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Abstract

The epitaxial growth of MgsN; thin films by molecular beam epitaxy has been recently achieved. This
work presents the structural properties of the films, including grains sizes and lattice rotations, as
assessed by x-ray diffraction and transmission electron microscopy. The films’ microstructure consists
of well-aligned columnar grains 10 nm in diameter that nucleate at the film/substrate interface and
that display a significant column twist, in the order of 2.5°. As growth proceeds, tilted and twisted
mosaic blocs overgrow these columns, as observed in to many other epitaxial semiconductors. Yet, the
rocking curves on symmetric reflections display extremely narrow peaks (~50 arcseconds), revealing a
long-range spatial correlation between structural defects that should not be mistakenly considered as

a proof of high crystalline quality.
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I INTRODUCTION

Group llI-nitride semiconductors are widely applied in products of daily life, such as LEDs?, lasers? and
transistors®>. As a consequence, there has been a long and strong interest in establishing their
fundamental physical properties, in controlling their crystal growth and in developing new device
structures®. On the contrary, there are no commercial devices based on group ll-nitrides, their growth
is not well controlled and some of their basic properties are not yet well determined. Among this family
of materials, MgsN, seems an interesting candidate for device applications due to its relatively large
and direct bandgap of 2.8 to 2.9 eV at room temperature®”. Additionally, alloying MgsN, with Zn3N,
seems a promising way to address solar energy applications, given the possibility to tune the optical
bandgap down to about 1.4 eV or lower®. Nevertheless, the epitaxial growth of MgsN, crystals has been
established only recently’, previous reports dealing mainly with MgsN, micro-powders, which

prevented the development of MgsN,-based devices.

Even though a first attempt of growing epitaxial MgsN; (100) on MgO (100) by molecular beam epitaxy
(MBE) was reported in 2018°%, detailed structural analysis of these layers was not possible due to low
crystallinity. More recently, we demonstrated the possibility of achieving epitaxial MgsN; by plasma-
assisted MBE and the tuning of the crystallographic orientation depending on the MgsN, growth
conditions’. Indeed, by changing the Mg/N ratio it is possible to switch the film orientation from (100)
to (111). Further, thanks to a capping layer of MgO grown in the MBE chamber right after the MgsN,
growth, we prevent the otherwise irreversible decomposition of the MgsN, films in air’®. This
ingredient is essential to perform deep structural x-ray diffraction investigations, which take much

longer than the MgsN; lifetime in air’.

X-ray diffraction (XRD) enables detailed structural analysis of crystalline thin films for a large range of
materials in a non-destructive manner. Lattice parameters as well as crystalline quality can be
accurately measured using this technique. The latter one is especially important when dealing with

heteroepitaxial growth, where the density of introduced defects can be particularly large due to



differences in crystal structure, orientation, lattice parameters and/or chemical composition of
substrate and film. These mismatches lead to strain in the growing films, which is released by the
formation of defects such as dislocations or low-angle grain boundaries. The presence of defects gives
rise to local rotations and distortions of the crystal planes close to them, leading to a partial or
complete loss of x-ray scattering coherence. Lattice rotations around an in-plane axis are commonly
referred to as tilt, whereas lattice rotations around an out-of-plane axis are referred to as twist, being
two of the three ingredients usually employed to describe epitaxial films as mosaic crystals (together
with the size of the mosaic blocks)'°. Consequently, line widths of diffraction rocking curves increase
as a function of the defect density. However, if the position and, eventually, the orientation of the
defects are correlated, coherent scattering can be preserved even in the presence of large defect
densities, leading to extremely narrow line widths in transverse w scans'*2>. While XRD gives a global
view of the crystal’s microstructure and lattice parameters, transmission electron microscopy (TEM)
enables a local insight into the film structure that allows the identification of lattice defects and the
determination of their spatial arrangement. Unfortunately, TEM is a destructive technique that
requires time-consuming sample preparation. This becomes a strong handicap when dealing with air-
sensitive samples like MgsN,, given that their preparation and latter transfer to the electron

microscope have to be done under vacuum to prevent sample degradation.

In this contribution, the line shapes of XRD peaks of MgsN, thin films with different thicknesses have
been thoroughly investigated in the context of lattice distortions. XRD rocking curves of symmetric
reflections, exhibiting concomitantly a narrow (coherent) scattering peak as well as broad (diffuse)
scattering one, were used to extract the thickness range in which either finite-size effects (with a lateral
grain size of around 10 nm) or lattice rotations (tilt) dominate. Analysis of asymmetric reflections
allowed the evaluation of the twist. Despite the high sensitivity of MgsN, to ambient conditions
(humidity), we were able to investigate the films by TEM for the first time, completing the results

obtained from XRD and illustrating the nano/microstructure of the MgsN..



1. EXPERIMENTAL

A series of epitaxial MgsN, (111) films with different thicknesses was grown on MgO (100) substrates
by plasma-assisted MBE using a Riber EPINEAT system. The growth chamber is equipped with an
effusion cell for elemental Mg (99.9999%) and a radio-frequency (13.56 MHz) plasma cell for atomic
nitrogen which was obtained by energizing nitrogen gas (99.9999%) with a plasma power of 360 W.
The growth temperature for the thickness series was 400 °C (see Sample E in reference [7] for more
details). The 10 x 20 mm? MgO substrates were prepared prior to growth by rapid thermal annealing
for 2 min at 1150 °C under oxygen to obtain atomically flat surfaces. As-grown MgsN; films were
capped with ca. 50 nm MgO in the MBE chamber in order to prevent the fast decomposition of MgsN;

to Mg(OH), and NHs, which is observed in ambient air”26-%8,

XRD experiments were performed using a Panalytical X'Pert PRO MRD diffractometer equipped with a
Cu anode and a Ge (220) asymmetrical four-crystal monochromator providing Cu K, radiation
(1.54056 A). An x-ray mirror leads to a parallel beam with a divergence of less than 0.05°. High-
resolution rocking curves (so-called transverse or w scans) and longitudinal 26/w scans were measured
on symmetric MgsN; (222) reflections using the triple axis configuration with a Ge analyzer crystal in
which the diffracted beam undergoes three (220) reflections before entering the detector. Rocking
curves of asymmetric as well as MgsN; (444) reflections were measured using a fully open detector or

with a 1/4° slit in the diffraction path.

The nanostructure of selected samples was further investigated using TEM. Sample preparation by
focus ion beam sectioning using a FEI Helios 600 NanoLab dual beam instrument (CP2M, Marseille,
France) was performed for observations along the MgO [011] substrate direction. One sample of the
thickness series (302 nm MgsN,, grown at 400 °C) is compared to a 97 nm thick sample grown at higher
substrate temperature (460 °C, see sample F in reference [7] for more details). Further, one plan view
specimen of a 90 nm thick sample of the thickness series was prepared. Ga ions from a liquid metal

source were accelerated with 30 kV onto the samples in order to prepare the thin specimens by ion



beam milling. Final thinning was performed at 1 kV to minimize sample damage caused by the ion
beam. After preparation, the samples were transported in a vacuum container to the TEM and then
investigated using a FEI Titan 80-300 objective-corrected microscope, operated at 200 kV (CP2M,

Marseille, France).

RESULTS

A.  XRD of symmetric reflections

A series of six MgsN; (111) samples having different film thicknesses was investigated by XRD.
Figure 1(a) shows the high-resolution 26/w scans across the MgsN, (222) reflection for all samples. The
curves were normalized and then vertically shifted for clarity. Finite thickness interference fringes are
clearly visible for the films up to 131 nm, demonstrating vertical x-ray coherence. The fringes vanish
for thicker samples, indicating an increased surface roughness and/or decrease of x-ray coherence due
to a degradation of crystalline quality. Assuming a perfect crystalline coherence without any

roughness, the theoretical 26/w diffraction pattern is given by?

sin?(2nndy,, sin 6 /1)
sin?(2md,,, sin 6 /1)

1(6) « (1)

where d,,, is the interplanar distance of MgsN; (222) planes, n is the total number of unit cells in the
growth direction, 6 is the diffraction angle and A is the x-ray wavelength. The resulting thicknesses
obtained by simulating the XRD patterns with Equation (1) are indicated in Figure 1 and are consistent
with x-ray reflectivity (XRR) measurements (see Figure S1 of the supplemental material). Note that the

thicknesses of the thickest layers were obtained by extrapolating the growth rate of the thinner ones.

The slight shift to higher 26 angles with increasing sample thickness indicates a decrease in d,,,, which
can be generally interpreted as a change in strain and/or chemical composition of the films. The lattice
mismatch between layer and substrate necessarily leads to strain in the MgsN; films, especially at the

beginning of the growth, as commonly observed in heteroepitaxy. Previous reflection high energy



electron diffraction (RHEED) investigations on epitaxial MgsN, thin films revealed a compressive in-
plane strain at early growth stages’, as expected from the epitaxial relationship between film and
substrate (lattice mismatch +2.3% along MgsN, [112] and +18.2% along MgsN [110], calculated with a
domain phase matching condition of two MgO unit cells for one MgsN; cell). This is in agreement with
the observation of asymmetric line shapes of the diffraction peaks, which indicate an inhomogeneous
strain across the sample thickness. By introducing a d,,, in Equation (1) that varies with thickness, it
is possible to reproduce this asymmetric line shape and quantify the change in lattice spacing with
thickness. Lichtensteiger® developed a software for fitting 26/w line profiles in XRD in which the lattice

spacing can change gradually as a function of film thickness with the following functional dependence

dyy, = Ae N/B 4+ C (2)
where N is the running unit cell number and A, B and C are fitting parameters. Using Equation (2)
allowed us to reproduce the asymmetry observed in the experimental diffraction curves, as shown by
the dotted lines in Figure 1(a), where the inset shows the resulting (222) lattice spacings as a function
of film thickness obtained from the simulations. The variation of the interplanar lattice distances as a
function of thickness indicates an in-plane compressive strain close to the film-substrate interface,
which evolves into a tensile strain for thicknesses larger than 70 unit cells (ca. 20 nm). This residual
tensile strain might be introduced by grain coalescence, as observed in many other epitaxial systems3*
33, Note that the additional interference fringes in the simulation of the thinnest (15 nm) MgsN; film

are due to the ~50 nm MgO capping layer, which is included in the model.

A pure variation of the lattice parameter is, however, not sufficient to obtain a perfect agreement
between the simulated and the experimental curves for the thicker films. The reason for this lies most

probably in increased roughness and/or decreased crystallinity, as will be discussed in the following.

The high-resolution transverse w scans of the same sample series around the symmetric MgsN; (222)
reflections are shown in Figure 1(b). All curves exhibit two contributions, a narrow (coherent)

component and a broad (diffuse) one. As shown in the inset of Figure 1(b), the transverse w scan of



the thinnest (15 nm) MgsN; film is dominated by an extremely narrow contribution that has
approximately the same linewidth as the symmetric (200) reflection of the MgO substrate (measured
at a different 26 angle). At this stage, we assume that the coherent x-ray scattering phenomenon
leading to this peak is associated with a regular distribution of some crystalline defect displaying very

long correlation distances, as observed previously in other material systems!12,

Interestingly, while an increase of the overall diffuse scattering intensity with respect to the coherent
one is observed as a function of sample thickness, the integrated intensity of the coherent peak itself
remains roughly constant. This observation points towards its origin being located close to the film-
substrate interface, with the initially correlated defects being overgrown by a disordered MgsN;
displaying correlations at much smaller spatial scales. Such line shapes have been reported previously
in various heteroepitaxial systems and are usually interpreted as originating from different types of

11-16

correlated defects, including threading dislocations!®, stacking faults'’, misfit dislocations located at

the film-substrate interface'®*82*

, misorientations?2223 or grain boundaries!”?>. Consistent with these
previous reports, the intensity of the coherent peak decreases significantly when going from the (222)

to the (444) reflection, as observed in Figure 2.

If we now focus our attention on the broad, diffuse component, we should first recall that as early as
1953 Williamson and Hall** analyzed the line widths of consecutive diffractions orders (so-called
Williamson-Hall plot) as a means to separate vertical finite-size and strain contributions to the
broadening in 26/w scans. A similar procedure can be introduced to analyze transverse w scans of
symmetric reflections, enabling this time to separate in-plane finite-size effects from lattice rotations

1.2%23 observed

(around an axis contained parallel to the sample surface, i.e. tilt broadening). Miceli et a
that for finite-size broadening, caused by e.g. small crystallites, the line width (in units of Q,.) appears
constant as a function of the length of the scattering vector @ (i.e. reflection order). On the other hand,

for broadening due to lattice rotations (tilt), the line width is proportional to the length of Q. Such an

analysis is presented for our films in Figure 2 in logarithmic scale, where the rocking curves of the (222)



and (444) reflections of the 69 nm and 302 nm MgsN; films are displayed. Figure 2(a) shows the
reflections for the 69 nm layer in units of Q,.. The two-component line shape is clearly visible around
both reflections and, as already stated, the intensity of the narrow contribution decreases significantly
when going from the (222) to the (444) reflection. Most important, rescaling the diffuse scattering of
the (444) reflection using a multiplicative factor reveals that the line width of the diffuse scattering is
constant as a function of transverse scattering vector Q,, indicating that finite-size effects (e.g. limited
grain sizes) are the main origin of line broadening. In this case, the full width at half maximum (FWHM)
of the diffuse scattering, AQ,, is inversely proportional to the length [ causing the peak broadening,

which can be interpreted as the lateral grain size (I = 2/4Q,) and is [ = 13 nm in Figure 2(a).

Figure 2(b) shows the rocking curves of the (222) and (444) reflections of the 302 nm-thick MgsN; film,
this time as a function of angular units w. The line shape of the curves is similar to the ones shown in
Figure 2(a). However, rescaling by a multiplicative factor k reveals that the FWHM of the diffuse
scattering is in this case constant in angular units and, hence, increases as a function of scattering
vector as seen in the inset of Figure 2(b), where the same curves are plotted in units of Q,. This
demonstrates clearly that lattice rotations are the main origin of the line broadening for the thicker
samples, giving rise to a two-layer film structure. Note that these peak analyses were done with an
open detector equipped with a 1/4° slit in the diffraction path in order to have sufficient intensity to
measure the (444) reflection, while still being able to clearly separate the coherent peak from the
diffuse one, which is necessary to deconvolute both contributions. Indeed, it should be mentioned that
the FWHM of the narrow, coherent peak in Figure 2(b) increases from 100 arcsec, via 196 arcsec, to
238 arcsec when changing the detector from a crystal analyzer, via 1/4° slit, to a completely open
configuration. On the other hand, the FWHM of the diffuse contribution stays almost constant
(1.3 £0.1°) as a function of the detector configuration (see Figure S2 of the supplemental material).

This justifies why we can analyze the diffuse scattering while using a 1/4° slit configuration.



In order to better identify the critical thickness at which the transition from a finite-size to a rotation-
limited broadening occurs, we calculated the difference of the diffuse scattering curves between the

(222) and (444) reflections as a function of w as well as Q,,

di di
lZIiV=1(1221};f — k14i£f)2

A= . (3)
d
N (paly
where Ijzijch and Iﬂif are the diffuse scattering intensities of the (222) and (444) reflection,

respectively, and N is the number of measurement points. By minimizing Equation (3), the differences
of the (222) and (444) curves as a function of w or of Q,, can be extracted, as well as the multiplicative
factor k necessary to rescale the diffuse scattering of the (444) reflection (this factor is used to plot
the curves in Figure 2). The result is normalized by the maximum of the diffuse scattering intensity
Iﬂj,{, which allows to quantitatively compare this goodness parameter 4 among different samples. If
A is smaller when calculated in units of Q, (i.e. the agreement between the curves is better when
plotted as a function of Q,.), the peak broadening is mainly caused by finite-size effects, i.e. limited
grain sizes. In the opposite case, if 4 is smaller when calculated in units of w, lattice rotations are the
main origin of the peak broadening. In Figure 3(a), the goodness parameter is plotted as a function of
MgsN; film thickness. For the two thinnest MgsN; films, 15 nm and 69 nm, 4 is smaller when calculated
in units of Q,., confirming again that the diffuse x-ray scattering is dominated by finite-size effects, with
a lateral grain size of 9 to 13 nm (depending on the sample). As the thickness of the films increases, 4
becomes large when calculated in units of Q,, showing that the line width is not anymore constant as
a function of scattering order. Indeed, all samples that are thicker than 69 nm show a smaller 4 when
calculated in angular units w, confirming that lattice rotations are the principal source of peak

broadening for these samples. The crossing of the two behaviors lies between 70 to 90 nm, which is

the critical thickness where the transition takes place.

The origin of line broadening can be extracted not only by comparing line shapes of consecutive
diffraction orders, but also by analyzing the tails of the diffraction curves for sufficiently large Q,.

Kaganer et al.®> developed a model to fit tails of x-ray diffraction rocking curve profiles. More



specifically, when measured with a fully open detector, they attributed a Q52 decay to finite sizes as
the origin of peak broadening, while a Q3 dependence was shown to originate from lattice defects,
in their case randomly distributed threading dislocations. Figure 3(b) shows the (444) diffraction
rocking curves of our sample series measured with an open detector in a log-log scale. This
representation has the advantage that curves following a power law become straight lines, where
slopes of -2 and -3 indicate Q72 and Q53 dependencies, respectively. For the thinnest MgsN, layers,
the tails of the rocking curve (at around Q, = 1 nm™) exhibit a slope of -2 and, hence, Q;? dependence,
pointing towards finite-size effects as the main origin of peak broadening. For thicker samples, a
continuous increase of the tail slope is observed until a value of -3 is reached at a thickness of 131 nm.
Interestingly, the slope of our curves increases even further as the film thickness increases, as seen for
the thickest sample (547 nm), showing a Q;* dependence. This slope, not explained in the model of
Kaganer et al., may indicate other mechanisms operating for thicker samples. To unravel them and
draw a complete picture of the MgsN; films microstructure we have performed TEM measurements

both on cross section and on plan view specimen:s.

B. TEM analysis

The method of choice to examine the nature and spatial distribution of lattice defects in crystals is
TEM, as it gives a direct local insight into the film structure. In this sense it is thus complementary to
XRD. Cross section TEM was performed on the 302 nm-thick MgsN; sample of the thickness series as

well as on a thinner, 97 nm-thick sample investigated previously by XRD’.

Figure 4(a) shows a TEM multi-beam micrograph along an MgO (011) zone axis of the entire film
structure for the 302 nm-thick sample. The difference in contrast between the MgO substrate and the
MgO capping layer is due to a difference in crystallinity. The MgO capping appears to be polycrystalline
in contrast to the MgO substrate, being in agreement with RHEED observations (see Figure S3(a) of the
supplemental material). Still, the capping layer is dense and there is no interdiffusion visible with the

underlying MgsN, (HRTEM micrograph shown in Figure S3(b) of the supplemental material). This



confirms the in-situ MgO deposition as an adequate means to protect the underlying MgsN; film. In
the MgsN; film itself, a columnar structure is clearly observed at initial growth stages, i.e. close to the
film-substrate interface, with a lateral grain size in the order of 10 nm, being in perfect agreement with
the results obtained by XRD. The film-substrate interface appears to be abrupt and the film is clearly
crystalline, as confirmed by the high-resolution TEM micrograph shown in Figure 4(b). Note that Moiré
patterns are present in the high-resolution image of the columnar MgsN; film due to the relatively high
specimen thickness (several tens of nanometers) with respect to the column diameter, leading to a
superposition of several MgsN, grains within the thickness of the TEM lamella. As the thickness
increases, the columnar structure becomes less clear, which is accompanied by a degradation of the
film crystallinity, as signalized by the increased brightness in Figure 4(a). Fourier transforms of high-
resolution images (the high-resolution images are not displayed) taken at the positions indicated by
black squares in Figure 4(a) confirm the decrease in crystallinity: Inset A, which shows the Fourier
transform close to the film-substrate interface, is in agreement with the expected diffraction pattern
(simulation shown in Figure 5(a)) and clearly results from a crystalline film. As the thickness increases,
circular arcs appear in the Fourier transform indicating an increasing crystalline disorder, as shown in
Inset B. Finally, these arcs dominate the Fourier transform when approaching the interface between
the MgsN; and the MgO capping layer (Insets C and D), demonstrating strong tilt in the MgsN, film and

being again consistent with RHEED observations (as shown in Figure S4 of the supplemental material).

The Fourier transform of Inset A as well as selected area electron diffraction (SAED) experiments of the
cross section specimen shown in Figure 5(a) prove the presence of four epitaxial twin domains. This
multiplicity of domains is expected in this epitaxial system, due to the unequal rotational symmetry of
the MgsN, (111) films and the MgO (100) substrates®. The epitaxial relationships identified previously
by XRD and RHEED’ are now confirmed by TEM:

[110] MgsN. || [011] MgO
[112] MgsN. || [011] MgO



plus the three twins obtained by rotating the MgsN; structure by 90°, 180° and 270° around the
MgsN; [111] direction normal to the surface. A schematic representation of the arrangement of the
four twin domains on the MgO substrate is presented in Figure 5(b). The simulated diffraction pattern
in Figure 5(a) was obtained by the superposition of the diffraction patterns of the four individual twin
domains, where the color of the diffraction pattern indicates diffraction of the respective twin in
Figure 5(b) and grey dots indicate diffraction from the MgO substrate (see supplemental material in

reference [7]).

To identify the nature of the columnar grains present in the initial growth stages, we performed two
beam observations using g = (044). As shown in the dark field image in Figure 5(c), only some of the
columns diffract and appear bright when selecting the g = (044) for one specific twin domain family
(e.g. Twin | in Figure 5(a) and (b)). This result shows clearly that the columns correspond to the
different twin domains present in the film. Furthermore, an average column height of about 70 nm is
observed, consistent with the XRD observations discussed above that pointed towards a change in
structural properties around 70-90 nm (from finite-size limited to tilt limited structural quality).
Beyond this thickness, there is less bright contrast, indicating a loss of diffraction conditions due to
increased film twist. Interestingly, we are able to control the column height by changing the growth
parameters: Figure 5(d) shows the same analysis on a sample grown at higher substrate temperature.
The columns show the same width of about 10 nm, but they stay intact and diffract over the entire
film thickness of 97 nm. Further, by selecting the g = (044) of Twin Il (see Figure 5(a) and (b)), we obtain
bright contrast from complementary columns, as presented in Figure 5(e), although it was not possible
to obtain perfect complementary images due to the high specimen thickness with respect to the

column diameter, as discussed earlier.

The microstructure of our epitaxial MgsN; films, with two-component XRD rocking curves and a

/. 25

columnar structure, resembles that observed by Heinke et al.> on c-plane GaN grown on c-plane

sapphire. Their TEM investigation revealed a columnar structure as well, with an average column size



of 24 nm, where the columns were identified as GaN inversion domains with reversed polarity. In this
case, the narrow coherent peak was associated to a regular distribution of inversion domain
boundaries. We can therefore assume that the regular distribution of twin boundaries, present
between columns of equal lateral size in our samples, is the origin of the narrow peaks observed in the

XRD rocking curves.

C.  XRD of asymmetric reflections

As discussed in Section Il A and Il B, the x-ray scattering characteristics of the thin films of our series
are resulting from MgsN; columnar grains with a width of around 10 nm and an average height of
70 nm, overgrown by MgsN, whose misorientation (tilt) increases dramatically with thickness. The
guantitative information on the out-of pane disorder (tilt) has been obtained thanks to the

measurement of symmetric reflections.

Measuring asymmetric reflections (skew geometry) coming from planes with inclination angles
between 0° and 90° to the surface has the advantage that peak broadening contains information of
both out-of-plane and in-plane disorder (tilt and twist, respectively). However, extracting this
information from asymmetric reflections is only possible by measuring several of them in combination

1.3¢ developed a model that allowed them to evaluate tilt/twist

with subsequent modelling. Lee et a
generated by threading dislocations in GaN, AIN and AlGaN thin films grown heteroepitaxially on the

basal planes of sapphire or SiC. Within this model, the FWHMs of diffraction planes are given by

Thwa = [y cos 07 + (i 007 + 2/1)2/ Qe (@
where I, and I, are the lattice rotations around an in-plane (i.e. tilt) and the out-of-plane (twist) axis,
respectively, Qpi; = 4%sin O is the magnitude of the scattering vector Q of the (hkl) reflection and y

is the angle between the (hk/) plane and the film surface. The effective coherence length L is composed
of the lateral grain size [ and the vertical grain size d, correcting the broadening coming from finite

grain sizes.



The measured FWHMs (in angular units) of rocking curves of various asymmetric reflections, as a
function of the inclination angle y with respect to the MgsN, (111) planes, are presented in Figure 6(a)
for a sample with rocking curves on symmetric reflections already dominated by tilt. A clear increase
of FWHM as function of y is observed for the 131 nm sample, indicating the presence of significant in-
plane lattice disorder. It is important to note that the measured twist corresponds to the contributions
of all grains pertaining to one of the fours twisted twin families, as schematically shown in Figure 6(b).
By using Equation (4) and neglecting size effects (see Figure 3(a)) it is possible to obtain an excellent fit

with values of /},=1.3° and /7, = 2.5°.

Another way to assess the average twist with respect to the perfect twin orientation is the evaluation
of plan view TEM images. For this purpose, a plan view specimen of the 90 nm MgsN; film of our series
was prepared. Although preparation of such thin specimens is difficult by focus ion beam sectioning,
especially because thinning needs to be performed from both sides in order to remove the substrate
as well as the MgO capping layer, we chose this thin sample in order to exclusively observe the MgsN,
columns. The SAED pattern of the plan view specimen is presented in Figure 6(c). Besides confirming
the epitaxial relationships discussed earlier (the MgsN; (440) reflection is aligned with the MgO (022)
reflection), multiple diffraction spots are observed due to overlapping of the MgsN, layer with the MgO
substrate, which is still present in the specimen and whose diffraction is indicated by the dotted
square. For the diffraction coming from MgsN,, a lateral elongation of the diffraction spots is observed,
especially visible for the {440} spots, indicating an average twist of 4-5° between the columns. Although
this measured twist seems much larger than previously determined by XRD (7}, = 2.5°), the two values
are consistent with each other, given that XRD analysis provides the FWHMs of the peaks while the

entire diffraction spot width was measured in TEM.

Il.  GROWTH MODEL

In the kinematical scattering theory, the diffracted intensity of a distorted crystal can be represented

as the Fourier transform??



1(q) = feiq'rG(r)dr (8a)

of the correlation function

G(r) = (exp[iQ - (U(r) — U(0))]) (8b)
where q is a small deviation of Q with respect to the closest reciprocal lattice vector Qq, and U(r) is
the sum of all displacements produced by defects at a point r. The exact nature of G(r) depends

strongly on the type and arrangement of the defects present in the layer.

Starting from Equation (8), Kaganer et. al constructed proper G(r) functions that allowed them to
identify types and arrangements of dislocations by simulating XRD patterns in a number of different
heteroepitaxial systems!16181924 |n our case, a regular columnar structure was revealed by TEM,
where the columns correspond to different twin domains that are correlated in the initial growth
stages and lead to the narrow rocking curves. Nevertheless, there is an in-plane twist component
present in the twins with respect to their ideal orientation, even in initial growth stages, causing the
loss of coherent scattering in the XRD rocking curves of asymmetric reflections and leading to peak
elongation in plan view SAED (indeed, no coherent peak was observed for any asymmetric reflection).
As growth proceeds, the columns lose their correlation due to the introduction of additional
misorientation accompanied by some overall relaxation of the films. This process is accompanied by
the increase of diffuse scattering in XRD. Cross section TEM revealed that the tilt (based on Fourier
transform images) increases as a function of thickness. Hence, the films consist of a two-layer structure

that is schematically illustrated in Figure 7.

A similar columnar structure was recently found by Miyake et al.3”8 for sputtered AIN films grown on
c-plane sapphire. The authors observed a 10 nm AIN nucleation layer consisting of columns with a
diameter in the order of a few nm, well-oriented along the [0001] growth direction, and displaying an
in-plane twist of around 2°, giving rise also to two-component XRD rocking curves. Ca. 25 nm wide
columns that are tilted with respect to the growth direction subsequently overgrow this nucleation

layer, as observed in our thin films (though for different thicknesses).



Furthermore, the large twist distributions observed in both materials systems might be related to the
very-large lattice mismatches, which amount to 18 % for the MgsN; (111)-on-MgO (100) system and

to 13 % for the AIN on c-plane sapphire system. Indeed, Mante et al.*

developed a model explaining
the twist during the nucleation stage of highly-mismatched materials systems and whose twist value
is proportional to the initial lattice mismatch. To illustrate it experimentally, they analyzed the
nucleation of AIN (0001) islands on Si (111) substrates, which is a material system displaying a 19 %
lattice mismatch. The TEM investigations revealed 60° misfit dislocations at the film-substrate
interface that compensated for the lattice parameter mismatch and included a 3.3° twist between the
nucleating islands as measured by grazing incidence XRD. Given the similar mismatch for the current
MgsN; (111)-on-MgO (100) system, it is possible that the observed twist distribution is inherent to the
film/substrate combination that we have studied. Interestingly, in the two works on AIN strategies to
improve the films quality were proposed. Mante et al. grew the nucleation layer at low temperature
and increase the growth temperature for coalescence, whereas Miyake et al. used post-growth
annealing at 1700 °C in order to coalesce their layers and annihilate many of the structural defects
building up the grain boundaries. Such a post-growth treatment could be imaginable for our layers,
too, although the actual presence of four twin domain families might render coalescence more
difficult. Therefore, strategies to suppress the occurrence of epitaxial twin domains during growth, by

means of symmetry breaking (e.g. by introducing a voluntarily misoriented substrate or by using other

substrate orientations) should be employed to improve the film quality.

Although we achieved a good understanding of the nanostructure presentin our MgsN; films, the exact
atomic structure of the twin boundaries remains unknown. Indeed, the overlap of several twins in
cross section TEM prevented its exact determination. Numerical simulations as performed by Kaganer
et al. may help to derive appropriate models and clarify the twin boundary structure on the atomic

scale.



IV.  CONCLUSIONS

A thorough structural characterization by means of HRXRD and TEM has enabled to establish a general
picture of the microstructure of epitaxial MgsN; thin films. The symmetry mismatch between the [111]-
oriented films (three-fold symmetry) and the MgO (100) substrate (four-fold symmetry) results in four
twin domains, which arrange themselves in the form of ~10 nm diameter columnar grains. An MgsN,
layer displaying in-plane and out-of-plane rotational distributions several degrees wide, which degrade
as the film thickness increases, overgrows these grains. Overall, this study demonstrates that epitaxial
MgsN; films can be obtained by plasma assisted molecular beam epitaxy on MgO substrates, but that

their structural quality is still far from that of more mature semiconductors (e.g. GaN).

Thus, while a first step towards the introduction of MgsN, as a new epitaxial semiconductor material
has been realized, there is still a long way for its implementation in optoelectronic devices. This might
require the growth optimization on different MgO crystallographic orientations or different substrates,
to prevent the formation of twins, or the use of high-temperature annealing, which might induce grain
coalescence and reduction of the defect density, as demonstrated recently in other materials (AIN)

displaying a similar microstructure.

V. SUPPLEMENTARY MATERIAL

The supplementary material provides additional experimental data. It includes X-ray reflectivity curves,
enabling to determine the thickness of the four thinnest thin films (Figure S1), and ® scans on the
MgsN; (222) symmetric reflection, illustrating the effect of the x-ray diffraction detection configuration
on the measured FWHM for both the coherent and the diffuse contributions (Figure S2). It also
contains RHEED and TEM images of the capping MgO layer (Figure S3), which show illustrate its
polycrystalline nature, as well as RHEED images of a MgsN; thin film at different growth stages (Figure

S4).
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Figure Captions

FIG. 1: (a) High-resolution 26/w scans of MgsN; (222) reflections for films with different thicknesses,
measured with a crystal analyzer detector (the diffraction curves are normalized and vertically shifted
for clarity). The numerical fits are indicated by black dotted lines. The inset shows the (222) lattice
spacings as a function of thickness resulting from the fits. (b) Normalized high-resolution (222)
transverse w scans for MgsN, films of different thicknesses (measured with the same detector
configuration as in (a)). The inset shows the normalized transverse w scans of the 15 nm MgsN; film
and the MgO substrate.

FIG. 2: Rocking curves of the symmetric (222) and (444) reflections (i.e. of consecutive diffraction
orders) measured with a 1/4° slit in the diffraction path: (a) For a 69 nm MgsN, film, plotted as a
function of in-plane reciprocal space units Q«. (b) For a 302 nm MgsN; film, plotted as a function of
angular units w. The inset in (b) shows the same curves, but plotted as a function of in-plane reciprocal
space units Q. The FWHM of the (222) and (444) reflection is constant for (a) and (b), as a function of
Qu and w, respectively.

FIG. 3: (a) Goodness parameter A as a function of MgsN; film thickness using Equation (3). The grey
region indicates the critical thickness, for which the transition from a finite-size limited to a tilt limited
structural quality occurs. (b) Diffraction tail analysis for the MgsN, (444) reflection as a function of
MgsN; film thickness in log-log scale measured with a fully open detector.

FIG. 4: (a) Cross section TEM image of the 302 nm-thick MgsN, film along an MgO (011) zone axis. The
MgsN; (111) film displays a columnar structure close to the interface with the MgO (100) substrate
that disappears at higher film thicknesses. (b) High-resolution TEM micrograph of the MgO/MgsN>
substrate-layer interface. Insets A to D show Fourier transforms of high-resolution images taken at the
corresponding positions indicated in (a).

FIG. 5: (a) Cross section SEAD pattern confirming the presence of four epitaxial twin domains as
identified previously’ (b) Schematic representation of the four epitaxial MgsN, (111) twins on
MgO (100). The dashed line indicates the MgO [011] direction along which the sample preperation was
performed. (c) Dark field image of the 302 nm MgsN; (111) film (grown at 400 °C), using g = (044) of
Twin I. Columns with an average height of ca. 70 nm are identified and can be associated to the
different twin domains. (d) and (e) show the same experiments performed on a 97 nm MgsN; (111)
film grown at higher growth temperature (460 °C), showing that the column height can be controlled
by varying the growth parameters. Note that the specimen thickness is in the order of several tens of
nanometers, leading to a superposition of several MgsN; grains and preventing the observation of
perfect complementary images.



FIG. 6: (a) FWHMs of asymmetric reflections as a function of inclination angle for the 131 nm sample,
measured with an open detector configuration. The points can be successfully fitted using the equation
indicated in the figure and allowing the extraction of 2.5° twist present in each epitaxial twin famiy.
The inset shows the rocking curve of the asymmetric MgsN; (044) reflection together with its fit, indicated by the
red dotted line. (b) Schematic representation of a single twisted twin domain. (c) Plan view SAED pattern
of the 90 nm sample. Diffraction spots coming from the MgO substrate are indicated by the dotted
square.

FIG. 7: Schematic representation of the two-layer structure found in our MgsN; films. The first ~70 nm
show a regular, columnar structure consisting of epitaxial twin domains, which are well aligned along
the [111] growth direction, but exhibit an in-plane twist component. As growth proceeds, correlation
is lost and additional disorder (both tilt and twist) is introduced into the film.
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