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ARTICLE INFO ABSTRACT

The crystalline quality of aluminum nitride (AIN) and gallium nitride (GaN) has been investigated through two
growth methods on 350 pm [1 1 1]-orientation 2-inch silicon substrates. One method employs nitridation with
ammonia prior to the growth of a medium temperature AIN layer. The other method is to preflow trimethyl
aluminum (TMALI) prior to the growth of a low temperature AIN layer. The growth parameters are the optimized
ones under each growth conditions. The thickness of the GaN layer is adjusted to keep the total thickness of the
epilayers unchanged. According to the X-ray diffraction (XRD) rocking curves, with preflow TMAL, both the AIN
and GaN present fewer dislocation densities. Reciprocal space maps show that with preflow TMAI treatment, the
tensile stress is alleviated both in the AIN and GaN layers. With three layers of indium gallium nitride (InGaN)
quantum dots separated by GaN barriers added on the as-grown GaN layer, the sample undergone preflow TMAI
has more superb photoluminescence performances of both GaN and InGaN than those of the other one. The root-
mean-square surface roughness value obtained by atomic force microscopy is larger in the sample with preflow
TMAL treatment. It was due to the a little overlong preflow TMAI time. The transmission electron microscopy
(TEM) shows the sample undergone preflow TMAI treatment has fewer defects and abrupt interface between AIN
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and silicon substrate.

1. Introduction

Growing gallium nitride (GaN) on silicon (Si) substrates has at-
tracted much attention of researchers because the silicon substrate is
cost-effective, easy to get large size and promising to integrate photonic
devices with integration circuits [1-4]. However, the values of mis-
match of lattice parameter and thermal expansion coefficient between
GaN and Si are rather high. Thus, the crystalline quality of GaN grown
on Si is relatively poor and easy to crack due to the large tensile stress
caused by the large mismatch [5-7]. To alleviate the large tensile strain
in the GaN layer, an aluminum nitride (AIN) nucleation layer is always
inserted between the GaN and Si [8]. The AIN intermediate layer also
plays an important role in suppressing the meltback etching problem
when GaN was grown directly on Si substrate [9]. Additionally, the Si
substrate usually needs some pre-treatment prior to the growth of AIN
[10].

Some researchers prefer to use ammonia (NH3) to nitridize the Si
surface to form a nitrogen atomic layer just as the growth of GaN on
sapphire substrates [11-13]. Wu-Yih Uen et al. [14] introduced the NH;
to nitridate the Si(1 1 1) surface in metal organic chemical vapor de-
position (MOCVD) system under different temperatures (viz. 750 °C,
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950 °C, 1120 °C) and attained the hexagonal GaN of best crystalline
quality with the full-width at half-maximum (FWHM) value of GaN
(0 0 2) plane of 0.279° (1004.4 arcsec) from X-ray diffraction (XRD)
rocking curve, while the root-mean-square (RMS) roughness was
5.057 nm. Mohd Nazri Abd. Rahman et al. studied the effects of the
nitridation time on the crystalline quality of GaN on Si (1 1 1) substrate
and attained the best GaN with the FWHMs of (0 0 2) and (1 0 2) of
1126 and 2012 arcsec, respectively [15]. Abdul Kadir et al. [12] re-
ported a FWHM of (0 0 2) of ~ 550 arcsec of a 1 pm-thick GaN grown
on 200 mm Si substrate by using the AIN nucleation layer and step-
graded AlGaN interlayers under the nitridation time of 16 s. While
other researchers insist that the nitridation of the Si introduce SiNy
complexes resulting in the deterioration of the crystalline quality of the
epilayer [10,16-20]. Franky Lumbantoruan et al. [16] reported the
high quality GaN grown on Si (1 1 1) substrate by optimizing the TMAI-
preflow time. C.C. Huang et al. [5] introduced AlGaN step-graded in-
termediate layers after the AIN layer grown on the TMAI predose Si
substrate and achieved a 2 pym GaN layer with the XRD FWHM of 690
arcsec. A.P. Lange et al. [18] investigated the surface morphology and
surface elements and proposed a Al-Si liquid solution phase transform
mechanism during the AIN nucleation process on the Si. And they have

Received 12 October 2019; Received in revised form 29 January 2020; Accepted 8 February 2020

Available online 10 February 2020
0022-0248/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/00220248
https://www.elsevier.com/locate/jcrysgro
https://doi.org/10.1016/j.jcrysgro.2020.125545
https://doi.org/10.1016/j.jcrysgro.2020.125545
mailto:eeyangfeng@ust.hk
mailto:eekmlau@ust.hk
https://doi.org/10.1016/j.jcrysgro.2020.125545
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcrysgro.2020.125545&domain=pdf

Y. Li, et al.
(@)

3 periods {

130 nm HT AIN

30 nm MT AIN

2 inch Silicon

Journal of Crystal Growth 535 (2020) 125545
(b)

3 periods {

300 nm HT AIN

15 nm LT AIN

2 inch Silicon

Fig. 1. Schematic diagram of the cross-sectional structure of samples (a) A and (b) B. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

also reported that by preflow TMAI, the crystalline quality of AIN will
be improved [17]. Nevertheless, the comparison of these two methods
are rare to be reported. And most of the GaN grown on Si are rather
thick (the total underlayer thickness usually thicker than 1 pm) in the
research papers. In general, the thicker the GaN layer is, the fewer
dislocation densities are there, as most of the dislocations will annihi-
late within a few hundred nanometers of GaN growth [9]. Furthermore,
the AlGaN interlayers will also significantly improve the crystalline
quality of the subsequently grown GaN layer [10]. However, if we want
to achieve the micro-disk laser devices, the total underlayer thickness
need to be reduced, e.g., to 650 nm [21,22], and the AlGaN interlayers
are almost impossible to be inserted in such structures. As the thickness
of the micro-disk increases, the modes along the vertical direction will
increase thus reducing the spontaneous emission coupling factor, re-
sulting in a high threshold of the micro-disk laser [23,24]. As the laser
is dislocation sensitive [25], growing the thin GaN with high quality on
Si substrate becomes an urgent issue.

In this study, we investigate the crystalline quality of the AIN and
GaN epilayer by using two growth methods. One method uses ammonia
to nitridize the Si substrate, and the other uses trimethyl aluminium
(TMAL to treat the Si substrate before the growth of the AIN nucleation
layer. The crystalline quality of AIN and GaN was evaluated by XRD
rocking curves and the screw and edge dislocation densities were ex-
tracted from the values of XRD FWHM through some models fabricated
by other researchers. Three pairs of indium gallium nitride (InGaN)
[Ing.»Gag gN(3 nm)/GaN (8 nm)] multiple quantum dots (MQDs) layers
were added on the as-grown GaN layer. The photoluminescence (PL)
spectra of GaN and MQDs and the surface and interface morphology
were investigated. Such a structure was designed to get micro-disk laser
of InGaN QDs on Si, the lasing results of which will be presented in the
future work.

2. Experimental section

We fabricated two samples labeled A and B by using the AXITRON
6 x 2-inch close-coupled showerhead metal organic chemical vapor
deposition (MOCVD) system. The substrates were 350 pm 2-inch silicon
with a [1 1 1]-oriented surface. There were normally no offcut angles in
the silicon substrates. The substrates were at first exposed in H, am-
bient for 10 min at 1050 °C then treated with silane for another 10 min
at the same temperature to desorb the surface contaminants. After
desorption, sample A was nitridized by NH; with a flow rate of 300
scem for 16 s at 990 °C. Then, a 30-nm-thick medium-temperature AIN
(MT-AIN) layer was deposited at the same temperature. Prior to the
growth of a 500-nm-thick GaN layer at 1050 °C, a high temperature AIN
(HT-AIN) layer with a thickness of 130 nm was deposited at 1100 °C.
While Sample B was treated by preflow TMAI with a flow rate of

7.36 pmol/min at 760 °C for 3 min. Then a low-temperature AIN (LT-
AIN) layer with a thickness of 15 nm was deposited at 920 °C followed
by a HT-AIN layer with a thickness of 300 nm at 1100 °C. To ensure the
total thickness of the epilayer holding unchanged, the thickness of the
subsequently deposited GaN layer was reduced to 350 nm under the
same growth conditions as those of sample A. After the GaN growth,
three pairs of InGaN MQDs [Ing>GaggN (3 nm)/GaN (8 nm)] were
deposited on the as-grown GaN layer both of samples A and B. The QDs
were fabricated by a growth interruption technique with a 15 s post-
growth annealing after the growth of each QDs layer. The growth
temperature of the InGaN MQDs was 680 °C [26]. All the samples were
crack-free after the growth except about 1-2 mm in the edge region.
The crystalline quality was characterized by using high resolution X-ray
diffraction (HRXRD) with a PANalytical system equipped with a four-
bounce channel-cut Ge (2 2 0) monochromator that delivered a pure
CuKal line of 1.5406 A. The reciprocal space maps (RSMs) were also
measured by the same XRD apparatus with an asymmetric scan geo-
metry. The atomic force microscope (AFM) with a tapping mode was
performed to investigate the surface morphology. A continuous-wave-
length He-Cd laser emitting at 325 nm was performed to measure the
room temperature PL of the InGaN MQDs. The PL of GaN was also
measured with the 325 nm laser from 50 K to 120 K. The transmission
electron microscopy (TEM) was employed to investigate the interface
morphology and dislocation densities.

3. Results and discussion

The schematic structures of samples A and B are shown in Fig. 1(a)
and (b), respectively. The growth parameters of the structure of A and B
have been optimized previously. Then the samples A and B are com-
pared under each other’s optimized growth conditions.

Fig. 2 shows the in-situ monitor curves of reflectivity of a 633 nm
laser, together with the wafer true temperature curves during the
growth process of samples A and B. The values of reflectivity of A and B
are comparable. The growth temperature of both samples was also well
controlled during the growth process. The thickness of the HT-AIN layer
was calculated from the reflectivity curves with a refractive index of
2.15. The exact thickness values of the HT-AIN layer are 137 nm and
314 nm for samples A and B, respectively. The thicknesses of the GaN
layer are 476 nm and 388 nm for samples A and B, respectively, cal-
culated with a refractive index of 2.38. The experimental results coin-
cide well with the structure parameters we designed in Fig. 1.

HRXRD rocking curves are performed to evaluate the crystalline
quality of the AIN and GaN layers of samples A and B. Fig. 3(a) and (c)
show the rocking curves of (0 0 2), (0 0 4) and (0 0 6) crystalline planes
of samples A and B for AIN and GaN, respectively. Sample B presents
narrower FWHM values and stronger diffraction intensity than those of
sample A both for AIN and GaN, indicating the better crystalline quality
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Fig. 2. The in-situ monitor curves of (top) reflectivity, and (bottom) wafer true
temperature during the growth process of samples A and B. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

of AIN and GaN in sample B. The relatively thicker AIN layer in sample
B is suspected to contribute to the narrowing of the FWHM and the
increasing of the diffraction intensity. However, although the GaN layer
in sample B is thinner than that in sample A, it has a narrower FWHM
value and stronger diffraction intensity than those in sample A. Thus,
we attribute the narrowing of the FWHM and the enhancement of dif-
fraction intensity mainly to the improved crystalline quality of AIN and
GaN in sample B. The values of the (0 0 2) FWHM for AIN and GaN of
sample A are 1536 and 856 arcsec, respectively. While those of sample
B are 813 and 619 arcsec, respectively. The FWHM of AIN (0 0 2) ob-
tained in this work is smaller than that (0.43°) in the latest report [27].
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Although the thickness of GaN in sample B is only 388 nm, the FWHM
of GaN (0 0 2) is also comparable with the value (562.8 arcsec) reported
recently, where the thickness of GaN was 2 um [28]. The rocking curves
were fitted by the Pseudo-Voigt function, from which the FWHM and
index n of the rocking curve were extracted [29]. Then, we use the
Williamson-Hall (W-H) plot to obtain the tilt angle, which refers to the
screw dislocation density in the crystalline films [30]. The equation can
be written as

(FWHM X @)" = (o X @)" + (Li) ,
I

@
where q is equal to sinB/A, 6 is the Bragg reflection angle, A\ is the
wavelength of the incident X-ray, wy, is the angle indicating the density
of the screw dislocation, and L, refers to the lateral coherence length. n
is the parameter extracted from the Pseudo-Voigt function fitting pro-
cess. The values of n for AIN are 1.27 and 1.31 for samples A and B,
respectively. The fitted results with Eq. (1) are presented in Fig. 3(b).
The values of the tilt angle (o) are 0.42° and 0.20° for samples A and
B, respectively. The de?sity of the screw dislocation was calculated by
“iil

using equation Ny = 43’5 ;2 [31,32], where N is the density of the screw

dislocation and b is the Slength of the Burgers vector, which is equal to
the lattice parameter of can. The values of the screw dislocation density
are 5.03 X 10° cm~?and 1.18 x 10° cm ™ ? for the AIN layer in samples
A and B, respectively. The values of the tilt angle of the GaN layer are
0.23° and 0.17° for samples A and B, respectively, obtained by similar
analysis methods. The linear fitting results are presented in Fig. 3(d).
The screw dislocation densities of GaN are 1.40 x 10° cm™2 and
7.41 x 10® cm ™2 for samples A and B, respectively. The density of the
screw dislocation in sample B is half of that in sample A.

The twist angle (wwist) indicates the density of the edge dislocation.
However, the exact twist angle is generally difficult to be obtained
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Fig. 3. (a) (00 2), (00 4) and (0 0 6) rocking curves for AIN of samples A and B. (b) W-H plots for AIN of samples A and B. (c) Rocking cures of the (0 0 2), (0 0 4) and
(0 0 6) planes for GaN of samples A and B. (d) W-H plots for GaN of samples A and B. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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proposed by Srikant et al. (a) and (b) show the experimental data and the fitting curve of samples A and B, respectively. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. The (1 0 5) RSM for AIN and GaN of samples (a) A and (b) B. The red-dotted lines are the guidelines indicating the relaxation between the GaN and AIN layers.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

directly from XRD measurement due to the slender thickness of the
epilayer. Here, the skew symmetric geometry for (h k ) reflections of
GaN with different inclination angles was applied, namely the skew
rocking curves of the (101),(102),(103),(104),(105),and(201)
planes were obtained. The inclination angle refers to the angle between
the measured crystalline plane and the sample surface plane. The value
of the FWHM of GaN (1 0 2) of sample B is 864 arcsec, which is also
comparable with the value (794.5 arcsec) of a 2-um-thick GaN layer
from the latest report [28]. While the value of FWHM of GaN (1 0 2) of
sample A is 1286 arcsec. The curves were fitted by the Pseudo-Voigt
function and the average values of n were 1.37 and 1.40 for samples A
and B, respectively. The curves of the FWHM changing with inclination
angle were fitted by a model proposed by Srikant et al. [29] and are
shown in Fig. 4(a) and (b) for samples A and B, respectively. The
parameter m refers to the dependence between the tilt and twist angles.
If m is larger than 0, it means the interaction between the tilt and twist
angle is anti-correlated. The values of the twist angle calculated by the
aforementioned fitting model are 0.47° and 0.27° for samples A and B,

respectively. Then the density of the edge dislocation can be obtained
through the equation N, = % [31,32], where N, is the density of the
edge dislocation, Wy is the etwist angle and b, is the length of the
Burgers vector. The edge dislocation densities are 1.51 x 10'° ¢cm ™2
and 5.08 x 10° cm ™2 for samples A and B, respectively. According to
the XRD measurement results, the density of the edge dislocation in
sample B has been reduced to 33.6% of that in sample A.

To evaluate the relaxation between the AIN and GaN layers in the
two samples, an asymmetric RSM scan for samples A and B was carried
out. Fig. 5(a) and (b) show the (1 0 5) plane RSM for the AIN and GaN
layers of samples A and B, respectively. The values of the strain re-
laxation degree between the GaN and AIN layer are 44% and 47% in
samples A and B, respectively [33]. During the growth process, a little
more stress was released in sample B than that in sample A. It is worth
noting that in sample B, both AIN and GaN present larger Q, values,
noting the in-plane compressive stress in sample B is larger than that in
sample A [10]. It is well known that a large tensile stress is the main
reason for the deterioration in crystalline quality of GaN when grown



Y. Li, et al.

()

T120 /150 K = 29-48%

PL intensity (a.u.)

3.30 3.35 340 345 3.50 355 3.60 3.65

PL energy (eV)

(b)

T120 K/150 K = 39-49%

PL intensity (a.u.)

PL energy (eV)

(©) 1800

—A
1600

1400

1200
1000
800
600 |

PL intensity (a.u.)

400
200 |

0
1.50 1.75 2.00 225 250 275
PL energy (eV)

3.00 325 3.50

Fig. 6. (a) The PL spectra of GaN from 50 K to 120 K of samples A and (b) B. (c)
The room temperature PL spectra of InGaN QDs of samples A and B. (For in-
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ferred to the web version of this article.)

on Si substrate. The insertion of an AIN layer aims to alleviate the
tensile stress by introducing compressive stress between the AIN and
GaN layer. According to the RSM results, sample B suffers less tensile
strain than sample A.

As most of the defects in GaN are recognized as non-radiative re-
combination centers, which will significantly exacerbate the PL prop-
erty of GaN. The GaN PL spectra from 50 K to 120 K of A and B are
shown in Fig. 6(a) and (b), respectively. The peaks locating at ~3.45 eV
recognized as the GaN near-band-edge emission are clear to be seen in
both samples [34]. The PL intensity of GaN of sample A decreases ra-
pidly with the increasing temperature and the PL peak becomes hardly
to be distinguished from the background signal when the temperature
over 120 K. While the PL peak of sample B is still distinguishable above
120 K (the spectra at the temperature above 120 K are not shown

Journal of Crystal Growth 535 (2020) 125545

here.). By fitting the peaks with the Gaussian function, we calculated
the ratio of the PL integral intensity at 120 K to that at 50 K. The ratio
value of A is 29.48% while that of B is 39.49%. The PL intensity of
sample A decays more rapidly with rising temperature than that of
sample B, indicating severer non-radiative recombination processes in
the GaN layer of sample A. Furthermore, sample B presents a narrower
FWHM at 50 K of 32.19 meV than that of A of 46.71 meV. As three pairs
of InGaN QDs were deposited on the GaN template, room temperature
PL spectra of the InGaN QDs for samples A and B are shown in Fig. 6(c).
Although the wafer true temperatures were controlled to around 680 °C
during the growth process of both samples, there exists a large red-shit
of the peak energy in sample A. This may be due to the difference in
wafer deformation during the growth process of the two samples. The
exact reason needs to be further investigated. According to the PL
spectra, sample B has a sharp peak with more than a two-fold enhanced
PL intensity and a narrower FWHM (18.63 meV) than that (21.21 meV)
of sample A. Combining the PL results, we conclude the optical per-
formances of both GaN and InGaN QDs of sample B are superior to
those of sample A.

The surface morphology of samples A and B is shown in Fig. 7(a)
and (b), respectively. Sample A has a smoother surface with an RMS
surface roughness of 0.620 nm for a scan area of 5 um X 5 um. While in
sample B, the RMS value is 1.737 nm. As reported by other researchers
[35-37], an overlong preflow TMAI time will exacerbate the surface
morphology and deteriorate the crystalline quality. In our case, the
TMAI preflow time is as long as 3 min, which may be a little overlong.
To verify such an assumption, we fabricated an another sample (la-
belled C) using the same growth conditions as sample B except with a
90-second TMAI preflow time. The RMS of sample C is reduced to
0.503 nm, whereas the (0 0 2) FWHM of GaN of C is increased to 741
arcsec. As we fabricated such structures aiming to get micro-disk lasers,
the surface of which needn’t be so much smooth. Whereas, the per-
formance of micro-disk lasers is more sensitive to the dislocation den-
sity [25]. Sample B presents more than half reduced dislocation den-
sities than those of sample A. We conclude the growth method of
sample B is superior to that of sample A.

To further investigate the mechanism of the two growth methods,
we grinded the two samples and then thinned them by ion milling. The
cross-sectional TEM images shown in Fig. 8(a) and (b) were taken under
200 kV. From the TEM images, one can clearly distinguish the silicon
substrate, the AIN layer, the GaN and the InGaN MQDs layers. Such
regions are also labelled in Fig. 8(a) and (b). It is worth noting that the
density of defects in AIN of sample A is rather large while that in sample
B is reduced drastically. In sample A, a large number of defects emerge
from the interface between the Si substrate and AIN, then they will
partly annihilate and/or bend during the growth of AIN. However, the
interface in sample B presents fewer defects, thus improving the crys-
talline quality of AIN. Judging from the TEM results, one can reason-
ably attribute the reduction of defects to the TMAI preflow treatment of
the Si surface. With TMAI preflow treatment, the interface produces
fewer defects thus reducing the dislocation density in the subsequently
grown AIN and GaN layer. The mechanism of the TMAI preflow on
reducing the dislocation density could be explained by the model pro-
posed by A.P. Lange et al. [18]. According to their research, they found
the Si surface will form Al-Si liquid alloy when it is undergone TMAI
preflow treatment. The liquid alloy forms AIN islands and Si-rich pat-
ches when subsequently reacts with ammonia. Such a surface mor-
phology will play a role in enhancing the dislocation bending during
the growth process, thus leading to a AIN layer with fewer defects [17].

4. Conclusions

The crystalline quality of the AIN and GaN grown on 2-inch silicon
substrate via two different growth methods was investigated. By
treating with preflow TMAI, using a LT-AIN nucleation layer and a re-
latively thicker HT-AIN layer, we found the crystalline qualities of both
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Fig. 7. AFM images of (a) sample A and (b) sample B, with a scan area of 5 um X 5 pm. (For interpretation of the references to colour in this figure legend, the reader
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Fig. 8. The cross-sectional TEM images of samples A (a) and B (b), respectively.

AIN and GaN were significantly improved. The quantitative values of
the density of the screw and edge dislocation in the AIN and GaN for
samples A and B were calculated from the HRXRD rocking curves
through theoretical models. Sample B presents lower densities of screw
and edge dislocation both in the AIN and GaN layers. The RSM results
show alleviated tensile stress and a larger relaxation degree between
the GaN and AIN in sample B. An active layer comprised of three pairs
of InGaN QDs was deposited on the GaN layer expected for achieving
micro-disk lasers. Sample B has a stronger PL intensity and narrower
FWHM of both GaN bulk layer and InGaN MQDs than those of sample
A. The AFM images show a smoother surface of sample A, which is due
to the a little overlong TMAI preflow time in sample B. However, we
assume the surface status of sample B has fewer effects on exacerbating
the performance of micro-disk laser devices. The TEM images show
fewer defects between the AIN and Si interface of sample B, which is
attributed to the TMAl-preflow effect. From the aforementioned results,
we confirm that the growth method of sample B is superior to that of
sample A.
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