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Abstract

Nanometric bubbles filled with nitrogen, located adjacent to Fe,N (n = 3 or 4) nanocrystals
with in (Ga,Fe)N layers, are identified and characterized using scanning transmission
electron microscopy (STEM) and electron energy-loss spectroscopy (EELS). High-resolution
STEM images reveal a truncation of the Fe-N nanocrystals at their boundaries with the
nitrogen bubbles. A controlled electron beam hole drilling experiment is used to release
nitrogen gas from a bubble in situ in the electron microscope. The density of nitrogen in an
individual bubble is measured to be 1.4 * 0.3 g/cm®. These observations provide an
explanation for the location of surplus nitrogen in the (Ga,Fe)N layers which is liberated by

the nucleation of Fe,N (n> 1) nanocrystals during the growth.



INTRODUCTION

Recent progress in nanocharacterization® and ab initio studies®® has shown that the open
d-shells of transition metal (TM) cations diluted in non-magnetic compounds not only provide
localized spins but also, through charge-state-dependent hybridization with band states,
contribute to the cohesive energy of the material, particularly when TM atoms also occupy
neighboring sites. The resulting attractive force between the magnetic cations may lead to their
aggregation, either at the growth surface during the epitaxial process, as in (Ga,Fe)N (Refs. 4-
7) and for Mn cation dimers in (Ga,Mn)As,® or by being triggered by appropriate post-growth
high-temperature annealing®*? or high-temperature growth,*? as observed in (Ga,Mn)As**? and

(Ga,In,Mn)As,*® respectively. Significantly, in a number of systems, the TM-rich nanocrystals

that are formed in this way, such as Fe,N (n> 1),*" MnAs" or Co,***® do not have a uniform

distribution in the film. Instead, they tend to accumulate in planes that lie perpendicular to the

4-7,13

growth direction, either close to the film surface*"*2 or at its interface with the substrate,**® by

a process that is referred to as nucleation-controlled aggregation.®*® One of the consequences

of TM aggregation is that high temperature ferromagnetism in many magnetically-doped

semiconductors and oxides is now assigned to the presence of such aggregates.***’ According

15,18

to other schools of thought, defects'®>*® and electron-mediated interactions'® account for robust

ferromagnetism in some cases. Nanocomposite systems that contain ferromagnetic aggregates

Ill

can also show enhanced magneto-optical®> and magneto-transport properties,”® including

specific tunneling magnetoresistance.”* A number of other functionalities are expected to be

revealed in the future.???®

Here, we make use of recent advances in aberration-corrected scanning transmission
electron microscopy (STEM) and optimized specimen preparation techniques for electron

microscopy to study, with high spatial resolution, (Ga,Fe)N layers that contain Fe,N



nanocrystals, for which n = 3 or 4. We use annular dark-field (ADF) imaging in the STEM to
record images with atomic number sensitivity (Z contrast). We show that the Fe,N nanocrystals
that form in the (Ga,Fe)N host are often truncated and are then associated with closely-adjacent
bubbles that are filled with nitrogen. We use a combination of ADF STEM imaging and
electron energy-loss spectroscopy (EELS) in an attempt to determine the nitrogen density in an
individual bubble. We also release the nitrogen a bubble in situ in the transmission electron
microscope using a focused electron beam. Our results provide new information about the
location of the nitrogen that is liberated from (Ga,Fe)N during the nucleation of Fe,N (n > 1)
nanocrystals and have implications for the physics of (Ga,Fe)N and other nanocomposite

systems, such as GaAs/MnAs and (Zn,Co)O/Co.

EXPERIMENTAL DETAILS

(Ga,Fe)N samples were grown using metal organic vapor phase epitaxy and studied in
cross-sectional geometry in the TEM. The deposition process, the structure of the layers and
their magnetic properties are described in detail elsewhere.?* (Ga,Fe)N layers that were grown
at 800 °C showed no evidence of secondary phases. Here, we focus on layers that were grown

either at 850 °C or at higher temperatures and contain Fe-N precipitates. Specimens were

prepared for TEM examination using conventional mechanical polishing and low energy (<1
keV) Ar ion milling. Great care was taken to minimize Ar ion-beam-induced artifacts. Probe-
aberration-corrected STEM studies were carried out at 300 and 100 kV using FEI Titan 80-300
and Nion UltraSTEM microscopes, respectively. Electron diffraction patterns were simulated
using JEMS software. An FEI Titan 80-300 environmental TEM (ETEM) microscope was used

to collect EELS signals of molecular nitrogen at room temperature.

RESULTS AND DISCUSSION



A low magnification low-angle ADF (LAADF) STEM image of a (Ga,Fe)N layer that

had been grown at 900 °C is shown in Fig. 1 (a). Both dislocations and Fe-N nanocrystals

appear bright in the image. The dark contrast adjacent to each nanocrystal, which we observed
in every (Ga,Fe)N sample that contained Fe-N nanocrystals larger than ~5 nm, is a bubble

filled with nitrogen, as discussed below. The structures of the nanocrystals were determined,

using nano-beam electron diffraction (NBED) (see below), to be €-FesN and y-FesN, in
agreement with previous diffraction and magnetization measurements.?* High-resolution
aberration-corrected ADF STEM images of a nanocrystal and an adjacent nitrogen bubble
recorded using different inner detector semi-angles are shown in Figs. 1 (b) and (c). The
dissimilar crystallographic structures of the Fe-N nanocrystal and the surrounding GaN matrix
result in the formation of a Moiré fringe pattern within the outline of the crystal in Fig. 1(b).
The image shows that the nanocrystal is faceted, with a truncated hexagonal shape, as marked
in Fig. 1(b). The volume of the missing part of the crystal is ~ 32% of the volume that it would

have had if it were not truncated. By considering a nanocrystal with structure and composition

of e-FesN and molecular nitrogen, the nitrogen content of the missing part of the nanocrystal is

equivalent to the volume of a ~ 6 nm nitrogen-filled bubble at room temperature and pressure.
The size of the bubble shown in Fig. 1 (b) is, however, bigger than 10 nm, suggesting that
excess nitrogen may have been released during nucleation of the nanocrystal. The thin bright
band of contrast that is visible around the bubble in the LAADF image may be associated with
strain® and depends sensitively on the collection angle and sample thickness. Significant
segregation of Fe, N or Ga was ruled out as an explanation for the origin of the contrast by
acquiring EELS line scans across the edge of the bubble. By increasing the collection angle of

the detector to acquire a high-angle ADF (HAADF) image as shown in Fig. 1(c), the contrast is



more sensitive to projected atomic number density and less to diffraction contrast. The bubble

then appears with dark contrast in the recorded HAADF image.

nitrogen

Figure 1. (a) Montage of low magnification LAADF STEM images of Fe-N nanocrystals and

bubbles in a GaN layer that had been grown at 900 °C. (b) LAADF and (c) HAADF images of

a 10 nm Fe-N nanocrystal and an associated nitrogen bubble. The region indicated in (b) shows
an apparently truncated part of the crystal. The inner ADF detector semi-angles used were (a)

47.4, (b) 30.9, and (c) 78.4 mrad, respectively. All images were acquired at 300 kV

In each sample, Fe-N nanocrystals with a size of ~ 5 nm were also found without
nitrogen bubbles adjacent to them. Figure 2 (a) shows an aberration-corrected high-resolution
LAADF STEM image of a 4.5 x 3 nm Fe-N nanocrystal that had been grown at 950 °C. A
Moiré fringe pattern is visible across the nanocrystal due to the overlapping Fe-N and GaN
structure. The structure of a different nanocrystal from the same sample was studied using
nano-beam electron diffraction as shown in Fig. 2 (b). A parallel electron beam of diameter ~ 1

nm was used to record diffraction patterns both from the Fe-N nanocrystal and from the GaN



matrix, which was used as standard for lattice parameter determination. This procedure showed

that nanocrystal was €-FesN. Figure 2 (c) shows a simulated diffraction pattern of €-FesN and

GaN, which provides a good qualitative match to the experimental pattern shown in Fig. 2 (b).

The epitaxial relationship is inferred to be (001)[100]GaN // (001) [210]e-FesN. The simulated

diffraction pattern was determined using lattice parameters for e-FexNy obtained from

Leineweber et al..?® The lattice parameter of the -FesN nanocrystal, measured along the b axis
is 0.455+0.01 nm, which is slightly shorter than that of bulk €-phase with composition of &-
FesN. Such a lattice distortion can be caused either by strain or by non-stoichiometric

nanocrystal composition. The results of a compositional measurement made across an £-FesN

nanocrystal and the GaN host by collecting a linescan of N-K edge and Fe-L edge EELS
spectra are shown in Figs. 2 (d) and (e). A small dip in the measured N concentration and a

clear Fe peak are consistent with the presence of an Fe-rich nanocrystal.
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Figure 2. LAADF STEM images and diffraction patterns acquired at 300 kV from g-Fe;N

nanocrystals without adjacent nitrogen bubble. (a) LAADF STEM image acquired using an

inner ADF detector semi-angle of 48 mrad. (b) Experimental and (c) simulated NBED patterns



of an g-Fe;N nanocrystal in a GaN host. (d) LAADF STEM image of a different crystal,
showing the region that was used for subsequent EELS analysis. The probe convergence and
effective collection semi-angles were both ~ 25 mrad. (e) EELS signals corresponding to Fe

(red) and N (black) recorded along the line indicated in (d).

High-resolution HAADF STEM images and diffraction patterns acquired from a y-Fe;N
nanocrystal in GaN are shown in Fig. 3 for a sample that had been deposited at 950 °C. The
nanocrystal had dimensions of approximately 50 x 26 nm. However, part of it is missing,
where a nitrogen bubble has formed, as shown in Fig. 3 (a). The relatively large size of the
nanocrystal allowed a conventional selected area electron diffraction (SAED) pattern to be
recorded, containing weak reflections from the nanocrystal in addition to the reflections from
GaN. Figures 3 (b) and (c) show experimental and simulated SAED patterns, from which the
epitaxial relationship was inferred to be (002)[100]GaN//(-111)[110]y-Fe4N. Interestingly, a

tetragonal distortion of -2.4 % was inferred in the measured lattice spacing of the y-FesN

nanocrystal using the GaN reflections as a reference. A high-resolution HAADF STEM image

of the lower interface between the y-Fe;N nanocrystal and GaN where the bright dots are Fe

and Ga columns is shown in Fig. 3 (d). The structure of this interface is particularly interesting,

since it is incoherent, with no dislocations observed in the y-Fe,;N despite the misfit of 5.4 %
between the (111)rn and (011)can lattice plane spacing. Moreover, a spacing of of 0.34 nm is

present between the y-Fe;N and GaN, as shown in Fig. 3 (e). The measured Ga-Ga peak-to-

peak distance of 0.26£0.1 nm in GaN and the measured Fe-Fe distance of 0.215£0.1nm in y-

Fe4sN are close to the expected values of 0.259 and 0.216 nm for these structures. In the [111]

direction, the y-FesN structure consists of modulated Fe and N layers. It is reasonable to

suggest that the first layer of the y-Fe;N nanocrystal is N-rich, based on the dark contrast
visible in the gap in the HAADF STEM image of the interface. The schematic model shown in

8



Fig. 3 (f) shows the possible interface structure. A high-resolution HAADF STEM image of the

orthogonal interface between the y-Fe;N nanocrystal and the GaN host is shown in Fig. 3 (g).

The misfit between the (002)gan and (111)re-n planes is 16.6 %, resulting in the presence of

periodic dislocations in the y-Fe4sN nanocrystal as indicated in Fig. 3 (f). The dislocations

formed at every 4-5 planes with a distance of 0.9 nm and 1.1 nm between them.
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Figure 3. ADF STEM images and diffraction patterns recorded at 300 kV from a y-Fe;N

nanocrystal associated with a nitrogen bubble. (a) ADF STEM image, (b) experimental and (c)

simulated SAED patterns acquired from a y-Fe4N nanocrystal in GaN. (d) High-resolution

aberration-corrected HAADF STEM image of the lower edge of the y-Fe4N nanocrystal shown
in (). The inner ADF detector semi-angle used for acquiring images (a), (d) and (g) was 47.4
mrad. (e) Integrated intensity scan generated along the arrow marked in (d). A spacing of ~0.34
nm is present between the last Ga row and the first Fe row. (f) Model of the interface structure

inferred from the STEM image. (g) HAADF STEM image of the interface at the left side of the

nanocrystal shown in (a). Misfit dislocations formed in the y-Fe;N nanocrystal are marked.



A STEM EELS measurement was performed to obtain chemical information from a
single nanocrystal and an adjacent bubble embedded in the GaN host. The measurement was
challenging as a result of the presence of nitrogen in each of the three phases (GaN, Fe-N and
nitrogen). We studied the fine structure of the N-K edge by using a distributed dose acquisition
routine (SMART?') in order to minimize electron beam induced damage during the experiment,
which was performed at 100 kV. The convergence and collection semi-angles used were 30
and 33 mrad, respectively. An ADF STEM image and background-subtracted EELS spectra
acquired from an Fe-N nanocrystal and an associated bubble in a (Ga,Fe)N layer that had been
grown at 850 °C are shown in Fig. 4. The EELS line-scan spectra in Fig. 4 (b) were acquired
from the area indicated by a box and an arrow shown in Fig. 4(a). Representative N-K edge
spectra recorded from the GaN host, the (bubble + GaN) and the (Fe-N nanocrystal + GaN) are
shown in Fig. 4 (c). The spectrum recorded from the GaN host shows a characteristic three-
peaked structure between 400 and 405 eV. This feature also appears in EELS spectra collected
from the Fe-N/bubble complex, as they are embedded in the GaN host. However, the first peak
in the spectrum that was collected from the bubble, at 400 eV, is significantly higher than that
recorded from either the Fe-N particle or the GaN alone. By normalizing the N-K edge tails, a
difference in the heights of the second and third peaks of the N-K edge appears between the
spectra recorded from the GaN and (GaN + bubble) regions. This difference is associated with
the contribution of the bubble to the peak intensities. In order to interpret the fine structure of
the N-K edge spectra, an EELS spectrum was recorded from molecular N, gas in an
environmental TEM.”® The N-K edge fine structure of GaN was also calculated using self-

consistent real-space multiple-scattering calculations,”® as implemented in the FEFF9.05

10



density functional theory code, which allows experimental parameters such as beam energy,
crystal orientation and collection angle to be included. The random phase approximation was
used to include core hole effects while the Hedin-Lundqvist self-energy was used to take
inelastic losses into account. A characteristic single-peaked feature in the experimental
spectrum recorded from nitrogen gas and multiple peaks in the spectrum simulated for GaN are
visible in Fig. 4 (d). Distinct peaks in the experimental molecular nitrogen spectrum at ~ 415
eV and in the simulated GaN spectrum at ~ 423 eV can also be seen in the experimental spectra
shown in Fig. 4 (c) suggesting that the spectrum recorded from the (bubble + GaN) is indeed a

superposition of spectra from molecular nitrogen and GaN.
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Figure 4. (a) ADF STEM image and (b) background-subtracted N-K edge EELS spectra
acquired at 100 kV from a bubble, an Fe-N nanocrystal and the GaN host. The inner ADF
detector semi-angle was XX mrad. The probe convergence and collection semi-angles used to
acquire the EELS spectra were 30 mrad and 33 mrad, respectively. The box and arrow in (a)
show the positions used for the line scan measurements. (¢) Representative spectra recorded
from the (bubble + GaN), (GaN + Fe-N crystal), and GaN. The dotted lines in (c) indicate an
amplitude difference associated with the reduced GaN thickness at the position of the (bubble
+ GaN). The arrows indicate distinct peaks associated with nitrogen and GaN (see (d)). (d)
Experimental EELS spectrum recorded from nitrogen gas in an ETEM at 300 kV, shown
alongside a spectrum calculated for the N-K edge in GaN. The experimental spectrum was

recorded at nitrogen gas pressure of 20 mbar.

Figure 5 shows the result of an experiment that provides direct evidence for the
presence of nitrogen gas in the bubble adjacent to the Fe-N nanocrystal shown in Fig. 4,
obtained by making use of a focused electron beam to burst it in situ in the electron
microscope. A stationary sub-A-diameter electron beam with a current of 350 pA was used to
create a hole in the specimen at the position of the bubble, while recording an EELS spectrum
every 40 s. Figures 5 (a) and (b) show ADF STEM images of the nitrogen bubble and part of
the adjacent Fe-N nanocrystal recorded before and after hole formation, respectively. The
bubble shape can be seen to change during the experiment. The intensity of the characteristic
first peak in the N-K edge spectrum at 400 eV was observed to decrease suddenly when the
nitrogen gas was released after irradiation for 600 s, as shown in Figs. 5 (c)-(e). After hole
formation, the N-K edge fine structure is the same as that measured from GaN alone (see Figs.

4 (b) and (c)).
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Figure 5. (a), (b) ADF STEM images of the same Fe-N nanocrystal and nitrogen bubble as in
Fig. 4, recorded while drilling a hole in the specimen using a stationary 100 kV focused
electron beam after at (a) 0 and (b) 640 s. (c)—(e). Background-subtracted EELS spectra taken
from a time series of N-K edge measurements. After approximately 10 min. (between spectra
(d) and (e)), a hole forms in the specimen and the nitrogen gas is released from the bubble. The

intensity of the first peak in the spectrum is then reduced.

The study of a molecular-nitrogen filled bubble in solid GaN is very challenging using
TEM and EELS. First, the radiation damage introduced to the specimen by the electron beam
needs to be considered, including (i) ionization (radiolysis), (ii) sputtering by knock-on and (iii)

specimen heating.***" lonization is likely to result a chemical shift of the N-K edge, but not to a

13



have significant effect on the overall intensity of the EELS spectrum. Knock-on damage of
GaN is also unlikely, since the bulk threshold knock-on energies for N and Ga atom
displacements are 32 and 24 eV, which require electron energies of 180 and 510 keV,
respectively, for the production of Frenkel pair point defects.** With regard to the nitrogen in
the bubble, the combined effect of displacement and ionization can result in weakening or
splitting the atomic bonds in nitrogen dimers. The complexity of the system is even greater as a
result of the presence of Fe in the vicinity of the bubble, since an Fe-based catalyst is used for
splitting nitrogen bonds in the presence of hydrogen in the Haber-Bosch process.** With regard
to specimen heating, the temperature rise® is expected to be AT ~ <E> (2R¢/b) / (4nKA), where

<E> is the mean energy loss per inelastic scattering event, Ry is the distance from the beam

position to the conductive part of the TEM stage or grid bar, b is the probe size, K is the

thermal conductivity of the specimen and A is the inelastic mean free path. A 100 kV STEM
probe is therefore expected to increase the temperature of a ~100 nm thick specimen by only a

few degrees, as GaN has a thermal conductivity of k = 130 W m™K™. However, the molecular

! which is four orders of

nitrogen gas has a thermal conductivity of Kk = 0.026 W m™K’
magnitude lower than that of GaN. Electron beam induced heating may therefore be negligible
for GaN at 100 kV, but it is less well understood for nitrogen gas in GaN. Additional energy
cascade processes, e.g. photoelectrons and Auger electrons, may also transfer energy to the
GaN host rather than to the nitrogen gas, due to the greater mean free path of electrons in the
gas than in the bubble.

The complexity of the experiment performed on the nitrogen-filled bubble in GaN is
also illustrated by the dynamic transformation of the bubble shape during STEM imaging and
EELS, as shown in Fig. 6. The truncated shape of the bubble is seen to transform first into a

trapezoid and then to a triangular shape, thereby reducing its contact area with the Fe-N

nanocrystal, as shown in Figs. 6 (a) — (d). The size of the Fe-N nanocrystal does not change

14



significantly. Only the interface between the nanocrystal and the bubble becomes more curved

during the experiment, as marked by arrows in Figs. 6 (b) — (d).

Figure 6. ADF STEM images of the same Fe-N and nitrogen bubble complex as in
Figs. 4 and 5, showing shape changes undergone by the nanocrystal and the bubble during the
experiments. (a) One of the first scans performed at low magnification; (b) a few scans later at
medium resolution; (c) ~ 14 minutes later and (d) after the drilling experiment, ~ 120 minutes
after (b). The black arrows indicate changes to the interface between the Fe-N nanocrystal and

the nitrogen bubble. The experimental conditions are the same as in Fig. 4.

The nitrogen pressure in the bubble can in principle be determined from an EELS
measurement by using the expression [lg:can/lcan]= [Pne)ds + Pean'(dean — dB))/Peandean

where |, p, and d are the integrated intensities of the energy-loss peaks, the nitrogen densities

and the specimen thicknesses respectively of the nitrogen bubble and the GaN host. The total

specimen thickness was measured to be dgan+=110 £ 10 nm from a low-loss EELS intensity

measurement. There are 44 nitrogen atoms per nm® in GaN, which corresponds to a nitrogen

15



density pn) of 1.026 g/lcm®. The background-subtracted N-K edge peaks were integrated in the
energy range between 398 and 448 eV. On the assumption of single scattering and that the
bubble is spherical with a diameter dg ~ 20 nm, the density of the nitrogen was estimated to be
1.4 0.3 g/lcm®, which corresponds to a gas pressure of ~ 3 GPa at 300 K according to a N

34
.,

pressure — density isotherm calculated by Strak et al.,” or to ~ 2.8 GPa according to a volume -

pressure diagram for N, determined by Mills et al.*

Bubbles with higher densities of (probably
solid) nitrogen have been found in sapphire close to a GaN/sapphire interface by Matsubara et
al.,* due to nitridation of the surface. Our pressure estimate is simplified, as it does not
consider differences in scattering cross-section between the bubble and the GaN or the
unknown temperature of the bubble resulting from the large thermal conductivity difference
between nitrogen gas and the GaN host. An approach similar to that used by Walsh et al.*’ to
measure the density and pressure of the gas in helium bubble in an irradiated Ni-Fe-Cr alloy

could be used in a future study of the pressure of nitrogen-filled bubbles adjacent to Fe-N

nanocrystals in GaN.

Summary

In summary, nitrogen filled bubbles adjacent to Fe,N (n = 3 or 4) nanocrystals in
(Ga,Fe)N have been identified and studied using aberration-corrected ADF STEM and EELS.
The Fe,N nanocrystals are arranged in a planar array in the GaN matrix. Typically,
nanocrystals that are larger than ~ 5 nm are found to be associated with bubbles in samples
deposited above 800 °C. Larger Fe,N nanocrystals appear to be truncated at their boundaries
with the adjacent bubbles. ADF STEM images recorded as a function of camera length suggest

the presence of strain in GaN around the nitrogen-filled bubbles. The nitrogen density in a

bubble formed in a sample deposited at 850 °C was estimated to be ~1.4 g/lcm®. The nitrogen

16



bubble showed strong shape transformations under electron beam illumination. An in situ hole
drilling experiment was used to record N-K edge spectra before and after the nitrogen gas in
the bubble was released.

The presence of nitrogen bubbles provides an explanation for the location of surplus
nitrogen which has been liberated by the nucleation of Fe,N (n>1) nanocrystals with during the
growth of (Ga,Fe)N epilayers. As shown in reference [4], optimization of the growth
parameters during the deposition of (Ga,Fe)N can be used to control the aggregation and

structure of the Fe,N precipitates and, in principle, to eliminate the bubbles.
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