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roup lll—Nitride alloys are direct
wide-band-gap semiconductors that
emit light from the ultraviolet into
the visible spectrum, making them a useful
foundation for light-emitting devices.! In
the wurtzite structure, GaN—InGaN hetero-
structures that are grown normal to the polar
c-plane possess internal electric fields as large
as ~1 MV/cm2 This causes a spatial separa-
tion of electron and hole wave functions
within InGaN quantum wells (QWs), reducing
the carrier radiative recombination rate and
internal quantum efficiency (IQE).>* Such ef-
fects can be avoided by growing along non-
polar orientations, such as the g-axis, but a-
axis GaN films exhibit high stacking fault and
dislocation densities on common substrates
such as sapphire or silicon, resulting from
large lattice mismatches. These defects can
act as nonradiative recombination centers that
degrade IQE.*~7 In contrast to thin films, a-axis
nanowires can be grown virtually free of dis-
locations due to the small substrate interfacial
area and termination of dislocations at the
nanowire surface®? In addition, a core—shell
nanowire geometry allows for high light ex-
traction due to the large junction area and
increased directionality of light emission.”~ "
The development and optimization of
light-emitting devices based on llI—N nano-
structures requires methods of character-
izing dopant distribution and buried inter-
faces that are appropriate to nanoscale
heterostructures. Atom probe tomography
(APT) has a unique role in this regard, as it
can analyze the composition of a solid with
single-atom sensitivity and subnanometer
spatial resolution in three dimensions.'?
Furthermore, the commercialization of pulsed
laser APT has facilitated the analysis of
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GaN nanowires oriented along the nonpolar a-axis were analyzed using pulsed laser atom
probe tomography (APT). Stoichiometric mass spectra were achieved by optimizing the
temperature, applied dc voltage, and laser pulse energy. Local variations in the measured
stoichiometry were observed and correlated with facet polarity using scanning electron
microscopy. Fewer N atoms were detected from nonpolar and Ga-polar surfaces due to
uncorrelated evaporation of N, ions following N adatom diffusion. The observed differences in
Ga and N ion evaporation behaviors are considered in detail to understand the influence of
intrinsic materials characteristics on the reliability of atom probe tomography analysis. We find
that while reliable analysis of Ill—N alloys is possible, the standard APT procedure of
empirically adjusting analysis conditions to obtain stoichiometric detection of Ga and N is not
necessarily the best approach for this materials system.

KEYWORDS: atom probe tomography - semiconductor nanowires - GaN

semiconducting materials that could not be
analyzed by voltage pulsing.'® In pulsed
laser APT, laser-assisted field evaporation
is used to selectively remove ions at the  *Address correspondence to
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reconstruction of the evaporated material. X .

Published online April 20, 2012
Pulsed laser APT has been used to map dopant  1¢.1021/nn2050517
distributions in single-element group IV nano-
Wires,14716 but compound semiconductors  ©2012 American Chemical Society

VOL.6 = NO.5 = 3898-3906 = 2012 W)‘

Www.acsnhano.org

iBlARiL

3898



present an additional challenge because the constitu-
ent elements may exhibit dramatically different eva-
poration behaviors.

As early as the 1980s researchers made a concerted
effort to understand the mechanisms that governed the
evaporation of compound semiconductors during APT
analysis. Due to differences in the evaporation fields of the
group llland group V species, one type of atom was often
detected more readily than the other, leading to inaccu-
rate stoichiometries.'””~2° In addition, group V elements
were observed to evaporate as clusters (e.g, As,”, As3™,
As, ") in GaP?' GalnP,%2 GaAs,?2 GalnAs,*>2* AlinAs,>* and
GaAllnAs.2* Because the evaporation field for the group V
species is higher in these cases, it was concluded that the
atoms migrate over short distances on the surface to form
clusters with evaporation fields comparable to the group
Il atoms. 2 Recent analyses of GaAs/GalnP/GaAs hetero-
structures reported observation of group V clustering,
indicating that this phenomenon is prevalent even with
state-of-the-art APT analyses.>> Confronted with such
complexities, one simple approach to reliable analysis is
to optimize experimental conditions to achieve a known
stoichiometry calibrated by some other technique, such
as secondary ion mass spectroscopy. Such an approach is
not possible with nanowire heterostructures. Further-
more, total stoichiometry optimization can actually lead
to less reliable analysis, as we demonstrate below.

While the evaporation mechanisms of GaAs, GaP, and
associated alloys have been comprehensively studied,
GaN has received comparatively little attention. It is
especially challenging to perform APT of GaN because
of its low electrical conductivity; a pulsed laser is required
to achieve reliable evaporation, and the mass resolution is
degraded by the poor thermal conductivity.?® In spite of
these challenges, APT has been used to analyze dopant
clustering and map interface uniformity in planar InGaN
QWSs,>?” GaN—AlGaN superlattice structures,”® and c-axis
GaN nanowires.”® The latter study, using a 532 nm pulsed
laser, reported variations in the evaporation behavior of
Ga and N ions that was attributed to nonuniform heating
at the nanowire tip. This heating led to a reduced
detection of N due to evaporation that was not correlated
with the laser pulses. This study reports empirical identi-
fication of experimental conditions that yield stoichio-
metric evaporation in APT.?

Here we report pulsed UV laser (355 nm) APT
analysis of g-axis-oriented GaN nanowires that do not
present artifacts caused by nonuniform heating. How-
ever, variations in surface curvature and faceting are
found to strongly influence the measured stoichiome-
try. Specifically, the optimization of run conditions to
achieve global stoichiometry results in a Ga deficiency
on N-polar facets and a N deficiency on nonpolar
and Ga-polar facets. The observations suggest that
quantitative analysis of group Ill composition varia-
tions in lll—N ternary alloys is possible, but that experi-
mental conditions should be tailored to maximize the
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signal-to-noise ratio rather than the stoichiometry. Such
an approach is particularly important for the analysis of
dilute impurities and dopants, both for nanowires and for
specimens prepared from thin film heterostructures.

RESULTS AND DISCUSSION

GaN nanowires were mounted on tungsten micro-
tips for analysis using APT, as depicted in Figure 1 and
further discussed in the Materials and Methods section.
Stoichiometric evaporation of Mg-doped nanowires
was achieved by adjusting temperature, applied dc
voltage, and pulse energy during the experiment.
Peaks associated with Ga and N are readily resolved
in the representative mass spectrum shown in Figure 1c.
The N species evaporated predominantly as singly and
doubly charged N, at 28 and 14 amu, respectively.
While the 14 amu peak could contain both N* and
N,2", the similarities of the Ga®*/Ga® and N,>"/N*
charge state ratios suggest that N* does not make a
significant contribution. Furthermore, no isotope peak
>N was detected.>® The nanowires were doped with
Mg to increase the conductivity, which facilitates APT
analysis, and to measure the dopantincorporation rate,
which is not known for GaN nanowires. On the basis of
the flow rates described in the Materials and Methods
section, the Mg/Ga ratio in the gas phase during
growth was 0.003. However, no Mg peaks were identi-
fied in the mass spectrum, indicating a relatively low
doping efficiency for these growth conditions. The back-
ground noise level was used to establish a maximum Mg
concentration of 140 ppm (~2 x 10" cm™3) for the mass
spectrum shown in Figure 1c. The mass spectrum with
the highest signal-to-noise ratio, taken from a different
nanowire, did not contain any Mg peaks and yielded
an upper bound on the Mg concentration of 0.3 ppm
(~5 x 10" cm3) assuming no preferential loss of Mg.

Previous scanning electron microscopy (SEM) and trans-
mission electron microscope (TEM) imaging has shown
that GaN nanowires grown epitaxially on r-plane sapphire
using metal—organic chemical vapor deposition (MOCVD)
typically grow vertically along the nonpolar [1120] direc-
tion (g-axis). Some a-axis nanowires grow 30° from vertical,
and a small number of nanowires grow at 60° in the
nonpolar [1070] direction (m-axis).>'** SEM imaging of the
growth substrate for the nanowires used in this study
revealed that 75% of the Mg-doped nanowires grew along
an g-axis. As discussed in the Materials and Methods
section, nanowires with suitable dimensions were selected
and mounted on tungsten microtips. While the mounting
process did not intentionally exclude m-axis nanowires,
less than 7% of the observed m-axis nanowires were long
enough (~8 um) to mount. It is therefore unlikely that any
m-axis nanowires were selected for investigation, and the
discussion below assumes an a-axis orientation.

Anisotropic faceting of the nanowires, which devel-
ops during synthesis and evolves during APT analysis,
was observed by SEM imaging and analysis of APT 2-D
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Figure 1. (a) SEM image of a GaN nanowire mounted on a W microtip. Scale bar is 1 um. (b) Perspective view of a 3-D
reconstruction of the nanowire with 20% of Ga and N, atoms displayed (45 x 45 x 1016 nm>). (c) APT mass spectrum. The total
amounts of Ga and N atoms were detected in nearly the correct stoichiometric ratio (N/Ga = 1.03). Inset: Semilog plot of N, *

peak showing thermally broadened tail.

hit density profiles. a-axis GaN nanowires exhibit iso-
sceles triangular cross sections with two semipolar
{1101} side facets of equivalent edge length and one
polar c-plane side facet with ~7% shorter edge
length.>® Consistent with prior results, post-APT SEM
imaging of one of the nanowires measured triangular
side facet lengths (viewed from above) of 120 + 3,
117 & 5,and 110 & 3 nm, corresponding to the (1101),
(1101), and (0007) side facets of the nanowire. Negli-
gible InGaN grows on the N-polar c-plane facet during
synthesis of GaN/InGaN core/shell nanowires, indicat-
ing that the exposed c-plane is the N-polar (00071)
plane*737 Qian et al. previously observed a similar
lack of InGaN growth on triangular GaN nanowires with
the same facet geometry as reported here and re-
ported an N-polar (0007) c-plane facet based on con-
vergent-beam electron diffraction studies.> The (0007)
c-plane polarity was confirmed experimentally by wet
etching of the nanowires in a KOH-based solution,
resulting in the formation of nanotip pyramids on the
c-plane facet (Supporting Information Figure S1). This
selective wet etch is known to etch and cause the
formation of nanotip pyramids for N-polar c-plane GaN
and does not etch the Ga-polar c-plane surface.3®
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Pre- and post-APT SEM imaging shows that the end
of the nanowire evolves from a single top plane to a
multiply faceted surface (Figure 2a,b). The faceted tip
morphology produces variations in the electric field at the
evaporation surface that affect the trajectories of evapo-
rated ions. The field variations are manifest as corre-
sponding spatial variations in the density of ions hitting
the detector, with a lower ion density associated with
regions of higher local field divergence. Low-index planes
often manifest as a region of lower hit density because
the trajectories of ions evaporating from the terrace
edges diverge more strongly as the size of the topmost
terrace decreases during evaporation.** *? The 2-D hit
density profile in Figure 2c was produced by plotting the
number of ions detected as a function of lateral position
for the entire reconstructed volume. The hit density
profile exhibits a mirror plane at x = 0 (y—z plane) but is
not symmetric with respect to reflection about y =0 (x—z
plane), as the c-axis of the polar crystal lacks inversion
symmetry. Ten nanowires were analyzed by APT, and all
showed the same symmetries in the 2-D hit density
profile, enabling their azimuthal orientations to be deter-
mined unambiguously. Four examples are shown in
Supporting Information Figure S2.
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Figure 2. SEM image of a GaN nanowire (a) before and (b) after APT analysis. Scale bar: 200 nm. (c) 2-D hit density profile
depicting the total number of Ga+N atoms/nm? detected for the entire reconstructed volume. The locations of the (0170),
(1120), and (1010) poles are indicated, assuming a vertical a-axis nanowire. (d) Schematic of selected low-index facets of GaN.
(e) Facets present during selected area epitaxy reflecting facet stability.

The crystal orientation is shown in Figure 2d, to-
gether with several low-index facets that would be
present to varying degrees during APT analysis in the
absence of the c-axis anisotropy. For reference, the
projections of the (0170), (1120), and (1010) poles onto
the 2-D hit density profile are shown in Figure 2c,
assuming a vertical g-axis nanowire. The pole locations
were determined using the equations governing the
projection of a specimen tip onto the detector during
APT.*® Due to the similarities in the symmetries of the
a- and m-axes, either orientation would exhibit poles
within the field of view of the detector. However, the
assigned poles for the ag-axis orientation are of lower
index and therefore in better agreement because low-
index pole regions are generally flatter than high-index
regions and have a greater influence on ion trajec-
tories.*® Figure 2d is not the actual tip shape; as noted
above, the nanowire cross section is triangular due
to anisotropic growth rates on different crystal planes.

RILEY ET AL.

For comparison, Figure 2e shows faceting similar to
what was observed by Jindal et al. during selected area
growth of GaN and was explained in terms of the
growth velocities for distinct facets.*® Similarly, under
APT analysis conditions, anisotropic evaporation re-
sults in faceting that reflects the relative stability of
various facets. The actual tip shape is therefore likely
intermediate to Figure 2d and e.

Variations in the hit density of particular species
(Figure 3) can provide additional insights into the
influence of the crystal structure on ion evaporation
and the facets that are present during APT analysis. The
Ga' and N,* hit densities show the same symmetries
and trends, with fewer ions detected in a band running
through the middle of the map and fewer ions de-
tected toward the Ga-polar surface (toward the top of
the figure). The band of low hit density is due to
evaporation at locally higher electric fields; the edges
of atomic terraces cause local enhancements in the
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Figure 3. 2-D hit density profiles for (a) Ga* (b) N,* (c) Ga**, and (d) N, . Regions of high curvature are associated with a

relative increase in doubly ionized species.

electric field at the edges of low-index planes, such as
the central a-plane, leading to increased evaporation
of doubly charged ions as shown in Figure 3¢,d. The
ratio of doubly charged to singly charged ions corro-
borates the identification of high-field regions asso-
ciated with the crystallographic poles. The variation in hit
density with facet polarity is discussed further below,
along with detailed analyses of other factors influencing
the density of detected ions in this materials system,
following an examination of the stoichiometry.

The facet polarity strongly influences the relative
evaporation rates of Ga and N, leading to apparent
local variations in stoichiometry even when the com-
posite mass spectrum is stoichiometric (Figure 4). For
the APT analysis that generated the 2-D concentration
profile in Figure 4, the evaporation conditions were
tuned to achieve stoichiometric detection of the total
number of Ga and N ions. However, upon inspection of
the 2-D profile, it becomes clear that stoichiometric
detection was only occurring near the N-polar surface
of the nanowire (bottom of Figure 4a). The nonpolar
and Ga-polar surfaces exhibit a N deficit. The total num-
bers of Ga and N atoms were detected in the expected
stoichiometric ratio because a higher proportion of atoms
was being collected from regions near the N-polar surface
(as shown in Figure 3a,b) where the apparent stoichiom-
etry is closest to the actual stoichiometry. As the polar
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c-axis is also normal to the m-axis, a similar trend would be
observed in nanowires grown or analyzed along the
nonpolar m-axis. The observed deviations in stoichiometry
are dominated by the preferential loss of nitrogen-
containing ions. An ion is “lost” when its evaporation
is uncorrelated with the laser pulse, which is the case for
evaporation between laser pulses, or during a multiple
hit event, which is defined as two or more ions evapor-
ating from the specimen following a single laser
pulse.** Multiple hits can occur, for example, when an
additional ion evaporates while the nanowire tip is
cooling following the laser pulse, leading to thermal
tails on the mass spectrum peaks (inset, Figure 1c).
The ion appears at a higher than expected m/n value
because of the extra time that elapses between the
laser pulse incidence and the actual evaporation event.

In general, more N, than Ga evaporates in multiple
hit events, so a higher fraction of N ions is not detected.
This tendency is illustrated in Table 1. N, loss is
especially pronounced at nonpolar and Ga-polar sur-
faces (Figure 4) due to the variations of bonding
coordination at these surfaces. To explain the absence
of N ions and the dominance of N," ions in the
spectra, we propose that the rate-limiting step for the
evaporation of N on nonpolar and Ga-polar regions is
surface diffusion of N to form N,. Migration of N is
the most plausible formation mechanism for N,; the
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Figure 4. (a) 2-D and (b) 1-D concentration profiles depicting stoichiometric evaporation occurring near the N-polar surface
(bottom) with decreased N and increased Ga detection near the nonpolar (center) and Ga-polar (top) surfaces. These profiles
were generated from APT data that exhibited overall stoichiometric evaporation. Distance on the 1-D profile corresponds to

distance along the dashed arrows in (a).

|
TABLE1. Number of Single and Multiple Hits Measured for
the Majority Species during APT Analysis

Gat Ga2" N, N22+
% single 83 54 61 32
% multiple 17 46 39 68

wurtzite crystal has no N—N bonds, and it is unlikely
that two N atoms would combine under vacuum while
traveling to the detector. Formation of group V clusters
during APT analysis has been previously observed in
llI—As and Ill—P materials and attributed to surface
migration.?°~23>%> While higher-order clusters of As and
P were observed (up to 7 atoms)> higher-order
clusters of N are not observed because N, is stable
and likely has a negligible barrier to evaporation.*>**®
The hypothesis of diffusion-limited evaporation, with
the barrier to N diffusion lower than the barrier to N*
evaporation but higher than the N, desorption barrier,
is consistent with calculations: the barrier for the diffusion
of a N adatom on a Ga-polar surface is 0.66 eV,* whereas
the estimated Ga—N bond energy is 4.2 eV.*34°

Despite the distinct evaporation behaviors of the
group Il and group V elements, analysis conditions
could be tuned so that the total amounts of Ga and N
atoms detected are equal. The adjustable experimental
parameters include the specimen temperature, laser
pulse repetition rate, laser pulse energy, and applied dc
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Figure 5. Fraction of Ga, N, and background counts for
different voltages. Laser pulse energy, repetition rate, and
specimen temperature are held constant. Background
counts are defined as counts not originating from the Ga
or N peaks.

voltage. Using the lowest specimen temperature (~37 K)
improved Ga and N detection by increasing the
cooling rate, which reduces the cooling-limited peak
width (see Figure 1c inset) and the amount of uncorre-
lated evaporation. Increasing the laser pulse repetition
rate slightly improved the spectrum quality by reducing
the number of uncorrelated evaporation events between
pulses. At low laser pulse energies (0.014—0.532 pJ), the
detection efficiency was insensitive to pulse energy.
The dc voltage had the most significant influence on
Ga and N detection. The N/Ga ratio approached the
stoichiometric value when the applied dc voltage was
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increased by raising the target evaporation rate during
APT analysis. However, this apparent improvement
was actually due to a decrease in Ga detection rather
than an increase in N detection, as illustrated in Figure 5.
Ga depletion at high applied dc voltages has been
previously observed in GaAs'® and was attributed to
the fact that the evaporation field of Ga (15 V/nm) is far
lower than that of As (42 V/nm).'%*3%%C These eva-
poration field values have been tabulated and de-
scribed in detail elsewhere.®® The evaporation fields
used in this discussion have been calculated for ele-
mental species and likely differ for atoms present in a
compound, but the values inform a qualitative discus-
sion of evaporation behaviors. Both As and N are group
V elements that display qualitatively similar evapora-
tion with a proclivity for thermally assisted surface
migration and evaporation as higher-order molecular
ions,*>%% 5o it is reasonable to conclude that the Ga
deficit increases with increasing dc voltage because it has
a lower evaporation field than N. Once dc field evapora-
tion of Ga becomes significant, the noise level in the mass
spectrum increases because these events are not corre-
lated with the laser pulse. If the dc voltage is increased
even further, both Ga and N are expected to dc field
evaporate, leading to a deficit in both species and a
further increase in the background of the mass spectrum,
which was also observed to occur for Ga and As in GaAs.'®

DISCUSSION OF IMPLICATIONS FOR ANALYSIS
OF IlI-N HETEROSTRUCTURES

The results reported above raise the important
question of whether pulsed laser APT is a reliable
technique for the analysis of lll—N heterostructures.
We conclude that reliable analysis is possible provided
the distinct evaporation behaviors of the constituent
species are accounted for. Due to the difference in the
evaporation fields of Ga and N and the polarity-in-
duced deviations in the local evaporation of Ga and N

MATERIALS AND METHODS

a-Axis Mg-doped nanowires were grown via MOCVD using Ni
catalysts on r-plane sapphire as described previously.>"'
The nanowires were grown using a trimethylgallium precursor
with a flow rate of 1.41 mmol/min and doped using bis-
(cyclopentadienyl)magnesium with a flow rate of 4.30 x 103
mmol/min. Nanowires were mechanically transferred from the
growth substrate to a half TEM grid using a manual microma-
nipulator and an optical microscope. A nanomanipulator in a
SEM was then used to select nanowires greater than 8 um in
length and less than 100 nm diameter and transfer these
nanowires from the grid to tungsten microtips. Finally, elec-
tron-beam-induced deposition of platinum was used to form a
moderately conducting and mechanically stable joint.?° A local
electrode atom probe 4000x Si was used to perform APT
analysis. The following conditions were used during APT anal-
ysis: laser pulse energy of 0.014—0.532 pJ, laser pulse repetition
rate of 250, 500, or 750 kHz, base temperature of 37—84 K, and
applied dc voltage of 2123—2786 V. Run conditions were
chosen such that the mass spectrum was relatively insensitive
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atoms, empirically adjusting experimental conditions to
obtain global detection of Ga and N in the correct
stoichiometric ratio may not be appropriate. In fact, the
experimental conditions that yield apparent stoichio-
metric evaporation increase the background of the mass
spectrum associated with uncorrelated evaporation, mak-
ing it difficult to study dilute species such as dopants.
Improvements in the stoichiometry (i.e., N detection) may
result from operation at higher pulse frequencies and
better focused laser excitation through improvements in
in situ vacuum optics. More focused laser pulses decrease
the time at which the tip temperature is sufficient to
produce diffusion by generating larger thermal gradients
and enabling the use of lower pulse energies.

In order to best analyze dopants or other group lll
elements in llI—N ternary alloys that may be
present in low concentrations, experimental condi-
tions should be optimized to provide high mass
resolution and low background levels. On the basis
of the observed Ga deficit caused by dc field eva-
poration at high applied voltages, it is probable that
the signal-to-noise of the mass spectrum will be
highest at low applied voltages. Maximizing the
signal-to-noise should result in the optimized detec-
tion of Ga and other species incorporated substitu-
tionally on Gasites, such as Mg dopants in p-GaN and
In or Al in In,Ga;_,N or Al,Ga;_,N, respectively. The
evaporation fields of Mg (21 V/nm), In (12 V/nm), and
Al (19 V/nm) are similar to that of Ga (15 V/nm).39°°
Because these species occupy Ga lattice sites in the
GaN matrix and have comparable calculated eva-
poration fields, it is likely that their evaporation
behaviors will be similar to that of Ga. The ability to
detect low concentrations of p-dopants and group Il
elements in lll—GaN alloys will enable APT to analyze
doping efficiency and interface abruptness, which is
particularly useful for the advancement of GaN-
based heterostructures.

to variations in the laser power. The sensitivity of stoichiometry
to the dc voltage was previously discussed.
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