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Abstract

Gallium nitride (GaN) is of technological importance for a wide variety of optoelectronic applica-
tions. Defects in GaN, like inversion domain boundaries (IDBs), significantly affect the electrical

and optical properties of the material. We report, here, on the structural configurations of planar



inversion domain boundaries inside n-doped GaN wires measured by Bragg coherent x-ray diffrac-
tion imaging. Different complex domain configurations are revealed along the wires with a 9-nm
in-plane spatial resolution. We demonstrate that the IDBs change their direction of propagation
along the wires, promoting Ga-terminated domains and stabilising into {1100} i.e. m-planes. The
atomic phase shift between the Ga- and N- terminated domains has been extracted using phase re-
trieval algorithms, revealing an evolution of the out-of-plane displacement (~ 5 pm, at maximum)
between inversion domains along the wires. This work provides an accurate inner view of planar

defects inside small crystals.
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Group-III nitrides play an important role as electronic high-power devices,! photocatalytic?
and optoelectronic materials,? thank to their wide bandgaps enabling the realisation of efficient
blue-UV light diodes and lasers. Among all the group-III nitride materials, GaN heterostructures
have a particular importance owing to their outstanding luminescence efficiency even with a high
density of extended defects.* Due to the lack of suitable substrate with a similar lattice parameter,
GaN typically exhibits a high defect density, when grown epitaxially. Of many possible defects,
inversion domain boundaries (IDBs) correspond to interfaces between two opposite orientation
domains of the hexagonal lattice. These domains are related by an inversion symmetry operation
across the boundary. Here, we will consider domains along the c-orientation. By convention,
in the +¢ domain, the Ga-N bonds are oriented along the [0001] direction, also called the Ga-
polar orientation.® This polarity mixing has an important role on the growth mechanisms, for
8

example, on the formation of non-polar facets in GaN crystals®’ and on the dopant incorporation.

It can also directly drive the optical and electrical properties of GaN, e.g., for the realisation of



two-dimensional (2D) electron gas with AlGaN/GaN heterostructures in high-mobility and high-
frequency transistors® or with the deposition of InGaN/GaN multiple quantum wells. ! GaN wire-
based structures have been proposed to increase performance of optoelectronic devices. The large
aspect ratio and the small diameter of the wires allow filtering threading dislocations along the wire
by bending their dislocation line to the sidewall surfaces.!! The resulting very good crystalline
quality also provides interesting mechanical properties that has been used in flexible LEDs '? and
flexible piezoelectric devices. '3

The study of the inner structure of GaN wire at the nanometer scale is crucial to gain an under-
standing on their growth mechanisms and properties. Transmission electron microscopy (TEM)
is the usual technique to study extended defects, and recent direct observation of IDBs in GaN
has been demonstrated with a sub-angstrom resolution.'* However, thinning of samples is always
needed to limit electron absorption by the materials, so that only a slice (with rather limited size)
can be observed at the same time. Bragg coherent x-ray diffraction imaging (BCDI)'>~!1® was
chosen in this work to image the IDB defect of GaN wires epitaxially grown on sapphire without
any destructive thinning. BCDI and other related coherent techniques have already been used to

19-21 and IDB defect.!® Here, the measurements provide clues of the structure and

image wires
propagation of IDBs along the full length of the wires as well as their related displacement and
strain fields. This study brings original structural measurement of the evolution of an isolated pure

phase shift object (here, inversion domain boundaries) in contrast to other studies focusing mainly

21 19,20

on strain gradients, interfacial strains“' or assembly of defects.

Results/Discussion

The samples consist of self-catalysed GaN wires grown on c-plane sapphire substrates by metal
organic vapor phase epitaxy (MOVPE) using silane addition and low V/III ratio (see the Methods
and Experimental Section for growth details).®%16 A low density (~ 10® cm™2) of wires with a

length ranging from 3 to 5 um and an average diameter of 600 nm were grown, as illustrated by the
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Figure 1: Scanning electron microscope (SEM) image of a GaN wire. The position of the x-ray
beam for the different measurements along the wires is indicated by yellow disks.

scanning electron microscopy (SEM) image of Figure 1. In these specific MOVPE growth condi-

6.8.12.13 the wires are in majority N-polar, i.e. they grow along the ¢-axis ([0001] direction)

tions,
and have six lateral {1100} m-plane facets. This work focuses on three different GaN wires, noted
A, B and C hereafter. They were selected at the wafer border to increase the probability to observe
IDB defects. At this position, wires are shorter than at the center of the wafer and may have a
quite large length distribution coming from different captured volumes of gas phase precursors.
Wire A was grown for 150 s under a silane flow of ~200 nmol/min (see Supporting Information
S1). Wires B and C are from the same sample, whose growth was performed for 100 s under a
silane flow of ~200 nmol/min and continued during 300 s without silane injection. This second
step results in a smaller growth rate and consumes the residual silane in the reactor. The length of
wires A, B and C is 5 um, 3.6 ym and 4.3 um, respectively (see Figure S1). BCDI was performed
using a nano-focused x-ray beam with a size of 430 (vertically) x 700 (horizontally) nm? at beam-
line IDO1 of the European Synchrotron Facility (ESRF) in Grenoble (France) (see more details in
Refs. 1622 and in the Methods and Experimental Section).

Three-dimensional diffraction patterns were collected at the 004 GaN Bragg reflection and at
three different heights along the wire axis, while illuminating a ~ 400 nm-thick slice corresponding

to the vertical beam size (see Figure 1). The distance between adjacent diffraction patterns are

1.5 um for wire A and 1 um for wires B and C. To measure the full three-dimensional diffraction
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Figure 2: Coherent x-ray diffraction measurements of the 004 GaN Bragg peak (left) and their

associated real space reconstruction of the phase (right) at the top (a-b), center (c-d) and bottom
(e-f) of the 5 um long wire A.

patterns, the wires were rotated through 1.28°, in steps of 0.005°. In all 3D diffraction patterns,
the measured intensity is concentrated in an (h, k)-plane perpendicular to the /-axis. 2D intensity
maps are then extracted from the 3D data sets to reconstruct a 2D image of the sample (see Figures
2, 3 and 4 - right side (b, d and f)). The images correspond to the projection of the measured 3D
portion along the c-axis of the wire onto 2D.

Figures 2, 3 and 4 (a, c and e) display coherent x-ray diffraction measurements as a function of
the in-plane coordinates of the scattering vector Q (O and Qy) at different heights along the wires.
Interestingly, the diffraction patterns are different from one wire to another, but they show some
similarities, such as six streaks which arise from the hexagonal cross section of the wires. The
diffraction patterns along each wire (i.e., at different heights) are also different, demonstrating that

their structure evolves along the wire for all of them. The diffraction patterns are more complex
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Figure 3: Coherent x-ray diffraction measurements of the 004 GaN Bragg peak (left) and their
associated real space reconstruction of the phase (right) at the top (a-b), center (c-d) and bottom
(e-f) of the 3.6 um long wire B.

at the bottom of the wires, as expected, due to the threading dislocations nucleated at the interface
between the GaN wire and the substrate that bend towards the sidewall free surface to minimise
the free energy of the system.'!?3 Each diffraction pattern was reconstructed independently with
phase retrieval algorithms to reveal the internal structure of the wires.

Phase retrieval was carried out on the diffraction data using the PyNX package,?* imposing
at each iteration that the calculated Fourier intensity of the guessed object, Q(F), agrees with the
measured data, I (see the Methods and Experimental Section). To select pertinent results, the
Poisson Log-Likelihood (LLK)? is used as a metric to quantify the quality of phasing. LLK is
defined as:
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Figure 4: Coherent x-ray diffraction measurements of the 004 GaN Bragg peak (left) and their
associated real space reconstruction of the phase (right) at the top (a-b), center (c-d) and bottom
(e-f) of the 4.3 um long wire C.

where N is the total number of pixels in the diffracted data, /;"*** and Ii“‘lc denote the measured
and calculated intensity at pixel i. LLK reflects the similarity of calculated and observed intensities.
Reconstructed objects with lower LLKs have more homogeneous phases and sharper boundaries
between the inversion domains. The true object Q(7) as well as its twin-image Q*(—7), also
called enantiomorph, are parts of the reconstructed solutions, since they have the same intensity in
reciprocal space. It was necessary to recognise the true object from the twin-image to obtain the
correct phase shift between the inversion domains, as the phase of the twin-object is opposite to
the correct phase. This is done by considering the effect of the optical path length on the phase
distribution (see Supporting Information S2).

Figures 2, 3 and 4 (b, d and f) display the best reconstructed images of the wires at different

heights. Two domains of different constant phase values (colored in pink and green) are observed.



They correspond to a stepped phase contrast without a long-range strain field. The domains are
reconstructed with a pixel size of 6 (x-direction) x 8.5 (y-direction) nm” for wire A, a pixel size
of 4.9 (x) x 5.6 (y) nm? for wire B and a pixel size of 5.1 (x) x 4.2 (y) nm? for wire C. They
correspond to domains of different polarities, either Ga (+c) or N (-c¢) terminated domains, sepa-
rated by inversion domain boundaries as reported in Ref.!® The in-plane spatial resolution of the
reconstructed images has been evaluated to 9 nm using two methods: the Phase Retrieval Transfer

Function (PRTF)2%27 and the Fourier Shell Correlation (FSC)28-30 (see Supporting Information

S3).
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Figure 5: (a) Raw and corrected values of the phase distribution along the y-axis of the recon-
structed top cross-section of wire B. (b) Histograms of the phase of the raw and corrected (after
optical path and phase ramp corrections) of the reconstructed top cross-section of wire B. Gaussian
fit of the corrected phase histogram. (c) Evolution of the phase shift and corresponding rigid out-
of-plane displacement between inversion domains at the bottom, middle and top of the different
wires. (d) Evolution of the fraction of Ga (c+) terminated domain along the different wires.

Figure 5(a) displays the raw and corrected values of the phase distribution along the y-axis of

the reconstructed top cross-section of wire B (shown in Figure 3(b)). To get a correct phase-shift,

8



the retrieved phases are corrected for the optical path (i.e. from x-ray refraction and absorption).
The phase-ramp, which corresponds to an uncontrolled degree of freedom in the reconstruction, 3!
is removed. 3?33 Histograms of the raw and corrected phase distributions are displayed in Figure
5(b). Two main peaks are observed, corresponding to the two different domains (either +c or -c)
of the GaN wire. These two peaks were fitted by Gaussian functions to get the phase shift between
the inversion domains. The average phase shift and its standard deviation (see Figure 5(c)) were
estimated from 1200 different reconstructions (i.e., 1200 different initial random phases), all of
them showing a low value of their log-likelihood (LLK) metric.® As shown in Figure 5(c), the
retrieved phase shift for inversion domains is slightly different depending on the height along the
wires. For instance, the phase shift equals to -2.68+0.02 rad, -2.754+0.03 rad and -2.80+0.04
rad at the bottom, center and top parts of the wire A. A slight absolute increase of the phase-shift
is thus observed from the bottom to the top for all the wires. Note that the bottom part value is
probably still affected by the interface between the GaN wire and the sapphire substrate containing
dislocations and that this point applies to the three wires. The medium position measurements
exhibit a small distribution of the phase shift (-2.76 £ 0.02 rad) and the comparison of the upper
values do not show a significant change between wire A (constant silane flow) and wire B (varied
silane flow), whereas wire C (also with silane flow variation) has a significantly lower value. These
observations show that the Si-content in the wires does not play a major role on the c-axis IDB
displacement.

To analyse these phase differences, the structure factor of Ga and N-terminated GaN domains
has to be considered first. Supposing that the Ga atoms are positioned at (0,0,0) and (%,%,%) and N

121

atoms at (0,0,z) and (3,5,5+z) in the unit cell of the Ga-polar (+c) domains, the structure factors of

the +c and -¢ domains follow, for a given hkl reflection:

Fre(hkt) = (k) - {expl—2nitz] + expl-2mi(h + 2 + 22y o
+ Foalikd) - {1+ expl-2mi(s + 2% 4 1),



F_ (hkl) = fga(hkl) - {exp|—2milz] + eXp[—Zni(g - % + : +22Z)]} 3
+ Fnkd) - {1+ expl-2mi(h + 2K 4 Dy

where fy(hkl) and fg,(hkl) are the (complex) atomic scattering factors for N and Ga atoms,
respectively. z (= 0.377 in c-lattice unit3*) is the distance between two basal planes with atoms
of different types in the wurtzite GaN unit cell. The diffracted amplitude of the wire with two

domains (+c¢ and -c¢) can be written as:

A(Q)ox  FT[Quyc-Fio(hkl)-exp(—iQo - iiie)

+Q_ - F_o(hkl) -exp(—iQq - ii_)], “4)

where Q. .(Q_.) = 1 inside the +c (-c) domain and O outside, Qo is the reference scattering vector
in reciprocal space (corresponding to the measured hkl reflection). ii;. and i_. are the rigid
displacements of each domain. FT stands for Fourier transform. The retrieved complex-valued

object then verifies:

QF) = Qe Fro(hkl)-exp(—iQp-iitc)

+Q - F_o(hkl)-exp(—iQq - @i ). 5)

The difference of phase between the two domains, A®, originates from the difference of phase
of the structure factor between Ga- (+c) and N- (-¢) polarity domains and from their relative rigid

displacements:

AP oy o=Pp — P+ Q0 (ilye—ii). (6)

For the 004 GaN reflection and the Ga and N analytical atomic scattering factors taken from
the work of Waasmaier and Kirfel,3> (I)F_c — (I)F+€ = 3.08 (or -3.2) rad. The measured phase-
shift of the wire A varies from -2.68+0.02 rad (bottom) to -2.8040.04 rad (top). These values

are different from (Pp — CIDFH_); this demonstrates the necessity to add a rigid displacement

10



along the z-direction between the +c¢ and -¢ domains varying from (¢/2+10.8)£0.3 pm (bottom)
to (¢/2+8.3)£0.9 pm (top). The phase-shift for wire B varies from -2.78+0.04 rad (bottom) to
-2.84+0.05 rad (top), i.e. a variation of the displacement from (c/2+8.8)4-0.5 pm (bottom) to
(c/2+7.5)£0.5 pm (top). Wire C shows the largest variation: from -2.64+0.04 rad (bottom) to
-2.91+£0.06 rad (top), i.e. from (¢/2+11.5)41.0 pm (bottom) to (¢/2+6)41 pm (top). The experi-
mental shift of the two domains along the hexagonal c-axis (varying from ¢/24+6 pm at minimum
to ¢/2+11.5 pm at maximum) is in agreement with previous BCDI results '® and with the atomistic

ab initio calculations of Lancon et al.

adding a 8 pm c-displacement to the usual ¢/2 value shift
of the initial Northrup et al. IDB* model. 37 This model is one of the four structures of {11.0} IDB
reported in the literature.3”-3® From these values consistent with Ref.'® where multiple reflections
have been probed, we can assert that for all wires, the domains in pink in Figures 2, 3 and 4 are -c
(N-terminated) and the ones in green are +c (Ga-terminated). Note that results of only three wires
are shown here but thirty wires were measured. They were all located at the edges of the substrate
to increase the probability of IDB defects inside the wires. All the measured wires show inversion
domains. The size of the inversion domains fluctuates but inversion domains of IDB*-type were
always observed.

It has been extensively shown in literature that polarity inversion is generally occurring at the
interface between GaN and sapphire both in planar and (nano-)wire growths.>3°-*! They nucleate
at the first stage of the growth on different types of defects such as surface steps, and more gener-
ally on morphological and chemical heterogeneities, and they can interact with other defects, e.g.
threading dislocations and stacking faults.*> The polarity mixing control poses a key challenge
for the growth techniques in particular for molecular beam epitaxy*} and MOVPE.** Within the
MOVPE growth conditions of this study, the annealing of sapphire under ammonia promotes an
AlN-terminated surface and consequently a majority of N-polar wires at the wafer scale. This ten-
dency is observed at the bottom of the three wires with N-polar domains (pink color) having the
largest size. Figure 5(d) displays the evolution of the fraction of the Ga (+c¢) terminated domain

along the different wires. At larger height and for these quite short wires, N-polar domains shrink
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in favor of the Ga-domain (note that this effect has been already observed by the optical signature
of the two types of domains in Ref.?), but the complete wire keeps roughly the same cross-section.
The expansion of the +c or Ga polar domain for all wires is in agreement with the usual tendency
of this type of wire growth. This can be explained by the different speed of vertical and lateral
growths of Ga polar domains compared to N polar domains.>3° This expansion (increase of di-
mension by a factor of ~1.7 from bottom to top of the wires) indicates that the IDB* propagation
is not straight in the prismatic m-plane. Such IDB* can interact with stacking faults in the basal
plane??4243 to induce an in-plane shift of the propagation along the c-axis, and create also macro-
facetting by dislocation climbing, as mentioned by Coulon ef al.*®*7 in {1014} planes for GaN
and {1013} for ZnO.*® Our observations also show that the IDBs* stabilise in the {1100} planes,
as the IDBs* at the top of the wires are all parallel to the m-planes (see Figures 2, 3 and 4(b)),
while it is not the case at the bottom of the wires (see Figures 2, 3 and 4(f)). This implies that the
IDBs* adopt different configurations before stabilising into m-planes. It is very likely that the fast
vertical growth promotes their expansion in the {1010} planes, and that the difference of rigid dis-
placement between the middle and top of the wires are related to the stabilisation of the IDBs onto
{1100} planes. Interestingly, we do not observe long-range strain at the interface of the bound-
aries, as only a stepped-phase contrast was observed at the IDBs* for all the different positions
along the wires. We do see an evolution of the relative rigid displacement between domains (~ 5
pm, at maximum) along the wires. As the evolution of this rigid displacement does not strongly
differ with or without silane, the Si-content in the wires does not play a major role on the c-axis
IDB* displacement. The modification of configuration of the IDBs* along the wires may explain
the slight change of the rigid displacement between domains. The variation along the wire length
is difficult to relate to the Si content, indeed the average value is very close to the ab initio calcula-
tion performed without Si and first-principle calculations3® showed that silicon incorporation does
not affect the lattice constant of the GaN crystal.49 In 2D material, the increase of stress has been
proposed to be related to the presence of tensile stress due to crystallite coalescence.>® Within our

materials, the non-straight IDB* configuration may play a similar role and create small local stress
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evolving also as a function of polarity fraction, i.e. continuously as a function of length.

Conclusions

We have studied the inversion domain boundary distribution in cross-sections of self-catalysed and
silane-assisted MOVPE wires grown along their growth axis. This nm-resolved structural anal-
ysis provide understanding on their evolution along the wire length. The IDBs were found to
move along the growth axis, promoting Ga-terminated domains and stabilising into {1100} (i.e.
m-planes) over N-terminated domains. The c-axis distance between domains was found to vary
from ¢/2+6 pm at minimum to ¢/2+11.5 pm at maximum from top to bottom. The resolution on
the displacement along the c-axis (in the order of 1 pm) is an invaluable output of Bragg coherent
diffraction imaging. The observed picometer-variation of the rigid displacement between the do-
mains is related to the modification of the configuration of the IDBs* along the wires (influence of
interfacial defects at the bottom of the wires, macrofacetting, efc.). Silicon doping has no notice-
able effect on the c-axis IDB* displacement. The BCDI technique offers a very precise inner view
of the microstructure of small crystals in the presence of interacting defects. The technique can be
extended to materials other than GaN. It can be also applied in a straightforward manner to mate-
rials under a complex environment or operando as found in microelectronics and optoelectronics

devices.

Methods/Experimental

Growth Wires are grown by metal organic vapor phase epitaxy (MOVPE) on c-plane sapphire sub-
strates in a 3 x 27 closed-coupled shower-head reactor using ammonia (NH3) and trimethylgallium
(TMG) precursor. We used a self-catalysed and silane-assisted method that can be summarised as
followed (see further details in Ref.>!). The substrate is first cleaned under H, at high temperature
and annealed under NHj3 to promote the formation of an AI(O)N layer before the deposition of a

thin SiN, layer (~ 2 nm thick), which plays the role of a selective growth layer with respect to
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GaN.>2 A second NH; annealing stabilises the surface stoichiometry and induces the formation of
composition fluctuations or thinner areas that act as nucleation sites for the GaN epitaxial growth
on sapphire. The GaN polarity of the wires are directly determined by the atomic stacking of the
AI(O)N layer>? and their shapes are also related to the morphology of the initial seed. To promote
the vertical growth, we use a silane addition of 203 nmol/min diluted in a carrier gas mainly N,
and a small V/III molar ratio ([NH3]/[TMG] = 49.5), the volume flow of NH3 and TMG being 150
and 60 sccm, respectively in a total nitrogen flow of 4000 sccm. The growth is performed at 1050
°C and 800 mbar. Adjusting these growth conditions for BCDI allows to achieve a low density
(~ 10% cm™2) of wires with a length ranging from 3 to 5 um and an average diameter of 600 nm,
as illustrated by the scanning electron microscope image (see Figure 1). Moreover, we selected
preferentially areas at the edges of the substrate to have access to an even lower density and to
illuminate only single wires under the beam. The edges also benefit from an increased probability
of inversion domain boundary (IDB) defects inside wires. Silane addition results in a heavily n* "
doped GaN wire (the concentration of of electrons in the donor energy state is Ny ~ 10%? cm=3)>!
that is used to facilitate current injection in devices.!>!3 In this case, a thin SiN, passivation layer
is formed on the m-plane GaN wire sidewalls that prevents any lateral growth and also strongly
favors the vertical (longitudinal) growth. When the silane is switched off, the longitudinal growth
continues consuming the remaining silane concentration in the reactor chamber. It also provides a
residual n* doped GaN part (N; ~ 10!° cm~3) at the top of the wire.

Bragg coherent diffraction imaging Experiments were performed at the IDO1 beamline of the
European Synchrotron Facility (ESRF). A coherent portion of the monochromatic (9 keV) beam
was selected with high precision slits. The coherent beam was then focused using a Fresnel Zone
Plate (diameter of 300 m), to illuminate a single GaN wire. Diffraction was measured by a two-
dimensional detector (516 x 516 pixels of 55 um placed at 1.307 m (for wire A) or at 0.676 m (for
wires B and C) from the sample). 3D data sets were recorded by rocking the sample over a range
of 1.28° (for wire A) or 1.5° (for wires B and C) by steps of 0.005°.

Phase retrieval algorithm The intensity recorded on the 2D detector is masked to select only

14



the diffraction pattern of the investigated wire. The masked intensity is let free during phase re-
trieval. Starting with random objects, 1200 iterations of Relaxed Averaged Alternating Reflections
(RAAR®#) and 300 iterations of Error-Reduction (ER>>¢) algorithms were applied with shrink-
wrap>’ algorithm (every 20 iterations) in each phasing process. After repeating several times, a
support was built from the best reconstructed object. With this support as a starting support, it
converges faster to the expected direct-space object. Afterwards, the support was fixed and it con-
verges fairly well with 600 iterations of Hybrid Input Output (HIO>®), 600 iterations of RAAR and
300 iterations of ER. Although the support is fixed, the starting phase before each phasing process
is totally random, implying that the generated phases are slightly different with each other. This is
on account of noise caused by the detector. The removal of the phase-ramp of the reconstructed
data is achieved by performing linear-regression on the two domains one by one and by calculating

the weighted mean slope.
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