Journal of Materials Science: Materials in Electronics (2020) 31:13756-13764

https://doi.org/10.1007/510854-020-03935-1

=

Check for
updates

Comparison of optoelectronic properties of epitaxial

and non-epitaxial GaN nanostructures

Kishor Upadhyaya'

Received: 5 April 2020 / Accepted: 3 July 2020 / Published online: 10 July 2020

© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

- Narasimha Ayachit’ - S. M. Shivaprasad?

Structural, optical and surface properties of epitaxially grown 2D GaN nanowall network using Molecular Beam Epitaxy have
been compared to those of non-epitaxially grown single-crystalline 1D GaN nanowires using Chemical Vapour Deposition.
The kinetics of growth mechanisms and formed morphology are shown to significantly influence the respective band struc-
tures and consequently their luminescence properties. X-ray diffraction and Raman spectroscopy reveal that the epitaxial 2D
nanowall network experiences a hydrostatic strain in addition to a compressive strain, whereas non-epitaxial 1D nanowires
possess a morphology-dependent tensile/compressive strain and a negligible hydrostatic strain. Slightly blue-shifted photolu-
minescence emission from both these nanostructures is markedly enhanced compared to that from an epilayer. The epitaxial
nanowall network exhibits the highest enhancement in the band edge emission among them. X-ray photoelectron spectroscopy
spectra show shifts in the valence band features and in the hybridization of shallow core levels. Using the XRD, Raman, PL
and XPS data, a variation in the band structure of these differently kinetically formed GaN nanostructures is also sketched.

1 Introduction

Appropriately self-assembled low-dimensional materials
exhibit size-dependent properties and hence have opened
new vistas of technology that were not conceivable before.
The last two decades have seen intense research activity
in the field of low-dimensional materials, which is of both
phenomenological and technological importance, to under-
stand and harvest this novel knowledge for useful applica-
tions. Especially, low-dimensional semiconductor materials
have become an integral part of a wide range of modern
optoelectronic devices such as light-emitting diodes, lasers,
photo detectors, field emitters, high electron mobility tran-
sistors, field effect transistors, biochemical sensors, short
wavelength communication (5G onwards), data storage and
processing, and bio-imaging. Many nitride semiconductors
like g-C;N,, BN and TiN have been studied extensively in
the past couple of decades to explore their suitability for

> Kishor Upadhyaya
kishor@Xkletech.ac.in

' Thin Films Lab, Centre for Materials Science, K.L.E
Technological University, Hubballi 580031, India

International Centre for Materials Science, Jawaharlal Nehru
Centre for Advanced Scientific Research, Bangalore 560064,
India

@ Springer

photocatalysis, coating applications, etc. [1-4]. After blue
light emission was demonstrated by Nakamura et al. in
1990s, GaN has been one of the most studied semiconduc-
tor materials in recent past, due to its wide direct bandgap
(3.4 eV), high temperature and power sustainability, mobil-
ity, melting point, low electron affinity (2.7-3.3 eV) and
chemical stability which make it desirable for the range
of applications mentioned earlier [5—11]. Forming self-
assemblies of GaN of various nano-manifestations such as
pyramids, rings, belts, wires, rods, walls and irradiated flat
surfaces are being probed intensively to not only observe
tunable characteristic properties unprecedented that were not
possible in their bulk forms [12—17]. The role of strain, point
and extended defects, assembly of nanostructures, etc. have
become crucial in translating these basic information into
usable optoelectronic devices.

Nanostructured GaN thin films can be grown using differ-
ent growth techniques such as vapour phase epitaxy (VPE),
molecular beam epitaxy (MBE) and chemical vapour dep-
osition (CVD) which employ different growth routes that
influence the crystallization process and defect density,
which in turn influences the optical properties [18-22]. In
epitaxial techniques like MBE, the lattice mismatch between
the substrate and the GaN overlayer influences the crystal
structure, strain, dislocation density, defects, etc. and hence
by controlling the growth kinetics, different nanostructured
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morphologies are obtained. In non-epitaxial techniques like
CVD, an assembly of metal catalyst nanoparticles are used
on the substrate to initiate the growth. The choice of cata-
lyst and temperature majorly influence the emerging struc-
tural properties while the growth proceeds via vapour-lig-
uid-solid (VLS) mechanism. Several efforts to tune the
properties of GaN by employing various growth techniques
have been reported in the literature [23-31], but a precise
control of the assembly of these structures for gainful appli-
cations is still elusive.

In this work, we have compared two different single-
crystalline morphologies, viz. epitaxial 2D Nanowall Net-
work (NWN) grown by Molecular Beam Epitaxy (MBE) on
sapphire and non-epitaxial 1D Nanowires (NW) grown by
Chemical Vapour Deposition (CVD), respectively. The role
of growth mechanism on the morphology and crystallinity
of the nanostructures has been elucidated, and morphology
and their role in the enhancement of luminescence properties
have been reported.

2 Experimental procedure

GaN thin films were grown using both Low Pressure Chemi-
cal Vapour Deposition (CVD) and Molecular Beam Epitaxy
(MBE) to obtain nanostructures with different morpholo-
gies. Films grown on CVD (custom built) used chemi-
cally cleaned Si(111) as substrate on which 2-nm-thick Au
(99.99% wire from Alfa Aesar) was deposited by e-beam
evaporation with a beam current of 5nA and base pressure of
1.0x 107 Torr. A Quartz Crystal Microbalance was used to
monitor the coverage of Au deposited on the substrate. This
substrate was then placed at a distance of 10 mm from Ga
metal (99.99%, Alfa Aesar) in an alumina crucible and intro-
duced in a horizontal tubular furnace with a base pressure
of 10~ mbar. Growth was carried out for 2 h with ammo-
nia flow rate of 200 sccm at 800 °C and 850 °C to obtain
nanorods (NR) and nanowires (NW), respectively. The reac-
tor was turned off after the growth to naturally cool down
to room temperature. Similarly, epitaxial films were grown
using MBE (SVT associates, USA) on chemically cleaned
Al O, (0001) which was degassed at 500 °C in 1 x 10~ Torr
vacuum inside the preparation chamber for 60 min, and
again degassed at 800 °C in 3 x 10~!! Torr inside the growth
chamber for 30 min. Growth of GaN films was carried out
under optimized nitrogen-rich conditions (III-V ratio 1:100)
at a base pressure of 3x 107! Torr, at substrate temperatures
of 630 °C and 680 °C and growth durations of 3 h and 4 h to
obtain the blunt and sharp tipped nanowall network (NWN)
morphologies. In both the cases, 4.5 sccm N, gas flow rate
with a RF forward power of 375 W was maintained while
Ga Knudsen cell was kept at 1000 °C.

Field Emission Scanning Electron Microscope (FESEM)
(Quanta 3D FEG, FEI, Netherlands) images were captured
at an operating voltage of 10-30 kV and different magnifica-
tions. Imagej software was used to perform image analysis to
obtain size distribution, surface area, etc. X-ray diffraction
(XRD) (Briiker, USA) with a Cu Ka source (1.5406 A) was
used to study the crystal structure of the films. Photolumi-
nescence (PL) (Horiba JobinYvon, Japan) spectrophotometer
with 325 nm excitation wavelength from a Xe lamp with
8mW power was used to look at optical emission at room
temperature. X-ray photoelectron spectroscopy (XPS) (EAC
2000 SPHERA 547 spectrometer, Omicron) studies were
performed using AlKa anode (1486.7) with an X-ray spot
diameter of 3—4 mm to study the electronic band structure.
Calibration of binding energies was done by measuring the
Fermi energy on an Ag foil in electrical contact with the
sample. The spectra were acquired with a hemispherical
analyser with a pass-energy of 100 eV for core-level survey
scans and 25 eV for valence band scans. Shirley background
correction and Gaussian line shapes were used for valence
band peak fitting, and the position of the valence band
maximum was obtained by linearly fitting its leading edge
to the baseline. Raman spectra (inVia Renishaw, UK) were
obtained in the 180° backscattering mode using Nd:YAG
solid-state laser with~8 mW power and 532 nm excita-
tion with a grating monochromator (2400/1800grooves/
mm) and Peltier cooled Charge Coupled Device detector.
A commercially acquired GaN epilayer (TDI, USA) with
2-pum-thickness flat film grown by Vapour Phase Epitaxy
method and bulk GaN powder (Alfa Aeser, Germany) was
used as a reference for all the studies.

3 Results and discussion

Figure 1 shows FESEM images of GaN films of various
morphologies grown by CVD (Fig. 1a, b) and PAMBE
(Fig. 1c, d). 1D nanostructured GaN films grown by CVD
at 800 °C (Fig. 1a) and 850 °C (Fig. 1b) contain nanorods
(NR) and interconnected nanowires (NW), respectively.
Image analysis reveals that the average diameter and length
of NR are 140 nm and 1.37 pm (aspect ratio ~ 10), whereas
for NW these values are 15 nm and 3.54 pm (aspect ratio
~ 236), respectively, with a 23 times larger average aspect
ratio. In the VLS growth method, at a relatively lower tem-
perature of 800 °C, the depleted availability of N-species
due to slow decomposition of ammonia results in Ga-rich
Au-Ga supersaturated alloy nuclei particles, which prefer-
entially grow radially. Adatoms arriving directly onto the
c-plane of the nanostructure and the sidewall diffusion cause
further increase in both radial and axial directions, thereby
leading to the formation of larger diameter NRs. However,
higher growth temperature (850 °C) increases the ammonia

@ Springer



13758

Journal of Materials Science: Materials in Electronics (2020) 31:13756-13764

Fig. 1 FESEM plan view
images of CVD-grown GaN a
Nanorods (NR), b Nanowires
(NW) and PAMBE grown,

¢ Blunt Nanowall Network
(b-NwN), d Sharp Nanowall
Network (s-NwN)

decomposition rate and aids axial growth resulting in the
formation of smaller diameter NWs. In addition, at 850 °C
the Ga vapour pressure is relatively higher, and hence the
growth rate is higher, leading to the growth of a continuous
interconnected network long NWs [32]. Figure 1c, d shows
the FESEM images of blunt tipped and sharp tipped GaN
Nanowall Network (NWN) grown by MBE. These NWNs
are formed by open screw dislocations as a route to relax the
lattice mismatch-induced tensile stress at the interface of
GaN and sapphire as described elsewhere [33]. Even though
the average height (= 600 nm) and width at the base (~
160 nm) of both kinds of nanowalls are the same, the average
width at the tips is 8 times narrower in the sharp Nanowall
Network (s-NwN) (=~ 10 nm) compared to the blunt Nano-
wall Network (b-NwN) (~ 80 nm).

Figure 2 shows the X-ray diffraction scans for GaN NW,
NR, s-NwN, b-NwN and flat epilayer with peaks for GaN
bulk powder (for reference) indicated by dotted lines. All
the peaks can be indexed to wurtzite GaN (JCPDS card no:
898624). GaN (0002) peaks were observed at 20 =34.62°,
34.50°, 34.56° and 34.58° for NR, NW, s-NwN and b-NwN
samples, respectively. Peaks were observed at 34.53° and
34.54° for bulk and epilayer samples, which shift towards
higher 26 value for NR, s-NwN and b-NwN films, indicating
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Fig.2 X-ray diffraction 2 theta patterns for GaN thin film samples
NR, NW, s-NwN, b-NwN and epilayer

the presence of a compressive strain. However, the NW peak
shifts to a lower 26 value, indicating a tensile strain in the
film along c-axis. NW and NR show peaks at 32.49° and
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32.50° corresponding to GaN (10-10) plane which appears
at 32.25° for bulk GaN. An off-axis peak corresponding to
GaN (10-11) appears at 35.85° and 36.00° for NW and NR,
respectively, which arises due to the tilt of the NWs and NRs
along that direction. Peaks around 31° and 37° for NR and
NW correspond to the Si substrate and Au (111) catalyst,
respectively. Similarly, the peak around 41° for s-NwN and
b-NwN corresponds to the Al,O5; (0004) substrate.

Lattice parameters of all the samples (shown in Table 1)
along with epilayer are calculated based on the shifts in their
20 peak positions with respect to bulk GaN powder (stress-
free) taken as reference. Stress values along both c- and
a-directions are calculated using Hooke’s law:

E
Ojj =£ii(;)’ ey
where E is bulk modulus (200 GPa) and v is Poisson’s ratio

(0.28) and ¢;; is the strain (i =z for out of plane and i =x for

in plane). These values are calculated using
c—c¢ d a—a,

ande, =€, = ,

c a= Exx a 2

where ¢ and a are lattice parameters of the film and ¢ and q,
are the lattice parameters of bulk GaN (powder).

Among all the four samples studied, only NW shows
larger ‘c’ value than that of bulk GaN, indicating the
presence of a tensile stress along z-axis, while other three
films experience compressive stress along the same direc-
tion, as evident from their smaller ‘¢’ values. It is evident
from Table 1 that both NR and b-NWN samples are more
stressed than NW and s-NWN, which have smaller sized
nanostructures. Surprisingly, the stress values of epitaxi-
ally grown 2D NWN morphologies are lesser than the
1D NWs and NRs indicating that the NWN morphology
undergoes a more relaxed atomic re-arrangement during
the crystallization process. Even though both s-NwN and
b-NwN are epitaxially grown, the stress in s-NwN due to
lattice mismatch is better relaxed by forming larger cavi-
ties compared to those in b-NwN sample. This reduces the
contact area between s-NwN and c-plane sapphire at the
interface leading to minimal strain on the film. However,
the b-NwN that possesses smaller cavities exhibit larger

strain due to lattice mismatch caused by higher contact
area with the c-plane sapphire. Since, NW and NR samples
are grown on Au coated Si substrate, they are not in direct
contact with Si surface. NRs possess larger diameters (=
140 nm) than NWs (~ 15 nm) right from the nucleation
stage and possess larger stress. Both NWs and NRs exhibit
biaxial strain, wherein NW has tensile strain and NR has
compressive strain along c-direction and tensile strain
along a-direction.

Figure 3 shows the Raman spectra acquired for all the
samples along with epilayer. In the backscattering geom-
etry A; (LO), E, high and E, low modes are active. E,
(high) mode peaks which correspond to N atoms vibrat-
ing in GaN of NW, NR, b-NwN, s-NwN and epilayer are
shown in Fig. 3a, and are observed to vary with in-plane
stress. This peak at 566.40 cm™! for bulk powder sample
is taken as reference to calculate the in-plane strain values
(o.) of all the samples, using the Kozawa relation,

AE, = o, X (4.2 +0.3)cm™! GPa™'. 3)

e = pilayer
) L A4
o N R
e 5-NWN
s -NWN

Intensity (arb. units)

L ¥ T » ) Y, L} ¥, L) ",
540 550 560 570 580 590
Raman Shift (cm™)

Fig.3 Raman spectra around E, (high) mode of epilayer, NW, NR,
s-NWN and b-NWN samples

Sraim and sressvanes for g, Sumwle e b e d e “ oGP oGPy cnfem

NW, s-NwN, b-NwN, epilayer Bulk 3.1891 5.1886 _ _ _ _ _

and bulk (powder) samples Epilayer  3.1159 52345  8.85x1073 —229x102 4.65 - 0.1930
NR 34503 51764  —235x10°  8.19x107 124  43.10 0.0142
NW 34627 5.1958  1.38x10° 8.58x 1072 073  45.15 —0.0008
s-NwN - 51863  —044x10° - -0.23 - -
b-NwN - 51832 —1.04x10° - ~0.74 - -
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Table2 Relative Raman shift Sample E,(high) cm™! Relative Raman shift ~ FWHM (eV) Stress (6,) in GPa
with reference to peak position (AE,) in cm™!
of E2 (high) mode of bulk 2
powder for epilayer, NW, NR, Bulk 566.40 _ _ _
s"NWN and b-NWN samples Epilayer 568.23 1.83 0.394 0.44
along with Stress values
calculated from Eq. 3 NW 569.03 2.63 1.147 0.63
NR 564.54 —1.86 1.841 -0.44
s-NwN 567.96 1.56 1.148 0.37
b-NwN 565.32 —1.08 1.711 -0.26
1.0 -
: s-NWN —Epi|ayer
: TR :vh;lWN L 0.5 e NW
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Fig.4 Comparative plot of strain values calculated from Raman
and XRD studies vs average size of the nanostructures in NW, NR,
s-NWN and b-NWN. (Dotted line indicates Bohr exciton radius =~
11 nm)

The relative Raman shifts for epilayer, NW and s-NWN
are towards higher wavenumbers indicating the presence of
a tensile stress, whereas NR and b-NWN samples exhibit
shift to lower wavenumbers signifying a compressive stress
on the N atoms in their respective unit cells. The values
of o, obtained from these Raman shifts (Table 3) for NW,
NR and s-NWN are within agreeable range with the values
obtained from XRD measurements and (Table 1). However,
in case of b-NWN the value of o, obtained from Raman
shift is much lesser compared to that calculated from XRD
measurements, indicating an out-of-plane hydrostatic stress
which is not reflected as Raman shift of the E, (high) mode.
Table 2 shows the estimated stress values along with the
Raman shift for all the samples.

Figure 4 shows a plot of stress values calculated from
both Raman and XRD studies vs the average size of nano-
structures. As mentioned earlier, the smaller nanostructures
possess lower stress compared to that in larger nanostruc-
tures, indicating that strain relaxation is higher in smaller
dimensions. It is also evident that the stress values obtained
from Raman and XRD studies are almost similar for CVD-
grown 1D NW and NR samples but slightly different for the
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Fig.5 Photoluminescence spectra for NW, s-NWN, b-NWN and
epilayer

MBE-grown NWN samples because of internal hydrostatic
stress in addition to the compressive stress.

Figure 5 shows photoluminescence spectra acquired from
NW, s-NWN and b-NWN samples in comparison with that
of epilayer. All the nanostructured samples possess strong
enhanced Band Edge Emission (BEE) compared to that of
the epilayer with varying FWHMs and peak positions. BEE
from epilayer has a maximum at 3.42 eV with FWHM of
40 meV. Emission from NW and s-NWN samples exhibits
a small blue shift to 3.43 eV and 3.45 eV, whereas b-NWN
is red-shifted to 3.40 eV. The FWHM and intensity of the
BEE peaks for all the nanostructured samples are higher due
to the presence of a large number of band tail states which
also contribute to the radiative recombination [34].

Figure 6 shows the valence band spectra of NW, s-NWN,
b-NWN and epilayer obtained from XPS measurements
which also shows shallow core levels. These spectra
are deconvoluted to look at the binding energies of vari-
ous hybridized levels in all the samples. For epilayer and
b-NWN, the spectra are resolved into four peaks, whereas
for NW and s-NWN spectra are deconvoluted into five peaks
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Table 3 Peak positions for various hybridized levels as obtained from
deconvoluted valence band spectra with shallow core levels of all the
samples compared with those of epilayer

Hybridized peaks Epilayer NW s-NWN b-NWN
Ga 4p - - - -
N2p-Gadp 4.0 4.1 4.5 4.1
N2p-Gads 6.0 6.1 59 59
Satellite peak 7.9 8.1 7.2 7.9
Satellite peak 9.8 9.6 8.6 9.8
N2p-N2s-Ga3d - 11.4 10.4 -
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Fig.6 Deconvoluted XPS valence band with shallow core levels
spectra for NW, s-NWN, b-NWN and epilayer

each, and these values are compared with the previously
obtained experimental measurements and theoretical calcu-
lations for GaN [35, 36]. Peak positions of the hybridized
peaks for all the samples are listed in Table 3. In NW, peaks
related to hybridized N2p-Gadp, N2p-Gads and its satellite
shift to higher binding energy (B.E) to 4.1 eV, 6.1 eV and

8.1 eV, respectively, whereas satellite peak of Ga 3d shifts
towards lower B.E to 9.6 eV. Additional peak at 11.4 eV
corresponds to N2p-N2s-Ga3d hybridization. In s-NWN,
N2p-Gadp undergoes a higher B.E shift, whereas N2p-
Gads along with its satellite and satellite of Ga 3d shifts to
lower B.E. A peak at 10.4 eV corresponds to N2p-N2s-Ga3d
hybridization. b-NWN consists of four peaks out of which
N2p-Gadp shifts to higher B.E and N2p-Ga4s shifts to lower
B.E, whereas the remaining two satellite peak positions are
unchanged, like in those of the epilayer.

Figure 7a shows a comparison of normalized intensities
of hybridized peaks obtained by resolving the XPS valence
band spectra (Fig. 6) for all the samples. In the epilayer, it is
observed that the N2p-Ga4p hybridization is more dominant
than the N2p-Ga4s hybridization, which is also observed for
the MBE-grown NWN samples but is reversed in case of
CVD-grown samples. This is a consequence of difference
in the kinetics of growth and surface relaxation. Similarly,
N2p-N2s-Ga3d peak is present for both NW and s-NWN
samples, wherein for s-NWN it is much larger than the other
two hybridized peaks.

It can be inferred from Fig. 7a that the nanostructures
with smaller size (NW and s-NWN) tend to hybridize
N2p-N2s-Ga3d levels which shifts the valence band spec-
tra towards higher binding energy, due to a better charge
transfer thereby in the formation of a more electronically
relaxed structure. Whereas in b-NWN which contains larger
nanostructures, the valence band shifts towards lower bind-
ing energy close to Fermi level. Figure 7b shows the plot
of PL peak values vs the valence band maximum (VBM)
values obtained from XPS for all the samples. The nature
of plot linearly increases indicating that as the size of the
nanostructures reduces, the VBM tends to shift away from
Fermi level and consequently blue-shifting the PL emission.

Figure 8 shows schematic band diagram derived from
XPS and PL data. It is clear from the Fig. 7 that smaller
nanostructures (NW and s-NWN) exhibit a downward shift,
whereas larger nanostructures (b-NWN) exhibit an upward
shift in band structure compared to those in the epilayer. It
is interesting to note that b-N'WN exhibits higher band edge
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emission even though its bandgap is narrower compared to
epilayer. As the size decreases, the VBM shifts away from
Fermi level causing the widening of the bandgap and result-
ing in the red-shift in the BEE as observed in PL studies.
The strain in MBE-grown nanowalls is majorly due to lat-
tice mismatch between the sapphire substrate and overgrown
GaN layer. Both nanowall morphologies exhibit compressive
strain along the c-plane owing to the kinetics of their growth
along c-direction. It has been widely noticed in the literature
that nanowires of different aspect ratios and different materi-
als do contain a small amount of strain [38—42]. Such strain
may not be due to impurities or parasitic residues, but due
to the nature of the inherent assembly during the growth
via different kinetic routes. In light of this, we observe that
there is a small tensile stress in the a—b plane of both the
1D configurations (NR and NW), and an additional tensile
and compressive stress along c-direction in NW and NR,
respectively. Due to the reduced influence of surface effects
(free energy and surface reconstruction) in thicker rods, a
compressive stress along c-direction is observed. However,
in case of thinner nanowires due to the proximity of the
surface, the unit cell along c-direction can get elongated
resulting in the tensile stress. While the XRD and Raman
studies indicate that the crystal strain-related properties are
independent of size of nanostructures, PL and XPS studies
exhibit a strong correlation between size and optical emis-
sion, as well as surface electronic structure.

4 Conclusions

Single-crystalline GaN nanostructures grown using MBE
and CVD on Si and sapphire substrates have been studied
for their structural, optical and surface properties. XRD and
Raman studies reveal the presence of compressive strain on
the NR (smaller aspect ratio = 10) and tensile strain in NW
(larger aspect ratio = 236) with negligible hydrostatic strain.
However, MBE-grown NWNs possess tensile strain with an
additional hydrostatic strain component. Photoluminescence
studies reveal a blue shift in the BEE as the size of nano-
structures decreases which can be due to confinement effect.
XPS studies reveal the shift in VBM away from the Fermi
level and widening of bandgap as the size of nanostructure
decreases. The hybridization of electronic shallow core lev-
els increases as the size of nanostructures decreases, result-
ing in a more stable electronic structure. We have sketched
the subtle variation in the electronic band structure of these
kinetically differently formed nanostructures. More studies
on growth-dependent nano-manifestations are underway on
this technologically important material.
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