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Abstract: In,Ge,07, GesNy, InO; and germanium nanowires were synthesized by the developed
hydrazine (N;H4)-based technology. Annealing of germanium or Ge+In sources in the vapor of
N,H4+3 mol.% H,O caused the formation of volatile GeO and In,O molecules in the hot zone. These
molecules were transferred to the Si substrate, which was placed in the could zone of a reactor. After
interacting with hydrazine decomposition products (NHs;, NH,, NH, H,, H) and water, Ge;Ny
nanowires and nanobelts were produced on the Ge source in the temperature range of 500-520 °C.
The growth temperature of Ge;N4 nanowires in hydrazine vapor was by 350 °C lower than the
temperature reported in the literature. Using In+Ge source the tapered In,O3; nanowires were formed
on the Si substrate at 400 °C. At 420-440 °C the mixture of In,Os; and Ge nanowires were
synthesized, while at 450 °C In,Ge,O7 nanowires were produced, with InN nanocrystals growing on
their stems. The possible chemical reactions for the synthesis of these nanostructures were evaluated.
The growth temperatures of both, In,Ge,O7and InN nanostructures were by 50-150 °C lower than
that, reported in the literature. The results of this work clearly demonstrate the ability of hydrazine
vapor to reduce the growth temperature of nitride and oxide nanomaterials.
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1. Introduction

The modern concept of environment protection is based on the continuous monitoring of air,
soil, water pollution and permanent control of solar radiation that reaches the earth surface. The
growth of ozone hole results in higher doses of Ultra Violet (UV) irradiation and increases the
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demand for sensitive UV photodetectors, which can distinguish the real UV signal from solar
background radiation. In the widely used Si UV detectors, this problem is solved by utilizing Wood’s
optical filters, which complicates its design and increases the cost. In contrast to this, the UV
detectors based on Wide Band Gap (WBG) semiconductors with energy gaps higher then ~4.5 eV
have an intrinsic solar blindness as they are insensitive to sunlight with energies less than the ban gap
value [1-4]. Such UV detectors are of utmost importance also for the space and sun exploration,
flame analysis, missile tracking systems, space flight security, photocatalytic CO, reduction,
chemical and biological analysis, power electronics, electric vehicles, high energy lasers etc. [5-8].

Indium germinate - In,Ge,O7, with the band gap of E, = 4.3 eV, is a promising and valuable
material not only for luminescent devices [8,9], sensors [10] and thermoelectric generators [11,12],
but also for solar-blind UV photodetectors. Due to very low dark current, such detectors can work
not only without optical cut-off filters, but also without heavy cooling systems [3,4,13].

Group III nitrides (AIN and GaN) and their ternary and quaternary compounds with each other
and InN, are considered to be the most promising WBG materials for the development of
high-performance devices, including UV photodetectors. They have many advantages such as the
ideal spectral selectivity with wide direct band gaps from the deep UV to the infrared region, high
breakdown field, high thermal and chemical stability, radiation hardness and expected high
responsivity. However, formation of stoichiometric single crystalline nitrides is a complicated task,
which was solved for GaN by Nakamura, Akasaki and Amano (2014 Nobel Prize in physics) after
~20 years of technological investigation. Indium nitride with low defect concentration was produced
only in the beginning of this century and its true band gap value was established to be ~0.7 eV.

The development of new, effective methods for the synthesis of nitride materials is an important
technological issue and the objective of this paper addresses this challenge.

The application of one dimensional (1D) nanostructures instead of thin films and bulk materials
have significantly improved the performance of devices due to the unique surface related and
quantum confinement features, together with an increased light absorption and ability to realize axial
and radial homo- and hetero- p-n junction within a single nanowire. The growth temperature of such
nanomaterials should be kept sufficiently low to prevent the formation of thermal stresses in the
substrate, redistribution of impurities and degradation of p-n junctions. From the other hand, the
growth technology should utilize highly active precursors to provide formation of stoichiometric and
structurally perfect nanomaterials. It should be also taken into account that the structure and
morphology of NWs can be greatly influenced by the source materials and precursor
species [14,15,16].

In this paper, we describe the development of low temperature growth technology for producing
oxide and nitride wide band gap semiconductor 1D nanostructures (InoGe,O7 E;= 4.3 eV, Ge;N4 E,=
3.9 eV). The technology is based on the application of active gaseous precursors formed after
thermal decomposition of hydrazine vapor. One purpose of this work was also to investigate the
nature of precursors and chemical processes that provide the growth of 1D nanostructures in
hydrazine vapor.

2. Materials and Method

The growth of nanowires was performed in the glass vacuum system with 50 mm diameter
vertical quartz reactor. The small ampoule with hydrazine was connected with the reactor through the
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glass valve. The temperature of hydrazine was kept close to 20 °C. The system was evacuated down
to 2 x 107> Torr using a rotary and glass diffusion pumps. The external resistive furnace (400W) was
attached to the bottom of the reactor. Its temperature was controlled by k-type thermocouple. The
hydrazine-hydrate was purified by distillation and the water content in it was evaluated using the
refractometer. The details of technology and precursor formation are considered in the following
section.

The morphology and structure of NWs were studied using FEI Quanta FEG 600 Scanning
Electron Microscope (SEM) and Philips CM200 FEG Transmission Electron Microscope (TEM).
XRD data were taken on a Shimadzu XRD-6000 diffractometer.

3. Results and Discussion
3.1. Formation of precursor for the growth of nanowires

The low temperature facile synthesis of nitride materials needs the application of spontaneous
chemical reactions with negative Gibbs free energies and high kinetic factors. Nitrogen molecule
with its very hard triple bond is useless for nitride formation unless it is dissociated or ionized to
form atomic nitrogen or N™ ion. The utilization of ammonia lowers the synthetic temperature,
however, it is still sufficiently high with average value close to 1000 °C.

Hydrazine (N,H4) based technology attracted our attention because in the early work of
S.Vashioka [17] it was reported that the rate of Si3Ny film deposition in hydrazine was increased by
50 times as compared with the synthesis in ammonia. This was explained by a high concentration of
active NH; radicals in the products formed after thermal decomposition of hydrazine. Besides, it was
established that at the surfaces of semiconductors the decomposition of hydrazine proceeds as a very
fast chain reaction with a high pre-exponential factor of 10"’s™' [18]. In spite of these advantages the
application of hydrazine vapor and its flows for producing microelectronic materials and
nanostructures was not popular due to the explosive nature and toxicity of N,H4. From the other hand,
different very active radicals (NH,,NH, atomic nitrogen and hydrogen) are produced during the
pyrolysis of hydrazine, until the final stabile products — N», H, and NHj; are formed [19,20,21]. These
radicals offer a special opportunity to decrease the synthetic temperature of different materials
including nano-dimensional structures, as discussed in the following sections.

It should be noted that after purification of hydrazine hydrate, approximately 3mol.% of water
still remained in the hydrazine and served as oxidants for producing volatile suboxides. Considering
the gas phase precursors formed after thermal decomposition of NoHs + 3mol.%H»O it becomes clear
that reducing, oxidizing and nitride forming species are simultaneously presented in the reactor. This
leads to the variety of competitive paths for the chemical synthesis of nanomaterials. Depending on
the source material and process temperature different pure materials and compounds can be produced
including oxides, nitrides and oxinitrides. In our previous work we used a piece of crystalline InP as
a source and demonstrated that in hydrazine vapor pure, crystalline InP nanowires can be synthesized
on Si substrate, despite the presence of oxidizing and nitride forming precursors [22]. The possible
reason lies in the very high value of negative Gibbs free energy (—904 kJ/mol at 400 °C) and
increased kinetic factor for the chemical reaction that produces InP from In,O and P precursors,
instead of Indium oxide or nitride formation. In the considered process of InP nanowire growth,
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oxygen manifests itself only in producing volatile In,O soboxides that provide the indium mass
transfer to Si substrate.

In this work we used crystalline, unpolished, solid Ge and In sources for producing nanowires.
The only possible volatile species, which are able to perform the mass transfer from source to
substrate and subsequent growth of nanowires are volatile GeO and In,O suboxides. In our oxygen
deficient atmosphere they can be produced onto the source surfaces after dissociative adsorption of
water molecules or after reduction of existing native oxide layers with H, H, NH and NH, species.

The experimental setup with vertical, tubular quartz reactor was first evaporated down to 2 x
107 Torr, then isolated from the vacuum system and filled with hydrazine vapor up to its saturated
pressure of ~10 Torr. The solid source material was placed on the bottom of the reactor (hot zone)
and heated by an external resistive furnace. The substrate (Si and glass) were placed on a tubular
quartz spacer at 3—20mm above the source (cold zone) and heated by the convective heat transfer
from the same furnace. The temperature of the substrates was regulated by changing the
source-substrate distance.

3.2. Growth of Ge3;N, nanowires from Ge source

For the growth of Ge;N4 nanowires the Ge source was placed on the bottom of a reactor and Si
substrate was located at 3 mm above it. The source was annealed in hydrazine vapor for 1 hour in the
temperature range of 400-550 °C, and the corresponding substrate temperature range was
380-530 °C.

Zone axis |211]

Figure 1. SEM (a) and TEM images (b,c) of nanowires grown on Ge source at 500 °C. (d)
Selected Area Electron Diffraction (SAED) pattern, which confirms the formation of a
phase GesNy4 nanowire.

It should be emphasized that during the growth process GesNs nanowires were produced both
on source and Si substrate surfaces. However, their morphologies, composition and growth
mechanisms were quite different. In our previous work [23] we presented some results concerning
the growth of Ge;N4 nanowires on the surface of Ge source without considering the growth processes
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at the Si substrate surface, which was placed above the source. It was established that the first step in
the growth of NWs on Ge source is a formation of GeOy clusters, followed by the appearance of
molten Ge self catalyst droplets. At 500 °C a-Ge;N4 nanowires started to grow on Ge source surface.
They were produced through the self-catalyzed Vapor-Liquid-Solid (VLS) mechanism using GeO
vapor and nitride forming precursors, produced after pyrolytic decomposition of hydrazine. The
minimum diameter of nanowires was 7 nm, while their lengths exceeded tens of micrometers. Figure
1 represents SEM and TEM images of Ge;Ns nanowires. They confirm the Ge catalyst-assisted
growth of single crystalline o-GesNs nanowires. It should be noted that Ge catalyst was also
successfully used for producing different nanowires including SiO,, Al,O03, ZnO, GaN [24-27].

At elevated temperatures close to 520 °C the growth mechanism was changed to Vapor-Solid
one and a-Ge;Ny nanobelts were produced instead of nanowires with circular diameters (Figure 2).
Some of them had thicknesses close to few atomic layers, while their lengths reach tens of
micrometers.

Figure 2. SEM (a) and TEM images (b,c) of a- GesN4 nanobelts formed at 520 °C on the
surface of Ge source. (d) corresponding SAED pattern.

The morphology of grown 1D nanostructures strongly depended on the growth temperature. At
higher temperatures close to 580 °C the large, micrometer sized crystalline blocks of Ge;N4 were
produced, however, they still preserved the elongated shapes (Figure 3).

More detailed information about precursors, their activity and chemical reactions involved in
the synthesis of nanowires were obtained after analysis of nanomaterials produced during the
condensation of GeO molecules on the Si substrate and their interaction with hydrazine
decomposition products. The elemental mappings of nanomaterials synthesized on Si surface at
different temperatures are presented below in Figures 4-6.

The microdroplets and linear, chain-like structures were observed in material grown at 480 °C.
The whole product consisted mainly of Ge (Figure 4 b). The formation of germanium nitride or oxide
was not observed (Figure 4 c,d), indicating that GeO vapor was effectively reduced to Ge by
hydrazine decomposition products. The absence of a surface covering thin film proves that the
droplets and chains were formed after surface diffusion and coalescence of adatoms. The micrometer
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sizes of material suggest that the flux of Ge molecules was sufficiently dense. Probably, at early
stage of growth, when sizes of first clusters were within few nanometers, they were molten
nanodroplets due to well known Gibbs-Thomson effect. As the sizes grew, the temperature was
insufficient to keep them in liquid state and the spherical shape was changed to irregular one
observed in Figure 4. The origin of driving force that arranges the droplets in a chain-like structure is
unknown. XRD spectra of materials that were scrapped off the Si surface did not reveal any presence
of crystalline Ge. The absence of crystallites may be caused by insufficient substrate temperature,
and partly by a relatively high level of oxygen and nitrogen impurities in Ge droplets.

& ; Wl 3
2 EHT = 500 kv Signal A = InLens  Date 4 Feb 2015
Mag = 10.00 KX WD = 45mm PhotoNo.= 138  Time :10:11:27

Figure 3. SEM image of a-Ge;Njy crystalline blocks, formed at Ge source surface at 580 °C.

Nitrogen

Figure 4. SEM image (a) and elemental mapping of nanomaterials produced on Si
substrate at 480 °C (b—d).

At increased temperature (500 °C) the VLS grown Ges;N4 nanowires with facetted edges appear
at the Si surface along with Ge chains (Figure 5). The produced 1D Ges;Ny structures we denote as
nanowires, but in reality they are microwires because their diameters have micrometer sizes. The
nanowires were grown through the Ge self-catalyzed VLS mechanism, because the tips are clearly
seen in Ge related map (Figure 5b), but they disappear in nitrogen map (Figure 5c¢). The nanowire
bodies consist of Ge and nitrogen. At this temperature the conversion of GeO molecules to GesNy
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starts due to chemical reactions with nitrogen precursors. However the temperature is insufficient to
transform all GeO molecules into nitride. As a result, a part of them is still reduced to Ge forming

chains and droplets (Figure 5b).

- Ge chains

Ge catalyst tips

\

Figure 5. SEM image (a) and elemental mapping of nanomaterials produced at 500 °C
(b—d). Arrows in (b) indicate Ge;N4 nanowires and Ge catalyst tips. These tips are
missing in nitrogen map (c).

Only germanium nitride was produced at Si surface at 520 °C, as it is evidenced in Figure 6. No
free Ge was found (Figure 6b,c). Grown nitrides have faceted edges indicating their crystalline
structure. The formation of crystalline a-GesN4 phase (JCPDS: 11-69) was also confirmed by XRD
pattern in Figure 6 d, which was obtained after scrapping the material off the Si substrate.
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Figure 6. SEM image (a) and elemental mapping of nanomaterials produced at 520 °C
(b,c). XRD pattern of synthesized product (d).

The most striking feature of these experiments is the absence of oxides at the Si surface in spite
of the presence of water and traces of O, which appear due to the oxygen inleakage. To explain this
phenomenon we have calculated the Gibbs free energies for two sets of competitive chemical
reactions. The first set was representing the processes of GeO oxidation and formation of stabile
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stoichiometric GeO,, while the second set was describing the reduction of GeO to pure Ge in
hydrazine decomposition products.

Chemical reactions presented below were calculated at 500 °C and they have a tentative nature
because they were evaluated at atmospheric pressure, while the initial pressure in our experiments
was 10 Torr. The sign of AG determines only whether or not a chemical reaction will occur. The
negative signs of AG in the equations listed below indicate that these reactions may take place
spontaneously. The real amount of synthesized material and the process dynamics depends on the
reaction kinetics (i.e. on the rates of chemical processes), which were not evaluated in our
experiments. However, the kinetic factors are often more important than thermodynamics in the
non-equilibrium systems [28]. In these calculations GeO was considered to be in an adsorbed state.

The formation of germanium dioxide (GeO,) through the reaction of GeO with water has a low
Gibbs energy (=75 kJ/mol). The synthesis of GeO, through the reaction of GeO with O, has
sufficiently higher negative free energy:

GeO + 0.505(g) = GeO» AG=-280 kJ/mol (1)
GeO;, can be formed also through the reaction:
2Ge0=Ge+GeO, AG=-218 kJ/mol (2)

The Gibbs energies for the reduction of Ge from GeO using H, and atomic hydrogen were
calculated to be —57 and —414 kJ/mol respectively.

Even more gain in energy may be obtained when Ge is reduced from GeO using NH; and NH
species:

GGO+NH2(g)=G€+H20(g)+O.5N2(g) AG=-274 kJ/mol (3)
GeO + 2NH(g) = Ge + HxO(g) + Ny(g AG=-778 kJ/mol 4)

By comparing these reactions with that of GeO, formation (1) and (2) it can be seen that
reactions, which produce Ge are energetically mostly favorable. The considerable amount of Ge,
which was synthesized on Si at 480 °C (Figure 4) indicates that the reducing reactions have also a
high kinetic factors and at this temperature they prevail over oxidation or nitride forming processes.

The syntheses of germanium nitride from existing precursors are other very favorable reactions:

3GCO+4NH3(g):Ge3N4+3HzO(g) +3H2(g) AG=-469 klJ/mol (%)
3GGO+4NH2(g)=G€3N4+3HQO(g)‘f'Hz(g) AG=—-1196 kJ/mol (6)
3GCO+4NH(g)+H2(g): GC3N4 + 3H20(g) AG=-1774 kJ/mol (7)

These reactions may have low kinetic factors at 480 °C, however at 500 °C they can proceed
together with Ge reduction. As a result of these two processes the germanium chains and nitride
wires may appear simultaneously and coexist at the Si surface (Figure 5). We suppose that some of
small liquid Ge nanoparticles, produced at the initial stage of GeO reduction, may serve as catalyst
droplets for the VLS growth of Ge;N; nanowires. The nanowires are tapered with diameters
increasing toward the self-catalyst tips. It is well known that the rate limiting factor in VLS growth is
a process of solidification and crystal formation at the liquid catalyst - solid interface. It seems that
the amount of molecules, which leave the catalyst by solidification, is lower than the amount of
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gaseous molecules that enter the catalyst. This leads to the increase of catalyst diameter with time
and observed tapering.

The increase of temperature up to 520 °C causes the prevalence of reactions (5)—~(7) and
formation of pure germanium nitride microcrystals and crystalline 1D linear structures (Figure 6).
All this material is produced through the Vapor-Solid route by direct formation of GesN4 seeds from
GeO and nitrogen precursors.

It should be emphasized that there are only two publications describing the growth of Ge;Ny
nanowires [29,30]. In both publications the synthesis was performed at 850 °C in an ammonia flow.
In contrast to this, our hydrazine based technology enables the production of Ge;N4 nanowires at
500 °C, which is by 350 °C lower than that, reported in [29,30]. Besides, the Ge;N4 nanowires are
grown without any flow of reagent gases, using only a closed vacuum system with static hydrazine
pressure (~10 Torr). The presented data prove a high activity of hydrazine decomposition products
and the ability to develop hydrazine based low temperature and simple technology for the growth of
nitride nanowires.

3.3. Growth of nanowires from In+Ge source

As we saw in the previous section, Ge;N4 nanostructues were growing on both, the Ge source
and Si substrate placed above it. In contrast to this, nanowires were growing only on the Si substrate
when In+Ge source was used.

Some preliminary information on the composition of possible reaction products can be obtained
by analyzing the thermo-chemical data of existing precursors and expected chemical reactions. The
morphology and composition of nanostructures was strongly influenced by growth temperature.

When comparing indium III oxide (In,O3) and germanium dioxide GeO,, it becomes clear that
In,O5 is more stabile, as its dissociation energy per oxygen atom (466 kJ/mol) is greater than that for
GeO; (403 kJ/mol). It means that In or In,O will take oxygen from GeO or GeO; reducing them to
pure Ge. The example of one of such reactions is presented below:

In;0O(4)+2GeO=In,03+2Ge AG= -286 kJ/mol (8)
Besides, the gaseous In,O can readily form In III oxide through the reaction:
3InyO(y) =InxO3+4In AG= —-403 kJ/mol 9)

The last reaction can produce pure indium droplets which may serve as sinks for In,O; and
arriving gaseous In,O molecules i.e. they may serve as molten In catalysts providing the VLS growth
of In,O3; nanowires.

Figure 7 presents tapered In,Os nanowires grown on Si at 400 °C through the VLS mechanism
(source temperature 430 °C). As it was found in the previous section, this temperature is insufficient
for the effective sublimation of GeO molecules. However, the flux of In,O molecules is quite intense
because they form tapered nanowires with micrometer sized In catalyst tips. Near the bottom of
nanowires, at the points where they are anchored to Si surface, their diameters are quite small and do
not exceed several tens of nanometers. The diameters gradually increase towards the catalysts,
reaching micrometer sizes near the tips. Some of the catalysts merge during the growth. After
coalescence, a single nanowire with unified single catalyst was growing instead of two nanowires
(Figure 7d).
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Figure 7. SEM images of In,O3; nanowires grown on Si substrate at 400 °C (a,b,d). XRD
pattern of nanowires (c).

The growth of In,O3; nanowires with indium self catalysts was proved by XRD spectrum
(JCPDS: 65-3170) presented in Figure 7c. The formation of Ge or crystalline indium was not
observed.

The SEM image and elemental mapping of In,Os; nanowires are shown in Figure 8. The
spherical catalyst tips can be clearly resolved in indium related image shown in Figure 8b. However,
in the same points, which are indicated by white arrows in the oxygen related map (Figure 8d), the
catalysts are absent. It shows that the catalyst mainly consists of pure indium.

Figure 8. SEM image of In,O3; nanowires grown on Si substrate at 400 °C (a). Elemental
mapping of same nanowires.

The increase of substrate temperature up to 420-440 °C causes the appearance and subsequent
growth of Ge related peaks in XRD pattern (Figure 9). These peaks appear together with In,Os
related peaks, which are also increasing with temperature. As it was found in previous section, for
the single Ge source the lowest temperature for the formation of Ge on the silicon substrate was

AIMS Materials Science Volume 3, Issue 2, 470-485.



480

estimated to be 480 °C (Figure 4). The ease of formation of crystalline Ge at 420—440 °C in case of
GeO and In,O codeposition, can be attributed to the additional reduction of GeO through the reaction
(8) and other reactions between GeO, In and In,O precursors. As a result, at elevated temperatures
the amount of reduced Ge increases in case of combined In+Ge source, in comparison with a single
germanium source. The SEM image in Figure 10 demonstrates that Ge nanowires are growing
through the VS process because they have no catalyst tips, while In,O3 nanowires are still forming by
the VLS mechanism, but they are less tapered.
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Figure 9. XRD patterns of nanowires grown from In+Ge source on Si substrate at 420 (a)
and 440 °C (b).

Figure 10. SEM image of Ge and In,O3 nanowires grown at 400 °C. The inset shows the
enlarged view of nanowires.

The whole chemistry of the growth process was changed when the substrate temperature
reached 450 °C. The nanowires grown at this temperature were scrapped off the substrate and
analyzed using powder XRD technique. The pure monoclinic In,Ge,O; (JCPDS: 82-0846) and
wurtzite InN (JCRDS: 50-1239) phases were the only crystalline materials that were detected on
XRD pattern (Figure 11). TEM and SEM images of In,Ge,O; nanowires with attached InN
nanocristals are shown in Figure 12. The selected area electron diffractions confirm the synthesis of
monoclinic In,Ge,O7 and wurtzite InN (Figure 12b,c).
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Figure 11. XRD pattern of nanowires formed on Si substrate from In+Ge source at 450 °C.

© 0110

 In,Ge,0,

Figure 12. SEM (a) and TEM images of In,Ge,O; nanowire with InN nanocrystals
growing on it at 450 °C (b,c). SAED of InN nanocrystalas (d) and In,Ge,O7 nanowire (e).

The formation of indium nitride in hydrazine-based technology is thermodynamically favorable,
because the reactions of In,O with N>Hs decomposition products (ammonia, NH, and NH) have
negative Gibbs energies, with a highest value of AG = —347 kJ/mol for the reaction of In20 with
nitrogen monohydride. In addition to In,O, indium III oxide - In,O; can also form indium nitride
after reaction with NH; and NH (Gibbs energies —119 and —263 kJ/mol respectively).
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Generally speaking the growth of InN is a challenging task because the equilibrium vapor
pressure of nitrogen over InN is quite high and therefore needs the application of low growth
temperatures. According to the literature, due to very high activities of ionized precursors, the lowest
growth temperatures for InN nanostructures (400—450 °C) were achieved when applying the
plasma-assisted technologies. For example, the indium nitrides with best electronic properties were
produced on GaN and AIN buffer layers using plasma-assisted molecular beam epitaxy [31,32,33].

In the most commonly used technologies (chemical vapor deposition, UV-assisted growth,
vapor phase epitaxy etc.), which utilize unionized vapor, InN can be produced only at temperatures
beginning from 500 °C [34,35,36]. In these processes the morphology of InN nanostructures mostly
depends on the growth temperature, evolving from quantum dot sized nanoparticles formed at 500 °C,
to nanorods grown at 700 °C [37]. As it is evidenced in Figure 11, in the hydrazine-based technology
InN nanoparticles are produced at 450 °C. This growth temperature is low in comparison with other
techniques which use unionized vapor, proving once again that the hydrazine decomposition
products have a high activity.

The absence of reliable thermochemical data on In,Ge,O; makes it difficult to determine the
possible chemical pathways for the synthesis of indium germinates in our experiments. In,Ge,O7
nanostructures are more frequently produced by carbon—assisted thermal evaporation of In,O3/GeQO,,
In,O3/Ge or In/GeO, powders at temperatures close to 1000 °C in the hot zone, and 600 °C or higher
in the cold zone where synthesis takes the place [38-42]. As it was shown, the onset of crystalline
In,Ge,O; formation in our technology is close to 450 °C. This temperature is by 100-150 °C lower
than the growth temperatures reported in literature. The lowering of synthetic temperature in
hydrazine-based technology can be again explained by a high activity of N,Hs decomposition
products.

It should be noted that In,Ge,O; decomposes at and above 700 °C [43,44]. As a result, the
gaseous phase of O, and GeO evolve, causing the enrichment of material with In,O;. According to
this, when pure In and Ge powders were evaporated in O,+Ar flow, the monoclinic In,Ge,O7 was
formed at 700 °C, while at elevated temperatures the Ge doped cubic In,O3 was produced [9].

In,Ge,O7 nanowires grown by hydrazine-based technology have monoclinic (T-type) structure,
as shown in Figure 12 e. Usually, the same monoclinic In,Ge,O7 nanomaterials are synthesized and
studied in most of experimental works, because a high pressure is needed for the formation of more
stabile cubic In,Ge,O7 [45,46].

4. Conclusions

The low-temperature technology was developed for the growth of 1D nanostructures, which
implies the evaporation of solid sources in the vapor of hydrazine decomposition products at a
pressure of 10 Torr. Hydrazine was diluted with water (3 mol.%), which served for producing
volatile suboxides on the source surfaces and their subsequent transfer to the substrate, located in the
cold zone of a quartz reactor.

a-GesNy nanowires and nanobelts were produced directly on Ge source surface at 500 and
520 °C respectively. After condensation of volatile GeO suboxides onto Si substrate placed in the
cold-zone (480 °C), the chain like non-crystalline Ge microstructures and droplets were produced due
to the reduction of GeO in hydrazine vapor. Further increase of Si temperature up to 500 °C caused
the formation of a mixture of Ge chains and tapered a-GesN4y nanowires grown through the
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self-catalyzed VLS method. At 520 °C, only crystalline germanium nitride was produced on Si
substrate. The growth temperature of Ge;Ns micro- and nanostructures in hydrazine vapor was
reduced by 350 °C in comparison with data, presented in literature.

Annealing of Ge+In source in hydrazine vapor at 400 °C caused the formation of tapered In,O;
nanowires on the Si substrate. The increase of temperature up to 450 °C caused dramatic changes in
process chemistry. As a result, the nanowires of wide gap In,Ge,O; with attached InN nanocrystals
were produced on Si substrate. The growth temperatures of both, In,Ge,O7 and InN nanostructures
were by 50—150 °C lower than that, reported in the literature.

The decrease of nitride and oxide nanowire growth temperatures in the developed
hydrazine-based technology can be explained by a high activity of products, formed after pyrolytic
decomposition of hydrazine. We suppose that in spite of low lifetime of active NH and NH, radicals,
they play a pivotal role in the synthesis of nitrides, reduction of oxides and formation of volatile
molecules. Together with other hydrazine decomposition products, they provide means for lowering
the nanostructure growth temperature. The results of this work clearly show that the hydrazine—based
technology can serve as a platform for the development of low-temperature technologies, which will
be aimed at the growth of different nitride and oxide nanomaterials, including wide bandgap
nanostructures.
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