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1. Introduction
Optically active point defects in wide-bandgap semiconductors have been

demonstrated to be attractive for a variety of quantum and nanoscale Defects modulate the optical and electri-
applications. In particular, color centers in hexagonal boron nitride (hBN) cal properties of insulators, including the

. . 0 : 0 . optical absorption/emission, dielectric re-
have recently gained substantial attention owing to their spectral tunability, sponse, electrical conductivity, mobility, and

brightness, stability, and room-temperature operation. Despite all of the carrier concentration. Especially in wide-
recent studies, precise detection of the defect-induced mid-gap electronic bandgap materials, defects often create
states (MESs) and their simultaneous correlations with the observed emission mid-gap electronic states (MESs), which in-
in hBN remain elusive. Directly probing these MESs provides a powerful troduce irreversible loss of carriers through

charge trapping, non-radiative recombi-
nation, and sub-bandgap radiative transi-
tions. Also, MESs can be addressed to

approach toward atomic identification and optical control of the defect centers
underlying the sub-bandgap emission in hBN. Combining optical and electron

spectroscopy, the existence of mid-gap absorptive features is revealed at the generate quantum emission; some exam-
emissive sites in hBN, along with an atom-by-atom identification of the ples include the nitrogen-vacancy center in
underlying defect configuration. The atomically resolved defect structure, diamond,!'”’ gallium or nitrogen vacan-

cies in gallium nitride (GaN),[*%! vacancies
in silicon carbide (SiC),!*®) defects in zinc
oxide (ZnO),['% and vacancies or impuri-
ties in hexagonal boron nitride (hBN).[1112]

primarily constituted by vacancies and carbon/oxygen substitutions, is further
studied via first-principles calculations, which support the correlation with the
observed MESs through the electronic density of states. This work provides a

direct relationship between the observed visible emission in hBN, the The nature and energies of the MESs
underlying defect structure, and its absorptive MESs, opening venues for depend on their microscopic structure and
atomic-scale and optical control in hBN for quantum technology. chemical composition. Therefore, the di-

rect probes of the defects and their MESs
are necessary to optimize the optical and
electronic properties of materials. Due to
S. Singla, P. Joshi, B. Chakraborty their burgeoning applications in quantum technologies, preci-
Department of Physics sion spectroscopy of defects has experienced renewed interest. In
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Figure 1. Spectroscopic analysis of the emissive regions in the hBN flake. a) Scanning PL map of the hBN flake. The inset provides an optical image
of the same sample region. b) Spectrum for the defect sites D; and D,. c¢) Cartoon of experimental geometry used to observe mid-gap electronic
states. d) Valance EELS spectra for D, and D, (top and bottom, respectively). Inset: HAADF-STEM micrograph from where the spectrum is collected.
e) Valance EELS spectra for Dy site compared to that of pristine hBN. The inset shows the zero-loss peak (ZLP) for both spectra. Zoomed marked region
which directly reveals the formation of mid-gap electronic states. f) Low-loss energy mapping for D; site centered around 3.8 eV. The black dashed box

delineates the region from which the core-loss analysis is carried out.

(e.g., angle-resolved photoemission spectroscopy (ARPES),3437]

hard X-ray photoelectron spectroscopy (HAXPES), deep-level
transient spectroscopy,*®! resonant tunnel spectroscopy!®?)
probe the MESs, they fail to reveal the relevant microscopic
structure. Scanning tunneling microscope (STM) overcomes
this difficulty by resolving both the electronic states and the de-
fect structure,!***1 it lacks in the exact elemental identification
of the impurities present.

Alternatively, aberration-corrected scanning transmission
electron microscopy (STEM) coupled with electron energy loss
spectroscopy (EELS) offers new opportunities for probing at the
nanoscale the defect energy levels,*>* local atomic structure,
and chemical species;!**°] these can be coupled to the optical
activity via correlation with specific emissive location.*"! In this
case, the electron beam interaction with the sample triggers
various inelastic scattering processes. Based on the energy of the
in-elastically scattered electron signal, the underlying process
can be categorized, e.g., low-loss region (phonon vibrations,
intra-bandgap transition, plasmon excitation) and core-loss
region (elemental composition). Thus, for optically active defects
in hBN, STEM-EELS can be utilized directly to probe the MESs,
as well as local structures with their chemical species, with
atomic resolution.

In this work, we combine high-resolution EELS and PL spec-
troscopy to directly probe defects responsible for the visible emis-
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sion in hBN. With the application of low-loss EELS, we capture
the energy loss from defects in hBN and further analyze it via
Kramers—Kronig relations. We also perform high-angle annu-
lar dark field (HAADF) imaging and spatially-resolved core-loss
EELS spectroscopy to determine the defect structure of the emis-
sion location. Lastly, first-principles calculations based on the ex-
perimentally imaged defect structure support a connection be-
tween its individual defect constituents and the observed MESs.

2. Results and Discussion

Following earlier reports, to create optically-active defect centers,
an exfoliated hBN flake (~ 25 nm thick from atomic force micro-
scope (AFM) analysis) is subjected to electron-beam irradiation
in a field-emission scanning electron microscope and annealed
subsequently at 850° C under an argon atmosphere.l**>!] Further
details regarding sample fabrication are given in the Experimen-
tal Section. The flake was scanned for any observable emission
which would also confirm the presence of point-defect sites. A
confocal PL scan of the flake is shown in Figure 1a. The PL spec-
tra in Figure 1b acquired from two locations namely D; and D,
exhibits different spectral characteristics. Notably, the stronger
emission from D, resembles quantum character with photon
anti-bunching; the second-order auto-correlation from emission
collected at this site (Figure 1b, inset) shows 0.4 at zero-time
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delay (g?(0)) confirming single photon emission (SPE) from site
D,. Such quantum behavior is absent in the emission collected
from D,. The emissions from both sites are in the visible range,
while hBN has an electronic bandgap of around 6 eV. It can thus
be concluded that the observed emission is due to radiative tran-
sitions involving energy states that lie within the bandgap of hBN
and are known to be created by defect sites. The difference in the
spectral profiles from each site can be attributed to differences
in their local defect environments (defect concentration, atomic
arrangements, etc.).

In an attempt to probe the defect-induced MESs, we carried
out low-loss EELS measurements on the hBN flake. The setup
is illustrated in Figure 1c. The low-loss region of the EELS spec-
tra, which typically stretches from 0 to 50 eV, gives information
about the dielectric properties of the specimen, including the
bandgap, phonon and plasmon energies. The low-loss region is
characterized by a strong zero-loss peak (ZLP) originating from
elastic scattering of the incident electrons, which could exhibit
a broad energy spread reaching up to 2 eV. In order to capture
any distinct energy-loss features, it is desirable to achieve a nar-
row linewidth of the ZLP to prevent any overlapping. Our TEM
is equipped with a cold field emission gun (c-FEG), which al-
lows to achieve low energy spread of the electron beam. Further
reduction in ZLP linewidth was done by: (i) reducing the op-
erational voltage up to 80 kV; (ii) decreasing the emission cur-
rent of the probe (15 pA — 4.6 pA); (iii) shifting the bright disk
from the high-resolution EELS entrance aperture (diameter ~
2.5 mm).52* Overall, we could achieve a ZLP full-width half
maximum (FWHM) of ~ 0.5 eV by operating the TEM with
the above-mentioned parameters, enabling us to resolve features
with energies from 1 eV onward and capture the MES in hBN
flake. Operating under these conditions also allows the suppres-
sion of Cerenkov radiation from the samplel®*] and minimizes
possible effects from sample damage. Additional details regard-
ing the FWHM reduction are included in the Experimental
Section.

The flake was transferred to a holey carbon-coated TEM grid,
and the emission regions D; and D, were located (details dis-
cussed in the Supporting Information, Section S1). Low-loss
EELS spectra in Figure 1d from the site D, and D, show the dis-
tinct band-edge around 5.5 eV. Interestingly, for the D, region,
distinct features (representing energy loss) appeared within the
bandgap centered around 2.8, 3.8, 4.2, and 5 eV (marked by the
dotted rectangular box). To ascertain that the observed mid-gap
features are not associated with noise or artifact, we compared
spectra from D, to that from a pristine region (free from de-
fects) and the pre-measured ZLP (direct beam without sample).
As shown in Figure 1e, the pristine and pre-measured spectra are
almost merged (for regions within the hBN bandgap), while the
MES spectral features in the D, spectrum are well resolved from
the background. We could not observe any sub-bandgap features
in the low-loss EELS from D,, perhaps limited by the detector
resolution. Figure 1f shows the spatial profile (low loss energy
map) of the midgap state centered around 3.8 eV and helps iden-
tifying the defect complex across site D;. The squared marked
region which is characterized by strong presence of the energy
feature is analyzed further. The remaining energy loss maps cor-
responding to 2.8, 4.2, and 5 eV are included in the Supporting
Information (Section S6).
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Figure 2. a) Real (red line) and imaginary (green line) components of
the dielectric function for the D site, as calculated from Kramers—Kronig
relations. b) Baseline corrected €, (black line) along with the fit from a
Lorentzian oscillator model (red line).

To analyze the absorptive MESs, we estimate the dielectric
function from the low-loss spectrum using the Kramers—Kronig
relationship.[*®! Figure 2a shows the real (¢;) and complex (€,)
parts of the dielectric function, as extracted from the low-loss
EELS spectrum collected from site D,. Resolvable peaks in ¢, in-
dicate mid-gap absorption (MESs). To quantify the absorption,
the imaginary dielectric part is fitted via a Lorentz oscillator
model,’” where the oscillator strength corresponding to each ab-
sorption (f) is used as a fitting parameter. Figure 2b shows the
fitted €, extracted from the region of interest, highlighted by the
rectangular box in Figure 2a. For reference, the oscillator strength
ratios (with respect to the hBN band-edge transition) are included
in the Supporting Information (Section S2). The same analysis is
performed on the pristine hBN low-loss signal. In this case, MES-
mediated energy loss below the bandgap edge is absent. Further
details are included in Section S2.1 (Supporting Information).

We now turn to the chemical and physical nature of the defects
responsible for the MESs. We begin with a low-resolution EELS
mapping of the D site to uncover the presence of foreign species
in the hBN lattice. Figure 3a shows scattered presence of carbon
along with traces of oxygen localized over a small region (white
dashed circle). Subsequently, we focus on this encircled region
and captured a core-loss EELS spectrum and spatial elemental
mapping (see Figure 3b). Such a spectrum in Figure 3c also con-
firmed the presence of carbon and oxygen: a prominent carbon
K-edge signal around 285 eV and a faint oxygen K-edge signal
around 532 eV. Not only the presence of impurities, but also how
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Figure 3. a) Spatial elemental mapping around the D, site. The HAADF STEM micrograph for this region is given in the Supporting Information,
Section S4.1. The mapping area is marked by the red dotted square box. b,c). Zoomed spatial elemental mapping and EELS spectra of the dotted
circle marked in Figure 3a respectively. d) High-resolution STEM micrograph from the white colored marked frame in Figure 3b. inset: fast Fourier
transformation of same region. e. Inverse fast Fourier transformed image. Inset right panel: final identification of elemental species, based on the

core-loss signal and HAADF intensities.

they are arranged in the hBN lattice plays a vital role in under-
standing the emergence of the MESs. To address the local atomic
level picture, we did high-resolution atomic number (Z) contrast
HAADEF-STEM imaging of the same region. Figure 3d shows the
HAADF-STEM micrograph where hexagons are visible. Enhanc-
ing signal-to-noise ratio by fast Fourier transformation (FFT) and
its inverse, we obtained a significantly better resolution resolv-
ing each atomic site. Several vacancies (red dash circles) and
isolated bright lattice sites are observed in Figure 3e. Note that
the atomic incoherent elastic scattering is directly proportional
to Z.

Based on this, each atom presents a different contrast (in-
tensity), i.e., lighter atoms appear darker than the heavier ones.
While the core-loss spectrum confirmed the impurities, Z con-
trast imaging tells us about their apparent locations in the hBN
lattice. Oxygen, being the heaviest of the atomic species observed,
looks significantly brighter than rest of the atoms, while boron
yields the least contrast. Using the intensity of their inherent elas-
tic and inelastic scattering, we identify the position of each atomic
species across the defect site. For reference, The utilized HAADF
line intensity profiles and core loss signal for identifying atomic
species are provided in the Supporting Information, Section S5.
The final intensity-based identification of the region underlying
the observed MESs (white dotted square in Figure 3e) is shown
in the inset of Figure 3e, highlighting a cluster of defects with
significant contents of oxygen and carbon. We also find numer-
ous boron vacancies within this region. A complete picture of the
identified atomic species at the defect site is provided in the Sup-
porting Information, Section S5.
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The correlation between PL and TEM on D, and D, sites is
governed by their relative defect density. The comparison of rel-
ative defect density is tabulated in the Supporting Information,
Section S4.2. In D; site, we clearly see from the HAADF-STEM
and EELS maps that there is a high density of defects and im-
purities. This results in a significant density of states for absorp-
tion, resulting in the observed peaks in the low-loss valence EELS
spectra. D, site on the other hand, must have a much lower de-
fect density, since no such peaks are observed. The fact that the
defects are more dilute explains the observed SPE in the D, PL,
and the much larger luminescence intensity (due to reduction in
non-radiative pathways compared to D, site).

2.1. First-Principles Calculations

We employ ab initio calculations based on density functional
theory (DFT) to further validate the experimental defect con-
figuration proposed to be responsible for the observed MESs
(Figure 3e). All specific computational details are included in the
Experimental Section. Of course, the full defect structure pre-
sented in Figure 3e is prohibitively large for an explicit DFT cal-
culation. Thus, an approximation must be made to break this
system into manageable calculations. We make the assumption
that the large hetero-specie cluster observed in Figure 3e can
be described via individual atomic-size point defects and ap-
proximate defect-defect interactions between these. In particu-
lar, we combine calculations of isolated point defects and isolated
nearest-neighbor complexes to get an approximate picture of the
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Figure 4. Average electronic density of states (DOS) as calculated from
density functional theory (DFT). a) Charge-neutral configuration of de-
fects, based on the atomic identification in Figure 3e. b) The charged ver-
sion of (a) in thermodynamic equilibrium, based on previously calculated
formation energies and a Fermi level close to the conduction band (typi-
cal hBN sample). The vertical shades are color-coded with the individual
defects they correspond to. The DOS of pristine hBN is overlaid (dashed
black lines) as a reference.

properties of the cluster. Further, we estimate some of the defect—
defect interactions within the cluster by performing explicit DFT
calculations for select defect pairs at different inter-defect dis-
tances (see Supporting Information, Section S8). These approxi-
mations can be justified by the tightly localized (and mostly out-
of-plane) atomic-like orbitals that describe the electrons in most
hBN point defects studies thus far,[**-*!] which include most of
those found to comprise the full defect complex proposed in our
experiments. We note that recent DFT calculations with simi-
lar computational parameters show that when considering defect
clusters in hBN explicitly, most of the defects’ electronic structure
remain similar to their isolated forms.[50.60:62-65]

Based on our assumptions, the absorptive MES features ob-
served arise as a linear combination of the states of the indi-
vidual defects; we take the weights to correspond roughly to
the observed relative density of defects/complexes, and consider
just the DFT density of states (DOS) for simplicity. We add ap-
proximate defect-defect interactions by randomized sampling of
defect-pairs while accumulating the average DOS of the full clus-
ter (further details in Supporting Information, Section S8). The
results are presented in Figure 4. Here, shaded regions repre-
sent energy windows where color-coded defects would induce
MESs. In Figure 4a, each defect is assumed to be charge-neutral.
We find that most of the individual defect-induced MESs clus-
ter around the center of the bandgap and onwards. Additionally,
the effective defect-defect interactions tend to broaden each MES
feature, while adding a few more features near the band edges.
We point out that the MESs closer to the band edges originate
from the carbon dimer (C;Cy) and nitrogen-substitutional oxy-
gen (Oy). While the former has its lower-energy transition in the
UV,[%2] the latter does not have defect-defect transitions within
the bandgap. As a result, these two defects are not directly probed
in optical spectroscopy measurements, rendering their contribu-
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tions to the experimental PL spectrum and time-correlations neg-
ligible. However, if present in sufficient quantities, EELS should
still probe their MESs, which could explain the broad shoulder
features near the band edges in Figure 1e.

While clusters of nearby defects in hBN should reach
charge-neutrality in equilibrium, they are likely to be in their
thermodynamic-favored charge states based on the local Fermi
level. In hBN, this typically aligns closer to the conduction
band!®! (between E,/2 and E,). Previous DFT calculations have
characterized the thermodynamic charge-state stability for all de-
fects considered herein.>*%-72] Thus, we can use these results
to recalculate the average DOS for the same “effective” defect
cluster, but considering each individual defect in its thermody-
namically most-stable charge state (Figure 4b). Clearly, enforc-
ing these charge-state conditions results in a drastically differ-
ent DOS for the same defect cluster configuration; here, most
of the MESs cluster closer to the valence band edge. From the
complex charge dynamics that occur during photo-excitation of
single defects and defect clusters in other materials,/”>7* we can
infer the defects in our model to be in a balance between the sce-
narios outlined in Figure 4a,b. Despite the difficulties in calcu-
lating precise alignment in the energies of defect-induced MESs
from first-principles, we see a close resemblance between the
overall shape of the averaged DOS from the defects considered,
and the experimental results presented in Figure le (Support-
ing Information, Section S5). Overall, our first-principles mod-
eling confirm that the defect constituents imaged through exper-
iments are likely responsible for the observed MESs. Though a
direct connection with the emission profile from such a defect
cluster is not possible within our approximations, the positive
correlation between the defect configuration and the observed
MESs suggests a possible connection between these absorptive
features and the observed PL emission from this site. Lastly, our
results also suggest that possible (although weak) defect—defect
interactions within these clusters could explain the slight differ-
ences between the experimental and calculated MES features, al-
though further work along these lines is required for a decisive
conclusion.

3. Conclusion

In summary, using a combination of optical and electron mi-
croscopy techniques, we have identified a set of absorptive defect-
mediated electronic states within emissive hBN regions. Us-
ing high-resolution EELS in aberration-corrected STEM mode,
we have captured the low-loss signal from the optically active
site, which exhibits distinct features within the bandgap of hBN.
Atomic resolution STEM-EELS of the same region reveals a de-
fect structure consisting of boron vacancies and substitutional
foreign species like carbon and oxygen, which are likely re-
sponsible for the defect-induced energy states observed in the
low-loss signal. In addition, ab initio calculations also support
the correlation between the imaged defect structure and defect-
induced MESs in hBN. Our results shed light on the defect struc-
ture and absorptive features likely connected to the typical PL
emission observed in hBN, opening possibilities for atomic-scale
and optical control of hBN emitters for quantum technological
applications.
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4. Experimental Section

Sample Preparation: hBN flakes were exfoliated from bulk hBN crys-
tal using scotch tape on Si substrate with 285 nm SiO, layer. Before the
exfoliation, the substrate was cleaned in acetone and isopropyl alcohol.
Different region of the hBN flake were irradiated with electron beam in
an FESEM (FESEM, Jeol, JSM 7900F) using beam acceleration voltage of
5 kV and current 60 pA. The sample was subsequently annealed in an ar-
gon atmosphere at 850 °C for 2 h under continuous argon flow. The flow
rate was adjusted to be at ~ 20 sccm.

Optical Measurement: All our optical measurements were done at
room temperature in a WITEC Alpha 300 confocal microscope customized
with a HBT setup. A 532-nm continuous-wave (CW) laser was used for ex-
citation, focused onto the sample using a 100x objective (NA~ 0.95). A
532-nm cut-on dichroic was used to suppress the back-reflected laser from
the light collected through the objective. The collected signal was fiber-
coupled to a spectrometer (Princeton HRS 500) equipped with an Andor
CCD camera. All spectra were acquired for 10 sec using a 600 lines/mm
optical grating.

Low-Loss EELS Measurement: For STEM-EELS experiments, a spheri-
cal aberration-corrected Transmission Electron microscope (TEM) (JEOL,
Neo ARM 200F) equipped with the cold field emission gun (c-FEG) was
performed on the hBN sample. The accelerating voltage was kept at 80 kV,
which is suitable to avoid sample contamination and also helpful to re-
duce the full width at half the maximum of the ZLP. Generally, the focused
electron beam’s convergence angle and probe current (at emission cur-
rent 15.6 puA) should be 28 mrad and 18-20 pA. This parameter provides
the FWHM ~ 0.7 eV of ZLP. Further, to reduce the FWHM of ZLP, the
emission current of the beam was reduced up approximately 4 pA. Using
this modification in the experimental parameters, we could decrease the
FWHM (up to 350 meV approximately) of ZLP. EELS spectra and spectral
imaging were captured using the Gatan spectrometer (model 977) hav-
ing a charge-coupled device (CCD) camera. The EELS aperture and energy
dispersion were set to 2.5 mm and 50 meV/channel, respectively. The op-
timized pixel size and pixel dwell time for the spectral imaging were kept
to 0.5 nm X 0.5 nm and 3 msec respectively.

STEM-EELS Measurements:: HAADF-STEM images and EELS spec-
tra were acquired using a JEOL NEO ARM 200F (equipped with Cs cor-
rector and a post-column Gatan EELS spectrometer). The system has
a dedicated aberration-corrected STEM mode, combined with cold-field-
emission guns operating at 80 kV. HAADF-STEM imaging was captured
with the pixel size 0.0066 nm and dwell time 15 us with the probe current
(20pA). Also, HAADF inner and outer collection angles were set to 68 and
280 mrad, respectively. Using low-resolution STEM imaging, the location
of the emitter was found by aligning the optical image of the flake (align-
ment is given in the Supporting Information, Section S1). At the same
time, elemental EELS mapping was carried on the same location (see
Figure 1). Second, EELS spectra and spectral images of sub-nanometer
areas (1.192x0.894 nm?, with 40x30 pixels) covering a few atoms were
recorded with the Gatan EELS spectrometer. An EELS spectral mapping
with zero-loss has been captured with dispersion of 0.24 eV/ch (perfectly
covering boron, carbon, nitrogen and oxygen k edge signals), probe con-
vergence angle of 28 mrad and collection angle of 12.5 mrad. Such dis-
persion really helps in aligning the boron and nitrogen k edge signals.
Furthermore, to minimize the spatial drifting of the sample at the atomic
resolution, we optimize the spectral image that has been acquired with a
pixel size of 0.028 nm and a pixel time of 0.05 s.

First-Principles Calculations: ~ All DFT calculations have been performed
using the Vienna ab-initio simulation package (VASP) code.[’8] In VASP,
the projector-augmented wave (PAW) method is employed to treat core
electrons in the form of atomic pseudo-potentials.l”’! The remaining va-
lence electrons are treated explicitly, in our case using the Heyd—Scuseria—
Ernzerhof (HSE) functional to approximate exchange-correlation interac-
tions, with the exact-exchange mixing parameter @ = 0.31.787°] We use
the scheme of Grimme to treat van der Waals interactions, which are key in
simulating bulk hBN within DFT.[80-82] The valence electrons are expanded
in the plane-wave basis using a kinetic-energy cut-off of 500 eV. To ensure
atomic positions and wave functions are sufficiently converged, the opti-
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mizations run until forces and energy changes are below 1072 and 107°,
respectively. Most of our computational parameters are based on previous
work, which consistently provide reasonable treatment for the optoelec-
tronic properties of carbon-related defects in hBN.[336267.72] Each individ-
ual defect is embedded in a hexagonal 6 x6 x 2 hBN supercell, which is
sufficiently large to have converged sampling of the Brillouin zone at the
I'-point only.
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Supporting Information is available from the Wiley Online Library or from
the author.
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