collected with a home-built setup based on a
Nikon inverted microscope (same objective used for point spectroscopy)
coupled with a 532 nm laser.

Mid-IR nanospectroscopy: Nano-Fourier transform infrared (nano-
FTIR) spectroscopy was performed by focusing a broadband laser under
an oscillating AFM tip close to the sample and detecting the reflected light.
The setup was a commercial asymmetric Michelson interferometer, where
one of the arms hosts the tip-sample system (NeaSpec), coupled to a mid-
IR source, whose spectrum was generated by superimposing two near-IR
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fiber coupled lasers (FemtoFiber pro IR and SCIR, Toptica) on a GeSe crys-
tal for difference frequency generation. The output was tunable from 700
to 2500 cm™! (with a bandwidth of roughly 800 cm~') by the orientation
of the crystal, with a total output power of &1 mW.

Demodulation of the tip-sample scattered signal with a lock-in set at n
=1, 2, 3, ... times the frequency of the AFM tip was performed to select
the near-field signal coming from the pure tip-sample interaction (hence,
reaching a spatial resolution compared to the tip radius, ~50 nm).

Due to the geometry of the interferometer, it is possible to retrieve both
the amplitude and phase of the scattered near-field ( E, = a,, €/®n, where
a, and ¢, are the amplitude and phase at demodulation order n, respec-
tively).

All the experiments were carried out in air and at room temperature.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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