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Figure S1 | Emission dynamics of CASN:Eu2+ under square-wave modulated excitation. (a)The square-wave modulated
excitation intensity for different peak intensities of Iexc = 0.1 (black), 0.3 (purple), 0.6 (blue), 0.7 (cyan), 0.9 (green), 1.2
(yellow), 1.5 (orange), 1.8 (red), and 1.9 (dark red) Wmm−2. The full modulation period is 10 ms with a duty cycle of 0.1%.
(b) The resulting emission intensity from a film of microcrystalline CASN:Eu2+ phosphor. (c) Zoom-in of the normalized
rise dynamics. (d) Zoom-in of the normalized decay dynamics.
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Figure S2 | Emission dynamics and saturation of YAG:Ce3+ under square-wave modulated excitation. (a) The square-
wave modulated excitation intensity for different peak intensities of Iexc = 0.3 (black), 0.6 (purple), 1.3 (blue), 1.6 (cyan), 2.1
(green), 2.6 (yellow), 3.4 (orange), 4.0 (red), and 4.3 (dark red) W mm−2. The full modulation period is 10 ms with a duty
cycle of 99.8%. (b)The resulting emission intensity from a film of microcrystalline YAG:Ce3+ phosphor. (c) Zoom-in of the
normalized rise dynamics. The dashed line shows the rise of the excitation laser (= zoom-in of the data in panel a). We see
that the rise dynamics are determined by the slow turn-on response of the excitation laser rather than the photo-dynamics
of the phosphor. (d) Zoom-in of the normalized decay dynamics. The dashed line shows the decay of the excitation laser (=
zoom-in of the data in panel a). We see that the turn-off response of the excitation laser is faster than the decay dynamics
of the phosphor by a factor ∼ 3. (e) The saturation characteristics of YAG:Ce3+: peak emission intensity as a function of
peak excitation intensity in the square-wave experiments (both at t ≈ 0 in panels a,b). The straight line is linear fit through
the first four data points. Saturation sets in at Iexc > 5 Wmm−2. (f)The decay rate extracted from the data in panel d. All
decays are slower than the reference measurement with ns-pulsed excitation presented in Fig. 1d in the main text (solid line).
We conclude the slow response of the excitation laser, and possibly reabsorption of emitted light, obscure the observation
of the actual decay dynamics of the Ce3+ centers in the phosphor. Nevertheless, the decay dynamics appear to accelerate if
Iexc > 5 Wmm−2.
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Figure S3 | Temperature-dependent decay of theMn4+ 2E excited state. (a)The lifetime and (b) the decay rate of the Mn4+

2E excited state as a function of temperature, according to Ref. S1. Radiative decay is due to phonon-assisted emission, with
temperature-dependent rate

krad(T) = krad,0 coth
(

h̄Ω
2kBT

)
,

where krad,0 = 0.0546 ms−1 is the radiative decay rate at T = 0 K, h̄Ω = 211 cm−1 is the effective energy of the phonons
involved, and kB is Boltzmann’s constant. Nonradiative decay is due to cross-over via the 4T2 state, with rate

knonrad(T) = knonrad,0 e−ΔE/kBT,

where knonrad,0 is the nonradiative decay rate at infiniteT and ΔE is the energy barrier for cross-over. The excited-state lifetime
is the inverse of the total decay rate:

τ = k−1
tot = (krad + knonrad)−1 .

(c) To model saturation with temperature-dependent radiative and nonradiative decay rates, we use that the emission inten-
sity is proportional to the steady-state excited-state population and the radiative decay rate:

Iem,ss ∝ krad(T)
σeffIexc/h̄ω

σeffIexc/h̄ω+ krad(T) + knonrad(T)
.

The blue line shows the saturation curve for KSF:Mn4+ assuming a constant temperature of Troom = 298 K, the red line
assumes a constant temperature of T = 529 K. The green line is the result of a fit to the experimental data, assuming that the
temperature scales with Iexc as

T = Troom + cIexc,

where c is a fit parameter, for which we find c = 29 KW−1mm2 as the optimal value. For these plots we used σeff =

7× 10−19cm2, as determined in Fig. 4 of the main text.
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Figure S4 | Profile of the excitation spot. (a) Image of the luminescence from a film ofmicrocrystalline YAG:Ce3+ phosphor
at low excitation intensity, showing the 90 × 90 μm2 excitation spot with approximate square shape and only minor signal
from outside the square. (b) Image of the luminescence from a KSF:Mn4+ phosphor grain extracted from the Nubia X
telephone. The dashed line indicates the square-shaped excitation spot. The luminescence comes a larger area, which we
ascribe to scattering by the grain.
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Section S1: derivation of the rise and decay dynamics

The rate equation
dp
dt

= kexc [1− p(t)]− kdecayp(t)

describes a the population evolution p(t) of the excited-state of a two-level system, where kexc is the rate constant
for excitation and kdecay the rate constant for decay. This is a differential equation of the type

dp
dt

= A+ Bp(t),

with A = kexc and B = −kexc − kdecay. The general solution of this type of differential is

p(t) = CeBt − A
B
,

where C is an integration constant, whose value depends on boundary conditions. We consider two situations:
(1) turning on excitation at moment t = t1, following a long dark period; (2) turning off excitation at moment
t = t2, following a long bright period.

Scenario (1) is described by the boundary condition where p(t1) = 0, which sets C = Ae−Bt/B. Filling this
boundary condition into the general solution of the differential equation and expressingA,B in terms of the rate
constant produces

p(t) =
kexc

kexc + kdecay

[
1− e−(kexc+kdecay)(t−t1)

]
for scenario (1). This is eq 3 of the main text, where we have made the substitution kexc/(kexc + kdecay) = p(t2)
for the steady-state excited-state population that will be reached at t ≫ t1. We see here that the rate constant
for rise, krise = kexc + kdecay, follows mathematically from the rate equation for the two-level system plus the
appropriate boundary conditions.

Scenario (2) has kexc = 0, so A = 0 and B = −kdecay. Furthermore, the boundary condition p(t2) = p(t2)
leads to C = p(t2)e−Bt2 . Filling this into the general solution of the differential equation yields

p(t) = p(t2)e−kdecay(t−t2)

for scenario (2). This is eq 2 of the main text.
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