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B
ecause of the wide range of wave-
lengths at which they can emit light,
there is great interest in III-N semicon-

ductor heterostructures for use in optoelec-
tronic applications.1,2 However, the lack of
a suitable substrate upon which to grow
thin films leads to poor epitaxy and a sub-
sequent high density of extended defects
(e.g., threading dislocations). In addition to
cracking, these defects lead to states in the
bandgaps and thus recombination centers
and a loss of efficiency.3 Nanowires are of
particular interest to the GaN community as
they effectively solve the “substrate issue”
presented by conventional thin film growth.
The large free-surface area of a nanowire
allows the structure to effectively relax
out much of the remnant strain, and thus,
nanowires have become a viable solution to
grow low-strain, defect-free III-N material;
highquality AlxGa1�xN structures have been
repeatedly presented (see, for example,
refs 4�6). Furthermore, due to their low

defect concentration, more efficient photo-
luminescence has been demonstrated in
nanowires as compared to planar struc-
tures.2,7 It is important to note that, in
addition to the structures being of higher
quality, these wires can be grown on Si
wafers, i.e., commercially viable substrates.
Specifically, compositionally graded

AlxGa1�xN ultraviolet light emitting diode
(UVLED) nanowires are the focus of the
present contribution. The structures in
question (first presented in Carnevale et al.8)
are unique in that they do not rely on
impurity doping, but rather on polariza-
tion-induced electron and hole doping.9

First, a pn-junction is formed by grading
a noncentrosymmetric crystal (such as GaN)
from x = 0 to x = 1 and then back to x = 0.
A GaN quantum well (QW) is then inserted
into the center of the nanowire to increase
the electron�hole recombination, and act
as the active region for the device. Uniquely,
these UVLEDs do not freeze-out at low
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ABSTRACT III-Nitride semiconductor heterostructures continue

to attract a great deal of attention due to the wide range of

wavelengths at which they can emit light, and the subsequent desire

to employ them in optoelectronic applications. Recently, a new type

of pn-junction which relies on polarization-induced doping has

shown promise for use as an ultraviolet light emitting diode

(UVLED); nanowire growth of this device has been successfully

demonstrated. However, as these devices are still in their infancy, in

order to more fully understand their physical and electronic

properties, they require a multitude of characterization techniques. Specifically, the present contribution will discuss the application of advanced

scanning transmission electron microscopy (STEM) to AlxGa1�xN UVLED nanowires. In addition to structural data, chemical and electronic properties will

also be probed through various spectroscopy techniques, with the focus remaining on practically applying the knowledge gained via STEM to the growth

procedures in order to optimize device peformance.
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temperatures, but still exhibit rectification and UV light
emission at the bandgap, which can be tuned based on
the composition and thickness of the QW.
As is often the case with nanofunctional materials,

numerous characterization methods are required to
drive the growth and fabrication processes forward,
and electron microscopy continues to provide many
desired capabilities. In particular, the scanning trans-
mission electron microscope (STEM) fitted with a
probe-side aberration corrector10 yields unparalleled
spatial resolution of both heavy and light chemical
species. By including electron energy loss (EEL) and
energy-dispersive X-ray (EDX) spectroscopies, one can
complete a full-scale structural, chemical, and even
electronic characterization of a wide range of relevant
nanomaterials. In the present case, device efficiency is
intimately linked with various physical properties at
both the atomic and more macroscopic scales. For
example, it is well-known that dislocations and other
defects can act as recombination centers, reducing
luminescent efficiency,11 so basic structural character-
ization via high-resolution (HR) STEM imaging is ne-
cessary. Additionally, the active region's diameter,
thickness, and residual strain are known to directly
influence the structure's electronic properties, and
as the material's bandgap will directly depend on
its composition (3.4�6.2 eV in AlxGa1�xN), obtaining
quantitative chemical data from the QW is re-
quired.1,5,8,11,12 Moreover, it is imperative to verify the
QW composition in order to confirm that the observed
emission is indeed coming from the QW itself, and
is not, for example, emission from a defect state. It is
emphasized that the techniques presented below
stand to benefit numerous electronic and photonic
materials, including structures other than nanowires
(e.g., quantum dots and thin films) with compositions
extending beyond Gallium and Aluminum.
As these nanowires are quite distinct from previous

heterostructures, there exists a need to perform a full-
scale characterization. All STEM-based methods were
performed on a probe-corrected JEOL JEM-ARM200CF
equipped with a cold field emission (CFEG) gun, oper-
ated at either 80 or 200 kV. The microscope is fitted
with multiple detectors, including high and low angle
annular dark field (HA/LAADF) and annular bright field
(ABF). Capabilities exist to perform EELS and EDX
characterization byway of a Gatan Enfina spectrometer
and an Oxford X-Max80 silicon drift detector (SDD),
respectively. Note that the only difference between
the wires presented below and those described
in Carnevale et al.8 is the lack of an active region.
Nevertheless, they serve as convenient structures to
demonstrate the various characterization techniques
available to the electronic materials community,
and similar analyses to those presented here are sub-
sequently underway on devices grown with an active
region.

RESULTS AND DISCUSSION

HAADF and ABF images of a typical nanowire are
presented in Figure 1a. General STEM imaging was
performed at 200 kV, while EDX data was acquired at
80 kV, which yielded an improved count rate. The
resolution at 200 and 80 kV is approximately 65 pm
and 1.1 Å, respectively. Although not presented here,
the ARM200CF is also capable of acquiring an LAADF
image simultaneously with the HAADF/ABF pair. How-
ever, as these nanowires accommodate strain very
well, there are no extended defects or other appreci-
able strain sources, so the LAADF image, which is
sensitive to strain contrast,13 reveals little new informa-
tion and is not presented. Note that future devicesmay
be grown with shorter graded regions or with QWs
of varying thickness, both of which could lead to an
increased strain; therefore, the LAADF information may
prove tobequite useful. As the contrast inHAADF images
is well-known to approach the square of the average
atomic number (Z) of a given atomic column,14�16 the
extentof theGagrading is readily visible asZGa=31,while
ZAl= 13. Figure 1b presents a highermagnification image
of the graded region of a similar nanowire, with two
stacking faults identified by arrows. Stacking faults have
been repeatedly discussed in wurtzite structures and
have been shown to affect electroluminescence proper-
ties of GaN;17�19 thus, the importance of the seemingly
rudimentary task of acquiring lattice images cannot be
understated for thesematerials. The observation of stack-
ing faults, although rare, in the present devices is parti-
cularly interesting, as it prompts a number of relevant
materials science questions regarding their origin, e.g.,
they could be strain-induced or a result of the composi-
tional grading. Additionally, as the length of the graded
region will affect the strain accommodation, this could
prove to be another variable to explore in future device
growth.
Following the more macroscopic structural charac-

terization of Figure 1, chemical characterization tech-
niques of both EDX and EEL spectroscopies were

Figure 1. Overview of the structural characterization possi-
ble with STEM images: (a) HAADF/ABF images of a typical
graded nanowire, scale bar is 50 nm; (b) HAADF image of a
graded region containingmultiple stacking faults; the normal
stacking sequence as well as the disruption in stacking is
indicated for each; arrows mark the faulted plane.
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employed. As heavy elements often have delayed-
onset ionization edges which are difficult to character-
ize with EELS, compositional data is first acquired with
EDX. The Ga and Al counts of Figure 2 confirm the
targeted chemical gradation that was assumed based
on the HAADF intensity. Furthermore, a line scan taken
from the wire's approximate center is presented in
Figure 3, alongwith several quantitative data sets taken
from the areas indicated. Both the map and line scan
reveal a slight radial asymmetry in the Ga gradation
toward the top of the wire (at approximately 165 nm)
that is not necessarily obvious given the HAADF image.
The map also reveals the coaxial nature of AlN, most
noticeably toward the bottom of the wire, where the
GaN appears as a core to the shell of AlN. Thus, by
couplingEDX andABF imaging, theAlN shell can readily
be characterized. In general, the active region should
not be near any free surface of the device, as this can
lead to surface recombination, so the AlN shell and its
thickness and overall integrity will be relevant to device
performance. Furthermore, this underscores the impor-
tance of being able to grow an active region which is
entirely encased in a higher bandgap material (AlN), as
discussed in Carnevale et al.20 The individual spectra
give quantitative confirmation of the targeted regions
of either pure GaN or pure AlN at the wire top and
bottom, respectively. Obviously, given the link between
the active region's chemical makeup and the device's
emission, similar chemical analyses canbeperformed in
a systematic fashion on devices containing active re-
gions with varying target compositions.

As one of the main goals of this type of characteriza-
tion is compositional analysis as a function of position
in the nanowire (and hence, growth parameters), it is
beneficial to consider all possible avenues toward that
goal, including EELS. For example, it has previously
been demonstrated with X-ray absorption near-edge
structure (XANES) that the Nitrogen K-edge is sensitive
to x in AlxGa1�xN.

21,22 As illustrated in Figure 4, EELS
analysis of the N K-edge can produce similar results.
The background-subtracted N K-edge is presented
as a function of position (thus, composition) across
a graded nanowire. As demonstrated,21 pure AlN will
show three distinct peaks (spectrum #3) approximately
3 eV apart, while as x is decreased, the three peaks tend
to agglomerate together to form a peak centered
where themiddle peak oncewas, with a slight shoulder
where the left peak was. This is obvious in spectra
#1 and #6, which are the most Ga-rich. However, in
terms of resolving subtle shoulders, it is important to
note that the previous XANES data was acquired with
a resolution of approximately 0.1 eV, which is consid-
erably better than most conventional STEM-EELS sys-
tems, and approximately equivalent to that achievable
with monochromated STEM-EELS. Spectra #2, 4, and 5
then show some combination of GaN and AlN. Admit-
tedly, spectrum #5 is a bit anomalous, as nowhere in
the XANES data is the first peak themost intense. While
this could be an indication of a preferential ordering
near the base of the wire, it is interesting that this is
also the region where the wire's core�shell structure is
most apparent, both in the STEM images and EDXmap.
As discussed below in regards to polarity determina-
tion, ABF imaging, combined with multislice simula-
tions, provides an avenue to probe such ordering
effects. Lastly, no shifts in the edge onset energy are
observed here, consistent with the XANES results.

Figure 2. EDX results fromagradednanowire. HAADF signal
and the HAADF signal with the Al, Ga, and N signals overlaid
(binned twice) and raw data of the individual signals reveal-
ing a slight asymmetry at the wire top (image right) and a
core�shell structure toward the wire bottom.

Figure 3. EDX line scan results (left) and quantification of
Al/Ga concentrations as a function of position along the
wire.

Figure 4. N K-edge EEL spectra as a function of position
(and concentration) along a typical graded nanowire, ac-
quired at 0.1 eV/pixel dispersion with a 5 s dwell time. Note
that these spectra were extracted from a spectrum image
(line scan) which was drift corrected every two pixels. All
spectra were background subtracted with the usual power
law assumption, but otherwise consist of raw data. Inset:
Low-loss regime collected from a GaN reference demon-
strating the capability of acquiring bandgap measure-
ments; in this case, even in the raw data, there is a clear
change in concavity at approximately 3.3�3.4 eV.
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An additional, somewhat obvious measurement to
obtain is the material's bandgap. In particular, this
measurement is critical to the present system because
its continuous compositional gradation will alter the
bandgap as a function of position along the nanowire.
Again, this is a measurement made possible (without a
monochromator) with the 0.35 eV resolution provided
by the CFEG. The inset of Figure 4 presents a raw zero-
loss spectrum from a reference film of pure GaN. The
ability to measure various materials' bandgaps via low-
loss EELS is a concept that has previously been demon-
strated for systems like ZnO and InGaN nanowires,
MgO cubes, GaN thin films, etc. (see, for example refs
23�26). It is important to note, however, that these
measurements are often acquired onmonochromated
EELS systems. In the present case, the obvious exten-
sion of this type of analysis is to acquire position-
sensitive bandgap measurements along the nano-
wires' graded regions, and from within their active
regions.
Beyond compositional effects, it is important to

realize that EELS can be used to probe a material's
density of states and is therefore an efficient method
to investigate electronic structure, which is ultimately
linked to efficiency in the AlxGa1�xN UVLEDs.27 For
example, previouswork on dislocations in GaNdemon-
strated a change in the EELS N K-edge fine structure
with the probe placed over a bulk region of crystal
compared to over a defect. In addition to noting
Oxygen segregation (and corresponding Nitrogen
depletion), by analyzing the N K-edge, localized states
were identified in the band gap due to Oxygen.28,29

This is particularly relevant to the current system
because Al is an O-getter, and hence, there is believed
to be a nominal Oxygen concentration present; EELS
will therefore provide a route to quantify any effects
of O-defects on the electronic structure, and hence
device efficiency.
A given nanowire's structural properties can be

probed via large-scale STEM imaging and EDX map-
ping, while defect identification is possible through
HR HAADF STEM. Electronic properties, on the other
hand, can be fleshed out of both perfect and defected
regions with local (position sensitive) EELS fine struc-
ture (N K-edge) and low loss (bandgap) analyses.
However, certain findings, such as the potential order-
ing identified by the EELS N K-edge data above, require
either amultifaceted approach or a different technique
altogether. In this case, we turn to simultaneous high
resolution HAADF/ABF STEM imaging, such as that pre-
sented in Figure 5, in conjunctionwithmultislice image
simulations (Figure 6). Annular bright field images have
recently drawn much attention due to their sensitivity
to light elements, yet resiliency to conventional phase-
contrast interpretability issues with changing defocus
and specimen thickness.30 In general, Nitrogen is
clearly observable in the ABF image, although it is

interesting to note that it appears to be more readily
identifiable in approximately every-other lattice plane;
this could be a direct visualization of Al-rich or Ga-rich
lattice planes. Given the relative sizes and scattering
strengths of the atoms in question (N, Al, and Ga), it is
possible that the weakly scattering N signal is blurred
out by the Ga signal in Ga-rich regions. If indeed this
does demonstrate subtle Ga penetration into otherwise
Al-dominant columns, it is certainly reasonable that
the Ga intensity simply dominates the HAADF signal,
whereas the Al signal will not do so, thus allowing for
the N tails to be more easily seen in regions of AlN.
Multislice STEM image simulations31 were carried

out in order to further probe the possibility of compo-
sitional fluctuations affecting N-column visibility in the
ABF mode, with results presented in Figure 6. Specifi-
cally, the simulated crystal is 19.8 nm thick; the com-
position in the image plane grades from GaN (left) to
AlN (right) and does not vary in the vertical direction.
Clearly, the visibility of N-columns is affected by the
crystal either being GaN- or AlN-rich, as Nitrogen ismore
readily visible on the righthand side of the simulated
image and the Al�N show more separation than the

Figure 5. HAADF/ABF pair of images of a region which
should be largely AlN. Note the N visibility in the ABF image
and the tails of intensitywhere theNwouldbe in theHAADF
image.

Figure 6. Multislice results (HAADF/ABF) from a composi-
tionally graded input cell taken at the crystal's full thickness:
19.8 nm. Moving left to right, the composition grades from
pure GaN to pure AlN. The two bottom strips are the same
cross-correlated and vertically averaged image, one grey-
scale (upper) and one in false-color (lower), with the latter
highlighting the N visibility as green; see text for details.
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larger Ga atoms bonded toN. Since there is no composi-
tional variation in the vertical direction, the N-column
visibility is more clearly observed in the subimage of
Figure 6,which resulted from the full image having been
divided into strips two atomic rows wide, then cross-
correlating and averaging those strips down the image
vertical. This method will prove to be useful in future
efforts toward validating compositional effects on ABF
images, particularly those obtained within a QW where
there will be some targeted composition of AlxGa1�xN .
Indeed, it is through this approach combining multiple
scales of imaging and chemical analysis with computa-
tional results that a full-scale analysis can be performed
on structures such as these nanowires.
As perhaps the most important benefit of ABF STEM,

the direct imaging of Nitrogen allows one to determine
the polarity of the nanowire, which will determine the
carrier type in the graded section, therefore the diode
orientation, and thus directly influence the device's
properties. In the case of GaN or AlN, polarization is
characterized by the direction of the “long” Ga�N or
Al�N bond that is colinear with the crystal's c-axis, and
hence is the polarity is directly characterized from an
atomic-resolution ABF image.32,33 In the present anal-
ysis, one of the more pertinent results was discovering
a large fraction of the wires to be of N-face orientation,
despite being optimized for Ga-face polarity. Subse-
quent electroluminescence measurements on, for ex-
ample, an ensemble of nanowires connected in parallel
demonstrated that wires with opposite polarity will
emit light under opposite biases, with a greater emis-
sion intensity resulting fromN-facewires being “turned
on” (Carnevale, et al., private communication). While

much more detail will be available in a forthcoming
publication, the importance of understanding the
nanowires' mixed polarity is nevertheless underscored,
along with the iterative nature of device growth and
characterization which is often necessary with new
structures. Specifically, as a direct result of the ABF
STEM investigation, new device designs optimized for
N-face orientation are now underway.

CONCLUSIONS

In short, it is apparent that modern probe-corrected
STEM instruments can provide sufficient tools to per-
form a full-scale study of various nanomaterials, such as
AlxGa1�xN UVLED nanowires, in order to drive device
development by linking physical characteristics to de-
vice properties. It is important to realize that the char-
acterization methods reported here are applicable to
a wide range of relevant materials in the community,
including;but not limited to;nanowires, thin films,
and quantum structures. The full suite of tools provided
by electron microscopy is an important requirement to
address a wide range of nanoscale characterization
questions. For example, in the present case, image
simulations revealed some Ga atoms present within
a largely AlN region, yielding anomalous ABF STEM
images, while N K-edge EELS data identified regions of
the nanowire which are electronically varied, potentially
due to either the wire's core�shell nature, or the pre-
sence of defects. With these and the other techniques
presented above, the door is certainly open to combine
multiple characterization techniques, spanningmultiple
length scales and chemical signals, to continue to drive
the efficiency and functionality of nanomaterials.

METHODS
General STEM imaging was performed at 200 kV with a con-

vergence angle of 22 mrad and a probe current of 10.5 pA.
A spatial resolution of approximately 65 pm can be realizedwith
the microscope in this configuration, while just under 80 pm is
a routinely attainable value. The HAADF inner detection angle
was set to 90mrad, which yields an ABF inner detection angle of
approximately one-half the convergence angle, which is com-
monpractice.34 To extract the nanowires for STEMobservations,
a carbon-coated Cu grid was simply rubbed over the surface of
the as-grown sample, which consisted of vertically oriented
nanowires on a silicon substrate. To avoid projection artifacts,
all wires were tilted to a low index zone axis with the c-axis
perpendicular to the incident beam for both imaging and
chemical analysis. For chemical mapping, the convergence
angle is often expanded by 33% and the probe current is
increased by a factor of 30; the resolution in this configuration
remains sub-Å. In general, to fully reap the benefits of the CFEG
in terms of EELS energy resolution, the HR-STEM probe is
modified by decreasing the tip emission current to 0.5�1 μA.
With themodified EELS probe, an energy resolution of 0.35 eV is
possible, while the spatial resolution remains at approximately
1.1 Å. To yield an improved count rate, EDX data was acquired at
80 kV, which provided a sufficient spatial resolution of≈1.2 Å.35

Regarding the EDX data, note that the two areas of increased
intensity within the AlN slab are not chemical in nature, but
are small regions of contamination resulting from focusing and

stigmating on the crystal at a high magnification. Since the
nanowire itself is the only feature in a zone axis orientationduring
a given experiment, one is forced to do such fine alignments on
the structure; even working quickly can cause contamination.
Additionally, since the nanowires are supported on a carbon film,
the typical preparatory stepofplasmacleaning cannot reasonably
be performed; a beam shower is generally a sufficient substitute.
The EDX data sets presented in Figure 3 came from the map of
Figure 2, post acquisition, simply by placing user-defined regions
(boxes approximately 5�8 nm per side) over an area of interest;
the spectra contained within that area are then summed.
The quantitative analysis yieldedweight%Sigmavalues between
2 and 5. It is noted that this is simply a statistical uncertainty,
and does not account for auxiliary effects, for example specimen
geometry. Considering, however, that the scans were acquired in
the center of a thin, cylindrical object, we do not anticipate EDX
artifacts arising from thicker specimens with more complicated
geometries (e.g., wedge-shaped). For some regions of interest,
theN-signalwasnot sufficient for quantification, soonly Al andGa
werequantified. Thus, the results are listed as atomicpercentages,
assuming the structure contains only two species: Al and Ga.
For spectra that did contain quantifiable N, this is equivalent to
adding the atomic percent N contributed to either GaN or AlN in
proportion to the percent of Ga or Al identified. In essence, the
numbers presented in Figure 3 can be thought of as the atomic
percentages of GaN and AlN. Note that Cu and C signals were
omitted from the quantitative spectra.
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Multislice simulations have been demonstrated to be a valid
and efficient means to perform atomic-scale calculations.14,36

The multislice algorithm converts a thick specimen into thin
slices, calculates the projected atomic potential for each slice,
then allows for alternating transmittance and propagation of
the electron wave function throughout the total specimen
thickness. The present simulations employ the “frozen phonon”
approximation, which successfully introduces thermal vibrations
into multislice calculations.15,31,37,38 The input supercell was
created such that it is graded through its depth from pure AlN
to pure GaN. In other words, if the imaging direction is taken as
parallel to [001], the crystal is pure GaN below a line parallel to
the (101) plane and pure AlN above it. Therefore, the composi-
tion in the image plane grades from GaN (left) to AlN (right) and
does not vary in the vertical direction.
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