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Extreme ultraviolet (EUV) lithography is a cutting-edge technology in contemporary semiconductor chip
manufacturing. Monitoring the EUV beam profiles is critical to ensuring consistent quality and precision
in the manufacturing process. This study uncovers the practical use of fluorescent nanodiamonds (FNDs)
coated on optical image sensors for profiling EUV and soft X-ray (SXR) radiation beams. We employed
a positive electrospray ion source to deposit 100 nm FNDs onto indium tin oxide (ITO)-coated
substrates, forming 1 um thick films. The scintillation films exhibited approximately 50% transparency in
the visible region and could emit red fluorescence from neutral nitrogen-vacancy (NV°) centers in the
FNDs when exposed to EUV/SXR radiation. We evaluated the performance of a device featuring an FND
coating on a fiber optic plate (FOP) attached to the sensor of a complementary metal-oxide
semiconductor (CMOS) camera using synchrotron radiation across the 80-1400 eV energy range. At
91.8 eV (or a wavelength of 13.5 nm), the fiber-coupled device exhibited a noise-equivalent power
density of 0.25 pW cm™2 Hz Y2, approximately eight times lower than that of an f/1.0 lens-coupled
system. This enhanced sensitivity makes the FND/FOP-based detection system useful for beam profiling
of various EUV/SXR radiation sources. Our results highlight the promising potential of electrosprayed
FND scintillators as a cost-effective and versatile diagnostic tool for advancing next-generation

rsc.li/rsc-advances photolithography.

Introduction

Extreme ultraviolet (EUV) and soft X-ray (SXR) radiation is
broadly defined as electromagnetic radiation of 10-120 nm and
0.1-10 nm in wavelength, respectively.' Both types of radiation
are strongly absorbed by air, requiring detection in a vacuum.
Recently, there has been surging interest in EUV due to the
fabrication of nanoelectronic chips using 13.5 nm radiation in
advanced photolithography equipment.>® The interest
continues to increase as the proposal of SXR as the light source
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for next-generation photolithography has been ongoing for
nearly 50 years.* Although SXR can now be readily produced via
laser-produced plasma using solid metal targets,” methods for
facilely and effectively characterizing their beam properties
(such as positions, intensities, and profiles) are still lacking.
The challenge stems from the limited availability of EUV and
SXR light sources as well as the difficulty in detecting them. The
commonly used detectors for viewing and imaging EUV/SXR
radiation are Si-based photodiodes or imaging sensors.® As is
well documented in the literature,” the penetration depth of
EUV in Si is low, only ~10 nm at the wavelength of 90 nm
(Fig. S1t). If the electron-hole pairs generated by photoexcita-
tion in the P or N layers are far from the depletion region, they
will recombine in the material as heat. Consequently, the photo-
sensing region must be positioned very close to the substrate's
surface to achieve high responsivity.® At 13.5 nm, although the
light penetration depth in Si increases to about 0.7 pm, the
detection performance of the semiconductor chips can severely
degrade due to irradiation-induced charging in the top oxide
layers (e.g., SiOy).

A way to address the issue of shallow light penetration depth
is to use backside-thinned back-illuminated sensors.*>®
However, fabricating these sensors is costly because the Si
substrate has to be thinned to only a few microns.®
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Furthermore, EUV/SXR radiation can ablate Si-based semi-
conductor chips over time. To conduct the EUV/SXR sensing
and imaging without damaging the detectors, the best option is
to avoid directly exposing the Si chips to the ionizing radiation
using EUV/SXR-to-visible photon converters. Covering the
sensors with phosphors to convert EUV/SXR radiation to visible
light is an appealing alternative.'® Although less sensitive than
the direct conversion of EUV/SXR photons into electrical
currents due to random emission, the approach has been well
adopted in the 200-400 nm spectral range. Physical vapor
deposition is a typical method of coating organic phosphors like
Lumogen on charged-coupled devices (CCDs) and comple-
mentary metal-oxide semiconductor (CMOS) detectors to extend
their response ranges into the deep UV region.'»** Although
organic coatings exhibit excellent responsivity during the initial
excitation stages, their poor long-term photostability is
a concern.'” Inorganic phosphors, such as those used in fluo-
rescent light tubes as light-conversion materials, have been
proposed as alternatives. Employing a sedimentation method to
coat an optical CCD sensor with (LaCeTb)PO,:Ce,Tb phosphors,
Franks et al.*® demonstrated an improvement in quantum effi-
ciency by a factor of 3.5 at 265 nm. However, coating a uniform
thin film of inorganic scintillators directly on Si chips poses
a significant challenge.

With the availability of fiber optic plates (FOPs), coupling
inorganic phosphors to CCD and CMOS sensors is greatly
simplified. These FOPs are compatible with phosphors and are
commonly used in image transfer applications for X-ray
radiography.**™” In producing inorganic phosphor coatings on
FOPs, a critical parameter to consider is the structural unifor-
mity of the scintillation layers. The uniformity and thickness of
the layers are critical in determining the resulting image reso-
lution and contrast.'® This is especially true for the EUV/SXR
imaging because the radiations have exceptionally shallow
penetration depths in the scintillators. Producing coatings with
a high level of structural uniformity is essential but challenging.
Spin and sedimentation coatings have been previously tested,*
but better deposition methods are needed. Electrospray depo-
sition is a more viable option (Fig. 1a)." We have recently
successfully applied the technique to deposit fluorescent
nanodiamonds (FNDs) with nitrogen-vacancy (NV) centers on
conductive substrates like indium tin oxide (ITO) to form
a uniform thin film for EUV sensing and imaging.*® The tech-
nique offers several advantages, including the uniform disper-
sion of materials in the high electric field, precise control over
deposition thickness through spray time, and easy regulation of
the deposition area by adjusting the plume size. However, to the
best of our knowledge, there have been no reports on the
application of this method for depositing inorganic phosphors
(including FNDs) onto FOPs for installation in front of CCD or
CMOS sensors.

An important consideration in preparing a uniform thin film
of molecules or particles by electrospray deposition is that the
substrate must be sufficiently electrically conductive to avoid
charge accumulation that can lead to spray instability. This
presents a major hurdle when applying it to non-conductive
substrates like FOPs. To circumvent this problem, a thin layer
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Fig.1 (a) Photograph showing the electrospray deposition of FNDs on
an ITO-coated glass substrate mounted in a lens tube. The white arrow
denotes the spray. (b) Photograph of a FND/ITO-coated glass
substrate, prepared with a deposition time of 25 min. (c) Photograph of
an FND/ITO-coated glass substrate in a synchrotron radiation beam
path. The external white light was turned on to show the position of
the substrate, which was mounted on a vacuum-compatible trans-
lation stage. (d) Photograph of an FND/ITO-coated glass substrate
irradiated by a synchrotron radiation beam of 50 nm in wavelength.
With a beam flux of 1.1 x 102 photons per s, the red fluorescence from
NV° centers hosted in FNDs could be readily seen with the naked eye
in reflective mode when the external light was turned off. The red
arrow in (c) denotes the FND film of ~10 mm diameter, and the white
arrow in (d) indicates the beam position, i.e., the red fluorescence spot
with a size of about 3 x 3 mm?.
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of ITO was first coated on FOP by magnetron sputtering, fol-
lowed by an oxygen plasma treatment to remove organic
contaminants on the ITO surface before the FND coating by
electrospray deposition. The method is straightforward, and the
installation of FND-coated FOPs enables the manufacturing of
low-cost, compact, broadband EUV/SXR-responsive CCD or
CMOS image sensors with excellent photostability, high reso-
lution, and exceptional contrast.

Results and discussion
FNDs

The FNDs used in this work were produced by bombarding
synthetic type-Ib diamond powders with 10 MeV electrons, fol-
lowed by vacuum annealing at 800 °C to create NV centers, as
previously described.*** Two types of NV centers coexist in the
FND matrix: NV° and NV~.%* Their coexistence was revealed by
optical excitation of the particles with a green laser, showing
characteristic zero phonon lines at 576 nm and 638 nm for NV°
and NV, respectively (Fig. S2t). Material characterization by
scanning electron microscopy and dynamic light scattering
revealed that the particles were monocrystalline, with a mean
size of ~100 nm in diameter and a zeta potential value of about
—40 mV in distilled deionized water.”® The monocrystalline
structure suggests their optical properties are similar to those of
bulk diamonds, except for the fluorescence lifetimes of the
electronically excited NV centers, which depend on the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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refractive indexes of their environments (Table S1).**** An
investigation of NV° centers in FNDs drop-cast onto a glass
coverslip revealed a lifetime of 28 ns.*®

An ideal inorganic scintillator should provide a combination
of high light yield, short decay time, and good response line-
arity.* To the best of our knowledge, diamonds with NV centers
are the most promising carbon-based scintillators for meeting
these requirements.>*>>3%31

FND-coated ITO/glass

Our previous studies have shown that the negatively charged
FND particles could be well dispersed in a mixed water-meth-
anol solution (30:70, v/v) at a 10 mg mL ™" concentration.?
These particles formed a uniform thin film on an ITO-coated
substrate by electrospray deposition in positive mode (See
Fig. 1a and S3 in ESIT for the experimental setup). Fig. 1b shows
a photograph of the FND film on an ITO-coated plate mounted
in a @1” lens tube. The film is disk-like with a diameter of
~12 mm and a transmission of 10-70% in the 400-800 nm
wavelength region (Fig. S47). It has a thickness of ~1 um, which
is sufficient for the present application as the penetration depth
of EUV/SXR light over 80-1400 eV in diamond is less than 1 pm
(Fig. S11).*> However, caution must be taken when using the
scintillator, which lacks a protective layer in front of the FND
film. This is because most chemicals strongly absorb light in the
EUV/SXR regions; therefore, direct exposure of FNDs to these
radiations is necessary for achieving the highest possible
sensitivity. To ensure its practical use, we mounted the sensor
in a filter holder for protection and installed it in a vacuum
environment prior to operation.

A unique and novel application of the FND-coated ITO plate
is to use it as an EUV/SXR viewing plate in reflective mode,
similar to a laser viewing card. This distinctive utility is exem-
plified in Fig. 1c and d, where the FND film mounted on
a translation stage was utilized to view the 50 nm radiation in
a vacuum chamber at a synchrotron radiation facility in Tai-
wan.”® The orange emission, visible to the naked eye through
the chamber's viewport, was a direct result of the film's expo-
sure to EUV with a beam flux of 1.1 x 10" photons per s or
a power of 4.4 uW. The emission band, peaking at ~620 nm
(Fig. S57),2%** was primarily derived from the NV° centers
implanted in the FND matrix. The use of this sensor plate
dramatically simplifies the alignment procedures for the EUV/
SXR beam, a critical step in mass spectrometric and photo-
electron spectroscopic studies of clusters and nanoparticles in
the gas phase using synchrotron radiations.>***

The second application of the FND-coated ITO plate is to
couple it with a lens system for EUV/SXR beam imaging. A
diamond-based EUV imager (DEUVI) has been developed, with
the plate operated in transmission mode, as shown in Fig. 2a.>°
The optical system in this DEUVI system consisted of two @1”
lenses (focal lengths of 25.4 mm and 35.1 mm) with an image
magnification factor of 1.4 (Fig. 2b). A visible CMOS camera
with a sensing area of 4.97 mm x 3.73 mm and a pixel size of
3.45 um x 3.45 um acquired the fluorescence images. To enable
using DEUVI as a beam monitoring device, we sprayed FND
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Fig. 2 (a) Schematic diagram of the optical system used to image the
EUV/SXR beam irradiated on an FND film deposited on an ITO-coated
glass. (b) Photograph of a prototype of the diamond-based EUV
imager (DEUVI). (c) Photograph of an FND thin film deposited on a PET
film with a laser-cut crosshair reticle at the disk center. (d) Afterglow
measurement for an FND thin film with 50 nm radiation. The light (with
intensities in blue) was switched on and off to probe the temporal
response of the scintillator.

particles on an ITO substrate supported by a polyethylene
terephthalate (PET) film. The film has a thickness of ~200 um
with a transmittance of ~90% at 600 nm and has been widely
used as a component in flexible optoelectronic applications.
They can be conveniently cut into various sizes and shapes to fit
specific needs using a continuous-wave CO, laser. Fig. 2c shows
a photograph of the FND-deposited ITO/PET film engraved with
a laser-cut crosshair reticle from its backside. The reticle, with
a fine line thickness of 0.5 mm, provides a distinctive
measurement reference for visual inspections. It is a suitable
replacement for the costly diamond screens prepared by
chemical vapor deposition for X-ray beam monitoring.**
Employing this two-lens system, one can further carry out ON/
OFF measurements to investigate the afterglow properties of
the FND scintillator by replacing the CMOS camera with
a photomultiplier tube. As shown in Fig. 2d, the fraction of the
scintillation light that remained observable after switching off
the synchrotron radiation was <0.01% at 50 nm. The value was
over 2 orders of magnitude lower than that of Ce:YAG,** which
exhibited an afterglow lifetime of about 3 min.*

RSC Adv, 2025, 15, 1011-1019 | 1013
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FND-coated ITO/FOP

Tested previously with 50 nm and 13.5 nm synchrotron radia-
tions, the lens-coupled DEUVI system shown in Fig. 2a was
found to provide a spatial resolution of 30 um for the FND film
of ~1 um thickness.? Its noise-equivalent power density was 29
uW ecm 2 Hz™*? at 13.5 nm. Although this noise level is suffi-
ciently low to catch the images of the 13.5 nm radiation in an
EUV scanner (such as that produced by ASML),*”*® it is desirable
to enhance its sensitivity by collecting more fluorescence
signals from the scintillators, thereby improving its usability
and increasing its overall value. Replacing the two-lens system
with an FOP attached to a CCD or CMOS image sensor offers
a promising solution. To achieve this goal, the surface of an FOP
of 3 mm thick was first made electrically conductive by coating
with a thin layer (~100 nm thick) of ITO using magnetron
sputtering. The coating can be easily applied to FOPs, which are
made of glass and consist of a bundle of micron-sized optical
fibers. Electrospray deposition of FNDs on the ITO-coated FOPs
was followed according to the abovementioned procedures.
Fig. 3a shows a photograph of two FOPs with and without FND
coating. A distinct concentric ring pattern of rainbow-like colors
appeared on the FND-coated plate under white light, indicating
the formation of a radially uniform scintillator layer.

To map out the thickness profile of the film, we performed
fluorescence measurement through intra-defect excitation of
the NV centers in FNDs using a green laser. As NV centers are
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Fig. 3 (a) Photograph of FOPs without (left) and with (right) FND
coatings prepared by electrospray deposition. Dimensions of the FOPs
were 14 x 14 mm?2. (b) Fluorescence intensity line profile across the
center of an FND film on an FOP. (c and d) Wide-field fluorescence
image (c) and fluorescence intensity line profile (d) of an FND film on
an FOP. The white line in (c) denotes the data points in (d), which were
fitted with two Gaussian functions (black).
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perfectly photostable, the resulting fluorescence intensity can
directly reflect the film thickness. Fig. 3b shows a typical fluo-
rescence intensity profile of the FND film deposited on an ITO-
coated FOP, measured by scanning the sample through a laser
beam (0.7 mm diameter) in a home-built apparatus (Fig. S67),*
as detailed in the Experimental section. The intensity profile is
slightly asymmetrical with a full width at half maximum of 6.8
mm, which is larger than the image sensor’s diagonal (6.2 mm)
and well suited for use in this experiment. We further examined
the film's uniformity by wide-field fluorescence imaging using
a fluorescence microscope equipped with a 550 nm light source
to excite the NV centers in FNDs and a 4x objective lens to
collect the fluorescence. Fig. 3c and d show the image and
a fluorescence intensity line profile across the FND film center
over a 4 mm range. The line profile was convoluted with the film
thickness and the excitation beam shape. By fitting the line
profile with two Gaussian functions, we determined that the
dispersion of the measured fluorescence intensities around the
regression curve was 2.5%.

The FOP (3 mm thick) used in this work has a numerical
aperture of 1 and a resolving power of 6 pm. Fibers in the plate
are fused to form a vacuum-tight glass plate (Fig. 4a) and can be
used as a zero-thickness window. Leveraging these properties,
we attached the FND-coated FOP directly to the imaging sensor
of a CMOS monochrome camera, rendering it EUV/SXR-
responsive and vacuum-compatible. This was accomplished
by gluing an FND-coated FOP plate on an aluminum holder to
create an air-tight metal/glass seal and then mounting it on
a high-vacuum 2.75"” CF flange viewport through an O-ring
(Fig. 4b). On the air side, the FOP was connected in direct
contact with a board-level CMOS module (sensing area of
4.97 mm x 3.73 mm and a pixel size of 3.45 pm x 3.45 pm),
forming a highly compact fiber-coupled DEUVI system (Fig. 4c).
The design allowed the images produced on the FND film inside
the vacuum chamber to be transported to the external surface of
the FOP without losing light. The image distortion percentage is
about 1%, according to the specifications.

Beam diagnostics

We first applied the FND/FOP-coupled CMOS camera as a beam
diagnostic tool for EUV/SXR radiations from the BLO8B beam-
line at the National Synchrotron Radiation Research Center
(NSRRC), Taiwan.* The beamline was equipped with two
concave diffraction gratings, each having a ruling density of 350
and 1000 lines per mm, to disperse the EUV/SXR radiations over
the wavelength range of 15.5-0.89 nm or the energy range of 80-
1400 eV (Fig. S7 and S81). Fig. 5 presents the images acquired
under the same experimental conditions, with the grating (1000
lines per mm) scanned to select the radiation of interest (300-
1400 eV). The beams were similar in size but differed signifi-
cantly in shape. It was nearly vertically elliptical at 300 eV but
became horizontally elliptical at 1400 eV. In contrast, the beam
profile remained almost unchanged (e.g., inset in Fig. 6) after
continuous beamline operation at fixed photon energies (such
as 92 eV) for more than 6 h. The change in beam orientation by
about 60° is most likely a result of the variation in beam

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Bright-field image of an FOP without FND coating. Individual fibers of 6 um in diameter can be readily seen for the FOP. (b) Exploded

view of a fiber-coupled DEUVI system. (c) A prototype of fiber-coupled DEUVI.
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600 eV (10) 700 eV (10) 800 eV (10)

1200 eV (80) 1300 eV (400) 1400 eV (1000)

Fig. 5 Variation of the beam shape with the photon energy of the synchrotron radiations over 300-1400 eV. Numbers in parentheses are
exposure times in the units of ms. The sensing area of the CMOS camera was 4.97 mm x 3.73 mm.

divergence along the vertical and horizontal directions when
the radiation is reflected from the grating and mirrors at
different photon energies. We attribute the observations to the
misalignment (including tilt, decentering, or a combination of
both) of the incident beam relative to the diffraction grating.
The ability to detect these minor beam alignment imperfections
has direct and significant implications for the use of this device
in EUV lithography for contemporary semiconductor chip
manufacturing.

In Fig. 6, we also show the result of a photostability test for
the FND films using 13.5 nm radiation at an intensity of 24 uW

o

a.u.)

]

Normalized photon intensity (

01— T T T T

0 5 10 15 20
Irradiation dose (x10" photons/s)

Fig. 6 Photostability tests of an FND scintillator with 13.5 nm radiation
from the BLO8B beamline. The beam flux used was 7.7 x 10** photons
per s with a beam spot area of ~0.46 mm?. The measured fluores-
cence intensities were normalized by the photocurrents of a calibrated
photodiode. (Inset) Images of the beam at the beginning (left) and end
(right) of the measurements, showing a negligible change in beam
profile after continuous operation for 6 h.

© 2025 The Author(s). Published by the Royal Society of Chemistry

mm~” for more than 6 h. The fluorescence intensity decreased
by approximately 4% after 6 h of continuous illumination of the
FND film. The intensity decrease could be due to the gradual
accumulation of charges in diamond lattice or surface defects,**
which may significantly reduce the photoluminescence
quantum yield of implanted NV centers. Compared to
commonly used organic phosphors such as sodium salicylate
(SS), which degrade rapidly under continuous EUV excitation,
FNDs significantly enhance scintillator durability and sensing
performance. For instance, the photoluminescence intensity of
FNDs changed by less than 2% after continuous irradiation with
60 nm light for 1 h, whereas the SS sensor experienced
a decrease of approximately 42% during the same irradiation
period.*?

Finally, we compare the imaging capabilities of the fiber-
coupled DEUVI system at 13.5 nm (92 eV) and 0.95 nm (1300
eV) with the radiations selected using different gratings. Fig. 7a
and b show that both the beams were about 1 mm in diameter
according to their line profiles across the beam centers (Fig. 7c
and d). The response of the scintillator was highly linear, with
the beam flux varying by more than 2 orders of magnitude
(Fig. 8).> Compared with the lens-coupled system, the fiber-
coupled DEUVI was about 8-fold more sensitive (cf, Fig. SOf
for representative images and intensity profiles). This sensitivity
improvement agrees well with that reported by Uesugi et al.,**
who deposited Gd,0,5:Tb" powders on a tapered FOP and
a phosphor thickness of 20 mm. They found a 4x higher
sensitivity in the fiber-coupled system than in a lens-coupled
system when wusing their devices in X-ray computed

RSC Adv, 2025, 15, 1011-1019 | 1015
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Fig. 7 (a and b) Images and (c and d) intensity profiles of synchrotron
radiations at 13.5 nm (a and c) and 0.95 nm (b and d), obtained with
a fiber-coupled DEUVI system. The beam flux was 7.7 x 10 photons
per s (and 4.5 x 10'° photons per s), and the exposure time used to
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Fig. 8 Dependence of average image intensities on the beam flux of
13.5 nm radiation using fiber-coupled DEUVI and lens-coupled DEUVI
as the detectors.

tomography. For the EUV, by decreasing the beam flux to a level
of 4 x 10® photons per s (Fig. $101), we determined a noise-
equivalent power density of 0.25 yW cm™> Hz~*? for the fiber-
coupled DEUVI system at 13.5 nm. With such a high sensi-
tivity, the device can be applied for beam diagnostics of not only
EUV scanners in photolithography but also other EUV light
sources such as gas discharge plasmas* and high harmonic
generation by table-top lasers.**

Conclusions

A new EUV/SXR-responsive image sensor with enhanced fluo-
rescent coatings has been developed and characterized. The
coating consists of 100 nm FNDs with a dense ensemble (~10
ppm) of NV centers as built-in fluorophores.® These
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nanomaterials are produced under extreme conditions by high-
energy electron bombardment or ion irradiation,**® followed
by vacuum annealing at 800 °C. As a result, they are radiation-
hard and can survive EUV/SXR ablation processes over an
extended period. Moreover, the NV centers are highly photo-
stable and exhibit negligible afterglow, even in the SXR region.
Using a positive electrospray deposition method, we have
successfully fabricated highly uniform FND thin films (~1 pm
thickness) on ITO-coated glass, PET, and FOP surfaces. Tested
with EUV/SXR radiation from a synchrotron facility, the FND
thin films, formed on either ITO-coated glass substrates or ITO-
coated PET plates, have been shown to be applicable as EUV/
SXR viewing cards. Additionally, an 8-fold improvement in
sensitivity is achieved by depositing FNDs directly on the FOP of
a CMOS camera without deteriorating its imaging performance.
The FND film is useful for imaging EUV/SXR radiations with
a noise-equivalent power density of 0.25 yW cm > Hz /2, about
100x lower than the previously reported values at 13.5 nm using
a lens-coupled system.*® The FND-based sensing and imaging
devices offer low-cost, durable alternatives to existing EUV/SXR-
responsive Si-based image sensors, which are prone to radiation
damage from direct exposure to ionizing radiation above 10 eV.
The production of larger, more uniform, and more robust FND
thin films will be the focus of our future work.

Experimental section
FND suspensions

NV centers in FNDs (~100 nm diameter) were created by bom-
barding synthetic type-Ib diamond powders (Micron + MDA,
Element Six) with high-energy particles, followed by vacuum
annealing at 800 °C.*>*¢ The particles were first oxidized in air at
450 °C to remove graphitic carbon on their surface and then
dispersed in 80:20 methanol/water solution at 4 mg mL "
concentration as the stock solution. The particles in distilled
deionized water were negatively charged with a zeta potential of
—40 mV. Detailed characterizations of the sizes, surface prop-
erties, and fluorescence spectra of the 100 nm FNDs have been
previously reported.****

FND films on ITO-coated glass plates

Fig. S37 shows a schematic diagram of the experimental setup
for fabricating FND thin films on ITO-coated plates by electro-
spray deposition. Specifically, a 1 mL glass syringe (Gastight
Syringe 1001RN, Hamilton) filled with a 4 mg mL™" FND
suspension in 80% methanol was first loaded on a syringe
pump (LSP02-1B, KD Scientific). The syringe needle was 2 cm
long and separated from the ITO substrate (Uni-onward, Tai-
wan) mounted on a digital rotator (MX-RD-Pro, DLAB) by about
10 mm. The ITO film was grounded with its holder, and a DC
voltage of about +4 kV was applied to the needle from a high-
voltage power supply (205A-05R, Bertan). The syringe pump
ran continuously at a flow rate of 90 uL h~" with the ITO-coated
substrate rotating at 10 rpm during the sample preparation. A
stable spray was established by fine adjustment of the DC
voltage, confirmed by observing a steady stream of small

© 2025 The Author(s). Published by the Royal Society of Chemistry
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droplets through light scattering from a green laser beam. The
typical time of depositing an FND film of 1 pm thickness® on an
electrically conductive substrate was 25 min.

FND films on ITO-coated FOPs

FOPs consisting of Schott 47A Glass with extra-mural absorption
as the substrate (3 mm thickness) were obtained from commer-
cial sources (Edmund Optics or Schott). These plates were first
cut to a size of 14 x 14 mm?® to match the dimensions of the
imaging sensor (IMX273, Sony) in a CMOS camera (BFS-U3-
16S2M-BD, FLIR) and then coated with a thin layer (~100 nm
thick) of ITO by magnetron sputtering (UCSM Technology, Tai-
wan). The ITO-coated FOP was treated with oxygen plasma for
5 min before electrospray deposition. To ensure proper
grounding of the ITO-coated FOP during electrospray deposition,
the plate was additionally covered with a disk-shaped stainless
steel foil (0.1 mm thick) having a 12 mm diameter hole at its
center before the plasma and electrospray treatments.

Coating thickness mapping

The variation of the FND film thickness across the ITO/glass
substrate in the radial direction was measured using a green
laser for the intra-defect excitation of NV centers in FNDs.
Fig. S67 shows a home-built apparatus for such measurement.*
The apparatus consisted of a lock-in amplifier, which generated
a sinewave, triggering a current amplifier to drive an electro-
magnetic coil. The sinewave frequency was 102.4 Hz, and the
magnetic field strength was 30 mT (root-mean-square values). A
continuous-wave 532 nm laser excited the FND film mounted on
a motorized translation stage and situated above the electro-
magnetic coil. The magnetically modulated fluorescence was
collected by an objective lens and detected by a photomultiplier
tube. The lock-in amplifier analyzed the resulting electrical
signals. Further information about the working principle of the
magnetic modulation method and additional experimental
details can be found in ref. 39.

Optical microscopy

Bright-field and photoluminescence images of FND films were
acquired using a fluorescence microscope system (Eclipse Ti2-E,
Nikon) equipped with a UV-vis light source (D-LEDI, Nikon).
Photoexcitation was carried out at 550 nm with a spot size of
4 mm in diameter, and the resulting fluorescence from NV
centers in FNDs was collected through a 4 x objective lens and
detected over 600-800 nm by a CCD camera. The same micro-
scope was applied to obtain the bright-field images of FOPs.

Synchrotron radiation

Synchrotron radiation images were acquired in two separate
end-stations connected to the beamlines BLO3A and BL08B of
Taiwan Light Source at NSRRC. The current of circulating
electrons in the 1.5 GeV storage ring was 360 mA in top-up
mode. Fig. S71 shows an optical layout of the BLO8B beam-
line, which was equipped with a bending-magnet source.*® The
beam, after being reflected through the grating, was focused by
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mirrors at a point approximately 50 cm before the sample
position. At 400 eV, the focused beam size was measured to be
about 0.55 mm vertical and 2.0 mm horizontal, when the widths
of both entrance and exit slits were set at 50 pm.*® To further
reduce the beam size, a screen plate with an aperture of 1 mm in
diameter was placed about 20 cm before the focus. Photon
fluxes of the beam after passing through the aperture were
measured with a calibrated electron photodetector (AXUV100G,
Opto Diode). Details of the design and characteristics of the
BLO3A beamline can be found elsewhere.?***

In the first experiment, the synchrotron radiation beam was
shined on an FND/ITO film mounted on a lens tube attached to
a 2.75” CF flange viewport with a @1” window (Fig. 2a). The
fluorescence emission was collected with an imaging system
composed of two ©@1” plano-convex lenses (LA1951-A and
LA4052, Thorlabs) having focal lengths of 25.4 mm and
35.1 mm in series. The signals were finally detected by a CMOS
camera (BFS-U3-16S2M-CS, FLIR) or a photomultiplier tube
(PMT1001, Thorlabs). In the second experiment, the beam was
shined on an FND film coated on an FOP, which was sealed on
a 2.75" CF flange (Fig. 4b) mounted on a vacuum chamber of the
BLO08B beamline. On the air side, the imaging sensor (IMX273,
Sony) of a CMOS monochrome camera (BFS-U3-16S2M-BD,
FLIR) was physically attached to the FOP to acquire fluores-
cence images of the synchrotron radiation. Both the lens-
coupled and fiber-coupled DEUVI systems were vacuum-
compatible.
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within the article, its ESI materials,t and upon request from the
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