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Supplementary Fig. 1 | Experimental setup and additional sample characterization. (a)
Schematics of the two-color confocal microscope. To image the beam shape, the green beam is
redirected so as to bypass the galvo and focused on a mirror located at the sample position. (b)
Scanned image of the fixed green beam upon reflection on the mirror. The shape corresponds to
a Gaussian with 1 um full width at half maximum (FWHM). (c) Typical fluorescence spectrum
from the sample diamond crystal. The peak at 737 nm exposes the presence of silicon-vacancy
centers at a fractional concentration of 0.6% relative to the NVs. The narrow peak at 532 nm
originates from the excitation laser (leaking through the notch filter). (d) Sample infrared
spectrum. Using the method of Supplementary Ref. [1], we determine the nitrogen concentration
to be 40 ppm. The black arrow highlights the IR amplitude at 2802 cm™, a marker frequency for
boron. Since no peak is observable at this wave number, we conclude no boron is present in our
sample. APD: Avalanche photo-detector; AOM: Acousto-optic modulator; CCD: Charge-
coupled device; BS: Beam splitter; DF: Dichroic filter.
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Supplementary Fig. 2 | Dynamics of charge ionization and trapping by NV centers and
nitrogen. (a) The defect levels of the NV and N centers within the diamond bandgap. (b)-(d) The
NV and N photoionization and carrier trapping mechanisms as described in the text. Symbols are
as denoted. Solid (open) circles represent electrons (holes). Red (green) wavy arrows indicate red
(green) photons and blue wavy arrows indicate phonons.



(a) & N & a

> @
R & XX X
\OQ\ é'@’é} \QJO QC‘}}
< < n
—>
5s 5ms 20ms 5ms Ti
ime
(b) Number of Cycles (n)
0 1 2 3 4
— Det. 1
[72]
€
>
[o]
)
5]
3
o
Det. 2
w Det. 1
c
3
o
(8]
o
=
5
=
w Det. 2

1 2 3 4
Number of Cycles (n)

Supplementary Fig. 3 | Evidence for NV charge conversion. (a) Experimental protocol. After
a 5 s exposure to red light (1 mW), we detect NV fluorescence during two 5-ms-long pulses of
green light (0.5 mW) separated by a 20-ms-long interval of green laser illumination (0.5 mW).
The process is repeated n times. (b) Integrated NV fluorescence during Detection 1 and
Detection 2 (denoted Det. 1 and Det. 2, respectively) as a function of the number of cycles n. To
isolate contributions from NV (top) or NV (bottom), we use a narrow bandpass filter (limited to
the range 605-615 nm) or a long pass filter (>637 nm), respectively. The total number of
averages per point in the upper (lower) graph is 470 (30). During each cycle the NV content
grows as the N\/° concentration shrinks, strongly suggesting green-induced conversion from NV°
into NV".
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Supplementary Fig. 4 | Parameter estimation under fixed-point red illumination. We
compare calculated (center) and experimental (upper left side) NV~ patterns upon 10 s of red
light fixed-point excitation (see also Fig. 4 in the main text). For simplicity, we limit the
comparison to three independent parameters, namely, the ratio between the NV’—NV™ and NV
—NV? conversion rates (ko/k_)|g32nm, @and the NV° and NV~ electron and hole trapping rates,
kn and k,, respectively. In the central image, all parameters take the values listed in
Supplementary Table 1; in the peripheral images the parameter labeling the corresponding axis is
altered to take the value listed on the lower left corner of each graph. The scale bar (20 pum) and
axes labels are the same for all images.
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Supplementary Fig. 5 | Parameter estimation under fixed-point green illumination. Similar
to Supplementary Fig. 4, we compare calculated and experimental (top central plot) NV patterns
upon 10 s of green light fixed-point excitation. Once again, we limit our analysis to three
independent parameters, including the NV photoionization rate k_ at 532 nm, and the NV° and
NV" electron and hole trapping rates, k, and kp, respectively. At the center of the multi-axis
figure, all parameters take the values listed in Supplementary Table 1; in the peripheral images
the parameter associated to each axis is altered to take the value listed on the lower left corner of
each graph while all other parameters remain fixed. The scale bar (20 pum) and axes labels are the
same for all images.



(a) Red excitation (©) Green excitation
25 50
W 2.0mW --m--2.0 mW =
—~ 201 e -15mw o = 40| *15mw e
£ —-A--10mW ™ e £ [ A 10mW R
= o e a = - . &
- 151 e pug - A
& B Sl 2 30t .
£ 10 A 2 e
o - e o o
O gle - O 20«
A Experiment Experiment
0L - 10 Lo s
1 5 10 50 1 5 10 50
Time (s) Time (s)
(b) (d)
25 50
--0--2.0mW --0--2.0 MW
~ 20} o 15mw = 40| O 15mw
= A 1.0 mW a8 E | A 10mW
= gm0 =
- 15} g R A g
@ s AP @ g
- g - £ 30¢ ge--BTIUR
g 10}~ £ R =
o g o 20f
I Theory Theory
0 . - 10 L L
1 5 10 50 1 5 10 50
Time (s) Time (s)

Supplementary Fig. 6 | NV pattern growth for different laser intensities. (a,b) Experimental
(a) and calculated (b) outer radii in the NV patterns resulting from a red laser park (see also Fig.
(2) in the main text). (c,d) Same as in (a,b) but for a green laser park on an unbleached
background (see also Fig. 5 in the main text). In all cases, the resulting pattern (not shown for
brevity) is imaged via a red laser scan with center at the point of the laser park; the red laser
power during the scanning is 2 mW, and the integration time per pixel is 1 ms. Numerical
modeling is carried out using the conditions listed in Supplementary Table 1.
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Supplementary Fig. 7 | The influence of electrostatic fields on the transport dynamics of
charge carriers. (a,b) Calculated charge density p after 10 s of red (a) and green (b)
illumination. Dashed lines indicate idealized radial distributions used to simplify the numerical
calculation of the electric field map. (c) Calculated electric fields resulting from the simplified
charge distributions in (a,b). Given the charge map symmetry, the electric field points in the
radial direction. (d) Ratio ¢ (r) (see Supplementary Eq. (14)) between diffusion and drift terms
in Supplementary Eq. (7) for the case of electrons. Since everywhere in the sample [ (r)| > 1
(the minimum magnitudes are 1262 and 137 for red and green excitation, respectively), we
conclude electrostatic fields do not have a major impact on the carrier dynamics for the present
experimental conditions. (e,d) Comparison of the diffusion (D) and capture (C) terms in
Supplementary Eq. (10) ( D =D,V?n and C =ky(P—P,) — kyn(Q — Q_) — y,nP,
respectively) for electrons after 10 s of red (e) or green (f) excitation (see subsection (iv) in
Supplementary Note 2).



Parameter Description Numerical value Units Ref.
Laser beam FWHM 10
2.36 0 @632 nm 1'0 pum [*]
@532 nm '
2
Photoionization rate of NV (3.613%) x (L)Z eoZ
k_(r) @632 nm o kHz [+]
I -r_
@532 nm (1620*5838) x (i) e
2
Hole production rate from NV° (0.181399) x (i)z eoZ
ko(r) @632 nm ’01 A kHz [+]
+15000 -7
@532 nm (3480+15900) x (E) e o?
2
Photo-ionization rate of N° (2.7+5) x 1075 x L e202
ken(r) @632 nm o, kHz [11
) L
@532 nm (27149) x Eezaz
Ky Electron capture rate by NV° 10039 kHz pm?® [t]
Y Electron capture rate by N* 300 kHz pm® | [10,11,14]
Kp Hole capture rate by NV 200+199 kHz um® [1]
Y Hole capture rate by N° 0.6 kHz pm® | [10,11,14]
D, Electron diffusion constant in diamond 5.5 pm? ns™ [11]
D, Hole diffusion constant in diamond 4.3 pm? ns™ [11]
Q NV density 0.4 ppm [*1, [13]
P nitrogen density 40 ppm [*1

Initial conditions

Fraction of NV" centers after red-induced bleaching

0.07

Fraction of NV centers after a green-laser scan

0.5

Supplementary Table 1 | Summary of simulation parameters. The notation follows that
introduced in Egs. (1) through (4) in the main text; Iy indicates a reference intensity (2 mW and
1.8 mW for red and green illumination, respectively) used to scale photo-ionization rates at
arbitrary illumination intensities I, and r is the distance to the beam center. To reduce the number
of free parameters, we use literature values whenever possible. In the last column the number in
brackets indicates the corresponding Supplementary Reference, [1] denotes free parameters in
our model whose final value is derived from a comparison with the experiment, and [*] indicates
a value derived from our sample or setup characterization measurements. All numerical
calculations reported herein use the main numerical values listed on the table. See Subsections
(i) and (iii) in Supplementary Note 2 for a description on how to interpret the error margins of

free parameters.




Supplementary Note 1 | Model of photoionization and charge diffusion in diamond

In this section, we provide an in-depth description of the theoretical model used to
interpret and simulate our defect photoionization and charge diffusion observations. We begin by
presenting the relevant defects in type-1b diamond and deriving the equations of their charge
state dynamics. We next introduce carrier diffusion in diamond and combine the carrier diffusion
equations with the equations of defect dynamics to form the complete model. We finally define

the necessary initial and boundary conditions to solve the equations of the model.

i-Defects in type-1b diamond

The three most prevalent defects in type-1b diamond are the nitrogen-vacancy (NV),
substitutional nitrogen (N) and isolated vacancy (V) centers.

The NV center is a point defect comprised of a substitutional nitrogen-carbon vacancy
pair orientated along the (111) crystallographic direction®. It can be stable in both neutral (NV°)
and negative (NV") charge states. The stable charge state in thermal equilibrium is determined by
the local density of electron donors and acceptors (usually the N center).? The NV charge states
are characterized by their optical zero-phonon lines (ZPLs) at 2.156 eV (NV°) and 1.946 eV
(NV") and their observable electronic structures are defined by the occupation of the center's
three deep-level defect orbitals (ai, ex ey) by three electrons / three holes (NV®) and four
electrons / two holes (NV"), respectively (Supplementary Fig. 2).

Under green (532 nm) or red (632 nm) illumination, NV can be photoionised into NV°
by ejecting an electron into the diamond conduction band via the successive absorption of two
photons®*. In this mechanism, the first photon excites NV to its optical excited state and the
second photon ejects the electron into the conduction band within the lifetime of the optically
excited state. Under green illumination, NV° can be photoionized back to NV~ by a similar
mechanism involving the ejection of a hole into the diamond valence band and the successive
absorption of two photons®* (see Supplementary Fig. 2). The photoionization cross-sections of
neither NV charge state are known precisely. Indicative photoionization rates for particular
optical powers and focusing arrangements can be drawn from single center studies, which have
measured the NV" photoionization rate to be ~5 Hz under ~1 uW (confocal) of red excitation and
the NV and NV° photoionization rates to be ~25 Hz and ~60 Hz, respectively, under the same

power of green excitation”.



The NV center may also trap charge carriers: NV is an attractively charged trap for holes
and NV is a neutral trap for electrons. Since both charge states are deep traps, their trapping
mechanisms are likely to involve multi-phonon emission® (see Supplementary Fig. 2). However,
the trapping cross-sections of the NV center have not yet been investigated and their values are
unknown.

The N center is a deep donor in diamond and is known to exist in neutral (N° and
positive (N*) charge states. There is disagreement about the energy of the N donor level below
the conduction band, with various photoabsorption and photoconductivity measurements
reporting the energy in the broad range 1.7-2.2 eV.°° We therefore expect that N° will
photoionize under either green or red excitation. However, we do not expect N* will photoionize
back to N° by the ejection of a hole into the valence band under green or red excitation because
this requires much higher energy photons (with energy greater than ~3.8 eV, see Supplementary
Fig. 2). Similar to the NV center, the photoionization cross-sections of N° are not precisely
known. The photoconductivity measurements simply indicate that it is larger under green
excitation than under red.

N and N* are known to act as deep neutral and attractively charged traps of holes and
electrons, respectively. The electron trapping cross section of N* has been measured to be in the
range ~3-7x10° um? and the hole trapping cross-section of N° has been measured to be ~1x107
Hmz_lo,ll

The V center is a deep defect in diamond that can exist in neutral V° and negative V'’
charge states. V° and V" are characterized by the GR1 (with ZPL at 1.673 eV) and ND1 (with
ZPL at 3.149 eV) photoabsorption bands, respectively*?. The GR2-8 bands, which are in the
energy range 2.881-3.007 eV, are also attributed to the \V° center*?. Photoconductivity studies
have revealed that \/° is photoionized into V" by ejecting a hole into the valence band if one of
the GR2-8 bands are excited, and that V" is photoionized into \/° by ejecting an electron into the
conduction band if the ND1 band is excited*?. Consequently, neither \/ charge state is photo-
ionized under red or green excitation. Similar to the NV center, V° and V" are deep neutral
electron and attractively charged hole traps, respectively. To our knowledge, the trapping cross-
sections of the V center have not yet been determined. Our photoluminescence measurements
suggest that there is negligible concentration of V° centers in our sample (no GR1 peak is

observable at 741 nm in the fluorescence spectrum of Supplementary Fig. 1c) and so the V
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center will not be included in our model.

To confirm the transformation of NV into NV° upon red illumination we alter our
confocal microscope to separately collect the fluorescence from two complementary spectral
windows. The first one, ranging from 605 nm to 615 nm is exclusively associated with NV°
emission whereas the second one, from 637 nm to 850 nm, is mostly sensitive to NV’
fluorescence. The experiment of Supplementary Fig. 3 basically reproduces the protocol of Fig. 2
in the main text except that a weak green laser — exciting both NV and NV° — is used to probe
the resulting NV composition. The green laser intensity and exposure time is brought to a
minimum so as to limit NV &NV inter-conversion. As expected, photon collection from either
spectral band leads to complementary NV signatures, with maximum NV° fluorescence when

NV~ emission is minimum.

ii-Defect dynamics
The coupled dynamics of the charge state densities of NV and N centers as functions of

position r and time t are described by the four master equations

00- _00Qq

o koQo — k_Q_ + knnQy — kppQ- + Q(QoPy — Q_Py) = T €Y)
aP, oP,
?=kNPO_VnnP++yppP0+'Q(QOPO_Q—P+) =50 (2)

where Q,,_(r,t) and Py,_(r,t) are the densities of NV and N, respectively, n(r,t) and
p(r,t) are the densities of free electrons and holes, respectively, kq,_[I(r), A] and ky[I(T),1]
are the NV% and N° photoionization rates, respectively, which are functions of the optical
intensity I(r) and wavelength 4, k,, ,,, are the electron/hole volume trapping rates of NV v, /p

are the electron/hole volume trapping rates of N*°

, and Q is the volume tunneling rate of
electrons between NV and N centers that determines the defect charge states in thermal
equilibrium.

Conservation of charge and of the approximately homogeneous concentrations of NV (Q)

and N (P) centers introduces the constraints

j p(r,)dr3=0, Qu+0Q_=0Q, P,+P,=P 3)
|4

where p = e(P, — Q_ + p — n) is the net charge density, e is the fundamental charge and the
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integral is over the volume of the diamond V. Note that these constraints combined with the
master equations imply that in thermal equilibrium Q©® = p*%and Q¥ /Q = (1 + @/P)™™.
Furthermore, the second and third constraints in Eq. (3) can be used to reduce the four master

equations to just the following two

66% = (ko + kan)Q — (ko + k_ + kpn + Kpp)Q_ +0[o(P-P,)—Q_P],
oP
—7 = (kn +%p)P = (ky + Yan + 1pp) Py + QIQ(P = P,) = Q-P]. )

iii-Carrier diffusion and trapping

Assuming drift-diffusion transport, the free electron and hole diffusion equations are

on

Frin V- (uynE + D,Vn) + k_Q_ + knyPy — kynQqy — yanP, ,

dp

57 =~V (pPE = DyVp) + koQo — 1550 Q- = Vo1 Po (5)

where p,~2.15x 101! pm*Vs and p,~1.70 X 10** um*Vs are the approximately
homogeneous and isotropic electron and hole mobilities in type-1b diamond™', respectively,
Dy = pnkgT/e~5.5 ym’/ns and D, = p, kT /e~4.3 um?/ns are the electron and hole diffusion
constants at room temperature, respectively, kg is Boltzmann’s constant, T is the temperature.

Finally

E(r) = -V f PULY) i 6)

v Amelr —1'|
is, in the absence of an applied electric field, the electric field created by the separation of charge
in the diamond and ¢ is the permittivity of diamond.

Applying the last two constraints in Supplementary Eq. (3), the diffusion equations

become
on
E =V (.unnE + DnVTl) +k_Q-+ kN(P - P+) - Knn(Q - Q—) — YanPy ,
dp
3¢ =~V (4pPE = DVp) + ko(Q = Q) = 1ppQ- = vpp(P = P1) @)

Thus, the combination of Supplementary Eqs. (4) and (7) define the four equations of the
complete model of defect photoionization and charge diffusion. In order to establish the

boundary conditions of the model, we apply the first constraint defined in Supplementary Eq. (3)

12



and, in so doing, we find

0
ﬁf (P, —Q_+p—n)dr3 = —f |V (uppE — D,Vp) + V - (uynE + D,Vn)|dr3 = 0
74 v

- f (1ppE — D,Vp) - 8dr? + @ (uynE + D,Vn) -8dr? =0,
av av

where in the last step, Gauss' integral theorem has been applied to transform the volume integrals
into surface integrals over the closed surface dV of the volume V with unit outwards normal
vector 8. If the defect photoionization and charge diffusion occurs in a region far from the
surface of the diamond, then n~0 and p~0 on dV. This, in turn, implies that Vn-8 = 0 and
Vp - § = 0 must also vanish on dV, thereby establishing the complete set of boundary conditions

nlay =0, plav =0, vn -8y =0, Vp - 8lay = 0. (8)
The model equations are solved by combining these boundary conditions with the following
initial conditions

Q_(r,0)=Q%(r), P.(r,0)=Q°r), n@0)=0  p@0=0 (9
which define the initial (possibly inhomogeneous) densities of NV~ and N* centers and assume
that there are initially no free electrons or holes.

To carry out our calculations, we assume cylindrical symmetry and dominant diffusion
forces [i.e., D,V?n » u, V- (nE)] (see last subsection in Supplementary Note 2). The latter
allows us to ignore electric forces and avoid the computational complexity they introduce by
being functionals of the net charge density [as defined in Supplementary Eq. (6)]. These two

assumptions allow us to recast the set of four master equations as

% = (ko + kan)Q — (ko + k— + Kqn + Kpp) Q- + Q[Q(P — P,) — Q_P] ,

P

—r = (kn +1pp)P = (ky + Yan + 1pp) P + QIQ(P = P,) = Q_P] ,

on

E = Dnvzn + k—Q— + kN(P - P+) - Knn(Q - Q—) - )/nnP+ ’

9

% = DpV?p + ko(Q = Q) = Kpp Q- — Ypp(P = P.) | (10)

where V2 is now the Laplace operator in the two-dimensions of the observed photoionization and

charge diffusion patterns.
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Supplementary Note 2 | Numerical simulations

In this section, we provide the details of the simulations presented in the main text. As
discussed above, the complete defect photoionization and charge diffusion model contains many
parameters that are unknown and must be estimated. We begin by discussing our parameter
estimations. We then describe the method of our simulations and our results for red and green
excitations.

Note that due to the large number of parameters, we have not aimed to quantitatively
simulate our observations, but to rather qualitatively demonstrate that we have identified, and our
model describes, the main physical mechanisms at play. We leave it to future systematic

measurements to precisely determine the parameters that quantify each mechanism.

i-Parameter estimation

The parameters to estimate are: P, Q, Q, ko, k_, kx, kn, Kp, Yo @nd y,. As stated in the
main text IR absorption spectroscopy indicates a concentration of neutral nitrogen impurities of
40 + 4 ppm~(70 + 7) x 10° um™, which here we assume as representative of the total nitrogen
concentration P. Based on the known correlation between the nitrogen and NV concentration in
CVD diamond®®, we set the total NV concentration at Q~10~2P~0.4 ppm or ~0.7 X 10% pm™,

It is difficult to estimate beforehand the NV photo-ionization rates because prior studies
have focused on single NVs where the laser power used (of order 1 pW) is much lower than in
the present experiments®. The ionization rates grow quadratically in the limit of low laser powers
but one anticipates a linear growth once the illumination intensity is sufficiently strong to
saturate the NV first excited state. With these considerations in mind, a lower bound for the NV
photoionization rate would be ~100 kHz for green light illumination; a much lower value is
expected for red-light-induced photoionization. Given that photoconductivity measurements
appear to imply that the N° photoionization rate under red excitation is much smaller than that
under green excitation and is also small compared to NV°, we expect that ky <« k_ under red
excitation. Observations of the recovery to the thermal equilibrium distribution of defect charge
states in the dark indicates that Q[Q(P — P,) — Q_P] «< 1 Hz, and so can be safely ignored in
our calculations of the much faster photoionization and diffusion dynamics.

The electron and hole trapping rates of the N center may be estimated using the
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expressions

kgT
Yo = 0u[N*I(un) = 0[N*] |—,

n

keT

Yp = O-p[NO]<Up> ~ Gp[NO] m_ ’ (11)
p

where an/p[N+/°] is the electron/hole trapping cross-sections of the N center, vy, is
electron/hole thermal velocity and m,, ,,, is the electron/hole effective mass. Since diamond is an
anisotropic valley conductor, the electron/hole effective mass is different for longitudinal
(m,~1.15 m,, m,~1.1m,, where m, is the free electron mass) and transverse (m,~0.22 m,,
m,~0.3 m,) wavevectors (relative to valley axis)*. For the sake of the calculations considered
here, we have made the simplification that the effective masses of electrons and holes are
isotropic and equal to m,~m,~m,. Using the measurements'*** ¢;,[N*]~3 x 10~6um* and
0,[N°]~1 x 1078 pum?, we therefore expect that at room temperature y,~300 kHz pum® and
Yp~0.6 kHz um?.

Since the NV center is a deeper trap than the N center, it is expected that k, < y,.
Furthermore, since NV is an attractively charged trap for holes, whereas NV is a neutral trap of
electrons, one anticipates r, > kp,.

Our numerical modeling starts with the observations of Figs. 2, 3b (upper row), and 5 to
determine all ionization rates (k. ko, kn) under 2 mW and 1.8 mW of red or green, fixed-point
illumination, respectively. These values are subsequently used as a reference and
correspondingly scaled for different illumination intensities. This scaling is made quadratic or
linear to reflect the two-photon or one-photon processes governing NV and nitrogen ionization,
respectively. We make use of this scaling to model the effect of the red laser scan (last step in the
Sequence of Fig. 3a) on the green-induced NV~ patterns (lower row in Fig. 3b) as well as the

observed NV™ maps on the split background (Fig. 4), see Supplementary Table 1.

1i-Red excitation
In principle, no free holes are created under red excitation because NV° cannot be
directly photo-ionized. However, calculations based on an ‘electron-only’ model (i.e., ko(A =

632 nm) = 0) are inadequate to reproduce our observations. An example is presented in
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Supplementary Fig. 4 where we calculate the pattern emerging from 10 s of fixed-point
illumination with red light: The image corresponding to k,/k_ = 0 (lower graph in the set)
shows reasonable agreement with experiment on the pre-bleached, right half of the crystal, but,
unlike the experiment (upper left corner), produces a bright torus above the non-bleached
background on the left half. The latter could be anticipated because the exclusive production of
electrons from photo-ionized NV centres can only increase the NV population in the immediate
vicinity of the beam, in contrast with the observations in Figs. 1 and 4b.

An ‘electron-only’ model, however, must be understood as an approximation because a
variety of processes are likely to enable a low-rate back conversion from NV° to NV'. As
explained in the main text, even a small hole production rate has a significant effect given the
very low hole-trapping efficiency of nitrogen (Supplementary Table 1). Good agreement is
attained with k,/k_ = 0.05 (center image in Supplementary Fig. 4); note that higher ratios lead
to unobserved behaviour (upper image in Supplementary Fig. 4).

The nature of the process at play is difficult to identify at present: Comparison of
similarly-sized patterns from different combinations of laser power and exposure time (e.g., 2
mW for ~10 s versus 1 mW for ~25 s in Supplementary Fig. 6a) reveals comparable NV
concentrations both in the bright and dark sections of the resulting ring-like structures. We
surmise, therefore, that the electron and hole production rates scale similarly with light intensity
suggesting that hole-production under red excitation is also the result of a two-photon process (at
least within the range of laser intensities investigated in this study). Additional work, however,
will be required to ascertain whether this process originates from NV° back-conversion to NV~
(as modeled herein) or from dynamic charge inter-conversion of some other, lower-concentration
defect in our diamond crystal.

While a comprehensive description of the effect of each parameter on the simulated
pattern is impractical, additional insight on the model accuracy can be attained by examining the
model sensitivity to two key variables, namely, the electron and hole trapping rates. For
example, a brighter-than-background torus is generated when k, is made ten-fold larger (or

when k,, is made ten-fold smaller) than the value listed in Supplementary Table 1 (central
image). In the opposite regime, a fully bleached disk results when k, (k) is made ten-fold

smaller (larger) than the optimum, a consequence of the enhanced capture of holes by the NVs.

Note that these non-optimum values also produce patterns extending over an area larger (or

16



smaller) than that observed.

Although our modeled patterns are sensitive to relatively small (e.g., 20%) changes of
individual parameters, we find a considerably broader error margin if several parameters are
modified simultaneously. For example, we find moderate agreement with experiment using
alternative parameter sets where the ratios between all ionizing rates are kept constant. These
alternate ‘optimal’ sets, however, are not dramatically different from each other, and typically
correspond to correlated parameter changes by a factor 2 to 4. The error margins listed in
Supplementary Table 1 reflect the range within parameter space containing these alternate
‘optimal’ sets. We emphasize, however, that best overall agreement is attained with the ‘main’
parameter set as listed.

While throughout our modeling we kept constant the nitrogen and NV concentrations, a
question of interest is how local, mesoscale changes — by as much as a factor ~2 over distances
of a few microns — influence the charge dynamics. In general, we find that separately changing
P or Q leads to the appearance of pattern features not observed experimentally, even if a new
“optimal” set of parameters is identified. The nitrogen ionization rate k, proved to be
particularly sensitive to these changes, which can be qualitatively understood from the key role
played by nitrogen in defining the pattern size and growth rate under red excitation. On the other
hand, comparison between calculated NV° patterns where both P and Q are equally scaled
(e.g., P and Q double while Q/P as well as all other parameters take the values listed in
Supplementary Table 1) shows that, except for a moderate size change, most pattern features
remain unaffected. These findings are consistent with the well-defined symmetry of the observed
patterns, seen to be insensitive to local changes in the impurity content (see, e.g., Figs. 4, 5, and 6

in the main text).

iii-Green excitation

Under green excitation, free holes are created by the photoionization of NV° at a rate
ko(A = 532 nm), here found to take an approximate value equal to ~2k_(A = 532 nm), in
qualitative agreement with prior observations®. Both k, and k_ take absolute values — 3.5 MHz
and 1.6 MHz, respectively — in reasonable agreement with the extrapolated absolute rates
previously observed in single NV centers” (respectively ~2.7 MHz and ~1.2 MHz when we adapt

the illumination conditions — 1 uW over a ~300 nm diameter spot — to those used herein). Note
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that all other parameters remain unchanged relative to those used for red illumination, including
the NV electron and hole photo-ionization rates k, and k,, whose exact values have, as
expected, a large impact on the calculated model (left and right two-dimensional graphs in the
center image of Supplementary Fig. 5). As discussed in the main text, the listed set of parameters
also yields pattern growth rates in qualitative agreement with the experiment, both for red (Fig.
2g) and green (Fig. 5h) illumination (see also Supplementary Fig. 6). Overall, however, we
calculate slower rates than observed experimentally, a trend that persists regardless the exact
values assigned to the ionization and trapping constants. Faster growth can be attained via a
slight increase of the electron and hole diffusion constants — otherwise set to fixed values, see
subsection (iii) in Supplementary Note 1 and Supplementary Table 1. The latter would
correspond to slightly greater electron and hole mobilities in the present sample, a possible
scenario given the impact of impurities on the final mobility value™.

Comparison of the nitrogen photo-ionization rate k, under green and red illumination
shows a reduction by six orders of magnitude, from 27 kHz at 532 nm to 27 x 1073 Hz at 632
nm for our present illumination conditions. This sharp decrease is partially consistent with prior
observations®, though it suggests that the onset of nitrogen photo-ionization takes place at about
2.1 eV, somewhat lower than the value reported in Supplementary Ref. [9] (2.2 eV). More recent
photo-ionization experiments in nitrogen-rich samples’ set the onset at 1.9 eV making us think
that the exact value may be a function of the nitrogen content (much lower in Supplementary
Ref. [9] than in Supplementary Ref. [7]). Therefore, additional, quantitative experiments (i.e.,
using a calibrated set of samples with a varying nitrogen concentration) will be necessary to
clarify this point.

Similar to subsection (ii), we find that alternate parameter sets can display moderate
agreement with experiment if all photo-ionization rates are changed simultaneously so that the
pair ratios remain constant. As for red illumination, the parameter subspace where modeling and
observations coincide is confined, with separate ‘optimal’ sets requiring correlated parameter
changes rarely exceeding a factor 3-4. By far, best overall agreement for green and red
illumination is attained with the set of ‘main’ values listed in Supplementary Table 1. Along the
same lines, we find that a moderate, equal scaling of P and Q — otherwise kept constant
throughout our modeling — does not introduce major changes in the calculated NV patterns. By

contrast, separately altering either impurity content (e.g., by a factor 2 to 4) does require a new

18



parameter set (and typically results in a poorer agreement with experiment). Unlike the case of
red excitation (see last paragraph in Section (ii) above), we find that all corrections in the

parameter set tend to be commensurate with the change introduced in P or Q.

iv-Drift versus diffusion versus trapping

To investigate the influence of electrostatic fields on the dynamics of photo-ionized
carriers, we start by considering the quasi-steady state where the fluorescence pattern is only
changing near the expanding outer radius. Limiting for now our analysis to red excitation, the

radial charge distribution in two dimensions is crudely given by,

[ X <k

— , < 1

Qi R?

py =21 (12)
m, R1<TSR2

where R; and R, respectively represent the inner and outer radii in the red-induced pattern (see
Fig. 2), and we assume that the inner region under optical excitation has gained a uniform
positive charge per unit length ;. We also assume that the fluorescent ring features an equally
uniform (but negative) charge distribution so that the total net charge is null. The radial electric

field produced by this charge distribution is

r <R
— , r_
01 Rf !
E(T‘)ZZ— 1R2—T' (13)
VRZ RZ Ri<r <R,

where ¢ is the dielectric constant of diamond. To gauge the effect of the electrostatic field on the

carrier dynamics we consider the ratio ¢ between the diffusion and drift forces acting on the free

electron density n. From Supplementary Eq. (7) we find
D, o,n

¢ = E n (14)
In the limit of a pure diffusion solution (where n o exp(—12/4D,t)), Supplementary Eq. (14)
yields
1 , T<R
neR? 2
HnQit Rz (RZ ) Rl <rs=s R2
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At r~R; we thus find the minimum value |¢|nin~ Setting t to 5 ns — the time needed for

the electron to diffuse away from the inner ring — and defining e as the electronic charge, we
conclude that for |¢|,,;,, to drop below 1 the normalized charge per unit length o;/e must be
greater than 10° pm™. Given the nitrogen concentration P = 40 ppm and considering an optical
spot with transverse dimensions of 1 x 1 um* we conclude carrier transport becomes drift-
dominated when the nitrogen ionization approximately equals or exceeds 10%. As seen in Fig.
6d in the main text, the concentration of positively charged nitrogen does not exceed 0.4 ppm,
suggesting that electrostatic fields do not have a major impact on the carrier transport dynamics
under the present conditions.

To gain a more quantitative understanding we explicitly calculate the net charge density
and electrostatic field resulting from 10 s of red (and green) illumination (Supplementary Fig. 7).
Here we follow a self-consistent approach were the drift force is initially neglected from the
master equations. As expected, we find that the electrostatic field reaches its maximum within
the inner section of the fluorescence ring (Supplementary Fig. 7c). The electric field is
substantially stronger for green illumination, a consequence of the relatively more efficient
ionization of nitrogen at this wavelength. The results also show that the magnitude of the
diffusion/drift ratio |¢p(r)| consistently takes values larger than unity throughout the pattern, thus
confirming the dominance of diffusion under the present experimental conditions. It is worth
mentioning that unlike the estimate for |¢|,,» above, this time no assumption is made on the
spatial distribution of free electrons, which results from the (drift-free) master equations.

Finally, we gain further insight in the hierarchy of terms in Supplementary Eq. (7) by
separately calculating diffusion and capture terms. The results are presented in Supplementary
Fig. (7d) for 10 s of red (left) or green (right) illumination. In both cases, we find that trapping
terms are dominant, consistent with the notion of a ‘reaction-diffusion’ regime where the pattern
boundary progresses once an equilibrium concentration of charged defects is reached (see main
text).
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