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Abstract

Well-defined Dahlia type gallium nitride flowers (GaNFs) have been synthesized on
c-plane sapphire substrates at different growth conditions using chemical vapour deposition
system. The growth was carried out without any catalyst medium for favouring the nucleation
process. Crystal structure of the GaNFs was obtained using x-ray diffractometer (XRD).
Scanning electron microscopy (SEM) revealed the morphology of GaNFs. The elemental traces
and compositions of the samples were obtained using energy dispersive x-ray (EDX)
spectroscopy and x-ray photoelectron spectroscopy (XPS). The optical properties of the
samples were analysed using cathodoluminescence (CL) spectroscopy and Raman
spectroscopy. From the current-voltage (I-V) response, it was observed that there are no
interface and surface related inhomogeneities in the samples. The fabricated photodetector
showcased good device performance due to high carrier density in the sample.

Keywords: gallium nitride nanostructure, chemical vapour deposition, high carrier density,
high performance photodetector

Gallium nitride (GaN) is a compound semiconductor with wide direct bandgap, high
breakdown field, high melting point and high mechanical strength. It is also chemically inert
in nature. These fascinating properties have led to the usage of GaN in optoelectronic devices
such as field effect transistors, field emission devices, light emitting diodes, laser diodes,
photodetectors, photovoltaics and sensors [1-7].

GaN is conventionally grown epitaxially on foreign substrates like silicon, sapphire and
silicon carbide [7-10]. Due to the hexagonal crystal lattice, sapphire is usually preferred for the
growth of GaN. To effectively utilize the material properties for device applications, it is
recommended to grow GaN in the form of nanostructures (NSs) like nanowires, nanorods,
nanotubes, nanowhiskers etc. This will help to overcome the lattice and thermal differences
between GaN and the supporting substrates [9, 11-14].

Regardless of one-dimensional growth or two-dimensional growth, GaN is extensively
grown using sophisticated analytical tools such as molecular beam epitaxy (MBE), hydride
vapour phase epitaxy (HVPE), metal organic chemical vapour deposition (MOCVD) or
chemical vapour deposition (CVD) [5-7, 10, 13-18]. Among the above tools, CVD remains as
a simple and economic growth tool for producing good quality GaN [7, 19-22]. Growth of GaN
NSs in a CVD system is governed by either vapour liquid solid (VLS) or vapour solid (VS)
growth process [19, 23]. The former requires a suitable foreign metal such as gold, silver,
platinum, nickel, copper etc., as a catalyst to favour nucleation during the growth process, while
the latter does not require any foreign metal as a catalyst. It is to be noted that in the VLS
process, adatoms of the catalytic particles get incorporated into the NSs and tend to contaminate



the end product by acting as a source of impurity [24]. Hence, the focus has gradually shifted
towards catalyst-free growth of NSs by way of VS growth process.

Over the past few decades, synthesis of flower shaped morphologies using
molybdenum disulfide (MoS2), tin oxide (SnO2), copper oxide (Cu2O), magnesium oxide
(MgO), zinc oxide (ZnO), aluminium nitride (AlN), indium nitride (InN), cadmium sulfide
(CdS) and gallium phosphide (GaP) have received much attention [9, 25]. However, there are
very few reports available in the literature pertaining to the synthesis of GaN flowers (GaNFs).
It is considered that GaN synthesized in the form of flowers have a significant demand for
commercial applications.

In this work, growth of GaNFs have been carried out using a CVD system. A Dahlia (a
natural flower) type GaNFs is obtained. The mechanism of growth is briefly discussed herein.
The samples were subsequently characterized to identify variations in their properties. The
device fabricated showcased better performance. Besides optoelectronic applications,
achievement of enhanced performance in GaN will open up a new dimension for its usage in
electrochemistry related studies for water splitting and catalysis, which have not been explored
significantly so far.

Growth of GaNFs was carried out in a horizontal flow CVD reactor as reported
elsewhere [7, 20]. For this, c-plane sapphire substrates were cut into 1 cm2 size, ultrasonicated
with isopropyl alcohol and deionized water for 10 min and dried under nitrogen (N2) ambience.
Metallic gallium (Ga) and liquid ammonia (NH3) were used as the precursors. N2 was employed
as carrier gas. Throughout the growth process, reaction zone was maintained at a temperature
of 1000 ℃. The substrates and Ga metal were placed in the alumina boat, loaded into the
reaction zone and sealed. Prior to the growth, 50 standard cubic centimetre per minute (SCCM)
of N2 was purged into the reactor for 15 min to remove the residual oxides in the reactor. Then,
the reactor was slowly ramped to attain the growth temperature. Initially, GaNFs were grown
by varying the time of growth as 30 min (sample A), 60 min (sample B), 90 min (sample C)
and 120 min (sample D). Then, the experiment was repeated by altering the growth temperature
of sample C alone as 800 ℃ (sample E) and 900 ℃ (sample F), keeping all other conditions
unaltered. Similarly, the sample D was taken up for another experiment by subjecting it to
alteration of flow rate of carrier gas as 200 SCCM (sample G) and 300 SCCM (sample H) while
the other experimental conditions remained the same.

GaNFs were then fabricated to form metal–semiconductor-metal (MSM) based
photodetectors using standard lithography, metallization and lift-of process. Gold (Au) metal
of 120 nm thickness was sputter coated on the samples which served as electrical contacts [7].

The material properties of the samples were analysed using scanning electron
microscopy (SEM, Zeiss EVO 18) and energy dispersive x-ray (EDX) maps obtained from
SEM, x-ray diffraction (XRD, PAN analytical X’Pert PRO), x-ray photoelectron spectroscopy



(XPS, AXIS ULTRA), cathodoluminescence (CL, Zeiss Ultra 55) spectroscopy, Raman
spectroscopy (HORIBA Jobin Yvon Lab RAM HR 800) and solar simulator (Newport
91160A) [7, 18, 21].

The surface morphology depicting the stage by stage growth of GaNFs were obtained
using SEM as shown in Figure 1. The related low magnification images corresponding to
Figure 1 have been showcased in supporting information (Figure S1). It was observed that with
30 min growth time, an irregular quasi petal like morphology was observed (Figure 1a). When
the growth time reached 60 min, due to the continuous supply of adatoms into the reaction
zone, the petals aggregate, thus filling the gaps between the adjacent petals by favouring
nucleation [1-3], leading to the formation of tightly inter-connected and thick hierarchical
petals (Figure 1b). When the growth time is extended to 90 min, a relatively complete GaNF
with a few 100 nm in size, composed of thick curved petals was observed (Figure 1c). This is
because, as growth time increases the GaN nuclei tends to form rugged petals as an effect of
adatom equilibrium and surface energy [4-7]. The width and thickness of the petals were
approximately 180 ±20 nm and 20 ±2 nm (Figure S2a). When the growth prolonged to 120
min, an indefinite and well-distributed GaNF was observed (Figure 1d). The size of the flower
was in the range of a few 100 nm and it contains a number of slightly twisted petals. The width
and thickness of the petals were approximately 220 ±20 nm and 5 ± 2nm (Figure S2b). The
petal thicknesses get reduced in comparison to the earlier one (90 min growth time) due to
Ostwald ripening process thereby, leading to the formation of smooth and flower like
hierarchical structure [8-10].

In respect of variation in growth temperature, when the temperature was maintained at
800 ℃, thickness of the curved petals was found to decrease due to Ostwald ripening process
(Figure 1e). When the growth temperature was increased to 900 ℃, irregular crossed petals
were observed (Figure 1f). That is, with increase in growth temperature, the growth rate
increases as more and more nucleation is favoured. This results in faster growth of petals and
emphasizes that morphology of the samples is greatly influenced by growth temperature.

When the N2 flowrate is varied as 200 SCCM and 300 SCCM, no significant variation
in the morphology was observed except that the petals were found more twisted as shown in
Figure 1g and 1h respectively.

The EDX maps were recorded using SEM to determine the material composition of
GaNFs as shown in Figure S3. From the Figure, the elemental traces corresponding to gallium
(Ga) and nitrogen (N) were observed.

The structural details of the GaNFs obtained using XRD as shown in Figure S4 was
examined. Diffraction peaks corresponding to GaN were noticed at a 2θ angle of 32° - (1 0 0)
plane, 34° - (0 0 2) plane and 36° - (1 0 1) plane. The dominant peak at (0 0 2) plane exemplifies
the c-axis growth of GaN. The full width at half maximum (FWHM) for GaN at (0 0 2) plane



revealed that the growth of GaN along c-axis is good. The diffraction peaks indexed,
emphasized the wurtzite nature of GaN [20-22]. Due to the dense growth of GaN, there were
no traces of sapphire peak in the samples. The obtained XRD results corroborate with SEM
data.

The luminescence of GaNFs grown by CVD were determined using CL spectroscopy
as shown in Figure S5. Peak corresponding to band edge emission (BEE) was observed at 3.5
eV, revealing band-to-band transition as an effect of recombination. Another dominating peak
known as deep level emission (DLE) was observed at 2.4 – 1.7 eV, due to point defects
(vacancies and substitutional impurities) and surface defects (structural disorders, screw
dislocations and stacking faults) that occur during the growth process [19-22]. Irrespective of
the experimental conditions employed and growth techniques preferred, DLE in GaN cannot
be avoided. The band gap of GaNFs was found to be high when compared with that of two-
dimensionally grown GaN [7]. It was observed from the CL spectra that irrespective of the
growth conditions, there is no significant variation in the BEE and DLE except an infinitesimal
change in the peak intensities, as an effect of dimensionality shrinking. The dominant BEE
peak reveals that the quality of GaNFs are good, thereby corroborating XRD and SEM data.

The elemental composition of the samples obtained using XPS are shown in Figure 2.
The core levels corresponding to gallium, nitrogen, carbon (C) and oxygen (O) were observed
from the Figure [1, 21]. The 2p core levels observed at 1144 and 1117 eV corresponds to the
2p1/2 and 2p3/2 states of Ga, revealing predominant Ga-N bonding. The Ga - 3d peak (20 eV)
indicates the absence of Ga-O bonding. The presence of nitrogen traces in the samples were
confirmed from the N - 1s peak (397 eV) [21]. In addition to these, traces of O - 1s (532 eV)
and C - 1s (284.5 eV) were noticed, indicating occurrence of extrinsic contaminations while
testing the samples. The core levels identified confirmed the wurtzite nature of GaN.

The optical characteristics in respect of the GaNFs obtained using Raman spectroscopy
are shown in Figure S6. It can be seen from the Figure that the peak positioned at 420 cm−1

represents the zone boundary arising as an effect of reduction in GaN dimension. Two Raman
active peaks were observed at 725 and 568 cm−1 corresponding to A1 longitudinal optical (LO)
mode and E2 (high) mode respectively. A shoulder peak observed at 530 cm−1 represents the
A1 transverse optical (TO) mode. A shift in the E2 (high) position was observed from the Figure
due to the stress induced during the GaN growth as an effect of lattice mismatch between the
substrate and GaN [19, 20]. The Raman data corroborate the XRD and CL results.

The current-voltage (I-V) response in respect of GaNFs (sample D) was carried out
under bright and dark condition at an applied voltage of 10 V as shown in Figure 3. Based on
the work function (ϕn) of the metal (Au) and electron affinity (χ) of the material (GaN), the
contact formed will be of Schottky type [7, 19].



For good electrical response, better charge transfer across the metal–semiconductor
(MS) interface is essential. The ideality factor (ɳ = 0.91) and barrier height (ϕB = 0.82 eV)
values calculated from the I-V response are in good agreement with the Schottky-Mott
theoretical limit, substantiating that the MS junction do not suffer from barrier and / or
interfacial inhomogeneities [7, 19]. It is worth to note that under both bright and dark
conditions, the obtained I-V response was linear and symmetrical (Figure 3a), revealing better
contact formation as well as high carrier density in GaN (Figure 3a inset). The current values
estimated were 1.8 ±0.05 mA (bright) and 0.06 ±0.05 mA (dark).

When the device is exposed to light, better photo-conversion efficiency across the MS
interface is anticipated. It was observed that under bright condition, photo current increased
substantially in comparison to that under dark condition, confirming vast number of electron-
hole pairs getting generated while illuminating the sample. Based on the obtained photo current
value, responsivity (R) and detectivity (D) of the photodetectors were determined as 100 A/W
and 22.83×1012 Jones, by applying the equations in ref [7].

The switching response of the photodetector for the light under ON and OFF condition
were tested for determining the opto-electronic performance (Figure 3b). It was observed that
in spite of testing the ON/OFF response of the device several times, photo response remained
similar and faster (Figure 3b inset). The ON and OFF time of the photodetector was estimated
to be 2 and 2.5 ms, by applying the equations in ref [7].

In summary, GaNFs were grown on c-sapphire substrates using CVD technique,
without utilizing a catalytic medium for favouring the nucleation process. The results obtained
using XRD revealed that GaNFs possess hexagonal crystal structure with good crystalline
quality. The CL spectra showcased a quench in the defect peak (DLE) due to reduction in the
dimension of GaN. SEM image clearly emphasized the transformation in the GaN morphology
based on the growth conditions. XPS revealed the core levels of gallium and nitrogen traces in
the samples. The results obtained using Raman spectroscopy once again confirmed the wurtzite
crystal structure of GaN by showcasing prominent Raman active modes associated in the
samples. The I-V results emphasized that the ideality factor and barrier height estimated are in
good agreement with the Schottky Mott model, thereby resulting in good interface at the MS
junction. It was also observed from the electrical response that the bright current increased
significantly, that is by almost 30 times, in comparison to the dark current. The estimated photo
responsivity and detectivity of the photodetectors were 100 A/W and 22.83×1012 Jones. The
ON and OFF time of the photodetector were found to be 2 and 2.5 ms. These results emphasize
that high carrier density has resulted in high performance of the device.
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FIGURES

Figure 1: SEM images of GaNF representing the surface morphology of: (a) Sample A, (b)
Sample B, (c) Sample C, (d) Sample D, (e) Sample E, (f) Sample F, (g) Sample G and (h)
Sample H.



Figure 2: XPS survey spectrum of GaNFs (sample D) along with its individual spectrum
representing the core levels corresponding to: Ga 2p3/2 (Blue colour), N 1s (Green colour),
C 1s (Violet colour) and O 1s (Yellow colour).



Figure 3: (a) I-V response of the fabricated device (Sample D) under dark and bright conditions
in linear scale and (b) ON and OFF time of the photodetector. Inset of (a) is the obtained I-V
response in logarithmic scale and inset of (b) is photocurrent response of the photodetector.
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