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ABSTRACT: Many ternary and quaternary semiconductors have (Ga, Zn )(N, O))
been made in nanocrystalline forms for a variety of applications, but
we have little understanding of how well their ensemble properties
reflect the properties of individual nanocrystals. We examine electronic
structure heterogeneities in nanocrystals of (Ga,_,Zn,)(N,_,0,), a
semiconductor that splits water under visible illumination. We use
valence electron energy loss spectroscopy (VEELS) in a scanning
transmission electron microscope to map out electronic spectra of
(Ga,_,Zn,)(N,_,0,) nanocrystals with a spatial resolution of 8 nm. ,
We examine three samples with varying degrees of intraparticle and 2 2.5 3 3.5 4
interparticle compositional heterogeneity and ensemble optical spectra Energy or Energy Loss (eV)

that range from a single band gap in the visible to two band gaps, one

in the visible and one in the UV. The VEELS spectra resemble the ensemble absorption spectra for a sample with a homogeneous
elemental distribution and a single band gap and, more interestingly, one with intraparticle compositional heterogeneity and two
band gaps. We observe spatial variation in VEELS spectra only with significant interparticle compositional heterogeneity. Hence, we
reveal the conditions under which the ensemble spectra reveal the optical properties of individual (Ga,_,Zn,)(N,_,O,) particles.
More broadly, we illustrate how VEELS can be used to probe electronic heterogeneities in compositionally complex nanoscale
semiconductors.
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Intensity (a.u.)

B INTRODUCTION conversion of nanocrystalline starting materials ZnGaO, and
ZnO under NH; flow."”"> At lower synthesis temperatures

(Ga,_Zn,)(N,_,0,) is a quaternary semiconductor with
(650 °C), the resulting materials have ensemble compositions

unusual optical properties: although the parent semiconduc- : <
tors, GaN and ZnO, have UV band gaps, (Ga,_,Zn,)(N,_,0,) ranging from x = 0.06 to 0.98 and composition-dependent

absorbs in the visible, in an apparent violation of Vegard’s law, band gap energies in the visible region ranging from 2.25 to 2.9
with the band gap determined by the value of x.'”° The eV."” (Bulk (Ga,_,Zn,)(N,_,O,) synthesis requires higher
absorption of visible wavelengths of sunlight and chemical temperatures that lead to Zn evaporation and limit the range of
stability have led to interest in using (Ga,_,Zn,)(N,_,O,) for available x values.”'®) In the composition range of x = 0.06 to
photochemical water splitting">®” and, more recently, Z- 0.66, the ensemble absorption spectra reflect a single visible
scheme CO, reduction® and photobiocatalytic H, evolution.” band gap, while at high values of x, the spectra reflect the

The origin of visible absorption in (Ga,_,Zn,)(N,_O,)
remains under debate, with leading candidates being p—d
repulsion between N 2p and Zn 3d atomic orbitals that
increases the valence band energy,‘g’m_12 the formation of
defect bands,"” and interfacial absorption between small
domains of ZnO and GaN.¢ Received: January 25, 2023
In nanocrystalline form, (Ga,_,Zn,)(N,_,O,) exhibits Revised:  March 20, 2023
compositional complexity that is a direct consequence of the Published: April 17, 2023
nanoscale solid state transformations used for its synthesis.
Nanocrystals (NCs) of (Ga,_,Zn,)(N,_,0,) can be made
single-crystalline over a wide range of x values via solid state

presence of both a visible, composition-dependent band gap
and a UV band gap at ~3.2 eV."” Energy-dispersive X-ray
spectroscopy (EDS) in scanning transmission electron
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microscopy (STEM) has revealed that this “low-temperature”
synthesis leads to significant spatial compositional hetero-
geneity, including the presence of core—shell-like particles with
Zn-rich cores and Ga-rich shells (Figure 1, top)."” This

(Ga1-xznx)(N1-xox)
Heterogeneous NCs

@ 650 °C
ﬁ
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Figure 1. Relationship between the synthesis temperature and the
elemental distribution in (Ga,_,Zn,)(N,_,0,) NCs, as determined by
STEM-EDS mapping. Adapted with permission from ref 17.
Copyright 2017 American Chemical Society.

compositional heterogeneity is thought to originate from the
incomplete diffusion of Ga and N during the solid state
transformation.'” In contrast, “high-temperature” (800 °C)
syntheses lead to (Ga,_,Zn,)(N;_,O,) NCs with homoge-
neous elemental distribution, where the composition of
individual particles matches that of the ensemble sample and
the four elements Ga, Zn, N, and O are evenly distributed
around the particle (Figure 1, bottom)."” These composition-
ally homogeneous particles also have composition-dependent
band gaps in the visible region, with a single visible band gap
seen in the absorption spectra.17 Due to Zn evaporation, high x
values have not been reported for the high-temperature
synthﬁsis, and the reported composition range is x = 0.11 to
0.44.

The synthetically controlled elemental distribution observed
in (Ga,_,Zn,)(N;_,0,) NCs raises important questions about
the relationships between the local elemental distribution and
the local electronic structure. Specifically, it is not known to
what extent the optical properties of the ensemble samples
reflect those of the individual particles and how much the
absorption spectra of individual particles vary across an
ensemble sample. For example, for the compositionally
heterogeneous high-x-value (Ga,;_,Zn,)(N;_,O,) nanocrystals
synthesized at 650 °C, do the two band gap values observed in
the ensemble spectra correspond to two different types of
particles or do they correspond to two band gaps in each
particle? Revealing the relationships between local composition
and local electronic structure is essential to understanding the
optical properties of compositionally complex nanomaterials."®
It is also essential for applications that rely on these optical
properties, such as the solar photochemistry of (Ga,_,Zn,)-
(N,_,0,), where it is critically important to use materials with
absorption spectra that significantly overlap with the solar
irradiation spectrum.'”~

In this article, we address the relationships between the
elemental distribution and electronic structure in (Ga,_,Zn,)-
(N,_,0,) NCs using valence electron energy loss spectroscopy
in scanning transmission electron microscopy mode (STEM-
VEELS), which measures local electronic spectra with high
spatial resolution. We analyzed three samples of (Ga,_,Zn,)-
(N,_,0,) NCs. The first was made at 800 °C (x = 0.44) and
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consisted of particles with a homogeneous elemental
distribution.'” The second sample was made at 650 °C with
a high x value (0.9), which are conditions that lead to a
heterogeneous core—shell-like composition of individual
particles and little particle-to-particle variation.'” The final
sample was made at 650 °C with x = 049, which are
conditions that lead to the highest degree of compositional
heterogeneity with heterogeneous compositions within par-
ticles and compositional variation from particle to particle.'”
The synthesis of these samples is described in the Experimental
Section. As described in the Results and Discussion section,
VEELS experiments reveal a range of behaviors, from single-
band-gap electronic spectra with little spatial variation for the
first sample, to two-band-gap spectra with little variation for
the second sample, and, finally, to significant spatial variation
in the VEELS spectra encompassing both types of electronic
spectra. We discuss what these results teach us about the
electronic heterogeneities in (Ga,_,Zn,)(N;_,O,) NC materi-
als and their intrinsic optical properties.

B EXPERIMENTAL SECTION

Benzyl ether (98%), hexane (99%), toluene (99.5%), zinc
acetylacetonate hydrate (Zn(acac)2, 99.995%), zinc chloride
(ZnCl,, >98%), gallium acetylacetonate (Ga(acac)3, 99.99%),
3-mercaptopropionic acid (3-MPA, >99.0%), 1,2-hexadecane-
diol (90%), oleic acid (>99.0%), oleylamine (70%), and
tetramethylammonium hydroxide pentahydrate (TMAH,
>97%) were purchased from Sigma-Aldrich. 1,2-Ethanediol
(99.8%) was purchased from Macron Fine Chemicals. Ethanol
(95%) was purchased from Decon Laboratories. Methanol
(99.9%), 2-propanol (99.9%), and sodium hydroxide (NaOH
pellets, 99.3%) were purchased from Fisher. Ammonia
(99.99%) was purchased from Airgas. All chemicals were
used without further purification.

The synthesis of the x = 0.44 sample made at 800 °C was
described previously,'” and the same sample was used in this
work. The x = 0.90 and 0.49 samples were synthesized at 650
°C from ZnO and ZnGa,O, NC precursors as described
below.

Synthesis of ZnO NCs. ZnO NCs were synthesized as
described previously.'*** In summary, ZnCl, (40 mmol) was
added to 1,2-ethanediol (200 mL) in a beaker and stirred until
it dissolved. The mixture was heated to 150 °C. After reaching
150 °C, S M NaOH (16 mL) in water was added dropwise at a
rate of ~1 drop/s while maintaining a reaction temperature of
150 °C. When all of the 5 M NaOH was added, the solution
was removed from heat and cooled to room temperature. The
white powder product was first washed via sedimentation to
remove NaCl in the reaction beaker by allowing the product to
settle to the bottom of the beaker, then discarding the
supernatant, and then filling the beaker with 18 MQ water.
Washing via sedimentation was repeated five times. After
sedimentation, the white powder was collected via centrifuga-
tion (5000 rpm for 20 min) and washed an additional three
times with water. The final white powder product was dried in
the centrifuge tube using a vacuum desiccator.

Synthesis of ZnGa,0, NCs. ZnGa,O, NCs were
synthesized by using a previously published method."
Zn(acac), (1 mmol), Ga(acac); (2 mmol), 1,2-hexadecanediol
(5 mmol), oleic acid (6 mmol), and oleylamine (6 mmol) were
combined in benzyl ether (10 mL) in a three-necked round-
bottomed flask, stirred under Ar(gy, and heated to 40 °C. Next,
to remove O, and H,O, the reaction was put under vacuum
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and the temperature was increased to 100 °C. Once there was
minimal bubbling of the reaction, the reaction was switched
back to Arg,) and the temperature was increased to 200 °C.
After the reaction was held at 200 °C for 30 min, the reaction
temperature was increased to 280 °C and held for 2 h. After 2
h, the reaction was removed from the heating mantle and
cooled to room temperature. Then the NC product was
collected using centrifugation and washed three times by
dissolving in 5 mL of hexanes and precipitating with 45 mL of
ethanol. After synthesis, the ZnGa, 0, NCs were capped using
3-MPA with a previously reported procedure.'* 3-MPA (0.5 g)
was dissolved in methanol (3 mL). TMAH was added until the
pH reached 11 (1.61 g of TMAH). ZnGa,O, NCs (60 mg)
were dispersed in hexane (3 mL) and then precipitated with
ethanol (15 mL). The basic 3-MPA solution was added to the
ZnGa,0, solution, and the mixture was shaken. When the
mixture became optically clear, toluene (25 mL) was added to
precipitate the ligand-exchanged ZnGa,0, which was
collected by centrifugation and dried under vacuum. The
ZnGa,0, NCs were dissolved in water (5 mL), washed with
ethanol (15 mL) and toluene (25 mL) before being collected
by centrifugation, and dried under vacuum.

Synthesis of (Ga,_,Zn,)(N,_,O0,) NCs. (Ga,_,Zn,)-
(N,_,0,) NCs were synthesized as described previously.'*
Briefly, a total of ~200 mg of ZnGa,0, NC capped with 3-
MPA and ZnO NC precursors was heated in a quartz tube
furnace at 650 °C for 10 h under a flow of NHj;,) at ~150
mL/min. The ratios of ZnGa,0, NCs and ZnO NCs were
varied to determine the final composition. The furnace was set
to turn off after the desired reaction time, and the sample was
left in the furnace overnight to cool under flowing NHj ). In
the morning, the NH;(,) was turned off and the furnace was
purged with Ar() before opening. The alumina boats
containing the product were removed from the furnace, and
the product in the boats was carefully poured into a
borosilicate vial.

Characterization of (Ga,;_,Zn,)(N,_,O,) NCs. The
(Ga,_,Zn,)(N,_,0,) NCs were characterized using inductively
coupled plasma-optical emission spectroscopy (ICP-OES) to
analyze the content of Zn and Ga. Diffuse reflectance
spectroscopy was used to obtain a reflectance spectrum,
which was converted into an absorbance spectrum using the
Kubelka—Munk equation: F(Ry,) = (1 — Ry,)*/2R,,, where R,
sample/ Rreference:  Diffuse  reflectance measurements were
made on an Agilent Cary 60 UV—vis spectrophotometer
with the Agilent Cary 60 Remote Diffuse Reflectance
Accessory. A Spectralon puck was used as the reference.

Electron Energy Loss Spectroscopy. EELS data were
collected on an FEI Titan Themis S/TEM equipped with a
monochromator and a Gatan Quantum ERS electron
spectrometer operated at 80 kV with energy dispersion per
channel of 0.01 eV and a pixel dwell time of 0.002 s. The low
accelerating voltage of 80 kV was selected to minimize
Cherenkov radiation.”*”>® TEM samples were prepared either
by picking up dry powder onto a holey carbon film supported
by a 300-mesh copper TEM grid or by dropping the
suspensions on an ultrathin carbon film TEM grid.

The EELS data were analyzed using HyperSpy, an open-
source Python library.”” A table of processing parameters is
shown in Table S1. Our procedure for processing an EELS
spectrum starts with aligning the zero-loss peak for all of the
pixels in the spectrum image (Figures S1 and S2). The tail of
the zero-loss peak from ~1 to 3 eV is fitted with a power law
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and subtracted from the spectrum (Figure S3). Non-negative
matrix factorization (NMF) is used to denoise the data. NMF
decomposes the hyperspectral image into a user-defined
number of spectral “factors/components” and associated
“loadings”. A typical data set is decomposed into between
three and five different components until the last component
appears to be noise. Then, the noise component is discarded
and the spectrum is reconstructed with the remaining
components and their associated loading. We compare the
reconstructed spectra with the raw data to verify the integrity
of the denoised spectra. (See Figure S4 as an example.)
Following NMF, the data was imported into MATLAB. The
baseline (2—2.3 eV) was fit linearly; this fit was subtracted
from the entire spectra. For spectra with one onset, the
“visible” portion of the spectrum (2.7—3.0 eV) was fit linearly.
The intercept of the fit with the baseline was taken as the band
gap. For spectra with two onsets, the “UV” portion of the
spectrum (3.25—3.35 eV) was fit in addition to the visible
section. The intercept of the 3.25—3.35 eV fit with the baseline
was taken as the “UV” band gap, while the intercept of the
2.7-3.0 eV fit was taken as the “visible” band gap (Figure S5).
This band gap fitting results in a band gap value for the spectra
at each pixel. Color-coded band gap maps were plotted using
the pcolor function in MATLAB. For clarity, sections of the
band gap map outside of the edge of the particle were masked
out (Figure S6). These data analysis steps are explained in
detail in sections 1—7 (including Figures S7 and S8 and Table
S2 in addition to those previously mentioned) of the
Supporting Information.

B RESULTS AND DISCUSSION

For each of the three samples described above, we used
STEM-VEELS to collect high-resolution hyperspectral images,
in which each pixel contains a spectrum covering the UV—vis
region. EELS analyzes inelastic scattering events that occur
when the electron beam passes through the sample, and
VEELS uses a monochromated electron beam to achieve
sufficient energy resolution to analyze relatively low-ener
transitions such as plasmons,” ™" band gap transitions,”” ™"
and even vibrational transitions.””~*' Due to the technical
requirements, VEELS has not yet been widely adopted for
studyin§ the electronic structure of semiconductor
NCs.***~* Consequently, the effects of sample thickness,
Coulomb delocalization, and Cherenkov radiation are not well
understood, and the ultimate spatial resolution of the
technique for this class of materials is still under debate.**’
We systematically investigated the consequences of these
factors and determined the spatial resolution of our measure-
ments, defined as the full-width at half-maximum electron
delocalization diameter, to be 8 nm (Figure S7). The energy
resolution was 80 meV, and the energy precision, based on the
standard deviation of band gap measurements, was 10 meV
(Figures S1 and S2). The spatial resolution is limited by
Coulomb delocalization caused by the long-range Coulomb
interaction between the electron beam and the valence
electrons of atoms, which makes the spatial resolution of
VEELS significantly worse than those of other STEM
experiments.*® The practical implication of this delocalization
for the (Ga,_,Zn,)(N;_,0,) NCs studied here is that VEELS
robustly reports single-particle absorption spectra while the
spatial variation in absorption within each particle stretches the
limits of the spatial resolution of this experiment.

https://doi.org/10.1021/acs.jpcc.3c00572
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We start our discussion with a sample of (Ga,_,Zn,)-
(N,_,0,) NCs synthesized at 800 °C. Our group has
previously described the synthesis, optical, STEM-EDS, and
powder X-ray diffraction characterization of such NCs,"” and
here we summarize the most salient points. Most importantly
for our discussion, as shown in Figure 1, at this synthesis
temperature, Zn and Ga are homogeneously distributed
throughout the particles over a range of compositions (x =
0.11—0.44). O and N positions correlate with the Zn and Ga
positions, respectively, and these particles are single-crystal-
line.'” Additionally, the local particle composition obtained
from the quantification of STEM-EDS data matched the
ensemble compositions measured by ICP-OES, meaning that
the ensemble composition accurately describes the local
composition of individual particles.'” For the discussion here,
we chose the particles with the composition (GagssZng4s)-
(Ng.s600.44), 1-€., ¥ = 0.44, and average diameters of 34.7 + 12.0
nm, which were previously characterized in detail.'”

In Figure 2, we show VEELS spectra from four points on the
annular dark field (ADF)-STEM image of this sample (shown

o

Intensity (a.u.)
o
'S

o
N
T

2 2.5 3 3.5 4
Energy or Energy Loss (eV)
Figure 2. VEELS spectra collected at four points marked on the ADF-
STEM image in the inset and the ensemble diffuse reflectance
spectrum (black). Spectra are normalized at 4 eV. The larger circles

show the Coulomb delocalization limiting the spatial resolution of the
VEELS measurements.

in the inset). For each point, the inner circle marks the position
from where the spectrum is collected, and the larger
transparent circle indicates the Coulomb delocalization
diameter that determines the spatial resolution of the VEELS
signal. The four points in Figure 2 are sufficiently spaced to
minimize the influence of Coulomb delocalization. The VEELS
spectra are almost identical to each other, suggesting
similarities in the electronic structure across the sample that
one would expect to see with homogeneous composition. They
feature a sloping onset that begins at ~2.5 eV, corresponding
to the visible band gap. Figure 2 also shows the absorption
spectrum of the ensemble sample measured by diffuse
reflectance spectroscopy, which is qualitatively similar to the
VEELS spectra and also shows a visible band gap of ~2.5 eV.

To investigate how the VEELS spectra and band gaps vary
across mapping regions, we simultaneously examine thousands
of spectra contained in three EELS maps. As suggested by
Figure 2, the VEELS spectra are qualitatively similar to each
other with a single visible band gap that coincides with the
measured band gap from the ensemble absorption spectrum,
which is also shown with the VEELS spectra of Figure 3. In
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Figure 3a,c, the thousands of VEELS spectra line up in terms of
shape and position. The region in Figure 3b shows the largest
degree of variation among the spectra, but they still show a
single visible band gap at around 2.5 eV. To compare these
large numbers of spectra quantitatively and spatially, we
devised a MATLAB routine to linearly fit the baseline and
absorption onsets for each spectrum and defined the band gap
as the intercept of the onset fits with the baseline (Figure S5).
With values of the band gap at each pixel, we produced band
gap maps, shown in Figure 3a—c (right). For all three regions,
there is minimal band gap variation, with average values of 2.52
+ 0.01, 2.51 + 0.02, and 2.49 + 0.01 (see inset histograms or
Table S1), where the error is the standard deviation. In Figure
3b, there is a region with somewhat lower band gaps, closer to
2.45 eV, on the lower left, which accounts for a somewhat
wider standard deviation. Overall, these results demonstrate
that for the compositionally homogeneous (Ga,_,Zn,)-
(N,_,0,) NC sample, the VEELS spectra and therefore
electronic structure have only minor spatial variations in the
spectra and band gap energies.

Now we turn our attention to a more interesting
(Ga,_,Zn,)(N,_,0,) sample, synthesized at 650 °C with an
x value of 0.90, as determined by elemental analysis of the
ensemble sample. Figure 4ab shows typical high-resolution
bright field STEM (BF-STEM) and ADF-STEM images of this
sample. As we described previously, at this relatively low
synthesis temperature, Ga and N do not fully diffuse into the
ZnO precursor particles, resulting in a heterogeneous
elemental distribution.'” At high x values, ~0.9, the samples
consist of core—shell-like particles with Zn-rich cores and Ga-
rich shells. The quantification of STEM-EDS images showed
that at the high x values the composition of individual NCs
matches the ensemble composition.'” In other words, the
composition is heterogeneous within each particle but similar
from particle to particle. These samples have qualitatively
different ensemble absorption spectra than those in Figures 2
and 3. As shown in Figure 4c, we observe two absorption
onsets indicative of two band gaps, one in the visible region
and one in the UV region, similar to what was reported
previously.">*” This absorption spectrum brings up a key
question about this set of (Ga;_,Zn,)(N;_,O,) NCs: is the
ensemble optical spectrum with two onset energies a sum of
two types of spectra originating from different particles or
different regions within each particle, or does the ensemble
spectrum reflect the absorption of individual particles?

We address this question using the VEELS methods
described above. In Figure 4c, we show four EELS spectra
from four locations across the sample. As before, these points
are sufficiently spaced to reduce the influence of Coulomb
delocalization, and the delocalization length is indicated by the
transparent circles surrounding each point. The VEELS spectra
at all four points overlap very well Moreover, they are
qualitatively similar to the ensemble absorption spectrum and
show both visible and UV onset. The persistence of the dual-
onset spectral shape across the sample is remarkable and
warrants further investigation.

As we did for the previous sample, we analyzed hyper-
spectral images collected over multiple particles, as shown in
Figure Sa,b. In both regions, the spectra overlap considerably,
indicating that the two absorption onsets are observed across
the entire mapping regions. Note that due to the Coulomb
delocalization diameter of 8 nm we cannot confidently isolate
the VEELS spectra of the thin shell regions from the core
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Figure 3. Data from three regions of the (Ga;_,Zn,)(N;_,O,) NC (x = 0.44) sample synthesized at 800 °C. (Left) Ensemble diffuse reflectance
spectra in black compared to all VEELS spectra (4252 spectra in (a), 4010 spectra in (b), and 3675 spectra in (c)) collected from the regions
shown in the ADF-STEM images in the middle column. Spectra are normalized at 4 eV. Insets show histograms of the visible band gaps for the
maps. The histogram bin width was 0.01 eV. (Right) Maps of visible band gap energies, as determined by fitting the absorption onset in the VEELS
spectra. Color bars are in units of eV. For clarity, pixels outside of the particle are masked, as described in Figure S6.
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Figure 4. (a) ADF-STEM and (b) BF-STEM images of the (Gag0Zng00)(Ng.100000) sample synthesized at 650 °C. The inset shows the lattice
fringes in the ADF-STEM image. (c) Ensemble diffuse reflectance spectrum (black) compared to VEELS spectra collected at four points shown in

the inset. Spectra are normalized at 4 eV.

regions. It is possible that there are no spatial differences in the
VEELS spectra across the particle, and it is also possible that
differences that exist are not apparent because of the spatial
convolution of the VEELS signals due to Coulomb
delocalization and the presence of the shell above the core.
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We can, however, see whether different particles have
significantly different VEELS spectra. They do not. As we
did for the previous sample, we used a MATLAB procedure to
extract the absorption onsets of these spectra. To extract both
apparent band gaps, we fit the visible (2.7—3.0 eV) and UV
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Figure S. (a) (Left) Ensemble diffuse reflectance trace in black compared to 2341 VEELS spectra collected within the NCs. Spectra are normalized
at 4 eV. (Inset) Histogram of the extracted visible and UV band gaps. The histogram bin width was 0.05 eV. (Middle) ADF-STEM image of the
examined region. (Right) Visible and UV band gap maps determined as described in the text. Color bars are in units of eV. For clarity, pixels
outside of the particle are masked, as described in Figure S6. (b) Similar to (a) but with data from another region of the sample and 2893 VEELS

spectra.

(3.25-3.35 €V) parts of the VEELS spectra and produced
band gap maps (right panels of Figure Sa,b) and histograms
(insets in the left panels of Figure Sa,b). The region in Figure
Sa shows a visible band gap of 2.64 + 0.02 eV and Figure Sb
has the visible band gap of 2.59 + 0.02 eV, while the UV band
gaps are 3.12 & 0.00 and 3.11 + 0.00 eV, respectively.

Given the strong dependence of the ensemble absorption
spectra of (Ga;_,Zn,)(N,_,O,) on the ensemble composi-
tion,"* the compositional heterogeneity within each particle,17
and the complexity of the absorption spectrum with two clear
onsets,">*” the similarities in the VEELS spectra across
multiparticle regions and their similarities to the ensemble
absorption spectrum are remarkable. These similarities indicate
that the electronic structure reflected by the ensemble spectra
persists over the individual particles. In other words, it is not
the case that the absorption spectra of the ensemble are simply
the sum of the absorption spectra of particles, some with
visible and some with UV band gaps. Rather, each particle has
both the visible and the UV band gap. This conclusion is
consistent with our prior work on the time-resolved spectros-
copy of (Gay,;Zny73)(Ng270073) NCs, synthesized at 650 °C,
which had distinct visible and UV bleach transitions in the
transient absorption spectra.”” The two transitions had
overlapping decay kinetics, suggesting that they originated
from two band gaps on each particle, each featuring a different
valence band and sharing a conduction band. The spatial
persistence of the two-onset VEELS spectra supports the
conclusion that each particle has two band gaps. Furthermore,
the narrow range of band gap energies that we observe and the
lack of spatial variation in absorption onset (within our
experimental resolution) are both inconsistent with the short-
range order model of the visible absorption that was proposed
for (Ga,_,Zn,)(N,_,0,) nanowires.” In this model, the visible
absorption is proposed to originate from interfacial transitions
between small regions of quantum-confined GaN and ZnO.°
One would expect these GaN/ZnO domains to vary in size;
consequently, the electronic transition energies would vary
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with domain size, resulting in a broad range and spatial
variation of the band gap energies. Instead, we observe a
narrow range of band gap energies with minimal spatial
variation (Figures 3 and 5).

As a point of comparison, VEELS experiments have been
carried out on bulk (Gag sZnggs)(Ngi5sOgss) thin films
synthesized by RF magnetron sputtering with a homogeneous
composition."” Although the composition is similar to that of
the (Gag,10Zng.90) (No.1000.90) NCs described here, the VEELS
spectra for those samples had a single onset at ~2.5 eV, rather
than two onsets, and showed a much wider variation in onsets
(£0.25 eV). The significant qualitative difference in the
VEELS spectra of the two types of (Ga,_,Zn,)(N,_,O,)
materials may be due to the core—shell-like nature of the NCs
we describe here versus the homogeneous composition of the
bulk (Gag;5Znggs)(Np15Ogss). This contrast reveals that there
are significant differences in electronic structure between
(Ga;_4Zn,)(N;_,O,) made by different methods and high-
lights the unique properties of (Ga,_,Zn,)(N;_,O,) NCs.

For the last part of our discussion, we focus on a sample of
(Ga;_,Zn,)(N,_,0,) NCs synthesized at 650 °C with the
ensemble composition of x = 0.49 as determined by ICP-OES.
We have previously shown that for the samples of (Ga,_,Zn,)-
(N,_,0,) NCs synthesized at 650 °C with intermediate
compositions (x & 0.5), the composition of individual NCs
can vary dramatically from the ensemble composition."” This is
due to the presence of at least two types of particles: the core—
shell-like ones, such as the x = 0.9 sample above with diameters
of ~20 nm, and smaller (~5 nm) ones with a homogeneous
composition.'” In other words, in these materials the elemental
composition is not only heterogeneous within individual NCs
(intraparticle heterogeneity) but heterogeneous across the
ensemble (interparticle heterogeneity). Core-loss composi-
tional EELS analysis on this sample, shown in Figure S9,
illustrates the core—shell-like heterogeneity.

Figure 6 shows the VEELS spectra of this sample collected
across a region shown in the inset of the ADF-STEM image
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Figure 6. (Ga,_,Zn,)(N;_,0,) NC sample with x = 0.49 synthesized
at 650 °C: VEELS spectra from the pixels in the mapping region, with
pixels outside the particles masked out, (transparent colors), four
highlighted points labeled in the inset ADF-STEM image, and the
ensemble optical spectrum (black). Spectra are normalized at 4 eV.
While the ensemble spectrum has only one onset, there is a gradient
from one to two onsets in the VEELS spectra.

and the ensemble absorption spectrum (black). Unlike the two
samples discussed above, here we see significant spatial
variation in the VEELS spectra. The four highlighted VEELS
spectra from four distinct locations in the imaged region range
from a single-onset shape with an onset of around 2.4 eV to a
two-onset shape with a visible and a UV band gap (Figure 6).
The 3994 VEELS spectra shown in Figure 6 show a gradient of
spectral shape between these two extremes and suggest a
significant qualitative variation in the electronic structure
across the sample. Within the Coulomb-delocalization-
determined spatial resolution of ~8 nm, the spectral gradient
across the sample is what we expect to see when the individual
particles in the image have different VEELS spectra. The data
reveal that, for this sample with intraparticle and interparticle
compositional heterogeneity, the ensemble absorption spec-
trum is not a reflection of the spectra of individual particles but
rather a sum of contributions from particles with different
electronic structure. Such electronic heterogeneity has not
been reported in bulk (Ga,_,Zn,)(N;_,O,) and is likely a
direct consequence of the mechanism of the solid-state
reaction that produces (Ga,_,Zn,)(N,_,0,) NCs.

As shown in Figure 7a, there is a correlation between the
position and the VEELS spectral shape. On the particle in the
upper right of the ADF-STEM image (Figure 7b), the VEELS
spectra in Figure 7a resemble the single visible band gap shape
of the sample made at 800 °C (Figures 2 and 3). The particle
area on the lower left has the two band gap shape more akin to
that of the x = 0.9 sample made at 650 °C (Figures 4 and S).
In all of the spectra, the intercept of the visible onset,
calculated by linear fitting of the 2.6—3.0 eV region, shows
little variation (2.49 + 0.01 €V). What varies with position is
the fraction of the UV band gap component of the VEELS
spectrum. To quantitatively describe the spatial variation in the
VEELS spectral shape, we analyze the data as follows: For the
single-onset spectral shape, the linear fit from the visible
portion of the spectrum fits the entire spectrum from 2.5 to 4.0
eV reasonably well and the area under the linear fit roughly
matches the area under the VEELS spectrum. For the two-
onset spectral shape, the linear fit fits the spectrum well from
2.5 to 3 eV but diverges in the 3 to 4 eV region because of the
second absorption onset in the UV. For each of the VEELS
spectra, we define a parameter S, which is a ratio of the area
under the linear fit of 2.5—4.0 ¢V and the area under the total
VEELS spectrum. In other words, S is approximately a measure
of what fraction of the total VEELS spectrum is due to the
absorption from the single onset spectral shape (Figure S10).
To see how S is calculated, see section 9 of the Supporting
Information. Figure 7c shows a map of the S values. Pixels with
S & 1 correspond to single-onset spectral shapes, while lower S
values denote the presence of the UV onset, with S values
decreasing with an increasing proportion of the UV-onset
component. The map in Figure 7c quantitatively shows that
the (Ga,_,Zn,)(N,_,O,) particle in the upper part of the
image has a distinct electronic spectrum from that of the
particle in the lower half. Based on our prior STEM-EDS
work,'” we suspect that the upper particle has a homogeneous
composition, hence the spectrum resembles that of homoge-
neous particles, while the lower one has the core—shell-like
elemental distribution such as for the particles in Figures 4 and
S, hence the two band gaps. The electronic structure
heterogeneity in this sample complicates applications such as
solar water splitting because it is quite possible that the two
types of particles would have different photochemical activities
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Figure 7. (Ga,_,Zn,)(N,_,0,) NC sample with x = 0.49 synthesized at 650 °C: (a) VEELS spectra taken from the top (red) and bottom (blue)
regions shown in the ADF-STEM image in (b). Spectra are normalized at 4 eV. (c) Map of the spectral shape parameter S. Lower values or more
blue pixels correspond to a two-onset spectral shape, while higher values or more yellow pixels correspond to a single-onset spectral shape. For
clarity, pixels outside of the particle are masked, as described in Figure S6.
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that would be averaged in ensemble product formation
measurements.

B CONCLUSIONS

We have used VEELS to examine the local electronic structure
of three different samples of (Ga,_,Zn,)(N;_,O,) NCs, which
show increasing degrees of compositional heterogeneity: one
where the composition is homogeneous throughout each
particle and from particle to particle, one with a heterogeneous
core—shell-like composition within each particle but little
particle-to-particle variation, and one where both the intra-
particle composition and interparticle composition are
heterogeneous. In the first case, we observe a high degree of
similarity in VEELS spectra across analyzed regions and
qualitative similarity between the VEELS spectra and the
ensemble absorption spectrum. More interestingly, in the
second case, we observe a similar scenario, with little spatial
variation in VEELS spectra and high degree of similarity to the
ensemble absorption spectrum. This indicates that the
ensemble absorption spectrum reflecting two distinct band
gaps is representative of the spectra of individual particles
rather than a sum of spectra of particles with distinct electronic
structure. Moreover, the VEELS spectra provide experimental
evidence of the dual-band-gap electronic structure previously
proposed for (Ga,_,Zn,)(N,_,0,) NCs.">*"** Finally, in the
third case, we observe spatial variation in the VEELS spectra,
with spectra ranging from containing a single visible band gap
to containing both the visible and the UV band gaps. In this
case, the VEELS data indicates that the ensemble absorption
spectrum does not reflect the spectra of individual particles but
rather is a sum of spectra from particles with varying electronic
structure. Remarkably, the visible absorption persists through-
out all of the samples and regions examined in this work, with
the most prominent variation being that of the relative
strengths of the absorption in the visible and UV regions. Our
work illustrates the importance of nanoscale compositional
heterogeneity in determining the optical properties of these
compositionally complex nanomaterials. More generally, we
illustrate that VEELS is a powerful tool for characterizing
ternary or quaternary nanocrystal alloys, where particle-to-
particle heterogeneity may influence the optical properties of
the ensemble but is obscured in ensemble optical measure-
ments.
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