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ABSTRACT

Identifying nanoscale point defects (NPDs) is essential for producing high-quality two-dimensional (2D) crystals and moving them
towards scalable device integration. However, existing methods face a fundamental compromise between spatial resolution and
detection throughput: atomic-resolution techniques provide limited testing area or sampling rates, whereas conventional optical
methods often lack sufficient sensitivity required for low-density NPDs. Here, we present a highly sensitive, non-destructive
strategy that employs erbium chloride (ErCl;) to form erbium-rich nanoparticles (Er-NPs) as fluorescent markers at NPD sites
on 2D crystal surfaces, enabling rapid and precise mapping of NPDs in large-area samples. Both theoretical modeling and
experimental observations demonstrate that Er-NPs preferentially accumulate at defect sites, substantially enhancing localized
photoluminescence (PL) signals and enabling direct visualization of NPD locations and distributions. This approach complements
established optical techniques, including Raman spectroscopy, by providing higher-contrast and more efficient localization of low-
density nanoscale defects across large-area samples. Importantly, Er-NPs can be fully removed through annealing under ultrahigh
vacuum (UHV), ensuring the non-destructive nature of the method. This work provides a powerful tool for quality control of 2D
materials, supporting their transition from laboratory synthesis to large-scale industrial applications.

1 | Introduction devices. Recent advances in synthesizing large-area, high-quality

2D single crystals have opened opportunities for integrated
Two-dimensional (2D) materials have attracted extensive rese- 2D devices with superior performance [1-5]. In this context,
arch interest owing to their exceptional properties and tremen- assessing the quality of these 2D films is particularly important.

dous potential for next-generation electronic and optoelectronic Typically, grain boundaries are absent in high-quality single
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crystals produced by seamless stitching of multiple domains with
uniform lattice orientations [6-9]. Even when such line defects
emerge, they can be identified by nonlinear optical techniques
such as polarization-resolved second-harmonic generation (SHG)
[10-12]. In contrast, nanoscale point defects (NPDs) commonly
exist even in the highest-quality 2D single crystals and degrade
essential material properties and device performance [13, 14].
Therefore, rapid and accurate identification of NPDs is highly
desired to bridge the critical gap between large-area synthesis and
practical applications of 2D materials in the current situation.

Techniques for detecting NPDs in 2D materials generally fall
into three categories: (i) direct atomic-scale imaging, such as
transmission electron microscopy (TEM) [15-21], scanning tun-
nelling microscopy (STM) [22-26], and atomic force microscopy
(AFM) [27]; (ii) optical spectroscopic characterizations, including
Raman spectroscopy [28-30], photoluminescence (PL) [31-33],
and SHG [34]; and (iii) visualization methods involving spe-
cial pre-treatments. Each approach has inherent limitations.
Specifically, atomic-scale imaging provides direct visualization
of defect locations, types, and densities, but it typically requires
complex sample preparation and strict environmental conditions,
limiting the spatial coverage and sampling efficiency. Conversely,
optical spectroscopy techniques offer higher throughput but often
suffer from insufficient sensitivity to low-density NPDs, yield-
ing negligible signal responses. Pre-treatment-based detection
methods, such as ultraviolet irradiation [35], selective etching
[36-40], and liquid coatings [41, 42], have shown promise but
frequently induce irreversible structural damage or introduce
additional defects, compromising measurement accuracy. Con-
sequently, developing a high-throughput, highly sensitive, and
non-destructive approach for identifying NPDs in high-quality,
large-area 2D single crystals remains a substantial challenge.

In our design, rare-earth-based fluorescent materials offer distinct
advantages as “markers” for non-destructive NPD detection in
2D materials. Rare-earth ions exhibit ultra-narrow emission lines
and large Stokes shifts, enabling high signal-to-noise ratios (SNR)
for spectral identification. In addition, rare-earth nanoparticles
show exceptional photostability and maintain stable lumines-
cence under prolonged excitation compared with conventional
organic dyes or quantum dots. Specifically, we select rare-
earth compound erbium chloride (ErCl;) for adsorption at
NPD sites, due to its relatively low evaporation temperature,
cost-effectiveness (compared to other rare-earth compounds),
and strong fluorescence characteristics. A low-pressure tube
furnace with a modulated temperature gradient is utilized to
achieve controllable deposition of an optimized amount of Er-
rich nanoparticles (Er-NPs) derived from ErCl; onto 2D material
surfaces (graphene serves as a representative system to elucidate
the underlying mechanisms) (Figure 1). Combined theoretical
and experimental results demonstrate that Er-NPs preferentially
adsorb at NPD sites in 2D materials, significantly enhancing
local fluorescence signals. This selective adsorption enables
rapid identification of NPD positions via PL imaging, provid-
ing high-efficiency defect localization and large-area screening
capabilities. Importantly, our technique has minimal impact on
intrinsic properties of the test material, as the adsorbed Er-NPs
can be completely removed by annealing under ultrahigh vacuum
(UHV) conditions following the defect characterization.

2 | Results and Discussion

Theoretical support for this approach is established through
density functional theory (DFT) calculations that analyze the
adsorption energetics of erbium (Er) atoms on graphene with
various defect configurations. Typically, stable NPDs in 2D mate-
rials are often associated with atomic vacancies and manifest as
non-hexagonal ring configurations. According to the number of
missing atoms, these defects can be categorized into V,, (vacancy-
free; Stone-Wales defects), V, (two-atom vacancies; e.g., 5-8-5,
555-777, and 5555-7777), and V,, (multi-vacancy defects). Vacan-
cies with an odd number of missing atoms are rarely observed
because their formation is energetically less favorable [43]. The
calculations show that adsorption energies become significantly
more favorable for Er atoms interacting with larger defect
structures. Specifically, the Stone-Wales defect, characterized by
two five-membered and two seven-membered rings (55-77) [44],
exhibits enhanced adsorption energy relative to pristine graphene
hexagonal lattices (Figures 2a, S1, S2a). Similarly, energetically
favorable adsorption occurs at common V, defects, including
the 5-8-5, 5555-7777, and 555-777 configurations (Figures 2a and
S2b-d). Notably, defects with close effective areas (e.g., 55-77 vs.
5-8-5; 5555-7777 vs. 555-777) show similar adsorption trends as Er
loading increases. This result indicates that the defect area, rather
than specific ring configuration or number of missing atoms, is
predominant in the adsorption behaviors.

To further confirm this area dependence, we investigate the
scenario of larger multi-vacancy defects (V,,) constructed from 2"
times the stable 555-777 configuration (lowest formation energy
among common V, defects, Figure S3). Consistently, adsorption-
energy calculations reveal stronger Er accumulation at larger
defect sites (Figures 2b and S4), and this trend remains robust
across different Er atom loading densities. Therefore, Er-NPs
can act as sensitive and selective fluorescent markers for NPDs
by preferentially accumulating at defect sites, translating the
spatial distribution of NPDs into detectable fluorescence signals
(Figure 2c). Accordingly, the Er-related PL intensity should be
regarded as a readout of the effective defect area and local defect
density that enable Er accumulation, rather than as a direct count
of individual atomic vacancies. This capability enables efficient,
high-precision mapping of defect distributions across large-area
samples, addressing key needs in scalable quality control for 2D
materials.

As Er*t ions possess multiple well-defined energy levels, their PL
typically exhibits multiple emission lines; we therefore preselect
the strongest one for tracking. The most intense PL emissions
occur at 556 and 672 nm, corresponding to the photons from
the transitions of *S;,—*1;5,, and *F,,—*1,5/,, respectively [45].
In contrast, graphene shows sharp Raman peaks near 561 and
598 nm under 514 nm excitation, corresponding to the G and
2D modes, respectively [29] (Figure S5a). Owing to the possible
spectral overlap between the PL peak at 556 nm and the Raman
G peak at 561 nm, the PL emission at 672 nm is selected here
as the characteristic signal for NPD detection. Besides, to avoid
fluorescence self-quenching at high loading (e.g., via resonant
energy transfer), we perform dosage-dependent tests to determine
optimized precursor dosage for accurate NPD characterization
(Figure S5b).
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FIGURE 1 | Schematic illustration of NPD detection enabled by Er-NPs. ErCly powder precursor is placed in the upstream high-temperature zone

of a tube furnace, while the graphene sample is positioned downstream in a lower-temperature zone under Ar flow. Upon heating, ErCl; evaporates

and is transported to the graphene surface, where it preferentially accumulates at NPD sites to form Er-NPs. The resulting Er-NPs generate strong and

characteristic PL, converting otherwise Raman-undetectable NPDs into readily observable signals in PL mapping with a microscale excitation spot.
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FIGURE 2 | DFT-calculated adsorption energetics of Er at graphene NPDs and the corresponding selective-adsorption mechanism for PL mapping.

(a) Adsorption energy difference per Er atom (AE, referenced to pristine graphene) as a function of the number of adsorbed Er atoms (N, ) for vacancy-
free defects (V, Stone-Wales 55-77) and two-atom vacancy defects (V,, 5-8-5, 555-777, and 5555-7777). (b) AE versus N, for larger multi-vacancy defects
(V,), exemplified by V,, V4, and Vg. In both (a) and (b), AE becomes less negative and gradually approaches saturation as N, increases, and larger defect
sites yield more favourable Er adsorption. Insets show the relaxed atomic configurations of the corresponding defect structures. (c) Schematic illustration
of the working principle: the locations and effective sizes of NPDs are converted into spatially resolved PL contrast through preferential accumulation

of Er-NPs at defect sites.

Under these optimized conditions, we further experimentally
validate this proposed approach. Nanoscale defects are inten-
tionally introduced into pristine monolayer graphene using
focused femtosecond laser pulses. The laser spot is precisely
confined, and both laser power and exposure time are carefully
tuned to generate irradiated zones with different damage. AFM

topography reveals these irradiated regions through distinct laser
footprints (Figure S5c). High-resolution TEM (HRTEM) acquired
from irradiated regions confirms that laser-generated defects are
typically isolated nanoscale vacancies (Figure 3a). In graphene,
the Raman D band is commonly associated with the disordered
sp?-hybridized lattice induced by point defects. However, only one
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FIGURE 3 | Optical identification of NPDs in graphene through the Er-NP-assisted PL scanning. (a) HRTEM image of a laser-irradiated region,
revealing isolated nanoscale vacancies. (b) Raman mapping (1345 cm™) from four laser-irradiated sites shows that only one site exhibits a discernible
D band, highlighting the limited sensitivity of Raman spectroscopy for low-density NPDs. (c) PL mapping (672 nm) after Er-NP deposition shows clear
fluorescence responses from all four laser-irradiated sites; the four quadrants correspond to laser powers of 75 mW (upper left), 70 mW (upper right),
65 mW (lower left), and 60 mW (lower right), and the PL intensity increases with the irradiation dose. (d) Raman D-band (1345 cm™) mapping of
exfoliated Kish graphene, where only a weak localized response is observed. (e) Corresponding PL map after Er-NP deposition reveals additional localized
defect-related hotspots compared with (d). (f) Raman spectra acquired from the defective region indicated in (d), with the weak D band highlighted. The
bottom panel shows PL spectra collected at the two defect sites marked by the coloured arrows in (e), corresponding to a Raman-detectable location in
the D-band mapping (upper trace; stronger PL) and a Raman-undetectable location (lower trace; weaker yet discernible PL), respectively. (g) HRTEM
image of an individual Er-NP deposited on graphene. (h) Energy-dispersive X-ray spectroscopy elemental mapping of the individual Er-NP shown in (g),
confirming pronounced Er enrichment within the nanoparticle. (i) Magnified HRTEM acquired from the interior of an Er-NP showing well-resolved
lattice fringes with measured d spacings of ~0.33 and ~0.20 nm, which are consistent with the (201) and (060) planes of monoclinic ErCl; (space group
C2/m), respectively. (j) FFT of the region shown in (i), with the corresponding reflections indexed as (201) and (060).

of the four irradiated regions (Figure S5c) displays a detectable By contrast, Er-NP-enhanced PL mapping yields clear and rep-
D peak (Figure 3b), implying the limited sensitivity of Raman roducible fluorescence signals from all four laser-irradiated zon-
spectroscopy for identifying isolated defects in high-quality 2D es (Figure 3c), underscoring substantially improved defect-iden-
materials with ultralow defect densities. tification capability compared to traditional Raman spectroscopy.
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Remarkably, the PL signal is confined to the irradiated areas,
and its intensity shows a positive correlation with laser exposure
dosage, consistent with enhanced Er-NP accumulation at higher
defect densities (Figures S5d,e). These localized PL enhance-
ment regions are assigned to nanoscale defect-related adsorption
sites, whereas continuous line-like or spatially extended PL
features are attributed to wrinkles, residues, or other topo-
graphic inhomogeneities and excluded from defect statistics
(Figure S6).

We further construct extreme cases as additional references. By
employing plasma hydrogen etching, we fabricate a graphene
sample with an ultrahigh NPD density, and observe strong
PL intensity across the entire mapped region, consistent with
HRTEM characterization (Figure S7a-e). Conversely, no dis-
cernible PL signals appear on ultrahigh-quality graphene exfo-
liated from epitaxially grown single-crystal graphite after Er-NP
deposition (Figure S7f-h) [46, 47].

The approach also enables robust identification of naturally
occurring NPDs in commonly used 2D material samples. For
Kish graphene over a typical area spanning tens of microns
(Figure S8a,b), Raman spectra reveal only a weak D band slightly
above the background noise level (Figures 3d and S8c), and
many smaller or lower-density NPDs may remain undetected in
the Raman mapping. By contrast, Er-NP-enhanced PL mapping
reveals several additional defect-related hotspots (Figure 3e),
owing to the higher SNR of Er-NP-based PL spectra compared
with Raman signals (Figures 3f and S8d). HRTEM characteriza-
tion further corroborates that ErCl, preferentially accumulates
at defect sites to form nanoparticles and give rise to strong
fluorescence signals (Figure 3g,h). Additionally, the magnified
HRTEM image and the corresponding FFT reveal well-resolved
lattice fringes with d spacings of 0.33 and 0.20 nm, corresponding
to those of (201) and (060) planes for monoclinic ErCl; with space
group C2/m (Figure 3i,j).

To further validate the utility of the approach, we fabricate
field-effect transistor (FET) devices using graphene exfoliated
from different bulk sources (e.g., Kish, EG, and HOPG), and
measure carrier mobility under identical device architectures.
We observe a negative correlation between the PL intensity per
unit area and field-effect mobility, suggesting that higher PL
emissions can reflect greater defect densities, indicating worse
transport performance (Figure S9). This functional relationship
between optical readout and electronic properties underscores
the potential of our method as a powerful tool for evaluating 2D
material quality.

Another key advantage of this method lies in its non-destructive
nature. Due to the high volatility and low sublimation tempera-
ture of ErCl;, the deposited fluorescent nanoparticles are readily
evaporated and removed through an annealing process under
UHV (Figure 4a). In practice, we perform in situ PL tracking in
the same region of a graphene sample to confirm the efficiency
and completeness of this removal process. After annealing,
the previously strong and clearly distinguishable fluorescence
signals completely vanish (Figures S10 and 4b-d), indicating
that deposited Er-NPs can be cleanly removed without leaving
residues or surface contaminants.

To rigorously assess whether the process affects the intrinsic
structural integrity of the material, Raman spectra are recorded
before Er-NP deposition and after removal. Comparative analysis
shows no detectable changes in the peak positions, intensities,
or full widths at half maximum (FWHM) of graphene’s char-
acteristic Raman peaks (G and 2D bands), indicating that the
deposition/annealing cycle does not introduce additional struc-
tural defects or persistent dopants (Figure 4e). To further assess
potential impacts on the electronic properties, FET devices are
fabricated and electrically characterized using graphene from the
same batch before and after the deposition/removal process. The
measured carrier mobility exhibited only a negligible decrease
of approximately 3.5% (from ~7 894 to ~7 613 cm? V! s71),
confirming the minimal impact and thus the non-destructive
nature of the method (Figure 4£,g).

Finally, we further examine the universal practicality of this
approach beyond graphene using hBN as another representative
2D material. Er-NPs deposited on hBN produce readily detectable
fluorescence signals at defect-related sites, and these signals
are completely eliminated after annealing without altering the
intrinsic optical and structural properties of hBN (Figure SI1).
These results suggest that the Er-NP strategy is suitable for 2D
materials with weak or absent intrinsic defect-related optical
signatures, where sparse nanoscale defects are difficult to identify
using conventional optical methods.

In conclusion, we develop and validate a rare-earth-assisted
fluorescence method for identifying NPDs and assessing the
quality of large-area 2D materials. Comprehensive theoretical
calculations and experimental verification demonstrate that Er-
NPs selectively deposit at NPD sites and generate high-contrast
fluorescence signals, enabling rapid mapping of defect distri-
butions. This method is especially advantageous for low-defect-
density, optically inactive or weakly emissive systems such as
high-quality graphene and hBN, and can serve as a comple-
mentary approach to Raman spectroscopy and atomic-resolution
characterization techniques. Complete removal of Er-NPs by
UHYV annealing further ensures the non-destructive nature of the
method. Overall, this work establishes an efficient strategy for
high-throughput and high-sensitivity defect screening in high-
quality large-area 2D materials, thereby facilitating their reliable
transition from laboratory synthesis toward large-scale practical
applications.

3 | Experimental Section
3.1 | DFT Calculations

Geometric optimization and energy calculations of the
Er/graphene systems are carried out using density functional
theory (DFT) as implemented in Vienna Ab initio Simulation
Package. The generalized gradient approximation (GGA) with
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
function is used with the plane-wave cutoff energy set at 400 eV
for all calculations. The dispersion-corrected DFT-D; method
is used because of its good description of long-range vdW
interactions for 2D materials. The geometries of the structures
are relaxed until the force on each atom is less than 0.02 eV A,
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FIGURE 4 | Complete removal of Er-NPs enables non-destructive NPD characterization. (a) Schematic illustration of Er-NP removal from graphene

by annealing under ultrahigh vacuum (UHYV, 700°C for 3 h). (b,c) In situ PL mapping (672 nm) acquired from the same region before (b) Er-NP-coated
graphene) and after (c) cleaned graphene) UHV annealing, showing the complete disappearance of defect-associated PL signals after removal. (d)
Representative PL spectra collected at an NPD site before and after annealing, confirming the elimination of Er-related emission. (e) Raman spectra
recorded before Er-NP deposition and after Er-NP removal, showing negligible changes in the G and 2D bands. (f,g) Electrical characterization of
graphene FETs fabricated from the same batch: a reference device is measured without Er-NPs (f), while a separate device is fabricated and measured
after Er-NP deposition and UHV annealing (g), because Au electrodes cannot tolerate the annealing; the extracted mobilities show only a marginal

change (insets: optical images of the corresponding devices).

and the energy convergence criterion of 1 x 107 eV is met. The
graphene surfaces are modelled by a periodic slab. The binding
energies of the Er/graphene systems, namely, AE = (E . -
Egpy — N X Ug,)/Ng,, are calculated using the relaxed structures,
where Ey,, is the total energy of the Er/graphene systems; E,;,
is the energy of the graphene systems with vacancies; ng, and
ug, represent the number and chemical potentials of Er atoms,
respectively.

3.2 | Preparation of Samples

Kish graphene, EG graphene, and hBN domains are peeled off
from Kish graphite (Grade 300, Graphene Supermarket), EG
graphite (graphite grown by isothermal dissolution—diffusion—
precipitation method in our group), and hBN crystals (Shanghai
Onway Technology) onto Si/SiO, substrates through a Scotch-
tape mechanical exfoliation process, respectively. The prepared
Kish graphene samples are exposed to H, plasma radiation for 1s
duration to introduce high-density defects.

3.3 | Depositing Process of Er-NPs

The prepared 2D material samples and 21 mg of ErCl; powder
are placed in a high-temperature tube furnace. In this setup, the
ErCl, powder is positioned upstream in the furnace, while the 2D
material samples are located downstream. An inert protective gas
Arisintroduced at a flow rate of 40 sccm while maintaining a low
pressure within the tube. The furnace upstream is set at 900°C to

evaporate the ErCl; powder and deposit it onto the 2D material
samples, forming Er-NPs.

3.4 | Annealing Process of Er-Deposited Samples
The Er-NP-deposited samples are subjected to an annealing
process at 700°C for a 3 h duration to entirely remove adsorbed
Er-NPs on the surface of the samples.

3.5 | Characterizations

Optical images were acquired using an Olympus BX51M micro-
scope. Raman spectra, PL spectra, and corresponding mappings
were collected using the same custom-designed optical system
with an excitation wavelength of 514 nm. The Raman and PL
mapping parameters (10 mW excitation power, 5 s integration
time per pixel, and a step size of 1 um) were selected after
systematic optimization of excitation power and integration time
to balance defect detectability and practical large-area mapping
efficiency. TEM experiments are performed using an FEI Titan
Themis G2 300 instrument operated at 300 kV.

3.6 | Electric Device Fabrication and
Measurement

The monolayer graphene is exfoliated from Kish graphite and
EG graphite onto the SiO,/Si substrate (300 nm of SiO,). Then,
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a two-contact-shaped mask is defined on the location of the
graphene sample by electron-beam lithography of a polymethyl
methacrylate resist. Afterwards, we deposited metal leads (5 nm
Cr/50 nm Au) by electron-beam evaporation to make an electrical
contact. Finally, two-terminal FET transport measurements are
performed using the semiconductor analyser (Keysight B1500A)
at room temperature in a high vacuum environment.
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