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Abstract:

Gallium zinc oxynitride powder and its nanocrystals were obtained by

nitridation of a ZnGa,0O,4 precursor under NH3 flow. The nitrided powder had the

chemical composition of (Gag75ZNo.2300.02)(No.7100.20), Where o indicates a

vacancy, and showed improved crystallinity with a decrease in cationic

vacancies compared to that for pristine gallium oxynitride without zinc. Gallium

zinc oxynitride nanocrystals with rod-like morphology were obtained by

nitridation of the oxide precursor on a NiO pellet. The nanorod crystals were

several hundred nanometers wide and several micrometers long. The nanorods

had a sawtooth appearance with triangular grains aligned along the length

direction of the rods. The nanocrystals with a chemical composition of Ga/Zn =

0.80/0.20 exhibited a broad cathodoluminescence emission at 2.1 eV, similar to

the powder products.

KEYWORDS: A. nanostructures, A. nitrides, B. crystal growth, B. optical

properties, D. defects



1. Introduction

Gallium nitride with nanostructures, such as nanowires, nanorods, and
plate-like crystals, has been widely studied for various applications including
nanoscale UV lasers, high-speed field effect transistors, and electron emitters
[1-6]. Their optical and electronic properties of gallium nitride are strongly
dependent on the chemical composition and the morphology. A large number of
investigations on the doping of GaN have been reported for many different
dopant elements, such as Zn, Mg, Al, C, and Si [7,8]. Lattice defects, such as
gallium interstitials, gallium site vacancies, and oxygen impurities also affect the
optical and electronic properties due to the formation of additional electronic
levels into the forbidden band [9-11].

Gallium oxynitride (GaNO), consisting of both oxide and nitride ions as
its main anion component, has been prepared by nitridation of amorphous
gallium oxide in an ammonia flow [12]. The GaNO adopting a wurtzite-like
structure, has the chemical composition (Gaggomo11)(Nos7Q0.33), Where o
indicates a gallium site vacancy caused by N* substitution with O*. Nanowires
of GaNO have been obtained by ammonolysis of an amorphous gallium oxide

powder containing a few percent of Ni or Co additives [13]. Scanning



transmission electron microscopy (STEM) observation of GaNO nanowires

indicates that the growth direction is parallel to the hexagonal c-plane, and there

is a stacking disorder of several atomic layers between biphasic wurtzite and

zinc-blende lattices along the hexagonal c-axis [14]. Cathodoluminescence (CL)

spectra of GaNO nanowires revealed a broad emission and persistent

photoconductivity (PPC) under UV irradiation [15]. Both the broad CL emission

and PPC are considered to be induced by gallium vacancies caused by the

oxide ion substitution of nitride ions in hexagonal GaN.

ZnO doping of GaN forms wurtzite-type Ga;.xZn«N1.xOx (GaZnNO) solid

solutions and has been reported to improve the crystallinity by decreasing the

number of gallium vacancies [16]. However a formation of cation vacancy and its

relationship to the optical property have not investigated in the literature. The

oxynitride solid solutions have been widely studied for an application as a visible

light-driven photocatalyst for the overall water splitting reaction [17-20]. GaZnNO

has been prepared by several preparation methods; ammonolysis of Ga,O3 and

ZnO mixtures, crystalline ZnGa,04, and Ga-Zn layered double hydroxides, and

nitridation using urea as a nitrogen source [21-23]. Cationic vacancies have

been neglected in discussions on the optical and catalytic properties of GaZnNO.



To the best of our knowledge, there have been only a few reports on the

nanostructural control of the GaZnNO [24,25]. Nanowires of the Gaj.xZnxN1xOx

solid solution have been synthesized with a relatively low Zn content of less than

x = 0.12, and their electronic properties were reported in relation to the Zn

contents [24].

Control of the growth of GaZnNO nanocrystals may provide a possibility

to improve the properties, such as CL emission, catalytic activity and electronic

conductivity due to improved crystallinity. In the present study, GaZnNO powder

and nanocrystals were obtained by an ammonolysis reaction of ZnGa,O,4 without

NiO and on a NiO compact as a catalyst, respectively. The morphology, growth

mechanism and optical properties of the GazZnNO nanocrystals were

investigated, and the CL emissions of both powder and nanocrystals are

discussed in relation to gallium site vacancies.

2. Experimental procedure

ZnGay0,4 was prepared via the solid-state reaction of Ga,O3 (99.9%,

Kojyundo Chem. Lab. Co.) and ZnO (99%, Wako Pure Chemicals Co.). These

powders were mixed in a stoichiometric composition with ethanol in an agate



mortar. The mixed powder was calcined at 1200 °C for 12 h in air. The obtained

ZnGa,0,4 was nitrided at 750 °C for 10 h in an ammonia flow of 50 mL/min to

form a GaZnNO powder. Such high flow rate of ammonia was necessary to

nitride the oxide precursor before thermal decomposition of ammonia to nitrogen

and hydrogen as reported in a formation of oxynitrides by ammonolysis reaction

[26]. The growth of GaZnNO nanocrystals was studied by a similar nitridation of

ZnGay0,4 on a 10 mm diameter and 3 mm thick NiO catalyst pellet. As a

reference, GaNO powders and nanowires were also obtained from Ga,O;

precursor under the same nitridation conditions as that for ZnGa,0Oa..

X-ray diffraction (XRD) patterns were collected using a diffractometer

with Cu K, radiation (Ultima IV, Rigaku). The chemical compositions of Ga and

Zn were measured using X-ray fluorescence spectroscopy (XRF;

SEA6000VX-SII, Hitachi). The oxygen and nitrogen contents were determined

with an oxygen/nitrogen analyzer (EMGA-620W, Horiba) using Y,0O3 and SizN4

as respective references. The microstructure of product samples placed on

carbon tape was observed using scanning electron microscopy (SEM;

JSM-6390LV, Jeol) and field emission SEM (FE-SEM; JSM-6500F, Jeol).

Transmission electron microscopy (TEM) samples were prepared by focused ion



beam milling (FIB; JIB-4600F, Jeol) and supported on micro-grid coated Mo

mesh. TEM and STEM observations were performed using microscopes,

JEM-2010 (Jeol) and HD-2000 (Hitachi), respectively. Elemental analysis was

also performed using energy dispersive X-ray spectroscopy (EDX). CL spectra

of the nitrided products were measured at room temperature using FE-SEM at

an accelerating voltage of 15 kV attached to a CL system (SU6600CL, Hitachi).

3. Results and discussion

3.1. Gallium zinc oxynitride powder

Fig. 1 shows XRD patterns of the nitrided powder products obtained

from ZnGa,0,4 and Ga,O3 without the NiO catalyst pellet. The XRD pattern of the

GaNO powder is slightly different from the diffraction pattern calculated for the

wurtzite-type GaN lattice [27] shown at the bottom. Biphasic wurtzite and

zinc-blende structures have been reported for GaNO powders and nanowires,

and may be related to a stacking disorder along the c-axis of the hexagonal

wurtzite lattice. Such disorder was directly observed on GaNO nanowires using

high resolution STEM [14]. The biphasic nature decreased in the GaZnNO

powder obtained by nitridation of the ZnGa,O, precursor and the XRD intensity



ratio was similar to that of hexagonal wurtzite type GaN. The stacking disorder
was thus decreased by the Zn doping into the GaNO. The narrower diffraction
lines suggest improved crystallinity in the GaZnNO powder. The lattice
parameters were estimated assuming the hexagonal wurtzite type structure to
be a = 0.3187(2) nm and ¢ = 0.5181(4) nm for GaNO, which increased to a =
0.3204(1) nm and ¢ = 0.5195(1) nm for GaZnNO, because Zn** has a larger
ionic radius than Ga** [29]. Their chemical compositions were estimated from
both oxygen/nitrogen analysis and XRF measurements. While GaNO powder
contains approximately 8 at% of cation vacancies (Table 1), the Zn doping of
GazZnNO significantly decreased the cation vacancy to 2 at%. The Zn/Ga ratio in
GazZnNO decreased from that in the ZnGa,O, precursor because Zn is more

volatile than Ga under a strong reductive atmosphere.

3.2. Gallium zinc oxynitride nanocrystals

Nanocrystal growth was investigated by the nitridation of Ga,O3; and
ZnGa0,4 on NiO catalyst pellets. Nitrided products obtained on the NiO pellets
were observed using SEM, and the results are shown in Fig. 2. Several

nanowires with widths of 20 to 100 nm and ca. 20 um long were obtained with



GaNO grains as the nitridation product from Ga,O3. The nanowires have smooth

surfaces and the morphology was similar to that previously reported for

nanowire prepared by nitridation of an amorphous Ga-Ni oxide [13, 14]. The

previous nanowires grown from the amorphous precursor contained a large

amount of cation vacancies and a stacking disorder [14]. The number of

nanocrystals in the nitrided product increased for preparation from the ZnGa,O,

precursor on a NiO pellet, as shown in Fig. 2(b). The morphology changed from

that for a plain nanowire to the characteristic nanorods with widths above 200

nm and 5 um long. The magnified image in Fig. 2(c) shows triangular grains that

are aligned along the rod and have a sawtooth-like appearance. The Zn/Ga ratio

of the rod-like crystals was estimated to be 20/80 from TEM-EDX measurements

and the ratio was almost constant along the growth direction. A longitudinal

cross-section of the GaZnNO nanocrystal prepared by FIB milling was observed

using STEM. Zn/Ga elemental maps of the cross-section indicated an almost

homogeneous elemental distribution in the nanocrystal, as shown in Fig. S1

(Supporting Information). Figure 3 shows the XRD pattern for a mixture of

GazZnNO nanocrystals and grains prepared by ammonolysis of ZnGay04

precursor on a NiO pellet. The diffraction lines correspond to those for



wurtzite-type GaZnNO powder. There is no trace of secondary phases such as

GaNO and ZnO.

Rod-like crystals with triangular grains on the surface were never

obtained by the nitridation of Ga,O3 and ZnO. Nitridation of an amorphous Ga-Ni

oxide precursor formed thinner plain nanowires with smooth surfaces [13, 14].

The characteristic sawtooth nanorod morphology appeared only for crystal

growth from the ZnGa,0O,4 precursor. To investigate the growth mechanism of the

GazZnNO rod-like crystals from the ZnGa,O,4 precursor, the morphology of the

nitrided product was observed by changing the nitridation time from O to 10 h.

For the O h nitridation, the cooling step was started just after the heating

temperature reached to the setting value (750 °C) without a holding time. For a

nitridation time of O h, thinner plain nanowires with smooth surfaces appeared

with large grains, as shown in Fig. 4(a). Very small amount of Zn below 5% was

observed in the EDX measurement of the smooth nanowires. The morphology

was similar to the nitrided products obtained from a Ga,O3; precursor. By

extending the duration time up to 5 h, the amount of nanowires increased and

small grains were precipitated on the surface of the thicker plain nanowires (Fig.

4(b)). The Zn/Ga ratio on the nanowires increased to about 15/85. After a
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duration time of 10 h, triangular grains covered the surface of the plain nanowire

(Fig. 4(c)). The growth mechanism was speculated from the morphological

changes as follows. The nanowires at the initial stage (Fig. 4(d)) were similar to

the GaNO plain nanowires grown from a Ga,O3 precursor. Gallium oxide-rich

residual may be present on the NiO pellet due to the higher vapor pressure of

ZnO than Ga,O3 in ZnGa,0,4. The GaNO nanowires then acted as a substrate

with nucleation site for subsequent precipitations of zinc oxide deposited from

the ZnO-rich atmosphere (Fig. 4(e)). At the final stage, the deposits react with

the nanowire core and grow in the transverse direction, which results in the

thicker rod-like nanocrystals covered in triangular grains with homogeneous

Zn/Ga distributions with 20% of Zn content. EDX point measurements on the

both core part and triangular grain indicated almost same Zn/Ga ratio as

described in Fig. S1. Core-shell type compositional distribution was not

observed in the EDX measurements on the nanocrystals. Electron diffraction

(ED) patterns observed at the same positions appeared to be identical as shown

in Figs. S1(d) and S1(e). The results of XRD and TEM-ED and the compositional

homogeneity observed on the nanocrystal indicate the formation of GaZnNO

nanorod crystals. The triangular feature of the GazZnNO grains was also

11



observed in ammonolysis products of gallium zinc layered double hydroxides

[23]. Triangular overgrowth along the hexagonal <001> axis suggests

restructuring where GaZnNO was formed during ammonolysis through reaction

of the GaNO core with the ZnO-rich atmosphere.

3.3. CL characteristics

Figure 5 shows CL spectra obtained from GaZnNO powder and the

rod-like nanocrystals. Both spectra exhibit broad emissions centered at around

2.1 eV. The emission energy of the rod-like nanocrystals does not change in the

growth direction, which implies a homogeneous chemical composition. Band

edge emissions of GaN (3.4 eV) and ZnO (3.2 eV) binary compounds do not

appear in the spectra. Many studies on Ga;xZnyN;.xOx solid solution

photocatalysts have investigated the relationship between the band gap energy

and the chemical compositions [18, 19, 21-23]. Among the previous reports, the

smallest band gap energy of 2.13 eV was achieved for a Zn-rich Ga oxynitride

with Zn/Ga = 0.9/0.1 [19]. The Ga;xZn«N1xOx solid solution with x = 0.20

exhibited a band gap energy of around 2.6 eV [18, 23]. The band gap energy

was smaller than those for GaN and ZnO, and has been interpreted as an

12



enhanced valence-band maximum caused by a repulsion of N-2p and Zn-3d

orbitals [17, 32]. The emission at 2.1 eV observed in this study for both GaZznNO

powder and the rod-like nanocrystals with Zn/Ga ratios of 0.23/0.75 and

0.20/0.80, respectively, is much lower in energy than the band gap for

(Gai1xZny)(N1xOy) solid solutions with similar Zn/Ga compositional ratios. In this

study, the oxynitride powder has a chemical composition of Gag.75ZNn.23N0.7100.29.

This powder suggests the wurtzite structure and thus a small amount of cation

vacancies should be present in the structure. The effects of cation vacancies,

Vsa, and oxide ion substitution, Oy, on the emission spectra have been reported

for wurtzite type GaN [9, 10]. The yellow emission at 2.2 eV has been assigned

to a correlation of Vga and Oy [9]. Zn- doped GaN has also been reported to

exhibit blue emission due to a Zn accepter level. In this study, both Oy and Vga

may produce the slightly lower emission around 2.1 eV due to a coexistence of

Znga Which forms an accepter-like level. The anion composition of the rod-like

nanocrystals was not estimated due to the difficulty in measurement of a precise

O/N ratio from TEM-EDX spectra. Although the entire chemical composition of

the rod-like nanocrystals was not clear, the similar CL emission spectra (peak

energy and broad emission) for the GaZnNO nanocrystals and powder imply the

13



presence of cation vacancies in the nanocrystals. Cation vacancies have also

been reported in spinel-type gallium and aluminum oxynitrides [33,34].

Wurtzite-type Al-O-N polytypoids also contains several amount of cation

vacancies [34]. Anion site splitting model in wurtzite-type Ga;xZnyN1xOx (X =

0.115) has been suggested by a structural refinement using a synchrotron X-ray

diffraction data [32]. The anion site splitting implies a formation of stacking

disorder in the hexagonal wurtzite and cubic zinc-blende lattices indicating a

cation deficient layer in the structure as observed in GaNO nanowires [14].

Further detailed investigation is required on the precise estimation of the

chemical composition and cation vacancies in relation to the optical property of

the nanocrystals.

4. Conclusion

Gallium zinc oxynitride powder containing a small amount of cation

vacancies was obtained by nitridation of ZnGa,0O,4 at 750 °C under NH3 flow. The

crystallinity was improved with respect to that observed for gallium oxynitride.

Rod-like nanocrystals of gallium zinc oxynitride formed on a NiO catalyst pellet

had a sawtooth-like appearance with triangular grains on the nanorod surfaces.

14



The nanocrystals with a Ga/Zn ratio of 0.80/0.20 exhibited a broad CL emission

at 2.1 eV, similar to the gallium zinc oxynitride powder. Cation vacancies may be

present in the oxynitride nanocrystals, as observed in the powder products,

which may lead to the smaller CL emission energy through a cooperative effect

between Zn substituted on Ga sites and oxide ions in the wurtzite lattice.
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Table 1 Estimated chemical compositions for the nitrided products

N XRF O/N analysis
Samples Compositions
Ga/at% Zn/at% N/wit%  O/wt%
GaNO (Gag.92(100.08(2)) (No.767(5)00.233(5)) 100 - 13.6(2) 4.7(2)
GaznNO (Gag.7503ZN0.226(2)70.024(5)) (No.7052Q0.2052))  76.8(1) 23.2(1) 11.5(1) 5.5(1)

Symbol o indicates a cation vacancy.
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Figure captions

Figure 1. XRD patterns for the nitrided (a) GaZnNO and (b) GaNO powders

prepared without NiO. Calculated XRD patterns for (c) zinc-blende GaN and (d)

wurtzite type GaN [27, 28] are also presented.

Figure 2. SEM images of the nitrided products obtained from (a) Ga,O3; and (b)

ZnGay0, precursors on a NiO pellet. (c) A magnified image of a rod-like

nanocrystal shown in (b).

Figure 3. XRD pattern of GaZnNO nanocrystals prepared on a NiO pellet. The

inset shows a magnified image of the higher angle region. Vertical bars indicate

the Bragg reflections for GaNO (upper) with a = 0.3189 nm and ¢ = 0.5181 nm

[30], GaZnNO (middle) with a = 0.3204 nm and ¢ = 0.5195 nm, and ZnO (lower)

with a = 0.3249 nm and ¢ = 0.5206 nm [31]. Lattice parameters for the

wurtzite-type GaZnNO were estimated for the powder sample obtained in this

study.

Figure 4. SEM images of the products obtained by nitridation of ZnGa,O, at
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750 °C for (@) 0 h, (b) 5 h, and (c) 10 h. (d-f) Growth mechanism of the rod-like

GazZnNO nanocrystals.

Figure 5. CL spectra for GaZnNO (a) powder and (b) rod-like nanocrystal. The

inset shows an SEM image of a rod-like nanocrystal, where the numbers

correspond to the positions of CL measurements.
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Figure 1. XRD patterns for the nitrided (a) GaZnNO and (b) GaNO powders
prepared without NiO. Calculated XRD patterns for (c) zinc-blende GaN and (d)

wurtzite type GaN [27, 28] are also presented.
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Figure 2

Figure 2. SEM images of the nitrided products obtained from (a) Ga,O3; and (b)

ZnGay0, precursors on a NiO pellet. (c) A magnified image of a rod-like

nanocrystal shown in (b).
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Figure 3. XRD pattern of GaZnNO nanocrystals prepared on a NiO pellet. The
inset shows a magnified image of the higher angle region. Vertical bars indicate
the Bragg reflections for GaNO (upper) with a = 0.3189 nm and ¢ = 0.5181 nm
[30], GaZnNO (middle) with a = 0.3204 nm and ¢ = 0.5195 nm, and ZnO (lower)
with a = 0.3249 nm and ¢ = 0.5206 nm [31]. Lattice parameters for the
wurtzite-type GaZnNO were estimated for the powder sample obtained in this

study.

27



Figure 4
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Figure 4. SEM images of the products obtained by nitridation of ZnGa,O, at

750 °C for (@) 0 h, (b) 5 h, and (c) 10 h. (d-f) Growth mechanism of the rod-like

GazZnNO nanocrystals.
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Figure 5
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Figure 5. CL spectra for GaZnNO (a) powder and (b) rod-like nanocrystal. The

inset shows an SEM image of a rod-like nanocrystal, where the numbers

correspond to the positions of CL measurements.

29



