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a b s t r a c t

In this study the in situ deposition of SiNx masks by metalorganic vapor phase epitaxy (MOVPE) has

been optimized to achieve c-plane oriented GaN layers on sapphire with a dislocation density

o2� 108 cm�2. The defect termination was found to be most efficient if the SiNx is located after the

growth of 100 nm GaN, whereas deposited directly on the AlN nucleation it was less efficient but yielded

highly compressively strained layers indicated by a donor bound exciton peak position of 3:493 eV in

photoluminescence (13 K). Furthermore we observed by in situ reflectometry that a higher deposition

temperature during the silane treatment was strongly increasing the surface roughening yielding a

faster coalescence during the GaN overgrowth but finally influencing the defect termination negatively.

In terms of lateral overgrowth a high V/III ratio (2D growth mode) was most efficient in terms of defect

reduction, whereas a 3D–2D-process at lower V/III ratio yielded much faster overgrowth but influenced

the defect termination negatively.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

Group III-nitrides as key materials for light-emitting diodes
(LEDs) and laser diodes (LDs) still have to be grown on foreign
substrates, as GaN wafers are still rare and expensive. Using c-plane
oriented sapphire ðAl2O3Þ, the large lattice mismatch between the
GaN epitaxial layer and the applied substrate typically yields high
dislocation densities up to 3� 109 cm�2. Such crystal imperfec-
tions are known to affect the electrical and optical properties of
GaN-based devices negatively, as they act as centers of nonradiative
carrier recombination [1–3] and lead to degradation of LDs [4]. The
in situ deposition of SiNx, acting as a nano-mask and influencing
the morphology of the overgrown GaN layer, was found to be a fast
and simple method leading to a defect reduction [5–15].

In order to get a better understanding of this procedure, we
investigated the influence of the SiNx mask position, the SiNx

deposition temperature and time, as well as the influence of the
regrowth conditions used during the lateral overgrowth of the
SiNx mask.

2. Experimental procedure

The samples were grown by metalorganic vapor phase epitaxy
(MOVPE) in an AIXTRON 200/RF-S horizontal flow reactor. The
process temperature was controlled with a fiber coupled pyrom-
eter faced to the backside of our rotation tray. All the growth
temperatures mentioned below are not the real substrate
temperatures but the read-out of this pyrometer. Thus the
temperature values we provide are expected to be higher than
the substrate temperature.

The layers were deposited on 2 in c-plane (0 0 0 1) epi-ready
sapphire wafers using an oxygen doped AlN nucleation layer (NL)
[16]. Further details about the NL deposition and the subsequent
GaN growth are given elsewhere [17]. As precursors we used
trimethyl-aluminum (TMAl), trimethyl-gallium (TMGa) and
high purity ammonia ðNH3Þ. Pd-diffused hydrogen was used as
carrier gas.

The SiNx was deposited either directly on the NL or after the
growth of an undoped GaN buffer of variable thickness, using a
NH3 flow of 500 sccm, a reduced reactor pressure of 100 mbar and
a SiH4 molar flow of 0:1mmol=min. The nano-mask finally was
overgrown by undoped GaN yielding an overall layer thickness of
223mm. The crystal quality of our layers was evaluated by low
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temperature (13 K) photoluminescence (PL) and high resolution
X-ray diffraction (HRXRD). The X-ray FWHM values are deter-
mined without using any slits on the detector side. The dislocation
density of our layers was determined by atomic force microscopy
(AFM) after an HCl etch in our hydride vapor phase epitaxy (HVPE)
system [18–20]. Transmission electron microscopy (TEM) was
used to get information about the SiNx nano-mask and the
dislocation propagation, respectively. The surface properties on a
mm and nm scale were investigated by scanning electron
microscopy (SEM) or AFM, respectively. To estimate the SiNx

coverage indirectly, the growth process was stopped after the SiNx

deposition and a short GaN overgrowth of about 1 min. Using AFM
the areas where the growth of GaN was possible could be
determined and thus the relative SiNx coverage between samples
could be calculated.

3. Influence of SiN deposition temperature

In our first growth experiments we deposited 3 min SiNxðtSiNÞ

subsequent to the growth of a 350 nm thick undoped GaN buffer.
Hereby the SiNx deposition temperature TSiN was varied in the
range of 1060–1090 �C. The SiNx mask finally was overgrown with
undoped GaN using a two step process (2D-process, Table 1).
Hereby lateral growth (2D) was initialized during the first 5 min
while the TMGa flow was ramped up continuously to
82mmol=min finally yielding a GaN growth rate of 2:4mm=h. For
the second step (standard GaN) the growth conditions remained
stable for 45 min yielding a GaN surface without any pits.

In agreement with Pakula et al. [11] we could observe by in situ
reflectometry that the GaN surface is roughened during the SiNx

deposition. The roughening was found to be stronger with higher
TSiN. Therefore, we stopped the process in some additional
experiments immediately after the SiNx masking. Hereby we
could observe that the SiH4 treatment caused the formation of
GaN nano-islands (Fig. 1). A high rms surface roughness of 4 nm
on a 1mm2 scan area was determined by AFM. Rmax was found to
be 36 nm. The average size of such nano-islands was found to be
smaller with higher TSiN. In high resolution TEM we finally
observed that the SiNx mask was located in different heights, as
indicated by the arrows in Fig. 2. Thus we concluded that the
surface roughening and the SiNx growth are in competition, finally
influencing the defect termination (Fig. 3). Based on the data from
HRXRD and EPD counting, a SiNx deposition temperature of
1070 �C was found to be ideal.

Additionally we observed by in situ reflectometry that the
lateral overgrowth of the SiNx mask was slowed down with the
reduction of TSiN. In additional experiments we therefore
investigated the SiNx coverage of the different samples. Unex-
pectedly it could be estimated to be in the range of 55%
independent of the SiNx deposition temperature. In further
experiments we therefore deposited two times SiNx (3 min) in

one growth run at 1060 �C (Exp. 1) or 1090 �C (Exp. 2). Subsequent
to each SiNx deposition GaN was grown for several minutes.

The surface investigated by SEM is shown in Fig. 4. As
expected, the typical formation of the GaN microislands took
place. Analyzing the layer thickness and taking into account that
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Table 1
GaN regrowth conditions after SiN deposition

2D-process 3D–2D-process Standard

2D 3D 2D GaN

Temp. ð�CÞ 1090 1000 1130 1090

Pressure (mbar) 100 200 100 100

NH3 (sccm) 2000 500 2000 2000

TMGa (sccm) 5–21 21 10 21

V/III-ratio 4600–1095 290 2200 1095

Duration (min) 5 1 20 Variable

Fig. 1. SEM image of the surface just after the SiNx deposition. The surface

roughening results in the formation of GaN nano-islands.

Fig. 2. As a consequence of the surface roughening during the SiNx deposition, the

SiNx atoms (indicated by arrows) are positioned in different height (HRTEM-

picture).
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Fig. 3. Influence of TSiN on the GaN quality. The SiNx was deposited for 3 min after

the growth of 350 nm GaN.
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SiNx acts as anti-surfactant, one can conclude that Levels 1 and 2
are indicating the SiNx positions. The smooth, top most GaN
surface is indicated by Level 3.

If the SiNx was deposited at 1060 �C the Level 1 area is
comparably large, indicating the deposition of a stable SiNx mask
yielding high selectivity. If the observed surface roughening

during the SiH4 treatment is too strong (Fig. 4, Levels 1 and 2,
TSiN ¼ 1090 �C), only low selectivity is observed, finally explaining
the faster coalescence yielding worse crystal quality.

4. Influence of growth conditions during lateral overgrowth

Next we investigated the influence of the GaN growth
conditions subsequent to the SiNx masking. The SiNx was
deposited for 3 min at a temperature of 1070 �C after the growth
of a 350 nm thick undoped GaN buffer. The regrowth conditions
were changed in terms of getting first a 3D growth followed by a
second process step where 2D-growth is implemented (3D–2D-
process, Table 1). The 3D–2D-growth method is well known from
the facet assisted epitaxial lateral overgrowth (FACELO) [21,22].

As expected the 3D growth strongly enforced the GaN
microislands formation, as indicated by in situ reflectometry
(400 nm signal). Surprisingly the coalescence of such islands
happened almost instantaneously during the first minute of the
2D growth. We explain this behavior by the desorption of the thin
and fragile SiNx mask, if the regrowth temperature is exceeding a
certain value above TSiN. Hence the resulting quality of the GaN
realized with this 3D–2D-process could not compete with the
results found in Section 3 (2D-process). Only with a drastically
increased SiNx deposition time ðtSiN ¼ 7 minÞ a comparable
dislocation reduction could be achieved. Hereby it must be noted
that the formation of additional stacking faults caused strongly
broadened peaks in HRXRD and PL. Hence we concluded that
nonideal regrowth conditions can strongly decrease the ability of
the SiNx to achieve high quality GaN layers.

5. Influence of the SiN position

In our next experiments we investigated the influence of the
SiNx position on the GaN quality. For these we chose TSiN ¼

1070 �C; tSiN ¼ 4 min and the regrowth was done with the 2D-
process introduced in Section 3. The SiNx was deposited either
directly on the AlN NL or after the growth of 15, 50, 100, 350 and
1000 nm of undoped GaN, respectively.

By EPD measurements we observed that the dislocation
reduction took place almost independent of the SiNx position
(Table 2) and yielded values down to 1:6� 108 cm�2.

PL measurements pointed out that the layers are heavily
compressively strained. From the position of the donor-bound
exciton ðD0XÞ line we deduce a maximum compressive biaxial
strain of up to �? ¼ 1:4� 10�3 with material parameters taken
from Ref. [23].

However, the high strain in samples with the SiNx deposited
close to the NL causes the formation of stacking faults (visible in
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Fig. 4. Influence of TSiN on the selectivity of the SiNx mask.

Table 2
Influence of the SiN position on the etch pit density (EPD), HRXRD and PL (13 K)

SiN position (nm) PL D0X-exciton HRXRD EPD ð1=cm2Þ

Energy (eV) FWHM (meV) 102-refl. (arcsec) 002-refl. (arcsec)

0 3.493 2.9 345 385 2:4� 108

15 3.490 2.0 229 239 1:6� 108

50 3.485 1.2 234 64 3:4� 108

100 3.485 1.3 213 81 2:0� 108

350 3.484 1.2 247 75 1:7� 108

1000 3.483 1.5 281 73 4:0� 108

The standard deviation of the EPD is about �20%.
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TEM) also explaining the broadened D0X linewidth and X-ray peaks,
respectively (Table 2). To overcome such problems we deposited a
second SiNx mask after 1:5mm yielding a PL D0X-linewidth of
1.4 meV (at 3.491 eV) and drastically narrowed X-ray values.

A lowest FWHM of 1.2 meV for the D0X-peak was found with
SiNx positioned after the growth of 50, 100 or 350 nm GaN. In
HRXRD the 102-refl. shows a minimum for the SiNx positioned
after 100 nm (Table 2). Notice that by measuring our X-ray data
with an open detector geometry, it is evident that other broadening
mechanisms will add to our FWHM values, in particular strain
induced bowing of our samples. As the strain values of all samples
are fairly similar, we assume that this does not influence our
qualitative interpretation of the results. Additionally, the volume
fraction of GaN with high TD density below the SiNx to that of GaN
of lower TD density above the SiNx does change with the interlayer
position. Especially for the samples with the SiNx positioned after
350 and 1000 nm, this must be taken into account.

6. Conclusion

The growth of high quality GaN buffer layers with a low
dislocation density of o2:0� 108 cm�2 on sapphire could be
achieved by the optimized in situ deposition of SiNx masks. The
best buffer layer was grown with a SiNx deposition temperature of
1070 �C and a 2D-regrowth process. The ideal position of the SiNx

mask was found to be after the growth of 100 nm undoped GaN.
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