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Chemical exfoliation of layered Al5C3N for
the synthesis of AlN nanosheets
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Two-dimensional (2D) aluminum nitride (AlN) represents a promising material with unique properties
predicted by density functional theory (DFT), characterized by a honeycomb lattice where Al and N
atoms exhibit threefold in-plane coordination. However, the synthesis of free-standing AlN
nanosheets has been challenging due to the crystal configurations of the well-known bulk AlN, which
presents a hexagonal wurtzite structure with a tetrahedral coordination, preventing its exfoliation to
obtain nanosheets.Herein,weproposea facilemethod involving thepreparation of layered-structured
aluminumcarbonitrides, Al5C3N, followed by exfoliation intoAlN nanosheets, offering apotential route
for producing 2D AlN. The Al5C3N precursor was chemically etched in hydrofluoric acid (HF), breaking
the Al-C bonds and exposing the AlN nanosheets. The development of this synthesis method opens
up opportunities towards the preparation of 2D AlN and the investigation of its unique properties for
applications in sensors and microelectronics.

Low-dimensional materials have been found to possess distinct properties
from their bulk counterparts1. 2D materials, in particular, have garnered
significant attention due to their remarkable physicochemical and electrical
properties thanks to their high surface-to-volume ratio1–3. Graphene was the
first 2D material to be discovered in 20041, followed by the development of
other compositions containing a single element like silicene4 and
phosphorene5, or several elements, such as hexagonal boron nitride (h-BN)6,
transitionmetal dichalcogenides (TMDs)7, and transitionmetal carbides and
nitrides (MXenes)8. The explorationofnovel 2Dmaterials, fromother groups
of the periodic table, including group-III nitride semiconductor materials,
particularly AlN, promises enhanced properties and would broaden their
applications in electronic devices, sensors, and optoelectronics9.

2DAlN is predicted byDFT calculations, with aluminumandnitrogen
atoms that are threefold coordinated in-plane10,11. The electronegativity
difference between Al and N creates a dipole moment, influencing bond
features and properties like a wide band gap (>2.8 eV) and strong CO2

adsorption (0.91 eV)12–14. DFT calculations have put 2D AlN in the spot-
light, but the existing methods, such as chemical vapor deposition (CVD)
and molecular beam epitaxy (MBE), suffer from difficulties in controlling

thickness and uniformity15,16. This problem is related to the two stable
configurations of the AlN system, the predicted 2D and the bulk (3D) AlN
crystal structure. Bulk-AlN presents a hexagonal wurtzite crystal structure,
where the Al and N atoms are tetrahedrally coordinated. The fourfold
coordination entails a 3D structure, where all the bonds exhibit the same
strength and chemistry in the three axes, excluding the possibility of
breaking some specificbonds toobtain a 2Dstructure.Therefore, alternative
strategies need to be developed for the preparation of a 2D structure, where
AlN is not the precursor.

An alternative approach in synthesizing 2D materials is preparing
layer-structured precursors and, in sequence, exfoliating them into 2D
nanosheets, with mechanical exfoliation proving effective for nanolayers
held by Van der Waals forces (e.g., graphene), and chemical exfoliation
being necessary for strongly bonded nanolayers, as seen in MXenes syn-
thesized from MAX phases8,17. Therefore, the preparation of novel layer-
structuredmaterials has the potential to allow the preparation of 2D group-
III nitrides.

Aluminumcarbonitrides are a family of nanolayeredmaterialswith the
general formula (AlN)nAl4C3, where n ranges from one to four18. Their
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crystal structure is arranged in stacking sequences of n[AlN], [Al2C2], and
[Al2C] layers. In the case of Al5C3N (n = 1), the stacking sequence corre-
sponds to Al2C2-AlN-Al2C (Fig. 1a), where the AlN layer exhibits a three-
fold coordination in-plane, with the Al and N atoms arranged in a
honeycomb lattice. This in-plane AlN layer is bonded to the carbide layers
by a fourth bond between the Al and C in the vertical axis, and the chemical
strength of the Al-N bond is stronger than the Al-C bond19. Aluminum
carbonitrides were characterized in the 1960s, although Al5C3N was
reported in 1935, using small single-crystals thatwere formedon thewalls of
a vessel by heating AlN in a carbon crucible at 2000 °C under N2

atmosphere18,20. Later studies investigated the electronic structure and
chemical bonding of Al5C3N by ab initio calculations19, and the synthesis of
Al5C3N containing some Al6C3N2

21. Structurally, Al₅C₃N consists of alter-
nating strong Al–N layers and weaker Al–C layers, a feature that closely
parallels MAX phases, where selective removal of weakly bonded layers led
to the discovery ofMXenes. Inspired by this analogy, we consideredAl₅C₃N
as a precursor for producing AlN nanosheets by selectively etching the
carbide layers.

In thiswork,we introduce the synthesis ofAlNnanosheets by chemical
exfoliation of Al5C3N. Al5C3N powder was first prepared by utilizing Field-

Assisted Sintering Technology/Spark Plasma Sintering (FAST/SPS) of
Al4C3 and AlN powders. Then, a chemical etching strategy, similar to the
one used for the MXene synthesis route fromMAX phases8, was employed
to prepare AlN nanosheets from Al5C3N, inspired by the chemical and
structural similarities between MAX phases and aluminum carbonitrides.
This study introduces a chemical exfoliation approach for synthesizing
multilayered AlN nanosheets fromAl₅C₃N.The resulting structures are not
monolayer AlN, but they represent an essential first step toward the reali-
zation of 2D AlN.

Results and discussion
Synthesis and characterization of Al₅C₃N
The resulting sintered Al5C3N sample is shown in Fig. 1b, displaying its
distinct yellow color. The distinct yellow color of the sintered Al₅C₃N pellet
is consistent with earlier reports of this phase20, and arises from its narrow
band gap (0.81 eV19). X-ray diffraction (XRD), scanning electron micro-
scopy (SEM), and energy-dispersive X-ray spectroscopy (EDS) confirm the
successful synthesis of the layer-structured Al5C3N precursor. The SEM
analysis reveals the distinct layered morphology of Al5C3N (Fig. 1c), while
EDSmapping confirms the presence ofAl, C, andN,with additional oxygen

Fig. 1 | Structural and morphological characterization of Al₅C₃N. aGraphical atomic arrangement. bDigital image. c SEM image. d Elemental mapping. e XRD pattern.
f Rietveld refinement.
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detected (Fig. 1d), which is attributed to the native oxide layer of the starting
powders and the porosity of the prepared sample. TheXRDpattern (Fig. 1e)
shows predominantly the Al5C3N phase. The diffraction peaks correspond
to the planes of Al5C3N, confirming the hexagonal P63mc space group (No.
186). TheRietveld refinement of the XRDdata (Fig. 1f) demonstrates a high
degree of correlation between the calculated and observed patterns, with the
cell parameters a = 3.279 Å and c = 21.581 Å, consistent with previously
reported findings in other studies20.

Chemical exfoliation and formation of AlN nanosheets
Once the precursor is synthesized, the next objective is the chemical etching,
taking advantage of its layered structure and chemical configuration. The
relative strength of the chemical bonds of Al5C3N was predicted by Xu
et al.19, showing that Al5C3N contains a hexagonal AlN slab and an
arrangement of Al and C atoms similar to Al4C3. The covalent bonding
states of Al and N are found at lower energy levels (around −7.5 eV and
−6.5 eV for Al 3s–N 2p interactions), indicating stronger and more stable
bonds. Additionally, Al-N bonds have multiple pp-derived hybridization
states at various lower energy peaks, further reinforcing their strength. The
differences in bond strength within the layered structure of Al5C3N can be
leveraged for etching the carbide layers in an acidic medium to extract the
AlN layers. The graphical illustration of the etching process, depicted in
Fig. 2, involves the chemical exfoliation of Al₅C₃N using HF to selectively
break Al-C bonds, producing isolated 2D AlN that subsequently inter-
connect each other to form AlN nanosheets.

The XRD analysis of the etched powder treated in concentrated HF
solution, compared with the precursors (Fig. 3a), reveals a significant
reduction in the peak intensities associated with the parent Al₅C₃N, leaving
AlN-related peaks. The Rietveld refinement analysis (Supplementary
Fig. 1a) indicates that the cell parameters of the synthesized AlN
(a = 3.156 Åand c = 5.024 Å) are larger than thoseof the reportedunit cell of
bulk AlN (a = 3.111 Å and c = 4.975 Å)16. The XRD pattern thus shows a
downshift in the diffraction peaks, with the (002) plane appearing at
2θ = 35.357° for the AlN prepared after HF treatment compared to
2θ = 35.554° for the reportedbulkAlN in thedatabase. This downshift is due
to an enlarged c lattice parameter and indicates an increase in the interlayer
spacing during the etching process, similar to MXenes22. However, in
contrast with most HF-etched MXenes, we observed a lower degree of
downshift of the (002) peak that can likely be attributed to the selective
etching of Al4C3 slabs, which are thicker than the A-layers in MAX phases,
similar to the reported Hf3C2Tx MXene, where thick [Al(Si)]C slabs were
etched fromHf3[Al(Si)]4C6MAX precursor23. In addition to the differences
in peak intensities compared to bulk AlN, all these results hint at the
imperfect reassembling of isolated 2D AlN into more stable multilayered
AlN nanosheets after the exfoliation process, with these layers potentially
aligning with random orientations.

The Raman backscattering spectra (Fig. 3b) of Al5C3N, show two
prominent peaks at 525 and 855 cm-1, which are characteristic of the hex-
agonal starting material. The exfoliation process results in a pronounced
change of the phonon spectrum with five phonon modes appearing at 288,
541, 618, 654, and 916 cm-1. Except for the peak at 541 cm-1, four phonon
modes can be attributed to the E2(low), A1(TO), E2(high), and E1(LO) of
hexagonal bulk AlN24. The small shifts of the E2(low) and E1(LO) modes
indicate the presence of lattice strain that might be caused by the imperfect
stacking of interconnected 2DAlN sheets or the presence of impurities. The
presence of these modes suggests that the exfoliation process did not result
in the formation of pure 2D AlN layers, but rather multilayer AlN
nanosheets.

The phonon mode located at 541 cm-1 can be attributed to different
origins. (i) The etching process was incomplete and left behind some resi-
dual Al5C3N. The small shift of this mode compared to Al5C3N might be
related to lattice distortion due to surface terminations, and localizeddefects
were introduced during etching. (ii) The phonon mode at 541 cm-1 is
characteristic of stacked AlN nanosheets. This is consistent with our ab-
initio calculations (Fig. 3c, d) that show a split LO phononmode for anAlN
double layer with peaks located at 507 and 550 cm-1. With an increasing
number of stacked AlN layers, the split of the LO phonon disappears, and
the mode becomes degenerate. It is conceivable that both explanations may
contribute to the phonon mode observed at 541 cm-1.

The SEM image (Supplementary Fig. 1b) after exfoliation of Al5C3N in
HF shows the multilayered morphology, similar to other early-stage che-
mically exfoliated materials such as MXenes8,25. The TEM image (Fig. 3e)
shows an electron-transparent flake, and the EDS elemental mapping of the
flakes indicates the presence of Al, N, and O, while C is low (Fig. 3e). This
shows that the exfoliated products are AlN-rich rather than pure stoichio-
metricAlN.The atomic fraction line profile in Fig. 3f also shows that oxygen
is predominantly concentrated at the edges of the flakes (the same behavior
for fluorine), which are more reactive zones for interaction with the
environment and prone to oxidation26.Moreover, from the quantification, a
nitrogendeficiency is observed,with theAlmolar ratiodeviating from1:1, as
the amount of Al is approximately triple that of N. The excess Al cannot be
fully accounted for within the AlN lattice and is therefore likely present in
the form of Al–O or Al–F bonds at the surface. This interpretation is con-
sistent with the detection of oxygen and minor fluorine, and suggests that
the nanosheets are best described as AlN-rich layers terminated with –O/
–OH and –F functional groups. From the EDS data, the approximate
composition can be estimated as AlNₓOyFz, where x ≈ 0.3-0.5, y ≈ 0.2-0.3,
and z ≈ 0.002-0.01, although the exact stoichiometry likely varies across
flakes due to heterogeneous oxidation. Furthermore, some residual carbon
particleswere observed after etching, arising from the interaction of fluoride
ions with Al–C bonds that weaken and cleave these bonds, leaving carbon
byproducts. However, no carbon-related features were detected in the

Fig. 2 | Schematic illustration of AlN nanosheet
formation via chemical exfoliation of Al₅C₃N.
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Fig. 3 | Structural and spectroscopic characterization of AlN nanosheets. a XRD
pattern of Al₅C₃N before and after HF treatment. b Raman spectra of Al₅C₃N
(green), AlN nanosheets (orange), and bulk AlN (blue). c Phonon band structure
and density of states for a single-layer 2DAlN. d Phonon band structure and density

of states for double-layer 2D AlN. e TEM image with corresponding elemental
mapping and composition. f STEM bright-field image and atomic fraction profile of
Al, N, and O in the obtained AlN nanosheets.
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Raman spectra within the D and G band region, indicating that such resi-
dues were largely removed during washing, and are consistent with the
“AlN-rich” description.

Atomic force microscopy (AFM) measurements (Supplementary
Fig. 2) also confirmed that the thickness of the exfoliated nanosheets lies in
the range of tens of nanometers, depending on the flake. The representative
flakes showed a height of ~40 nm. These values confirm that the exfoliated
products are multilayered AlN nanosheets rather than monolayers.

Total electron yield scanning X-ray microscopy (TEY-SXM) measure-
ments of the obtained AlN provided critical insights into its surface com-
position and electronic structure (Fig. 4). The chemical bonding of Al and N
atoms is determined by X-ray absorption spectroscopy (XAS) at the
respective K-edges acquired on an individual multilayered flake as imaged in
Fig. 4a, c. TheNK-edgeXAS spectra (Fig. 4b) display fourprominent features
at 400.5, 403.2, 408, and411.2 eV, labeledaspeaksA,B,C, andD, respectively.
Similar features have been reported for bulk transition metal nitrides (CrN
and TiN)27 and AlN28, where peaks A and B are attributed to electronic
transitions into unoccupied hybridized states involving N 2p and metal 3 d
orbitals, while peaks C and D correspond to transitions to unoccupied N 2p
states hybridizedwithmetal 4 s orbitals. Despite the similarity in features, the
chemical shift of peaks C and D compared to peak A on AlN nanosheets is
+7.0 and+10.5 eVcompared to+5.8 and+10.1 eV forbulkAlN, suggesting
a distinct bonding environment forN atoms inAlNnanosheets compared to
bulkAlN. The relative intensities of peaksA, B, andC also indicate a different
chemistry between the edge and the basal plane of the flake, which is also
observed in the case of MXenes, due to the relatively higher oxidation of the
edge after the etching process29. The Al K-edge XAS spectra (Fig. 4d) show
two distinct features A and B at 1566 and 1572 eV, with a chemical shift of
+5.5 eV, which is similar to bulkAlN (+ 5.6 eV), indicating similar bonding
of Al in AlN nanosheets as for bulk AlN30.

Surface photovoltage (SPV)measurements, as shown in Fig. 5, present
the contour plots of modulated transient SPV signals for both chemically
etched AlN nanosheets derived from Al₅C₃N (b) and the AlN reference (a)
across the full measurement range of photon energy. For the AlN reference,
positive SPV signals emerge at approximately 4.5 eV and increase steeply
around 5.7 eV, significantly below theAlNbandgap (Eg = 6.12 eV31).Due to
the notablyweakerSPVsignals in the chemically exfoliatedAlNnanosheets,
measurements were performed with higher averaging. Weak positive and
negative SPV signals were observed between 2.4–3.1 eV and 3.4–4.2 eV,
respectively, while relatively strong positive SPV signals appeared around
4.2 eV. Figure 5c displays spectra of in-phase SPV signals and their first
derivatives near the bandgap region, revealing a common inflection point at
6.15 eV for both samples, consistent with the bandgap, and a second
inflection point at 5.9 eV, likely associatedwith defect states. However, deep
defect states were prominent in the chemically exfoliated AlN nanosheets,
indicating distinct electronic properties compared to reference AlN. Fig-
ure 5d illustrates in-phase (x) and 90° phase-shifted (y) SPV spectra for the
AlNnanosheets. For small SPV signalswith linear intensity dependence and
independent superimposed contributions, effective absorption cross sec-
tions were fitted, considering the photon flux spectrum (Fig. 5e). Identified
transitions, labeled as D1, D2, D3, and D4, correspond to absorption
energies of 2.5 (x), 2.5 (y); 3.11 (x), 3.0 (y); 3.87 (x), 3.6 (y); and 4.65 (y) eV,
respectively. The results indicate that the synthesized AlN nanosheets
exhibit a high density of defects, consistent with the etching process and
imperfect stacking of the 2D layers. These defects likely contribute to the
observed shifts in Raman peaks and the altered nitrogen bonding envir-
onment discussed in the SXM analysis. Notably, the presence of tunable
defects offers opportunities to tailor the electronic and chemical properties
of AlN nanosheets, particularly enhancing their potential for catalytic
applications.

Fig. 4 | Nanoscale spectromicroscopy of AlN
nanosheets. a TEY-SXM image at the N K-edge
(400 eV); scale bar: 1 μm. b N K-edge TEY-XAS
measured along the line in (a); scatter points
represent raw data and solid lines are
Savitzky–Golay smoothed spectra. c TEY-SXM
image at the Al K-edge (1565 eV); scale bar: 1 μm.
d Al K-edge TEY-XAS spectra measured along the
line in (c).

https://doi.org/10.1038/s43246-025-01019-3 Article

Communications Materials |             (2026) 7:2 5

www.nature.com/commsmat


Having thoroughly characterized the synthesized AlN nanosheets, the
following mechanism can be proposed for the etching of Al5C3N into AlN
nanosheets.WhenAl5C3N is dissolved in HF, the spontaneous dissociation
of HF leads to the breaking of the Al-C bonds, resulting in AlN nanosheets
with the formation of aluminum fluoride and hydrogen gas following the
reaction:

Al5C3Nþ 12HF ! AlNþ 3Cþ 4AlF3 þ 6H2 ð1Þ

The AlF₃ formed as a byproduct precipitates during etching and is
subsequently dissolved and removed by hot-water washing32, which may
partly contribute to the reduced yield of AlN nanosheets.

Although this process would suggest the formation of the single layer
2D AlN, a change of the phonon bands from the Raman signature of the
AlN nanosheet would be expected from the transition from sp3 to sp2

bonding configuration. However, the phonon dispersion of the AlN
nanosheets resembles that of bulk AlN (Fig. 3c), as previously reported by
Davydov et al.33. This is consistent with DFT calculations, which show that
the phonon modes of monolayer AlN would exhibit a significant redshift
compared to multilayer structures, indicating that the experimentally
observed nanosheets are not monolayers. On the other hand, a chemical
shift of the nitrogen bonds in the XAS N K-edge is detected (Fig. 4a),

suggesting that N atoms have a different chemical bonding environment
compared to bulk AlN.

We hypothesize that AlN 2D layers reconstruct in multilayered AlN
nanosheets after etching of the Al4C3 phase, due to their lower stability
compared to the 3D phase. The driving forces include residual interlayer
attractions, the polar nature of Al–N bonds, and the absence of intercalants
or surfactants to prevent restacking. Moreover, terminal oxygen and
fluorine atoms—particularly at the edges—can create new defect states that
are not present in bulk AlN and contribute to sheet–sheet interactions. In
future work, the stabilization of true single-atom-layer AlN and the enlar-
gement of flake size may be achieved by introducing surfactants during
exfoliation—similar to the approach recently reported to stabilize 2D single-
atomgold sheets afterwet chemical etching34. Further systematic studieswill
also be required to optimize etching conditions and explore safer synthesis
routes, alongside evaluating the oxidation stability and defect formation in
AlN nanosheets, in order to advance toward scalable production of true
single-layer AlN.

Conclusions
In summary, we present a facile method for synthesizing AlN nanosheets
through the chemical exfoliation ofAl5C3N inHF, offering a potential route
forproducing2DAlN.TheAl₅C₃Nwith layeredmicrostructurewas initially

Fig. 5 | Surface photovoltage (SPV) characteriza-
tion of AlN nanosheets. a Contour plots of the
modulated transient SPV signals for the AlN refer-
ence (samples mounted on a 10 mm carbon disc).
bContour plots for the AlN nanosheets over the full
measurement range. Insets in (a) and (b) show the
investigated samples consisting of powders fixed on
a carbon pad on an ITO glass carrier. c Spectra of the
in-phase SPV signals and their first derivatives for
the AlN reference (blue triangles and lines) and AlN
nanosheets (red circles and lines) in the region
around the AlN bandgap. The dashed black line
indicates the bulk AlN bandgap; additional black
markers at 6.15 and 5.9 eV highlight electronic states
at particle/nanosheet edges. d Spectra of the mea-
sured (thin lines) and fitted (thick lines) in-phase
(red) and 90° phase-shifted (blue) SPV signals in the
region of deep defect states in AlN nanosheets.
e Effective absorption cross sections of deep defect
transition states (D1–D4), used for fitting the in-
phase (thick lines) and 90° phase-shifted (thin lines)
SPV spectra (black, red, blue, and green curves,
respectively). The hatched regions at 2.5, 3.0–3.11,
3.6–3.87, and 4.65 eV correspond to D1–D4 transi-
tion energies due to intercalation inAlN nanosheets.
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prepared via the FAST/SPS approach, and then the chemical exfoliation
could effectively etch the Al4C3 slab, resulting in the formation of AlN
nanosheetswith defects that can bemodulated to tailor the properties of the
AlN nanosheets for specific applications. This approach can be extended to
other aluminum carbonitride family members and Group-III nitride
semiconductor materials, paving the way for future exploration of low-
dimensional materials. Continued research focusing on optimizing exfo-
liation techniques and stabilizing single-layer 2D AlN is also needed to
unlock the full potential of this material.

Methods
Preparation of Al5C3N
The synthesis of Al5C3N samples involved the precise combination of
aluminum nitride (AlN—Sigma Aldrich, USA, 99 wt% purity; particle size
<4 μm) and aluminum carbide (Al4C3-Sigma Aldrich, USA, 99 wt% purity;
particle size <4 μm) powders at a molar ratio of 1:1. Utilizing the FAST/SPS
(FCT-HPD5, FCT Systeme GmbH, Germany) methodology, the powders
were initially compacted into a 20mmdia pellet under a uniaxial press at 40
kN for 60 s. Subsequently, the compacted pellet was sintered in a graphite
die under vacuum conditions (3 Pa) with a heating rate of 50 °C/min up to
1100 °C, followed by 20 °C/min up to 1800 °C,whilemaintaining a constant
uniaxial pressure of 10MPa throughout the thermal cycle. Additionally, an
isothermal holding time of 30min ensured the completion of the sintering
process, while a spacer ring prevented direct pressure on the sample during
sintering, optimizing the final Al5C3N sample synthesis and structure.

Preparation of AlN nanosheets
For the preparation of AlN nanosheets, 0.5 g of the as-prepared Al5C3N
powder was gradually dissolved in 10ml of a 40 wt.% HF solution for
20min. The reaction was carried out in a 50mL PTFE reaction flask under
stirring through the aid of a magnetic bar with a rotation speed of 500 rpm
for 24 h at room temperature. After the reaction had finished, the color of
the suspension changed frombrown to gray.Afterward, the etching product
was washed several times with deionized water and hot deionized water
(�70 °C), followed by centrifugation at 3500 rpm until a neutral pH was
achieved. The resultant powder was dispersed in 20ml DI water, sonicated
for 30min, and then centrifuged at 3500 rpm for 30min. Finally, the
resulting AlN was collected after being dried under vacuum at room tem-
perature for 24 h.

Characterizations
The microstructure and elemental composition of the Al5C3N precursor
and etched material were examined by a scanning electron microscope
(SEM, GeminiSEM 500, Zeiss, Germany) with energy dispersive X-ray
(EDS) spectroscopy. TEM analysis was conducted with a Titan Themis 200
fromThermofisher Scientific (formerly FEI) set at 200 kV, and the chemical
composition was measured with EDS using a SuperX detector G2. The
sample preparation was executed by drop-casting the solution on a lacey
carbon grid that was subsequently allowed to dry at room temperature.

The structural characteristics of the precursor and resulting etched
material were analyzed by X-ray diffraction (XRD) using an X-ray dif-
fractometer (D8 Advance, Bruker, Germany) with Cu Kα radiation
(λ = 1.54 Å). The data were collected in the 2θ range of 5–80° with a 0.02°
step size and 1 s/step.Data analysis was conductedusing theHighScore Plus
4.9 software package.

The crystalline structure of the synthesized AlN nanosheets and
commercial bulk AlN powder (Sigma-Aldrich, 99% purity, particle size
<4μm)was investigated by Raman scattering in backscattering geometry. A
457 nm solid-state laser was used as the excitation source, and all mea-
surements were conducted at room temperature.

AFM measurements were performed on a Park Systems XE-100 in
non-contact mode under ambient conditions. AlN nanosheets were briefly
sonicated in isopropanol and drop-cast onto pre-cleaned Si wafers. The
images were processed for background and tilt correction.

Scanning X-ray spectromicroscopy was carried out at theMAXYMUS
end station35 at the BESSY II electron storage ring operated by the
Helmholtz-Zentrum Berlin für Materialien und Energie. These measure-
ments were carried out in a vacuum, utilizing the total electron yield (TEY)
detection mode. Monochromatic x-rays are focused onto the sample (spot
size ~25 nm) by means of both a diffractive lens [Fresnel zone plate (FZP)]
and a pinhole [order selective aperture (OSA)]. Proportional to the local
x-ray absorption, secondary electrons are emitted from the sample surface
region to the biased (+ 90 V) OSA. The current flowing to the sample,
replacing these emitted electrons, is amplified, converted into pulses, and
thereby precisely measured while raster scanning the sample yields a 2D
image of local x-ray absorption. Recording images at a range of incident
photon energies (2D energy stacks) provides local x-ray absorption spectra,
here for both theN andAlK-edges. For thesemeasurements, theAlNflakes
were simply dispersed in isopropanol and drop-cast onto a gold-coated
Si wafer.

For testing electronic transitions in the AlN nanosheets prepared by
chemical etching, modulated transient surface photovoltage (SPV)36,37

measurements were compared with those on a reference AlN powder
(Sigma Aldrich, USA, 99 wt% purity; particle size <4 μm). Incidentally,
highly sensitive SPV techniques were recently developed for the analysis of
electronic transitions over the entire bandgap of ultra-wide bandgap
materials such as diamond, Ga2O3, or AlN

38. For modulated illumination, a
laser-driven light source (EQ99-X, Hamamatsu) with a mirrorless double-
prism monochromator based on fused silica (DPM100, Freiberg Instru-
ments) was used. The modulation frequency was set to 8 Hz. The analysis
following the effective absorption cross section was performed with regard
to the reported tutorial and algorithm39,40.

Computational details
Thephononband structures anddensity of stateswere obtained fromafirst-
principles approach using density functional theory (DFT). AlN was
modeled in a slab geometry with a vacuum region of 24 Å. For the calcu-
lations, the Vienna ab initio simulation package (VASP)41,42 was used
employing the generalized gradient approximation. A plane wave cutoff of
800 eV and a Γ-centered k-point mesh of 13×13×1 was used. Ionic relaxa-
tion of the atoms in the supercells was carried out until residual forces
reached a value of ≤10-3eV/Å. For all calculations, Van der Waals interac-
tions were taken into account using the formalism according to Klimes,
Bowler, and Michelides43,44. The phonon band-structure and density-of-
states were obtained using the program package phonopy45,46.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon reasonable request.
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