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81 — Charge state fluorescence ratio and filtering

We collected fluorescence signals with two set-ups: a Raman confocal microscope equipped with a
spectroscope, able to resolve the spectral emission from NV centers, and a home-built microscope
with a photon counter module as a detector. With the Raman setup, FL was collected after exciting
with a green laser at three different laser intensities (0.41 mW/um?, 4.1 mW/um? and 41 mW/um?).
The non-normalized spectra taken from the nanostructured sample N1 are plotted in Figure S.la.
The FL was then deconvolved into the NV? and NV- individual components (green and orange
curves) starting from NV° and NV- FL curves available in the literature and then using the LM
algorithm. Notably, the sum of the two components reproduces accurately the experimental spectra.
NV curves were then integrated and summed to calculate the integrated FL of Fig. 2d. Conversely,
their ratio gave the quantity labeled as A(NV-)/A(NV?) in Fig. 2d (proportional to the charge-state
ratio R discussed in the main text). The green and orange numbers in Fig. S.1a indicate the fraction
of the FL emitted by NV° and NV- centers, respectively. We notice that in the case considered
A(NV-)/A(NV?) increases with laser power from 0.41/0.59=0.69 to 0.58/0.42=1.38.

In the home built microscope, FL was filtered with a combination of bandpass filters, the 550-
600nm and the 750nm+ (dark blue and light blue curves in Fig. S.1b, respectively), with peak
transmittance of =85%, indicatively. The photon counter module was not able to spectrally resolve
the emitted FL, and produced an integrated signal. In Fig. S.1b we overlap the emitted FL (with
individual NV° and NV- components) to the transmittance of the two spectral windows: the 550-
600nm filter combination selects almost exclusively the NV signal, but the 750nm+ filtering also
contains a small NVO'related component. Thus, the emission from NV° centers cannot be
completely removed by spectral filtering and it can affect the NV- signal by providing an
undesirable background signal (compare Eq.3). However, at high laser power the NV-/NV? ratio
increases (Fig.2) and the leakage becomes less relevant.
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82 — Effect of the readout pulse

In most of the experiments, a readout pulse of 5 ps was adopted. We considered the possibility that
even a 5 ps readout pulse may induce photoconversion, especially at high laser power. In Figure S.2
we plot the evolution of the FL signal in the dark, describing the spin and charge dynamics of
sample F1 (i.e., no magnetic field applied, 750nm+ filter, analogous to the red solid curve of Fig.5a)
at the highest laser power of 1.5 W, with “short” and “long” readout pulses of 0.5 ps (green curve)
and 5 us (purple curve), respectively. We did not observe substantial difference between the two
curves. However, the acquisition time was affected by the length of the readout pulse (since the
photon-shot noise for a Poissonian process scales as the inverse square root of the number of
photons detected, or, equivalently, as the inverse square root of the acquisition time). By way of
example, the green curve was acquired after 220 repetitions, while the purple curve only needed 50
repetitions (results for sample F1). We conclude that a 5 ps readout pulse ensures a good sensitivity
without substantially perturbing the distribution of NV charge states even at the highest laser power.
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S3 — Excited state saturation

Our set-up is designed to work with ensembles of NV centers, with areal density of =103 um.
Thus, several thousands of NV centers can be simultaneously excited in the laser spot. The
saturation of the excited state was investigated under these conditions. We applied a continuous
laser excitation and recorded the FL emission (in terms of millions of counts per second, “MC/s”).
A strong magnetic field (>750 G) was also applied to suppress the effects of spin on the emitted FL.
Additionally, the FL was recorded a few seconds after setting the laser power, in order to let charge
dynamics reach equilibrium. Such FL values are plotted in Fig. S.3, for 550-600nm and 750nm+
spectral filtering (green and pink dots, respectively). Typically, such curves are fitted by a function
of the type

P P
I(P) = Iom + IOffPT) (Eq. S.1)

where P is the laser power and I the intensity of the FL. The first term in Eq. S.1 is the real
saturation function, with Py being the saturation power and I, a scaling coefficient. The second term
gives a linear offset to be subtracted. A reliable calculation of Py is a difficult task; we estimated it
to be 2.3 W for NV? and 8.5 W of NV- (corresponding to a saturation intensity of 230 mW/um? and
850 mW/um?, respectively, for a laser spot size of 10 um).

Again, we see that nanostructured and flat samples differ in the values and in the shapes of the two
curves. The nanostructured samples do not display an onset of saturation in either curves, while for
the flat samples the NV curves start to flex. We notice here that the effective laser intensity for the
nanostructured samples might be lower by a factor of =3 compared to the flat samples, because of
irradiation on tilted surfaces. Even by rescaling the laser power by the corresponding factor, the flat
and nanostructured samples behave differently. Ultimately, this indicates that the laser power must
be further increased to approach saturation in the nanostructured samples.



7 .
61 N1 ¢ 5 N2 -
5 & 4. \ 22 ]
@ 4] * Q) 3
) ¢ o 31 G 1
= 5 =} o?
& 2] * i @
$
1 .0" + 550-600nm| | 4 o
o] € e 750nm+ ol &*
0 500 1000 1500 0 500 1000 1500
Power (mW) Power (mW)
10] ‘ ] ! ]
9. F1 : %0 F2 ’
81 : 251 L
5 7 é = e
2 6] & £ 20+ é
Q 5] ® @
= o & S 15 °
] . .
T 3 B .0" 107 s ‘,0"‘
f: ‘3; +* 5/ AR
0 ‘. 04 "‘“
0 500 1000 1500 0 500 1000 1500
Power (mW) Power (mW)

Figure S.3

84 — Calculation of the charged state ratio

An important parameter that characterizes the samples is the ratio between the concentrations of
negatively centers to neutral centers, defined as R=[NV-]/[NV]. A simple pulse sequence (Fig.3c in
the main text) makes it possible to estimate this ratio. To this end, a strong magnetic field (750 G) is
applied along the [100] direction to suppress the spin polarization mechanism, and selectively
investigate charge dynamics. Indeed, a sufficiently strong magnetic field (>600 G) mixes the spin
states and quenches the mechanism responsible for the mg=0 polarization, leading to a reduction of
the spin-related component in the fluorescence. We then record fluorescence through two spectral
windows, the 550-600nm (for the NVO) and the 750nm+ (for the NV-s), as shown in section S1 of
the supplementary material. The two signals are fitted by stretched exponentials.

Only NV signal passes through the 550-600nm filter. The time dependence of the FL is given by
t n

—*/r
°w = 1°eq[1—50e (/r) ] (Eq. S.2)

On the contrary, a fraction of the NV? fluorescence leaks through the 750nm+ window. The
composite signal now has two components:



t

I(t) = kI, 1—50{( ) ] + 1;q[1 + 5_e_( ) ] (Eq. S.3)

Here, I, and I.,° are the levels of fluorescence at equilibrium, T, and n govern the dynamics of
charge conversion, and dy, 0., are positive parameters that indicate the initial out-of-equilibrium
level of fluorescence. The number k quantifies the amount of NV leakage, and it can be estimated
from the FL profile and the spectral windows transmittivity (here k=~0.19). From Eq. S.2 and
knowing k, it is possible to recover the pure NV- signal in Eq. S.3.

We now suppose that the total number of NV centers in the neutral or in the negative charged state
is not affected by the laser pulses (i.e. we do not consider the potential contribution of NV*, which
are only present in very low concentration). Thus, a reduction in N°(t), the number of NV-s, is
counterbalanced by a gain in N°(t), the number of NV's, such that N°(t) + N°(t) = Nyt = cnst.

Ne
With this assumption, the fractions of NV- and NV centers over the total at equilibrium are ﬁ =

g N°, 8. .. . Neg 6 .
ﬁo% and szf =514, The charge state ratio is then given by R = NTSZ = g(_). We notice that the charge

state ratio R is different from the ratio between the individual defects fluorescence. In fact, the two
centers have different absorption cross sections (6~ = 3.1x10'7 cm? 3!, 6% = 1.8x10°'7 ¢m? 52) and
relaxation times (T=12 ns, T%=21 ns %), and the fluorescence ratio should be scaled by a factor of =

fOo.O.L.-
fot® w
FL collected through the combination of filters in use). Any further comparison between FL ratio of

here f* and f° depend on the detection condition (they are the fractions of the total emitted

section S1 and the process here illustrated is complicated, since the full FL spectra (of Fig. 2 and
Fig. S.1) were acquired with no strong magnetic field applied and they also contain a spin-related
component.

As an example, this procedure is illustrated in Figure S.4 for two samples (flat F2 and
nanostructured N2) at the high power of 1500 mW. The magnetic field of 750 G reduced the spin
polarization and only leaves the part of charge dynamics (from red solid points to red empty points
in panels a and b). The NV'-related FL is not affected by the presence of a magnetic field (blue
curves). We see that for sample N2 the initial values of NV-are higher. This is not surprising, as the
initial contrast depends mostly on the photoconverted charges. For sample N2, the NV-
concentration is so low that a laser can affect dramatically the charge states, resulting in a high
initial value of the curve. However, the difference between the two red curves (solid and empty
points) is larger in sample F2, indicating a better spin polarization overall. We also note that the
slope of the red curves is different between samples F2 and N2, indicating a faster NV-—NV?
charge recombination in the dark for the nanostructured sample (Fig S.4b). The differences between
samples F2 and N2 are illustrated also in Fig. S.4c and S.4d, where we applied the above-mentioned
analysis to calculate the NV- and NV° population fractions, and the charge state ratio R under a
strong magnetic field. In sample F2, the fraction of NV~ remain high even after 100 ms (53% of the
total NVs, red curve), while it decays to 10% (rapidly, right after 10 ms) in sample N2.
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