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The effect of nitrogen flow and growth temperature on extension of GaN on Si substrate has been studied. By in-
creasing the nitrogen flow whose outlet is located in the center of the MOCVD (metal—organic chemical vapor deposition)
gas/particle screening flange and by increasing the growth temperature of HT-AIN and AlGaN buffer layers near the primary
flat of the wafer, the GaN layer has extended more adequately on Si substrate. In the meantime, the surface morphology
has been greatly improved. Both the AIN and GaN crystal quality uniformity has been improved. X-ray diffraction results
showed that the GaN (0002) XRD FWHMs (full width at half maximum) decreased from 579 arcsec~ 1655 arcsec to

around 420 arcsec.

Keywords: GaN extension, MOCVD, nitrogen flow, growth temperature

PACS: 81.05.Ea, 81.15.Gh, 78.70.Dm

1. Introduction

GaN is an attractive material for application as high-

frequency, high-power electronic devices, light-emitting
diodes, and lasers, due to its wide band gap, high critical elec-
tric field strength, high electron saturation velocity, and high
thermal stability.['-6! Up to now, GaN compound semiconduc-
tor materials have received extensive attention.!”'*! Numer-
ous studies have been conducted to determine the suitability
of materials as substrates for GaN, such as GaN, SiC, sap-
phire, and Si.115211 Dye to its cost-effectiveness, larger wafer
diameter, higher thermal conductivity relative to sapphire, and
the ability to integrate with mature Si-based processing tech-
nologies, Si is one of the best choices for substrates. How-
ever, the large lattice constant mismatch (—16.9%) and ther-
mal expansion coefficient mismatch (56%) between GaN and

22,23] Many

Si substrate lead to high defect density and cracks. !
groups have attempted to grow flat and crack-free GaN films
in the past few decades with several methods, including the
pre-deposition of Al on the Si surface, introduction of high
temperature AIN (HT-AIN) buffer layers and adoption of step-
graded Al,Ga;_,N interlayers. The pre-deposition of Al can
effectively suppress the unnecessary formation of SiN,.[**! In-
troducing HT-AIN buffer layers compensates tensile stress in

GaN and adopting step-graded Al,Ga;_,N interlayers helps

DOI: 10.1088/1674-1056/abff30

achieve a gradual change of lattice constants and thermal ex-
pansion coefficient from AIN to GaN.[17-2]

The quest for cost reduction promoted the continuous in-
crease in the size of Si substrates for GaN epitaxial growth,
while uniformity of the crystal quality of the large size Si
wafer has also come out. There are few reports about the uni-
formity of the crystal quality of the GaN epitaxial layer on the
Si substrate. In 2014, Pinos et al.!*®! reported the coefficient of
variation of the 9.1% GaN (0002) XRD rocking curve FWHM
on a 6-inch Si substrate. In 2017, Ji et al.1?"] reported a 2.4%
coefficient of variation of epitaxial wafers of the same size. In
this paper, we realize 6-inch Si substrate high quality flat and
crack-free GaN epitaxial growth by MOCVD through increas-
ing the nitrogen flow and increasing the growth temperature of
HT-AIN and AlGaN buffer layers near the primary flat of the
wafer. The GaN layer has extended more adequately on the Si
substrate.

2. Experiments

In this
(1 in=2.54 cm) Si (111) substrates by our group’s self-

study, the samples were grown on 6-in

made metal-organic chemical vapor deposition (MOCVD).
Trimethylgallium (TMGa), trimethylaluminum (TMALI), and
ammonia were used as the precursors for Ga, Al, and N,
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respectively. The initial 1-mm-thick Si (111) substrate was
heated to 1050 °C in the hydrogen atmosphere and annealed
for about 5 min. The Al predeposition was firstly carried out
on the Si surface for 15 s to avoid the formation of amorphous
SiN,. The buffer layers consisted of a 150-nm HT-AIN buffer
layer and three step-graded Al,Ga;_,N intermediate layers
with x = 0.75, 0.5, and 0.25. The growth conditions for AIN
and AlGaN buffer layer are above 1000 °C at a pressure of
75 Torr (1 Torr=1.33322x10? Pa). The outlet of the nitrogen
flow gas is located in the center of the MOCVD gas/particle
screening flange. The role of the nitrogen gas is to push vari-
ous gases to the edge of the rotating wafer carrier. In the pro-
cess of growing AIN and AlGaN layers, we adjusted different
nitrogen flow rates for five samples named A-E (A: 150 sccm,
B: 200 sccm, C: 250 sccm, D: 350 sccm, E: 500 sccm). In

samples F-I, in order to further relieve the tensile stress, an
LT-AIN layer was grown between Al pre-deposition and HT-
AIN layer.?8-31] The growth temperature in HT-AIN and Al-
GaN layers growing process near the primary flat of the wafers
were changed from 1025 °C to 1065 °C for samples F-I. The
detailed description of all the samples are listed in Table 1.
The thicknesses of Al,Ga;_,N layers were monitored by in-
situ interferometer to be about 200 nm, 250 nm, and 300 nm
for samples and then about 2-um-thick GaN was overgrown on
these buffers. The thickness of the layers was verified by Hi-
tachi S-4800 scanning electron microscope (SEM). The crys-
talline quality of AIN and GaN layers were measured using
PANalytical X’Pert PRO MRD (Malvern Panalytical, Almelo,
The Netherlands). Olympus BX51M optical microscopy was
used to characterize GaN surface morphologies.

Table 1. Detailed description of the nine samples.

Samples A B C D E F G H I
N, flow rate (sccm) 150 200 250 350 500 500 500 500 500
Growth temperature near 1025 1025 1025 1025 1025 1025 1045 1055 1065
the primary flat (°C)

50-nm LT-AIN buffer no no no no no yes yes yes yes

3. Results and discussion

The deposition of all samples was monitored by in-situ
interferometer, and the wavelength of the light source used for
the reflectometry was 900 nm. Figure 2(a) shows the typical
trace of the in-situ optical reflectivity during MOCVD growth.
The growth stages corresponding to Fig. 2(a) are (i) HT-AIN,
(ii) AlGaN-1 layer, (iii) AlGaN-2, (iv) AlGaN-3, and (v) GaN
layers. The stage between (iv) and (v) is a conversion process
from AlGaN growth to GaN growth. Figure 2(b) is a cross-
sectional view of the epitaxial structure measured by SEM,
and it is clear that the thickness of each layer is quite close to
the designed epitaxial structure of Fig. 1. Additionally, during
the epitaxial process, the substrate revolves around the center
of the rotating wafer carrier at high speed with the primary
flat of the substrate perpendicular to the radial direction of the

rotating wafer carrier. Therefore, we selected 5 locations in-
cluding the center point in the direction perpendicular to the
primary flat on the wafer which is shown in Fig. 3.

¢=== GaN ~2 um

¢mmmm A]GaN-3 ~300 nm

gummm AlGaN-2 ~250 nm
| === AlGaN-1 ~200 nm
=== AIN 150 ~200 nm

=== Si(111) substrate

Fig. 1. Schematic structure of the samples grown.
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Fig. 2. (a) Typical traces of in-situ optical reflectivity at different growth stages, which are separated by dot lines: (i) AIN buffer, (ii)-(iv)
AlGaN buffer, and (v) GaN epilayer. (b) Cross-sectional SEM images of the epilayers.
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Fig. 3. Locations on top of the samples.

Firstly, we studied the influence of different nitrogen gas
flow rates on the extension of GaN on Si substrate. Figure 4
displays images of sample A to sample E after growth. It can
be seen that each sample has two distinct areas, a bright area
and a dark area. At the same time, with the increase of nitro-
gen flow rate, the bright areas increased significantly, while the
dark area decreased. Further, figure 5 shows that the surface of
the epitaxial wafer is observed through an optical microscope,
and it is found that the surface of the bright area has no cracks,
but the surface of the dark area is very rough. By increasing
the nitrogen flow rate, the crack-free area on the surface of the
epitaxial wafer gradually enlarged, and the rough area reduced
to close to the primary flat. This indicates that increasing the
nitrogen flow rate can effectively improve the extension of the

epitaxial layers.

Fig. 5. Optical microscopy views of (a) surface without cracks (bright
area of the wafer in Fig. 4) and (b) rough surface (dark area of the wafer
in Fig. 4).

It was proposed that adatom diffusion was consid-
ered to be responsible for the material quality and surface
morphology.*?! During the growth of the epitaxial layers, ni-
trogen gas accelerates the precursor along the surface of the
wafers and its pump out from the gas outlet near the edge of
the rotating wafer carrier. As N; participates in the mixing of

the reaction gases, the concentration of the reactants decreases,
which reduces the speed of epitaxial growth. Increasing nitro-
gen gas flow may leads to the lower growth rate. Through
in-situ interferometer, we can get the total growth time of the
AIN layer and three AlGaN layers on Si substrate under dif-
ferent nitrogen flow rate conditions, which is shown in Fig. 6.
Consistent with the above discussion, under the same epitaxial
thickness, as the nitrogen flow rate increases, the total growth
time of the AIN layer and the three AlGaN layers gradually
increases. The lower growth rate allows more time to dif-
fuse on the surface of the epitaxial layers, which was con-
sidered to be responsible for the material quality and surface
morphology.3” Flat and high quality AIN and AlGaN buffer
layers can be the precondition of GaN growth.

118101-3
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Fig. 6. Total growth time of AIN and three AlGaN layers on location
(0, —40) of all samples with different nitrogen flow rates.

172 174 17.6 17.8 18.0 1i8.2

w—260 (%) &
&
z
g
4
10 §
5 &
10* 2
102 2
[
10" 3
5
40 &
20 &
&
Y—40 §
172 174 17.6 17.8 18.0 182 ¢
—920 (° &
w—20 (°) S

Fig. 7. XRD @w-26 scan plots of GaN (0002) to AIN (0002) reflection
of sample A (a) and sample E (b).

Figures 7(a) and 7(b) show the XRD w-26 scan results
of the epitaxial layer at different positions on sample A (ni-
trogen flow rate of 150 sccm) and sample E (nitrogen flow
rate of 500 sccm), respectively. The diffraction peaks corre-
spond to GaN, AlGaN-3, AlGaN-2, AlGaN-1, and AIN in the
order from left to right. And the black, red, blue, pink, and
green curves correspond to the x-rays diffraction results at the
positions (0, 40), (0, 20), (0, 0), (0, —20), (0, —40) on the
epitaxial wafer, respectively. When the nitrogen flow rate is
150 sccm, as shown in Fig. 7(a), the closer the test point to
the primary flat, the weaker the diffraction peak intensity of
the HT-AIN layer and the three AlGaN layers, especially the
position (0, —40). At the same time, the diffraction peaks
of each layer at the test point near the primary flat are not as

sharp as the location far from the primary flat. It indicates
that, in the wafer, the crystal quality distribution of the epi-
taxial layer is uneven along the direction perpendicular to the
primary flat. When the flow rate increased to 500 sccm, the
crystal quality distribution of the epitaxial layer is more uni-
form along the direction perpendicular to the primary flat, and
the diffraction peaks are sharper for the HT-AIN and three Al-
GaN layers at each position of the wafer, as can be seen in
Fig. 7(b). Therefore, a higher nitrogen flow rate is beneficial
to improve the uniformity of the epitaxial layer crystal qual-
ity on the Si substrate, which is consistent with the results of
optical microscopy.

Intensity (counts)

Intensity (counts)

/ /. /. / %‘»
17.2 174 176 17.8 18.0 18.2
w—26 (°)

Fig. 8. XRD w-26 scan plots of GaN (0002) to AIN (0002) reflection
of all samples on location (0, 40) (a) and location (0, —40) (b).

Further, the effect of nitrogen flow rate on the material
quality at different positions on the epitaxial wafer is also
studied. Figures 8(a) and 8(b) displays the XRD w-26 scan
results on the wafer at locations far away from the primary
flat (0, 40) with that near the primary flat (0, —40), respec-
tively. The diffraction peaks correspond to GaN, AlGaN-3,
AlGaN-2, AlGaN-1, and AIN in order from left to right. The
black, red, blue, pink, and green curve correspond to the x-
ray diffraction results under the nitrogen flow conditions of
150 sccm, 200 scem, 250 scecm, 350 scem, and 500 sccm,
respectively. With the increase of nitrogen purge flow rate
(150 sccm—500 sccm), the diffraction peak intensities of each
epitaxial layer does not change significantly at the position (0,

40) which is far away from the primary flat. However, at the
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position (0, —40) near the primary flat, the diffraction peak in-
tensities of the HT-AIN layer and the three AlGaN layers are
increased with the increase of the nitrogen flow. This indicates
that increasing the nitrogen flow rate can significantly improve
the material quality near the primary flat on the epitaxial wafer,
and thus a more uniform material.

In order to more intuitively characterize the effect of dif-
ferent nitrogen flow rate on the crystal quality of the epitaxial
layers on the Si substrate, we performed an XRD ® rocking
scan at different positions on the samples A—E. As shown in
Fig. 9(a), as the nitrogen purge flow rate increases, for sam-
ples A-E, the (0002) FWHM value of the AIN epitaxial layer
is more consistent in the direction perpendicular to the pri-
mary flat, indicating a more uniform AIN crystal quality. And
the significant improvement of the AIN crystal quality located
close to the primary flat may account for it. The high crystal
quality uniformity of AIN epitaxial layer is an important foun-
dation for GaN epitaxial growth. From Fig. 9(b), with the in-
crease of nitrogen purge flow rate, for samples A—E, the (0002)
FWHM value of the GaN epitaxial layer near the primary flat
exhibits a considerable decrease. The crystal quality unifor-
mity of the GaN epitaxial layer in the direction perpendicular
to the primary flat has been improved, which is consistent with

AIN epitaxial layer.
6000
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2 5500 —e—B
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= ——D
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o
; 3500
2 3000F
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- 2500
S 2000
g
8 1500 F
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2 1000}
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Fig. 9. (a) AIN (0002) and (b) GaN (0002) XRD FWHMs of samples
A-E of different locations on the surface.

In order to further improve the extension of the GaN layer,
growth temperature of HT-AIN and AlGaN layers near the pri-
mary flat of the wafers were changed from 1025 °C to 1065 °C
for samples F-I. Figure 10 shows the images of samples F-I.
By increasing the local growth temperature of AIN and Al-
GaN buffer layers near the primary flat, the crack-free area on
the surface of the epitaxial wafer gradually enlarged, and the
rough area reduced significantly, which is shown in Fig. 10(i).
For samples F-1, the sizes of the crack-free area are 129.1 cm?,
146.3 cm?, 159.1 cm?2, and 168.6 cm?, respectively. Therefore,
increasing the growth temperature can effectively improve the

extension of the epitaxial layers.

Fig. 10. The images of sample F (f), sample G (g), sample H (h), sample I (i).

It was proposed that with the increase of the temperature,
the AIN nucleation probability increases, and the grain size de-
crease rapidly, so there is a more uniform and flat AIN buffer
layer surface, as well as improved quality of AIN crystals. 3]
XRD w rocking scan at different positions on the samples
F-I has been measured and the result was shown in Fig. 11.
With the increasing of the growth temperature near the pri-
mary flat of the wafers, as shown in Fig. 11(a), the (0002)
FWHM value of the AIN epitaxial layer has been decreased.
The (0002) FWHM value of the GaN has further decreased
which is shown in Fig. 11(b). The variation of the (0002)
FWHM value of the GaN has dropped to 2.3%. We can con-
clude that the crystal quality near the primary flat has been
notably improved. Therefore, the crystal quality uniformity of
the epitaxial layer in the direction perpendicular to the primary
flat has been improved by indeed increasing the local growth
temperature.
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Fig. 11. (a) AIN (0002) and (b) GaN (0002) XRD FWHMs of samples [19]
A-E of different locations on the surface.
[20]
4. Conclusion 1]
In this research, we adjusted the nitrogen flow rate and the (2]
local growth temperature near the primary flat of the wafers to
study the influence on extension of GaN epitaxial layers on 23]
Si substrates. By increasing the nitrogen flow rate and the lo-
cal growth temperature near the primary flat of the wafers, we [24]
have found that the crack-free area on the surface of the epi- [25]
taxial wafer gradually enlarged, and the rough area reduced to
close to the primary flat and at the same time, the crystal qual- (26]
ity uniformity has been improved. This research provides an [27]
effective method for extension of GaN epitaxial layer growth
on Si substrates. 28]
[29]
(30]
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