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ABSTRACT lll-nitride based nanorods and nanowires offer great poten-

tial for optoelectronic applications such as light emitting diodes or

nanolasers. We report nanoscale optical studies of InGaN/GaN nanodisk-
in-rod heterostructures to quantify uniformity of light emission on the
ensemble level, as well as the emission characteristics from individual InGaN
nanodisks. Despite the high overall luminescence efficiency, spectral and
intensity inhomogeneities were observed and directly correlated to the
compositional variations among nanodisks and to the presence of structural

defect, respectively. Observed light quenching is correlated to type I1

stacking faults in InGaN nanodisks, and the mechanisms for stacking fault

induced nonradiative recombinations are discussed in the context of band

ensamble color map

individual rods

structure around stacking faults and Fermi level pinning at nanorod surfaces. Our results highlight the importance of controlling Ill-nitride nanostructure

growths to further reduce defect formation and ensure compositional homogeneity for optoelectronic devices with high efficiencies and desirable spectrum

response.
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he lll-nitride nanorods, nanowires and

their heterostructures have attrac-

ted significant research interest for a
range of electronic and optoelectronic ap-
plications due to their dislocation-free struc-
ture,'? effective strain relaxation on lattice
mismatched substrates,®* as well as wave-
guiding and light trapping properties.>® A
number of nitride nanowire and nanorod
based devices, including transistors,” light
emitting diodes (LEDs),%® lasers,'®'" photo-
detectors,'? and solar cells'® have been
demonstrated on both individual and en-
semble nanorod level. The realization of
these nanorod-based devices and their per-
formances rely on effective and controlled
doping and alloying. In particular, effective
control over indium alloying with gallium
nitride is essential to achieve high-perfor-
mance devices based on InGaN/GaN nano-
rod heterostructures with high efficiencies
and precise spectrum tuning. On the en-
semble level, control over the uniformity of
indium composition on the macroscopic
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scale is required to make either monochro-
matic LEDs with narrow spectral emission or
white LEDs through balanced color mixing.
On the individual nanorod level, defect-free
and chemically homogeneous InGaN layers
(shells or disks) are important to reduce
nonradiative recombination and maintain
high efficiency. To further improve the per-
formance of nanorod-based LED devices, a
better understanding of the structure, com-
position, defects and optical properties on
the nanometer scale is critical.

Here, we report on nanoscale structure,
composition, and optical properties correla-
tion in ensemble and individual InGaN/
GaN nanodisk-in-rod heterostructures, using
cathodoluminescence in scanning transmis-
sion electron microscopy (CL-STEM)." While
previous studies on different semiconductor
nanowire heterostructures, such as InGaN/
GaN,"® AIN/GaN,'® ZnO/ZnS,"”'® and GaAs/
AlGaAs/GaAs,'® focus mostly on individual
nanostructures, in this work we focus on
structure-optical property correlation on
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both micro- and nanoscale. We provide direct visuali-
zation and quantification of homogeneity of indium
incorporation and resulting nanorod emission. In addi-
tion, by investigating individual nanorods and InGaN
nanodisks, we identified type 11 stacking faults as the
main source of nonradiative recombination in InGaN
nanodisks. Our results provide important insights for
further improvement of the design, fabrication, and
performance of lll-nitride nanowire/rod based optoe-
lectronic devices.

InGaN/GaN nanodisk-in-rod heterostructures were
grown by plasma-assisted molecular beam epitaxy
(PAMBE), as reported previously.”*° Si-doped GaN
nanorod arrays of about 300 nm height were first
grown on a Si(111) substrate at 770 °C, after which
indium was introduced periodically to form InGaN
nanodisks of 15—25 nm in thickness. The nominal
nanodisk composition was controlled by varying the
growth temperature (ranging from 690 to 705 °C,
corresponding to highest and lowest amount of in-
dium, respectively) and the ratio of indium to gallium
content. The nanodisks were capped with GaN barrier
layer grown at 690—700 °C. In some cases, due to
limited mobility of indium adatoms on the growth
facet, the InGaN nanodisk were also capped by a GaN
shell in the radial direction. The main focus of this study
is on GaN nanorods with 4 InGaN nanodisks tailored for
green and red emission: the first two nanodisks were
targeted for green emission (nominal In composition
of 20—30%) and the last two for red emission (nominal
In composition of 40%). For comparison, nanorods
with one and two nanodisks and grown under different
growth conditions will also be discussed.

RESULTS AND DISCUSSIONS

The scanning electron microscopy (SEM) image of
the InGaN/GaN nanodisk-in-rod heterostructures with
4 InGaN nanodisks is shown in Figure 1a and the
corresponding schematic of the structure is illustrated
in Figure 1b. The average length of the nanorods
is ~500 nm with general inverse tapering observed
from the bottom to the top of the nanorods (diameters
~50 and ~200 nm, respectively), with some degree of
coalescence. The presence of four InGaN nanodisks
was confirmed by STEM (Figure 1c). The ensemble
optical properties of the nanorods were investigated
by photoluminescence (PL) at room temperature
(Figure 1d). A GaN-related emission band centered
at 3.41 eV and a relatively broad emission InGaN band
at 2.30 eV were observed. A separate PL measurement
using a 532 nm excitation source and InGaAs detector
(not shown) exhibit no additional emission peaks for
wavelengths longer than 700 nm, ruling out the pos-
sibility of any infrared emission from more In-rich
InGaN nanodisks. The peak positions from the InGaN
nanodisk emission vary slightly across the substrate,
in the range of 2.28—2.34 eV, with a full width at
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Figure 1. (a) SEM micrograph of InGaN/GaN nanodisk-in-
rod nanorod arrays grown on silicon substrate (45° tilted
view) and (b) the corresponding schematic of the structure.
(c) Dark field STEM image of the nanodisk-in-rod hetero-
structures showing four InGaN nanodisks near the nano-
rod top. InGaN nanodisks appear as brighter regions due
to higher Z-contrast. (d) Representative PL spectrum (log
scale) from an ensemble of nanorods showing GaN- and
InGaN-related peaks.

half-maximum (fwhm) of 270 meV (see Supporting
Information, Figure S1). The spread of the peak posi-
tions and their widths are likely due to compositional
inhomogeneities from a large number of nanodisks
studied during the ensemble measurements.

The microscopic PL measurements indicate that
individual nanorods on the substrate level can have
very distinct optical properties, although they are
grown at the same time. To investigate the nanoscale
optical properties and the source of these inhomo-
geneities, nanorods were removed from the growth
substrate by sonication and drop cast onto lacey
carbon covered copper grids for transmission electron
microscopy (TEM) and CL-STEM investigations. First,
micrometer-size clusters of nanorods standing up on
the TEM grid (Supporting Information, Figure S2) were
investigated to probe the uniformity of optical emis-
sion from individual nanorod heterostructures over
a large area. Figures 2a,b shows the dark field STEM
and corresponding panchromatic CL images of the
nanorod cluster in top-down geometry, collected at
96 K. From the CL images it can be observed that the CL
intensity from individual nanorods is not homoge-
neous across the sample; a number of nanorods have
very bright CL emission, while some nanorods show
almost no CL signal. The CL spectrum of the nanorod
ensemble (Figure 2c) also shows a broad emission
peak from InGaN nanodisks centered at 2.28 eV, which
is qualitatively consistent with the PL result. How-
ever, by collecting monochromatic images on the
same nanorod ensemble at energies of 2.48, 2.36,
and 2.28 eV (Figure 2d—f), nanoscale inhomogeneous
emission can be observed from individual nanorods
that cannot be resolved using PL. For example, in the
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Figure 2. CL mapping of InGaN/GaN nanodisk-in-rod ensemble. (a) Dark field STEM and (b) corresponding panchromatic CL
images of the same nanorod ensemble standing up on the TEM grid, as shown in Figure 1c. (c) CL spectrum (96 K) of the
nanorod ensemble, showing emissions from both InGaN (2.28 eV) and GaN (3.55 eV), with respective Gaussian peak fittings.
(d—f) Monochromatic CL images of the same nanorod ensemble shown in (a), taken at 2.48, 2.36, and 2.28 eV. The boxed
region highlights that neighboring nanorods that have different peak CL emission wavelengths. CL intensities bars for (b) and
(d—f) are included below the figure. All STEM and CL images shared the same scale shown in (a). The sample geometry is

described in Supporting Information Figure S2.

boxed region in Figure 2d—f, neighboring nanorods
show distinct emission energies indicating different
nanodisk compositions, which in turn determine the
corresponding band gap.

To investigate properties of a nanorod ensemble
used to make larger-scale devices, while achieving a
sufficient spatial resolution to distinguish individual
nanorods, hyperspectral CL imaging was performed
with parallel spectrum acquisition using a CCD camera,
where each scanning pixel contains a full CL spectrum
(Figure 3). A pixel size of 60 nm was chosen to match
the observed nanorod diameters, such that one pixel
approximately matches the size of a single nanorod.
While no CL emission was observed from a number of
nanorods, up to three different CL emission peaks can
be observed from individual pixels that were fitted
with Gaussian peaks to extract emission energy and
intensity (sample CL spectra from the spectrum image
and the peak statistics are shown in the Supporting
Information, Figures S3 and S4). The values of fitted CL
peak energies span from 1.9 to 2.8 eV with an average
fwhm of 0.14 eV, which is much sharper compared
to the CL spectrum on the cluster shown in Figure 2c.
By summing the fitted peaks, we verified that the sum
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Figure 3. CL color mapping of InGaN-GaN nanodisk-in-rod
ensemble. (a) Dark field STEM image of the nanorod en-
semble standing up on TEM grid. (b) Corresponding map
showing the number of CL emission peaks across the
sample. (c) CL integrated intensities obtained by summing
intensities of individual Gaussian-fitted peaks for each pixel.
(d) Calculated color map of the nanorod ensemble based on
the CL spectrum image. Statistics of the spectrum imaging
results is available in Figures S3—S5 in Supporting Information.

spectrum coincides with the ensemble spectrum (see
Supporting Information, Figure S5). These results in-
dicate that we are detecting emission from individual,
well-defined nanodisks that collectively contribute to
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the assembly emission. By extracting emission color
from individual nanorods, we calculated the color and
intensity maps (Figure 3) giving us a direct way of
visualizing the homogeneity of CL emissions from the
nanorod ensemble. From the color map, it can be seen
that the majority of the nanorods emit green or yellow
light, while only several of them emit blue and red. The
spectral uniformity depends on the homogeneity
of indium content in the active InGaN nanodisks across
multiple nanorods. On the basis of the statistics of CL
peak fitting results and a band gap bowing parameter
of 1.43,%' the average indium compositions across
multiple nanorods is 30% + 5% and the total range
of CL emission energies indicated maximum composi-
tional inhomogeneity of +10%. For monochromatic
LED devices, a uniform indium composition is desired
to narrow down the emission spectrum, while for white
LED devices, an appropriate mix of indium composi-
tions is required to tune the blue, green, and red
lighting component. Our results are the first direct
demonstration that for a nanorod ensemble grown at
predefined identical conditions, there are substantial
differences in indium composition across neighboring
nanorods, which cause spectrum broadening ob-
served in larger-scale investigations. This finding is
surprising for materials grown using a MBE system,
where near equilibrium growth conditions and slow
growth rates provide excellent control in stoichio-
metry and chemical composition in thin films of com-
plex compositions. Improved reactor design, tuning
of growth parameters, and/or improving uniformity or
nanorod size and density will be required to finely
control the indium incorporation and resulting emis-
sion uniformity for nanorod arrays on a larger scale.
Interestingly, a majority of nanorods investigated
in Figures 2 and 3 have one or two well-defined CL
emission peaks from a total of four InGaN nanodisks,
implying that not all InGaN nanodisks are efficient light
emitters. To study preferential CL emission or quench-
ing in individual nanodisks, nanorods lying sideways
on the TEM grid were investigated next. Figure 4a
shows an overlay of the panchromatic CL intensity
signal (red) and the corresponding STEM image (gray)
from several representative individual nanorods con-
taining InGaN nanodisks. It can be observed that at
most 2 out of 4 InGaN nanodisks from each nanorod
have a strong CL emission, whereas CL quenching is
always observed in the top two nanodisks. This result
was further confirmed by obtaining a CL line scan
along one of the nanorods (Figure 4b) where two CL
emission peaks centered at 2.40 and 2.25 eV were
observed from the first two InGaN nanodisks. We note
that the CL emission can be observed along a 50 nm
length on the line scan, which is larger than the
15—20 nm estimated thickness of the nanodisks, due
to carrier diffusion into the nanodisks; even when the
point of electron beam excitation is in the GaN barrier
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Figure 4. (a) Overlay of panchromatic CL image (red) onto
STEM image (gray) of individual nanorods and nanodisks,
showing only two out of four nanodisks emit CL strongly. (b)
CL spectrum image obtained from a line scan along a
nanorod, as illustrated by the white arrow in (a), confirming
CL emissions with two different energies from individual
nanodisks. (c) STEM image (top) with the corresponding
intensity profile (overlaid) and EDS line profiles for Ga and In
(bottom).

layers, some of the carriers diffuse and recombine in
the InGaN nanodisks. The fwhm's of the observed CL
emission peaks fluctuate between 110 and 190 meV,
consistent with the values reported from spectrum
imaging results, and indicating that the observed
emissions are truly from individual nanodisks. The
observed difference in the position of the CL emission
peaks are due to differences in local indium composi-
tions inside the two InGaN nanodisks, which was con-
firmed by energy dispersive X-ray spectroscopy (EDS)
line scan shown in Figure 4c. Quantitative EDS analysis
confirm that the first two nanodisks grown (1 and 2)
contain 15—20% indium, while the other two nanodisks
contain about 30% indium, but the EDS quantification
underestimates the indium composition due to a GaN
shell capping the nanodisks. In addition, it is also
observed that the intensity of CL emission from the first
nanodisk is significantly lower than from the second
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nanodisk. Notably, this trend is observed across multiple
nanorods. In fact, in a large percentage of nanorods
investigated, only one CL emission is observed from
the second nanodisk, while no emission was observed
from the other three nanodisks. This result is consis-
tent with the nanorod emission statistics shown in
Figure 3b, as a majority of the nanorods were shown
to be either nonemitting or emitting CL of only one
wavelength.

CL quenching in InGaN nanodisks implies that not
every nanodisk is an efficient light emitter for opto-
electronic applications. The observation that not all
of the InGaN disk-like insertions inside PAMBE grown
GaN nanorods emit light has been reported by Toubot
et al.*? However, to date there is no systematic study on
the exact cause of CL quenching in InGaN/GaN nano-
rod heterostructures. Understanding the root cause
for nonradiative recombination in the active layers
of InGaN is critical for evaluating and improving the
performances of LED devices made from nanowire
and nanorod heterostructures, but also of InGaN/GaN
heterostructures in general. In what follows, we show
that the preferential CL quenching in specific nano-
disks is closely related to the presence of structural
defects.

Bright field TEM imaging (Figure 5a) was performed
to investigate the structural quality of the same nano-
disks shown in Figure 4. Multiple basal plane stack-
ing faults were observed extending through the
entire width of the nanorods. In addition, significantly
more stacking faults were observed in nanodisks 3
and 4 (more than 15) compared to nanodisks 1 and 2
(no stacking faults were observed within nanodisks),
suggesting that such defects are a major factor in light
quenching. The stacking faults can be classified as type
11, with an ABABCBCB... stacking sequence, as deter-
mined using high angle annular dark field (HAADF)
STEM (Figure 5b). This type of stacking fault has the
lowest formation energy for lll-nitride systems (10 and
19 meV per unit cell for GaN and InN, respectively), and
they are largely related to instabilities in growth con-
ditions instead of strain as their formation cannot relax
strain.2® No other type of defects, such as dislocations
or grain boundaries, were observed from TEM studies
of multiple similar samples, indicating that stacking
faults are the main type of defects in these nanorods
and nanodisks. On the other hand, bright CL emission
could be observed from both nanodisks if neither of
them contain stacking faults. As shown in Figure 6, two
bright CL emissions centered at 2.65 and 2.85 eV could
be observed from two neighboring nanodisks, with
their emission energies tuned by the relative amount
of indium (the upper nanodisk emits photons of higher
energy as it contains less indium). Bright field TEM
study verified that in this case there are no stack-
ing faults in either of the nanodisks. In addition, we
also confirm that for GaN nanorods with one InGaN
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Figure 5. TEM structural analysis of InGaN nanodisks. (a)
Bright field TEM image of the same InGaN nanodisks
(labeled ND 1 to ND 4) investigated in Figure 4. Line
contrasts perpendicular to the growth direction are stack-
ing faults, which are indicated by red arrows. (b) Aberration-
corrected dark field STEM image of a stacking fault
in InGaN. Different atomic planes are labeled as A, B, and
C in the figure for visualization of type 11 stacking fault
(ABABCBCB... stacking).
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Figure 6. Example of CL emission without quenching froma
nanorod containing two nanodisks without stacking faults.
(a) STEM image and corresponding EDS In profile of a GaN
nanorod with two InGaN nanodisks embedded. (b) Corre-
sponding high resolution TEM image taken along the (1120)
zone axis demonstrating an absence of stacking faults
inside the nanodisks. (c and d) Integrated CL intensity maps
(2.60—2.70 and 2.80—2.90 eV, respectively) of the same
nanodisks, with a 4 nm spatial resolution and 1 nm spectral
resolution obtained from spectrum imaging, showing CL
emissions from both nanodisks. The orange and green lines
are for visual aid to indicate the position of the two InGaN
nanodisks.

280-290eV

nanodisk (~7% In), the quenching of light emission is
related to the presence of stacking faults, as shown in
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Figure 7. Stacking fault related CL quenching in GaN nano-
rod with one InGaN nanodisk. (a) Schematic representation
of nanodisk-in-rod structure. (b) Panchromatic CL (red) map
overlaid on the corresponding STEM image (gray), of a GaN
nanorod containing only one InGaN nanodisk seen as a
bright vertical strip at about 150 nm from the nanorod top.
No CL emission was observed from the InGaN nanodisk
region. (c) EDS indium map (red) of an InGaN nanodisk
overlaid on the corresponding STEM image (gray). (d) High
resolution TEM image showing stacking faults cutting
through the InGaN nanodisk.

Figure 7. CL-STEM and TEM studies of similar InGaN/
GaN nanodisk-in-rod samples with different number
(2, 4, and 5) of nanodisks show the same trend of CL
quenching in InGaN disks with the presence of stack-
ing faults (Supporting Information, Figures S6—S9).
The stacking faults are mostly likely formed when
temperature is lowered and indium is introduced for
the formation of InGaN nanodisks, which induces
fluctuations in nucleation and adatom diffusion
lengths, as well as other thermodynamic and kinetic
parameters.

Stacking faults and zinc blend domains have
been reported in GaN based nanowires, nanorods,
and heterostructures grown by both seed particle-
mediated or particle free-methods®* 2 and low de-
vice efficiency of nonpolar GaN thin film devices are
often related to high stacking fault densities,?”*® but
without direct evidence. In GaN thin film geometries,
luminescence quenching by stacking faults is often
associated with partial dislocations where the stack-
ing faults end.?” In the nanorods that we studied,
most stacking faults were observed to propagate along
the entire diameter of the nanorod, terminating
at the edges or side walls (Supporting Information,
Figure S10). This implies that the stacking faults are
pinned to the nanorod sidewall, and no partial disloca-
tions inside InGaN/GaN nanorods were observed.
An alternative approach to probe the light quenching
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mechanism by stacking faults is by examining
the electronic structure around the stacking faults.
Stacking faults in Il nitrides are usually modeled
as a thin layer of zincblende phase (with ABCABC...
stacking) in contact with the wurtzite phase (with
ABAB... stacking). For type 11 stacking faults in thin
films, a type Il band alignment, in which both the
conduction and valence bands of wurtzite phase are
higher than the zincblende phase, has been theoreti-
cally predicted®® and speculated from experimental
results.>® Such band alignment could result in spatial
separation of electron and holes once they are excited
in the material.* In addition, spontaneous and piezo-
electric polarizations along (0002) direction in wurtzite
nitrides can also induce a large built-in electric field
across the zincblende domain or stacking fault, 3%
thus further reducing the radiative recombination rate.
Besides the issue of band alignment at the stacking
faults, Fermi level pinning and the resulting electric
field set up in GaN nanorods>%33 could lead to further
charge separation, especially for diameters below
100 nm. Electrons and holes excited by the electron
beam can be first separated across the stacking faults,
and move further apart under the electric field due
to Fermi level pinning. Specific studies focused
on InGaN nanostructures should provide additional
insights on the role of stacking faults on their optical
emissions.

CONCLUSION

In conclusion, structure—property correlation was
performed on InGaN/GaN nanodisk-in-rod hetero-
structures with nanometer resolution on both the
ensemble and individual nanorod levels. The ensemble
measurements show inhomogeneity in both emission
intensity and wavelengths from individual nanorods
in a micrometer sized cluster, indicating differences in
defect densities and indium concentrations in the
active layers. On the individual nanodisk and nanorod
level, quenching of the CL emission was directly corre-
lated to the presence of growth-related type 11 stack-
ing faults inside the InGaN nanodisks. CL quenching
mechanism was related to the electronic band struc-
ture around the stacking faults, as well as Fermi level
pinning associated with the unpassivated surface.
These results are significant for the development
of nanowire- and nanorod-based LED devices. On an
ensemble level, spectral uniformity and mixing are
determined by the indium compositions in the active
layer, and are essential for monochromatic or white
light emissions. On the nanometer scale, our results
indicate that avoiding the formation of defects such
as stacking faults and proper surface passivation will
be important for further improvement in device effi-
ciencies, especially at room or device operation tem-
peratures. These results also highlight the importance
of controlling lll-nitride nanostructure growths in MBE
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to further reduce defect formation and ensure com-
positional homogeneity for optoelectronic devices

METHODS

The InGaN/GaN nanorod array were grown on 3-in., Si(111)
wafers by nitrogen-plasma-assisted molecular beam epitaxy
(PAMBE) under nitrogen-rich conditions. Prior to the InGaN
nanodisk growth, vertically aligned Si-doped n-GaN nanorod
arrays (~300 nm in height) were grown first on the Si(111)
substrate at 770 °C (growth temperature as the nanorod growth
template). Subsequently, InGaN nanodisks were self-organized
on top of the n-type GaN nanorods. For the nanorods with four
InGaN nanodisks, a growth temperature of 700 °C was used to
grow the first two nanodisks, with In/Ga flux ratio of 1.2.
Temperature was decreased to 670 and 650 °C, with In/Ga flux
ratio of 1.85 and 2.52 to grow the third and fourth nanodisks,
respectively. Nevertheless, the In compositions in the third and
fourth InGaN nanodisks revealed by X-ray diffraction and EDS
were very similar.

CL-STEM measurements were performed on a JEOL 2011 TEM
operating at 120 kV, coupled with a Gatan MONOCL3+- system.
The electron probe size is on the order of 1 nm, while the spec-
tral resolution for spectrum imaging was 1 nm (0.25 nm with
4 times spectrum binning). The nanorods samples were pre-
pared by sonication of the growth substrate in ethanol followed
by drop casting on to carbon lacey TEM grids. TEM samples were
cooled to 96 K by liquid nitrogen. High resolution bright field,
dark field TEM images and STEM-EDS mapping were obtained
from a JEOL 2010F TEM operated at 200 kV. Aberration cor-
rected STEM images for stacking faults analysis were using a
JEOL JEM ARM 200F TEM operated at 200 kV with spherical
aberration corrector. PL measurements were performed using
a home-built photoluminescence system with 262 nm excita-
tion laser (CrystaLaser, Nd:YLF). Finite element analysis were
performed using ADINA software.
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