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Abstract. This work deals with the study of structural transformations in the near-surface layers 

of silicon after ion beam synthesis of zinc-containing nanoparticles. Phase formation after 
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implantation of Zn
 +

 ions and two-stage implantation of O
+
 and Zn

+
 ions with subsequent thermal 

annealing in an atmosphere of dry oxygen has been considered. We heated the substrate to 350 

°C during the implantation to avoid amorphization. After implantation, the specimens were 

annealed for 1 h in a dry oxygen atmosphere at 800 °C. Investigation of the structure of surface 

silicon layers has been carried out by X-ray diffractometry and transmission electron 

microscopy. 

We show that a damaged layer with a large concentration of radiation induced defects forms near 

the surface as a result of the implantation of Zn
+
 ions with an energy of 50 keV. In the as-

implanted state, nanoparticles of metallic Zn with a size of about 25 nm form at a depth of 40 nm 

inside the damaged silicon layer. Subsequent annealing at 800 °C in a dry oxygen atmosphere 

leads to structural changes in the defect layer and the formation of Zn2SiO4 nanoparticles at a 

depth of 25 nm with an average size of 3 nm, as well as oxidation of the existing Zn particles to 

the Zn2SiO4 phase. The oxidation of the metallic Zn nanoparticles starts from the surface of the 

particles and leads to the formation of particles with a “core-shell” structure. Analysis of the 

phase composition of the silicon layer after two-stage implantation with O
+
 and Zn

+
 ions showed 

that Zn and Zn2SiO4 particles form in the as-implanted state. Subsequent annealing at 800 °C in a 

dry oxygen atmosphere leads to an increase in the particle size but does not change the phase 

composition of the near-surface layer. ZnO nanoparticles were not observed under these 

experimental conditions of ion beam synthesis. 
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Introduction 

 

Silicon is the main material of semiconductor electronics. One recent nanoelectronics 

development trend is the formation of silicon base heterostructures. Zinc oxide ZnO and zinc 

silicate Zn2SiO4 are wide band semiconductors that can be doped for producing either discrete p–
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n junctions or inside any matrices. Therefore the phase formation of zinc containing 

nanoparticles in silicon is an important research area for the improvement of heterojunction 

based devices. 

Zinc containing nanoparticles such as ZnO and Zn2SiO4 have good practical capabilities. For 

example, ZnO base structures are of a great interest because of their potential optoelectronics 

applications as light emitting diodes [1], random lasers [2] and self-arranging resonator laser 

structures [3]. Zinc silicate exhibits highly efficient luminescence, high chemical and thermal 

stability and high nuclear radiation resistance. This material has been widely studied for 

scintillator applications [4, 5]. Zn2SiO4 based scintillators show good promise for radiation 

control. Due to their chemical and thermal stability zinc silicates can also be used in corrosive 

and hot media and under severe radiation exposure [5]. One more zinc silicate application is a 

humidity gage [6]. Thin Zn2SiO4 films are highly moisture sensitive and exhibit high efficiency 

and durability. Furthermore, Mn doped Zn2SiO4 is a well-known luminescent material [7]. 

Depending on the synthesis conditions, doped zinc silicate nanoparticles may contain different 

numbers of charge traps which can be filled under UV excitation. This causes phosphorescence 

if the traps are shallow or photostimulated luminescence if the traps are deep and undergo 

photostimulation [8, 9]. An important advantage of these luminophores is the easily detectable 

background due to the absence of specimen fluorescence under IR or red irradiation [10]. 

There are different zinc containing structure synthesis methods: 

– sol gel technology [9]; 

– hydrothermal deposition [10–11]; 

– molecular beam epitaxy [12–13]; 

– ion implantation [14–20]. 

Sol gel technology is the simplest nanoparticle synthesis method but has a significant drawback: 

its results and surface deposition are poorly reproducible. Along with the sol gel technology, 

methods that combine material synthesis and deposition also show good promise. Hydrothermal 

deposition and molecular beam epitaxy are good for semiconductor technologies but their 
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application is generally limited to surface layers. Ion implantation is perfect if a structure is to be 

synthesized in the bulk of a semiconductor matrix. It allows synthesizing nanoparticles of 

various compositions and sizes at required depths from the substrate surface [15]. ZnO 

nanostructure formation by ion implantation and thermal oxidation was studied in numerous 

works. Most of the experiments dealt with Zn ion implantation into dielectric matrices (SiO2) 

followed by thermal annealing in an oxygen atmosphere [21–24]. With these process parameters 

the experiments resulted in the formation of the ZnO and Zn2SiO4 phases. Despite the presence 

of oxygen in the amorphous matrix the annealing atmosphere and temperature had a large effect 

on the phase formation. Annealing at 600–700 C led to the formation of zinc oxide, whereas 

zinc silicate formed at 800–1000 C. some studied dealt with the phase formation of 

nanoparticles after simultaneous introduction of zinc oxide and oxygen by two-beam 

implantation into silicon matrices [21]. These experiments also confirmed zinc oxide and silicate 

formation at the abovementioned temperatures. 

Below we presents our experimental results on the structural transformations in surface silicon 

layers after ion beam synthesis of zinc containing nanoparticles. We discuss the phase formation 

processes that follow Zn
+
 ion implantation and sequential two-stage implantation of O

+
 and Zn

+
 

ions with subsequent thermal annealing in a dry oxygen atmosphere. 

 

Experimental 

 

The test specimens were two fragments of an n conductivity type phosphorus doped single 

crystal silicon wafer with the (001) orientation. One fragment was implanted with 5  10
16

 cm
-2

 

64
Zn

+
 ions at 50 keV, and the other was sequentially implanted with О

+
 (35 keV, 5  10

16
 cm

-2
) 

and Zn
+
 (120 keV, 5  10

16
 cm

-2
) ions. A ø2 mm Zn

+
 and O

+
 ion beam scanned the wafer surface 

at 7 arc deg. The ion current density was j ≤ 50 nA  cm
-2

 so the wafer heated to within 50 °C 

above room temperature. To avoid amorphization we heated the target to 350 °C during the 

implantation. The mean ion projection range Rp was calculated with the SRIM software [25]. Rp 
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was 40 nm for the 50 keV Zn
+ 

 implanted specimen. For the Zn
+
 and O

+
 implanted specimen we 

chose the ion energies so to achieve the same Zn
+
 and O

+
 projection ranges, 115 nm. After the 

implantation the specimens were heat treated at 800 °C for 1 h in a dry oxygen atmosphere [26]. 

The specimen structure was examined with high-resolution electron microscopy (TEM) and X-

ray diffraction in the Materials Science and Metallurgy Joint Use Center of MISiS. X-ray 

diffraction analysis was carried out on a D8 Discover (Bruker AXS) multipurpose X-ray 

diffractometer. The source was a 1.6 kW copper anode X-ray tube (λCuK = 0.15406 nm). The 

diffraction patterns were obtained in a parallel source beam arrangement by 2 scanning 

(detector scanning) from a steady specimen. The X-ray incidence angle was 0.3 arc deg. TEM 

analysis was conducted on a JEM-2100 instrument at a 200 kV accelerating voltage. The TEM 

specimens were prepared using FEI’s Quanta 3D FEG two-beam system at the Joint Use Center 

for Miscrosystem Engineering and Electronics Components of the National Research University 

of Electronic Technology. 

 

Results and discussion 

 

Nanoparticle formation during Zn
+
 implantation and sunsequent heat treatment. Figure 1 

shows X-ray diffraction patterns of the silicon wafer surface after Zn
+
 implantation and 

annealing at 800 °C in dry oxygen gas. The diffraction patterns suggest that a metallic zinc phase 

is present in the as-implanted specimen (Fig. 1 a). The presence of only the zinc (101) reflections 

in the diffraction pattern suggests a specific orientation correlation between the silicon matrix 

and the zinc phase. The average size of the zinc coherent scattering regions as determined from 

the diffraction band broadening is ~20 nm. After the 800 °C anneal in a dry oxygen atmosphere 

(Fig. 1 b) the surface silicon layer contains two phases, i.e. Zn and Zn2SiO4. Thus two-stage ion 

beam synthesis (ion implantation and post-implantation anneal) results in the formation of a new 

crystalline phase. 
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For a more detailed study of the fine structure in the surface silicon layers after Zn implantation 

followed by annealing we examined the specimens under a TEM. Figure 2 shows silicon cross-

section images and electron diffraction patterns of (a) the as-implanted specimen and (b) the 

specimen annealed at 800 °C in a dry oxygen atmosphere. 

The as-implanted specimen contains a clearly seen damaged surface silicon layer approx. 200 

nm in thickness with a high concentration of radiation defects. These defects are difficult for 

identification due to the lack of a sharp contrast in the images. The surface silicon layer contains 

Zn particles at an approx. 40 nm depth corresponding to the ion projection range. The diffraction 

pattern in Fig. 2 a shows that the zinc particles have a specific orientation correlation with the 

silicon substrate. The average Zn particle size is ~20 nm. The silicon surface and the ~20 nm 

surface layer contain pores. The pores have anisotropic shapes and are elongated along the 

surface. The pore sizes vary in the 10–20 nm range in length and 5–10 nm across. SRIM 

simulation showed that the highest concentration of displaced atoms (Si vacancies) is at a 20 nm 

depth for these implantation conditions. Therefore one probable cause of pore formation is the 

radiation diffusion induced vacancy agglomeration in the surface layer [27]. 

The 800 °C anneal led to structural changes in the defect layer (Fig. 2 b). The thickness of the 

defect layer did not change after the anneal, remaining ~200 nm, but linear defects formed, i.e. 

dislocations and dislocation loops. The pores annihilated during the anneal, and the surface 

became rough. Moreover, oxygen anneal produced an approx. 3 nm thick surface silicon oxide 

layer. Small 2–5 nm particles formed in the ~25 nm surface silicon layer. Analysis of the high-

resolution TEM images showed that these particles are the Zn2SiO4 phase. Large Zn particles in 

the ~40 nm deep surface silicon layer underwent partial Zn oxidation and Zn2SiO4 phase 

formation after the 800 °C anneal in oxygen (Fig. 3). Figure 3 a shows a high resolution image 

of a discrete Zn particle. The plane spacing in the particle is that for the Zn phase. The <0001> 

zone axis for Zn coincides with the <110> zone axis for Si. In Fig. 3 b and c the plane spacing 

corresponding to the Zn phase is only observed in the center of the particle, while the plane 

spacing at the particle surface is 0.315 nm corresponding to the Zn2SiO4 phase (131) plane 



7 

 

spacing. In Fig. 3 d the only plane spacing observed in the particle corresponds to the Zn2SiO4 

phase. Thus, particle oxidation starts from the surface (Fig. 3 b and c) [25] and leads to the 

formation of core-shell particles. After the anneal the surface silicon layer contained Zn particles, 

Zn–Zn2SiO4 core-shell particles and completely oxidized particles of the Zn2SiO4 phase (Fig. 3). 

 

Formation of nanoparticles in silicon during sequential О
+
 and Zn

+
 ion implantation. X-ray 

diffraction study of the phase composition of the surface silicon layer after sequential О
+
 and Zn

+
 

ion implantation showed that this implantation produces particles of two phases, i.e. Zn and 

Zn2SiO4 (Fig. 4, a). The coherent scattering region size as determined from Zn (101) diffraction 

peak broadening was ~12 nm. Dry oxygen gas annealing did not change the phase composition 

of the surface silicon layer. The surface silicon layer still contained particles of the two 

abovementioned phases (Fig. 4 b). However, the diffraction peaks broadening due to the anneal 

suggests that the Zn and Zn2SiO4 particles became larger. The coherent scattering region size of 

the as-annealed Zn particles was ~20 nm. 

Figure 5 shows TEM images of the surface silicon layers (a) after sequential О
+
 and Zn

+
 

implantation and (b) after annealing at 800 °C in dry oxygen. The specimen had no amorphous 

layer on the surface after the implantation. The thickness of the as-implanted damaged silicon 

surface layer with a high radiation defect concentration was ~ 250 nm. 5 to 15 nm sized particles 

were observed at a depth of approx. 110–120 nm from the surface. The location of the reflections 

in the diffraction pattern of this area corresponds to the Zn phase. Zn particles are coherent with 

the Si matrix. The [0001] zone axis for Zn coincides with the [110] zone axis for Si. ~5 nm sized 

particles were observed at a depth of approx. 35 nm, the phase composition of these particles 

differing from that of the larger Zn particles located at depths of about 115 nm. High resolution 

TEM data suggest that the particles observed at ~35 nm correspond to the Zn2SiO4 phase. Thus, 

sequential implantation of О
+
 and Zn

+
 ions produces particles of two types in the surface silicon 

layer, i.e. Zn and Zn2SiO4. Particles of different phases are located at different depths from the 

silicon surface: the Zn particles are located at Rp = 115 nm while the Zn2SiO4 ones are at ~35 
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nm. According to the SRIM calculation results this corresponds to the concentration maximum 

of the displaced atoms. One can assume that the Zn2SiO4 particles form in the surface region of 

the specimen which is rich in silicon. Furthermore, particles of different phases had different 

sizes. The average size of the Zn particles was 10 nm, and that of the Zn2SiO4 particles was 5 

nm. 

The structure of the defect surface silicon layer changed after dry oxygen anneal at 800 °C for 1 

h. The anneal favored the formation of linear defects which can well be seen in Fig. 5 b. A ~30 

nm thick amorphous SiO2 layer with amorphous zinc particles formed on the silicon surface. The 

formation of the amorphous zinc particles in the silicon oxide layer originates from zinc 

diffusion towards the silicon surface during annealing [28]. 

The as-annealed surface silicon layer contained Zn and Zn2SiO4 particles with a relatively 

uniform depth distribution in the layer. The as-annealed Zn and Zn2SiO4 particle size ranged 

from 10 to 30 nm. Figure 6 shows high resolution TEM images of discrete particles after (a) 

sequential implantation of О
+
 and Zn

+
 ions into silicon and (b) after dry oxygen anneal ay 800 

°C. Core-shell particles (Zn–Zn2SiO4) were observed immediately after the sequential 

implantation (Fig. 6 a) and after the anneal (Fig. 6 b). After the sequential implantation of О
+
 

and Zn
+
 ions into silicon and dry oxygen anneal the surface silicon layer still contained a large 

number of metallic zinc particles, whereas after the implantation of Zn
+
 ions and subsequent dry 

oxygen anneal almost all the particles oxidized to Zn2SiO4. This can be attributed to the oxygen 

diffusion rate being sufficient for the complete Zn particle oxidation at a depth of ~40 nm. 

During the sequential implantation of О
+
 and Zn

+
 ions, metallic zinc particles form at a depth of 

~115 nm from the surface, and the subsequent anneal causes partial oxidation of the Zn particles 

to the Zn2SiO4 phase. It seems that the oxygen flowrate used in our experiment was insufficient 

for the complete oxidation of the zinc particles located at ~115 nm from the surface. Noteworthy, 

neither Zn
+
 implantation, nor the subsequent dry oxygen anneal, nor the sequential implantation 

of О
+
 and Zn

+
 ions into silicon produced ZnO particles. 

According to [29, 30], the Si/Zn/O may have the following phase reactions: 
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2Zn + O2  2ZnO (ΔH = -7.190 eV); 

2Zn + Si + 2O2  Zn2SiO4 (ΔH = -17.208 eV); 

2ZnO + SiO2  Zn2SiO4 (ΔH = 0.163 eV); 

2Zn + 2SiO2 + O2  2ZnSiO3 (ΔH = -3.433 eV); 

ZnO + SiO2  ZnSiO3 (ΔH = 0.163 eV). 

 

Since the zinc silicate formation is an exothermal reaction (ΔH < 0), this phase is more stable 

than zinc oxide. The chemical reactions occur in the solid state (the crystalline matrix) under the 

conditions of major elastic stresses (1 to 10 GPz) and high radiation defect concentrations which 

may affect the direction of the reactions. The thermodynamic reaction occurs at high 

temperatures (1000–1300 C) [28]. If phase formation occurs as a result of ion implantation or 

after the subsequent thermal oxygen diffusion from the surface, the radiation defects produce 

local stresses that induce nanoparticle formation processes. Thus, Zn2SiO4 phase formation at 

800 °C is a result of the thermal oxifation on the particle surfaces. 

 

Summary 

 

We showed that 5  10
16

 cm
-2

 Zn
+
 ion implantation at 50 keV into a (001) single crystal silicon 

wafer heated to 350 °C produces metallic ~20 nm sized Zn nanoparticles at a depth of 40 nm. 

Subsequent anneal at 800 °C in a dry oxygen atmosphere produces Zn2SiO4 particles with an 

average size of ~3 nm in the 25 nm deep surface silicon layer and oxidizes the existing Zn 

particles to Zn2SiO4. The oxidation of the Zn nanoparticles starts from the surface and leads to 

the formation of core—shell type particles. 

Two types of nanoparticles form immediately after sequential implantation of О
+
 and Zn

+
 into 

the silicon matrix, i.e. Zn and Zn2SiO4. ~5 nm sized Zn2SiO4 particles for in the surface silicon 
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layer at a depth of ~35 nm, and Zn  particles with an average size of 10 nm form at a depth of 

~115 nm. One can assume that Zn2SiO4 particle formation is favored by silicon vacancies 

located in the surface region of the specimen. Annealing at 800 °C in a dry oxygen atmosphere 

increases the particle sizes. 

After Zn
+
 implantation and dry oxygen anneal almost all the Zn particles in the surface silicon 

layer oxidized to the Zn2SiO4 phase, whereas after two-stage О
+
 and Zn

+
 implantation and 

subsequent anneal the metallic Zn nanoparticles remained in the surface silicon layer. ZnO 

particles did not form as a result of ion beam synthesis under the experimental conditions. 
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Figure 1. Surface silicon layer diffraction patterns after (a) Zn+ implantation and (b) subsequent 

anneal at 800 °C. 
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Figure 2. Surface silicon layer TEM images after (a) Zn+ implantation and (b) subsequent anneal 

at 800 °C in dry air atmosphere. Insets: diffraction pattern of respective surface silicon layer 

areas. 
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Figure 3. Nanoparticle phase composition evolution: a) Zn, (b, c) Core–Shell Zn–Zn2SiO4 

particles and (d) Zn2SiO4. 
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Figure 4. Surface silicon layer diffraction patterns after (a) sequential О
+ 

and Zn
+
 implantation 

and (b) subsequent anneal at 800 °C. 
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Figure 5. Surface silicon layer TEM images after (a) sequential О
+ 

and Zn
+
 implantation and (b) 

subsequent anneal at 800 °C in dry air atmosphere. Insets: diffraction pattern of respective 

surface silicon layer areas. 
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Figure 6. High resolution TEM images of particles in surface silicon layer after (a) sequential О
+ 

and Zn
+
 implantation and (b) subsequent anneal at 800 °C in dry air atmosphere. 




