Nonpolar m-plane Al,Ga;_,N layers grown on (1010) sapphire by MOVPE
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Heteroepitaxial growth of single-phase nonpolar (1010) m-plane Al,Ga;_,N layers on m-plane sapphire sub-
strates was investigated by metalorganic vapour phase epitaxy. Different Al/Ga gas phase ratios were used
to adjust the AIN mole fraction over the entire range of composition. All m-plane AlGaN layers show an
orthorhombic distortion in the wurtzite unit cell due to anisotropic in-plane strain. This distortion decreases
with increasing the AIN mole fraction due to a decreased anisotropic biaxial strain. The AIN mole fraction
of m-plane layers and c-plane co-loaded layers estimated by X-ray diffraction is comparable. This is con-
sistent with their comparable energy bandgaps estimated from room-temperature dielectric functions. The

dependence of the energy bandgap on composition indicates a bowing parameter of 0.9eV.
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I. INTRODUCTION

Group IIl-nitride semiconductor compounds (e.g.,
AIN, GaN and InN) have attracted much attention for
application in optoelectronic devices, in particular ultra-
violet (UV) and visible light-emitting diodes (LEDs). UV
LEDs epitaxially grown along the [0001] polar axis has
strong polarization fields across the quantum-well (QW).
These fields reduce the electron-hole wavefunction over-
lap resulting in a reduction of the radiative recombination
rate. This reduction together with a high resistivity of
n-/p-doped AlGaN layers hinder the performance of de-
vices operating at below 350 nm'. Additionally, for wave-
lengths shorter than ~250nm the light emission mode
changes from transverse electric polarization (£ L [0001])
to transverse magnetic polarization (E'||[0001]), which
reduces light extraction?. Growth on nonpolar (1120) a-
plane and (1010) m-plane results in built-in field free?,
which should increase the radiative recombination effi-
ciency of nonpolar QW active region.

Absorption of the UV light also strongly reduces the
performance of UV LEDs. Therefore, highly transpar-
ent AlGaN and AIN templates are required, which must
also have good material quality if the potential benefits
to the device performance are to be realized. Growth
and characterization of nonpolar and semipolar Al(Ga)N
structures have been homoepitaxially grown on high-
quality nonpolar a-plane* and m-plane AIN®>S as well
as semipolar (1012)7® and (2021) AIN? bulk substrates
using metalorganic vapour phase epitaxy (MOVPE). De-
spite their high crystalline quality, these substrates are
small, expensive, and UV-transparency still remains a
challenge!%:11,

For commercial nitride-based emitters, sapphire sub-
strates have commonly been used due to their large di-
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ameter wafer sizes, low-cost and visible/UV light trans-
parency. However, for nonpolar nitride layers heteroepi-
taxially grown on planar sapphire substrates, a high den-
sity of threading dislocations and basal-plane stacking
faults (BSFs) generates at the layer/sapphire interface
due to their lattice mismatch'?'3. This high density
strongly reduces the efficiency of UV LEDs™!. Recently,
high-temperature thermal annealing was used to improve
the material and optical properties of a-plane AIN'516
and m-plane AIN'718,

MOVPE-grown AlGaN layers grown on sapphire
substrates with different surface orientations have al-
ready been reported, e.g., a-plane'?, c-plane?* 23 and
(1122)24726, However, so far there is no report on growth
of m-plane AlGaN on sapphire. The most possible reason
is due to the lack of m-plane AIN templates. Recently,
we have demonstrated growth of single phase m-plane
AIN templates on m-plane sapphire'®.

In this paper, we report on MOVPE-growth of m-plane
Al,Ga;_,N layers on m-plane sapphire substrates over
the entire range of composition. The crystallinity, surface
morphology, and optical energy bandgap of the layers
were investigated as a function of the AIN mole fraction

(xAlN)-

Il. EXPERIMENTAL

Growth was performed on 2-in. (1010) m-plane sap-
phire wafers in an EpiQuest 3 x 2-in. close-coupled show-
erhead MOVPE reactor. Ammonia (NH3), trimethyl-
gallium (TMGa) and trimethylaluminium (TMAL) were
used as precursors. Under a reactor pressure of 27 mbar
in a hydrogen ambient, the wafers were heated to 900°C
to produce an AIN nucleation layer (~20nm thick)
with an NHj partial pressure (Pnp,) of 12.44 Pa and
Prymal =0.164 Pa. Afterwards, the samples were heated
to 1050°C to grow a 100-nm-thick AIN layer at a reactor
pressure of 100 mbar (Pxy, = 6.22 Pa, Prya) =0.164 Pa).
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Al,Ga;_,N layers with a nominal thickness of
1.5 um (estimated from ellipsometry data) were sub-
sequently grown on the AIN templates at the
same temperature and pressure. To vary zan of
Al,Ga;_,N over the entire range of composition, dif-
ferent Rajgany = TMAL/(TMAI4+TMGa) gas phase ra-
tios were employed while Pxp, was kept constant of
333.3 Pa. For Rajgan ranging from 0.1 to 0.7, Ppya) was
fixed at 0.614 Pa, while Pryga was varied from 0.363 to
5.587Pa. For Raijgan =0.8, Pryvar and Pryga of 1.458
and 0.363 Pa were used, respectively. For comparison, c-
plane AlGaN layers were also simultaneously grown on
c-plane sapphire wafers.

The crystal orientation and properties of the samples
were characterized using a PANalytical X’pert triple-axis
high-resolution X-ray diffraction (XRD) system with a
CuK,; source. Symmetric (1010) X-ray rocking curves
(XRCs) of the layers were measured using an open de-
tector without any receiving slit. The surface morphol-
ogy of the samples was measured by atomic force mi-
croscopy (AFM) in tapping mode (Nanocute, SIT Nan-
oTech). The fundamental bandgap of the layers were es-
timated from real and imaginary parts of dielectric func-
tions DFs. DFs were recorded at room temperature using
a Horiba UVISEL 2 spectroscopic ellipsometer at an in-
cident angle of 70° and a spot size of 2030 x 705 um?.
The photon energy was varied from 1.45 to 6.45eV with
the spectral resolution of 20 meV.

IIl. RESULTS AND DISCUSSION

Fig. 1(a) shows symmetric w-20 XRD scans of AlGaN
layers grown on m-plane sapphire with Rajgan of 0.0,
0.6, and 1.0. Besides the (3030) reflection of sapphire
at 34.1°, there are only the (1010), (2020) and (3030)
reflections related to m-plane AlGaN. Fig. 1(b) shows
symmetric (1010) XRC FWHM values of three m-plane
AlGaN layers measured as a function of azimuthal an-
gle. The FWHM value along [0001]a1gan is larger than
[1120] a1gan, attributed to effects of BSFs'?13. These val-
ues increase with increasing xan indicating a decreased
crystallinity. This is consistent with previous works re-
ported for a-plane AlGaN'? and (1122) AIGaN?5.

The in-plane epitaxial relationship between the
m-plane AlGaN layers and m-plane sapphire sub-

strates has also been investigated. Azimuthal
scans of the {1120}aigan  and  {2024}gupphire
reflections were measured. The relationship

is found to be [0001]a1can || [1120]sapphire  and
[1120] A1Gan || [0001]sapphire- A schematic diagram of
this relationship is shown in the inset of Fig. 2(a).

For nonpolar Al1GaN layers hetero-epitaxially grown on
m-plane and r-plane sapphire substrates, the anisotropy
(along two orthogonal in-plane directions) in the lat-
tice and thermal mismatches between the layers and
substrates leads to an orthorhombic deformation of the
wurtzite unit cell. This makes lattice parameter measure-

4 4 ol~" 4
(a) c|| © e ©
5 ]
wp 88 8k $
S/ = Sl %
< 3l all o
| i © <
510 E Sl < i<
S = g':/ i
S H's :
2 1 JF 2
» 10 °
c 'S
8 S
=
10?

10" [ L) —
10 20 30 40 50 60
o
2800 II [1120] |l [0001]

m

&

H] 2400

S

&

= L

% 2000

TR £ A
O 1600 |

14

X

2 1200}

o

A

800
-180 -90 0 90 180
Azimuthal angle (°)

FIG. 1. (a) Symmetric w-20 XRD scans of AlGaN layers

grown on m-plane sapphire substrates with different Raigan
ratios. (b) Symmetric (1010) XRC FWHM of three selected
AlGaN layers plotted as a function of azimuthal angle.

ments, and thus zaNn determination, difficult. Laskar
et al. have previously developed a method to calculate
lattice parameters for a-plane AlGaN grown on r-plane
sapphire?”. This method has already been applied to cal-
culate lattice deformation of m-plane AIN layers grown
on m-plane sapphire!”!8,

For the m-plane A1GaN samples studied here, their in-
plane and off-plane a lattice constants, as well as in-plane
c-axis lattice constants were calculated from 26 measure-
ments of nine different symmetric, skew-symmetric and
asymmetric AlGaN reflections including (1010), (1011),
(1120), (1122), (1230), (2021), (2021), (2131) and (2133).
Fig. 3 shows the measured lattice constants of the layers
as a function of Rajgan. All the lattice constants show a
linear behaviour with Rajgan. Additionally, all the lay-
ers are almost relaxed along [1120]ajgan, while they are



—_
Q
~

3.20

w
-
[e2)

a lattice constant (A)
w
>

3.14
312 } aoff-plane \::::o_
ain-plane B
310 1 1 1 1 1 1
(b)
5.20 -0.10
Ls.15 015
et
c
2 0.20
2510 e
(e} ~
o >~
[} -0.25
(%]
B 5.05
s
1) -0.30
5.00
-0.35
RI\IGaN

FIG. 2. (a) Measured in-plane and off-plane a lattice con-
stants, as well as (b) in-plane c¢ lattice constant of the
MOVPE-grown m-plane Al,Ga;_,N layers grown with dif-
ferent Raican. The inset in (a) shows a schematic diagram
of the in-plane relationship between m-plane AlGaN and m-
plane sapphire.

tensile stressed along [0001]p1gan. This tension decreases
from 0.21 to 0.02 with increasing zaN-

All the m-plane AlGaN layers have been found to be
distorted with an angle () that increases from about
-0.34° to -0.10° with increasing Rajgan. This increase
corresponds to a decreased off-plane a lattice constant,
indicating a decreased anisotropic biaxial strain between
the layers and the AIN interlayers. This is plausible due
to a reduced lattice mismatch of AlGaN with respect to
AIN as Rajgan (zain) — 1. Based on these measured
lattice constants, xan of the layers has been estimated.
As shown in Fig. 3, xay linearly increases with increas-
ing Rajgan- This linear behaviour indicates minimum
gas phase pre-reactions of the group-III precursors and
NH322’28.

For c-plane AlGaN reference layers, zan was cal-
culated based on in-plane a and off-plane c¢ lattice
constants, determined by different reflections including
(0002), (0004), (0006), (1012), (1015) and (1122). The
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FIG. 3. Estimated zainy from XRD data of the m-

plane and c-plane AlGaN co-loaded layers as a function of
Raican = TMAI/(TMAI+TMGa).
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FIG. 4. 20 x 20 um? AFM images of three selected m-plane
AlGaN layers with zain of (a) 0.165, (b) 0.357, and (c) 0.576.
Root-mean square (rms) roughness values of these layers are
shown for comparison.

zain values of the c-plane and m-plane layers are com-
parable as shown in Fig. 3. This result is slightly dif-
ferent compared to a-plane and c-plane AlGaN layers!'?,
whereas a slightly lower xa)n of a-plane layers than that
of c-plane layers was found.

Fig. 4 shows 20 x 20 um? AFM images of three m-plane
AlGaN layers with zn =0.165, 0.357, and 0.576. Grain
size of the layers monotonically decreases with increasing
ZAIN, from about 5 um to 2 ym and about 4 pm to 1 um
along [0001] a1gan and [1120]a1qan, respectively. This can
be explained by the lower surface mobility and larger
sticking coefficient of Al atoms compared to those of Ga
atoms. The roughening (and thus the origin of grains)
occurs likely when the layers start to be relaxed. Even
though, the strain is higher for the layers with lower zax,
the longer migration length will lead to their coalescence.

The larger grain size along [0001]ajgan  than
[1120]a1gan is attributed to a longer diffusion length
of Al and Ga atoms along [0001]>°. Despite this, the
XRC FWHM value along [0001] is larger than that along
[1120]. This indicates dominant effects of BSFs causing
the broadening of the (1010) reflection along [0001]2:13.

Fig. 5(a) shows real (<e;>) and imaginary (<es>)
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FIG. 5. (a) Real (<e1>) and imaginary (<e2>) parts

of DFs measured along [0001]aican of m-plane GaN and
Alp.165Gag.s35N layers grown on m-plane sapphire. Bandgap
(Eo) of the band structure is indicated by arrows. (b)
Bandgap of the m-plane and c-plane AlGaN co-loaded layers
plotted as a function of xain. The dashed line is a bandgap-
bowing fitting of the experimental data with a bowing param-
eter of 0.9eV.

parts of the effective DFs measured along [0001]a1Gan
of m-plane GalN and Al 145Gag.g35N layers grown on m-
plane sapphire. From these parts, the fundamental en-
ergy bandgap (i.e., the optical transition from the I'§
valence band into the I'¢, conduction band) of these
layers is estimated from a sharp Ey peak®3?. For ex-
ample, EgGaN and EgAlGaN of the m-plane GaN and
Alp.165Gag.g35N were estimated to be 3.45 and 3.81¢€V,
respectively. It should be noted that the intensity and
sharpness of Ey become worse with increasing zan,
attributed to the lower material quality of the lay-
ers. Interference fringes due to reflection at the Al-
GaN/AIN/sapphire interface can be observed below the
bandgap. The interference fringes of all m-plane layers
are very weak (even become unobservable) because of
rough interfaces. In contrast, pronounced fringes have

been observed for all c-plane reference samples due to
their smooth surface morphology (rms <5 nm, estimated
from 20 x 20 ym? scan areas).

Birefringence has been also investigated for the m-
plane layers. A small difference (i.e., the crystal field
splitting energy A.¢) in EQIG"‘N has been found, where

EMGN along [1120] is slightly larger than along [0001] as
shown in Fig. 5(b). This is attributed to a different tran-
sition from I'§ to I'S_ and I'%, , respectively®?326. Ay is
estimated to be about 0.04eV and -0.16 eV for m-plane
GaN and AIN layers, respectively. Additionally, crystal
field splitting energy increases with increasing zan, €.g.,
Ac=0.02eV and 0.05eV estimated for the layers with
zain = 0.165 and 0.754, respectively. When introducing
a bowing parameter b to fit the Ay data, a b= (-
0.1£0.06) €V has been found. This is comparable with
values reported for c-plane AlGaN layers?*3!; however,
this is larger than a value reported for (1122) layers?®.
EQIG‘"‘N of the m-plane and c-plane AlGaN layers is

plotted as a function of zax in Fig. 5(b). Their EQIG‘"‘N
values are comparable. This indicates a comparable zn,
consistent with the results estimated by XRD as shown
in Fig. 3. The dependence of Eé“GaN on ralN can be
described by the relation:

Eé\lealﬂvN _ x-EgAIN + (1—$)-E§’aN _ b-a:-(l—a?)7

where b denotes the bowing parameter. The shift of
EAMGaN with zay is well reproduced with a bowing pa-
rameter of b= (0.940.1) eV. This value is in good agree-
ment with a value reported for a-plane AlGaN layers!'?,
(1122) A1GaN?® as well as values reported for c-plane
AlGaN layers?3:30-32,

IV. CONCLUSIONS

MOVPE-growth of m-plane Al,Ga;_,N layers on m-
plane sapphire substrates has been investigated over the
entire range of composition. An orthorhombic distortion
has been found for all m-plane layers. This distortion
decreases with increasing the AIN mole fraction due to
a decreased anisotropic biaxial strain. The AIN mole
fraction of m-plane layers and c-plane co-loaded layers
estimated by X-ray diffraction is comparable, consistent
with their comparable bandgaps estimated from room-
temperature dielectric functions. The dependence of the
energy bandgap on composition indicates a bowing pa-
rameter b of 0.9eV. The crystal field energy A.¢ is found
to change between the values for GaN and AIN with a
bowing parameter be of about -0.1eV.
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