
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Nanoscale

www.rsc.org/nanoscale

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


 

 

1 

 

Gold nanoparticles-ultrananocrystalline diamond hybrid structured materials for high-

performance optoelectronic device applications 

Kamatchi Jothiramalingam Sankaran,a Srinivasu Kunuku,b Balakrishnan Sundaravel,c Ping-Yen 

Hsieh,a Huang-Chin Chen,d Keh-Chyang Leou,b Nyan-Hwa Tai*a and I-Nan Lin*d 

aDepartment of Materials Science and Engineering, National Tsing Hua University, Hsin-Chu, Taiwan 300, 

Republic of China. 

Email: nhtai@mx.nthu.edu.tw 

bDepartment of Engineering and System Science, National Tsing Hua University, Hsin-Chu, Taiwan 300, Republic 

of China. 

cMaterials Science Group, Indira Gandhi Centre for Atomic Research, Kalpakkam 603 102, India. 

dDepartment of Physics, Tamkang University, Tamsui, Taiwan 251, Republic of China. 

Email: inanlin@mail.tku.edu.tw 

Hybridization of gold nanoparticles in the ultrananocrystalline diamond materials improves the 

electrical conductivity of the materials to a high level of 230 ( cm)-1 with sheet carrier 

concentration of 8.9 × 1020 cm-2. These hybrid materials show enhanced electron field emission 

(EFE) properties, viz. low turn-on field of 2.1 V/m with high EFE current density of 5.3 

mA/cm2 (at an applied field of 4.9 V/m) and life-time stability up to a period of 372 min. The 

fabrication of these hybrid materials with high conductivity and superior EFE behaviors is a 

direct and simple process which opens new prospects in flat panel displays and high brightness 

electron sources.  

Keywords: ultrananocrystalline diamond materials, gold nanoparticles, electron field emission, 

plasma illumination 
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Combination of two chemically different nanostructured materials to form a hybrid nanomaterial 

provides a versatile building block for the construction of modern nanodevices. Diverse hybrid 

nanostructures, comprising metal/metal, metal/semiconductor, metal/magnet, and 

magnet/semiconductor ones, have been designed.14 Compared with single component ones, 

hybrid nanostructures can reveal superior properties or new functionalities. Bimetallic 

nanostructures, like Ag shell/Au nanocrystals3 and Au/CdSe nanoflowers4 result in improved 

chemical stabilities, high catalytic activities and have been utilized for plasmon-enhanced 

photocatalysis. In metal nanoparticles/carbon based heterostructures, decoration of carbon 

nanotubes (CNTs) with some metal nanoparticles expands their applications from CNT assisted 

catalytic systems to complex conductor networks in bioelectronics, broad-band optical emitters, 

electrodes and catalysts.57 Predominantly, Au nanoparticles are one of the noble metal 

nanostructures that possess many outstanding material properties such as special optical 

properties, unusual electronic properties including conductivity by activated electron hopping, 

and remarkably high catalytic activity.8 While bulk Au is extremely unreactive and catalytically 

inactive, Au nanoparticle is capable of catalyzing a wide variety of reactions. These include the 

oxidation of CO,9,10 the selective hydrogenation of acetylene,11 hydrogenation of halogen 

compounds, reduction of nitrogen oxides and photocatalytic hydrogen production.12 Particularly, 

Au has attracted attention as catalyst for nanocarbon materials’ growth because semiconductor 

nanowires could be grown using Au nanoparticles.13 Au nanoparticles of size less than 50 nm 

shows extreme catalytic activity on the growth of single walled CNTs (SWNTs)14 and 

graphene.15 This catalytic activity could be due to the solubility of carbon in Au nanoparticles16 

and it is found to be dependent on Au particle size.17 Being encouraged by a unique possibility to 
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combine two nanostructured materials, we fabricated novel Au nanoparticles-

ultrananocrystalline diamond (UNCD) hybrid structured materials and investigated their electron 

field emission (EFE) and plasma illumination (PI) properties. Hitherto, the mechanism based on 

the catalytic activity of Au nanoparticles for the growth of diamond materials as well as the 

obtained high stability electron field emitting Au-UNCD hybrid structured materials have not 

been reported. 

A simple and practicable method is followed for the fabrication of Au nanoparticles-

UNCD hybrid structured materials. First, the UNCD materials with ultra-smooth surface 

characteristics at nanoscale were grown on Au-coated silicon (Au(Si)) substrates by microwave 

plasma enhanced chemical vapor deposition (MPECVD) system. Second, 500 keV Au ions with 

an ion fluence of 1 x 1017 ions/cm2 were implanted on UNCD/Au(Si) materials at room 

temperature in a pressure below 10-7 Torr. Thus obtained materials were designated as “Au-

UNCD/Au(Si)” hybrid structured materials. The depth profiles of Au-UNCD/Au(Si) hybrid 

structured materials are examined using secondary ions mass spectroscopy (SIMS) so as to 

understand the behavior of Au in the UNCD materials. Fig. 1(a) shows SIMS depth profiles of 

Au-UNCD/Au(Si) hybrid structured materials, revealing the presence of Au-ion counts to a 

depth of about 230 nm due to implanted Au ions (region I), confirming that Au ions have been 

confined in the UNCD materials. The Au peak around 230 nm is nearly twice that of the 

projected range of 500 keV Au ions, which can be ascribed to the presence of abundant grain 

boundaries of less dense than the crystalline diamond materials. The radiation enhanced 

diffusion of implanted ions might also be a factor for such a phenomenon.18 SIMS profiles reveal 

another Au peak near the Si-to-diamond interface region, which contains two interdiffusion 
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regions: (i) region II, where the Si and Au species decreased rapidly away from the interface to 

the surface of diamond materials, and (ii) region III, where Au interacted with the Si and the 

carbon species in a complicated way.  

The featured Au-UNCD/Au(Si) structured materials were subjected to Hall measurements 

with the measuring probes directly in contact with the materials. The Hall measurements for the 

UNCD materials directly grown on Si (UNCD/Si) was also measured for comparison. 

Interestingly, the Au-UNCD/Au(Si) hybrid structured materials exhibit high electrical 

conductivity of = 230 (Ω cm)-1 with sheet carrier concentration of ne = 8.9 × 1020 cm-2 and 

mobility of e = 1.2 × 103 cm2/V‧s. In contrast, the resistivity of the UNCD/Si materials is too 

large to be measurable by van der Pauw configuration. The electronic parameters (, ne and e) 

related to Au-UNCD/Au(Si) hybrid structured materials  are better than those for the conducting 

UNCD materials ever reported.1923 (cf. Table 1).  

It should be noted that the utilization of Au-coating on Si substrates is to suppress the 

formation of amorphous carbon (a-C) interlayer and to enhance the transport efficiency of 

electrons crossing the diamond-to-Si interface. When the UNCD materials were grown directly 

on Si substrates, the interdiffusion between C and Si species usually does not occur, which is 

illustrated in Fig. S1 of the supporting information. The nucleation of diamond requires a 

transition layer, which is a-C. Such a phenomenon is illustrated by transmission electron 

microscopy (TEM) micrograph in Fig. S2 of the supporting information. The a-C interlayer is 

relatively resistive and will markedly hinder the transport of electrons crossing the diamond-to-Si 

interface. The SIMS profiles confirm that the presence of Au-coating efficiently induced the 
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interdiffusion between diamond, Au and Si materials (cf. Fig. 1(a)). However, the effectiveness 

in enhancing the electron transport crossing the diamond-to-Si interface due to the utilization of 

Au-coating needs to be confirmed. For this purpose, the surface and the interface electron 

transport properties of the Au-UNCD/Au(Si) hybrid structured materials were characterized by a 

four-probe technique. Inset in Fig. 1(b) shows the measurements with all of the four probes 

placed on the same surface of the diamond materials, which measured the resistance along the 

surface of the films (designated as surface resistance). The surface resistance of the Au-

UNCD/Au(Si) materials is 66  (curve II, Fig. 1(b)), whereas those of the UNCD/Si materials is 

4250  (curve I, Fig. 1(b)) that is in accord with the Hall measurements. Moreover, Fig. 1(c) 

shows the I-V characteristics with the four probes arranged across the interface, as in the 

configuration shown in the inset of Fig. 1(c), which measured the resistance crossing the 

diamond-to-Si interface (designated as interface resistance). This figure reveals that the UNCD-

to-substrate interface resistance is around 41  for Au-UNCD/Au(Si) materials (curve II, Fig. 

1(c)), which is markedly lower than the interface resistance for UNCD/Si materials (6.8 x 104 ; 

curve I, Fig. 1(c)).  

The EFE behaviors of these highly conducting Au-UNCD/Au(Si) hybrid structured 

materials are depicted in Fig. 1(d), which demonstrates that these materials possess admirable 

field emission properties. The EFE parameters were extracted from the obtained I-V curves by 

using the Fowler-Nordheim (F-N) equation:24 

𝐽e = (
𝐴𝛽2𝐸2

𝜑
) exp (−

𝐵∅
3
2

𝛽 𝐸
)         (1) 
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where A = 1.54 × 10-6 A eV/V2 and B = 6.83 × 109 eV-3/2 V/m,  is the field-enhancement factor, 

Je is the EFE current density, E is the applied field and φ is the work function of the emitting 

materials. The plot of EFE current density versus applied electric field (Je-E) shows a 

considerably low turn-on field of E0=2.6 V/m (defined at a Je of 10 A/cm2) with  

comparatively high EFE current density of 5.3 mA/cm2 at the applied field of 4.97 V/m for Au-

UNCD/Au(Si) materials (curve II, Fig. 1(d)). Such an EFE behavior is markedly superior to 

those of the UNCD/Si materials, which possess an E0 value of 19.3 V/m with Je value of 1.03 

mA/cm2 (at the applied field of 33.3 V/m) (curve I, Fig. 1(d)). Additionally, the effective work 

functions of these UNCD materials calculated from the slope of the F-N plots (Fig. S3, 

Supporting Information) are (φeff)Au-UNCD/Au(Si) = 0.0132 eV and  (φeff)UNCD/Si = 0.0194 eV. 

Consequently, the Au-UNCD/Au(Si) materials own lower work function for electron emission 

and thus exhibit far more efficient EFE behavior, viz. lower E0 and higher Je values as compared 

with the other conducting UNCD field emitters1923 that are summarized in Table 1. Moreover, 

the life-time stability measurements for these materials have been carried out, because the 

stability of the field emission current is an important parameter related to prospective 

applications of cold cathode materials. The corresponding Je versus time curve is shown as inset 

of Fig. 1(d), indicating the emission current variations recorded over a period of 372 min at a 

working field of 4.38 V/m, corresponding to Je of 2.3 mA/cm2, for Au-UNCD/Au(Si) materials 

(curve II, inset of Fig. 1(d)). As seen from the figure, no significant discharges or spikes due to 

emitter adsorbates are produced and the emitted current remains constant over this period of 

time. Conversely, UNCD/Si materials show the life-time stability only up to a period of 246 min 

at a working field of 28.5 V/m corresponding to Je of 0.20 mA/cm2 (curve I, inset of Fig. 1(d)).  
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The intriguing phenomena in the robustness of the Au-UNCD/Au(Si) materials can be 

better illustrated by using these EFE emitters as cathodes for a microplasma device, which is the 

harshest environment for electron emitters, as the emitters are subjected to energetic Ar-ions 

bombardment in these devices. Generally, the microplasma based devices represent a photonics 

technology at the intersection of plasma science, optoelectronics and materials science and 

provide a great potential for a broad spectrum of applications in microdisplays, material 

synthesis and elemental analysis.25,26 Particularly, diamond materials exhibits a large secondary 

electron emission efficiency (-coefficient), which is especially proficient for serving as a 

cathode material in microplasma based devices.27,28 Fig. 1(e) shows that the microplasma devices 

using Au-UNCD/Au(Si) materials as cathode exhibit superior plasma image than those using 

UNCD/Si as cathodes. The microplasma devices using the Au-UNCD/Au(Si) materials as 

cathode can be triggered by a voltage as low as 350 V (image series II). In contrast, the 

UNCD/Si based microplasma devices need higher voltage, around 370 V (image series I), to 

trigger the plasma. The intensity of the plasma increases monotonically with the applied voltage. 

The superior PI characteristics are better illustrated by the variation of the plasma density (np) 

versus the applied field. Notably, the plasma density (np) was estimated from the plasma current 

density (Jp) (see Fig. S4 and the detail procedure for the evaluation of plasma density from 

plasma current density in supporting information). Fig. 1(f) indicates that the plasma density (np) 

increased monotonously with the applied voltage and reached np=1.5 x 1017 cm-3, at an applied 

voltage of 520 V, for Au-UNCD/Au(Si) materials based microplasma devices (curve II), whereas 

it achieved only np=0.92 x 1017 cm-3 for UNCD/Si based ones (curve I). 

Page 7 of 30 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 

8 

 

To evaluate the stability of the PI behavior from Au-UNCD/Au(Si) based microplasma 

devices, the plasma current was monitored over a long period with a constant applied voltage of 

450 V. The PI intensity of the Au-UNCD/Au(Si) based microplasma devices remains stable over 

25655 s (7.12 h) and the plasma current density of 1.90 mA/cm2 is upheld for this period, 

showing high stability of the Au-UNCD/Au(Si) materials (curve II, inset of Fig. 1(f)). In 

contrast, the Jp value of 1.52 mA/cm2 decreased fast after 13027 s (3.62 h) of plasma ignition for 

the UNCD/Si-based microplasma devices (curve I, inset of Fig. 1(f)). It should be mentioned that 

the life-time PI measurement shown in the inset of Fig. 1(f) was preceded under rather high 

applied voltage, i.e., 450 V. In this measurement, the cathode was bombarded continuously by 

Ar-ions of rather high kinetic energy, i.e., 450 eV. The cathode materials are expected to 

experience high erosion rate. In practical application, the cathode-to-anode voltage will be 

lowered markedly (e.g. < 200 V) so as to reduce the kinetic energy of Ar-ions, bombarding the 

cathode, that will lower the erosion rate for the cathode materials and increase the life-time (the 

cathode-to-anode separation will usually be decreased to maintain the electric field). However, in 

this case, the life-time will be too long to be measurable in reasonable time scale for comparing 

the performance of the two cathode materials. Apparently, the better illumination performance of 

the microplasma devices based on the Au-UNCD/Au(Si) materials, as compared with those of 

bare UNCD/Si-based ones, is closely correlated with the superior EFE properties of the Au-

UNCD/Au(Si) materials.  

To elucidate the basis of enhancement of the EFE and the PI performances of highly 

conducting Au-UNCD/Au(Si) materials, the microstructure of these materials was examined 

using TEM (JEOL-2100F, 200 eV). Fig. 2(a) shows the typical cross-sectional bright field (BF) 
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TEM micrograph of Au-UNCD/Au(Si) materials, in which the Au-ion implanted and the Au-

interlayer regions are clearly marked. The inset in Fig. 2(a) reveals that the selective area 

electron diffraction (SAED) pattern contains mainly the ring shaped pattern, corresponding to 

diamond (111), (220) and (311) lattice planes, which implies that most of the materials contain 

randomly oriented nano-sized diamond grains. There exists a weak extra diffraction ring inside 

the diamond ring, which corresponds to Au material. In addition, a prominent diffused ring in the 

center of this SAED indicates the presence of some sp2-bonded carbon phases in these hybrid 

materials. Moreover, there appears a very faint diffraction spots located in between Au-ring and 

central diffuse rings that corresponds to SiC phase. The significance of the occurrence of SiC 

phase will be discussed later.  

More detailed investigations were carried out on the identification of different phase 

constituents in Au-UNCD/Au(Si) materials by high resolution TEM (HRTEM) studies. Fig. 2(b) 

shows the structure image obtained from Au-ion implanted region of Au-UNCD/Au(Si) 

materials (designated as A, Fig. 2(a)). We observe that there are Au nanoparticles of size around 

25 nm (highlighted as Au in Fig. 2(b)) evenly dispersed among the matrix of ultra-small 

diamond grains in this region. Fourier-transformed (FT) diffractogram image of the whole 

structure image (FT0b) shows that, besides a spotted diamond diffraction pattern arranged in a 

ring (designated as D), there exists a diffraction ring inside the diamond ring, representing the 

Au phase. The intensity of Au ring is stronger than the diamond one, implying that the Au 

nanoparticles are more abundant than the diamond in this region. Moreover, there exists a 

diffused ring at the center of FT0b image, which corresponds to sp2-bonded carbon. The ft1-image 

corresponding to the region 1 highlights the presence of diamond phase, whereas the ft2-image 
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corresponding to the region 2 highlights the existence of Au nanoparticles. In between the 

diamond and Au nano-particulates, there present nanographitic phase, which is highlighted by 

ft3-image, corresponding to the region 3. Notably, for each of the Au nanoparticles, there are 

graphitic phases encasing them, which are illustrated by the ft4 image corresponding to the 

region 4. Moreover, the cross-sectional HRTEM image of the interfacial layer (designated as B, 

Fig. 2(a)) is shown in Fig. 2(c). The FT image of the whole structure image (FT0c) shows that the 

spotted diffraction pattern was arranged in a ring, which corresponds to Au phase. The existence 

of diamond nuclei is revealed by the diffraction spots located outside the Au diffraction ring 

(designated as D), whereas the presence of SiC phases is indicated by the diffraction spots 

located inside the Au diffraction ring (designated as SiC). The presence of Si, diamond, Au and 

SiC in these regions are highlighted by region 5 (ft5), region 6 (ft6), region 7 (ft7) and region 8 

(ft8), respectively. The interaction of Au-coating with the diamond and Si in the interaction 

region will be further examined using STEM and EELS analyses shortly.  

The enhanced transport efficiency for electrons crossing the diamond-to-Si interface is also 

a major factor resulting in superior EFE and PI behaviors for Au-UNCD/Au(Si) materials, 

besides the high conductivity of the materials. The understanding on how the Au-coating 

improves these behaviors is very important. For this purpose, the elemental distribution crossing 

the interface in Au-UNCD/Au(Si) materials was analyzed using energy dispersive x-ray analysis 

(EDX) in scanning TEM (STEM) mode. The STEM image is shown in Fig. 3(a), whereas the C, 

Au, Cr, Pt, O and Si line profiles for the locations designated in the STEM are shown in Fig. 

3(b). The carbon species are mainly located in regions I and II, whereas the Si species are placed 

in region IV. In contrast, the Au species are present in regions I and III. The Au species in region 

Page 10 of 30Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 

11 

 

I exhibits a broad peak, due to the presence of implanted Au ions co-existing with the diamond, 

whereas those reside in regions III (the interfacial layer) shows a narrow peak, which is formed 

by the interaction of Au with Si substrate. The STEM image and EDAX profiles are in good 

agreement with the SIMS results shown in Fig. 1(a). There are also existence of Cr, Pt and O 

elements with very low intensities, which are either undercoating for Au layer or native oxide, 

and do not possess any significant role in this hybrid material. Furthermore, it is observed that 

the Si species diffused markedly through the interfacial layer outward to the diamond, but the C 

species that diffused inward towards the interfacial layer was less pronounced. Apparently, the 

outward diffusion of Si through the interfacial layer is much easier than the inward diffusion of C 

into the interfacial layer, as the interfacial layer is actually a Au-rich Au-Si eutectic layer.  

To illustrate more clearly the elemental distribution of the species near the interface in Au-

UNCD/Au(Si) hybrid materials, high-angle annular dark-field (HAADF) images in STEM mode 

using an HAADF detector with different camera lengths (CLs) were acquired and then 

superimposed. Markedly, in TEM, when the elastically scattered electrons were diffracted 

incoherently, the scattering angle is closely related to the atomic number of the species involved. 

The heavier the species are, the larger the scattering angle. An HAADF image, which provides 

information on the elemental distribution of the samples,29,30 is obtained when the incoherently 

scattered electrons are collected by a high-angle annular detector. Fig. 3(c) shows a micrograph, 

composing of the HAADF images with Si (yellow; CL=93.3mm), Au (pink; CL=127.3mm), and 

C (black; CL=400.0mm). This figure indicates, again, that the Au species are present in the 

surface and the interface regions of the materials, which are due to Au-ion implantation and Au-

interlayer coating, respectively. The diffusion of Si through interlayer (region III) toward 
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diamond (region II), forming SiC by reacting with C is clearly illustrated. There is no a-C phase 

observable in the interlayer of Au-UNCD/Au(Si) materials.  

The selective area carbon K-edge core-loss electron energy loss spectroscopy (EELS) 

spectra for the selected regions in the Au-UNCD/Au(Si) materials (designated as dashed squares 

in Fig. 3(a)) are shown in Fig. 4(a). The core-loss EELS corresponding to entire region in Fig. 

3(a) is shown as curve 0 in Fig. 4(a), which indicates that, besides an abrupt rise at 289.5 eV 

representing *-band, there is a dip in the vicinity of 302 eV representing second diamond gap 

and a small hump at 284.5 eV representing *-band. The plasmon-loss EELS spectrum for this 

region is shown as curve 0 in Fig. 4(b), which contains s2-band at 23 eV and s4-band at 33 eV 

peaks with s2/s4 intensity ratio much larger than 1/√2, implying that the plasmon-loss EELS 

contains a diffuse peak near 27 eV (s3 peak). These core-loss and plasmon-loss EELS spectra 

mark the coexistence of graphitic phase with the diamond in the entire region corresponding to 

Fig. 3(a).31,32 Particularly, the plasmon-loss EELS spectrum is an effective measurement for 

distinguishing the crystalline sp3-bonded carbons (the diamond) and crystalline sp2-bonded 

carbons (the graphite) from the amorphous sp2-bonded carbons, because the graphitic phase 

shows a prominent peak at s3 (27 eV) and the a-C phase shows a peak at s1 (22 eV) in plasmon-

loss EELS spectrum ,33,34  whereas the sp3-bonded carbon, the diamond, shows a peak at s4 (33 

eV) with a shoulder at s2 (23 eV) and s2/s4 intensity ratio is around 1/√2.33,34 The inset in Fig. 

4(a) shows the existence of a peak at 109 eV in the core-loss EELS spectrum, which corresponds 

to SiC materials, confirming the presence of SiC phases in these materials.35,36 The containment 

of Si species in these materials is evidenced by the presence of a peak at 18 eV in plasmon-loss 

EELS.35,36 In contrast, the core-loss EELS corresponding to region i in Fig. 3(a) also contains *-
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band (~289.5 eV) and a dip (~302 eV), but with essentially no *-band at 285 eV, whereas the 

plasmon-loss EELS spectrum for this region shown as curve i in Fig. 4(b) contains s2 and s4 

peaks with s2/s4 intensity ratio close to 1/√2. This is an indication that this region is 

predominated with diamond and there is very small amount of sp2-bonded carbon contained in 

this region.33  

Curve iii in Fig. 4(a) shows the carbon core-loss EELS spectrum corresponding to region 

iii in Fig. 3(a), which illustrates that this region is predominated with sp2-bonded carbon, as this 

spectrum contains a large hump at 285 eV. The signature for diamond materials (i.e., the *-

band and the dip) is too weak to be observable. Better understanding from the plasmon-loss 

EELS spectrum corresponding to this region (curve iii, Fig. 4(b)) reveals that there appears a 

peak at 27 eV corresponding to crystalline sp2-bonded carbon which confirms that there is a 

conversion of diamond into graphitic phases due to Au-ion implantation in this region. A peak at 

62 eV in the core-loss EELS spectrum, which corresponds to Au materials, confirms the 

presence of Au nanoparticles in the region iii of the materials (inset of Fig. 4(b)). Moreover, a 

detailed analysis of regions ii and iv using EELS reveals that the UNCD materials in these 

regions were also converted into sp2-graphitic phases due to ion-implantation (curves ii and iv in 

Fig. 4(a) and (b)), respectively). The TEM-EELS observations confirm that the Au-

UNCD/Au(Si) hybrid structured materials are composed of layers of UNCD and Au-diamond 

hybrid materials, co-existing with some proportion of nanographitic phases.  

For a good electron field emitter, sufficient electrons supply from the substrates (the Si) to 

the emitting sites (the diamond) is critical, besides the low work function for the emitting 
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surface. For enhancing the efficiency for the supply of electrons, both the conductivity of the 

diamond and the resistance of diamond-to-Si interface need to be optimized. The utilization of 

Au species, which were either implanted into the UNCD materials or were precoated on Si 

substrates prior to the growth of UNCD materials, fulfills the two critical requirements 

simultaneously, as TEM investigations illustrated that, in the surface region of Au-UNCD/Au(Si) 

materials, the Au-ions implanted into the UNCD materials form Au nanoparticles, which induce 

nanographitic phases and improving the conductivity of the films. In contrast, in the interface 

region, suppressing the formation of a-C phase and enhancing the transport of electrons crossing 

the interface.  Nevertheless, there remains some unresolved questions of what is the role of Au 

species in (i) enhancing the nucleation of diamond in the vicinity of diamond-to-Si interface 

region and (ii) forming the nanographite phase in the bulk of Au-UNCD/Au(Si) hybrid 

structured materials. The formation mechanism for ultra-small grains in conventional UNCD 

materials grown in CH4/Ar plasma could be due to the presence of large proportion of C2
38 or 

CH3 and other C1 radicals39,40 in the plasma, as these species re-nucleate easily, forming diamond 

cluster on Si substrates. However, the nucleation of these active carbonaceous species on Si 

surface is still very difficult and usually requires the formation of an a-C layer.41,42 In the present 

study, due to the formation of Au-Si eutectic interlayer, the active Si species, which diffused 

easily through the interfacial layer, are in atomic form and are very active. They can react with 

the active C2 species in the gas chemistry instantaneously, forming SiC clusters. The presence of 

Au layer might also play an important role in catalyzing the formation of SiC clusters.43 The SiC 

nanoclusters are isostructure with diamond and can trigger the nucleation of the diamond cluster 

without the necessity of forming an a-C layer.  
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On the other hand, the explanation on the role of Au-species implanted into UNCD 

materials in inducing the formation of nano-structured hybrid materials is more complicated. 

Various groups have highlighted the role of nano-metallic particles in catalytic inducing the 

growth of nanocarbon materials.4446 It has been demonstrated that the nanosized Au particles 

have some carbon solubility,16,17,47 which can catalytically induce the formation of carbon 

nanowire or a SWNT, depending on the catalyst particle size. Moreover, Au species have been 

observed to catalytically convert the CH species (trans-polyacetylene phases) in the gas 

chemistry into nanographitic phases.4851 These phenomena provide some insight into the 

mechanism of the phase transformation process occurred in Au-UNCD/Au(Si) materials, viz., 

the implanted Au-species first formed nano-sized Au-particles, which catalytically converted the 

grain boundary phase and even the nano-size diamond grains into nanographitic clusters.  

Consequently, the enhancement in the EFE and the PI properties of conducting Au-

UNCD/Au(Si) hybrid structured materials is believed to be due the non-occurrence of a-C phase 

in the interfacial region and the induction of nanographitic clusters in the ion implanted region. 

The former lowered the resistivity of the interfacial layer, whereas the latter increased markedly 

the conductivity of the materials. Therefore, the electrons can be transferred effortlessly from Si 

substrates across the interfacial layer to the diamond region due to the utilization of Au-Si 

eutectic layer. Once the electrons can pass through diamond-to-Si interface easily, they can 

transport easily through the nanographitic phases induced due to Au-ion implantation to the 

emitting surface and are then emitted to vacuum without any difficulty as the diamond surfaces 

are NEA in nature.52,53 
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In summary, a facile and reproducible way of fabricating Au-UNCD/Au(Si) hybrid 

structured materials with excellent EFE and PI performances is being demonstrated. The Au-

nanoparticles hybridized in the UNCD materials markedly enhance the electrical conductivity 

(230 ( cm)-1) and the EFE properties (viz. low turn-on field of 2.1 V/m with high EFE current 

density of 5.3 mA/cm2 at 4.9 V/m) of the hybrid materials. Such an enhancement in the 

conductivity/field emission behavior originates from the unique materials combination. The Au 

nanoparticles formed from implanted Au-ions catalytically induced the formation of 

nanographitic phases encasing the Au nanoparticles that lead to the betterment of the 

conductivity for the materials. Moreover, the formation of Au-Si eutectic layers due to Au-

coating induces the formation of SiC clusters in the interface, eliminating the formation of a-C 

phase via efficiently nucleating the diamond and improving the transport of electrons crossing 

the diamond-to-Si interface. Both factors result in the enhanced EFE properties of UNCD 

materials. The potential application of these materials is demonstrated by the PI measurements 

for a microplasma devices, that is, the lowering of the threshold voltage by 350 V and the 

increase in plasma density to np=1.5 x 1017 cm-3.  These observations confirmed the role of Au in 

the enhancement of electron emission behavior of Au-UNCD/Au(Si) hybrid structured materials. 

Consequently, the present approach for fabricating Au-UNCD/Au(Si) hybrid structured materials 

is a simple and a direct process that opens new prospects in flat panel displays and high 

brightness electron sources. 

Experimental Section 

UNCD materials were grown on n-type silicon substrates by microwave plasma enhanced 

chemical vapor deposition (MPECVD; 2.45 GHz, 6 IPLAS-CYRANNUS-I, Troisdorf, 
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Germany) system, using Ar(99%)/CH4(1%) gas at 1200 W and 120 Torr. Si substrates were 

cleaned with sulfuric acid/hydrogen peroxide and ammonia/hydrogen peroxide mixtures, 

respectively. Prior to the growth of UNCD materials, a 5 nm Cr and a 100 nm Au were 

subsequently deposited on Si substrates by dc sputter deposition system (Helix Co., Taiwan) 

using a power of 50 W in Ar partial pressure of 5 mTorr. The purpose of Cr layer was to achieve 

strong adhesion of Au on Si. The Au-coated Si substrates were then ultrasonicated for 45 min in 

methanol solution containing the mixture of nanodiamond powder (about 4 nm in size) and 

titanium powder (SIGMA-ALDRICH) (365 mesh) to facilitate the nucleation process. The 

growth process of UNCD materials on Au-coated Si substrates was carried out without any 

intentional heating of the substrate. The low growth temperature of <475 C was estimated with 

a thermocouple attached to the substrate holder. It should be noted that such a growth 

temperature was higher than that of the Au-Si eutectic temperature (363C). Therefore, it is 

expected that the Au-coating will interact with the Si substrates eutectically resulting in an Au-

layer enriched in Si (~19%) as soon as the substrates were heated up over the eutectic point due 

to plasma ion bombardment. The Si substrate with Au-Si eutectic compound as interlayer was 

designated as Au(Si). The UNCD materials were grown on the Au(Si) substrates for 360 min to 

reach a thickness of 800 nm, which was confirmed from the cross-sectional field emission 

scanning electron microscopy (JEOL 6500) image (figure not shown). Finally, 500 keV Au ions 

with an ion fluence of 1 x 1017 ions/cm2 and ion flux of 1.035 x 1012 ions/cm2/s were implanted 

on UNCD materials at room temperature in a pressure below 10-7 Torr and the obtained materials 

are designated as “Au-UNCD/Au(Si)” hybrid structured materials. 
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The depth profiles of these hybrid structured materials were characterized by secondary 

ions mass spectroscopy (SIMS, Cameca IMS-4f). The detailed microstructure and bonding 

structure of the samples were examined using EELS (Gatan Enfina) in TEM (Jeol 2100F). Hall 

measurements were carried out in a van der Pauw configuration (ECOPIA HMS-3000) to 

examine the conducting behavior of these hybrid materials. To investigate the effect of 

interfacial characteristics on the transport behavior of electrons, the electrical resistivity of the 

hybrid materials were measured by a four-probe technique, in which, two configurations were 

utilized: (i) with all 4 probes located on the surface of the materials for measuring the resistivity 

along the film surface (inset of Fig. 1(b)) and (ii) with 2 of the probes located on the UNCD film 

surface and the other 2 probes located on the UNCD-to-Si interface for measuring the resistivity 

through the film thickness (inset of Fig. 1(c)). The EFE properties of the samples were measured 

with a tunable parallel plate setup, in which the cathode (Au-UNCD/Au(Si))-to-anode 

(molybdenum rod with a diameter of 2 mm) distance was controlled using a micrometer. The 

current-voltage (I-V) characteristics were measured using an electrometer (Keithley 2410) under 

pressure below 10-6 Torr (1.3 x 10-4 Pa).  

The PI characteristics of a microcavity were also investigated, in which an indium tin oxide 

(ITO)-coated glass was used as anode and the Au-UNCD/Au(Si) hybrid structured materials 

were used as cathode. The cathode-to-anode separation was fixed by a polytetrafluoroethylene 

(PTFE) spacer (1.0 mm in thickness). A circular hole about 6.0 mm in diameter was cut out from 

the spacer (PTFE) to shape a microcavity. The chamber was evacuated to reach a base pressure 

of 0.1 mTorr (13 mPa) and then purged with Ar for 10 min. The Ar gas was flowed into the 

chamber at a flow rate of 10 sccm throughout the measurements. The plasma was triggered using 
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a pulsed direct current voltage in a bipolar pulse mode (20 ms square pulse, 6 kHz repetition 

rate) at 12 Torr (1599 Pa). The plasma current versus applied voltage behavior was measured 

using an electrometer (Keithley 237).  
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Table 1. Comparison on the electrical conductivity and the electron field emission 

properties of conducting UNCD materials  

 

Materials 

Electrical 

conductivity  

(  cm)-1 

Turn-on 

field 

(V/m) 

EFE current density 

(mA/cm2) 

O-ion implanted UNCD/Si19 33.3 -- -- 

P-ion implanted UNCD/Si20 0.09 -- -- 

Cu-ion implanted UNCD/Si21 95.0 4.8 3.6 @ 8.0 V/m 

Pt-ion implanted UNCD/Si22 94.0 4.17 5.08@ 7.2 V/m 

Au-ion implanted UNCD/Si23 185 4.7 4.5 @ 8.1 V/m 
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Au-UNCD/Au(Si) hybrid materialsThis study 230 2.6 5.3 @ 4.97 V/m 
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Figure captions 

Figure 1. (a) SIMS depth profiles of C, Au, and Si species in Au-UNCD/Au(Si) hybrid 

structured materials; (b, c) the electrical resistance (current-voltage curves) measured by 

four probes technique at atmospheric environment, where the current was either flowing 

(b) along the surface of the materials (i.e., with all four probes placed on the same surface 

of the materials, inset of Fig. 1(b)) or 1(c) across the UNCD-to-Si interface (i.e., with two 

of the probes on the surface of the diamond materials and two on the Si substrates, inset 

of Fig. 1(c)); (d) electron field emission properties (current density-applied field curves) 

and  the current density versus time curves (inset of Fig. 1(e)) measured in high vacuum 

environment (the curve I is for UNCD/Si and the curve II is for Au-UNCD/Au(Si) hybrid 

materials in Fig. 1(b), 1(c) and 1(d) ); (e) the plasma illumination images of the 

microplasma cavities fabricated using (I) UNCD/Si or (II) Au-UNCD/Au(Si) as cathode 

materials, (f) plasma density versus applied field of a microplasma cavity with inset 

showing the plasma illumination stability which utilized the ITO coated glass as anode 

and  using either  (I) UNCD/Si or (II) Au-UNCD/Au(Si) as cathode materials.  

Figure 2. (a) Typical cross-sectional TEM micrograph with the inset showing the corresponding 

SAED pattern of Au-UNCD/Au(Si) hybrid materials; (b) and (c) HRTEM images, of Au-

UNCD/Au(Si) hybrid materials, corresponding to the regions A and B of Fig. 2(a), 

respectively. The insets (FT0b and FT0c) show the Fourier-transformed images 

corresponding to the whole structure images in Fig. 2(b) and 2(c), respectively, whereas 

the ft1 to ft8 images show the FT images corresponding to regions 1 to 8, respectively.  
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Figure 3. (a) Cross-sectional STEM BF image of Au-UNCD/Au(Si) hybrid materials; (b) EDX 

linear scan with Si, Au, C, Cr, Pt and O elemental profiles, along the lines designated in 

Fig. 3(a); (c) HAADF images of the regions corresponding to Fig. 3(a). 

Figure 4. Selective area the carbon edge (a) core-loss EELS spectra and (b) plasmon-loss EELS 

spectra corresponding to the entire region (curve 0) or regions i to iv (curves i to iv) of the 

cross-sectional STEM micrograph of Au-UNCD/Au(Si) hybrid materials shown in Fig. 

3(a). The inset in Fig. 4(a) shows the core-loss EELS corresponding to SiC phase, 

whereas the inset in Fig. 4(b) shows the core-loss EELS corresponding to Au. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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