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ARTICLE INFO ABSTRACT

Keywords: High quality square shaped GaN nano-rods are successfully synthesized by a novel method of precursors pre-

GaN treatment with aqueous NH3 via CVD method at 1300 °C. The pre-treatment effect significantly enhanced the

ls\lemlco.nducmr conductivities, carrier concentrations and mobilities in GaN nanorods. GaN nanowires have also been synthe-
anowires . . . . . .
Nanorods sized at 1300 °C without treating precursors with aqueous NH3. Diameter of the nanorods and nanowires are

measured in the range of 100-200 nm whereas length is in tenth of microns. Room temperature PL analysis of
GaN nanowires displayed a high intensity near-band-edge emission at 370 nm with week blue emission. The GaN
square nanorods exhibited the yellow band emission at 565 nm vanishing the weak blue emission along with the
near-band-edge emission at 369 nm indicating their potential applications in optoelectronics. The carrier con-
centrations (Ng) are calculated to be 3.65-5.25 x 10'® cm ™2 and 2.25~5.88 x 10'® cm ™2 for nanowires and
nanorods respectively. The electron mobilities (u) calculated for the GaN nanowires were in the range of
200~300 cm?/Vs where as for the nanorods were 154~625 cm?/Vs. The high quality GaN nanorods building
blocks with high conductivities, career densities and mobilities will be a tremendous breakthrough in low voltage

1-V characteristics
PL properties

operating nano-devices.

1. Introduction

The GaN based nanorods have been attracting the scientific com-
munity since a decade for their extraordinary features and prospective
applications [1-7]. The wurtzite GaN is an exciting semiconductor
material which has potential applications in different fields such as la-
sers [8], LEDs [9], energy solar cells [10], field-effect transistors [11],
field emitters [11,12], detectors [9], inverters and bipolar transistors
[13] have been fabricated which are crucial and having great interest for
broad commercial applications.

Owing the excellent properties of GaN, their size, morphology and
electronic properties, one-dimensional nanostructures such as nanorods
(NRs), nanowires (NWs) and nanotubes (NTs) made up of GaN have
become an essential part of nanoelectronics and nanodevices with
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extraordinary performance and multipurpose applications such as light
emitting diodes, photodetectors, sensors, photocatalysis, probes etc.
[14-21]. In the last decade, a great research work has been focused on
NWs, NRs and nanotubes made from a wide range of materials but GaN
NWs and NRs are particularly promising. Due to this intense recent
research interests there are strong motivations for examining the
transport properties of single GaN NW and NR for possible applications
in different electronic nanodevices.

Recently different synthetic techniques for synthesis of GaN NWs/
NRs [8-10,12,13,22-27], nanotubes [28,29], nanoleaves [30], nano-
ribbons [31], nanorings [32] and nanocolumns [33] have been
employed such as molecular beam epitaxy, metal-organic chemical
vapor deposition, template growth, chemical vapor deposition,
arc-discharge, plasma and laser assisted catalyst and hydride vapor
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phase epitaxy [11,13,22-36]. Most commonly used method is
chemical-vapor-deposition (CVD) method which is simple and cheaper
one. For growing GaN NWs and NRs by CVD method usually gallium
metal is used as precursors [23,37,38]. When gallium metal is used as
precursor for such growth, there are some issues which have also been
mentioned by Li et al. [38].

Having the immense difference between melting point of Ga metal
precursor (29.76 °C) and boiling point which is 2204 °C, the Ga metal
precursor converted into liquid as the process proceeds. Consequently, it
is susceptible that a layer of GaN will be fitted out on the Ga metal
spheres. This susceptible GaN layer is liable to stoppage the further re-
action of Ga metal with NHs gas.

Subsequently, a minor share of Ga metal can react with NH3 gas
which results low yield of GaN product by this method. To avoid this low
yield situation and to enhancing the GaN NWs/NRs yield quantity, we
have used a novel and facile CVD method. In this novel method, the
precursor was pre-treated with aqueous NH3 (25% w/w) and also high
flow rate of NH3 gas was used. Since the defects and various vacancies
such as Ga vacancies and N vacancies have the ability to control the
electronics and electrical properties of the nanowires, so the preferred
electrical properties can be tuned by varying and adjusting the Ga and N
concentration [39]. Pengan Li et al. synthesized GaN nanowires via CVD
method and found the NHg flow rate is also an important parameter to
synthesize various GaN nanostructures. NH3 gas flow rate has significant
effect on the shape and the size of synthesized GaN nanostructures [40].
A higher flow rate of NH3 gas and treating it with aqueous NH3 gives a
higher N concentration. So in our experiment we have achieved the
higher N concentrations by high flow rate of NH3 gas and also
pre-treating with aqueous NHj3 which is helpful in increasing the N
concentrations and creating the Ga vacancies. These increased level of N
concentrations leads to the enhancement of conductivity, charge carrier
densities and overall electrical properties of the NRs. So high concen-
trations of Ga vacancies have been achieved by high flow rate of NHs
and pre-treating it with aqueous NH3 which lead to the enhancement of
electrical properties. By adjusting the N concentration, the various
desired properties (electrical) of the nanowire can be obtained. The NH3
flow rate ensures the N concentration role in the GaN nanowires. A
higher N concentration can be achieved by increasing the flow rate.

Here in this research, the time dependent high quality controlled
growth along with high yield of GaN NRs has been made. For compar-
ison purpose, the reaction temperature was made constant at 1300 °C.
The controlled growth of GaN NRs/NWs have potential nano-
technological applications. Long NWs/NRs are very crucial for large-
scale production of nano-devices. So electrical transport properties of
synthesized GaN nanowires and nanorods were also measured which
showed that the precursors treated with aqueous NHj3 also has note-
worthy enhancement influence on the electronics and optical properties
of GaN NRs. The resistivities (p = RA/L) of the both untreated NWs and
pre-treated NRs were calculated which were 0.40-0.85 Q-cm and
0.0045-0.0070 Q-cm respectively. The conductivities (6) of the NWs
and NRs were calculated to be 1.17-2.50 (ohm—cm)’1 and 140-220
(ohm-cm)~!. The significant decrease in resistivity and enhancement in
conductivity of pre-treated NRs demonstrates that the conductivity can
be increased by treating the precursors with aqueous NHj. Carrier
concentrations calculated for NWs and NRs were (Nd) = 3.65-5.25 x
10'® cm 2 and 2.25-5.88 x 10'® cm ™3 whereas mobilities were 200-300
em?/Vs and 154-625 cm?/Vs which exhibited that the mobilities and
carrier concentrations of the pre-treated GaN NRs are much higher than
the untreated GaN NWs. So these results showed that the precursors pre-
treated with aqueous NH3 have significant effect on the conductivity
enhancement, charge carrier densities, mobilities and the electrical
properties of GaN NRs that have great potential for optoelectronics de-
vices. The significant enhancement in various electrical parameters
makes them striking materials for converting into functional low power
and electronic devices.

Journal of Luminescence 253 (2023) 119474
2. Experimental section

Ten grams (10 g) of the gallium metal (AR reagent, the Beijing
Chemical Factory) was put into an alumina boat and treated with
aqueous ammonia at 100 °C. After the addition of few drops of aqueous
ammonia, the gallium metal was agitated with glass rod. GaN powder
was obtained from these precursors in horizontal tube (HT) furnace in
the flow of NHg3 gas at 1000 °C. For further utilization, GaN powder was
analyzed which was pure as shown in XRD graph [Fig. 3(a)]. Then this
GaN powder was re-utilized as precursors, untreated and pre-treated
with aqueous ammonia at 100 °C five times as mentioned earlier. Sili-
con wafers (001) having size of 20 x 10 mm? were ultrasonically
cleaned and used as a substrate for the GaN NWs and NRs growth. Nickel
chloride/ethanol solution with concentration 0.02 M was coated on
silicon substrates and the GaN NWs/NRs were synthesized using CVD
method. Pretreated and untreated GaN powder was loaded in alumina
tube and Si substrates were positioned on top of the loaded precursors
and the shining side direction was downward facing towards the source
material. The vertical distance between loaded precursors and sub-
strates were about 3-4 mm. Then the alumina tube was transferred into
HT furnace. After sealing and flushing with NHjz the flow rate of NH3 was
adjusted at 200 sccm (standard cubic centimeter per minute). A ramp
rate of 10 °C/min of the HTF was set to achieve the temperature of
1300 °C. For NWs 1300 °C temperature was maintained for 2 h and for
NRs it was maintained for 30-120 min in continuous NHj gas flow. At
the end, the HTF was naturally cool down till achieving room temper-
ature. A yellowish product was obtained on the substrates for further
analysis.

The synthesized products (GaN NWs/NRs) were characterized by
various sophisticated characterization techniques such as X-ray powder
diffraction (XRD, Philips X’Pert Pro MPD), scanning electron micro-
scopy (SEM, TM-1000, Japan), and energy dispersive X-ray spectrom-
eter (EDS), selected area electron diffraction (SAED) and high-resolution
transmission electronic microscope (HRTEM, Tecnai F20). The room
temperature photoluminescence (PL) spectra were recorded by using
He-Cd laser with a wavelength of 325 nm as the excitation source.
Electrical characteristics of GaN nanorods and nanowires were realized
by using a Keithley 4200-SCS system.

3. Results and discussion

Fig. 1 depicting the SEM image showing the morphology of as pro-
duced NWs and NRs on silicon substrate acquired at various tempera-
tures and conditions. GaN NWs were produced at 1300 °C for 2 h
without being treated with aqueous NH3 as indicated in Fig. 1(a). The
diameter of these nanowires was 200-500 nm, and their length was in
the tenths of microns. Inset of Fig. 1(a), a high-resolution SEM picture of
a single NW was exhibited, revealing that the wire’s surface was smooth
and its diameter was consistent along its length. Fig. 1 (b) shows GaN
NRs pre-treated with aqueous NH3 and produced at 1300 °C for 30 min.
The length of these rods were in range of 5-10 pm and diameter was in
the range of about 500-900 nm. Fig. 1 (c) shows the GaN NRs prepared
at 1300 °C for 2 h. A lot of random NRs has been distributed the silicon
substrate which showed that length of nanorods could be increased by
reaction time. The length of these nanorods is about tenths of micro-
meter and diameter is about 200-400 nm. Most of the nanorods have
constant diameter throughout their length. It is praiseworthy to note
that mostly NRs have trapezoid or square shape cross sections at their
ends as encircled and inset of Fig. 1(d). Main difference in the fabrica-
tion process of NRs and NWs was the pretreatment of precursors with the
aqueous NH3 which was the key point in the process for fabricating of
square/trapezoid NRs.

The EDS was used to perform the quantitative analysis for the
product, as shown in Fig. 2. Fig. 2 (a) illustrates the EDS pattern of
untreated GaN NWs on the Si substrate, indicating that the NWs were
made up of Ga and N. The usage of a Si substrate resulted in a Si peak in
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Fig. 1. (a) Showing the SEM image of untreated GaN NWs at 1300 °C (inset is high resolution image), (b) shows the SEM of pre-treated GaN NRs at 1300 °C for 30
min, (c) shows the SEM of the pee-treated GaN NRs at 1300 °C for 2 h, (d) shows the high resolution images of pre-treated GaN NRs prepared at 1300 °C for 2 h

showing trapezoid shapes (inset is the square shape of rod).
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Fig. 2. (a) Shows the EDX pattern of the untreated GaN NWs whereas Fig. 2 (b)
shows the EDX pattern of the single pre-treated GaN NR.
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Fig. 3. (a) Shows the XRD pattern of GaN powder prepared at 1000 °C (b) XRD
pattern of untreated NWs at 1300 °C (c) XRD pattern of the pre-treated NRs
prepared at 1300 °C for 30 min and (d) XRD pattern of the pre-treated GaN NRs
prepared at 1300 °C for 120 min.
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the EDX. The region with the highest EDS is shown in the inset of Fig. 2
(a). Fig. 2 shows a quantitative examination of GaN NR that has been
pre-treated (b). Within the experimental errors, the EDX revealed Ga and
N as components of the produced GaN, with an atomic ratio of Ga/N of
roughly 1:1. As a result, EDX showed the product’s purity. In the EDS
pattern of the GaN NRs, no Si peak was observed because EDX pattern
was take on single point and also Si substrate was fully covered with the
product. Inset of Fig. 2 (b) is the rod whose EDX was performed at single
point.

The typical XRD pattern of the as synthesized GaN powder from
gallium metal at 1000 °C is shown in Fig. 3 (a). The XRD pattern of the
untreated GaN NWs manufactured at 1300 °C is shown in Fig. 3 (b).
Because of the usage of silicon substrate and poor yield, a silicon peak
developed in the XRD graph of Fig. 3 (b). Fig. 3 (c) shows the XRD of pre-
treated GaN NRs deposited on the silicon substrate at 1300 °C for 30
min, whereas Fig. 3 (d) shows the XRD graph of pre-treated GaN NRs
grown on the silicon substrate at 1300 °C for 120 min.

No Si peak was observed in these patterns because Si substrate was
fully covered with GaN NRs due to high yield of product. The XRD
pattern of pre-treated GaN NRs as showed in Fig. 3 (c and d) revealed the
phase purity and overall crystal structure of the synthesized GaN NRs.
The hexagonal wurtzite GaN with lattice parameters a = 3.188 and ¢ =
5.183 (for GaN NWs a = 3.186 and c¢ = 5.188) may be ascribed to the
diffraction peaks in the patterns of GaN NRs, which are in good agree-
ment with JCPDS Card (No.076-0703). In the spectrum, Miller indices of
GaN hexagonal structure are also highlighted. The high purity of the
GaN wurtzite phase was revealed by the crisp diffraction peaks and
strong intensities of the XRD peaks of GaN nanorods diffraction peaks
relative to the background signals. The (101) peak had a higher intensity
than the (100) and (002) peaks, indicating that the [101] direction was
aligned with the NRs axis.

The TEM, HRTEM and SAED characterizations were also done to see
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the insight of the as-grown untreated GaN NWs and treated GaN NRs as
shown in Fig. 4.

In Fig. 4 (a) TEM image of single untreated GaN NW is shown which
depict the size of nanowire is 100 nm. In Fig. 4 (b) HRTEM of the un-
treated NW has been shown which clearly revealing the inter planer
distance which is 0.26 nm consistent with XRD pattern. The single
crystalline nature of the GaN NWs has been shown by SAED depicted in
the inset of Fig. 4(b). The TEM image of the pre-treated GaN NR has been
depicted in Fig. 4 (¢) and inset is its high resolution image. The HRTEM
graph of the single pre-treated GaN NR depicted in Fig. 4 (d). The inter
planer distance (d) was 0.25 nm for (100) atomic planes which clearly
match with the XRD pattern and is evidence of the purity of GaN NRs.
Inset of Fig. 4 (d) SAED pattern has been shown which reveals the
crystallinity nature of the product. So both SAED and HRTEM results
endorse the effective development of the single-crystalline GaN NWs
and NRs having wurtzite nature.

GaN powders treated with aqueous NH3 have tendency of easy GaN
nanorods growth in the presence of Ni catalyst. The growing process for
the long GaN nanorods has also been proposed. At the start when tem-
perature of the furnace gradually increases to the range of 800-900 °C
which causes NH3 gas decomposition [41]. With increase of temperature
the catalyst nickel chloride also decays to convert into nanometer-sized
nickel particles. These nickel nanoparticles plays an effective role in
synthesis of GaN nanorods [42]. At the same time, the GaN powder
treated with aqueous NHjs located at the center of the furnace vaporized.
These vapor-phases GaN absorbed on the energetically favorable sites of
Ni particles. As long as absorbed GaN nucleoids reaches saturation point,
the nanorods and nanowires start to nucleate and growing in good way.
With consistent and steady immersion GaN nucleoid containing
vapor-phase GaN particles, GaN NRs/NWs were developed on Si (001)
substrate having very high density adopting via vapor-liquid-solid (VLS)
mechanism [38]. It was also confirmed with several experiments that
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Fig. 4. (a) Shows the untreated GaN NW TEM prepared at 1200 °C, (b) shows the HRTEM of NW (inset is the SAED) (c) depicting the TEM image of the pre-treated
GaN NR prepared at 1300 °C for 120 min (inset is high resolution image), (d) shows the HRTEM of the single GaN NR prepared at 1300 °C for 120 min (inset is the

SAED pattern).
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without treating the precursors only nanowires are produced but when
GaN powder was treated with aqueous NH3 then at 1300 °C it surly
synthesis the GaN nanorods. It is worth noting that this work is highly
reproducible and these rods have excellent electronic properties which
will be discussed later in detail.

3.1. Photoluminescence

Optical characterizations of single GaN NW and NR were studied by
PL spectrum at room temperature. The 325 nm excitation wavelength
was used in PL process and PL of untreated single GaN NWs has been
portrayed in Fig. 5 (a). A strong emission peak at 370 nm (3.35 eV) has
been shown which is credited to near band edge emission [38]. Two
smaller shoulder peaks at 446 nm and 462 nm in blue luminescence
region are also observed caused by nitrogen vacancies.

Photoluminescence measurements of single pre-treated GaN NR
have been depicted in Fig. 5 (b). Comparatively a narrow near band edge
emission peak at 369 nm (3.36 eV) is obtained attributed to the band-
edge emission [38,43]. Single narrow PL emission peak of NR indi-
cated that the GaN NRs pre-treated grown GaN have virtuous optical
quality appropriate for optoelectronic devices [44].

(a)

PL of single untreated GaN NW
at room temperatme

= 325
A= 325nm

370 nin

446 nin
/462 nm
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PL of single pre-treated GaN NR
E at room temperature
~ Aex= 325nm
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Fig. 5. (a) The PL emission spectrum of single untreated GaN NW measured at
room temperature (b) depicting PL emission spectrum of single pre-treated GaN
NR prepared at 1300 °C for 120 min measured at room temperature.
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A broad peak at 565 nm (2.19eV) having comparatively low intensity
is also observed on the square shaped GaN NRs. The PL emission peak at
565 nm in yellow luminescence region, ascribed to the Ga vacancies and
defect related emissions [44]. Such kind of yellow emission peak was
also observed by Godhuli Sinha et al. has also related observations in
yellow luminesce region [45] which are most probably related to deep
levels or defect levels. So, this yellow luminescence is due to the Ga
vacancies which are created by pre-treatment effect of aqueous NHs and
are also responsible for good electrical characteristics.

The full width half maximum of the nanowires/nanorods have been
calculated as 46.95 and 20.25. The FWHM provides the information
about the homogeneous and inhomogeneous broadening of the natural
linewidth of the transition, which can be related to crystallinity disorder.
In the lines shape, a Lorentzian is an ideal line shape, and deviation to a
Gaussian indicated disorder in the PL graph. A PL spectrum may also
have phonon side bands. In addition, the inhomogeneity might be
caused by band gap fluctuations, which can be due to chemical fluctu-
ations or electrostatic potential variations. Latter one can be also related
to the degree of compensation, i.e. the ratio of donors to acceptors. If you
have locally a high density of donors or acceptors, which cannot be
screened, then you get band gap fluctuations leading to a broadening of
your PL peak. Hence, the FWHM of a peak also reveals insights of the
material which is under observation. For the comparison purpose,
comparison of PL emission Peaks of various GaN nanostructures have
been depicted in Table 1.

4. Characteristics

Electronic properties of GaN are the core of their applications in
nano-devices [55,56]. In this study, the Electronic transport character-
istics were measured using a 4200-SCS Keithley apparatus and KZ100,
Keithley-Zyvex, nano-probing system. Measurements were performed
under direct SEM observation. In this research paper electrical proper-
ties of long untreated NWs and pre-treated NRs have been measured, in
which the electronic transport working in the diffusive regime. There-
fore, Ohmic law is effective to elucidate the conduction of carriers in the
un-depleted regimes of the NWs/NRs. For the semiconducting -V
characteristics measurements of NW and NR, two electrodes of metals
were made into contact. Two Schottky barriers designed at the contact
places i.e. between NW/NR and the metal electrodes. It’s well estab-
lished that the contacts between metal electrodes and the NW/NR have
been a significant subject in explaining the I-V characteristics of devices
which is affected significantly by its contacts with electrodes [57]. For
preparing the samples one single GaN NW/NR was transported to the Au

Table 1
PL emission peak positions of various GaN nanostructures grown by different
methods.

Sr Synthesis method Morphology Emission Ref

# obtained peak

1. Chemical vapor deposition Hexagonal micro- 369 nm [46]
(CVD) method bricks 556 nm

2. Pulsed laser deposition Cauliflower-like 541 nm [471]

3. Low-pressure chemical Hexagonal rod 363 nm [48]
vapor deposition (LPCVD)

4. Infrared close space vapor Polycrystalline 521 nm [49]
transport (CSVT-IR)

5. MOCVD Porous GaN films 357 nm [50]

6. Hydride vapor phase Nanowires 400 nm [51]
epitaxy (HVPE)

7. Pulsed laser deposition Spherical clusters 590 nm [52]

8. Chemical vapor transport GaN nanowires 563 nm [53]
method

. Molecular beam epitaxy GaN QDs 332 nm [54]

10. Chemical vapor deposition Nanowires 370 nm This
(CVD) method 462 nm work

11 Chemical vapor deposition Nanorods 369 nm This
(CVD) method 565 nm work




M. Margj et al.

grid which is available commercially in the market. For achieving a
decent physical contact at two ends silver paint was employed. Later, a
high temperature was delivered by Joule heating phenomenon for
welding purpose. In this way GaN NW/NR have been welded with two
electrodes. In this way a minimum contact resistance (Rc) electrical
contact was realized as in Fig. 6. Fig. 6 (a) is depicting I-V characteristics
of single untreated GaN NW and in the inset, right side of the bottom is
the Ln I vs bias V. In Fig. 6 (b) the I-V characteristics of single pre-treated
GaN NR have been shown. Whereas inset of top left is actual rod diagram
whose I-V characteristics were measured. At the right side bottom is the
logarithmic current (Ln I) vs bias V.

Normally, depending upon the contacts and Schottky barriers,
distinct I-V characteristics have been observed which include almost
linear [58-60], almost symmetric [57,61], asymmetric [62-64] and
almost rectifying [65,66]. Measurements of untreated GaN NWs and
pre-treated GaN NRs showed almost symmetric behaviors as publicized
in Fig. 6 (a, b). Semiconducting I-V characteristics of NWs/NRs depend
on various intrinsic parameters including Schottky barrier height, re-
sistivity, carrier mobility, contact geometry and contact area. Based on
previous studies of bulk materials, n-type and almost symmetric
behavior in un-doped GaN is attributed to the nitrogen, gallium or ox-
ygen vacancies [11,45]. But in our case oxygen impurities were not
observed as shown in EDX pattern so we believe that such kind of
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behavior is only due to the nitrogen vacancies or gallium vacancies
which regulates the I-V characteristics of the GaN NWs/NRs.

Since, here GaN NW and NR contacts have been made of two elec-
trodes so Metal Semiconductor Metal (M-S-M) model can be applied as
depicted in Fig. 7. It’'s a well know reality that a Schottky barrier
established at the metal-semiconductor interface have important role in
such M-S-M electrical transport structure [67].

M-S-M based I-V characteristics model plays the crucial part only
when the NW/NR radius is larger enough as compared to de Broglie
wavelength. Majority of semiconducting NWs/NRs synthesized have
larger size than their corresponding de Broglie wavelengths which is
about 2-20 nm. Hence, this M-S-M model can be employed to analyze
I-V characteristics of these nanostructures. To make the calculations
simple and convenient the Ohmic contact were also considered as
Schottky barrier. So, M-S-M model may be structured and modeled as
consisting of two Schottky barriers which are in back to back series
connection in semiconducting NW/NRs with resistance R as displayed in
Fig. 7. In this way, I-V characteristic curves are explained by means of
contacts in two metal electrodes and the NW/NR instead of nanowire
itself. The M-S-M schematic diagram and its corresponding circuit dia-
gram is depicted in Fig. 7. Multiple I-V curves of various synthesized
NWs/NRs were measured to ensure reproducibility and semiconducting
nature of the NWs/NRs.

The reverse-biased Schottky barrier voltage, the forward-biased
Schottky barrier voltage and the NW/NR voltage are symbolized as
V1, Vo and Vg, respectively as publicized in Fig. 7. The total voltage V is
given as

V=Vi+Vw+V, (€D)]

The most effectively used thermionic emission theory is used to
explain the planner Schottky junctions for M-S-M modeling in modern
microelectronic devices [67]. Although this theory fails in some cases,
such as in single electron transistors case [68] and some carbon based
nanoelectronic devices [69] due to significant electron tunneling, but in
current case it works well to examine the semiconducting I-V charac-
teristics. As per thermionic emission theory current density (J) for
Schottky junction for forward biased can be given as

J(V, @) =AxT? exp(—%)eXp(%) : {1 _Cxp(_%>} @

Where A* = 4 7 m*qk®/h> is the Richardson constant of the semi-
conductor. Unlikely, this thermionic emission theory misjudges the
reverse current. However, for symmetric I-V characteristics in current
case, the situation is entirely different. In this model, the reverse current
and forward current are practically in same range indicating the reverse-
biased barrier current tunneling explainable on the basis of thermionic
field emission theory [67]. The current transport here in this measure-
ments for the forward-biased Schottky barrier still follows the
thermionic-emission theory. The thermionic emission theory only lacks
in the tunneling current as it has significant impact on the reverse bias
measurements in low dimension nano-systems [69] which is required to
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Fig. 6. (a) Depicting GaN I-V curve of single untreated NW. Inset, right side of
the bottom is the Ln I vs bias V. (b) Shows the GaN I-V curve of single pre-
treated NR whereas inset of top left is actual rod diagram whose I-V charac-
teristics were measured. At the right side bottom is the logarithmic current (Ln
I) vs bias V.
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Fig. 7. Shows the schematic diagram along with its corresponding circuit

(dotted line) for M-S-M model.
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be included in a more general thermionic field emission theory. So, the
reverse tunneling current density through the left Schottky barrier as per
thermionic field emission theory is expressed as [67].

J|(V17‘151):*](Vlv‘pl)xeXP{vl(kiT_ELo)} ®

Where J varies slowly with applied bias and is given as

A % T(nqEqy)"? (qb]) { & }1/2
=/ — -+ ——— 4
k exp qE() x q(vl g) COSh2 (qE()(] /kT) ( )

Where ( represents the distance between the bottom of the conduction
band and Fermi energy and &; represents the active Schottky barrier.
From the Model M-S-M as in Fig. 7 we have

J

E
Ey = Ey coth (qk—TOO> 5)
with
n( N, \'"?
Ep=7|— d (6)
2\me g

Whereas h and # are the Planck constants, Ng = donor density at the
semiconductor-metal interface, ¢ is dielectric coefficient of the semi-
conducting nanostructure and ¢, represents the free space dielectric
coefficient.

Another significant tunneling theory parameter is E,, which deals
with the Schottky barrier diffusion potential in the transmission prob-
ability for the electrons.

As expressed by the thermionic field emission theory, the forward
current density through the right Schottky barrier is expressed as [56].

V. D V.
J2(V2,<D2):A*T2exp(zk—;>exp(—%) X {1—exp(—%>} 7

Where &, represents the active Schottky barrier potential height. The
current should be the equivalent flowing through the forward-biased
Schottky barrier and the reverse-biased Schottky barrier, the NW/NR
which is denoted as:

\%
1=811,(Vi, 1) =5 = S22 (Va, 1) ®)

Here contacts area of reverse-biased and forward-biased Schottky bar-
rier is represented by the symbols S; and Sy respectively and are
assumed to be equal to the cross sectional area of the NW/NR.

Putting the value of J; from equation (3) into equation (8) can be
obtained

_q|_ q_1

1=S5, J(Vl,él)xexp{%(kT Eo)H )
So

InI=InS, —nJ(vy, @) +v, (L1 (10)

n/=Ind; —In 1,P1)+ Vi kT Eo

Since J is insensitive to applied bias V1, so the plot of Inl verses V; is
linear as shown in bottom right of Fig. 6 (a, b) and the slopeism = & —
s

As we can see clearly form Fig. 6 (a, b) that a major current
improvement in the pre-treated GaN NRs has been detected as associ-
ated with the untreated GaN NW. At a voltage slightly higher than 4 V, at
the stage of varying current linearly along with voltage, the relation, R ~

dV/dI can be used after I-V curves differentiation for calculating the
resistance (R) of the NWs/NRs. Thus the resistance linked with GaN
NWs/NRs can be estimated from the corresponding slope of the LnI-V as
shown in the right below of Fig. 6 (a, b). Using this practical approach
and length and diameter from TEM, the resistivity (p) = (RA/L) of
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untreated NWs and pre-treated NRs was calculated to be 0.40-0.85
Q-cm and 0.0045-0.0070 Q-cm respectively. The substantial resistivity
decrease reveals that the improvement (resistivity decrease) is possible
by aqueous NHjs treatment to the precursors. The conductivity () of the
NWs and NRs was calculated by using 6 = L/RA. Conductivity calculated
for the NWs was 1.17-2.5 (ohm-cm)’1 and for NRs is 140-220 (ohm-
cm)~L. Conductivity results also showed that NRs have better conduc-
tivity as compared to NWs. These results exhibit that the conductivity
has been enhanced due to the treating precursors with the aqueous NH3.
For the purpose to regain quantitatively various central factors of the
NWs and NRs, M-S-M model was validated. Considering MSM model, the
mainstream voltage drop is ascribed due to reverse-biased Schottky
barrier (medium biased), whereas most of voltage drop is attributed to
the NW/NR itself, which is at high bias as exposed in Fig. 6 (a,b). That’s
why, the preliminary value of the substantial tunneling parameter E, has
been estimated with the help of the slope in In I-V as shown in the inset
of the right bottom of Fig. 6 (a,b). Using this approach we have obtained
o = 0.42354 meV and E, = 0.02675 meV for NWs and NRs respectively
whereas carrier concentrations (Ng) = 3.65-5.25 x 10'® ecm™ and
2.25-5.88 x 10'8 cm ™3 were calculated for untreated GaN NWs and pre-
treated NRs. Both of these values are consistent with that of GaN ma-
terial and show the significant enhancement due to pre-treating with
aqueous NHs. The increase in the conductivity of the GaN NRs is the
result of the increase in the mobility, which can be measured by equa-
tion below

4

Mobility(u) = =—
obility () Nagp  Nag

an

Mobility measured for GaN NWs were 200-300 cm?/Vs and for GaN
NRs were 154-625 cm?/Vs which showed that the mobility of the pre-
treated GaN NRs is much higher than the untreated GaN NWs. So the
present results ascertain the noteworthy effect on the improvement of
conductivity by pre-treating the precursors with aqueous NHjs. The
improvement in charge carrier densities and electrical properties of the
NRs have great potential for optoelectronics devices.

Since various vacancies have the ability to control the electrical
properties, so the desired electrical properties can also be tuned by
regulating the N and Ga concentration. The higher flow rate of NH3 gas
and treating it with aqueous NH3 gives a higher N concentration creating
Ga vacancies which are also observed in the PL emission depicted in
Fig. 5 (b). So in our experiment we have achieved the higher nitrogen
concentrations by high flow rate of NH3 gas and also pre-treating with
aqueous NH3 which is helpful in increasing the N concentrations. These
increased level of N concentrations (Ga vacancies) leads to the
enhancement of conductivity, charge carrier densities the electrical
properties of the NRs.

A comparison of transport results and other different parameters

Table 2
Shows comparison of transport results for single GaN Nanowires/Nanorods.

S# Shape Length Diameter u (ecm?/ Ng (em™3) Ref
(pm) (nm) Vs)

1 Conical wires 15 100 30 2x 10V [27]

2 Triangular 5 5-100 65 4% 1018 [15]
cross section

3 Quasi circular 4 17.6 150-650  10'8-10'°  [9]

4 Quasi circular 0.33 15 2.15 - [701

5 nanowires 10 67 + 20 - >5x [71]

1018

6 nanowires 2 15 83 [22]

7 Nanocolumns 0.3-1 20-80 - 5x 107 [38]

8 Wires 15 5x 10V [72]

9 Circular 10-20 100-150 200-300 >3.65 x Our
nanowires 10'° result

10 Square/ 10-20 150-200 154-625 >2.25 x Our
trapezoid 1018 result
Nanordos
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such as length and diameter of GaN materials has been given below in
Table 2.

On comparing these values, it can be seen that our results are
consistent with Gallium Nitride (GaN) materials. The electrical proper-
ties, carrier concentrations and the mobilities of pre-treated GaN
nanorods are much better than already reported values. The high carrier
concentrations and mobilities measured in the pre-treated GaN NRs
make them striking building blocks for various useful electronic devices.
This significant increase in the mobility and conductivity could be a
building block for using it in low power devices and optoelectronics
devices. GaN square/trapezoid nanorods also have low resistance and
huge current flow. So the pre-treated GaN NRs have much better con-
ductivity than other GaN wires and other reported values which is a
tremendous breakthrough in low voltage device fabrication.

5. Conclusions

A novel method for synthesizing pure and single crystal square/
trapezoid shape GaN nanorods by pre-treating the precursors with
aqueous NH3 has been described due to which significant enhancement
in conductivity was observed at low voltage. Electronic transport
properties measurements showed that the Ny for untreated NWs was
3.65-5.25 x 10'® cm™2 and for pre-treated NRs was 2.25-5.88 x 10'®
em ™3, Electron mobilities determined for the GaN NWs were in the range
of 200-300 cm?/Vs where as for the NRs were 154-625 cm?/Vs. The
mobilities of the pre-treated GaN NRs are much better than the un-
treated GaN NWs and also better than already reported values of GaN
materials. These high quality GaN nanorods building blocks with better
mobilities will be a tremendous breakthrough in low voltage and
nanoscale electronic device fabrication. The reproducible behavior
exhibited by these nanorods also suggests significant promise for
opening up many exciting opportunities in nano-scale science and
technology in practical ways. From PL measurements it was concluded
that as synthesized GaN NRs have strong near band edge emission at
369 nm (3.36 eV) with yellow emission which is suitable for potential
application in light-emitting devices.
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