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ABSTRACT

In this paper, we report the use of three pendeo-epitaxy growth approaches as a way of reducing the threading dislocation density =
(TDD) of 20 x 20 um? GaN platelets to be used for the development of micro light-emitting diodes (ULEDs). The method relies on &
the coalescence of GaN crystallites grown on top of a network of deformable pillars etched into a silicon-on-insulator substrate. Our
approach takes advantage of the creeping properties of SiO2 at the usual GaN epitaxial growth temperature, allowing the GaN crystal-
lites to align and reduce the grain boundary dislocations. Furthermore, this bottom-up approach allows to get rid of the dry plasma
etching step for pLEDs fabrication, which highly deteriorates sidewalls, reducing the efficiency of future displays. By optimizing the

growth conditions and inducing asymmetric nucleation, a TDD of 2.5 x 108 cm—2 has been achieved on the GaN platelets, while
keeping a smooth surface.
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subject of research in academia and industry. In addition, with the

INTRODUCTION . L .
market penetration of new applications such as augmented reality

The gallium nitride (GaN) micro light-emitting diodes
(ULEDs) market keeps expanding since the first report of a yLED
in 2000 by Jiang et al."?> GaN yLEDs exhibit promising properties
for a wide range of applications such as displays,* visible light com-
munication (VLC),* or biomedical devices.® Compared to the
current organic light-emitting diode (OLED) or liquid-crystal
display (LCD) technologies, uLEDs benefit from several advantages
such as smaller size, longer lifetime, reduced power consumption,
higher resolution, and higher brightness,® making them a major
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(AR) and virtual reality (VR), which require even smaller pixel
sizes, uLEDs technology seems to be inevitable.

However, a problem of GaN-based uLEDs, common to all
other GaN-based technologies, is the lack of a physico-chemically
adapted and market-compatible substrate for GaN epitaxy. While
freestanding GaN substrates would be the ideal option, they
remain of small dimensions and are relatively expensive. In this
context, other substrates, such as sapphire and Si, have been used.
In partic- ular, the heteroepitaxy of GaN on silicon (Si) has been
widely studied in the last few decades to benefit from cheap and
large-area substrates.”® However, it displays multiple drawbacks
due to the large lattice and thermal expansion coefficient
mismatches as well as the melt-back etching problem arising due
to the chemical
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reaction between Ga and Si.° In addition, the difference in the
lattice parameter between GaN and Si leads to high threading dislo-
cation densities (TDDs) in GaN layers in the order of 10 cm—2
(if nothing is done to reduce their number), which act as
non-radiative centers and affects the efficiency and lifetime of the
fabricated devices. The impact of the TDD on the efficiency of
InGaN/GaN multiple quantum wells heterostructures was studied
by Dai et al.’%!* They showed that for dislocation densities varying
from 5.3 x 108 to 5.7 x 10° cm-2, the non-radiative coefficient A
related to the Shockley—Read—Hall non-radiative recombination in
the standard ABC model*? increases from 6.107 to 2.108 s-1, con-
tributing thereby to reduce the internal quantum efficiency and val-
idating the fact that TDD is a key parameter for improving
efficiency, at least within a certain dislocation density range. Other
large-area substrates based on polycrystalline AIN have been pro-
posed as a way of growing low threading dislocation density
(~107 cm-2) and crack-free GaN.'® Several strategies have been
employed in the past 20 years to reduce the dislocation density of
GaN on Si. First, the use of interlayers, especially aluminum-based
I1I-N interlayers, which allow the growth of thick GaN without
cracks and with a dislocation density of 108 cm—-2.'%'> Moreover,
combining the use of an AlGaN interlayer, to induce a compressive
strain and to prevent crack formation, and an in situ SiN mask,
which results in bending of dislocations, low dislocation density
GaN can be grown.'s'7 Although these approaches lead to a
reduced TDD, they often target electronics applications where a
thick GaN is acceptable. However, many optoelectronic applica-
tions need to reduce, as much as possible, the GaN thickness while
keeping a low TDD. In this context, the use of a SiN interlayer
coupled with an in situ etching method targeting dislocations has
been shown to reduce the TDD down to 6.7 x 107 cm-2 for a total
GaN thickness of 3.8 um.'® Second, the use of patterned substrates,
which reduces the number of nucleation areas and, thus, the quantity
of dislocations coming from the interface between the substrate and
the GaN (or AIN) nuclei. Innovative growth techniques on patterned
templates such as epitaxial layer overgrowth (ELO),***° selective area
overgrowth (SAG),”>?? and pendeo-epitaxy (PE)?*~*° have led to a

drastic decrease in the TDD (5 x 107 cm-2 in the laterally overgrown

region, and 8 x 108 cm-2 in the opening of the mask in the case of
ELOG?). However, the threading dislocation distribution is inhomo-

geneous, leading to dislocation-free zones next to high dislocation
density regions (above 10° cm-2), which correspond to the coales-
cence zones between neighboring GaN sections. The high TDD at
the coalescence boundaries can be traced back to the misalignment
of the initial AIN or GaN islands, leading to a misalignment between
the overgrown regions of GaN.?” This misalignment between nucle-
ation grains is also responsible for the high TDD in the seed
regions,’®?° impacting the efficiency of the future overgrown devices.
Therefore, since it is known that TDD decreases the efficiency

of LEDs, different strategies are implemented to reduce it. Besides,
another issue specific to yLED devices has a significant impact on
their efficiency, namely, the use of etching of the devices. Indeed,
pdisplay technology requires a pixel size (directly related to the
diameter of ULEDs) below 10 um? to achieve a high spatial resolu-
tion. However, several studies have shown that the size reduction of
ULEDs reduces their external quantum efficiencies (EQEs).*-*
This phenomenon has been attributed to the standard dry plasma

ARTICLE pubs.aip.org/aip/jap

etching step defining uLEDs on wafers, which creates sidewall
defects that are non-radiative recombination centers. This issue is a
limiting factor to the growth approaches mentioned earlier on a full
wafer, where the etching step is unavoidable. In this context, it
would be extremely interesting to manufacture yLEDs without the
use of a top-down etching step of the active LED and, thus, avoid
the aforementioned sidewall damage.

In order to tackle the u-LED issues described above, we intro-
duce an approach that combines pendeo-epitaxy and silicon-on-
insulator (SOI) substrates that are patterned into nano- pillars, on
top of which GaN nucleates and grows laterally. First, to limit the
creation of dislocations during the coalescence of GaN crystallites
nucleating on top of the nano-pillars, an SOI substrate is used; this
allows to benefit from the visco-elastic properties of SiO2 at the
high temperature employed for GaN growth.>* The SiO2 layer
below the Si surface should allow crystallites to rotate around
themselves during coalescence and minimize dislocation
generation. Second, the bottom-up growth approach allows to get
rid of the etching step and, therefore, of the defects associated with
it. Moreover, once the substrate is patterned, the epitaxial regrowth
will only be pure GaN, without resorting to interlayers based on
other materials. Finally, the brittleness of the pillars is used to facil-
itate the transfer of full and homogeneous GaN platelets onto a
carrier substrate, which can, for instance, contain the electronics
necessary for controlling individually each uLED. Several transfer
methods can be used and are currently being optimized.

Our earlier work® using a similar approach reported a
reduced TDD of 4 x 108 cm-2 and an overall strain reduction on
300 x 300 um? platelets. In that report two sources of dislocations
were clearly identified, as we could distinguish dislocations coming
from the seed regions and dislocations created during island coales-
cence. This study aims to further reduce the dislocation density on
smaller platelets compatible with yLED requirements. It also aims to
understand the growth mechanisms during nucleation of dislocations.

EXPERIMENTAL DETAILS

Silicon-on-insulator (SOI) substrates were fabricated at CEA-
LETI with a 500 nm thick buried oxide (BOX) and a 50 nm thick Si
111 layeh On these substrates, an AIN buffer layer and a thin GaN
layer were then grown using a Metal Organic Vapor Phase
Epitaxy (MOVPE) (3 x 2 in.) CCS Thomas Swann reactor, with
thicknesses of 125 and 250 nm, respectively. The AIN buffer layer is
essential to avoid any melt-back etching reaction between Ga and
Si.? Atomic force microscopy images performed on the
GaN layer indicate a TDD in the order of 10 cm—2.

The samples were then patterned using nanoimprint lithogra-
phy coupled with a lift-off step, as detailed in a previous publica-
tion.* GaN/AIN/Si/SiO2 nano-pillars 150 nm in diameter were
etched into a hexagonal pattern with a pitch of 500 nm.

These matrices of pillars form the base for the future GaN
micro-platelets 20 x 20 um? in size. The final distance between dif-
ferent platelets is around 10 pym—the objective is to prevent any
coalescence between neighboring platelets, once the GaN growth
has been achieved while keeping them close enough to avoid any
parasitic growth between them.
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TABLE I. Summary of the growth conditions for samples A, B, and C. The temperatures are the setpoint temperatures.

3D growth step

Time () Temperature (°C) Pressure (Torr) Carrier gas NH3 (SCCM)/TMGa (SCCM)
Sample A (Ref) and B 100 1060 100 N2 3000/30
Sample C 40 1060 100 N2 3000/30
2D growth step
Time () Temperature (°C) Pressure (Torr) Carrier gas NHs (SCCM)/TMGa (SCCM)
Sample A (Ref) and B 5400 1170 300 H2 9000/80
Sample C 7200 1170 300 H2 6000/54
The regrowth on the patterned substrates has been done using In order to lower the dislocation density, a two-step growth
the same Thomas Swann reactor as for the buffer layers. has been used (Fig. 1), similar to our previous study.*> Nucleation
Cathodoluminescence (CL) spectroscopy and atomic force micros- on top of nano-pillars occurs during the first step, where condi-

copy (AFM) were used to characterize the threading dislocation tions were optimized for a pyramidal 3D growth of GaN.* The V/III
density of the samples.®” In addition, scanning electron microscopy ratio was fixed to 1850 for all samples (A, B, and C). The three
(SEM) and transmission electron microscopy (TEM) give an samples differ either in the structure of the pillars (samples A and
insight into the growth mechanisms and how they affect dislocation B, without and with SiO2 mask on top, respectively), which modify
filtering. the nucleation, or in the coalescence mode employed (samples A

Three samples (A, B, and C) were grown using conditions and C using homogenous and inhomogeneous nucleation, respec-
given in Table I, with trimethylgallium (TMGa) and ammonia tively). Upon the formation of GaN pyramids, a higher temperature
(NHa) as precursors. The growth temperatures given in Table | and 2D growth step was used to coalesce the individual pyramids and
in the rest of this study are the setpoint temperatures. planarize the GaN platelets.
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FIG. 1. SEM images: cross section of the patterned sample before regrowth (a), after 3D GaN growth in top view (b), after 30 min of 2D growth in top view (c), and after
90 min of 2D growth to obtain fully coalesced platelet with a tilted view of 30° (d). A schematic is provided as in the inset of each SEM image for clarity. Magnified SEM
view of a single platelet (e) with the corresponding 15 x 15 um? AFM scan of the surface (f).
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RESULTS AND DISCUSSION

In order to facilitate the reading of this study, we recall here
the definitions and sizes of the different objects which are the
subject of this study: (i) the 150 nm diameter pillars etched in
the substrate, which can be seen in Figs. 1(a), 3(a), and 5(a);

(ii) the GaN pyramids at the top of the pillars [Figs. 1(b), 3(h),
and 5(b)], with a maximum base diameter of 250 nm; (iii) the indi-
vidual 20 x 20 um? platelets consisting of a set of coalesced pyra- s
mids [Figs. 1(c), 3(c), and 5(c)]; (iv) the 500 x 500 um? platelet
arrays, which can be partially seen in Figs. 1(d), 3(d), 5(d) and seen

(a)

B 200 .

completely in Fig. 6(d). —_— @

SAMPLE A: REFERENCE SAMPLE FIG. 2. 2% 2 um? AFM (a) and 14 x 14 um? CL (b) images of a GaN platelet
Figure 1 presents the regrowth steps (both 3D and 2D growth surface (i.e., after the 2D growth step) of sample A.

steps) of our reference sample A, with similar growth conditions to

our previous study.*® Figure 1(a) shows a SEM cross section view

of the GaN/AIN/Si/SiO: pillars after plasma etching and a CARO sample B before regrowth. The SiO2 layer can be seen on top of
treatment (H202 + H2SO4), which was employed to remove the each pillar in a brighter contrast. Figure 3(b) shows the 3D growth
nickel mask on top of the pillars. An under etching of the AIN step on sample B. GaN pyramids have a pit at the apex, due to the
layer is observed during this treatment, leading to a reduced pillar growth over the SiO2 mask. The growth conditions are exactly the
diameter at the interface between AIN and Si. The first regrowth same as for the reference sample. Figure 3(c) shows an SEM image
step is shown in Fig. 1(b), with a top view SEM image of the 3D after 30 min of lateral growth. The surface is comparable to sample
GaN pyramids on top of the pillars. GaN pyramids show six semi- A in the same conditions [Fig. 1(c)] with several v-pits on the
polar {10-11} facets due to the anisotropic growth rate of GaN. surface. However, the SiO2 mask on top of the pillars does not
Then, Fig. 1(c) shows a top view SEM image of a platelet after a  seem to create additional v-pits. Finally, Fig. 3(d) shows fully coa-
30 min growth in the 2D growth step conditions. The sample lesced platelets with the same growth conditions as sample A
exhibits an almost complete coalescence between pyramids with a [Fig. 1(d)]. As for sample A, no v-pits are visible on the surface of
recovery of the c-plane for a GaN thickness of less than 2 um. the platelets.

However, some V-shaped pits are still present on the surface. Scanning transmission electron microscopy (STEM) observa-

Finally, Fig. 1(d) shows a tilted view of fully coalesced 5 um thick  tions were performed on both reference sample A and sample B in
GaN platelets for a growth time of 90 min in the 2D growth step

conditions. The final grown platelets present a reduced c-plane
surface compared to the initial pattern and pillar positions. This is
due to the growth of more stable semipolar facets along the perime-
ter of each platelet. Those facets have been recently shown to be ben-
eficial for the light extraction of yLEDs.***° Figures 1(e) and 1(f )
show a magnified view of a single platelet surface using SEM and
AFM, respectively. The width of the AFM scan is limited to 15 ym
to avoid any sliding into the semipolar facets. The surface is smooth
with a RMS of 2 nm and does not exhibit any v-pits.

The TDD has been investigated by combining multiple
2x 2 um? AFM images [Fig. 2(a)] on several platelets and by using
large-area CL images [Fig. 2(c)]. This methodology gives a statisti-
cally meaningful average TDD value.®” Both AFM and CL give

similar results, with an average TDD of 4 + 1 x 108 cm—2, compara-
ble to our previous work on larger-size GaN platelets.*

82:8¥:¢T €202 AInC €0

SAMPLE B: MASKED PENDEO-EPITAXY

Sample B presents an alternative approach for managing dislo-
cations coming from the nitrides/Si initial growth and makes use of
a 30 nm thick SiO2 mask on top of each GaN/AIN/Si/SiOz pillar.
This additional SiO2 layer is deposited on the GaN/AIN/SOI 2D FIG. 3.'||SEM i;rrl]age3soof SimplLeSBOat difffl“(f%ntffabfica;i\?tﬂ (St)epS:t‘lljtrojs .SeCti(f)“38f
stack by physical vapor deposition before nanoimprint lithography. nano-pillars with a 30 nm-thick Si0, mask before growth (a), a tited view of 30°
As in cz),npve):ltional EpLOG pSiOz will act as a dieIeI():tric maskgblgci- ager 3 3D|(ia';Dgr°WtWhth(b)t’ tOpf\ggW gfte(jr Q&0 49 Gl S5 (3 6

_ ! . R arer a compiete o step O min 5
ing dislocations.** Figure 3(a) shows a cross section SEM image of P g P @
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FIG. 4. Scanning transmission electron microscopy of the regrown GaN layer
on top of nano-pillars of sample A (a) and sample B with a SiO, mask (b) with
the yellow dashed lines showing the initial GaN pyramid, red arrows showing
the bent dislocations, and green arrows showing the dislocation created at the
vicinity of the GaN/SiO; interface.

order to compare the behavior of dislocations. A thin lamella has
been prepared using a focus ion beam (FIB) tool with the (11-20)
zone axis passing through the pillars. Figure 4 shows STEM images
of the two samples. First, in Fig. 4(a), we observe that the regrown
GaN nucleates both on the GaN layer and also on the underlying
AIN. A large number of dislocations is generated at the regrown-
GaN/initial-AIN sidewalls. Those dislocations are initially confined
to the basal plane, but can potentially bend toward the top
surface (as well as toward the bottom free surface) during island
coalescence, leading to an increased TDD.

Figure 4(a) also shows the typical dislocation bending
observed previously in 3D GaN pyramids (red arrows), in which
dislocations bend into the basal planes when they meet a semipolar
facet. The pyramidal shape before the lateral growth is indicated by
the dashed yellow lines, which defines clearly the boundary at
which dislocation bending occurs. This mechanism, reported first
by Vennégues et al.,** and subsequently in several other papers,*?
has been commonly adopted for TDD reduction in both GaN-on-
Si and GaN-on-Sapphire systems. These bent dislocations
propagate laterally and, thus, have a certain probability of creating
dislocation loops during coalescence, which would reduce the
TDD. However, they might also bend again and thread toward the
surface, resulting in no net reduction in TDD.

Figure 4(b) shows different behavior, with vertical dislocations
originating from the AIN/Si nucleation interface being blocked by
the SiO2 mask. However, new dislocations are generated in the
vicinity of the GaN/SiO2 (mask) interface, as observed in some
SAG of GaN nano/microwires on patterned substrates.*

The TDD of sample B has been quantified using the same
methodology as sample A on several platelets. Again, both AFM
and CL give similar results, with the same average TDD of

4+ 1x 108 cm-2 as sample A. The equivalence between samples A
and B in terms of the final TDD can be explained by the fact that
both approaches target the same problem, namely, the dislocations
nucleating at the pillars.

In consequence, we can suggest that most of the remaining
threading dislocations are coming from the pyramid coalescence.

ARTICLE pubs.aip.org/aip/jap

FIG. 5. Cross section view by SEM of pillars before any regrowth (a), top view
of the GaN pyramids at the end of the 3D growth (b), top view SEM images of
the asymmetric cluster nucleation on GaN pyramids with the scheme in inset
(c), and the platelets array after being fully coalesced (d).

This means that there are still misorientations remaining between
neighboring islands. This possible reorientation of GaN crystallites
during coalescence has been studied on similar samples in a recent
work using dark field x-ray microscopy and high-intensity x-ray
diffraction at the European Synchrotron Radiation Facility. We
have shown that local realignment of GaN crystallites occurred
during coalescence, while the Si layer underneath GaN was being
disoriented during coalescence showing that, indeed, the SiO2
section contributed to the pillar’s rotations.*

In both approaches for samples A and B, reducing the density
of nucleation sites should decrease the number of coalescence grain
boundaries and, thereby, the TDD. The obvious solution would
consist in increasing the distance between pillars, but this would
increase the parasitic growth nucleation on the mask.

SAMPLE C: INHOMOGENEOUS REGROWTH SITES

In order to get around this problem and still reduce the
number of coalescence grain boundaries without sacrificing the
GaN thickness, we introduce an original approach based on
the generation of controlled but inhomogeneously distributed
regrowth sites during the coalescence step (i.e., during the 2D
growth step). We start from the same pillars as sample A, shown in
Fig. 5(a). Then the pyramids are grown, but with a shorter 3D
growth step, leaving the pyramids further apart from one another
[Fig. 5(b)]. The precursor flows during the coalescence step are
reduced compared to the conditions used for samples A and B
(we maintain the same V/III ratio, but reduce the flows by 30%),
and GaN clusters then nucleate on top of the pyramid network.
This is illustrated in Fig. 5(c), for 30 min of lateral growth. This
should be compared to a completely homogenous lateral growth
observed in samples A and B [Figs. 1(c) and 3(c)].
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The cluster nucleation, in particular, its density,* is controlled
by the growth conditions. We have found that the inhomogeneity
of nucleation is mainly determined by the precursor fluxes and by
the distance between GaN pyramids at the end of the first 3D
growth step. In order to promote the formation of such clusters,
the 3D growth step leading to pyramid formation must be stopped
before pyramids begin to coalesce. If pyramids come into contact,
the lateral growth will then be homogeneous.

As for samples A and B, smooth 5 pm-thick GaN platelets are
obtained by continuing the growth [Fig. 5(d)].

Figure 6 shows the threading dislocation density on sample C
using both AFM and CL on the platelets along the diagonal of an
array of platelets (array defined by the presence of a continuous
square trench, visible in Fig. 6(c)]. The average TDD for sample C
is found to be 2.5 + 1.108 cm-2, this TDD being a factor nearly ~2
lower than that of samples A and B. Figures 6(c) and 6(d) show
that the TDD remains relatively constant across the diagonal of
the platelet array, demonstrating that results are reproducible.
This decrease in the TDD is explained by the reduction in the
number of grain boundaries. Coalescence does not occur between
each pyramid but between a smaller number of clusters covering
the pyramids.

CONCLUSION

In this study, the growth of arrays of 20 x 20 um? GaN
platelets has been investigated with the aim of reducing the
threading dislocation density, while keeping the total thickness
as low as possible. The use of a patterned SOI substrate allows
a bottom-up growth approach that avoids the dry plasma
etching step that deteriorates ULED sidewalls, leading to a
reduction of their external quantum efficiency. Two innovative
approaches relying on pendeo-epitaxy (namely, masked pendeo-
epitaxy and inhomogeneous clustering) were investi- gated in
order to achieve an excellent low threading dislocation

density of 2.5 x 108 cm—2,
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