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Growth of (1011) Semipolar GaN-Based Light-Emitting

Diode Structures on Silicon-on-Insulator

Beatrice Wannous, Pierre-Marie Coulon, Ludovic Dupré, Fabian Rol,* Névine Rochat,
Jesus Zuniga-Perez, Philippe Vennégués, Guy Feuillet, and Frangois Templier

The growth and characterization of (1011) semipolar GaN buffer, InGaN
multiple quantum wells (MQWs), and light-emitting diode (LED) structure on
patterned silicon-on-insulator (SOI) substrates, implementing the aspect ratio
technique (ART), are reported. The early growth stages of GaN result in con-
tinuous and uniform stripes with small height variations that cause the formation
of chevrons. Three coalescence strategies are tested to improve surface mor-
phology and optical quality. Scanning electron microscopy identifies no crack
formation but undulations of the surface. A roughness of ~10 nm is measured by
atomic force microscopy on large areas. The impact of MQW growth temperature
shows similar surface morphology in terms of undulations and roughness. Room
temperature photoluminescence spectra show wavelength emission redshifting
when decreasing the MQW growth temperature. Room-temperature cathodo-
luminescence (CL) highlights first the presence of threading dislocations (TDs) in
between the coalescence boundary despite the use of the ART technique. Second,
CL shows a spatially homogeneous emission wavelength of around 485 nm only
perturbed by lower-wavelength emission (455 nm) arising from the chevrons.
Blue LED structures exhibit uniform emission wavelength at 450 nm, having a
crack-free surface, and roughness of ~5 nm. These results pave the way for the

(e.g., liquid crystal displays [LCDs] and
organic LEDs) in display applications.
Nitride pLEDs also start to show potential
in data communication.*

Most of the progress in the development
of GaN-based pLEDs is achieved with struc-
tures grown along the c-direction. However,
the electrostatic polarization present along
this direction induces a strong internal elec-
tric field in the quantum wells. This results
in a smaller electron-hole recombination
rate within the multiple quantum wells
(MQWs) and a wavelength blueshift with
the increase in current density, due to the
screening of the internal electric field.
One of the solutions to avoid or reduce this
polarization-induced electric field is the use
of nonpolar and sempolar GaN orientation
to grow pLEDs on. The electrostatic field
along these orientations is reduced, result-
ing in a higher device efficiency, better
wavelength stability with current, and a

fabrication of semipolar micro-LEDs on SOI substrates.

1. Introduction

Indium gallium nitride (InGaN)-based micro-light-emitting
diodes (pLEDs) technology has begun to grow and grab the mar-
ket attention for its promising potential in terms of brightness,
efficiency, robustness, color purity, and fast response.l’! These
characteristics lead to significant enhancement of image quality,
creating an opportunity to replace the current technologies

faster recombination rate.! These last

characteristics can also improve the perfor-

mance of pLEDs grown along these orienta-

tions by decreasing the diffusion length of

the carriers and preventing them from recombining non-

radiatively at the sidewalls.”! It is also proved that indium (In)

incorporation can be increased by the choice of the crystal orien-

tation, in particular the (1011) plane,’® that would allow reaching
longer wavelengths.

More recently, both standard LEDs and pLEDs grown on semi-

polar GaN have demonstrated progress in wavelength stability

and lower efficiency droop at high current density.”*! However,
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most of the results are obtained by growing semipolar GaN on
either freestanding GaN substrates, which are commercially lim-
ited and expensive, or using structured sapphire substrates that
have sizes limited to 6”.

As an alternative solution, the use of silicon (Si) substrates
presents several advantages, the most important one is their
commercial availability up to 12”. Unfortunately, a high density
of defects such as threading dislocations (TDs) and basal stacking
faults (BSFs) are associated with the semipolar GaN growth on
these foreign substrates, causing a decrease in the device’s effi-
ciency. Studies have shown that these defects can be managed
using patterned Si substrates, which enable their reduction.”
Another challenge is the impossibility of directly growing GaN
on Si due to a violent chemical reaction between Ga and Si, the
so-called “meltback etching”, that damages the surface. Mantach
et al. were able to suppress meltback etching and reduce the TD
and BSF densities below 10’ cm ™2 and 10° cm ™! respectively, by
growing (1011) semipolar GaN on patterned silicon-on-insulator
(SOI) substrate having a top Si(001) with 6° off-axis combined with
an aspect ratio trapping (ART) technique.'” This technique con-
sists of using a thick Silicon dioxide (SiO,) layer to help block
the propagation of the TDs bent by an initial 3D growth. The
choice of the SOI substrate with a thin top Si layer is the key to
GaN nucleation on a small Si facet allowing the TDs to bend early,
as explained by Mantach et al.") The thick SiO, used in ART allows
blocking the bent dislocations and prevents them from reaching the
surface.

In the current work, we present the development of InGaN-
based MQWs and LED structures on patterned ART-SOI sub-
strates made from a 6° off-axis (001) Si layer to obtain a (1011)
semipolar GaN coalesced layer parallel to the substrate surface.
Scanning electron microscopy (SEM) and atomic force microscopy
(AFM) are used to investigate surface morphology. Optical

(@) (b)

1um Si02
150nm Si 6°0ff axis
500nm SiO2

’
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characteristics are studied by cathodoluminescence (CL), photolu-
minescence (PL), and micro-PL (uPL), which enable to correlate
the surface morphology and the defects with the emission wave-
length of the MQW and LED structure.

2. Experimental Section

The patterning was performed on an SOI substrate made of a
150 nm-thick Si layer on top, whose crystallographic orientation
was Si (001) 6° off axis, covered by a thick SiO, layer, as presented
in Figure la. First, a buffered oxide etch (BOE) was used to
reduce the top SiO, layer thickness down to 600 nm (Figure 1b).
This SiO, thickness was chosen based on the work done by
Mantach et al.,'” as it should be thick enough to block the prop-
agation of the bent dislocations. Positive resist deposition was
followed by lithography exposure to pattern parallel trenches
along Si [110] axis with a periodicity of 5 um (Figure 1c,d). The
top SiO, was dry etched by inductively coupled plasma (Figure 1e)
and then the resist was stripped before wet etching Si by potas-
sium hydroxide (KOH) to reveal the (111) and (111) facets
(Figure 1f). These facets had an angle with the top SiO, buffer
oxide (BOX) of 60° and 48° respectively. The entire surface was
coated by inclined SiO, deposition using ion beam sputtering,
except for the Si (111) facet where growth took place (Figure 1g).
The sample was then introduced in a metal-organic vapor phase
epitaxy (MOVPE) 3 x 2” Thomas Swan Close-coupled showerhead
reactor for growth of III-nitrides. The used precursors were trime-
thylaluminum (TMAI), trimethylgallium (TMGa), trimethylin-
dium (TMIn), and ammonia (NH;). Prior to GaN growth, a
thin aluminum nitride (AIN) layer having a thickness of around
50 nm was grown on the overall surface, resulting in crystalline
AIN on the Si (111) facets and polycrystalline AIN on the SiO, sur-
face (Figure 1h). The AIN layer helped to prevent meltback

Sio2

=== Polycrystalline AIN
s Crystalline AIN
D— GaN

Figure 1. Schematic of the different steps of realization of the (1071) semipolar GaN buffer. a-g) Patterning of SOI ART substrate and h—j) Ill-nitride

MOVPE growth.
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Table 1. Summary of the conditions used for each growth step. Note that the temperatures indicated are the set temperatures instead of the measured

ones which are ~100-150 °C less.

Growth Growth conditions

Step 1: GaN 1140 °C, 300 Torr, 0.156 mol min~' NH;, 84.450 pmol min~" TMGa, 75 min

stripes

Step 2: GaN Fully undoped Fully n-doped Half undoped/half n-doped

coalescence 1120°C, 100 Torr, 0.067 mol min~' NH;, 1160 °C, 100 Torr, 0.312 mol min " 1140°C, 100 Torr, 0.067 mol min~' NH;, 84.450 pmol min~"

84.450 pmol min~' TMGa, 60 min NHs, 144.771 pmol min~' TMGa, TMGa, 30 min + 1160 °C, 100 Torr, 0.312 mol min~' NHj,

133.9 pmol min~" SiH,, 60 min 144.771 pmol min ' TMGa, 133.9 pmol min " SiH,, 30 min

Step 3: InGaN InGaN buffer layer 980 °C

MQW growth InGaN QW 840-820-800 °C

GaN barrier/cap

980-960-940 °C

Step 3 to: LED InGaN buffer layer 980 °C
structure growth InGaN QW 820°C
GaN barrier 960 °C

EBL 1140°C

p-GaN 1140°C

etching, by isolating the Si surface from the Ga atoms. GaN
growth was then carried out in two steps. In step one GaN was
grown selectively on AIN/Si (111) to create well-aligned GaN
stripes (Figure 1i). Growth conditions allowing selective growth
of GaN stripes are given in Table 1. Note that for these conditions
no parasitic GaN growth occurred on the polycrystalline AIN. In
step two GaN coalescence was initiated in order to obtain a 2D
layer (Figure 1j). As n-GaN doped buffer layer will be necessary
for subsequent pLEDs processing, we compared three coalescence
strategies: 1) an undoped GaN coalescence, as previously used by
Mantach et al., 2) a silane (SiH,) as n-doped GaN coalescence, and
3) a half undoped/half n-doped GaN coalescence layer. Growth
conditions of each strategy are detailed in Table 1. Following coa-
lescence, InGaN-based MQWs containing three QWs were grown
on the half undoped/half n-doped GaN coalescence layer. Three set
temperatures of 840, 820, and 800 °C were used in order to change
the indium composition (see Table 1). Finally, an LED structure
was grown: an InGaN temperature of 820 °C was used, followed
by a p-AlGaN electron blocking layer (EBL) and a p-doped GaN
layer. The conditions for the growth steps are described in Table 1.

The dimensions and surface morphology of grown samples
were characterized by SEM using an electron acceleration voltage
of 5keV and by AFM. PL spectra were recorded at room temper-
ature on GaN coalesced layer and on InGaN MQWs using a
frequency-doubled argon laser emitting at 244 nm. CL hyper-
spectral mapping was used at RT with an acceleration voltage
of 10KeV to investigate structural defects, both dislocations
and microdefects induced by the growth, as well as to assess their
influence on the emission wavelength and intensity homogene-
ity. Note that the QWs were excited using 10 KeV with a pene-
tration depth of the electron beam in GaN of 600 nm. Finally,
pPL mapping was performed on the LED structure using a
405 nm CW Toptica excitation laser, allowing to pump resonantly
inside the quantum wells, and a 100x Olympus microscope
objective (NA = 0.95 giving a spot size of 300 nm close to the dif-
fraction limit).

Phys. Status Solidi B 2023, 260, 2200582 2200582 (3 of 8)

3. Results and Discussion
3.1. GaN Growth

3.1.1. Stripes

Figure 2 displays the GaN stripes after step 1. Figure 2a high-
lights the selective growth of 2um GaN on the AIN on Si
(111). No GaN is grown on the 600 nm-thick SiO,, while GaN
stripe growth propagates on the SiO, BOX. The angle between
the top pyramid and the substrate is found to be 1.2°. Figure 2b
shows the relatively good continuity and uniformity of the stripes
after step 1. The growth time is tuned in order to achieve closed
packed stripes before modifying the growth conditions for

(a) (b)

I
£ |
Figure 2. a) Cross section and b,c) plan view SEM images of selectively

grown GaN stripes on AIN/Si (111).
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initiating coalescence. This has been found to further mitigate
meltback etching. Note that scarce nonuniformities in the width
of the stripes can be observed, resulting in two stripes being par-
tially coalesced, as displayed in Figure 2c. In that case, we observe
the early formation of triangular features, so-called chevrons.!')

The formation of chevrons seems to be related to an imperfect
coalescence where a stripe climbs over a neighboring one due to
small height differences between neighboring stripes, which
agrees with other reports as well for different GaN orienta-
tions."*) Additional fluctuations in height along one stripe and
or local defect could explain why these chevrons appear on
isolated regions and not along the whole coalesced length. More
in-depth characterization is underway to understand their forma-
tion. Their impact on InGaN QW growth will be discussed later.

3.1.2. Coalescence

The morphologies of the three GaN coalescence strategies are
observed by tilted SEM and presented in Figure 3.

After 60 min and around 2 pm of undoped GaN coalescence,
Figure 3a reveals a large density of chevrons at the surface. After
60 min of n-doped GaN coalescence. Figure 3b shows the pres-
ence of parasitic growth (highlighted in red) as well as uncoal-
esced stripes. The use of completely different growth conditions
between undoped and n-doped GaN can explain these two types
of features. Indeed, higher temperature and higher NH; flow
rate used for the n-doped GaN will favor parasitic nucleation
on the BOX and will decrease growth along the c-direction,
respectively, and hence prevent coalescence. Interestingly,
30 min of undoped GaN followed by 30 min of n-doped GaN,
for a total thickness around 2 pm, shows an improved surface
morphology, with a lower density of chevrons (Figure 3c).
Such improvement can be explained by a complete coalescence
after 30 min of undoped GaN followed by n-doped GaN growth at

(a) (b)

minundoped

A
188

30min undoped +
30min n-doped

Figure 3. Tilted SEM images of GaN coalesced layer after a) 60 min
undoped, b) 60 min n-doped (red circle highlighting the parasitic growth),
and ¢) 30 min undoped/30 min n-doped growth. d) 10 x 10 ym? AFM
image of sample in (c).
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higher temperature, which enables to smooth out the surface.
AFM was carried out on the last layer. Figure 3d displays a
10 x 10 pm? map which reveals root mean square (RMS) rough-
ness of ~10nm. Note that this roughness does not take into
account the chevron features, which would increase further
the measured roughness. Chiu et al. demonstrated a correlation
between the formation of chevrons (or step-like structure) with
the associated large roughness and the exact Si (001) substrate
misorientation. They measured a GaN roughness of 5.9 nm
on Si (001) with 6.5° off axis compared to 0.7 nm roughness
on 7° off axis when coalescing with undoped GaN."* Similarly,
it was shown that (1011) GaN surface with roughness below
1nm can be obtained on (1123) Al,O; for which an angle of
61.22° is obtained with respect to c-plane sapphire, close to that
of 61.96° between the {1011} plane of GaN and the c-plane of
GaN.">!! This suggests that fine tuning the initial Si (001)
off axis orientation can further improve the surface morphology
of the GaN coalesced layer.

Figure 4 presents the PL spectra of the three GaN coalesced
layers. The GaN near-band-edge (NBE) emission is observed at
360 nm while the yellow band (YB) emission, often ascribed to
point defects, is centered around 550 nm."”! Intensities of the
NBE increase with the increase of doping concentration due
to nonradiative transitions dominating the undoped GaN.!'®
The ratio between the NBE and the YB intensities is found to
be smaller for both SiH,-doped samples compared to the
undoped GaN, which can be attributed to the substitution of
Ga vacancies by Si dopants.'” The half-undoped/half-doped
GaN coalesced layer displays the best optical properties probably
due to a combination of improved structural quality and the
higher radiative recombination rate of the n-doped section.
Consequently, three MQWSs were grown on templates made of
two sections (30 min undoped and 30 min n-doped sample),
as they showed better structural and optical properties.

3.2. MQW Growth and Optical Characterization

SEM images in Figure 5a—c display similar surface features after
MQW growth, irrespective of the MQW growth temperature
(from 840 to 800 °C). The surface reveals the complete absence

6E+5 T T T T T T T

— 60min undoped
= 30min undoped / 30min n-doped-|
—— 60min n-doped

5E+5

4E+5

3E+5

Intensity (counts)

2E+5

1E+5

350 400 450 500 55 600 650
Wavelength (nm)

0E+0

Figure 4. RT PL spectra of the three GaN coalesced layers.
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(a) (b)
840°C

[1120]

L’ +c direction

Figure 5. Plan-view SEM images of the MQW grown at a) 840°C,
b) 820°C, and c) 800 °C.

of cracks, some undulations along the +c direction, and the pres-
ence of chevrons.

The formation and presence of chevrons have already been
discussed earlier. However, it is worth mentioning that the evo-
lution of their dimensions could be further impacted by the lower
growth temperature used for the QWs and the GaN barrier/cap.

Meanwhile, the emergence of well-defined undulations could
have two potential explanations. The first could be related to ani-
sotropic surface diffusion between the [1011] direction and the
+c-direction, which has already been reported for different direc-
tions in (1120) GaN layers grown on (1120) bulk GaN substrates.
Alower growth temperature, used for the QWs and the GaN bar-
rier/cap, could then further enhance the anisotropic surface dif-
fusion between the two directions and trigger the formation of
periodic undulations. A second explanation could be the initial
imperfect coalescence, triggering periodic undulations after
GaN coalescence, which would be then further exacerbated at
lower temperatures. Note that the periodicity of the aforemen-
tioned undulations seems to vary between the samples but is
always larger than the initial 5 pm period of the patterned stripes.

Figure 6 shows the RT PL spectra of the three different MQWs
grown at different temperatures. It clearly shows that when
decreasing the temperature from 840 to 800 °C, the InGaN emis-
sion redshifts from 430 to 490 nm. Indium incorporation is sen-
sitive to growth temperature because of In evaporation from the
surface at higher temperatures during growth, hence the higher
In composition while decreasing the MQW temperatures. In
addition, we only observe a slight decrease in intensity with
the temperature, which might be ascribed to the quality degra-
dation when incorporating more indium.*” However, we need

Phys. Status Solidi B 2023, 260, 2200582 2200582 (5 of 8)
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Figure 6. RT PL spectra of the three samples having MQW grown at 840,
820, and 800 °C.

Wavelength (nm)

FWHM (nm)

Figure 7. RT CL map of the a) wavelength peak position and b) FWHM of
the QW emission for the sample grown at 800 °C.
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to be careful with absolute PL intensity comparison, as light
extraction can vary from one sample to another, for example,
due to a possible small change of density of large defects like
chevrons, that will induce more or less light scattering.

Figure 7 presents RT CL acquisition performed around a chev-
ron feature for the MQWs grown at 800 °C.

The map of the wavelength peak position in Figure 7a
indicates a relatively low-wavelength dispersion of 485 + 10 nm
on the flat area surrounding the chevron and on its top. The arms
of the chevron are instead dominated by lower-wavelength emis-
sion at 455 + 15 nm. This could be due either to lower In incor-
poration or to a variation of the well widths along the different
GaN plane orientations on the chevron arms. The full width at
half maximum (FWHM) map of the QW emission indicates a
broadening in the order of 50 + 5 nm, which becomes narrower
within the chevrons arms (Figure 7b). Both results highlight the
chevron’s impact on the resulting QW wavelength emission and
broadening, which was also observed by Brasser et al.'?

3.3. Strategies for Further Improvements

RT CL integrated intensity map of the GaN NBE is illustrated in
Figure 8a. It shows two distinguishable areas: one with high TD
density, along the coalescence boundary of two consecutive

(@)

www.pss-b.com

stripes (red arrow), and a region with a lower density of TDs
in between coalescence boundaries (white bracket).

Note that although not investigated in this article, the BSF den-
sity should be similar to the one observed by Mantach et al. for
ART-SOI substrates (~10* cm™")."% As schematically displayed
in Figure 8b, BSFs are located in the small —c-grown regions
(purple lines) which end up being close to the coalesce boundary
where dislocations are generated.

The purpose of using a thick SiO, layer on top of the Si is to
implement the ART strategy. However, one should note that for
the ART to operate in the semipolar geometry, dislocations
should bend laterally during early growth. Indeed, when TDs
meet an inclined facet, they will bend at 90° (i.e., into the basal
plane), as schematically depicted in Figure 8b. If the pyramidal
GaN stripe is fully formed in the early growth, as represented on
the left side of Figure 8b, all dislocations will bend and will be
trapped by the thick SiO,. On the contrary, if the pyramidal GaN
stripe is truncated, as schematically shown in Figure 8b on the
right side, TDs can propagate and bend at a later stage with a
reduced effect of the thick SiO,. Figure 8c shows an SEM cross
section of GaN stripes after step 1, where the formation of trun-
cated (red circle) and fully formed (green circle) pyramidal GaN
stripes can be observed. This seems to confirm the origin of the
unexpected dislocation lines away from the coalescence areas
(indicated by a white arrow in Figure 8a).

900 000
800 000
700 000
600 000

500 000

integrated intensity

400 000

300 000

200 000

100 000

(b)
I Coalesced GaN
AN

: TR

Figure 8. a) RT CL NBE-integrated intensity image indicating a high TD density with a red arrow and a low one with a white arrow. b) A scheme rep-
resenting the propagation of TDs (red arrows) and the presence of BSFs (purple lines) at the coalescence boundary, in addition to showing the difference
between complete and truncated pyramids resulting in different dislocations blocking; c) a 10° tilt cross-section SEM image of complete and truncated

pyramids highlighted by green and red circles respectively.
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Figure 9. a) Plan-view SEM image and b) a 10 x 10 ym? AFM image of the LED sample.
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Figure 10. a) pPL intensity map and b) wavelength peak position map acquired on the same area of the LED sample with MQW:s at 820 °C.

In order to tackle these problems and further reduce the dis-
location density, the formation of GaN stripes in step 1 should be
optimized in order to create only well-defined pyramids in the
early growth stages.

3.4. LED Growth Structure

Plan-view SEM image and AFM measurements shown in Figure 9a,
b, respectively, indicate a similar surface morphology to the one of
the MQW structure in terms of undulations, but with an improved
surface roughness (<5 nm). Besides, even if the total thickness of
the LED structure is around 4 pm, no cracks are observed.

Figure 10a,b shows pPL intensity and wavelength map of the
LED structure, respectively, indicating homogenous intensity
along the surface and a uniform emission wavelength around
450 nm, despite the observed surface features. The emission
wavelength shift between MQWs and LED structure (around
25 nm) for the same MQW growth temperature might be attrib-
uted to the indium interdiffusion occurring in the MQWs when
subsequent layers are grown at a higher temperature.

4. Conclusion
We have reported the growth and characterization of (1011)

semipolar GaN templates on patterned off-axis SOI substrates,

Phys. Status Solidi B 2023, 260, 2200582 2200582 (7 of 8)

while implementing the ART technique. Despite the uniform
and continuous GaN stripes obtained after the first growth step,
a local height difference between the stripes has led to the for-
mation of chevron features. (1011) GaN templates having no
cracks, a good structural and optical quality, and a relatively
low surface roughness were then achieved by combining
undoped and Si-doped GaN for 2D coalescence. The latter is
known to be necessary for the LED structure. Subsequent growth
of three QWs and an LED structure were also achieved on these
templates.

SEM showed a similar surface morphology for the MQW
growth as the GaN template in terms of undulations, no cracks,
nor meltback etching and roughness of ~10 nm. A change in the
MQWs temperature shows a clear shift toward longer wave-
lengths from 430 to 490 nm. CL highlighted the effect of the
chevrons morphology on the wavelength emission and, second,
indicated the propagation of dislocations despite the use of the
ART technique, whose origin has been elucidated. Finally, a blue
semipolar LED structure was achieved with a similar surface
morphology as the MQW structures and a uniform wavelength
emission at 450 nm.

These results constitute a demonstration of all necessary
building blocks to fabricate a semipolar LED epistructure that
will be key in the near future for the realization of semipolar
uLEDs.
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