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1. Synthesis of cathodophores 55 
Materials: Oleic acid (Sigma-Aldrich, Cat# 364525-1L, 90%, technical grade), 1-56 

octadecene (SigmaAldrich, Cat# O806-1L, 90%, technical grade), lanthanide chlorides 57 
[samarium trichloride hexahydrate (Sigma-Aldrich, Cat# 204277-5G, ≥99.99%), gadolinium 58 
trichloride hexahydrate (Sigma-Aldrich, Cat# 203289-25G, 99.999%), terbium trichloride 59 
hexahydrate (Sigma-Aldrich, Cat# 212903-5G, 99.9%), dysprosium trichloride hexahydrate 60 
(Sigma-Aldrich, Cat# 289272-25G, 99.9%), holmium trichloride hexahydrate (Sigma-Aldrich, 61 
Cat# 289213-5G, 99.9%), yttrium trichloride hexahydrate (Sigma-Aldrich, Cat# 464317-25G, 62 
99.99%)], sodium hydroxide (Sigma-Aldrich, Cat# 221465-500G, ACS Reagent, ≥97.0%, 63 
pellets), methanol (Sigma-Aldrich, Cat# 34860-1L-R, ≥99.9%), ammonium fluoride (Sigma-64 
Aldrich, Cat# 216011-100G, ACS Reagent, ≥98.0%), n-hexane (Sigma-Aldrich, Cat# HX0302-3, 65 
95%), ethanol (Ethyl alcohol, Sigma-Aldrich, Cat# 459844-1L, 200 proof, ACS Reagent, 66 
≥99.5%). 67 

Core nanocrystals: NaSmF4, NaTbF4, NaDyF4, NaHoF4, and NaGdF4 core nanocrystals 68 
were synthesized by the coprecipitation method and based on previously reported protocols1–3. 69 
0.5 mmol of the appropriate lanthanide chloride hydrate was combined with 3 mL of oleic acid 70 
and 7.5 mL of 1-octadecene in a 100 mL three-neck round-bottom flask. The flask was 71 
connected to a Schlenk line, with a heating mantle placed underneath and a thermocouple 72 
inserted into the flask through a vacuum-tight adapter. Both the heating mantle and the 73 
thermocouple were controlled by the Digi-Sense TC9600 temperature control module. Flask 74 
contents were stirred continuously using a magnetic egg-shaped stir bar. The reaction was 75 
placed under vacuum and the temperature was set to 160 °C for 30 min. The heating mantle 76 
was removed, and the solution was cooled to <30 °C, then exposed to air. Next, 1 M sodium 77 
hydroxide in methanol and 0.4 M ammonium fluoride in methanol were sonicated to 78 
homogeneity separately. A nucleation precursor solution was prepared by adding 1.25 mL of 1 79 
M sodium hydroxide to 5 mL of 0.4 M ammonium fluoride. The resulting precursor solution was 80 
vortexed for 10 s and added dropwise to the lanthanide oleate solution in the three-neck round-81 
bottom flask. The reaction was mixed for 60 min while exposed to air at room temperature. 82 
Methanol was evaporated by increasing the temperature to 70 °C, and the reaction temperature 83 
was maintained between 70 °C and 80 °C for 30 min while exposed to air. Then, for the 84 
nanocrystal growth step, the reaction was placed under an argon atmosphere and the 85 
temperature was increased to 320 °C at a rate of 18–28 °C/min (see SI Fig. 1). The reaction 86 
temperature was maintained for 60 min before cooling to <30 °C by removing the heating 87 

SI Fig. 1: Typical temperature profile of a lanthanide nanocrystal synthesis reaction measured using a thermocouple. The 
thermocouple was placed in an NMR tube inserted into the round-bottom reaction flask through a vacuum-tight adapter. 
Thermocouple measurements were recorded using a Digi-Sense TC9600 temperature controller. 
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mantle. The entire volume of the reaction mixture was placed in a borosilicate glass scintillation 88 
vial. Core nanocrystals were stored as-synthesized in oleic acid and 1-octadecene at room 89 
temperature. For smaller nanocrystals, the synthesis was performed as described above, 90 
except that the 320 °C reaction temperature was maintained for 15 min, not 60 min, before 91 
cooling to <30 °C. For dual-doped nanocrystals (e.g., NaHo0.5Dy0.5F4 or NaHoXGd1-XF4), 92 
synthesis was performed as described above, except that the 0.5 mmol of lanthanide chloride 93 

SI Fig. 2: TEM characterization of NaHoF4, NaDyF4, NaTbF4, and NaSmF4 core cathodophores synthesized using a 60 min growth 
step. Images were acquired at 200 keV beam energy using a JEOL JEM-F200 S/TEM in TEM mode. Scale bars: 100 nm. 
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hydrates was divided into two quantities based on the desired molar ratio of the two lanthanide 94 
elements. 95 

 96 
Core-Shell nanocrystals: Core-shell nanocrystals were synthesized by first 97 

synthesizing core nanocrystals as described previously. The entire volume of as-synthesized 98 
core nanocrystals was then washed by mixing with 5 mL of ethanol and centrifuging at 5,000 × g 99 
for 10 minutes. The pellet was resuspended in 1 mL of n-hexane, the ethanol wash was 100 
repeated once, and the pellet was resuspended in 5 mL of n-hexane. To begin shell synthesis, 101 
0.5 mmol of the appropriate lanthanide chloride hydrate was combined with 3 mL of oleic acid 102 
and 7.5 mL of 1-octadecene in a 100 mL three-neck round-bottom flask. The flask was 103 
connected to a Schlenk line, with a heating mantle placed underneath and a thermocouple 104 
inserted into the flask through a vacuum-tight adapter. Both the heating mantle and the 105 
thermocouple were controlled by the Digi-Sense TC9600 temperature control module. Flask 106 
contents were stirred continuously using a magnetic egg-shaped stir bar. The reaction was 107 
placed under vacuum and the temperature was set to 160 °C for 30 min. The heating mantle 108 
was removed, and the solution was cooled to <30 °C, then exposed to air. Next, the entire 109 
volume of n-hexane-suspended core nanocrystals was added to the flask. 1 M sodium 110 

SI Fig. 4: TEM characterization of NaHoF4@NaYF4 core-shell cathodophores. Images were acquired at 200 keV beam energy using 
a JEOL JEM-2100 TEM. 

SI Fig. 3: TEM characterization of NaHoF4 core cathodophores synthesized using a 15 min growth step. Images were acquired at 200 
keV beam energy using a JEOL JEM-F200 S/TEM in TEM mode. 
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hydroxide in methanol and 0.4 M ammonium fluoride in methanol were sonicated to 111 
homogeneity separately. A nucleation precursor solution was prepared by adding 1.25 mL of 112 
1 M sodium hydroxide to 5 mL of 0.4 M ammonium fluoride. The resulting precursor solution 113 
was vortexed for 10 s and added dropwise to the flask. The reaction was mixed for 60 min while 114 
exposed to air at room temperature. n-Hexane and methanol were evaporated by increasing the 115 
temperature to 70 °C, and the reaction temperature was maintained between 70 °C and 80 °C 116 
for 30 min while exposed to air. Then, for the shell growth step, the reaction was placed under 117 
an argon atmosphere and the temperature was rapidly increased to 320 °C. The reaction 118 
temperature was maintained for 60 min before cooling to <30 °C by removing the heating 119 
mantle. The entire volume of the reaction mixture was placed in a borosilicate glass scintillation 120 
vial. Core-shell nanocrystals were stored as-synthesized in oleic acid and 1-octadecene at room 121 
temperature. 122 
 123 

2. Nanocrystal sample preparation 124 
For nonlocal CL excitation experiments involving a dense nanocrystal region and a 125 

sparse nanocrystal region separated by a well-defined edge, the samples were prepared as 126 
follows: 0.5 mL of as-synthesized nanocrystals was washed by mixing with 0.5 mL of ethanol 127 
and centrifuging at 3,500 × g for 3 minutes. The pellet was resuspended in 0.5 mL of n-hexane, 128 
mixed with 0.5 mL of ethanol, and centrifuged again; this step was repeated for a total of five 129 
washes. After the fifth wash, the pellet was resuspended in 0.5 mL of n-hexane. A piece with a 130 
total area of ~1 cm2 was cut from a p-type Si wafer (Ted Pella, Cat# 16015), cleaned with 70% 131 
ethanol, and plasma cleaned. Then, half of its surface was covered with tape (Scotch Magic 132 
Tape). 5 μL of the desired n-hexane-suspended nanocrystals was drop-cast onto the exposed 133 
half of the Si wafer’s surface. After the n-hexane dried, drop-casting was repeated four times to 134 
create a thick layer of dense nanocrystals. Finally, the tape was removed from the Si wafer’s 135 
surface, the desired n-hexane-suspended nanocrystals were diluted 100–1,000x in n-hexane to 136 
achieve sparsity, and 5 μL was drop-cast onto the wafer. 137 

For experiments requiring samples of single nanocrystals with minimal aggregation, 138 
0.5 mL of as-synthesized nanocrystals was washed by mixing with 5 mL of ethanol and 139 
centrifuging at 5,000 × g for 10 minutes. The pellet was resuspended in 1 mL of n-hexane, 140 
mixed with 5 mL of ethanol, and centrifuged again; this step was repeated for a total of five 141 
washes. After the fifth wash, the pellet was resuspended in 5 mL of n-hexane and the solution 142 
was left undisturbed overnight. For further sample preparation, nanocrystals were pipetted from 143 
the top of the solution to avoid collecting precipitated nanocrystal aggregates. For 144 
characterization by TEM, 2 μL of the nanocrystal solution was drop-cast onto a copper TEM grid 145 
(Ted Pella, Cat# 01810); for characterization by SEM, 5 μL of the nanocrystal solution was drop-146 
cast onto an ethanol- and plasma-cleaned p-type Si wafer (total area ~1 cm2). 147 
 148 

3. CL detection system 149 
CL was collected by a parabolic mirror installed inside the vacuum chamber of a ZEISS 150 

SUPRA 55VP SEM. See SI Fig. 5 for a schematic of the setup. The mirror was installed on a 151 
five-axis nanopositioning stage system (Attocube) to precisely align the center of the field-of-152 
view (FOV) of the SEM to the focal point of the mirror. The mirror was custom-manufactured by 153 
diamond turning (B-con Engineering). The mirror had a focal length of 1 mm and collected CL 154 
over an average solid angle of ~1.34π steradians. The mirror collimated light from the sample 155 
and directed it outside the vacuum chamber through an anti-reflection-coated fused silica flat 156 
window (Thorlabs, VPW42-A) installed on the custom-modified side port of the SEM. The light 157 
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was then spectrally separated using dichroic mirrors, filtered using band-pass filters matched to 158 
the emission peaks of the cathodophores (see SI Fig. 6), and focused onto PMTs (Hamamatsu, 159 
H7421-40) using 30-mm-focal-length tube lenses (Thorlabs, AC254-030-A-ML).  160 

Custom spectrometer: For spectral measurements, a fold mirror was inserted in the 161 
emission path to redirect the CL towards the spectrometer. The light was focused onto an 162 
sCMOS camera (Hamamatsu, Orca-Fusion BT) using a 100-mm-focal-length lens (Thorlabs, 163 
AC254-100-A-ML). A diffraction grating (Thorlabs, GT13-03) was placed in front of the sCMOS 164 
camera to spectrally separate the CL signal. See SI section 16 for details on the acquisition of 165 
single particle spectra. 166 

Commercial spectrometer for ensemble measurements: The spectra of the 167 
ensemble of nanocrystals were measured using a commercial spectrometer (Thorlabs, 168 
CCS200). Collimated light from the parabolic mirror was focused on the multimode fiber of the 169 
spectrometer. The accompanying software was used to obtain the spectra. Ensemble spectra 170 
were obtained by scanning a 400 nm x 400 nm region of dense cathodophores with a beam 171 
energy of 3 keV.  172 

Note that the ensemble spectra presented in Fig. 1C and SI Fig. 6 were obtained using 173 
the commercial spectrometer. All the other spectra presented in this work were obtained using 174 
the custom spectrometer.  175 
 176 

4. Image acquisition 177 
Cathodophore characterization: Images were acquired using custom software written 178 

in LabVIEW. The software communicated with the hardware (SEM and the PMTs) through an NI 179 
DAQ card (National Instruments, PXIe-6368). Scanning of the electron beam, collection of CL 180 
signal on three PMTs, and collection of electron signal on the Everhart-Thornley detector of the 181 
SEM (SE channel) were synchronized. We navigated the sample using the ZEISS SmartSEM 182 

SI Fig. 5: Schematic of the CL detection system. A parabolic mirror was installed inside the vacuum chamber of the SEM to collect 
light from the sample. The mirror had a 500-µm-diameter aperture through which the electron beam passed to reach the sample. 
The mirror directed light outside the vacuum chamber, where a system of dichroic mirrors (DMs), optical filters, and lenses was used 
to focus it onto PMTs. Three PMTs were used to simultaneosly collect light over three spectral ranges. To collect spectra, a removable 
mirror was inserted in the emission path to direct light towards the spectrometer consisting of a diffraction grating and an sCMOS 
camera. 
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software. Once a region of interest was identified, we switched to the “External Scan” setting of 183 
the SEM. In this setting, the electron beam scanning was controlled by the LabVIEW software. 184 
For each FOV, the oversampled SEM image from SmartSEM was saved, which was later used 185 
to determine the size of cathodophores. Furthermore, during each scan of the FOV with the 186 
“External Scan” setting, four images were acquired: one SE image and three CL images (in 187 
different spectral channels).  188 

For the characterization of emission properties of cathodophores (Fig. 4A–E, Fig. 5, 189 
Fig. 6C), CL images were acquired with a single cathodophore per image. We scanned a small 190 
region, 20x20 pixels, around the cathodophore with a pixel size of 4–6 nm, meeting the Nyquist 191 
criterion for the smallest cathodophores. Such an image acquisition pipeline, i.e., scanning a 192 
small region around nanocrystals, was important to reduce overall imaging times because the 193 

SI Fig. 6: (A–D) CL emission spectra of NaHoF4, NaDyF4, NaSmF4, and NaTbF4 cathodophores, respectively. Spectra were obtained 
from an ensemble of cathodophores. Shaded bands in each subpanel show transmission profiles of the band-pass emission filters 
matched to the emission peaks of the respective dopants. (E) Information about the band-pass emission filters. CL transmission 
efficiency for each dopant across the filters is also shown.  
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effective dwell times in CL imaging were ~3 orders of magnitude slower than typical SEM 194 
imaging. In summary, for each FOV two types of images were acquired: 195 

1. An oversampled SE image using the ZEISS Smart SEM software at regular scan speeds 196 
of the SEM (dwell time: 1–3 µs). This image was used to determine the size of 197 
cathodophores. 198 
2. A Nyquist-sampled SE and three CL images of the same FOV with longer dwell times. 199 
These images were used to characterize the emission properties of cathodophores.  200 

Multicolor imaging: Images were acquired using the setup described in SI Fig. 5. 201 
Multiple images were taken at a shorter dwell time to minimize charging related effects. An 202 
increase in charging was noted for denser samples used in multicolor experiments, which may 203 
be attributed to a higher concentration of organic solvents left behind after washing. To 204 
accommodate this variability, we varied the beam dwell time between 100 µs and 1 ms, based 205 
on the extent of charging. Images were acquired with an effective beam dwell time of 30–50 ms 206 
per pixel. Drift correction was performed post-image acquisition.  207 
 208 

5. Experiments to quantify nonlocal CL signal 209 
The experiments discussed in Fig. 2 were performed with a tube lens of 30 mm focal 210 

length, which resulted in a FOV >300 µm (>150 µm radius) as shown in SI Fig. 7A. Hence, CL 211 
signal from the sample region within 150 µm of the excited cathodophore was collected by the 212 
PMTs. We also reduced the FOV of the imaging system to confirm that the nonlocal CL signal 213 
was in fact originating from the sample, and was being collected by the parabolic mirror. To this 214 
end, we modified the FOV to ~25 µm radius by changing the focal length of the tube lens to 400 215 
mm (SI Fig. 7A). When we repeated the experiment with dense NaDyF4 and sparse NaHoF4 216 
cathodophores, the nonlocal signal in the Dy3+ color channel disappeared when NaHoF4 217 
cathodophores were imaged at a distance >20 µm away from the edge (SI Fig. 7B). However, 218 
signal in the Ho3+ color channel was independent of the distance from the edge, which was 219 
expected if this signal originated from the excited cathodophore placed at the center of the FOV 220 
(SI Fig. 7C). 221 
 222 

SI Fig. 7: (A) Simulation of light captured from a point source on a PMT of 5 mm diameter (matched to the PMTs used in this work). 
The point source was imaged at different distances from the focal point of the parabolic mirror for two different focal lengths of the tube 
lens (lenses placed in front of the PMTs in SI Fig. 5). The intensity was obtained by ray tracing and served as a measure of the field of 
view (FOV) of the CL imaging system. The FOV had >150 µm radius for the 30 mm focal length tube lens, which was reduced to 
~25 µm for the 400 mm focal length tube lens. (B, C) Edge experiment with dense NaDyF4 and sparse NaHoF4 cathodophores. Sparse 
NaHoF4 cathodophores were imaged at different distances from the dense region’s edge. CL in Dy3+

 and Ho3+ color channels are shown 
in (B) and (C), respectively. 



 10 

6. Two-color imaging 223 
SI Fig. 8 shows representative examples of images of proximal NaHoF4 and NaDyF4 224 

cathodophores. Despite their proximity, the cathodophores could be distinguished using 225 
spatially separated emission in the Ho3+ and Dy3+ color channels. SI Fig. 9 shows examples of 226 
two-color imaging in dense samples of NaHoF4 and NaDyF4 cathodophores.  227 
 228 
 229 

 230 
 231 
 232 

SI Fig. 8: (A, D) SE images of two adjacent cathodophores. (B, E) CL images of the cathodophores in (A) and (D) respectively, 
obtained by merging signals in Ho3+ color channel (magenta) and Dy3+ color channel (green). (C, F) Cross-sectional profiles of the CL 
images along the lines shown in (B) and (E), respectively. 
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 233 

 234 
 235 
 236 
 237 
 238 
 239 
 240 
 241 
 242 

SI Fig. 9: (A, E, I) SE images of dense monolayers of samples containing NaHoF4 and NaDyF4 cathodophores. (B, F, J) The 
corresponding CL images. CL images were obtained by merging CL images from the respective (C, G, K) Dy3+

 and (D, H, L) Ho3+ color 
channels. 
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7. Three-color imaging 243 
SI Fig. 10 shows the three-color image from Fig. 3, along with the three CL spectral 244 

channels. More examples of three-color CL images are shown in SI Fig. 11. These images were 245 
obtained by imaging NaHoF4, NaDyF4 and NaTbF4 cathodophores in one FOV. 246 
 247 
 248 
 249 

 250 
 251 
 252 

SI Fig. 10: Additional information on three-color imaging shown in Fig. 3K–N. (A) SE image of a dense monolayer containing NaHoF4, 
NaDyF4, and NaTbF4 cathodophores. (B) The corresponding CL image obtained by merging CL images from (C) Tb3+, (D) Dy3+, and 
(E) Ho3+ color channels.  
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 253 
 254 

SI Fig. 11: Additonal representative examples of three-color imaging using NaHoF4, NaDyF4, and NaTbF4 cathodophores. 
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8. Automated dopant assignment in dense multicolor samples 255 

Approach  256 
We have developed a probabilistic classification model based on Bayesian inference for 257 

automatically assigning dopants to cathodophores given the CL detection rates measured in 258 
each Ho3+ and Dy3+ spectral channels (SI Fig. 12). 259 

Model training:  260 
First, we trained our classification model using CL detection rates from single-261 

cathodophore measurements. Specifically, we fitted a bivariate Gaussian distribution to the SE 262 
image of a cathodophore to obtain the cathodophore’s position and size. We used these results 263 
as initial guesses in the following constrained optimization problem. Namely, in each CL channel 264 
separately, we used maximum likelihood estimation (MLE) to obtain the estimators of a bivariate 265 
Gaussian distribution modeling the cathodophore’s CL signal. Noise was assumed to follow 266 
Poisson statistics. The CL detection rates were defined as the amplitudes of the obtained 267 
bivariate Gaussian distributions divided by the pixel dwell time. 268 

We then compiled the detection rates from a set of NaHoF4 single-cathodophores (N = 269 
113) in each spectral channel to model the relationship between the detection rate versus 270 
cathodophore diameter and beam dwell time for each channel. Based on these results, we 271 
further modeled the distribution of CL detection rates for these NaHoF4 cathodophores. For a 272 
given dwell time and diameter, we modeled the distribution of CL detection rates by a bivariate 273 
Gaussian distribution, whose location vector consisted of the expected detection rates in each 274 
spectral channel, and whose covariance matrix reflected the variability in the rates in each 275 
channel. We used the obtained distribution as a likelihood function to compute the probability 276 
that a cathodophore of a given diameter, at a given dwell time, was Ho3+-doped. We then 277 
repeated this analysis using a set of NaDyF4 single-cathodophores (N = 65), to obtain a 278 
likelihood function for Dy3+-doped cathodophores. 279 

Dopant assignment:  280 
Probabilistic dopant assignment – for cathodophores whose CL detection rates 281 

could be measured in both spectral channels: We assigned a dopant to a cathodophore by 282 
computing the probability that the cathodophore was made of each possible dopant, given the 283 
detection rates in each spectral channel, and selecting the dopant corresponding to the greatest 284 
of these probabilities. Specifically, we applied Bayes’ theorem, using as prior probabilities the 285 
known fractions of each dopant in the sample (e.g., 50% for each Ho3+ and Dy3+ in SI Fig. 12); 286 
as likelihood functions, bivariate Gaussian distributions whose location vectors and covariance 287 
matrices had been obtained during model training (as explained above); evidence probability 288 
calculated using the law of total probability; and as input evidence, the CL detection rates 289 
measured in each spectral channel. 290 

Heuristic classification rules – for cathodophores whose CL detection rates could 291 
be measured at most in one spectral channel: We applied the following set of rules to 292 
assign—or not—a dopant to a cathodophore, based on whether, in each spectral channel, a p-293 
value could be computed, and a local maximum was detected (see below for more details on p-294 
values and local maxima). 295 

1. If no p-value could be computed in any channel: no dopant was assigned. 296 
2. If a p-value could be computed in only one channel: the dopant was assigned 297 
corresponding to the channel of the only computed p-value (e.g., Ho3+ dopant was 298 
assigned if the only p-value computed was from the Ho3+ channel). 299 
3. If a p-value could be computed in both channels, and: 300 
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 301 
a. If no local maximum was detected in either channel: the dopant corresponding to 302 

the channel with the smallest p-value was assigned. 303 
b. If a local maximum was detected in only one channel: the dopant corresponding 304 

to the channel with the local maximum was assigned. 305 
c. If local maxima were detected in both channels: probabilistic dopant assignment 306 

was performed. 307 

Estimating CL detection rates in dense multi-cathodophore samples 308 
The main challenge, in dense multi-cathodophore samples, was to minimize the bias 309 

that could be induced by neighboring cathodophores on the photon measurements from the 310 
cathodophore of interest. To address this issue, we used cathodophore-specific masks. To this 311 
end, we started by modelling the ensemble of cathodophores and the background in a multi-312 
cathodophore SE image (e.g., SI Fig. 12A) to obtain a model of the image composed of an 313 
ensemble of bivariate Gaussian distributions on a quadratic surface (SI Fig. 12B). We then 314 
defined a cathodophore mask as the ensemble of pixels within 2-σ of the distribution center 315 
(with σ the standard deviation of the Gaussian distribution) and that were not shared with any 316 
other cathodophore mask (SI Fig. 12C).  317 

Equipped with these cathodophore-specific masks, we assessed the statistical 318 
significance and whether a local maximum could be detected for each cathodophore, in each 319 
spectral channel of the CL micrograph (SI Fig. 12D). First, we assessed, for each cathodophore 320 
and in each spectral channel, whether a p-value could be computed and whether a local 321 
maximum could be detected. Specifically, we attempted to run a chi-square goodness-of-fit test 322 
to compare the statistical significance of the CL pixel values under the cathodophore mask 323 
versus the CL pixel values in the local background near the cathodophore; however, if the test 324 
had less than one degree of freedom, it could not be run, and the p-value could not be obtained. 325 
We also assessed whether a local maximum could be detected in the CL pixel values under the 326 
cathodophore mask by fitting linear and quadratic surfaces to them: if the adjusted R-squared of 327 
the fitted quadratic surface was the largest, and if both coefficients in the quadratic terms were 328 
negative, then we considered that a local maximum was detected. 329 

For cathodophores for which both p-values could be computed and local maxima were 330 
detected, we estimated the CL detection rates in each spectral channel (SI Fig. 12 E–F). The 331 
analysis was similar to that performed to estimate the CL detection rates of single-332 
cathodophores. Specifically, in each channel separately, we performed MLE assuming a 333 
Poisson noise, to obtain the estimators of a bivariate Gaussian distribution modeling the 334 
cathodophore’s CL pixel values under the cathodophore mask and in the local background near 335 
the cathodophore. SI Fig. 12 E–F illustrate how cathodophore-specific masks helped minimize 336 
the potential biases induced by neighboring cathodophores on the estimation of the CL signal 337 
from the cathodophore of interest, even when the neighboring cathodophores were bright.  338 

Finally, we performed dopant assignment using our probabilistic classification model, 339 
based on the estimated CL detection rates in each spectral channel, as detailed above (SI Fig. 340 
12 G–H). 341 

 342 
 343 
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  344 

SI Fig. 12: (A) SE image containing both NaHoF4 and NaDyF4 cathodophores (identical to Fig. 3G) with cathodophore numerical 
identifiers overlaid. (B) Model for the SE image in (A), in which each cathodophore is represented as a bivariate Gaussian distribution 
and the background is represented as a quadratic surface. (C) Cathodophore-specific masks (small color dots) and centers (large yellow 
dots) obtained from, and overlaid on, the image model in (B). A cathodophore mask was defined as the ensemble of pixels within two 
standard deviations of the center of its Gaussian distribution, and that were not shared with any other cathodophore mask. Pixels that 
were shared between at least two cathodophore masks are shown as small white dots. (D) CL image showing signal in both Ho3+ and 
Dy3+ channels (identical to Fig. 3H). The yellow boxes highlight the two cathodophores (#17 and #46) whose probabilistic dopant 
assignment analyses are detailed in (E–H). The yellow arrowheads indicate the viewing angles used in (E) and (F). The gray boxes show 
cathodophores whose dopants were assigned by following heuristic classification rules. (E–F) Estimation of CL detection rates. CL signals 
in the Ho3+ (left, magenta shades) and Dy3+ (right, green shades) channels for cathodophores #17 (E) and #46 (F), and the associated 
bivariate Gaussian distributions (blue) resulting from maximum likelihood estimation (MLE) of the CL signals under the cathodophore-
specific masks. The masks helped to reduce biases on the maximum likelihood estimates that neighboring cathodophores could 
otherwise induce. (G–H) Bayesian inference-based probabilistic dopant assignment. The estimated detection rates, rHo3+ and rDy3+, of 
cathodophore #17 (G) and #46 (H) (black-and-white dots) are compared to the detection rate statistics in our single-cathodophore training 
datasets (color ellipses and dots; magenta, NaHoF4 single-cathodophores; green, NaDyF4 single-cathodophores). The concentric ellipses 
represent the 1-σ, 2-σ, and 3-σ (innermost to outermost; σ is the standard deviation) levels of the bivariate Gaussian distributions with 
which we modeled CL detection rates in the training datasets. The color dots represent the expected values. Note that the likelihood 
function in each channel depended on the cathodophore size, and thus differed between cathodophores #17 and #46. We assigned to 
each cathodophore the dopant with the greatest posterior probability. (I) SE image colorized according to assigned dopant (magenta, 
assigned Ho3+; green, assigned Dy3+). (J–M) Multicolor sample characterization (see also SI Table 1). (J) Statistics of dopant assignment. 
(K) Occurrences of cathodophore diameters. (L) Occurrences of estimated cathodophore CL detection rates in the channel of the 
assigned dopant. (M) Occurrences of signal-to-noise ratio (SNR) in the channel of the assigned dopant. (N, O) CL detection rates in the 
channel of the assigned dopant as a function of cathodophore diameter for Ho3+-doped (N) and Dy3+-doped (O) cathodophores. (A–D, I) 
Contrast was adjusted. Scale bar: 50 nm. 
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Cathodophore # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Assigned dopant Ho3+ Dy3+ Dy3+ Ho3+ Dy3+ Ho3+ Ho3+3+ Ho Ho3+ Ho3+ Ho3+ Ho3+ Dy3+ Ho3+ Ho3+ 

Diameter (nm) 21.8 16.9 21.6 18.8 20.2 17.5 21.3 25.9 19.2 23.2 24.2 20.6 21.5 26.4 23.4 

Photons/s 2265 314 615 5872 1075 2057 3143 4208 3287 2827 2935 1604 878 4667 3404 

SNR 20 5 10 47 14 13 22 34 26 26 24 12 12 39 28 
                
Cathodophore # 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
Assigned dopant Dy3+ Ho3+ Ho3+ Ho3+ Dy3+ Ho3+ Ho3+ Dy3+ Ho3+ Ho3+ Dy3+ Dy3+ Dy3+ Ho3+ Ho3+ 

Diameter (nm) 25.0 18.9 28.3 20.8 18.0 23.0 24.9 22.8 24.4 25.7 20.0 25.5 20.8 15.2 22.4 

Photons/s 986 1626 4943 2267 377 2293 4065 378 3888 3253 1026 945 716 238 4239 

SNR 12 14 44 16 5 17 34 6 35 25 10 12 9 2 32 
                
Cathodophore # 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 
Assigned dopant Ho3+ Ho3+ Dy3+ Dy3+ Dy3+ Dy3+ Dy3+ Dy3+ Dy3+ Dy3+ Dy3+ Ho3+ Dy3+ Ho3+ Ho3+ 

Diameter (nm) 24.6 18.1 21.6 18.7 17.4 17.7 20.0 16.8 21.9 21.5 24.1 17.6 17.6 24.4 17.1 

Photons/s 3661 1905 1093 925 838 481 465 n/a 642 822 1112 564 95 4406 1905 

SNR 30 13 14 12 8 6 6 n/a 10 11 17 6 1 37 15 
                
Cathodophore # 46 47 48 49 50 51 52 53 54       
Assigned dopant Dy3+ Dy3+ Ho3+ Ho3+ Ho3+ Ho3+ Ho3+ Dy3+ Ho3+       
Diameter (nm) 16.4 18.6 23.5 19.2 21.6 21.4 25.4 20.3 21.1       

Photons/s 229 583 3582 2261 2752 2409 2996 n/a n/a       

SNR 3 8 31 17 25 19 19 n/a n/a       
SI Table 1: Dopant assignment the cathodophores identified in SI Fig. 12A using our classification model, along with cathodophore 345 
diameter, and CL detection rate and signal-to-noise ratio (SNR) in the spectral channel of the assigned dopant. For cathodophores 346 
#38, #53, and #54, neither channel presented a local maximum, thus dopant assignment was performed based on p-values, and 347 
photon rates and SNR could not be computed. 348 

9. Impact of nonlocal excitation on single-particle CL characterization 349 
The nonlocal excitation also impacted our single-color experiments. These experiments 350 

were an important first step to characterize the emission properties of cathodophores prior to 351 
using them for multicolor imaging. In the presence of nonlocal excitation, the CL signal collected 352 
from an isolated cathodophore 353 
was independent of its size. 354 
This is because the signal was 355 
affected by the surroundings of 356 
the cathodophore, i.e., its 357 
distance from the luminescent 358 
clusters that were excited by 359 
stray electrons (SI Fig. 13A). 360 
Once the nonlocal excitation 361 
was mitigated, we saw a linear 362 
dependence between the rate 363 
of CL detection from 364 
cathodophores and their size 365 
(SI Fig. 13B), which is 366 
consistent with theoretical 367 
predictions (see SI Fig. 21). 368 

SI Fig. 13: (A) Rate of CL detection from single NaHoF4 cathodophores in a sample 
with clusters of NaHoF4 cathodophores. CL collected from single cathodophores was 
independent of their diameter (FWHM) due to nonlocal CL from the clusters. (B) Rate 
of CL detection from single NaHoF4 cathodophores in a sparse sample. The rate of 
detection depended linearly on the diameter of cathodophores. CL was measured in 
the Ho3+ color channel. 
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 369 

10. Image analysis for single-particle characterization 370 
Our image analysis involved: 371 
• Drift correction 372 
• Localization of the cathodophore in SE images 373 
• Determination of the rate of CL detection and SNR from CL images 374 
• Determination of the size of the cathodophore 375 
 376 

Drift correction 377 
Need for drift correction: A few hundred to a few thousand photons per second were 378 

collected from each cathodophore. Such a low rate of CL detection required imaging 379 
cathodophores with a beam dwell time of tens of milliseconds to achieve the required SNR for 380 
detection and classification. Although cathodophores were stable under the electron beam over 381 
multiple seconds, such a long beam dwell time led to a buildup of charge in the imaged region. 382 
As a result of this charging, the beam was deflected away from the imaged region, causing an 383 
apparent drift of the sample as shown in SI Fig. 14.  384 

Drift correction during data acquisition: We typically acquired 50 frames, each with a 385 
pixel dwell time of 1 ms. During the acquisition of these frames, the cathodophore could drift out 386 
of the FOV. This problem was further exacerbated by the fact that we imaged a small FOV, 100 387 
nm × 100 nm, with the cathodophore in the center. To ensure that the cathodophore remained in 388 
the FOV, we adjusted the center of the electron beam scan after each frame. To do this, we 389 
used the fact that cathodophores, composed of heavy metals, were visible in the SE channel in 390 
each frame. Drift correction was performed by determining the position of the cathodophore in 391 
the FOV and adjusting the scan region accordingly. The cathodophore’s position was 392 
determined as the location of the maximum intensity SE pixel in the FOV.  393 

SI Fig. 14: (A) SE images of a cathodophore subjected to different total durations of electron beam exposure. The duration each pixel 
was exposed to the electron beam is shown in the top right corner of each image. Images were taken with the beam dwell time of 1 ms. 
(B) CL images acquired simultaneously with the SE images in (A). (C) Cumulative CL images obtained by summing the CL images from 
(B), to obtain the effective beam dwell times displayed in (A). Drift correction was applied prior to summing the images. (D) Displacement 
of the cathodophore relative to its position in the first frame. (E) Number of photons collected from the cathodophore as a function of 
the frame number. The number of photons corresponded to the amplitude of the 2D Gaussian fit to the CL images of the cathodophore 
as shown in (B). (F) Cumulative photons collected from the cathodophore, corresponding to the amplitude of the 2D Gaussian fit to the 
cumulative CL images of the cathodophore as shown in (C).  
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Post-acquisition drift correction: The second round of drift correction was conducted 394 
after image acquisition. Here, the position of the cathodophore was determined for all frames by 395 
fitting a 2D Gaussian function to each SE image frame. These positions were then used to 396 
translate the SE and CL frames to correct for the drift. The drift-corrected frames were then 397 
summed for further analysis.  398 

Rate of CL detection 399 
See SI Fig. 15 for an overview of our method to calculate the rate of CL detection from 400 

cathodophores. The method involved localizing a cathodophore in SE images and determining 401 
its emission characteristics at the corresponding location in the CL images as described below: 402 

Localization of cathodophores in SE images: The visibility of cathodophores in the 403 
SE channel allowed us to precisely localize them. The position of a cathodophore in its SE 404 
image was determined by fitting a 2D Gaussian function to the image.  405 

Number of photons: To determine the number of photons collected from the 406 
cathodophore, a 2D Gaussian function, 𝑆(𝑥, 𝑦), was fit to the summed CL image: 407 

𝑆(𝑥, 𝑦) = 𝑏 + 𝑎 exp .−
(x − x!)"

2𝜎#"
−
(𝑦 − 𝑦!)"

2𝜎$"
2 = 𝑏 + 𝐺(𝑥, 𝑦)	 408 

where (𝑥!, 𝑦!), is the center position of the cathodophore, 𝑏 is the background, 𝑎 is amplitude, 409 
and 𝜎# and 𝜎$ are the standard deviations of the 2D Gaussian function. 𝐺(𝑥, 𝑦) is the 2D 410 
Gaussian fit to the cathodophore without the background. Importantly, in this equation, 𝑥0, 𝑦0, 𝜎# 411 
and 𝜎$ were constrained by the 2D Gaussian fit to the SE image.  412 

The rate of CL detection (𝑟), i.e., the number of photons collected from the 413 
cathodophore per second, was determined as 414 

SI Fig. 15: (A) An illustration showing that a cathodophore was excited multiple times during image acquisition. To achieve Nyquist 
sampling of the smallest cathodophores, a pixel size (dx) of 4–6 nm was used in the experiments. (B) SE image of a cathodophore 
and (C) its corresponding CL image. (D) 2D Gaussian fit to the CL image from (C). (E) Cross-sectional profile of the 2D Gaussian fit 
taken along the red line shown in (D). The rate of CL was determined using the amplitude of the 2D Gaussian fit, which corresponded 
to the most efficient excitation of the cathodophore. (F) The number of photons collected from the cathodophore in a frame was 
determined by the area beneath the 2D Gaussian fit.  
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𝑟 =
𝑎
d𝑡

 415 

where d𝑡 is the pixel dwell time. The amplitude of the Gaussian function was used to determine 416 
the rate of CL detection (instead of the total number of photons in the CL image) because with 417 
our pixel size of 4–6 nm, a cathodophore was excited multiple times during image acquisition. 418 
The amplitude of the Gaussian corresponds to the most efficient excitation of the cathodophore 419 
(see SI Fig. 15).  420 

Signal-to-noise ratio 421 
To determine the signal-to-noise ratio (SNR) of the CL image of a cathodophore, we used 422 

the following equation1: 423 

SNR =
Signal
Noise

= 	
∑𝐺(𝑥, 𝑦)
Noise

	. 424 

The Signal is the total number of photons collected from the cathodophore in a CL image. This 425 
number was obtained by summing the pixels of fitted 2D Gaussian function. Only pixels within 426 
2𝜎 from the center (𝑥!, 𝑦!) were included in the sum. Since the noise followed Poisson statistics 427 
(see SI Fig. 22), for the 𝑖%& pixel: 428 

Pixel	noise = 𝑁' =	H𝐼(𝑥, 𝑦)	. 429 
Here, 𝐼(𝑥, 𝑦) is the CL image intensity at pixel (𝑥, 𝑦). To determine the total noise for the 430 
cathodophore, the noise was added in quadrature over the pixels within the 2𝜎 radius of the 431 
cathodophore’s center (𝑥!, 𝑦!): 432 

Noise = J∑𝑁'" = H∑𝐼(𝑥, 𝑦)	. 433 

 434 
Hence,  435 

SNR = 	
∑𝐺(𝑥, 𝑦)

H∑𝐼(𝑥, 𝑦)
	. 436 

 437 

Size of cathodophores 438 
The size of cathodophores was determined from the oversampled SE images taken with 439 

the ZEISS Smart SEM software. These images had dimensions of 768 × 1024 pixels, with a 440 
pixel size of 0.2–0.3 nm. To determine the nanocrystal size, we fitted a 2D Gaussian function to 441 
the image of each cathodophore. Size was defined as the full width at half maximum (FWHM) of 442 
this fit. FWHM was calculated from the standard deviation of the Gaussian fit, as 2.355	𝜎. Here 443 
𝜎 is the average of the two standard deviations of the Gaussian fit.  444 

It is worth noting that the oversampled images were acquired at fast scan speeds (1–445 
3 µs pixel dwell time), three orders of magnitude faster than those used for CL imaging. 446 
Therefore, they did not suffer from the same charge buildup and subsequent drift, which would 447 
impact size determination. Additionally, more pixels per cathodophore improved Gaussian fitting.  448 
 449 
 450 
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11. Spectrum of Holmium chloride  451 

We prepared a sample of holmium chloride on a Si wafer and measured its spectrum 452 
using our spectrometer. Results are shown in SI Fig. 16. The spectrum of holmium chloride 453 
matched the spectrum of NaHoF4 cathodophores. A single-cathodophore spectrum was 454 
obtained by imaging the cathodophore in a sparse sample, as in SI Fig. 28. This result 455 
suggested that direct excitation of lanthanide ions, outside of the context of a nanocrystal, could 456 
produce CL. 457 
 458 

12. Optimizing electron beam current for CL imaging 459 
Rate of CL as a function of beam current: SI Fig. 17A shows the relationship between 460 

the CL detection rate from single cathodophores, and the electron beam current. The beam 461 
current was measured using a Faraday cup. The figure shows that there was no significant 462 
change in CL signal from cathodophores for different beam current values. Different beam 463 
currents were obtained by changing the SEM aperture sizes, ranging from 20 µm to 120 µm, 464 
and by using “normal” and “high” current modes of the SEM. 465 

However, with increased beam current, we also observed an increase in the apparent 466 
size of cathodophores in SE images (SI Fig. 17B). This increase in size could be due to the 467 
deterioration of SEM resolution at higher beam currents (e.g., due to Coulombic effects), 468 
particularly when working with large apertures, at a long working distance, and imaging through 469 
the aperture of the parabolic mirror. SI Fig. 17C shows that the background CL increased for 470 
higher beam currents, indicating an increase in CL emission from Si as a function of beam 471 
current.  472 

Electrobleaching and beam current: We also investigated the stability of NaHoF4 473 
cathodophores for different values of beam current. Results are shown in SI Fig. 18 for beam 474 
currents of 200 pA and 862 pA. The figure was generated by obtaining the average CL signal 475 
from cathodophores of diameters between 17–30 nm (as measured from SE images) as a 476 
function of the cumulative pixel dwell time of the electron beam. It shows that the 477 
electrobleaching increased with an increase in beam current.  478 

In summary, although a higher beam current provided more electrons to excite 479 
lanthanide ions in the cathodophores, it also led to more electrobleaching of these ions. This 480 
effect resulted in a net decrease in the brightness of cathodophores. Based on these results we 481 
used a beam current of 160–200 pA for our CL-SEM experiments.  482 

SI Fig. 16: Spectum of holmium chloride and its comparison to the spectrum of a single NaHoF4 cathodophore. 
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 483 

13. Optimizing electron beam energy for CL imaging 484 
Monte Carlo We performed Monte Carlo simulations in CASINO software4 to determine 485 

the optimal electron beam energy to achieve efficient excitation of cathodophores. A NaHoF4 486 
nanocrystal on a Si substrate was excited with different beam energies. 5,000 trajectories were 487 
simulated for each energy, and the energy deposited in the nanocrystal was calculated. 488 
Simulations were performed for two diameters of the nanocrystal: 20 nm and 30 nm. Results are 489 
shown in SI Fig. 19A. The optimal excitation energy was 0.75 keV for the 20 nm diameter 490 
nanocrystal, and 1 keV for the 30 nm diameter nanocrystal. At lower beam energies, the 491 
nanocrystal was not fully excited because the beam could not penetrate the nanocrystal. On the 492 
other hand, at higher beam energies, the beam went through the nanocrystal without exciting its 493 
entire volume (SI Fig. 19B).  494 

SI Fig. 17: (A) CL detection rate from NaHoF4 cathodophores as a function of electron beam current. No significant change in the 
detection rate was observed. CL was measured in the Ho3+ channel. (B) Histograms of cathodophore sizes at different beam currents, 
as determined from SE images. An increase in size at higher beam currents could be due to deterioration in the resolution of the 
SEM at higher currents. This deterioration may be due to poor focusing of the electron beam when working with high currents 
(Coulombic effects), wide SEM apertures (required for high currents), long working distances, and a beam energy of only 3 keV. (C) 
Background CL from the Si substrate as a function of beam current.  
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SI Fig. 19B also shows angles at which backscattered and secondary electrons traveled 495 
in vacuum when the 20-nm nanocrystal was excited by the electron beam. At 1 keV, the 496 
electrons emerged nearly uniformly at all angles (90 degrees is antiparallel to the electron 497 
beam). In contrast, at both lower beam energies (0.25 keV in the figure) and higher beam 498 
energies (10 keV in the figure), the angles were arranged in a cosine-like distribution. This was 499 
because the high-energy beam penetrated the substrate, and the electrons scattered in 500 
directions away from the beam remained trapped within the substrate. Similarly, for lower beam 501 
energies, such electrons were trapped within the nanocrystal. 502 

SI Fig. 19: (A) Monte Carlo simulations to determine the energy absorbed by NaHoF4 nanocrystals of two diameters, 20 nm and 30 
nm, when excited by an electron beam of different energies. 5,000 trajectories were simulated for each beam energy. (B) Electron 
trajectories for the 20-nm NaHoF4 nanocrystal (green circle) excited by the electron beam of different energies. The primary electron 
beam is shown as a black arrow. Both backscattered and secondary electron trajectories are shown as orange lines. (C) Energy 
absorbed by the nanocrystal at each scanned position of the electron beam for the beam energies shown in (B). Each pixel of the 
image shows energy absorbed by the nanocrystal when the electron beam was focused at that position. (D) The angles at which 
secondary and backscattered electrons were emitted into vacuum after interaction with the sample. 90 degrees is antiparallel to the 
electron beam. 

SI Fig. 18: Number of photons collected from NaHoF4 cathodophores as a function of total electron beam dwell time, for beam 
currents of 200 pA and 862 pA. 50 images were taken with a dwell time of 1 ms. Images with an effective dwell time of N ms were 
then generated by summing N consecutive frames. The number of photons collected from a cathodophore corresponded to the 
amplitude of its 2D Gaussian fit in a CL image. Higher nonlinearity for 862 pA indicates increased electrobleaching. CL was 
measured in the Ho3+ color channel. 
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Experiments to determine the optimal beam energy: SI Fig. 20A shows CL from 503 
NaHoF4 cathodophores of 20–25 nm diameter at different beam energies. For energies ≥3 keV, 504 
the CL signal did not change significantly. However, we observed a reduction in the CL signal for 505 
beam energies below 3 keV. This result was different from Monte Carlo simulations. The 506 
contradiction was due to the sub-optimal performance of our SEM when low beam energies 507 
were used to image at long working distances through the 500-µm-diameter aperture of the 508 
parabolic mirror. A long working distance (~6.5 mm) was needed for CL imaging because the 509 
parabolic mirror was installed between the electron gun and the sample. This suboptimal 510 
performance was also seen when we plotted the rate of CL detection from cathodophores as a 511 
function of their size (SI Fig. 20B). We obtained a similar CL signal for the beam energies of 3 512 
keV and 6 keV. However, at 2.5 keV the CL signal reduced for a given cathodophore size. We 513 
attributed this reduction to the suboptimal focusing of the electron beam, which is consistent 514 
with the increase in cathodophore size shown in SI Fig. 20B.  515 

Although the CL signal did not change significantly for the beam energies of 3–8 keV, the 516 
background CL from the Si substrate increased (SI Fig. 20C). This was because more electrons 517 
penetrated the substrate at higher beam energies. Moreover, the contrast generated by the 518 
nanocrystals decreased at high beam energies as shown in SI Fig. 20D. This decrease in 519 
contrast is explained by Monte Carlo simulations, which showed that, at high beam energies, 520 
many electrons passed through the cathodophores ballistically, without scattering. Based on 521 
these results, we chose 3–4 keV as the optimal beam energy for our CL-SEM experiments.  522 

SI Fig. 20: (A) CL detection rate from NaHoF4 cathodophores as a function of electron beam energy. The diameter of cathodophores 
was 20–25 nm. No significant change in the rate was observed for beam energies ≥3 keV. CL was measured in the Ho3+

 color 
channel. (B) CL detection rate as a function of cathodophore size for three beam energies: 2.5 keV, 3 keV, and 6 keV. The lower CL 
detection rate at 2.5 keV was likely due to the loss of SEM resolution when imaging at long working distances (>6 mm) using low 
beam energies. (C) Background CL from Si substrate as a function of beam energy. (D) SE images of the same cathodophores for 
different beam energies. At higher energies, the contrast was reduced because many electrons passed through the cathodophores 
ballistically without scattering. 
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Energy absorbed by cathodophores of different sizes: We performed Monte Carlo 523 
simulations to determine the energy absorbed by cathodophores as a function of their size 524 
under different beam energies. NaHoF4 nanocrystals with diameters of 5–100 nm were 525 
simulated. The electron beam energy was varied from 0.5–10 keV. The beam diameter was set 526 
to 4 nm. 5,000 trajectories were simulated for each condition. Results are shown in SI Fig. 21A. 527 
The energy absorbed by the nanocrystal increased as a function of its size, up to the point 528 
where the beam interaction volume matched the size of the nanocrystal. Beyond this point, an 529 
increase in the nanocrystal diameter did not change the interaction volume inside the 530 
nanocrystal, and therefore the energy absorbed by the nanocrystal did not change (see SI Fig. 531 
21B, top row). For example, for 0.5 keV and 1 keV, the energy absorbed by the nanocrystal 532 
plateaued beyond diameters of 15 nm and 40 nm respectively. However, for energies >1 keV, 533 

SI Fig. 21: (A) Monte Carlo simulations to determine the energy absorbed by NaHoF4 nanocrystals of different sizes when excited 
by different electron beam energies. Energy absorbed by the nanocrystal increased monotonically as a function of its size until 
the beam interaction volume matched the size of the nanocrystal. Beyond this size, the energy absorbed by the nanocrystal did 
not change with an increase in the nanocrystal diameter because the interaction volume inside the nanocrystal did not change. 
(B) Electron trajectories within the nanocrystal for four different sizes (15 nm, 20 nm, 25 nm, and 30 nm), for beam energies of 
0.5 keV (top row) and 3 keV (bottom row). (C) Focusing on the shaded region in (A) for 3 keV: energy absorbed by nanocrystals 
of different sizes when excited by a 3 keV electron beam. The data (circles) fit well with a straight line, indicating a linear 
relationship between the energy absorbed by nanocrystals as a function of size at 3 keV excitation beam energy. 
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which optimally excited nanocrystals with diameters >100 nm, a monotonic increase in the 534 
energy absorbed by the nanocrystal was observed for all the simulated sizes.  535 

When the beam energy was significantly higher than the optimal energy, we observed a 536 
linear relationship between the energy absorbed by the nanocrystal and its size. This linear 537 
trend was observed because at such energies, the entire volume of the nanocrystal was not 538 
excited. Instead, the overlap between the electron interaction volume and the volume of the 539 
nanocrystal could be approximated by a vertical cylinder with a diameter corresponding to the 540 
size of the primary electron beam and the length given by the 𝑧-dimension (height) of the 541 
nanocrystal. So, the height of the nanocrystal primarily determined the energy absorbed by the 542 
nanocrystal (see SI Fig. 21B, bottom row). 543 

SI Fig. 21C shows results of exciting nanocrystals with diameters ranging from 5–50 nm, 544 
with a 3 keV beam. We observed a linear increase in the energy absorbed by the nanocrystal as 545 
a function of its size. Note that we used a beam energy of 3 keV in our CL experiments. 546 
Assuming that CL emission is proportional to the energy absorbed by the nanocrystal (true for 547 
fluorescence in the linear regime within a factor given by the quantum yield), we expected a 548 
linear increase in the CL from cathodophores as a function of their size. Fig. 5A experimentally 549 
confirmed that the CL increased linearly as a function of cathodophore size. 550 
 551 

14. Background from Si substrate 552 
CL signal from Si substrate: We used Si wafers as a substrate for CL imaging due to 553 

its flatness, conductivity, and low CL. The Si substrate had a wide CL emission spectrum and 554 

SI Fig. 22: (A) CL spectrum of Si obtained using our spectrometer (SI Fig. 5). A 100 nm × 100 nm region of Si was repeatedly 
scanned to collect the spectrum. (B) CL signal from Si captured across the spectral filters matched to the emission peaks of NaHoF4, 
NaDyF4, NaSmF4, and NaTbF4. Error bars correspond to the standard deviation in the average CL signal collected from ten different 
regions of the Si wafer. CL was collected with an effective beam dwell time of 50 ms (50 frames with 1 ms dwell time each). (C) CL 
signal from Si as a function of the effective beam dwell time. Mean and variance of the signal were equal for all dwell times, suggesting 
a Poisson distribution of noise.  
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led to ~500 detected photons/s on average in Ho3+, Dy3+ and Sm3+ color channels, and ~300 555 
detected photons/s in the Tb3+ color channel as shown in SI Fig. 22A&B. This CL from Si 556 
appeared as background when cathodophores were imaged. 557 

CL from Si increased linearly as a function of electron beam dwell time. Additionally, the 558 
mean of the CL signal matched its variance for all dwell times, which was consistent with 559 
Poisson statistics of the noise (SI Fig. 22C). Mean and variance were calculated from pixels in 560 
CL images of the Si substrate acquired at different dwell times. For our typical dwell time of 561 
50 ms (50 frames captured at 1 ms dwell time, and then summed) we got an average of ~25 562 
photons per pixel in Ho3+, Dy3+, and Sm3+ color channels and ~15 photons per pixel in the Tb3+ 563 
color channel.  564 

Simulations to analyze the detection limit: We conducted simulations to determine 565 
the minimum CL emission rate required for the detection of CL from cathodophores. CL images 566 
were simulated for the typical electron beam dwell time of 50 ms. The background was set to 25 567 
counts per pixel (500 photon/s/pixel) with a Poisson distribution to match the CL from Si across 568 
our band-pass filters, as discussed in the previous section. CL signal from cathodophores was 569 
modeled as a 2D Gaussian function. Cathodophores with varying levels of CL signal were 570 
simulated by changing the amplitude of the simulated 2D Gaussian function. Simulated images 571 
were analyzed using the image processing protocol discussed in SI Fig. 15. As expected, the 572 
SNR of CL images increased with an increase in the number of photons collected from 573 
cathodophores as shown in SI Fig. 23A&B. SI Fig. 23E shows representative simulated images 574 
with different SNRs. 575 

To determine the detection limit, we analyzed images without cathodophores. In this 576 
case, the simulated images contained only the background from the Si substrate. Analysis of 577 
these images corresponded to fitting a 2D Gaussian to the background, where the amplitude of 578 

SI Fig. 23: (A) SNR of simulated CL images as a function of the number of photons collected from nanocrystals, given a beam dwell 
time of 50 ms. (B) A magnified region of the plot in (A). Error bars show the standard deviation for SNR across 100 frames. Images 
were generated with a Poisson background with an average of 25 photons to match the CL from Si at our typical beam dwell time of 
50 ms. Nanocrystals were simulated as a 2D Gaussian function above the background. Nanocrystals with different numbers of 
photons were generated by changing the amplitude of the 2D Gaussian. 100 images were simulated for each photon count. (C) 
Histogram of SNRs obtained by fitting a 2D Gaussian function to the background across 100 simulated images. (D) Probability of 
obtaining an SNR >2.2 for different numbers of photons collected from nanocrystals. The number 2.2 corresponds to the (𝑚𝑒𝑎𝑛 +
2𝜎) of the SNR distribution in (C). (E) Simulated images of nanocrystals at different SNRs and their respective Gaussian filtered 
images (𝜎 = 0.7	𝑝𝑖𝑥𝑒𝑙𝑠). 
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the fitted Gaussian was determined by the background noise (i.e., Poisson noise from Si 579 
substrate). The histogram in SI Fig. 23C shows the distribution of SNRs for images without the 580 
cathodophores. The distribution had a 𝑚𝑒𝑎𝑛	 + 	2𝜎 value of 2.2, which we used as the lower 581 
limit for the detection of cathodophores. Based on this criterion, we needed at least 8 photons 582 
(160 photons/s) from a cathodophore to detect it with 95% confidence. For CL detection rates 583 
exceeding 160 photons/s, we could detect the cathodophore in at least 95 out of 100 iterations. 584 
Fig. 5A shows that the detection rate of 160 photons/s corresponds to a diameter of ~15 nm for 585 
Ho3+, Dy3+ and Tb3+ cathodophores, which was also the 𝑥-intercept of the linear fits shown in the 586 
figure. These results confirmed that the background from the Si substrate dictated the minimal 587 
photon count necessary for the statistically significant detection of CL from cathodophores. 588 
 589 

15. NaGdF4 nanocrystals as a control sample 590 
Significance of using NaGdF4 nanocrystals as a control: Background CL from Si 591 

substrate determined the minimum brightness of cathodophores required for their detection. 592 
However, detection of a cathodophore in a specific spectral channel could also be due to 593 
nonlocal excitations. We took steps to mitigate these excitations, which included optimizing the 594 
sample preparation protocol and optically isolating the emission path inside the SEM with a lens 595 
tube.  596 

Nevertheless, some nonlocal CL remained, especially for larger cathodophores, and it 597 
was important to ensure that it did not impact our analysis for the classification of 598 
cathodophores across all sizes. One potential cause of this nonlocal signal could be the 599 
enhanced CL from the Si substrate: excitation of cathodophores led to a higher number of 600 
secondary electrons, which could interact with the substrate. And the Si substrate, as we 601 
learned from SI Fig. 22C, showed brighter luminescence at larger beam currents. Additionally, 602 

SI Fig. 24: (A) SNR from control, non-emitting NaGdF4 nanocrystals as a function of their size. Each subpanel shows SNR in one of 
the four spectral filters matched to the emission peaks of NaHoF4, NaDyF4, NaSmF4, and NaTbF4 cathodophores. SNR was determined 
by fitting a 2D Gaussian function to the location of a nanocrystal in its CL image. The location of the nanocrystal was determined from 
the SE image of the same region. (B) SNR from NaHoF4, NaDyF4, NaSmF4, and NaTbF4 cathodophores across the filters matched to 
their respective emission peaks. SNR from NaGdF4 is also shown (in black) for comparison. 



 29 

even with the lens tube optically isolating the emission path inside the SEM, some nonlocal CL 603 
could potentially reach the PMTs.  604 

As discussed earlier, cathodophores were composed of high-𝑍 elements and produced 605 
more secondary electrons than the Si substrate. Therefore, it was important for the control to 606 
match the characteristics (shape, size, and atomic number (𝑍)) of the cathodophores, while 607 
being non-cathodoluminescent to ensure that it only appeared luminescent due to nonlocal 608 
excitation. NaGdF4 particles met these criteria, so we used them as a control instead of Si.  609 

SNR of NaGdF4 nanocrystals: NaGdF4 nanocrystals were imaged across different color 610 
filters. The SNR was calculated for these images and results are shown in SI Fig. 24A. The 611 
figure shows that the SNR from NaGdF4 nanocrystals increased with an increase in their size, 612 
which could be a result of increased nonlocal excitation due to a higher number of secondary 613 

SI Fig. 25: (A) SNR from NaTbF4 and NaGdF4 nanocrystals in the Tb3+ color channel as a function of their size. (B) Probability of 
detecting NaTbF4 cathodophores in the Tb3+ color channel as a function of their size. (C) Size distribution of NaTbF4 cathodophores 
used in the analysis in (A) and (B). (D) SNR from NaDyF4 and NaGdF4 nanocrystals in the Dy3+ color channel as a function of size. (E) 
Probability of detecting NaDyF4 cathodophores in the Dy3+ color channel as a function of their size. (F) Size distribution of NaDyF4 
cathodophores used in the analysis in (D) and (E). (G) SNR from NaHoF4 and NaGdF4 nanocrystals in the Ho3+ color channel as a 
function of their size. (H) Probability of detecting NaHoF4 cathodophores in the Ho3+ color channel as a function of their size. (I) Size 
distribution of NaHoF4 cathodophores used in the analysis in (G) and (H). (B, E, H) The probability of detecting cathodophores was 
calculated from the fraction of cathodophores with an SNR higher than the (𝑚𝑒𝑎𝑛 + 2𝜎) of the SNR distribution from NaGdF4 
nanocrystals of the same size and in the corresponding color channel. (C, F, I) Diameter was measured as the FWHM of a cathodophore 
in its SE image. 
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electrons emitted from larger nanocrystals. For bona fide cathodophores (e.g., NaHoF4) to be 614 
detected in their respective channels, they had to be brighter than the NaGdF4 nanocrystals. 615 
This was indeed the case for all dopants (Ho3+, Dy3+, Sm3+ and Tb3+) as shown in SI Fig. 24B. 616 

Smallest cathodophores classified in our CL-SEM experiments: Next, we 617 
determined the minimum size of cathodophores that could be classified in our CL-SEM 618 
experiments. To this end, we compared the SNR from CL images of NaHoF4, NaDyF4, and 619 
NaTbF4 cathodophores of different sizes to the SNR from NaGdF4 particles of the same size. 620 
Results are shown in SI Fig. 25. Cathodophores were classified as containing a specific dopant 621 
if the SNR of their CL images was higher than 𝑚𝑒𝑎𝑛 + 2𝜎 of the SNR obtained from NaGdF4 622 
nanocrystals of the same size. Each dopant was analyzed in the CL channel matched to its 623 
emission peak. 624 

We found that we could classify NaHoF4, NaDyF4 and NaTbF4 down to 15 nm diameter. 625 
NaHoF4 could be detected with 100% probability across all sizes. For NaDyF4, a 100% 626 
detection probability was achieved for cathodophores exceeding 16 nm. SI Fig. 25C, F&I show 627 
the cathodophores of different sizes used in the analysis. It is important to note that 15 nm was 628 
the smallest diameter of nanocrystals visible in our SE images. This could be because at 3 keV 629 
of beam energy, cathodophores smaller than 15 nm did not produce enough secondary 630 
electrons to be detected.  631 

Frames required for detection: We also determined the number of frames (1 ms pixel 632 
dwell time per frame) required for the classification of cathodophores, i.e., the number of frames 633 
required to achieve the SNR essential for classification. Results are shown in SI Fig. 26. The 634 
figure shows that our typical effective dwell time of 50 ms was sufficient to detect cathodophores 635 
across all sizes.  636 
 637 

16. CL spectra 638 
Acquisition of single-particle spectra: To obtain single-cathodophore spectra, we 639 

prepared a sparse sample of cathodophores containing a specific dopant. CL from the 640 
cathodophore was collected by repeatedly scanning the electron beam over it. The CL emitted 641 
by the cathodophore was collected by the parabolic mirror and projected onto the spectrometer: 642 
the light was focused onto the camera through the diffraction grating (see SI Fig. 5).  643 

SI Fig. 26: (A) Effective beam dwell time required to detect NaHoF4 cathodophores in the Ho3+ color channel. (B) Effective beam 
dwell time required to detect NaDyF4 cathodophores in the Dy3+ color channel. (C) Effective beam dwell time required to detect 
NaTbF4 cathodophores in the Tb3+ color channel. (A–C) 50 frames were acquired with a beam dwell time of 1 ms. Images with an 
effective dwell time of N ms were generated by summing N consecutive frames. Cathodophores were detected if their SNR was 
higher than (𝑚𝑒𝑎𝑛 + 2𝜎) of the SNR distribution from same-sized NaGdF4 nanocrystals, acquired using the same dwell time and in 
the corresponding color channels. 
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Analysis: Spectra were extracted from images taken with the sCMOS camera. The 644 
spectral information resided in the first diffraction order of the grating. Spectra were obtained by 645 
plotting the intensity of pixels in the first diffraction order as a function of distance from the 646 
center of the zeroth order. This distance was then converted to wavelength using a calibration 647 
sample with a known spectrum. A moving average filter was applied to the distance to remove 648 
high-frequency noise from the spectra.  649 

SI Fig. 27 shows spectra of two NaHoF4 cathodophores. SI Fig. 27A&B show SE 650 
images of the cathodophores along with their spectra in SI Fig. 27C&D respectively. For both 651 
cathodophores, the spectrum of Ho3+ ions was observed superimposed on the spectrum of Si. 652 
The larger cathodophore emitted a higher signal above the background. The figure also shows 653 
that the spectra of NaHoF4 cathodophores diminished over time due to electrobleaching. 654 

To extract the spectrum of cathodophores from the measured spectrum, we assumed 655 
that the latter was a linear combination of the spectra of lanthanide ions and Si. Assuming 𝐴<' is 656 
the spectrum of Si substrate and 𝐴=> is the spectrum of the cathodophore (obtained from an 657 
ensemble of cathodophores), the measured spectrum, 𝐼, can be written as: 658 

𝐼 = 𝑎<'𝐴<' + 𝑎=>𝐴=> 659 
or 660 

SI Fig. 27: (A, B) SE images of two NaHoF4 cathodophores of different sizes. (C, D) Spectra of the cathodophores shown in A and B 
respectively. Spectra were obtained by repeatedly scanning the electron beam over a 100 nm × 100 nm region around the cathophores. 
Subpanels show spectra obtained at different time points, t1–t4. Signal from the cathodophores decayed over time due to electrobleaching. 
The Si substrate showed minimal electrobleaching. 



 32 

𝐼 = 𝐴 × 𝑎 661 

where 𝐴 = [𝐴<' 	𝐴=>] and 𝑎 = [𝑎<' 	𝑎=>]?. 𝑎<' and 𝑎=> represent the respective contributions from 662 
Si and the cathodophore to the measured spectrum. The equation was then solved for the 663 
coefficient matrix, 𝑎. We solved this equation in Matlab using the ‘mldivide()’ function. 664 

Finally, the spectrum of the cathodophore, 𝐼=>, was calculated as follows: 665 

𝐼=> = 𝐼 − 𝑎<'𝐴<' 	. 666 
In other words, the spectrum of the cathodophore was obtained by subtracting the Si spectrum 667 
from the experimentally obtained spectrum.  668 

Example spectra: Fig. 5D shows representative spectra of single cathodophores. In SI 669 
Fig. 28 more examples of single-particle spectra are provided for NaHoF4, NaDyF4, NaTbF4, 670 
and NaSmF4 cathodophores. The figure shows that the spectra of single cathodophores 671 
matched their ensemble spectra, confirming the spectral stability of cathodophores at the single-672 
particle level. This spectral stability allowed us to specifically select filters matched precisely to 673 
the primary emission peaks of the cathodophores.  674 

 675 

SI Fig. 28: (A–D) Single-particle spectra of NaHoF4, NaDyF4, NaTbF4, and NaSmF4 cathodophores respectively. Spectra were acquired 
using our custom spectrometer (SI Fig. 5) by continously scanning a 100 nm × 100 nm region around the cathodophores. Ensemble 
spectra of cathodophores are also shown (gray lines). Single-particle spectra of cathodophores matched their ensemble spectra. Dotted 
lines indicate the positions of the primary emission peaks of the cathodophores, for which the spectral band-pass filters were selected. 
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 676 

17. Electrobleaching 677 
SI Fig. 29 shows CL collected from NaHoF4 cathodophores in a CL image. CL from three 678 

different size ranges is shown. The electron beam dwell time was 5 ms. The CL signal in 679 
subpanels A–C correspond to the total CL signal collected from cathodophores within a frame. It 680 
was determined by calculating the area under the 2D Gaussian fit to the CL image of the 681 
cathodophore in the Ho3+ color channel. The figure shows that the detected CL from 682 
cathodophores decreased over time, which was indicative of electrobleaching. For each size 683 
range, CL from NaGdF4 nanocrystals of the same size is also shown. Notably, despite the 684 
electrobleaching, CL from NaHoF4 cathodophores was higher than that of NaGdF4 for all sizes 685 
and dwell times. 686 

SI Fig. 30 shows CL collected from NaDyF4 cathodophores of three different sizes. 687 
Unlike NaHoF4, NaDyF4 displayed minimal electrobleaching, even for smaller, sub-20-nm 688 
cathodophores. Since NaDyF4 cathodophores emitted fewer photons than NaHoF4, their CL 689 
signal in some frames was comparable to the CL from the control, NaGdF4. However, CL from 690 
NaDyF4 for a dwell time of 50 ms (SI Fig. 30D–F) was higher than NaGdF4, enabling their 691 
classification down to ~16 nm. These results show the effect of the dopant type on 692 
electrobleaching. However, the microscopic mechanism behind this difference remains to be 693 
understood.  694 
 695 

SI Fig. 29: (A–C) Photons/frame collected from NaHoF4 in a CL image for three different cathodophore diameters. Photons/frame 
obtained from NaGdF4 are also shown for a comparison (gray). Images had an effective beam dwell time of 5 ms. (D–F) Cumulative 
photons collected from NaHoF4 cathodophores in a CL image for different beam dwell times. Images were obtained by summing 
photons/frame shown in (A–C). (A–F) Photons/frame correspond to the integrated area under the 2D Gaussian fit to the CL image of 
cathodophores. CL was measured in the Ho3+

 color channel. In (A–F), solid lines and shaded regions correspond to the mean and 
standard deviation of the data.  
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18. Imaging single cathodophores on the surface of a mammalian 696 
cell 697 

Sample preparation for mammalian cells: Cultured cells were prepared for CL 698 
imaging via osmium tetroxide treatment and hexamethyldisilazane (HMDS) drying based on 699 
previously reported protocols5,6. HEK293T cells were cultured in 50/50 DMEM/F-12 media with 700 
10% fetal bovine serum and 1% penicillin/streptomycin. Cells were dissociated using 0.25% 701 
trypsin in PBS, then seeded on plasma-cleaned Si wafers. After adhering to the Si wafers 702 
overnight, cells were washed twice with PBS and fixed with 4% formaldehyde, 0.2% 703 
glutaraldehyde in PBS, pH 7.4 for 15 min with gentle agitation. Cells were washed three times 704 
with PBS and incubated in 1% osmium tetroxide (OsO4) in PBS for 10 min with gentle agitation. 705 
Then, cells were washed with MilliQ water for 2 hours with gentle agitation, replacing water 706 
every 15 min. Cells were gradually transitioned into ethanol by increasing from 10% ethanol to 707 
100% ethanol using steps of 10%, with 5 min of gentle agitation between each step. Upon 708 
reaching 100% ethanol, cells were gently agitated twice for 20 min with fresh ethanol each time. 709 
Next, cells were gradually transitioned into HMDS by increasing from 25% HMDS in ethanol to 710 
100% HMDS using steps of 25%, with 5 min of gentle agitation between each step. When 100% 711 
HMDS was reached, cells were gently agitated twice for 20 min with fresh HMDS each time. 712 
Finally, the majority of HMDS volume was removed from the cells to leave a thin layer of HMDS, 713 
and cells were air dried. If appropriate, 5 μL of washed, hexane-suspended cathodophores was 714 
drop-cast onto the cells. Finally, cells were sputter-coated with a 2.5-nm-thick layer of 80:20 715 
Pt:Pd to prevent charging during CL-SEM imaging. 716 

SI Fig. 30: (A–C) Photons/frame collected from NaDyF4 in a CL image for three different cathodophore diameters. Photons/frame 
obtained from NaGdF4 are also shown for a comparison (gray). Images had an effective beam dwell time of 5 ms. (D–F) Cumulative 
photons collected from NaDyF4 cathodophores in a CL image for different beam dwell times. Images were obtained by summing 
photons/frame shown in (A–C). (A–F) Photons/frame correspond to the integrated area under the 2D Gaussian fit to the CL image 
of cathodophores. CL was measured in the Dy3+

 color channel. In (A–F), solid lines and shaded regions correspond to the mean and 
standard deviation of the data. 



 35 

Spectra of cells without OsO4: 717 

 718 

19. Nonlocal excitation from the SEM chamber 719 
In our initial single-particle experiments, we observed CL from samples containing only 720 

non-emitting NaGdF4 nanocrystals. This was surprising because these particles only emitted in 721 
the ultraviolet spectral range7,8, which is filtered out by our emission-path optics and is not 722 
detected by the PMTs. The CL from these nanocrystals increased at shorter wavelengths (SI 723 
Fig. 32A&C). 724 

Investigating this phenomenon led us to conclude that this luminescence originated from 725 
the Everhart-Thornley detector that detects secondary electrons using a luminescent scintillator 726 
(SI Fig. 32). It is this luminescence that was detected when an NaGdF4 nanocrystal was excited 727 
with the electron beam. Deceivingly, this luminescence could be interpreted as CL from the 728 
nanocrystals because it was only observed when the electron beam was scanning across a 729 
nanocrystal, thus forming its image in the short-wavelength CL channels (SI Fig. 32C). This is 730 
because the nanocrystal contained high-atomic number (high 𝑍) ions (Gd3+) while the substrate 731 
was composed of light atoms (Si), so more secondary electrons were generated when the 732 
electron beam was scanned across the nanocrystal, leading to larger secondary electron signal 733 
and increased luminescence from the scintillator in the Everhart-Thornley detector. We have 734 
addressed this issue by reducing the Everhart-Thornley bias voltage from 400 V to 20 V and 735 
optically isolating the detection path using a lens tube as shown in SI Fig. 32B. 736 

 737 
 738 
 739 
 740 
 741 

SI Fig. 31: (A) SE image of a HEK293T cell on a Si wafer. (B, C, D) Auto-CL from the cell in (A) in the Tb3+, Dy3+, and Ho3+ color 
channels respectively. (E) Quantum-efficiency-corrected CL spectrum of the auto-CL of HEK293T cells. 
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 742 
 743 
 744 
 745 

 746 
 747 

 748 

SI Fig. 32: (A) Rate of CL detection from non-luminescent NaGdF4 nanocrystals across six spectral filters. The rate was normalized 
by the bandwidth of the filters. The rate is shown for two conditions: (i) without the lens tube and a voltage (VET) of 400 V on the 
Everhart-Thornley detector, and (ii) with the lens tube and a VET of 20 V on the detector. The lens tube was used to prevent light 
emitted by the scintillator of the detector from reaching the PMTs. (B) A schematic showing nonlocal CL originating from the Everhart-
Thornley detector upon excitation with secondary electrons. This nonlocal CL was prevented from reaching the detector by optically 
isolating the emission path inside the SEM with a lens tube. The tube extended from the side port of the SEM to the parabolic mirror. 
(C) SE and CL images of non-luminescent NaGdF4 nanocrystals across the spectral filters shown in A, both without and with the lens 
tube. VET was 400 V and 20 V, respectively.  
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20. Dipole emission on different substrates 749 
In our single-particle CL experiment, cathodophores were placed on top of a Si substrate 750 

inside the SEM vacuum chamber, and the parabolic mirror collected light emitted into vacuum 751 
by the cathodophores. To better understand the collection efficiency of the CL detection system, 752 
we used the FDTD solver in Lumerical software to perform electromagnetic simulations of an 753 
isotropic emitter placed at the Si-vacuum interface. In the absence of a Si substrate, an isotropic 754 
emitter emitted uniformly in all directions (SI Fig. 33A). However, the emission pattern changed 755 
when the emitter was placed on a substrate with a refractive index 𝑛 > 1, as shown in SI Fig. 756 
33A. 757 

SI Fig. 33B shows fractions of energy emitted upwards, i.e., into vacuum, and into the 758 
substrate for different refractive indices (𝑛) of the substrate. The emission into vacuum did not 759 
decrease monotonically as a function of 𝑛. Instead, the energy directed into vacuum reached its 760 
minimum at 𝑛	~	1.7, and increased with a further increase in 𝑛. For Si (𝑛	~	4), ~47% of the total 761 
energy was emitted into vacuum. These simulations showed that for an isotropic emitter at a Si-762 
vacuum interface, the fraction of energy directed into vacuum was not drastically different from 763 
the case in which there was no substrate (i.e., 50% for the isotropic 𝑛 = 1 environment). 764 

 765 

 766 

 767 

 768 

 769 

 770 

SI Fig. 33: (A) Emission profile of an isotropic emitter placed in vacuum and at the Si-vacuum interface. (B) Fraction of 
intensity emitted into vacuum and the substrate for different refractive indices of the substrate. For analysis in B, only 
the real part of the refractive index was considered. Simulations were performed using Lumerical FDTD. 
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21. Repeatability 771 
We investigated the consistency of CL signal from cathodophores across different 772 

syntheses. SI Fig. 34 shows the rate of CL detection as a function of size for cathodophores 773 
obtained from four syntheses. The figure shows that the CL signal was consistent across the 774 
syntheses.  775 

 776 

 777 

22. Crosstalk between cathodophores in dense samples 778 
Simulations: Fig. 3A shows results of Monte Carlo simulations performed to determine 779 

crosstalk between two adjacent nanocrystals, each 20 nm in diameter. In this setup, the 780 
crosstalk was minimal. However, this simulation only considered two nanocrystals. Our 781 
multicolor imaging was performed in dense monolayers of cathodophores. In such samples, the 782 
crosstalk could increase, particularly when a single cathodophore was surrounded by other 783 
cathodophores of a different color. To understand the crosstalk in such a sample, additional 784 
Monte Carlo simulations were performed using CASINO software. Simulations were performed 785 
with NaHoF4 cathodophores of 20 nm diameter, and an electron beam energy of 3 keV. 1,000 786 
trajectories were simulated for each condition.  787 

SI Fig. 35A shows a situation where the excited nanocrystal (shown in green) was 788 
surrounded by eight other nanocrystals. We measured the energy deposited in the adjacent 789 
nanocrystals (shown in black) when the central nanocrystal was excited. The deposited energy 790 
was calculated at different distances, d, from the excited nanocrystal. Results are shown in SI 791 
Fig. 35B. The largest amount of energy was deposited into black nanocrystals for d = 0 nm, i.e., 792 
when the black nanocrystals were directly touching the green nanocrystal. In this scenario, 793 
14.5% of energy, relative to the energy absorbed by the excited nanocrystal, was deposited in 794 
adjacent nanocrystals (~1.8% energy per adjacent nanocrystal, consistent with Fig. 3A). When 795 
the distance increased to 25 nm, the absorbed energy decreased to ~5%, or 0.63% per 796 
adjacent nanocrystal. We also performed a simulation with 24 nanocrystals surrounding the 797 

SI Fig. 34: CL detection rate from NaHoF4 cathodophores from different syntheses. No change in the detection rate was observed. 
CL was measured in the Ho3+ channel. 
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excited nanocrystal as shown in SI Fig. 35C. In this case, the energy deposited in the adjacent 798 
nanocrystals was 27.8%, or 1.16% per nanocrystal. 799 

These simulations show that, even in dense samples where cathodophores are in direct 800 
contact, the energy deposited in adjacent cathodophores is not prohibitive. However, despite 801 
this minimal energy absorbed per neighboring cathodophore, if a single cathodophore is 802 
surrounded by multiple cathodophores of a different color (e.g., NaHoF4 surrounded by 803 
NaDyF4), a detectable CL signal can appear in the wrong color channel. This potential crosstalk 804 
should be considered when classifying nanocrystals.  805 

Experiment: SI Fig. 36 shows two examples of two-color imaging when NaHoF4 806 
cathodophores were imaged adjacent to multiple NaDyF4 cathodophores. In such a situation, 807 
some crosstalk was noticeable. For example, in SI Fig. 36A CL signal appeared in the Dy3+ 808 
color channel when a NaHoF4 cathodophore was excited (see black arrow in the cross-sectional 809 
profile). However, because the excited cathodophore absorbed considerably more energy than 810 
the surrounding nanocrystals, we could classify all the cathodophores in the FOV based on their 811 
emission in the two spectral channels. 812 
 813 

 814 

 815 

 816 

 817 

 818 

SI Fig. 35: (A) Monte Carlo simulations for the configuration when an excited central nanocrystal (green) was surrounded by adjacent 
nanocrystals (black). The nanocrystals were NaHoF4, with 20 nm diameter. Electron beam energy was 3 keV and 1,000 trajectories 
were simulated. (B) Total energy (relative to energy deposited in the central nanocrystal) deposited in adjacent nanocrystals when the 
central nanocrystal was excited, shown as a function of the distance d between the central nanocrystal and adjacent nanocrystals. 
(C) Monte Carlo simulations for the configuration when an excited central nanocrystal was surrounded by 24 adjacent nanocrystals. 
27.8% energy (relative to the central nanocrystal) was deposited in adjacent nanocrystals, corresponding to an average of 1.16% 
energy per nanocrystal.  
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 819 

 820 

 821 

 822 

 823 

SI Fig. 36: (A, B) Two examples of two-color imaging in a dense, monolayered sample, when a NaHoF4 cathodophore was close 
to multiple NaDyF4 cathodophores. Crosstalk was minimal and the cathodophores could be distinguished from their CL signal in 
Ho3+ and Dy3+ color channels.  
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