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Abstract. Nanostructured surfaces with embedded noble metal 

nanoparticles is an attractive way for manipulation with the optical 

properties of wide bandgap semiconductors applied in optoelectronics, 

photocatalytic processes or for Surface-Enhanced Raman spectroscopy. Ion 

implantation offers an effective way for nanoparticle preparation without 

the use of additional chemicals that offers precise control of nanoparticle 

depth distribution. The aim of this study is a synthesis of the gold 

nanoparticles in GaN by implantation of 1.85 MeV Au ions with high 

fluences up to 7×1016 cm-2 and study of optical properties of Au implanted 

GaN. Implanted crystals were annealed at 800 °C in an ammonia 

atmosphere for 20 min to support Au nanoparticle creation and GaN 

recovery. The structure characterisation has been realized by Rutherford 

backscattering spectroscopy in channelling mode and it showed the 

formation of two separated disordered regions – the surface region and 

buried layer. The lower implantation fluences induce damage mainly in a 

buried layer; however, the increase of the Au-ion fluence leads to the 

increase of surface disorder as well. Further, the increase of the Au-ion 

fluence induces the Au dopant shift to the surface and multimodal Au-

depth profiles. TEM analyses confirmed the formation of Au nanoparticles 

in the implanted samples after annealing with sizes up to 14 nm. The 

increase of light absorption and modification of GaN bandgap of the Au 

modified GaN was deduced from the change in optical transmission 

spectra between 370 – 1400 nm. 
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1 Introduction 

Nowadays, noble metal nanoparticles (NPs) such as Au NPs, Ag NPs, or Pt NPs are a 

perspective way for manipulation with properties of crystalline semiconductors. The 

modification of GaN or ZnO wurtzite semiconductors with noble metal NPs can enhance 

their photocatalytic properties and modify their optical properties. The interaction of Au 

NPs with GaN crystals can result in the enhancement of the intensity of near-band edge 

photoluminescence emission [1]. Further, the presence of a plasmonic layer of Au NPs can 

significantly affect the efficiency of GaN as a substrate for Surface-Enhanced Raman 

spectroscopy (SERS) application, increase the intensity of SERS peaks and improve 

detection limits e.g. for cancer detection via miRNA solution [2,3]. 

The implantation of energetic metal ions with high fluence leads to the aggregation of 

dopant and can be applied as an interesting method for the preparation of metal-based NPs. 

Generally, this process involves several stages, depending on the implantation fluence, and 

it includes saturation of implanted ion concentration, further a start of dopant aggregation, 

nanoparticle growth, and formation of large particles at the expense of smaller ones known 

as an Ostwald ripening or coalescence of created nanoparticles into the compact layer. It is 

necessary to understand this process to maintain particle synthesis in the nanoscale 

dimension [4].  

The ion beam method can be used for NPs preparation in selected depth, without the use 

of chemical additives [5]. However, it leads to high radiation damage, especially in the case 

of crystalline materials leading to the degradation of crystal properties. Therefore, there is 

still a need to study the implantation process with subsequent annealing for NPs preparation 

in connection to the optical response of prepared nanostructures. 

The implantation of iron Fe
+
 with energy 200 keV into the epitaxial layers of wurtzite 

gallium nitride (GaN) [6] leads to the formation of small clusters with a size 8 nm. The 

optical properties of lithium niobate (LiNbO3) [7] were tailored by the Ag NPs prepared by 

implantation of Ag ions with energy 200 keV and fluences in the range of 5x10
16

 - 

1x10
17

 cm
-2

. Similar fluences were used also for the preparation of Cu NPs with diameter 

size 10 nm in single-crystalline silicon Si [8].  

In this work, we implanted c-plane GaN single crystal substrates by energetic Au ions 

with a wide range of ion fluences to see particular stages of ion implantation induced NPs 

formation and their effect on the optical response of GaN crystal. 

2 Experiment 

The single crystal c-plane (0001) GaN substrates were implanted with 1.85 MeV Au ions 

with constant current density 270 nA/cm
2
 at incidence 7° with high ion fluences in the 

range of 1.5×10
16

 cm
-2

 up to 7×10
16

 cm
-2

, where the aggregation of Au ions and creation of 

Au NPs is expected. The projected range RP of 1.85 MeV Au ions was estimated by the 

SRIM program as 229 nm with a standard deviation of ΔRP = 64 nm. The substrate holder 

was not directly cooled during the implantation experiment and substrate temperature 

increases up to 130 °C, as it was measured immediately after the implantation experiment. 

The 1.85 MeV Au ions were produced by the Tandetron accelerator in the Nuclear Physics 

Institute of CAS in Řež (Czech Republic). The implanted GaN substrates were annealed at 

800 °C for 20 minutes in an ammonia atmosphere to support nucleation and growth of Au 

NPs. The structural characterisation of the implanted, as well as annealed GaN samples, 
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were carried out by Rutherford backscattering spectroscopy (RBS-C) with a 2.8 MeV He
+
 

ion beam produced by Tandetron accelerator in Řež as well.  

The visualization of prepared Au NPs was carried out on the implanted samples after 

annealling by transmission electron microscopy (TEM) measurement. Samples for 

transmission electron microscopy (TEM) were prepared as lamellas by focused ion beam 

SEM technique. HTEM (High-resolution transmission electron microscopy) and STEM 

(scanning transmission electron microscopy) observations were carried out by Fei Tecnai 

F20 field emission gun transmission electron microscope operated at 200 kV equipped with 

an EDS detector which confirmed the presence of Au NPs. For STEM, Z-contrast imaging 

was performed using a high angle annular dark field (STEM–HAADF) detector. 

The optical response of the implanted GaN substrates before and after annealing was 

analysed by measurement of transmission spectra in the UV-Vis region. Transmission 

spectra were measured perpendicularly to the GaN surface with UVISEL plus 

Spectroscopic Ellipsometer from Horiba (France) in the spectral range 190-1400 nm with a 

step 5nm. 

3 Results and discussion 

As it is seen in RBS-C spectra presented in  

Fig. 1a, the implantation of Au ions leads to the increase of yield of backscattered ions 

from Ga (channels up to 540) even for the lowest Au-ion fluence 1.5×10
16

 cm
-2

. The 

backscattered ion yield in RBS-C spectra is connected to the growth of Ga-sublattice 

disorder and the displacement of Ga atoms from their original positions. The ion 

implantation of GaN crystals forms two damage regions. Firstly, the buried layer 

corresponds to the depth of implanted ions (channels 410 – 460). An increase in 

implantation fluence leads to the saturation of damage in the buried layer. The damage level 

characterised by the normalized yield χnorm achieved more than 71 % for the sample 

implanted with fluence 1.5×10
16

 cm
-2

, for the higher fluences saturates at around 80 %. 

Defect migration towards the surface is forming a second surface damage region (channels 

460 – 525). In this region, χnorm gradually increases from 56 % for the lowest implantation 

fluence up to 95 % for the fluence 7×10
16

 cm
-2

. For the highest implantation fluence 7×10
16

 

cm
-2

, the yield of backscattered ions in the surface damage region reaches a level of random 

spectra indicating nearly complete amorphisation of the surface or creation of randomly 

oriented nanocrystals and voids [9,10].  

The low temperature (200 K) 2 MeV Au GaN implantation, with the high implantation 

fluences leads to the significant change in crystal damage and to the creation of surface and 

buried amorphous layers for fluences above 1.4×10
15

 cm
-2

 as is presented in [11]. In our 

experiment, only the surface amorphous region was observed. During the ion implantation 

at room temperature, GaN exhibits strong dynamic annealing which prevents bulk crystals 

to reach complete amorphisation in a depth. Instead of this, GaN amorphisation proceeds 

layer-by-layer from the GaN surface [12]. Further, the high ion fluence bombardment tends 

to induce preferential nitrogen loss from the GaN surface [12] as it was also observed in 

this experiment by an increase of Ga amount in the surface layer in a random spectrum of 

the sample implanted with the highest fluence 7×10
16

 cm
-2

 (see Fig. 1a). The post 

implantation annealing in the ammonia atmosphere leads to crystal recovery and 

reorganization mainly in the surface region, as is seen in Fig. 1b. The annealing in an 

atmosphere with an excess of nitrogen can protect the GaN surface against disintegration 

and compensate for nitrogen loss by the creation of new Ga-N bonds during high-

temperature annealing [13].  
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Fig. 1. RBS-C spectra of GaN pristine as well as the samples implanted with Au ions with energy 

1.85 MeV in a), and corresponding samples after 20 minutes of annealing at 800 °C in ammonia 

atmosphere in b) 

RBS-C analysis serves also for the Au-ion depth profiling which was evaluated from 

random spectra. In Fig. 2a we can see a comparison of SRIM calculated Au-depth 

distribution to the experimentally determined Au-depth profiles after the ion implantation. 

For the lower implantation fluences, up to 3×10
16

 cm
-2

, the Au depth distribution has a 

Gaussian profile and agrees with SRIM prediction. With an increase of ion implantation 

fluence, the Au starts to migrate towards the GaN surface and create multimodal depth 

profiles with additional concentration maxima. It was observed that Au ions diffuse to the 

GaN surface region where the high disorder nearly amorphous structure is present [11,14]. 

Annealing induces reorganization of Au depth profiles for the samples implanted with 

fluence 5×10
16

 cm
-2

 and higher, as is seen in Fig. 2b. The most significant change of Au 

depth distribution is observed for the sample implanted with the highest Au-ion fluence, 

where a sharp Au-concentration maximum appeared in the depth of 125 nm. The integrated 

Au-content stays constant before and after annealing. 

It was shown that thermal or laser annealing can significantly affect the formation 

process of metal NPs. The annealing support movement of implanted Au ions towards the 

region with extended defects serving as trapping sites for implanted ions [15]. This leads to 

the dopant depth redistribution and enhancement of Ostwald ripening and coalescence of 

NPs [15]. Such phenomenon is suggested to take place also in our case, where probably 

Au-redistribution and NPs coalescence take a place. 
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Fig. 2. – The comparison of SRIM calculated Au-depth distribution corresponding to the fluence 

5×1016 cm-2 of 1.85 MeV Au ions with the experimentally determined Au-concentration depth 

profiles in a) and after the subsequent annealing in b) 

TEM analysis was performed on the implanted GaN samples after the thermal 

annealing. Implanted Au ions tend to aggregate and create small clusters with sizes up to 

several nm up to the depth of almost 300 nm, see cross-sectional STEM image in Fig. 3a. 

These small Au NPs have a diameter in a range of 4 - 15 nm. The STEM image of GaN 

implanted with ion fluence 7×10
16

 cm
-2

 presented in Fig. 3a is superimposed with Au ion 

depth distribution obtained from RBS-C. The biggest Au NPs are distributed in depth from 

70 nm up to 180 nm corresponding to the maximum of Au distribution determined by RBS-

C. Above this depth, the amount of Au NPs decreases and large Au agglomerates are 

presented up to 300 nm. The dark spots belong to extended defects and voids in the highly 

damage region of GaN implanted with 2 MeV Au ions observed in [11]. The structure and 

lattice spacing in Au NPs were determined by HRTEM analysis with Fast Fourier 

Transformation (FFT); see Fig. 3b and Figure 3c. Prepared Au NPs exhibits a face-centred 

cubic (fcc) structure with d-spacing of 0.38 nm. The fcc structure is typical for pure gold 

and it was already observed for Au NPs prepared by the ion implantation of Au ions to the 

silica glass [16] as well as for Au NPs colloid solution prepared by standard chemical 

preparation procedure from Au salts [17]. In our experiment, the d-spacing of prepared Au 

NPs is lower than the d-spacing of pure Au 0.41 nm [17,18] which may be attributed to 

internal strain. 
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Fig. 3. Cross-sectional STEM image of GaN sample implanted with the Au-ion fluence 7×1016 cm-2 

after annealing in a) and HRTEM analysis of Au NPs with diffractogram in b) and corresponding FFT 

pattern of the bigger Au NPs. 

The optical response of the Au-ion implanted, as well as subsequently annealed, GaN 

samples was characterized by optical transmission spectra in a range 190-1400 nm 

presented in Fig.4. The GaN is transparent for photons with energy lower than GaN 

bandgap energy (3.4 eV [19]). Therefore, the pristine GaN exhibits transmission above 60 

% for light with a wavelength higher than 370 nm. The light with a wavelength lower than 

370 nm is absorbed in GaN. Optical transmission in the wavelength range 370 – 1400 nm is 

influenced by the Au-ion implantation, generally, the optical transmission decreases with 

the growing Au-ion implantation fluence. This fact is connected to the higher crystal 

disorder. For the highest Au-ion fluence 7×10
16

 cm
-2

, the optical transmission is strongly 

suppressed in the wavelength above 370 nm and the sample appears nearly opaque. 

Additionally, the transmission edge is shifted towards higher wavelengths. This indicates 

the lowering of bandgap energy with implantation fluence, as is presented in Fig. 4a. The 

modification and lowering of bandgap energy can be attributed to the strain caused by 

incorporated Au ions and growing structure disorder as it was already observed for a 

similar structure of ZnO modified with Au NPs [20].  

The post implantation annealing leads to the crystal recovery as it was observed by 

RBS-C and it results in an increase of the optical transmission in the wavelength range of 

370 - 1400, see Fig. 4b. The recovery effect is seen especially for the lower implantation 

fluences up to 3×10
16

 cm
-2

, where the transmittance spectrum reaches the level of the 

pristine GaN above the wavelength of 800 nm. The shift of the transmission edge towards 

higher wavelengths indicates a decrease of bandgap energy due to crystal recovery and the 

lowering of lattice strain after the annealing. Nevertheless, the position of the transmission 

edge still indicates some persisting damage even after the annealing. Further, the Au NPs 

are characterised by increased absorption due to the Surface plasmon resonance (SPR) 

leading to the creation of a dip between 500 – 600 nm in transmission spectra [20], which is 

not observed in our experiment. It can be assumed that  Au NPs are located in a depth of 

GaN and their volume fraction in GaN samples is too low to allow propagation of SPR 

response in the transmission spectra similarly as it was evidenced for Cu NPs synthesised 

by ion implantation in ITO layers in [21].  
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Fig. 4. Optical transmittance spectra of the pristine and Au-ion implanted GaN in a) and the 

subsequently annealed GaN samples in b) 

4 Conclusion 

The ion implantation of 1.85 MeV Au ions into the c-plane GaN crystals followed by 

thermal annealing at 800°C in an amonia atmosphere has been applied for the preparation 

of Au NPs to modify GaN optical properties. The Au-ion implantation with high fluences 

leads to the Ga-sublattice disorder enhancement in the implanted layer as well as to the 

additional disordered layer created at the surface with thickness about 150 nm for the Au-

ion fluence above 5×10
16

 cm
-2

. Above this Au-ion fluence, the creation of the Au-

multimodal depth profiles was observed. The annealing induced partial crystal recovery in 

the implanted layer and a significant improvement of the surface layer ordering as it was 

deduced from RBS-C analysis. Simultaneously, the implanted Au depth profiles exhibited a 

sharp Au-concentration maximum which may be related to the Oswald ripening and growth 

of Au NPs. The TEM analysis confirmed the formation of small Au NPs of the sizes 1 – 15 

nm in the implanted GaN after annealing. TEM showed Au NPs exhibiting cubic fcc 

structure with d-spacing of 0.38 nm. Au-ion implantation leads to the suppression of the 

optical transmission above 370 nm with a growing Au-ion implantation fluence. This effect 

is partially recovered after the annealing and mainly for the Au-ion fluences below 5×10
16

 

cm
-2

.  
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