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Gallium nitride (GaN) is of technological importance for a wide variety of optoelectronic applications. 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 diffraction imaging. Different complex domain configurations are revealed along the wires
with a 6-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 {1-100} or m-planes. The atomic phase shift between the
Ga- and N- terminated domains has been extracted using phase retrieval algorithms, revealing a slight evolution (~ 1
pm) of the out-of-plane displacement between inversion domains along the wire. This work provides an accurate inner

view of planar defects inside small crystals.

Group-III nitrides play an important role as electronic and
optoelectronic materials. Their wide bandgaps enable appli-
cations in blue-UV light emitting diodes, lasers and power de-
vices or for photocatalysis.!> Among all the group-III nitride
materials, GaN has a particular importance owing to its out-
standing 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, in-
version domain boundaries (IDBs), across which cation and
anion positions are interchanged, can be used to manipulate
device performance associated with properties such as sponta-
neous polarization and Hall mobility.* The increasing demand
to reduce the dimensions of electronic devices makes GaN
wires more interesting. The small contact area between wire
and substrate allows wires to relax easily and fewer disloca-
tions will be introduced.’ The wire morphology also improves
the performance of flexible LEDs because of their mechanical
flexibility® and wave guiding properties.” Characterisation of
GaN wires in three-dimensions (3D) and at nanometer resolu-
tion are crucial to gain an understanding of the structure and
the growth mechanisms of the wires and their inner defects.
Defects in GaN wires are a key issue. Their study may give
new insight into the optoelectronic properties of nitride semi-
conductors. Instead of traditional techniques, such as trans-
mission electron microscopy (TEM) and scanning electron
microscopy (SEM), Bragg coherent x-ray diffraction imag-
ing (BCDI) was chosen in this work, for this technique can
image defects, displacement and strain fields without destroy-
ing the sample or modifying it during the image acquisition
process.811

In this letter, we report Bragg coherent diffraction imaging
of IDBs in GaN wires grown on sapphire. BCDI was used
to investigate the arrangement of the IDBs inside the GaN
wires and the displacement field generated by these defects

Fresnel Coherence
zone-plate  slit

FIG. 1. Schematic overview of the experimental setup. The x-ray
beam is focused using a Fresnel zone-plate. A microscope is po-
sitioned above the sample. The inset displays a scanning electron
microscope (SEM) image of the GaN wires.

as a function of growth axis. Our results provides clues of the
evolution and propagation of IDBs along the wire.

The samples consist of self-catalysed GaN wires grown on
c-plane sapphire substrates by metal organic vapor phase epi-
taxy (MOVPE) (see Ref.? for more information). Adjusting
the growth conditions for BCDI studies allow to achieve a low
density (~ 10 cm~2) of wires with a length ranging from 3
to 5Sum and an average diameter of 600 nm, as illustrated by
the scanning electron microscope (SEM) image of Fig. 1. The
wires have their c-axis parallel or antiparallel to the growth



axis and lateral {1100}m-plane facets. This work focuses on
several different GaN wires (three in total), noted A, B and
C hereafter. The silane concentration has been varied during
the growth of wires B and C. This was not the case for wire
A, for which a constant silane concentration was used dur-
ing growth. BCDI was performed using a nano-focused x-ray
beam at beamline IDO1 of the European Synchrotron Facil-
ity (ESRF) in Grenoble (France) (see more details in Ref.”).
BCDI was used to investigate the arrangement of the IDBs in-
side the GaN wires and the displacement field generated by
these defects. The experimental setup is shown in Fig. 1.
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FIG. 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
wire A. respectively

Three-dimensional diffraction patterns were collected at
three different z-positions (z being along the wire axis) along
the different wires and at the 004 GaN Bragg reflection, while
illuminating a portion (~ 400 nm thick corresponding to the
vertical beam size (FWHM)) of the wire. To measure the
full 3D diffraction patterns, the wires were rotated by 1.28°
in steps of 0.005°. The distance between adjacent diffraction
patterns are 1.5 um for wire A and 1 um for wires B and C.
In all 3D diffraction patterns, the measured intensity is con-
centrated in an (h, k)-plane perpendicular to the /-axis. As
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FIG. 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
wire B respectively.

reported in Ref.?, the 2D cross-section of the measured por-
tion of the wire is supposed to be constant along the wires
axis. 2D intensity maps are thus extracted from the 3D data
sets to reconstruct a 2D image of the sample (see Figs. 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 coor-
dinates of the scattering vector Q (Qx and Q,) at z-positions
along the wires. Interestingly, the measurements (i.e. the
diffraction patterns) are different from one wire to another.
But they show some similarities, like six streaks demonstrat-
ing the hexagonal shape of the wires. The diffraction patterns
along each wire (i.e., at different z-positions) are also differ-
ent, showing that their structure evolves along the wire for all
of them. The diffraction patterns are more complex at the bot-
tom of the wires, as expected, due to the dislocation network
at the interface between the GaN wire and the substrate. Each
diffraction pattern was used independently to reconstruct the
inner structure of the wires using phase retrieval algorithms.
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FIG. 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
wire C respectively.

Phase retrieval was carried out on the diffraction data using
PyNX package,'? imposing at each iteration that the calcu-
lated Fourier intensity of the guessed object, Q(‘r’), agrees with
the measured data, /"“*. Signal from other wires observed in
the measured data are masked. Gaps between the detector
chips were masked: first set to zero and then set free during
the phase retrieval procedure. Starting with random objects,
1200 iterations of Relaxed Averaged Alternating Reflections
(RAAR'?) and 300 iterations of Error-Reduction (ER!*13) al-
gorithms were applied with shrink-wrap'® algorithm (every
20 iterations) in each phasing process. After repeating sev-
eral times, a support was drawn from the best reconstructed
object. With this support as a starting support, it converges
faster to the expected real-space object. Afterwards, the sup-
port was fixed, and it converges fairly well with 600 iterations
of Hybrid Input Output (HIO!7), RAAR and 300 iterations of
ER. Although the support is fixed, the starting phase before
each phasing process is totally random. Therefore, the gen-
erated phases are slightly different with each other. This is
inevitable on account of noise caused by the detector. To se-
lect good results, the Poisson Log-Likelihood (LLK)'® is used

as a parameter, which indicates the quality of phasing. LLK
is defined as:

(I(lalc )Imeas

IiL‘alc]
Imeas |

LLK———Zlog : (1)

where N is the total number of pixels in the diffracted data,
I"°% and If“lc denote the measured and calculated intensity
at pixel i. LLK reflects the similarity of calculated and ob-
served intensities. Reconstructed objects with lower LLKs
have more homogeneous phases and sharper boundaries be-
tween 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 and since the shape of the reconstructed
object is centrosymmetric. However, recognition of the twin-
image is crucial to obtain the correct phase shift between the
inversion domains, as the phase of the twin-object is oppo-
site to the correct phase. As demonstrated by Labat et al.,’
they can be distinguished by considering the effect of the op-
tical path length on the phase distribution. Considering that
photons will travel different distances d inside the wire with
respect to its geometry, the phase of the beam is shifted neg-
atively by ——5d (in our case, the maximum shift induced

by the 0pt1cal path is -0.2 rad.),!® where § describes the dis-
persive part of the complex refractive index n of the material:
n=1—38+if. Longer optical path length results in a lower
phase. Perpendicularly to the beam direction, a negative cur-
vature of the phase is expected in the middle of the wire. This
signature allows to select the correct solutions and discard the
twin-image variants.

Figures 2, 3 and 4 (b, d and f) display the best reconstructed
images of the wires at different z-positions. Two domains of
different constant phase values (colored in pink and green) are
observed. 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-direction) x 5.6 (y-direction) nm? for wire B and a
pixel size of 5.1 (x-direction) x 4.2 (y-direction) nm? for wire
B. They correspond to domains of different polarities, either
Ga (+c¢) or N (-¢) terminated domains, separated by inversion
domain boundaries as reported in Ref.”?

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 (see Fig. 3(b)). To get a correct phase-
shift from the retrieved phases, phase impacted by the optical
path is corrected and the phase-ramp is removed. Removal of
the phase-ramp is achieved by performing linear-regression on
the two domains one by one and by calculating the weighted
mean slope. Histograms of the raw and corrected phase dis-
tributions are displayed in Fig. 5(b). Two main peaks are
observed, corresponding to the two different domains (either
+c or -¢) of the GaN wire. It is important to note that the his-
togram of the corrected phase shows sharper peaks. To calcu-
late the phase shift between the two domains, the histograms
of the corrected phase distribution have been fitted with two
independent Gaussian curves:
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FIG. 5. (a) Raw and corrected values of the phase distribution along
the y-axis of the reconstructed top cross-section of wire B. (b) His-
tograms 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) Evo-
lution of the phase shift between inversion domains at the bottom,
middle and top of the different wires.

where A1 5, U1 2 and 07 > are the amplitude, central position
of the peak and the standard deviation, respectively. The phase
shift (uy - (1) between the inversion domains at different po-

sitions along the wires is estimated from about 1200 different
reconstructions (i.e., 1200 different initial random phases), all
of them showing a low value of their log-likelihood (LLK)
metric.'® This allows to determine the average phase shift and
its standard deviation (see Fig. 5(c)). The retrieved phase
shift inversion domains is slightly different depending on the
z-position along the wires. As an example, as reported in Fig.
5(c), the phase shift equals to -2.78+0.04 rad., -2.79+0.04
rad. and -2.84=+0.05 rad at the bottom, center and top parts of
the wire B. A slight absolute increase of the phase-shift is thus
observed from the bottom to the top for all the wires.

The reconstructions (Figs. 2, 3 and 4) clearly provide evi-
dence of two types of domains of different phases. The phase
values are rather constant inside the domains. The homogene-
ity of the phase inside the domains denotes the absence of sig-
nificant strain variation. The phase difference between the do-
mains partially originates in the phase difference of the struc-
ture factor between Ga and N-terminated GaN domains. Sup-
posing that the Ga atoms are positioned in (0,0,0) and (%,%,%)
and N atoms in (0,0,u.) and (%,%,%+u0) in the unit cell for a Ga
(+c)-terminated domain and vice versa for a N (-¢)-terminated
domain, the structure factors of the +¢ and -¢ domains follow,
for a given hk.l reflection:

Foo(hkl) = fu (k) - {explKluc] + exp[K(g + % + ”22”“ i
o) {1 +expK(G+5 + 30 B
F (kD) = ou (k1) fexp{KTu] + explK (3 + 2 4 TH 21y
M) (T ewKG S 30 @)

where K = —2irm and where fy (hkl) and fg,(hkl) are the
(complex) atomic scattering factors for N and Ga atoms, re-
spectively. u.( = 0.377%9) 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 -¢) can be written as:

A(hkl) <Qy - Fy o (hkD) - FT[exp(—iQp - ii+c)]
+Q - F . (hkl)-FT[exp(—iQo - ii_.)|

<FT[Q - Fyo(hkl)-exp(—iQo- i)
+Q .- F—c(hkl) -exp(—iQo i), &)
where Q. .(Q_.) = 1 inside the +c (-¢) domain and 0 outside,
Qo is the reference scattering vector in reciprocal space (corre-
sponding to the measured hkl reflection) and ii . 1i_. are the
atomic displacements of each domain. FT stands for Fourier
transform. The retrieved complex-valued object then verifies:

Q(F) =Qye - Fye(hkl) - exp(—iQo -ii )

+Q .- ch(hkl) ' eXp(_iQO . ﬁfc)' (6)

The difference of phase between the two domains, AP,
originates from the difference of phase of the structure factor



between Ga (+¢) and N (-¢) terminated domains and from ho-
mogeneous displacement of the domains between each other:

AP oy o=Pp — Dy +00-(ligc—iic). (7)

Supposing that there is no homogeneous displacement be-
tween the +c and -c oriented domains, A®_._, . = 3.08 rad.
(or -3.2 rad.) for the 004 GaN reflection, the analytical atomic
scattering factors of Ga and N being taken from the work of
Waasmaier and Kirfel.”! The phase-shift observed for wire B
varies from -2.7840.04 rad. (bottom) to -2.84+0.05 rad (top).
One has to introduce a rigid displacement of the atomic lat-
tice between the two domains (i1 — ii_.) in the z direction to
match the experimental values. It varies from (¢/2+8.8)%0.5
pm (bottom) to (¢/2+7.5)£0.5 pm (top) for wire B. Wire C
shows the largest variation: from (c¢/2+6)%1 pm (bottom) to
(c/2+11.5)£1.0 pm (top). All these values are in good agree-
ment with the additional shift of ¢/2+8 pm observed in Ref.’
From the obtained values, we can assert that for both wires,
the domains in pink in Figs. 2 and 3 are -c¢ (N-terminated) and
the ones in green are +c (Ga-terminated).

The double polarity observed inside the GaN wires may
originate at the interface between GaN and the sapphire sub-
strate. The nucleation of the two polarities is expected to be
initiated during the first stages of growth, during the steps of
surface preparation and/or nucleation. When a polar layer is
deposited on a non-polar substrate such as sapphire, it is the
structure of the interface as well as the surface energies that
will determine the polarity of the layer. In previous studies,
surface nitriding conditions of the sapphire substrate and the
growth conditions of the GaN buffer layer were identified as
the parameters that can determine (and reverse) the polarity
of the final layer.22 As well, as demonstrated by Romano et
al.,> the formation of double polarity during the nucleation
step of the GaN layer may result from the presence of inho-
mogeneities (atomic steps) at the GaN/sapphire surface.

The configuration of these two polar domains evolves along
the GaN wires. This indicates that the IDBs change their di-
rection of propagation, resulting in a variation in dimensions
of the Ga- and N-terminated domains. As observed in Figs.
2 and 3, the size of the two domains varies along the growth
axis of the wire. The expansion of the +c or Ga polar domain
for both wires is in agreement with the usual tendency of this
type of wire growth. It can be explained by the different speed
of vertical and lateral growths of Ga polar domains compared
to N polar domains.?>?*

It is worth noting that the IDBs at the top of the wire are all
parallel to {1-100} or m-planes (see Fig. 3(b)). This is not the
case at the bottom of the nanowire (see Fig. 3(f)). It is known
that at the nanowire/substrate interface, dislocations occur due
to the different lattice mismatch between the wire and sub-
strate. The dislocation network may lead to a more complex
IDB configuration. The IDBs adopt different configurations
before stabilising into m-planes. The IDBs, separating the do-
mains, correspond to {1-100} or m-planes as already observed
in literature.?*20

Note that there is a discrepancy between the experimental
and theoretical values of the phase shift expected between in-
version domains. Experimentally, we observe an additional

shift of 8+1 pm for the displacement along the c-axis. Sim-
ulations performed by Northrup e al.?’ and Labat et al.® did
not reproduce this additional shift. One possible explanation
given by Labat er al.® was the segregation of silicon atoms in
the IDBs, as it is known that the presence of the silicon at an
IDB modifies the bond length at the interface.?® We have mea-
sured wires, for which the silane concentration has been var-
ied (wires B and C) or not (wire A) during the growth. This has
not impact on the displacement along the c-axis, implying that
silicon has no noticeable effect on the displacement field gen-
erated by IDBs. Recently, Lancon ef al.?” have recovered the
experimental small additional shifts of the polarity domains,
in particular 8 pm shift along the hexagonal direction, by ab
initio DFT calculations taking into account boundary condi-
tions and electrostatic fields.

As a possible scenario, during the first seconds of nucle-
ation, grains of different polarities are nucleated on the sur-
face of the sapphire substrate. Over there the coalescence of
grains leads to the appearance of a grain boundary and there-
fore the nucleation of an IDB between two domains of differ-
ent polarities. The orientation of the IDB corresponds to the
orientation of the coalescence boundary, which implies that
it will not necessarily be in the (1010) plane. The IDB may
adopt different orientations. However, our observations show
that the IDBs stabilise in the {1010} planes. It is very likely
that the fast vertical growth promotes the expansion of IDBs
in the {1010} planes. To explain the observed change of do-
main size, zigzag IDBs may form during growth.’® Initially,
the two polar domains are separated by IDBs. As Ga polar
domains have a larger lateral growth, they will grow on the
N polar domains. This leads to a change of configuration of
the IDBs and probably the appearance of a zig-zag segment
of IDB in the (0001) plane. This structural configuration is
observed for all the measured wires.

In conclusion, we have studied the inversion domain bound-
ary distribution in cross-sections of nanowires along their
growth axis. This nm-resolved structural analysis provide un-
derstanding on their evolution along the nanowire. The IDBs
were found to move along the growth axis, promoting Ga-
terminated domains and stabilising into {1-100} or m-planes
over N-terminated domains. The distance between domains
was found to vary from ¢/2+6 to ¢/2+11.5pm from top to bot-
tom at maximum. The resolution on the displacement along
the c-axis is a great advantage of Bragg coherent diffraction
imaging compare with traditional microscopes. The technique
offers a very precise inner view of the microstructure of small
crystals in the presence of interacting defects. It can be also
applied in a straightforward manner to materials under com-
plex environment or operando as found in microelectronics
and optoelectronics devices.
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