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GaN Nanowall Network: Laser Assisted
Molecular Beam Epitaxy Growth
and Properties
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9.1 Introduction

Group III-nitride materials, such as InN, GaN, AlN and their alloys, are the
well-established semiconductors for the fabrication of high efficiency blue/green
light emitting diodes (LEDs) and laser diodes (LDs) [1–3]. III-nitride LEDs are also
the backbone for the current solid state lighting technology [4, 5]. Because of small
size, light weight, high efficiency and long life time, nitride LEDs find a wide range
of applications in the field of room lighting, displays, traffic lights, automobiles, etc.
The excellent physical properties of group III-nitrides such as direct bandgap with a
large tunability, high carrier mobility, high electron saturation velocity, high
breakdown field, good mechanical and thermal conductivity, radiation hardness etc.
are behind this success and make III-nitrides second most important semiconductors
after silicon. Some of the important properties of wurtzite III-nitride semiconductors
are listed in Table 9.1 [6–8]. Currently, III-nitrides are being explored for their
potential applications in the field of short wavelength optoelectronics, high power
electronics, photovoltaics and spintronics as well. Efficient AlGaN based ultraviolet
(UV) LEDs are soon expected to replace UV lamps as they are free from ozone
generation and mercury. On the other hand, the in-built spontaneous and piezo-
electric polarization fields of GaN have led the way to realize AlGaN/GaN
heterostructure based high electron mobility transistors (HEMTs) for micro- and
millimeter-wave power electronics [9, 10]. Due to their robust nature, GaN based
HEMTs can be used in extreme environmental applications such as space, satellite,
and military systems.
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III-nitride device structures are generally grown on foreign substrates due to the
lack of large-sized bulk GaN substrates, using metal organic chemical vapor
deposition (MOCVD) and molecular beam epitaxy (MBE) techniques. The
MOCVD and MBE techniques employ a high temperature process for III-nitride
growth that limits the choice of substrate materials mostly to sapphire and Si due to
their high thermal stability and commercial viability. The large lattice and thermal
mismatch of GaN with sapphire and Si lead to generation of a high density of
threading dislocations in the order of 108–1010 cm−2 in the grown GaN epitaxial
layer [11–13]. The threading dislocations propagate from the GaN/substrate inter-
face even to the surface deteriorating the optical and electrical properties of GaN
based devices. Whereas, there are several other closely lattice- and thermal-matched
substrates like LiGaO2, ZnO, etc. available for GaN growth but they are vulnerable
to higher growth temperatures above 600 °C. Therefore, development of a low
temperature growth process is essential for group III-nitrides to further enhance
their device performance. Laser molecular beam epitaxy (LMBE) is a relatively
new technique for developing group III-nitride semiconductors but it can offer a
low temperature growth process as the adequate kinetic energy for the precursors is
supplied by the laser power itself. Low temperature growth of III-nitride epitaxial
layers has already been demonstrated on various kinds of substrates including
metals by using LMBE technique [14–18]. We have recently reported a low tem-
perature growth of GaN layers on sapphire substrate by LMBE using laser ablation
of liquid Ga and solid GaN targets under r.f. plasma ambient [19–24].

In recent years, GaN based nanostructures such as nanowires, nanorods, nan-
otubes and nanowalls are gaining a great research interest as they are
dislocation-free and strain-free, and also have a large surface area-to-volume ratio.
One dimensional (1D) nanostructures such as nanorods and nanotubes have enor-
mous potential as fundamental building blocks for nanoscale electronic and opto-
electronic devices. Few devices based on GaN 1D nanostructures such as field

Table 9.1 Important physical properties of wurtzite III-nitride semiconductors [6–8]

Property InN GaN AlN

Lattice constants a (Å) 3.533 3.189 3.112

c (Å) 5.693 5.185 4.982

Band gap energy Eg (eV) at 300 K 0.64 3.43 6.14

Exciton binding energy (meV) 9 34 60

Thermal expansion Da/a (K−1) 3.8 � 10−6 5.6 � 10−6 4.2 � 10−6

Dc/c (K−1) 2.9 � 10−6 3.2 � 10−6 5.3 � 10−6

Thermal conductivity (W cm−1 K−1) *0.8 1.3 2.85

Dielectric constant (er) 10.5 8.9 8.5

Density q (g cm−3) 6.81 6.15 3.23

Melting point (K) 2146 2791 3487

Decomposition temperature (K) 630 850 1040

Binding energy (eV) 1.98 2.20 2.88
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effect transistors, p-n junctions, LEDs, Lasers and photo-detectors have been suc-
cessfully demonstrated [25–29]. However, the fabrication of devices on individual
1D nanostructure is difficult due to the complications involved in their handling
process. Here, two-dimensional (2D) nanowall network structures are convenient
for the fabrication of nano-devices with their material continuity in the lateral
direction and also show very interesting structural, optical and electrical properties.
Especially, the electron mobility in c-axis oriented wedge-shaped GaN nanowall
network grown on sapphire is estimated to be several orders of magnitude larger
than that in GaN bulk and the electron mobility increases with the reduction of the
average width of the wall [30, 31]. ZnO nanowall network based gas sensors, field
emitters, and UV detectors have been reported in literature though GaN nanowall
based devices are yet to be realized [32, 33].

Spontaneous formation of GaN nanowalls has been achieved by few researchers
by using either plasma-assisted or ion-beam-assisted MBE techniques [30, 34, 35].
However, the growth of III-nitride nanostructures by LMBE technique is extremely
limited [36]. In this chapter, we present the homo- and hetero-epitaxial growth of
GaN nanowall network on GaN template and sapphire (0001) substrate using
LMBE and discuss their structural, optical and electronic properties as characterized
by various techniques.

9.2 Growth of GaN Nanowall Network by LMBE
Technique

The growth of GaN nanowall network was carried out on 3.5 µm thick MOCVD
grown GaN template on sapphire (0001) and bare sapphire (0001) substrates using
an ultra-high vacuum (UHV) LMBE growth technique. The growth system was
equipped with reflection high energy electron diffraction (RHEED) for in situ
monitoring, residual gas analyzer and r.f. N2 plasma source to supply additional
nitrogen radicals. The base pressure of the LMBE growth chamber is
*2 � 10−10 Torr which is maintained by combination of various UHV pumps
such as turbo molecular pump, titanium sublimation pump and ion pump. The
schematic diagram of LMBE growth technique is represented in Fig. 9.1. A high
quality HVPE grown solid, polycrystalline GaN target with a purity of 99.9999%
was used as target material and semiconductor grade N2 gas was used as the gas
source in r.f. nitrogen plasma cell. A resistive heater was employed to raise the
substrate temperature via infra red (IR) radiation. The back side of the GaN tem-
plate and sapphire substrate was coated with a *1 µm thick layer of molybdenum
to increase the absorption of IR heat radiation and uniform heat distribution. The
substrates were cleaned using standard organic solvents followed by de-ionized
water. The substrates were initially heated in the entry load lock chamber for
several hours at 200 °C to remove surface adsorbates and were then transferred into
the growth chamber. The substrate temperature and the growth duration were kept
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constant as 700 °C and 2 h, respectively. In case of sapphire substrate, it was
thermally cleaned at 850 °C for 10 min in UHV condition followed by surface
nitridation and GaN buffer growth at low temperature prior to the main GaN
growth. A KrF excimer laser of 248 nm wavelength and 25 ns pulse width was
used to ablate the GaN target with an energy density of *3 J/cm2 and a laser
repetition rate varying between 10 and 40 Hz. The r.f. nitrogen radicals were also
supplied during the ablation of GaN target to provide N-rich growth condition for
nanowall growth. The nitrogen gas flow and r.f. plasma power were fixed at
0.4 sccm and 250 W, respectively. The substrate cleaning and GaN growth were
monitored in situ using RHEED operated at 25 kV. The effect of wet-etching on the
GaN nanowalls grown on GaN template was also studied with KOH solution of 2M
concentration for 30 min at room temperature.

9.3 Characterization of GaN Nanowall Network Grown
by LMBE Technique

The structural properties of grown GaN samples were characterized using high
resolution X-ray diffraction (HR-XRD) and Raman spectroscopy. The X-ray
rocking curve (XRC) measurements along GaN (0002) and (10-12) planes were
used to characterize the crystalline quality. The broadening of rocking curve is
generally used to estimate the defects such as dislocation density and mosaic spread
in the epitaxial layer. Here, the rocking curves of the GaN layers for (0002) and
(10-12) diffraction planes were recorded in incident beam configuration using a

Fig. 9.1 Schematic diagram of laser molecular beam epitaxy (LMBE) growth technique
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multilayer graded mirror with channel-cut 2-bounce Ge (220) monochromator using
Cu Ka1 radiation. A scintillation detector was used to record the diffracted beam
from the homo-epitaxial GaN for measurements of rocking curve. The
micro-Raman spectra were collected in backscattering geometry using an excitation
source of 514.5 nm wavelength. The plan- and 45° tilt-view surface morphologies
of GaN nanowalls were analyzed by using a field-emission scanning electron
microscopy (FE-SEM) with a 5 kV electron source.

The quantitative analysis of crystalline quality was also carried out using
Rutherford backscattering geometry (RBS) technique. A well-collimated (diver-
gence *0.05°) He++ ion beam of energy 3 meV from 1.7 MV Pelletron accelerator
was used for the RBS/channeling measurements. The backscattered particles were
detected using a surface barrier Si detector at an angle of 165° with respect to the
incident beam. The optical emission properties were characterized using photolu-
minescence (PL) spectroscopy at room temperature with a 266 nm laser line as an
excitation source. To investigate the electronic structures, X-ray photoelectron
spectroscopy (XPS) measurements were carried out using monochromatic Al Ka

and non-monochromatic dual anode (Al Ka and Mg Ka) X-ray sources housed in an
UHV Multi Probe Surface Analysis System from Omicron at room temperature. An
electrical contact was established between the sample surface and grounded sample
plate with a highly conducting UHV compatible Ag paint in order to minimize
charging during the XPS measurements of GaN nanowalls and GaN template
samples. All binding energies have been referenced to the Fermi edge of an Ar+
sputtered clean polycrystalline Ag foil whereas charging correction was done using
C 1s (284.8 eV) core-level binding energy [22]. Overall experimental energy res-
olution with 20 eV analyzer pass energy for monochromatic Al Ka (1486.7 eV)
and non-monochromatic Mg Ka (1253.5 eV) is 0.45 and 0.9 eV, respectively [22].

9.4 Properties of Homoepitaxial GaN Nanowall Network
Grown on GaN Template

9.4.1 Structural Properties

The cleaning of GaN template and LMBE growth of GaN were monitored by in situ
RHEED technique. The RHEED observation of GaN template showed a streaky
pattern along [11-20] and [10-10] directions as presented in Fig. 9.2a, which is the
sign of an atomically flat surface suitable for epitaxial growth. During the LMBE
GaN growth, the streaky pattern changed to aligned spotty features indicating an
epitaxial three-dimensional (3D) growth of GaN under the adopted experimental
conditions and the respective RHEED patterns are given in Fig. 9.2b. The twist
and tilt in the GaN template and LMBE GaN were examined using symmetric
and asymmetric XRC measurements, respectively. The symmetric (0002) plane and
asymmetric (10-12) plane XRCs of GaN template are presented in Fig. 9.3. The full
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width at half maximum (FWHM) of XRC is an indication of crystalline quality of
the grown layers. The XRC FWHM values of (0002) and (10-12) planes of GaN
template was obtained as 292 and 375 arc-sec, respectively, whereas, the values
increased to 310 and 436 arc-sec for the LMBE grown GaN at 10 Hz. The values
further increased as a function of laser repetition rate as shown in Fig. 9.4.
A maximum of 320 and 468 arc-sec were obtained along (0002) and (10-10) planes
for the GaN grown at 30 Hz (the respective XRCs are shown in Fig. 9.3). These
observations exhibit that the crystalline quality of GaN is slightly distorted during
LMBE growth especially at higher laser repetition rates up to 30 Hz. However, the
asymmetric XRC FWHM value decreased significantly for the LMBE GaN grown
at 40 Hz.

Surface morphology of the LMBE grown GaN samples on GaN template were
characterized by FESEM and the plan- and and 45° tilted-view FESEM images are
shown in Fig. 9.5. For the GaN grown at the low repetition rate of 10 Hz, highly
dense, un-coalesced GaN islands are observed. The respective 45° tilt-view FESEM
image shows an elongated GaN growth in the lateral direction as in Fig. 9.5a.
Further increase in the laser frequency to 20 Hz leads to the formation of GaN
nanowall network structure with a large number of hexagonal-shaped pores of size
ranging from 90 to 120 nm. The nanowall width is tapered from the base towards
the top with a tip width of about 20–30 nm as seen in Fig. 9.5b. The well-defined
GaN nanowall network with a pore size of 120–180 nm has been observed for
30 Hz growth (Fig. 9.5c). The individual GaN nanowalls have a tip width of about
10–15 nm that overlap and interlace with one another to form a continuous network
structure. In comparison, the pore size of the GaN nanowall network increased with
increasing laser repetition rate from 20 to 30 Hz while the tip width decreased
dramatically. For 40 Hz growth, the GaN layer of coalesced islands has been
obtained with presence of a high density of surface pits. The surface pits are
inverted hexagonal pyramids formed due to the remnants of island coalescence
process and are characteristics of GaN growth.

Growth mode of GaN based materials shows a sharp sensitivity to the Ga/N flux
ratio prevailing on the growth front. Under Ga-rich flux condition, i.e. N/Ga ratio
<1, GaN grows in 2D mode yielding an atomically flat surface while N-rich con-
dition with N/Ga ratio >1 mostly promotes a 3D growth of rough surface [37, 38].

Fig. 9.2 RHEED patterns of a GaN template and b homoepitaxial GaN growth during LMBE
technique, taken along [11-20] and [10-10] directions
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The nanowall network is basically a vertically grown structure and the researchers
have obtained growth of GaN nanowall network on different substrates under a
highly nitrogen-rich flux condition using conventional MBE technique [34, 39–42].
Zhong and Hane have studied the effect of Ga/N flux ratio on the growth of GaN on
Si (111) substrate by varying the N to Ga ratio from 180 to 980. The nanowall

Fig. 9.3 High resolution X-ray rocking curves of GaN template and GaN nanowalls grown at
30 Hz: a (0002) and b (10-12) planes
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width could be controlled from 30 to 200 nm by adjusting the N/Ga flux ratio in the
above range [34]. Poppitz et al. achieved growth of porous GaN nanowall network
on SiC using ion-beam-assisted MBE in the temperature range 750–850 °C by
keeping the N ion to Ga atom ratio between 2.7 and 6.3 [35]. Spontaneous growth
of GaN nanowalls on sapphire (0001) has been reported under the N/Ga ratio of 100
by Kesaria et al. [39]. In the LMBE growth of GaN nanowall, the in situ RHEED
showed the 3D growth with a spotty pattern indicating the N-rich flux condition.

Based on the experimental conditions and the observed results, a possible
growth mechanism can be proposed for GaN nanowall network structure. As dis-
cussed earlier, the available reports unanimously suggest that nitrogen-rich growth
condition is the most fundamental requirement for the formation of GaN nanowall
structure. In addition, the large lattice and thermal mismatch between GaN and
foreign substrates like sapphire and Si are also considered to understand the growth
mechanism of nanowall structure as the relative biaxial stress can relax via for-
mation of 3D structures [34, 39–42]. However, in case of GaN nanowall growth on
thick GaN template, the contribution of in-plane stress will be a minimum. Hence,
the growth mechanism of LMBE grown homoepitaxial GaN nanowall network can
be understood on the basis of N-rich growth condition and high flux rates. In LMBE
GaN growth, the laser ablation process of solid polycrystalline GaN target was
carried out under the r.f. activated nitrogen plasma ambient, which is a N-rich flux
situation prone for 3D growth. In addition, the surface kinetics of adatoms should
also be considered as the increase in flux rate greatly influences the growth process
of epitaxial layers. When the laser frequency is increased from 10 to 40 Hz, there is
a multifold increase of flux rate for the GaN growth. While the low flux rate at
10 Hz results in un-coalesced GaN islands the high flux at 40 Hz leads to formation
of a coalesced layer with a high density of large pits. The GaN nanowall network

Fig. 9.4 X-ray rocking curve full width at half maximum (FWHM) of GaN template and LMBE
grown GaN as a function of laser frequency
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Fig. 9.5 Plan- and 45° tilt-view FESEM images of GaN structures grown on GaN template at
various laser frequencies: a 10 Hz, b 20 Hz, c 30 Hz and d 40 Hz
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structures are obtained only for the intermediate flux rates at 20–30 Hz. With
increase in flux rate, the diffusion length of surface adatoms decreases due to
limited surface mobility by impinging flux, which sets on a vertical growth. At
10 Hz, the flux is not sufficient to form a continuous layer in the designated growth
duration of 2 h. At intermediate flux conditions i.e., 20 and 30 Hz, the GaN
nanowall network is formed due to diffusion limited vertical growth in the lateral
direction, which leads to nanowall formation. High density GaN nucleation islands
due to higher flux rate at 40 Hz tend to form a layer structure by early coalescence
among them. From the statistical analyses of nanowall network dimensions
obtained for 20 and 30 Hz, it is understood that the increase of pore size at higher
frequency occurs due to low surface diffusion of GaN adatoms by the increased flux
rate. Moreover, the sticking coefficient of Ga atoms is relatively higher at GaN
(0001) plane compared to other planes, which can further contribute towards the 3D
growth [42, 43]. The above results are evident that GaN nanowalls could be grown
homoepitaxially on GaN template at higher flux rates under N-rich flux condition
using LMBE technique.

Raman spectroscopy has been applied to evaluate the crystalline quality and the
presence of in-plane strain in the LMBE grown GaN structures. The Raman spectra
of GaN grown at various laser frequencies were recorded at room temperature in
backscattering geometry and are presented in Fig. 9.6. GaN normally crystallizes in
hexagonal wrutzite structure and the Raman active modes of wurtzite GaN are
A1 (LO), A1 (TO), E1 (LO), E1 (TO), E2 (low) and E2 (high). According to Raman
selection rules, only E2 (high) and A1 (LO) phonon modes are expected in the
backscattering geometry with laser beam incident on GaN (0001) surface.

Fig. 9.6 Room temperature Raman spectra of LMBE grown GaN at various laser frequencies
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By analyzing the line shape, FWHM value and shift of E2 (high) peak, the crys-
talline quality and the in-plane stress/strain in the GaN layer can be accessed while
the A1 (LO) mode gives information on the carrier concentration and electron
mobility [44, 45]. For the LMBE GaN, a strong E2 (high) mode and A1 (LO) mode
are seen at 571.3 and 736.8 cm−1, respectively. Compared to the E2 (high) position
of stress-free GaN at 567.6 cm−1, a peak shift of about 3.7 cm−1 has been obtained
for GaN template as well as LMBE grown GaN structures indicating a presence of
in-plane compressive strain [46]. It is noted that there is no change in the intrinsic
strain of the template over LMBE growth of GaN. The position and width of GaN
Raman modes of all samples have been analyzed with Lorentzian peak fit. It is
found that the peak position and FWHM of both E2 (high) and A1 (LO) modes
remain almost same with increase of laser frequency from 10 to 40 Hz. There is a
shoulder peak near E2 (high) mode at 561.8 cm−1, which is assigned to E1

(TO) mode. The peak width of E1 (TO) mode monotonically varies from 6.0 to
11.2 cm−1 with increase of frequency from 10 to 40 Hz. The increase of FWHM
value of E1 (TO) mode with respect to laser frequency indicates the increased
structural defects as in good agreement with HRXRD analysis.

Rutherford backscattering experiments were performed to characterize the
crystalline nature of the GaN nanowall network structure. The RBS/ion channeling
spectra of GaN template and LMBE grown GaN nanowall network structures are
given in Fig. 9.7. The ion channeling yield (the ratio of the backscattering yield of
aligned direction to that from the random direction in the near surface region) is
very low about 3.2% for the GaN template. The low RBS yield in the aligned
direction is an indication of the high crystalline order of the grown GaN layer that is
revealing the very high order of lattice arrangements. The ion channeling yield for
the GaN nanowall network structures increased to 9.8% indicating a slight disorder
of crystallinity during LMBE growth. The RBS observation is consistent with the
HRXRD and Raman data.

9.4.2 Optical Properties

Optical emission properties of the LMBE grown GaN structures in the frequency
range 10–40 Hz have been characterized by room temperature PL measurements
and the respective PL spectra are presented in Fig. 9.8. The PL data were acquired
under the same measurement parameters such as incident beam aperture size and
laser power for all samples. In common, a strong UV emission at *362 nm
(3.43 eV) and a broad, weak deep-band emission centered at the wavelength of
540 nm (2.30 eV) are obtained for the GaN template and LMBE grown GaN
samples. Bulk wurtzite GaN exhibit a near band edge (NBE) emission at *3.4 eV
and defects related peaks in the range of 1.4–2.8 eV at room temperature [47]. The
shift in NBE position compared to bulk GaN is related to the stress present in the
GaN template itself. It has been observed that the E2 (high) Raman shift of 4.2 cm−1

due to biaxial stress in GaN layer makes a 27 meV of blue shift in NBE peak
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Fig. 9.7 Rutherford backscattering spectroscopy of a GaN template and b LMBE grown GaN
nanowall network structure
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position [24, 46]. The deep band emission is the characteristic yellow luminescence
(YL) of GaN associated with intrinsic crystalline defects. The contribution of GaN
template in the PL data of LMBE GaN samples is possible and the obtained PL data
for all the samples cab be the combined effect of the template and the LMBE grown
GaN. At the same time, the notable change in the spectral features and NBE/YL
intensity ratio can provide information on the optical properties of the LMBE
grown GaN. The NBE/YL intensity ratio of the template and LMBE grown GaN at
10, 20, 30 and 40 Hz are obtained to be 43, 37, 18, 17 and 11, respectively.
Compared to GaN template, the ratio decreased as a function of laser frequency. It
indicates the generation of structural defects during LMBE growth, which are
responsible for YL emission [48]. In the literature, there are contradictory results
about the presence of YL peak intensity in GaN nanowall network. While few
reports claim a negligible YL emission for GaN nanowall network [41, 49], some
researchers observed prominent defect related peaks [42, 48].

For the GaN nanowall network structure grown at 30 Hz, an additional peak at
the higher energy region above NBE is observed as noted in the respective PL
spectrum. To analyze the higher energy emission, the PL data was fitted using
Lorentzian function and the position of new emission peak is identified to be
352 nm (3.52 eV). It should be mentioned that the higher energy peak with a blue
shift of 90 meV from NBE emission is observed only for the GaN nanowalls
network having a tip width of 10–15 nm. The GaN nanowall network with tip
width of 20–30 nm grown at 20 Hz did not exhibit any higher energy emission.
Recently, Bhasker et al. have reported that the NBE of GaN nanowalls of tip width
*10 nm is shifted by 60 meV towards higher energy side compared to that of the

Fig. 9.8 Room temperature photoluminescence spectra of LMBE grown GaN at various laser
frequencies (Inset yellow luminescence)
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GaN epitaxial layer and the enhancement of the band gap was explained on the
basis of carrier confinement effect in the nanowall structures [49]. Similarly, in case
of ZnO nanowalls grown on GaN template, the room temperature PL spectrum
showed a blue shift of NBE attributed to the quantum confinement effect [50]. GaN
nanowires of diameter comparable to Bohr exciton radius of GaN, i.e., *11 nm,
also exhibited a PL blue shift induced by quantum confinement effect induced [51].
Similarly, in the LMBE grown GaN nanowalls, the higher energy PL peak is
observed for wall width of 10–15 nm that is comparable to the Bohr exciton radius
of GaN. Therefore, the PL emission at 3.52 eV of GaN nanowall network is
assigned to quantum confinement of the charge carriers [36].

9.4.3 Electronic Structure

The electronic structure of GaN template and GaN nanowall network were char-
acterized using XPS studies [36]. Also, the XPS core level spectroscopy is one the
most powerful technique to determine the surface chemical composition.
A monochromatic Al Ka source was employed to study the Ga 3d core level as it is
free from additional X-ray satellites and offers a high energy resolution better than
non-monochromatic X-ray source. But, at the same time, it makes the N 1s core
level analysis more complicated as the N 1s spectrum overlaps with the broad Ga
Auger features and is not suitable to determine the chemical composition of GaN.
Hence, N 1s core level data was acquired using a non-monochromatic Mg Ka

source as the Ga Auger features do not overlap with the N 1s core level any more
[22]. The Ga 3d and N 1s core level spectra of GaN template and GaN nanowall
network measured using Al Ka and Mg Ka sources, respectively, are shown in
Fig. 9.9a, b. To determine accurate peak positions and relative contribution of
different components, the v2 iterative fit of Ga 3d and N 1s core level spectra were
carried out. Ga 3d core level spectra of GaN template can be fitted using 3 com-
ponents such as Ga–N, Ga–O, and N 2s while the fitting of Ga 3d core level
spectrum of GaN nanowall network was done with 4 components, i.e. with an
additional Ga–Ga component. As seen, in both cases, the Ga 3d core level spectrum
is mainly dominated by Ga–N peak which appears at 19.95 ± 0.05 eV for GaN
template and at 20.1 ± 0.05 eV for GaN nanowall network. The peak position and
FWHM values for GaN template are close to the earlier reports [52, 53].
The FWHM is relatively large for the GaN nanowall network. Ga–O component,
assigned to the formation of Ga2O3, is observed at 1.2 eV higher binding energy
(BE) side compared to main peak. It might be due to surface oxidation of GaN upon
exposure to atmospheric ambient [54, 55]. Ga–Ga component is located at 1.0 eV
lower BE side compared to main peak and it can be related to uncoordinated/
metallic Ga atoms [53, 54]. Relative percentage of Ga–O varies very little (7.2–7.9)
between the GaN template and the nanowall network indicating a similar amount of
surface oxidation.
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In case of N 1s core level, the spectra can be fitted by 2 components such as
major N–Ga and surface contamination related N–H/N–H2 peaks. The N–Ga peak
dominates the spectra and N–H/N–H2 component appears at 1.5 eV higher BE side
[53, 56]. For the GaN template, a small feature at 3.0 eV higher BE side is obtained
and can be attributed to NH3 contamination occurred during MOCVD growth [56].
N–Ga peak for GaN template and nanowall network appear at 397.6 ± 0.05 and
397.8 ± 0.05 eV, respectively. To calculate the surface chemical composition of
the GaN, area under the curve of Ga 3d and N 1s core levels have been normalized

Fig. 9.9 X-ray
photoemission spectra of GaN
template and GaN nanowall
network: Ga 3d and N 1s core
levels
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using respective photo-ionization cross sections, inelastic mean free path and
analyzer transmission function [22, 57, 58]. The Ga/N ratio for GaN template and
GaN nanowall network are calculated to be 1.04 ± 0.05 and 2.03 ± 0.1, respec-
tively. It clearly indicates that the LMBE grown GaN nanowall network is rich in
Ga content. It has been reported that Ga-rich surface may result due to formation of
Ga adlayer and/or Ga droplets and it can result in surface reconstructions [59–61].
Surface sensitivity of XPS can be tuned by varying the photoemission angle. From
angle dependent photoemission measurements, the Ga/N ratio was found to be
nearly same within the experimental error and therefore, the possibility of excess
Ga at nanowall surface can be excluded [36]. The large Ga/N ratio of the LMBE
grown GaN nanowall network suggests that it will have a large number of N
vacancy related defects; it can be correlated with the more defective nature of the
LMBE grown GaN as observed by the large X-ray rocking width and the enhanced
peak intensity of YL band in PL spectrum [62]. Ga 3d and N 1s core levels of the
GaN nanowall network shifts towards higher BE side by 0.15–0.2 eV, respectively,
compared to the GaN template and such shifts have been attributed to the presence
of N vacancies in GaN [63–66]. In recent past, N vacancies have emerged as major
point defect in bulk and nanostructured GaN [67–69]. Fitting of Ga 3d core level
spectrum of the LMBE grown nanowall network also confirmed the formation of
uncoordinated Ga atoms, possibly located at interstitial sites, pointing towards the
presence of N vacancies.

The VB spectra of GaN template and LMBE grown GaN nanowall network
measured using Al Ka source are given in Fig. 9.9. The VB spectra can be satis-
factorily fitted using 3 components corresponding to features A, B and C. The peaks
A and C are associated to Ga 4p-N 2p and Ga 4s-N 2p hybridized states, respec-
tively, with N 2p dominant character and the peak B has been attributed to mixed
orbitals and/or surface adsorbates [70]. For the GaN template, the features A, B and
C appeared at 4.5 ± 0.5, 6.92 ± 0.5, and 9.1 ± 0.5, respectively. Line shape and
energy position of dominant features of the VB spectra are in good agreement with
the earlier reports [70–72]. Similar to Ga 3d and N 1s core levels, the FWHM of VB
peaks for GaN nanowall network are found to be higher compared to GaN template
which could be correlated to the increased structural defects. Also, there is a very
small shift of A and C peaks towards higher BE for the GaN nanowalls with respect
to GaN template. These observations indicate that a redistribution of spectral weight
takes place in GaN nanowall and it can be attributed to the change in Ga/N ratio and
the consequent change in Ga–N hybridization.

The near EF VB spectra of GaN template and nanowalls are presented in
Fig. 9.10. The position of valence band maxima (VBM) has been found to lie at
2.67 ± 0.05, and 2.78 ± 0.05 eV below the surface Fermi level for GaN template
and GaN nanowall network, respectively. Since GaN has a bandgap of about
3.4 eV at room temperature the VBM positions indicate that GaN template and
nanowalls have n-type electrical conductivity. Also, in comparison with GaN
template, the VBM of GaN nanowall network is shifted by *0.1 eV towards
higher BE, which may be correlated to the increase in band gap as revealed by room
temperature PL. In contrast, the N vacancy induced change in surface band bending

260 M. Senthil Kumar and S.S. Kushvaha



may also shift VBM and Ga 3d and N 1s core levels. N vacancy related donor states
may increase near surface electron concentration resulting in positive surface charge
that will result in a reduction of positive space charge in the depletion region and
lower the band bending. In addition the surface oxidation level of GaN can also
affect the VBM and core level BE [73]. As the surface oxidation level is similar in
GaN template and nanowalls the related effect on peak shift would be insignificant.
It is noted that any evidence of presence of metallic states related to uncoordinated
Ga atoms is not found as there is no spectral weight around EF.

9.4.4 Effect of Wet-Etching

The surface morphology of wet-etched GaN nanowall network grown at 30 Hz is
shown in Fig. 9.11. The room temperature KOH wet-etching largely modifies the
GaN nanowall structure. The sharp edge and pore areas of the nanowall network are
etched-out thereby increasing the nanowall edge width and pore size. In addition,
numerous, small-sized pores are newly revealed in the surface.

The room temperature PL spectra of GaN nanowall network before and after
wet-etching are given in Fig. 9.12. After the wet-etching, the higher energy PL
emission peak at *3.52 eV assigned to the GaN nanowall network totally disap-
peared from the spectrum. The GaN NBE peak becomes sharper and the YL

Fig. 9.10 X-ray photoemission valence band spectra of GaN template and GaN nanowall network
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emission intensity is also reduced. The NBE/YL intensity ratio increased from 20 to
41 after etching. The absence of higher energy peak above NBE confirms that the
emission at *3.52 eV belongs to the GaN nanowalls due to quantum confinement
effect. The reduction of NBE peak width and YL intensity of wet-etched GaN
nanowalls are attributed to the removal of relatively defective LMBE grown GaN
material.

Fig. 9.11 a Plan- and b 45° tilt-view FESEM images of wet-etched GaN nanowall network
structure

Fig. 9.12 Room temperature photoluminescence spectra of as-grown and wet-etched GaN
nanowall network structure (Inset yellow luminescence)
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9.5 Properties of Heteroepitaxial GaN Nanowall Network
Grown on Sapphire (0001)

Growth of heteroepitaxial GaN nanowall network structure has been achieved on
pre-nitridated sapphire substrate under similar experimental conditions employed
for the growth on GaN template by LMBE. Only, the laser frequency and growth
time were maintained as 10 Hz and 3 h, respectively. The in situ RHEED patterns
recorded after sapphire cleaning and during GaN growth are given in Fig. 9.13.
The RHEED indicated a clean and atomically flat sapphire surface with short
streaky features. The RHEED obtained during GaN growth revealed a 3D growth of
GaN with 30° in-plane rotation with respect to sapphire substrate [74]. Figure 9.14
shows the surface morphology of heteroepitaxial GaN nanowall network in plan-
and 45° tilt-views. The nanowall network formation is analogous to that grown on
GaN template. The nanowalls have a tip width of 9–20 nm and a pore size of
50–120 nm.

The room temperature photoluminescence spectrum of GaN nanowalls grown on
sapphire substrate is presented in Fig. 9.15. A strong UV emission around 3.5 eV
(*355 nm) related to GaN nanowalls appeared with a blue shift of about 100 meV

Fig. 9.13 a RHEED patterns of (a) thermally cleaned sapphire (0001) substrate and b heteroepi-
taxial GaN nanowall growth during LMBE, taken along [11-20] and [10-10] directions

Fig. 9.14 Plan and 45° tilt view FESEM images of heteroepitaxial GaN nanowall network grown
on sapphire (0001) substrate
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from the band energy of bulk GaN. The higher energy emission is due to the carrier
confinement in nanowall edges of thin width comparable to Bohr radius of GaN as
discussed in the previous section. The YL band intensity is found to be negligible,
which denotes the good structural properties of the grown GaN nanowalls. Thus,
the LMBE growth technique demonstrates a great promise for producing homo- and
hetero-epitaxial GaN nanowall network under suitable experimental conditions that
can be employed in realizing nitride nano-devices for various unique applications
[32, 33, 75].

9.6 Concluding Remarks and Future Perspective

Homoepitaxial GaN nanowall network were grown on GaN template by laser
ablation of solid GaN target in presence of r.f. nitrogen plasma by using LMBE
technique. The role of laser frequency is found to be critical in the formation of
GaN nanowall structure in LMBE growth. The GaN nanowall width decreases as a
function of laser frequency and nanowall network with edge width of 10–15 nm
and pore size of 120–180 nm are obtained at 30 Hz. The structural, electronic and
optical properties of the GaN nanowall structures have been characterized.
HRXRD, Raman and RBS studies indicate that the crystalline quality of LMBE
grown GaN nanowalls are slightly changed as compared to that of MOCVD grown
GaN template. The room temperature PL measurement shows a high energy
emission from GaN nanowall network at 3.52 eV due to the quantum confinement
of carriers at the nanowall edges. An increased width of GaN nanowall has been
obtained after a wet-chemical etching in KOH and consequently, the nanowall
related PL emission disappeared confirming the presence of quantum confinement
effect only in thinner nanowall structures. Heteroepitaxial GaN nanowall network of

Fig. 9.15 Room temperature
photoluminescence spectrum
of heteroepitaxial GaN
nanowall network grown on
sapphire (0001) substrate
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edge with <15 nm were also grown on sapphire (0001) substrate by LMBE.
A higher energy PL emission from the heteroepitaxially grown nanowall is obtained
around 3.5 eV at room temperature due to carrier confinement. Similar to con-
ventional MBE, N-rich flux condition is found to be favorable to achieve GaN
nanowall network structure by LMBE growth.

The LMBE grown GaN nanowall network with a large surface area and confined
charge carriers will have potential technological applications in the area of field
emission and high temperature sensing. The porous network structure can also be
used for surface texturing of light emitters and solar cells to improve their output
efficiency.
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