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Abstract: We report on the crystal improvement of semi-polar (1122) gallium nitride epitaxy layer on
m-plane (1010) sapphire substrate by changing the flux rate at a fixed V/III ratio. The high-resolution
X-ray diffraction (HR-XRD) analysis showed that lower flux rate enhanced the crystal quality of
GaN epitaxy with the lowest FWHM values of 394 and 1173 arc seconds at [1123] and [1100] planes,
respectively. In addition, Raman spectroscopy showed that flux rate did not affect the stress state
of the GaN crystal. However, atomic force microscopy (AFM) micrograph depicted an anomalous
trend where the lowest flux rate produces roughest surface with RMS roughness of 40.41 nm. Further
analysis of AFM results on the undulation period length along [1123] and [1100] directions is carried
out. It shows that as the growth rate decreases, the average undulation period along [1123] and
[1100] directions increases from 2.59 um and 1.90 um to 3.52 pm and 3.52 um, respectively. The
mechanism for the surface roughening at the lower flux rate is then explained by using the adatom
surface diffusion relation L ~ v/Dr.

Keywords: (1122) gallium nitride; flux rate; dislocations; surface morphology; undulation

1. Introduction

[I-nitride based optoelectronic devices have been of great interest as an alternative to
conventional light bulbs due to their wide band gap, ranging from 0.67 to 3.4 eV, which
includes the full visible light spectrum and their high emission efficiency [1-3]. The most
commonly used material for LED is gallium nitride (GaN) which typically grows along the
c-direction [4,5]. However, LED grown on the c-plane suffers a large quantum-confined
stark effect (QCSE) due to the existence of piezoelectric and spontaneous polarization in
the quantum well region [6]. This phenomenon caused the separation of the electron-hole
wave functions and increased the recombination time, thus lessening the efficiency of
the device [6-8]. The impact became significant in longer wavelength LED as the higher
indium incorporation induced more lattice mismatch in the quantum well [9]. In order
to overcome this problem, GaN based LED is grown on a non- and semi-polar crystal
orientation [10]. Devices grown along these orientations have been proved to have higher
internal and external quantum efficiency [11]. However, for longer wavelength devices,
semi-polar orientation is preferred as non-polar orientation has less indium incorporation
efficiency [12,13]. On the flip side, semi-polar (1122) GaN, for example, suffers from high
defect density; 98% is contributed by partial dislocations (PDs) and basal stacking faults
(BSFs), and 2% is caused by a-type perfect dislocations [14,15]. Numerous efforts, such as
epitaxial lateral overgrowth (ELOG) [16], AIN/GaN multilayer, silicon nitride (SiNy) inter-
layer [17], double AIN or GaN nucleation layers [18], patterned sapphire substrates [19] and
graded superlattices [20] have been explored to solve this problem to achieve an enhanced
crystal quality and surface morphology. Growth parameters, such as temperature [21],
V /Il ratio [22] and reactor pressure [23,24], have been widely discussed to understand the
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influence of the growth process. To achieve a good GaN layer researchers will normally
combine the growth parameters utilizing a two-step process to achieve 3D layers first using
a rather lower V/IIl ratio and temperature and then a higher V/III ratio and temperature
for surface smoothing [25]. However, to the authors’ best knowledge, there is no research
yet reported on the growth parameter of the flux rate at a fixed V/III ratio on semi-polar
GaN growth.

In this report, we demonstrate the improvement of crystal quality in semi-polar (1122)
GaN by varying the flux rate at a fixed V/IIl ratio. The effect on crystal quality and surface
morphology is evaluated by using high resolution X-ray diffraction (HR-XRD) and atomic
force microscopy (AFM) while room temperature Raman spectroscopy is used to investigate
the stress within the GaN film.

2. Experimental Methods

Semi-polar (1122) GaN epi-layers were grown on an m-plane (1010) sapphire substrate
via metal-organic chemical vapor deposition (MOCVD) (SR-2000, Taiyo Nippon Sanso,
Japan). The precursors used were trimethylaluminum (TMA) for aluminum, trimethylgal-
lium (TMG) for gallium and ammonia (NHj3) for nitrogen. The m-plane sapphire underwent
a hydrogen cleaning for 10 min at a temperature of 1125 °C. After nitridation, an AIN
nucleation layer of 100 nm was grown at the temperature of 1050 °C before the growth
of the GaN layer. Next, GaN was grown at a fixed V/III ratio of 118 at a temperature of
1050 °C. The growth time was varied to ensure that an epitaxial layer thickness of around
4.65 pm was achieved. Reactor pressure was set to 13.3 kPa during the growth. The TMG
and NHj flux rate for GaN epi-layer growth were varied sequentially during the epitaxy
growth. The experiment series is tabulated in Table 1 with their respective flux rate and
growth rate, while Figure 1 illustrates the epitaxy structure grown in this experiment.
Hydrogen (H;) was used as a gas carrier throughout the growth.

Table 1. Growth parameters variation adapted in this work.

Sample TMG Flux Ammonia (NH3) V/III Growth Rate Growth
Rate (sccm) Flux Rate (slm) Ratio (um/h) Time (min)
S1 33.6 0.40 118 4.82 57
S2 29.5 0.35 118 4.06 68
S3 25.3 0.30 118 342 81
S4 21.1 0.25 118 294 98

Gallium Nitride (GaN)

Aluminium Nitride (AIN)

m-plane Sapphire substrate

Figure 1. GaN with AIN nucleation layer grown on the m-plane sapphire substrate.

The structural properties of the GaN epitaxy layer were characterized by Rigaku Smart-
Lab high-resolution X-ray diffraction (HR-XRD) with 2-bounce (220) Ge monochromator
(with incident and receiving slits set at 1 mm) without an analyzer crystal at the receiving
optics and RT Raman Spectroscopy (inVia, Renishaw), while surface morphology was
examined by Park System NX-10 atomic force microscopy (AFM) via non-contact mode.
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3. Result and Discussion

To investigate the effect of flux rate on the crystal quality of the grown GaN epilayer,
XRD measurement was carried out. Only (1122) diffraction peaks were observed for all
samples, as shown in Figure 2 in the HR-XRD 20-w scans. Hence, we can conclude that
varying the flux rate while keeping a fixed V/III ratio at this scale did not affect the
crystallographic formation of semi-polar (1122) GaN epitaxy. To further evaluate the crystal
quality of the as-grown samples, on-axis w-scans were carried out.

(3030)
sapphire

(1122) GaN

(1122) AIN

Wi |

75 80

XRD Intensity (a.u)

il

60 65

0
20/® deg

Figure 2. HR-XRD 26-w scans of GaN grown on m-plane sapphire for all samples.

Figure 3a shows the crystal quality of semi-polar (1122) GaN evaluation performed
via on-axis X-ray rocking curve (XRC) as a function of the azimuthal angle (¢). The
analysis was done over a 90° range with an interval of 30°, where 0° and 90° correspond to
directions [1123] and [1100], respectively. It is noted that the XRC FWHM for all samples
along [1100] is broader than [1123], which are similar to the reported observations on
(1122) GaN [18,26-28]. For example, [1123] and [1100] planes of sample S1 shown to have
the FWHM of 464 and 1390 arcsec, respectively. This trend is due to the strain from the
different growth rates in the a- and c-direction and lattice mismatch between (1122) GaN
and sapphire [29]. Different plane broadening is also reported due to the larger mosaic tilt
and/or reduced in coherent length (smaller size of the mosaic blocks) [27]. By decreasing
the flux rate, it helped to improve the crystal quality, which is reflected by the FWHMs
narrowing for each azimuthal angle. As the flux rate is reduced to 54, a crystalline quality
at [1123] and [1100] planes achieved 394 and 1173 arcsec, respectively. The improvement
in crystal quality might be attributed to the increase in the surface V/III ratio, as more
ammonia can decompose at slower growth rate. It has been reported that a higher V/III
ratio GaN is utilized to reduce defects where most of the dislocation bending process took
place [30-32]. A similar defect reduction mechanism in semi-polar (1122) GaN has also
been further discussed in ref. [23,33,34].

Figure 3b shows the tilt measured between two omega (w) rocking curves peaks of the
symmetric (1122) GaN diffraction along [1123] and [1100] directions versus the growth rate.
The tilt is due to the reduction of defects (especially BSFs) at AIN/GaN heterointerface
and can be indirectly related to BSFs [35]. Usually, a larger tilt is connected to an improved
surface. However, the tilt of all samples shown is small (<0.11°), indicating that less BSFs
are annihilated by varying the flux rate at a fixed V/IIl ratio.
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Figure 3. (a) On-axis XRC FWHM of GaN w-scan as a function of azimuthal angle for all samples.
(b) Tilt at different growth rate.

Figure 4a,b show the RSMs around symmetric (1122) GaN on m-plane sapphire re-
flection for sample S1 and S4 along directions [1100] and [1123], respectively. Almost
no tilt was observed in Figure 4a for both S1 and 5S4, indicating that the film was grown
coherently along the direction. However, the RSMs in Figure 4b show a significant offset in
Q for the substrate and the epitaxial layer peaks, indicating an epitaxial tilt, «. Detailed
discussion about the epitaxial tilt in (1122) nitrides has been reported in ref. [36,37]. Also,
reports have shown that macroscopic tilts are related to the misfit dislocation formed at the
heterointerface, resulting in the relaxation of the epitaxial layer [38,39]. The tilt angles for
51, 52, S3 and S4 are 0.22°, 0.27°, 0.30°and 0.34°, respectively. As the flux rate decreases, an
increase in tilt is observed. In addition, a diffuse scattering (DS) streak parallel to [0001]
direction can be seen in all samples. It has been reported that the DS steak is correlated with
the presence of BSFs and PDs [18,36]. A shorter DS streak was observed in S4 compared to
51, indicating a reduction in BSFs and PDs as the flux rate decreases, which agrees with the
on-axis result.
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Figure 4. Cont.
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Figure 4. X-ray reciprocal space maps (RSM) of (1122) GaN on m-plane sapphire for sample S1 and
S4 along directions (a) [11 00] and (b) [11 23].

Room temperature Raman spectroscopy using z(xx)z scattering configuration was
used to examine the effect of the flux rate on the compressive stress of all samples. As
shown in Figure 5a, the peaks for (1010) sapphire substrate are found at 378, 416, 741 cm ™!
whereas the peaks of Aj, E; and E; are responsible for semi-polar GaN epitaxial layer [40].
It is known that the E; mode is sensitive to the in-plane stress of the GaN layer; hence, any
shifting to a lower or higher value of 568 cm~! (standard stress-free GaN E, peak value)
indicates a tensile or compressive strain. However, none of the samples deviate from the
critical point; elucidating the flux rate did not have a significant effect on the GaN in-plane
stress. The FWHM of the E, peak can also be utilized to exhibit the crystal quality of the
GaN layer [41]. Figure 5b shows that the FWHM of GaN E, peaks decreased from S1 to 54,
suggesting that the increase in the E; peaks as flux rate decreases are in agreement with the
HR-XRD on-axis XRC measurements. We then carried out AFM measurement to probe the
effect of the flux rate on the surface morphology.
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Figure 5. (a) The RT Raman scattering spectra for all the semi-polar (1122) GaN samples. (b) GaN E,
(high) FWHM (cm™1) at different growth rate.
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Figure 6a shows the line profiles extracted from the AFM micrograph along [1123]
(red) and [1100] (green) directions and (b) examples of their corresponding line profiles
are extracted. The statistical evaluation of the undulation period length of both directions
is shown in Figure 6¢,d, along with the undulation amplitude which is the maximum
height difference for the undulations. Figure 6¢c only shows the long undulation period
length measured in [1100] (green) direction, as indicated by a dashed line in Figure 6b.
The arrowhead feature observed in Figure 6a is a result of anistropic surface diffusion due
to interference between undulations across [1123] and [1100] [42]. Undulation is formed
by adatom diffusion and its period is proportional to the diffusion length. For the (1122)
surface, undulation with high spatial frequency is oriented along [1100] which exhibits
a high diffusion barrier on the (1121)-type surface. For (1122) surfaces, the [1011] plane
are tilted by 26° towards [1100], therefore undulations along [1100] are stabilized by the
presence of (1011) micro-facets [43]. Based on the result in Figure 6¢, the undulation
period length along both directions follows an increasing trend which suggests that these
undulations are connected to the decreasing growth rate. As the growth rate decreases
from S1 to S4, the average undulation period along the [1123] and [1100] directions increase
from 2.59 pm and 1.90 pm to 3.52 um and 3.52 um, respectively. A longer undulation
period in the [1123] direction than in the [1100] direction is expected, as their activation
energies are 0.8 and 1.3 eV, respectively, where a similar observation is reported in [42].
Similar observations are also found on the increasing undulation amplitude as growth rate
decreases. The increase in undulation period and amplitude when decreasing the growth
rate represents an increase in the arrowhead size. This might be explained by using the
adatom surface diffusion relation:

L ~ VDt 1)

where L is the diffusion length, T is the adatom lifetime on the surface and D is the diffusion
constant. The D is related to temperature but the temperature throughout the growth is
constant, implying the D is unaffected and, hence, the affecting factor left is 7. At alower
flux rate, the growth rate is also low and there are less incoming adatoms to the surface,
causing adatoms on the surface to have a longer 7; hence, the diffusion length is higher,
which leads to longer undulation period and bigger arrowhead. In contrast, at a higher flux
rate, a higher growth rate will cause more incoming adatoms which disrupt the surface
diffusion and decrease the 7; hence, resulting in a shorter undulation period and smaller
arrowhead. Moreover, a slower growth rate also means that the NHj3 has more time to
decompose. Hence reducing the growth rate will increase the actual surface V/III ratio
despite keeping the input ratio constant. This is the same reason that surfaces become
more N-rich at higher pressures (and some total flow) since the NH; has more time to
decompose, which causes the surface roughening [34].

Then, the ratio of the undulation period across [1123] to [1100] for all samples with
their respective RMS roughness values are tabulated in Table 2. As observed from Table 2,
the ratio of the undulation period reduces as the flux rate decreases. The ratio decreases
from 1.36 of sample S1 to 1.00 of sample S4 which implies that the increase of the undulation
period in [1100] is greater than in the [1123] directions. This may be due to the increasing
surface roughness or elongated undulations along the [1100] direction which hinders the
diffusion length of adatoms along the [1123] direction.
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Figure 6. (a) Line profiles extracted from AFM micrograph along [1123] (red) and [11 00] (green)
directions. (b) Examples of line profiles extracted along [11 23] (red) and [11 00] (green) directions
with their respective undulation period. (c) Undulation period length of semi-polar GaN in [11 23]
and long [11 00] as a function of growth rate. (d) Undulation amplitude of all samples as a function

of growth rate.

Table 2. Ratio of undulation period across [11 23] to [11 00] and RMS roughness of each sample.

Sample S1 S2 S3 S4
Ratio of undulation period across [112300] 1.36 1.23 1.20 1.00
Rms Roughness (nm) 22.33 25.81 29.66 40.41

To verify the validity of the trend obtained in the results above, the experiment was
then repeated at a higher V/III ratio of 600 where the TMG and NHj flux were varried
sequentially. All the samples grown in this series are named Rn (where n = 1, 2 and 3).
The summary of growth parameters adapted and all of the characterization values were
tabulated in the Table 3 below.
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Table 3. Summary of growth parameters variation adapted at higher V/III ratio of 600, HR-XRD
on-axis XRC FWHM values along [11 23] and [11 00] directions and 10 x 10 pm? AFM RMS rough-
ness values.

Sample TMG Flux Ammonia (NH3;) FWHM of ¢ FWHM of ¢ at RMS
P Rate (sccm) Flux Rate (slm) at 0° (arcsec) 90° (arcsec) (nm)

R1 215 1.3 613 1312 17.36
R2 16.6 1.0 500 1184 32.18
R3 11.6 0.7 480 1005 55.37

All the samples grown were verified to be single crystalline semi-polar (1122) GaN
using HR-XRD 20-w scans (not shown here). Based on Table 3, the on-axis XRC FWHM val-
ues for both the [1123] and [1100] directions decreased as the flux rate decreased, showing a
parallel trend with the results above where dislocations and BPSFs are reduced and crystal
quality is enhanced from R1 to R3 with the FWHM values at ¢ = 90° broader than ¢ = 0°.
A similarly anomalous trend for AFM micrograph results where the RMS roughness value
increases as flux rate decreases has also been observed. The fact that the surface roughens
as the flux rate or growth rate reduces can be explained using the adatom surface diffusion
relation L ~ +/Dt, as described above. All the results are in agreement that a high
crystal quality in the GaN layers is usually achieved with 3D growth which leads to a very
rough surface. The improvement comes from the bending of threading dislocations (which
propagate also on semipolar GaN along [0001]), and maybe reducing BSFs by shorter
free surfaces. Thus, 3D growth for semi-polar means NHj rich conditions [34]. Hence,
the c-plane GaN layer is usually a two-step process and the same works for semi-polar
GaN [25].

4. Conclusions

We have reported the effects of flux rate variation at a fixed V/III ratio on semi-polar
(1122) GaN growth with a thickness of around 4.65 um. HR-XRD showed that the crystal
quality is enchanced as the flux rate was lowered. The lowest flux rate results are in the
FWHM values of 394 arcsec along the [1123] direction. RT Raman spectroscopy also showed
that the in-plane stress of the GaN epitaxial layer is unaffected by the flux rate. In contrast,
AFM data showed that a rougher surface is obtained when the flux rate is lowered. Further
analysis is carried out on the AFM images across [1123] and [1100] directions and the
phenomena is explained by using the adatom surface diffusion relation L ~ /Dr.
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