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Zn3(PO4)2/InP core-shell nanowires were grown by a one-step pyrolytic synthesis in a 

vapor  of hydrazine containing 3mol.% H2O. InP+Zn and InP+ZnO were used as sources 

for producing volatile species that were forming nanowires in the cold zone of a reactor.  

The cores were crystalline InP, while the zinc phosphate shells had amorphous structure 

because the growth temperature (500C) was insufficient for their crystallization.  The 

most favorable thermochemical reactions that may produce core and shell materials were 

evaluated. It was established that the amorphous Zn3(PO4)2 shell was growing by a 

template-based Vapor-Solid method. InP core and ring-shaped Zn3(PO4)2 shell, formed at 

the initial stage of synthesis,  served as templates for the growth of shell. The nanotubes of 

zinc phosphate were produced at 540C, when the source contained a low amount of  InP. 

This happened because the template-based growth of a shell proceeded even after the 

growth of InP core was stopped. 
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1. Introduction 
 

One-dimensional nanomaterials, particularly core-shell nanowires attracted a great interest 

due to substantial potential for their application in advanced nanodevices [1-3]. In contrast to 

ordinary nanowires, the properties of core-shell nanostructures can be tailored by selecting proper 

shell material or by processes that take place at the core-shell interface [4-7].  

Zinc phosphate is an interesting material to be used as the shell in core-shell 

nanostructures. In addition to some important fields of applications [8,9], it is of particular interest 

for biomedical usage because Zn3(PO4)2 has long  been proven to be a non-toxic material, which is 

used as a basis for dental cement since 19
th
 century [8]. One of the interesting features that was 

found when investigating Zn3(PO4)2-based nanomaterials was their ability to self assemble in the 

presence of templates like viruses, proteins, microalgae etc. [10-13]. The important topic of 

modern nanotechnology is the growth of amorphous nanomaterials, which offers new possibilities 

for the fabrication of high-quality multifunctional nanostructures. Though some amorphous zinc 

phosphate nanomaterials have been already synthesized [14-16], this technological issue is still at 

the beginning stage of development and our paper addresses exactly this subject. 

The purpose of this work was to synthesize the core-shell nanowires comprising the 

crystalline InP core and the amorphous Zn3(PO4)2 shell, and to study their composition, structure 

and growth mechanism. 
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2. Experimental 
 

In our previous works we have developed the hydrazine-based pyrolytic technology for 

the growth of different nanowires [17]. Briefly, this technology implies the annealing of InP+Zn or 

InP+ZnO solid sources, placed on the bottom of a vertical quartz reactor, in hydrazine (N2H4) 

vapor diluted with 3 mol.% water.  The formation of volatile precursors and chemical reactions 

that take place on Si substrate will be considered in the next section.  

The morphology and structure of NWs were studied using Tescan Vega 3 LMU Scanning 

Electron Microscope (SEM) and Philips CM200 FEG Transmission Electron Microscope (TEM). 

Fourier-transform IR spectra were taken on Shimadzu IRAffinity-1S Spectrophotometer. 

 

 

3. Results and discussion  
 

For the growth of nanowires InP+Zn or InP+ZnO source was placed on the bottom of a 

vertical quartz reactor and annealed up to 750C in hydrazine vapor with a pressure of 10 Torr. 

The Si substrate was located 2 cm above the source and heated up to 550 C. The gaseous 

precursors that were produced after dissociation of InP and interaction of sources with hydrazine 

pyrolytic decomposition products, were reaching the Si substrate and reacting with each other 

forming the nanowires.   

The phosphorous vapor was provided by dissociation of InP source at elevated 

temperatures. It has been reported that the atomic hydrogen, which in our technology can be 

generated via hydrazine decomposition, may reduce the InP decomposition temperature by 230°C, 

thereby promoting the formation of P, P2, P4 and PH3 species with a pressure up to10
–5

 Torr 

[18,19]. Besides phosphorus, the decomposition of InP caused the appearance of In droplets, 

which formed the volatile In2O molecules after interacting with water vapor [17]. 

 

 
 

Fig. 1. SEM image of nanowires grown from InP+Zn Source. Inset shows the 

 cross-sectional view of the nanowire. 

 

 
The pure Zn powder, which has a low melting point (420°C), easily sublimates and its  

saturated pressure is high even at low temperatures (e.g. 10
-4

 Torr at 250C [20]).In contrast to Zn, 

ZnO has a relatively higher melting point (1975C) and dissociation temperature [21,22]. Usually, 

when ZnO is used as a source material, hydrogen and halogens are used to produce volatile Zn 

compounds and accomplish its mass transport [23-25]. When hydrogen is used, the chemistry of 

the process is based on the reduction of Zn from ZnO and its subsequent sublimation. However, 

the temperature of this process is still high, exceeding 1000C [26,27] because the corresponding 

reaction of Zn reduction by hydrogen has a positive Gibbs free energy even at 1000C.  As it was 

shown [17], the active NH and NH2 radicals together with hydrogen (atomic and molecular) are 

presented in the pyrolytic decomposition products of hydrazine. These radicals helped to 

significantly decrease the growth temperatures of Ge3N4 and InN nanowires in hydrazine, as 
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compared to the synthesis from ammonia [28]. The highest negative value of Gibbs free energy 

(calculated at 500C) has the reaction of ZnO reduction by NH radicals:  

 
ZnO+NH(g)=Zn+H2O(g)+N2(g)             G= -654 kJ/mole              (1) 

 
This indicates that Zn will be easily produced in our technology, while the water 

molecules that will be synthesized by reaction (1) may promote the formation of oxides in the cold 

zone of the reactor or serve for producing volatile In2O species. 

The SEM image of nanowires formed from the InP+Zn source on the Si substrate heated 

up to 440C is presented in Fig. 1 (the source temperature was 500C). The inset shows the cross 

section of a broken thick nanowire. The nanowires have uniform diameters along the growth 

direction and circular cross sections. Their lengths reach several micrometers and the diameters 

deviate in a wide range beginning from 20 nm. The absence of catalyst tips confirms that the NWs 

are growing by the Vapor-Solid (VS) mechanism.  

The high-resolution TEM (HRTEM) image of the nanowire is presented in Fig.2. It 

consists of a crystalline core and an amorphous shell. The inset in Fig.2 shows the Fast Fourier 

Transform (FFT) of a core material. It was established that the crystalline core comprises indium 

phosphide with a wurtzite structure, which is growing along [0001] direction. The bulk InP has a 

zinc-blende (ZB) structure, while in 1D InP NWs the wurtzite (WZ) structure is frequently 

observed. This happens because the nanowires have the increased surface to volume ratio, which 

forces the growing NW to adopt the WZ structure that has a lower surface energy in comparison 

with ZB nanowire [29,30]. 

 

 
 

Fig.2. HRTEM view of the core-shell nanowire and corresponding FFT.  

Arrow indicates the stacking fault. 

 

 
The polytypism is usually observed in III-V nanowires [31]. The vertical lines in HRTEM 

image of WZ nanowire are formed by tetrahedrally bonded In and P atomic layers that are stacked 

in an order, in which the bonds in the subsequent layers are rotated by 60(the so called A and B 

layers). In ZB structure the bonds in the neighboring bilayers are directed in the same direction and 

the three layers are shifted to form the sequence ABC and then again ABC. Insertion of one Zinc-

blende segment in WZ structure causes the appearance of a stacking fault as it is illustrated in 

Fig.2 by a white arrow. The inset in Fig.2 clearly shows the streaks in the [0001] direction, which 

are indicative of defects, like one considered above, that are oriented perpendicular to this axis. 

The average diameter of nanowire in Fig.2 was estimated to be 29 nm, while that of a crystalline 

InP core was 14 nm.  

The composition of a shell was studied using EDS and IR spectroscopy. The results of 

EDS measurements are presented in the insets of Fig. 3, together with High Angle Annular Dark 

Field (HAADF) TEM image of two core-shell nanowires.  These qualitative experiments were 

aimed at the detection of main chemical elements existing in the grown nanowires. The red 

rectangles show the areas from which the EDS signals were recorded. Two of them (a and d) are 
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representing the composition of shells, while b and c rectangles yield the composition of cores. 

The comparison of core and shell induced EDS spectra clearly shows that the In content in core is 

significantly higher, and that In, P, Zn and oxygen are main constituents of nanowires. 

Direct information about the composition of shell material was obtained by IR 

spectroscopy. Fig.4 presents the IR spectrum of nanowires, which were scrapped off the Si 

substrate, mixed with KBr powder and pressed in a pellet. By analyzing the IR spectrum it was 

established that the shells are formed by the amorphous zinc phosphate Zn3(PO4)2[14,16,32]. The 

broad absorption bands centered at 1000 and 550 cm
-1

 are attributed to the complex stretching 

and bending vibration bands of PO4
3-

 group, which are broadened due to the amorphous structure 

of a shell material. The absence of bands at 1650 and 3425 cm
-1

, which are attributed to 
–
OH 

bending and stretching vibrations, shows that the Zn3(PO4)2 shell is not hydrated [33,34]. 

 

 
 

Fig.3. HAADF TEM image of two nanowires grown from InP+Zn source. Insets from a to d are EDS 

spectra recorded from the correspondding rectangles depicted in the TEM image. 

 

 
The results of these experiments clearly showed that when In+Zn was used, the core-shell 

nanowires were produced with crystalline InP core and an amorphous Zn3(PO4)2 shell. Substitution 

of Zn with ZnO in a source doesn’t alter the structure and composition of nanowires.  However, 

the thickness of a shell increases.  

 

 
 

Fig.4. IR spectra of core-shell nanowires produced from InP+Zn source. 

 

 

Fig.5 shows the TEM image of nanowire synthesized at 500C using InP+ZnO source. As 

can be seen, the shell thickness has been increased in comparison with nanowire grown from 

InP+Zn source (Fig. 2). The nanowire cores in Fig.5 and Fig. 2 have the same diameters (14 nm), 

while the shell thickness is by 2.8 times larger in the case when ZnO source was used. Such 

increase of a shell thickness can be attributed to the effectiveness of ZnO reduction reactions in 

hydrazine vapor. Beside Zn, these reactions are producing water molecules, thus enhancing the 
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yield of oxygen-containing Zn3(PO4)2 material and increasing the thickness of a shell. Our 

preliminary results indicated that the thickness of Zn3(PO4)2 shell can be regulated by adding 

controlled amounts of ZnO powder to the Zn+InP source.  

 

 
 

Fig. 5. HRTEM (a) and TEM  images (b) of Zn3(PO4)2/InP  NWs grown from InP+ZnO source. 

 

 
The formation of core-shell nanowires in hydrazine-based pyrolytic technology proceeds 

as a one-step process. The crystalline InP core and the amorphous shell are produced 

simultaneously, most likely due to spontaneous segregation of phases. A necessary and sufficient 

condition for a spontaneous process to proceed is the negative sign of Gibbs free energy and a high 

value of a kinetic factor of the corresponding thermochemical reaction.  

We have estimated the Gibbs free energy values and signs for possible chemical reactions, 

which may take place between gaseous precursors existing in our reactor (Zn, In2O, H2O, O2, H2, 

H, P, P2, P4, PH3). The analysis showed that Zn3(PO4)2 and InP can be formed separately or 

together by different thermodynamically favorable chemical reactions. However, the reactions, in 

which Zn3(PO4)2 and InP phases are spontaneously synthesized and segregated have the highest 

negative values of a Gibbs free energy:  

 
  3Zn + 8In2O(g) + 9P2(g) = Zn3(PO4)2 + 16InP          ΔG=-2717 kJ/mol       (2) 

  3Zn + 8In2O(g) + 18PH3(g) = Zn3(PO4)2 + 16InP + 27H2(g) ΔG=-2724 kJ/mol      (3) 

  3Zn + 8In2O(g) + 18P(g) = Zn3(PO4)2 + 16InP          ΔG=-6447 kJ/mol       (4) 

 
The analysis of Zn3(PO4)2 shell formation deserves special attention. If the shells were 

produced only by segregation reactions (2), (3) and (4), then for NWs with equal core diameters 

grown from both sources, the shell thicknesses should be also equal. This, however, is not the 

case, indicating that there exists some other source of Zn3(PO4)2, which affects the shell thickness. 

Besides, according to reactions (2), (3) and (4), in the absence of re-evaporation the amount of 

produced InP should greatly exceed that of Zn3(PO4)2.  However, the thicknesses of shells in Fig.2 

and Fig. 5 are larger, than the diameter of InP core, indicating once again that there exist an 

additional source of Zn3(PO4)2.  

As noted above, in our technology there are several thermodynamically favorable 

reactions that may produce Zn3(PO4)2. Three of these reactions with high negative Gibbs energies 

are listed below: 

 
3Zn + 8H2O(g) + 2P(g) = Zn3(PO4)2 + 8H2(g)                  ΔG=-1155 kJ/mol     (5) 

3Zn + 8H2O(g) + P2(g) = Zn3(PO4)2 + 8H2(g)                  ΔG=-741 kJ/mol      (6) 

3Zn + 8H2O(g) + 2PH3(g) = Zn3(PO4)2 + 11H2(g)            ΔG=-740 kJ/mo       (7) 

 
The formation of zinc phosphate molecules at the growing nanowire surfaces may cause a 

sidewall deposition.  This will result in the growth of tapered nanowires with thicker shells near 

the bottoms and thinner near the growth fronts. However, this mechanism should be eliminated 
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because the nanowires have uniform diameters along the growth direction, as it is shown in Fig. 

5a,b.  

The possible mechanism of a shell formation can be understood by analyzing the 

nanowires grown at elevated temperatures using InP deficient source. Fig. 6 shows SEM images of 

nanostructures grown at 540C from InP+Zn source with a low InP content (the weight ratio 

InP/Zn=0.6). The tubes with diameters of approximately 600 nm are clearly seen, which appear on 

the background of different byproducts formed on the Si substrate. Some of the tubes are still 

filled with InP, but the tips of most of them are hollow. The deficiency of indium resulted in a 

rapid depletion of a source and at a certain point when Indium supply was stopped the growth of 

InP core become impossible.  At the same time, the precursors that were needed for the synthesis 

of Zn3(PO4)2 shell (phosphorus, Zn and H2O) were still presented in the reactor. The cross section 

of a ring-shaped Zn3(PO4)2 shell, which was surrounding the crystalline InP core, served as a hard 

template for the growth of tubular Zn3(PO4)2 nanomaterials. Such template-based growth methods 

are widely used for producing crystalline and amorphous nanomaterials [15,35-37].   

 

 
 
Fig.6. Low (a), and high magnification  (b) SEM images of nanotubes, grown at the deficiency  

of InP in InP+Zn source. The growth temperature was  540C. 

 

 
The anisotropy of properties and the lack of long-range order eliminates the possibility for 

amorphous materials to grow as 1D nanostructures, except the cases, when template-based 

methods or special guiding techniques are used [15]. These methods exclude the lateral growth of 

nanowires, forcing the growing amorphous material to form the template-like elongated 

nanomaterials. 

The obtained results indicate that only a small part of the amorphous Zn3(PO4)2 shell may 

originate due to the segregation reactions (2), (3) and (4). These reactions can be important for the 

formation of the first core-shell seeds and solid templates at the initial stage of nanowire growth. 

After that, the predominant amount of a shell material will be produced by direct template-based 

synthesis from existing precursors.  

The core-shell nanowires may be produced even without segregation reactions. The 

growing InP nanowire side wall itself may serve as a substrate for the formation of an initial ring-

shaped Zn3(PO4)2 shell, which then will be used as a solid template for the growth of a tubular 

nanostructure around the core. Such growth mechanisms of amorphous 1D nanostructures were 

considered in [15]. 

It should be noted, that the formation of tubular zinc phosphates in our experiments may 

be caused also by an increased growth rate of Zn3(PO4)2 shell, which can exceed the growth rate of 

InP crystalline core at elevated temperatures. However, our observations showed that the zinc 

phosphate tubes were formed only in cases when the indium deficient sources were used, thus 

excluding the growth rate related factors.  

 As discussed previously, the pressures of Zn and phosphorus are considered to be 

sufficiently high. The main limiting factor for direct synthesis of zinc phosphate is the 

concentration of H2O, which increases when using ZnO source due to reactions (1) and similar 
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reduction reactions. Accordingly, the thickness of an amorphous zinc phosphate shell increases for 

nanowires grown from InP+ZnO source, as it is observed in Fig. 5. 

Nanoscale amorphous materials are very important members of the non-crystalline solids 

family and have emerged as a new category of advanced materials [15]. However, morphological 

control of amorphous nanomaterials is very difficult because of the atomic isotropy of their 

internal structures [15,37]. The growth of amorphous zinc phosphate nanotubes and  Zn3(PO4)2/InP 

core-shell nanostructures are interesting achievements in their own right, especially since the zinc 

phosphate shell is a corrosion-inhibiting, biocompatible, non-toxic material, which offers wide 

nanotechnological applications.  

 

 

4. Conclusions 
 

The one-step pyrolytic technology was developed for the fabrication of core-shell 

nanowires comprising the crystalline InP core and the amorphous Zn3(PO4)2 shell. The technology 

implies annealing of InP+Zn or InP+ZnO sources in  hydrazine containing 3 mol.% H2O with 

subsequent evaporation of volatile species, which are then producing nanowires on the Si surface 

placed 2 cm above the sources and heated up to 500C. When ZnO source was used, it was first 

reduced to Zn by hydrazine decomposition products and then sublimated. The reduction of ZnO 

caused the increase of oxygen content in the reactor. As a result, the shell thickness was also 

increased by 2.8 times as compared to shells synthesized from a pure Zn source. 

It was established that for nanowires grown at identical process parameters, the amorphous 

shell thickness is larger for core-shell nanostructures produced from InP+ZnO source. Analysis of 

thermochemical reactions revealed that there exist a number of thermodynamically favorable 

chemical reactions, which may produce InP and Zn3(PO4)2. However, the highest negative Gibbs 

energies have reactions that lead to the spontaneous segregation of InP and Zn3(PO4)2 phases. 

Even so, these segregation reactions alone cannot explain the observed large thicknesses of 

amorphous shells and their thickness variation with ZnO content in the source. The growth of 

nanowires at elevated temperatures (540C) from indium deficient source showed that the most of 

amorphous Zn3(PO4)2 was produced by direct synthesis on the surface of ring-shaped zinc 

phosphate template, which was formed around the InP crystalline core at the initial stage of 

nanowire growth (the so-called "template-based growth"). Even when the growth of a core stops 

due to the depletion of indium in the source, the shell continues to grow, preserving its tubular 

shape and forming Zn3(PO4)2 nanotubes.  
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