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Effects on Optical Characteristics
of GaN Polarity Controlled by Substrate
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Abstract—N-polar, Ga-polar, and non-polar GaN
was grown by MBE and MOVPE using various
substrates and influence of polarity has been
investigated. The GaN growth by MOVPE is along c-
plane (0001), c-plane (0001), and a-plane (11-20)
direction on c-plane (0001), a-plane (11-20) and r-
plane (1-102) sapphire substrate respectively. The
polarity of the film has a strong influence on the
morphology and the optical properties of PA-MBE
grown As-doped GaN layers. Strong blue emission
from As-doped GaN was observed only in the case of
N-polarity (000-1) layers, which was attributed to the
highest concentration of Ga dangling bonds for this
polarity of a GaN surface.

Index Terms—GaN, polarity, non-polar, MOCVD,
MBE

I. INTRODUCTION

The group IlI-nitrides have been actively investigated
for the past decade, because of their importance in short-
wavelength photonics and high temperature, high
frequency electronic device structures. To date most of
the group IlI-nitride based device structures were grown
parallel to the (0001) c-axis of their wurtzite structure.
The unique feature of wurtzite group IIl-nitrides in
comparison with the standard III-V compounds is the
existence of strong polarity effects inside the crystal
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layer structure. For wurtzite group I1lI-nitrides, the built-
in electric fields arising due to the piezo- and
spontaneous polarizations are very strong [1]. The
existence of the built-in electric fields inside the group
IlI-nitrides structures is an advantage for some device
applications, but play a negative role for others. For
example, a high density two-dimensional electron gas
can be created at GaN/AlGaN interfaces without doping,
which is now strongly exploited for high mobility
transistors [2]. A strong red shift of the photo-emission
is observed in GaN/AlGaN and GaN/InGaN quantum
well structures due to the quantum confined Stark effect,
which allows one to change and control the emission
wave-length [3]. However, the quantum confined Stark
effect significantly reduces the optical emission
intensity due to charge separation within the quantum
wells [4] and the resulting red shift is undesirable in UV
emitters. The strong piezoelectric and spontaneous
polarization effects led to current instabilities and
charge trapping in GalN/AlGaN double barrier resonant
tunneling structures [5]. All the above led to highly
active studies of non-polar growth of group IH-nitride
layers and structures. The polarization effects can be
eliminated by growing zinc-blende (cubic) GaN layers
or wurtzite GaN layers of non-polar orientations such as
(11-20) or (1-100) GaN on r-plane (1-102) sapphire and
LiAlO; (100) substrates respectively [6,7].

Arsenic doped GaN films grown by plasma-assisted
molecular beam epitaxy (PA-MBE) on sapphire
substrates show very strong blue emission at room
temperature [8], which is more than one order of
magnitude stronger than the band edge emission in
undoped GaN films. There is theoretical and
experimental evidence to suggest that the blue emission
is caused by recombination involving an arsenic anti-
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site deep level defect [6]. However, the mechanism
responsible for the blue emission has not been
definitively established. Previous results demonstrate
that the growth conditions have a strong influence on
the intensity of the blue emission from As-doped GaN
grown by PA-MBE [9]. It has been shown that the
incorporation of As into the GaN lattice is strongly
influenced by the choice of substrate polarity [9]. For
the growth of As-doped GaN on sapphire (N-polarity
(000-1)) and on GaN MOVPE templates (Ga-polarity
(0001)) growth under Ga-rich conditions is needed to
obtain blue emission from the layers. However, in the
case of MBE growth of Ga-polarity GaN layers on
MOVPE GaN templates, the Ga:N ratio must be
significantly higher in comparison with growth of N-
polarity layers on sapphire substrates to achieve the
same intensity of the blue emission.

In this study the influence of the polarity of the layer
on the blue emission from As-doped GaN layers grown
by PA-MBE was investigated further by extending the
study to non-polar directions.

II. EXPERIMENTS

Arsenic doped GaN layers were grown under
identical PA-MBE conditions on several types of
substrates including c-plane (0001) sapphire and polar
and non-polar GaN layers grown by MOVPE. Ga-
polarity GaN layer was grown on (0001) sapphire. Non-
polar a-plane (11-20) GaN was grown on r-plane (1-
102) sapphire substrate and m-plane(1-100) GaN was
grown on (100) LiAlO,. Gallium nitride epitaxial layers
about 0.3 um thick were grown by low-pressure
horizontal cold wall MOVPE reactor under following
conditions: T ~850°C, V/III ratio = 3600, and reactor
pressure 100 Torr. Triethylgallium (TEGa) and
ammonia were used as the precursors and nitrogen was
a carrier gas. Every substrate was nitrided by flowing
ammonia at ~850°C for 15 minutes and low temperature
buffer layer was grown at ~560°C for 15 minutes prior
epitaxial film growth.

Arsenic doped GaN layers were grown on all
different types of substrates by PA-MBE at a

temperatures of ~800°C in a reactor, which has been

described in detail elsewhere [8]. Ga-rich conditions
were established from the growth on sapphire substrates
and the same Ga:N ratio was used through the whole set
of the growths. The active nitrogen for the growth of the
group Ill-nitrides was provided by a CARS25 RF
activated plasma source. Arsenic in the form of dimers
(As,) was produced using a two-zone cell.

Samples were studied in-situ using the reflection
high-energy electron diffraction (RHEED) and after
growth ex-situ measurements were performed using
atomic force microscopy (AFM), Auger -electron
spectroscopy (AES), secondary ion mass spectroscopy
(SIMS), X-ray diffraction, transmission electron
microscopy (TEM) and photoluminescence (PL).

II1. CHARACTERISTICS OF GAN ON C-, A, -R-
SAPPHIRE AND LAO BY MOVPE

Gallium nitride epitaxial layers about 0.3 pum thick
were grown by MOVPE on ¢-plane (0001), a-plane (11-
20), and r-plane (1-102) sapphire and (100) y-LiAlO,.
X-ray diffraction measurement indicates that the GaN
growth by MOVPE is along c-plane (0001), c-plane
(0001), and a-plane (11-20) direction on c-plane (0001),
a-plane (11-20) and r-plane (1-102) sapphire substrate
respectively. These orientation relationships are also
found in references [10, 11, 12]. GaN grows along m-
plane (1-100) on (100) y-LiAlO,. Fig. 1 shows these
relationships well. Also, crystallographic relationship
between grown GaN film and substrate revealed by X-
ray diffraction is summarized in Table 1.
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Fig. 1. X-ray diffraction of GaN on various substrate planes;
(a) c-plane (0001), (b) a-plane (11-20), (c) r-plane (1-102)
sapphire and (100) y-LiAlO; substrate.

Table 1. Crystallographic relationship between film and substrate
Substrate Film (w-GaN)

c-plane (0001) a-Al,O3 c-plane (0001) w-GaN
a-plane (11-20) a-AL,O; c-plane (0001) w-GaN
r-plane (1-102) a-Al,O; a-plane (11-20) w-GaN
(100) y-LiAlO, m-plane (1-100) w-GaN

A strong GaN (002) peak can be seen in Fig. 1 (a) and
a relatively strong GaN (002) peak in Fig. 1 (b).
However, a-GaN (110) peak in Fig. 1 (c) is weak.

In the hexagonal structure, 4 indices system [uvtw]
and 3 indices system [UVW] is converted to each other
by following relations:

U-u-t u= QU-V)3

Vvt v=(2V-U)3

W=w = -(U+V)73 (Eq.1)
w:

Fig. 2. AFM images of the surface of GaN layers. GaN
MOVPE templates grown on (a) c-plane sapphire, (b) r-plane
sapphire, (¢) (100) y-LiAlO,.

Fig. 2 shows AFM images of the surface of MOVPE
templates. The GaN surface grown on c-plane sapphire
is smooth and flat and GaN grown on r-plane exhibited
worse morphology than that of GaN grown on c-plane
sapphire. The MOVPE grown GaN on LiAlO, (Fig. 2
(b)) has very rough surface morphology and consisted of
large grains, but the shape of the grains are very
different for this m-plane orientation.

07 T T T T T T T T

0s | = =- MOVPE GaN on c-plane sapphire d
------ MOVPE GaN on r-plane sapphire
i~ - -=MOVPE GaN on LIAIO2
=2 05 b
c
3
g 04t p
e
<
203 . 4
B
c
2ozt E
£
3 -
a 01p 1
00k Sl -
s L . " L L
20 22 24 28 28 30 32 34 36
Energy (eV)

Fig. 3. PL from GaN on c-, r- sapphire, and LiAlO, by
MOVPE.
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Fig. 3 shows room temperature PL from GaN on
different plane of sapphire and LiAlO,. The PL spectra
of the GaN layers are dominated by excitonic band-edge
emission at ~3.4 ¢V. The strongest band-edge emission
was observed from the Ga-polarity GaN layer and
weakest and broadest was from the GaN grown on
LiAlO,. This tendency is dominantly due to the
crystalline quality of the samples.

It is well known that MOVPE grown a-GaN on r-
sapphire and m-GaN on (100) LiAlO; is non-polar and
c-GaN on c-sapphire is Ga-polarity [Wal00, Tri99]. As-
doped GaN was grown on MOVPE grown GaN and the
effect of the polarity controlled by substrate direction
will be investigated in next section.

IV. THE INFLUENCE OF SUBSTRATE
POLARITY ON THE MBE GROWN GAN

For the As-doped GaN sample grown at ~800°C
directly on sapphire under Ga-rich conditions [16, 10]
the RHEED pattern is intense and streaky and shows a
(2 x 2) reconstruction immediately on termination of
growth. However, for growth of GaN with an As flux on
all polar and non-polar MOVPE GaN templates, only a
(1 x 1) unreconstructed RHEED pattern was observed
both during and after growth and it was weak for MBE
on non-polar GaN templates.

Fig. 4. AFM images of the surface of GaN layers. (a) Arsenic-
doped GaN MBE layers grown on c-plane sapphire and on
different GaN templates, (b) on GaN MOVPE template on c-
plane sapphire, (c) on GaN MOVPE template on r-plane
sapphire and (d) on GaN MOVPE template on LiAlO, (100)
substrates.

Fig. 4 shows AFM images of the surface of MBE
layers grown on these templates respectively. It is
obvious from Fig. 4 that the surface morphologies of the
GaN layers are very strongly dependent on the polarity
of template. In general the surface morphology of MBE
layers follows the morphology of underlying templates.
In the case of the MBE growth directly on sapphire, the
GaN layer has N-polarity as shown recently by
convergent beam electron diffraction (CBED) [9] and
consists of a single crystal film with relatively large sub-
grains (Fig. 4 (a)). In the case of growth on the very
smooth Ga-polarity (0001) GaN MOVPE layer, the As-
doped GaN layer the sub-grain size is smaller (Fig. 4
(b)) due to the underlying MOVPE template. The As-
doped GaN MBE layers on the non-polar templates
(GaN MOVPE layer on r-plane sapphire and (d) on GaN
MOVPE layer on LiAlO, (100) substrates) follow to
some extent the morphology of underlying template, but
demonstrated some improvement in the surface
roughness and flattening of the surfaces.
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Fig. 5. PL spectra from MBE grown As-doped GaN layers.

Fig. 5 shows the PL for the As-doped GaN MBE
layers. It is obvious from Fig. 5 that PL spectra of As-
doped GaN MBE layers grown under same conditions
are very different and strongly depend on the polarity of
underlying template. The PL from the N-polarity (000-
1) As-doped GaN layers grown directly on sapphire
consists of three main features: excitonic band-edge
emission around 3.4 eV, emission at 3.2 eV and strong
blue luminescence centered around 2.6 V. By contrast,
the PL from the Ga-polarity (0001) As-doped GaN
(0001) layers was very weak and rather broad. The PL
from As-doped GaN layers grown on the non-polar
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templates demonstrate only strong band-edge peaks with
no trace of any blue emission. Curiously the strongest
PL intensity for the band-edge emission from the MBE
grown GaN films come from the layers grown on the
LiAlO, MOVPE template, which shows the weakest
band edge emission. Analysis of the results from Fig. 5
i1s leading to the conclusion that for identical MBE
growth conditions the strong blue emission from As-
doped GaN can be observed only in the case of N-
polarity (000-1) layers grown directly on sapphire.

For the case of Ga-polarity (0001) GaN, at the surface
of the layer there is only one free Ga dangling bond
towards the surface for each Ga atom. By contrast for
the case of N-polarity (000-1) GaN there are 3 dangling
bonds at the surface for each Ga atom. As a result (000-
1) surface is generally more chemically active for
impurity adsorption. It follows that in the growth by
MBE of N-polarity As-doped GaN, there is a higher
probability for As atoms to be incorporated into the
GaN lattice. In the case of Ga-polarity As-doped GaN
layers, it is possible to achieve blue emission from the
layers grown with a very high excess Ga adatom
population on the surface [9], which again will produce
a high density of the Ga dangling bonds at the surface.
Finally for the growth of N-polarity As-doped GaN
layers, the blue emission intensity increased for the
layers grown under high Ga:N ratios [5]. All this
evidence suggests that the concentration of Ga dangling
bonds on the surface is crucial for achieving strong blue
emission and that the polarity of the GaN growth
strongly influences the concentration of Ga dangling
bonds.

There are two possible explanations of the above
results on the PL from As-doped GaN layers. The first
possibility is that As incorporation into the GaN film
during MBE is influenced by polarity of the growth and
as a result the total concentration of As atoms
incorporated into the GaN layer is different for different
polarities of the growth. The second possible
explanation is that the polarity of the growth influences
the location of the As in the GaN lattice.

Fig. 6 shows SIMS profiles of the As distribution in
two As-doped GaN layers grown with the same As flux
and under the same MBE conditions. Fig. 6 (a) is SIMS
data for an N-polarity GaN layer, which was grown
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Fig. 6. SIMS profiles of the As concentration in two As-doped
GaN layers grown under the same MBE conditions. (a) A GaN
layer grown directly on c-plane (0001) sapphire and (b) the
equivalent GaN layer grown on a GaN MOVPE template on c-
plane (0001) sapphire.

directly on c-plane (0001) sapphire and Fig. 6 (b) is
SIMS data for a Ga-polarity GaN film, which was
grown on GaN MOVPE template on c-plane (0001)
sapphire. In each case, the As concentration was
calculated using different secondary ions — CsAs+ and
As-. A CAMECA IMS-4f ion microprobe was used and
a GaN layer implanted with As was employed as the
SIMS standard. The As concentrations estimated from
different secondary ions are different in the case of N-
polarity GaN, but they are almost identical for the Ga-
polarity layers. It is clear that the total concentrations of
As inside the GaN layers of the different polarity are
comparable ~ (5-10) 10%°cm™. The difference in the
arsenic SIMS concentrations estimated using different
CsAs+ and As- secondary ions for two As-doped GaN
layers of different polarity suggests that the
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microstructure and the position of the As inside the GaN
lattice must be different. This perhaps allows one to
conclude that, the main reason for the strong difference
in the intensity of the blue emission in As-doped GaN
films of different polarity does not relate to the any
difference in the concentration of As incorporated in the
films. However, this suggests instead that the different
configuration of Ga atoms on the surface for different
polarities leads to the As being incorporated in different
preferential lattice positions.

V. CONCLUSIONS

The polarity of the film has a strong influence on the
morphology and the optical properties of MBE grown
As-doped GaN layers. Strong blue emission from As-
doped GaN was observed only in the case of N-polarity
(000-1) layers grown by MBE. The possible explanation
is that the polarity of the growth influences the location
of the As in the GaN lattice. The concentration of Ga
dangling bonds is highest for N-polarity of a GaN
surface because there are 3 dangling bonds at the
surface for each Ga atom for the case of N-polarity
(000-1) GaN. The concentration of Ga dangling bonds
on the surface is crucial for achieving strong blue
emission and the polarity of the GaN growth strongly
influences the concentration of Ga dangling bonds.
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