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Multienergy Au-ion implantation enhanced the electrical conductivity of heterogranular structured

diamond films grown on Au-coated Si substrates to a high level of 5076.0 (X cm)�1 and improved

the field electron emission (FEE) characteristics of the films to low turn-on field of 1.6 V/lm, high

current density of 5.4 mA/cm2 (@ 2.65 V/lm), and high lifetime stability of 1825 min. The cata-

lytic induction of nanographitic phases in the films due to Au-ion implantation and the formation

of diamond-to-Si eutectic interface layer due to Au-coating on Si together encouraged the efficient

conducting channels for electron transport, thereby improved the FEE characteristics of the films.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4962537]

Field emitters with superior field electron emission

(FEE) characteristics are employed as a cold cathode materi-

als in flat panel displays and other electron emitting devi-

ces.1–3 Compared with the carbon-based field emitters,4–6

diamond possesses high FEE characteristics due to its nega-

tive electron affinity (NEA),7,8 which makes it a promising

material for applications as FEE emitters. But owing to the

wide bandgap nature of diamond, the electrical conductivity

in bulk diamond is low, which decreases its electron emis-

sion. As a result, the high prospective that the diamond is

accepted as a cold cathode field emitting material necessi-

tates the material to be conductive. Recently, the main focus

has been directed towards the synthesis of the ultrananocrys-

talline diamond (UNCD) film, containing the ultra-small dia-

mond grains of 5–10 nm with smooth surface characteristics,

which exhibits higher electrical conductivity and better

FEE properties than the other form of diamond films.9,10 The

sp2-bonded carbon in the grain boundaries of UNCD films is

conceived as the electron conduction channel in FEE.11–14

However, the electrical conductivity of non-diamond carbon

contained in the grain boundaries of UNCD films is not suffi-

ciently high and therefore limits the FEE properties of

UNCD films. Thus, the diamond films of high sp3-bonded

carbon content with grain boundaries phase of better conduc-

tivity are desperately needed for the development of better

FEE materials.

In this letter, multienergy Au ions were implanted on

heterogranular structured diamond (HGD) films grown on

the Au-coated Si substrates for improving their electrical

conductivity and the FEE characteristics. The detailed

microstructures of the multienergy Au-ion implanted HGD

films were investigated using transmission electron micros-

copy (TEM) and the role of Au in enhancing the FEE charac-

teristics of these HGD films was discussed.

100 nm Au deposited Si (Au(Si)) substrates were used to

grow diamond films. Prior to Au deposition, a thin layer of

Cr (�5 nm) was deposited on Si to achieve strong adhesion

of Au on Si. The process of Au and Cr deposition on Si and

the pre-seeding process for the growth of diamond on these

Au(Si) substrates are described in detail elsewhere.15,16 The

UNCD films were first deposited using microwave plasma

enhanced chemical vapor deposition (MPECVD) system in

Ar(99%)/CH4(1%) plasma under 1200 W and 120 Torr for

90 min. The plane view scanning electron microscopy (SEM;

Jeol 6500) image shown in Fig. S1 of the supplementary

material depicts that the UNCD films have a very smooth

surface. The high resolution transmission electron micros-

copy (HRTEM; Jeol 2100F) investigation (Fig. S2, supple-

mentary material) indicated that these films contain spherical

ultra-small diamond grains (�5 nm) with grain boundaries of

considerable thickness (�0.2 nm). Subsequently, a secondary

MPECVD process using a Ar(49%)/H2(50%)/CH4(1%) gas

with 55 Torr chamber pressure and 1500 W microwave

power was performed for 120 min.17 These films were desig-

nated as HGD/Au(Si) films. The surface morphology of the

HGD/Au(Si) films appears faceted morphology with large

diamond grains of micron size (inset “I” of Fig. 1(a)).

Au ions are then implanted in the HGD/Au(Si) films at

various energies from 400 keV to 3850 keV corresponding to

ion ranges from 98 nm to 700 nm with different fluences, which

is shown in Fig. 1(a), totaling to a fluence of 1� 1016 ions/cm2

and the obtained films were designated as Au-HGD/Au(Si)

films. The multienergy Au-ion implantation process rendered

the surface morphology of the Au-HGD/Au(Si) films to equi-

axed nanosized diamond grains of size around 20–30 nm (inset

“II” of Fig. 1(a)) that is contrary to the case when the UNCD

films were implanted by single energy 500 keV Au-ions with

the fluence of 1� 1017 ions/cm2 (single Au-UNCD) that

resulted in a featureless surface morphology for the the UNCD

films.18 The energy dispersive X-ray spectroscopy (EDX)

spectrum (Fig. S3, supplementary material) corresponding toa)Electronic mail: inanlin@mail.tku.edu.tw
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the SEM image of the Au-HGD/Au(Si) films (inset “II” of

Fig. 1(a)) clearly shows the Si and Au peaks indicating the

existence of Si and Au species in the Au-HGD/Au(Si) films.

To facilitate the comparison, the HGD films were also grown

directly on Si, followed by the multienergy Au-ion implanta-

tion process and thus obtained films were designated as

Au-HGD/Si.

The secondary ion mass spectroscopy (SIMS; Cameca

IMS-4f) depth profile shown in Fig. 1(b) suggests that the

Au ions are distributed uniformly throughout the thickness

of the implanted region (region “I” of Fig. 1(b)) of the

Au-HGD/Au(Si) films. This is contrary to the SIMS results

of single Au-UNCD films, in which the Au ions are non-

uniformly distributed to a depth of about 320 nm with

peak concentration located at around 160 nm beneath the

surface.18 Region “II” of Fig. 1(b) clearly shows that there

are pronounced Au- and Si-ion counts observed in the inter-

face layer, inferring the marked diffusion of Au and Si spe-

cies into the interface layer. The Au(Si) counts drop rapidly

away from the interface to the surface of diamond films. In

addition, the Cr ions were also observed near to the interface

of diamond and Si (region “II” of Fig. 1(b)), implying that

the presence of Cr has evidently enhanced the adhesion of

Au-layer.

Fig. 1(c) shows the visible-Raman spectra (k¼ 632.0 nm,

spectral resolution 0.5 cm�1, Lab Raman HR800, Jobin Yvon)

of the I. HGD/Au(Si) and II. Au-HGD/Au(Si) films, which

were deconvoluted using the multi-peak Lorentzian fitting

method. Spectrum I in this figure shows that the Raman

spectrum of the HGD/Au(Si) films contains a sharp peak at

1336 cm�1 corresponding to sp3-bonded carbon (diamond)

and the broadened peaks at around 1375 cm�1 (D-band) and

1536 cm�1 (G-band) corresponding to the disordered and

graphitic phase, respectively.19–21 There also exists a peak at

around 1169 cm�1, which is attributed to the �1 mode of

trans-polyacetylene present in the grain boundaries.22 The

existence of diamond peak at 1336 cm�1 is related to the for-

mation of large diamond grains due to the coalescence process

that resulted in the faceted micron-sized diamond grains in the

HGD/Au(Si) films (cf. inset “I” of Fig. 1(a)). It is to be noted

that in the UNCD films (primary layered diamond films), all

the Raman peaks are very broad (Fig. S4, supplementary

material) that is ascribed to the ultra-nano sized diamond

grains in the UNCD films. Spectrum II of Fig. 1(c) shows the

effect of multienergy Au-ion implantation on altering the

bonding characteristics of the Au-HGD/Au(Si) films. It shows

higher intensity D and G peaks with noisy background, imply-

ing the amorphization or graphitization type of transitions

with some blue shifting of the G band. The Raman spectra

show the ID/IG values (ratio of intensities of D-peak to G-

peak) of 0.85 and 1.10 for HGD/Au(Si) and Au-HGD/Au(Si)

films, respectively. The increase in the ID/IG value from

0.85 to 1.10 implies the formation of nanographitic phase and

decreases in the sp3 content from amorphous carbon (a-C)

phase.22 The phenomenon that the peak related to diamond is

not visible in the Au-HGD/Au(Si) films can be attributed to

the two possible interaction induced by the multienergy Au-

ion implantation process: (1) the large grains in the Au-HGD/

Au(Si) films have been converted into nano-sized diamond

grains and (2) the induction of large proportion of sp2-bonded

carbon to which visible-Raman spectroscopy is more sensi-

tive, as compared to those of sp3-bonded carbons.21 More

detailed investigation on the microstructure/bonding structure

of these films will be discussed later using electron energy

loss spectroscopy (EELS; Gatan Enfina) in a transmission

electron microscopy (TEM).

Hall measurements carried out in a van der Pauw con-

figuration revealed that the multienergy Au-ion implanta-

tion markedly improved the electrical conductivity of the

films. The Au-HGD/Au(Si) films exhibit high electrical

conductivity of rAu-HGD/Au(Si)¼ 5076.0 (X cm)�1 with the

sheet carrier concentration of ne¼ 9.9� 1018 cm�2 and

mobility of le¼ 130.0 cm2/V s, which are superior than

those of other conducting diamond films reported in litera-

ture (see Table I).18,23–28 In contrast, the HGD/Au(Si) films

FIG. 1. (a) Multienergy implantation scheme showing the Au concentration

profile simulated using the SRIM program with SEM images of (I) HGD/

Au(Si) and (II) Au-HGD/Au(Si) films shown as insets; (b) SIMS depth pro-

files of C, Au, Cu, and Si species in the Au-HGD/Au(Si) films; (c) visible-

Raman spectra of (I) HGD/Au(Si) and (II) Au-HGD/Au(Si) films.
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possess lower r–value of 207.2 (X cm)�1 (ne¼ 3.6� 1017 cm�2

and le¼ 0.85 cm2/V s), whereas the Au-HGD/Si films possess

the r–value lower than that of the Au-HGD/Au(Si) films,

i.e., rAu-HGD/(Si)¼ 828.4 (X cm)�1 (ne¼ 3.2� 1018 cm�2 and

le¼ 75.8 cm2/V s). Apparently, the multienergy Au-ion implan-

tation process is the main factor, which converts the HGD films

into highly conducting diamond films. The presence of the Au-

interlayer less markedly altered the Hall conductivity of the

HGD films, as this Hall technique measures the conductivity

along the surface rather than crossing the interface.

The FEE behaviors of these highly conducting Au-

HGD/Au(Si) films are shown in Fig. 2, which reveal the

fascinating FEE properties of these films. The details of the

FEE experiments are given elsewhere15 and the FEE proper-

ties of these films were analyzed using the Fowler Nordheim

(FN) theory.29 The plots of ln(J/E2)–1/E (curve I, Fig. 2(b))

show that the E0 value of 1.60 V/lm was attained for

Au-HGD/Au(Si), which is lower than those of the E0 values

of HGD/Au(Si) ((E0)HGD/Au(Si)¼ 4.23 V/lm; curve II,

Fig. 2(b)) and Au-HGD/Si films ((E0)Au-HGD/Si¼ 4.47 V/lm;

curve III, Fig. 2(b)). To reach a large J-value of 3.0 mA/cm2,

it needs an applied field of E¼ 2.48 V/lm for the Au-HGD/

Au(Si) films (curve I, Fig. 2(a)), which is smaller than

those for HGD/Au(Si) ((E)HGD/Au(Si)¼ 7.50 V/lm; curve II,

Fig. 2(a)) and Au-HGD/Si films ((E)Au-HGD/Si¼ 6.56 V/lm;

curve III, Fig. 2(b)). The effective work functions of

these diamond films calculated from the slope of the FN

plots (Fig. 2(a)) are (ueff)Au-HGD/Au(Si)¼ 0.0127 eV for

Au-the HGD/Au(Si) films and (ueff)HGD/Au(Si)¼ 0.0250 and

(ueff)Au-HGD/Si¼ 0.0197 eV for the HGD/Au(Si) and Au-

HGD/Si films, respectively, revealing a low work function

value for the Au-HGD/Au(Si) films. In addition, the Au-

HGD/Au(Si) films shows a good lifetime stability. The FEE

J versus time curve is displayed in the inset of Fig. 2(a),

signifying the emission current variations recorded over a

period of 1825 min at a working field of 2.4 V/lm, corre-

sponding to a J of 1.5 mA/cm2, for the Au-HGD/Au(Si)

films. Consequently, the Au-HGD/Au(Si) films exhibit a

far more efficient FEE behavior, viz., lower E0, higher J and

longer lifetime as compared with the other conducting

diamond based field emitters, which are summarized in

Table I.18,23–28

The TEM examination has been carried out to elucidate

the source of enhancement on the electrical conductivity and

the FEE behavior of the Au-HGD/Au(Si) films. Fig. 3(a) shows

the typical bright field (BF) TEM micrograph for the Au-HGD/

Au(Si) films. The corresponding selective area diffraction

(SAED) pattern (inset, Fig. 3(a)) contains sharp diffraction

rings corresponding to the (111), (220), and (311) diamond lat-

tices, which confirm that the nanosized clusters are of diamond

structure. A diffused ring appears in the center of the SAED

pattern, indicating the existence of the sp2-bonded carbon

(graphitic or a-C phase). Dark-field images were taken from

different parts of SAED, i.e., from the diffraction spots corre-

sponding to diamond and graphite separately and the images

were then superimposed to clearly illustrate the distribution of

these phase constituents. Figure 3(b) clearly shows that the gra-

phitic phases (green color) were uniformly distributed among

TABLE I. Comparison between the electrical conductivity and the field electron emission characteristics of the Au-HGD/Au(Si) films and other conducting

diamond films.

Materials Electrical conductivity (X cm)�1 Turn-on field (V/lm) FEE current density (mA/cm2)

Au-ion implanted UNCD/Si18 185.0 4.7 4.5 @ 8.1 V/lm

N-ion implanted UNCD/Si23 … 8.8 5.4 @ 20.0 V/lm

O-ion implanted UNCD/Si24 33.3 … …

P-ion implanted UNCD/Si25 0.09 … …

Cu-ion implanted UNCD/Si26 95.0 4.8 3.6 @ 8.0 V/lm

Pt-ion implanted UNCD/Si27 94.0 4.17 5.1 @ 7.2 V/lm

Nitrogen doped diamond nanowires28 186.0 4.35 3.4 @ 9.1 V/lm

Au-HGD/Au(Si) (this study) 5076.0 1.60 5.4 @ 2.6 V/lm

FIG. 2. (a) Field electron emission characteristics (current density-applied

field, J-E, curves) measured in high vacuum environment for (I) Au-HGD/

Au(Si), (II) HGD/Au(Si), and (III) Au-HGD/Si films. (b) The Fowler

Nordheim (FN) plots corresponding to the J-E curves in “a”. The inset of

“a” shows the lifetime stability measurements (J-time curves) for the Au-

HGD/Au(Si) films.
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the diamond grains (pink, blue, and yellow colors) in the Au-

HGD/Au(Si) films.

More detailed microstructure of the Au-HGD/Au(Si)

films was exemplified by HRTEM studies. Fig. 3(c) shows

the structure image corresponding to region “A” in the BF-

TEM image of Fig. 3(a). Fourier transformed (FT) diffracto-

gram image of the entire structure image (FT0) in Fig. 3(c)

shows a spotted diffraction pattern arranged in ring, sugges-

ting the nano-sized nature of the diamond (D) phases. The

donut-shaped diffused diffraction ring located at the center

of FT0 image indicated that the sp2-bonded carbon corre-

sponds to graphitic (G) phase rather than a-C phase. The

existences of the diamond (D) phase is highlighted by region

“1” and that of the graphitic phases by regions “2” and “3”

and are identified by the FT images FT1–FT3, respectively.

Sometime, the whole nano-sized diamond grains were con-

verted into nanographite clusters, which is illustrated as

curved fringes in region “5” of Fig. 3(d), which is the struc-

ture image corresponding to region “B” of the BF-TEM

image (Fig. 3(a)). The corresponding FT5-image shows a

central diffuse ring of donut geometry, clearly indicates that

the curved fringes in region “5” are the nanographite clusters

about 5 nm in size, which is the same size of a diamond

grains in small-grain regions of the HGD films.17

Figure 3(e) shows the selective area core-loss EELS

spectrum of the Au-HGD/Au(Si) films signifying a small

hump, denoting sp2-bonded carbon (�285 eV, p*-band),

besides the typical EELS signal of the sp3-bonded carbon,

which includes a sharp peak at �292 eV (r*-band) and a dip

in the vicinity of �302 eV.30–32 Fig. 3(f) shows the selective

area plasmon-loss EELS spectrum of the same region as that

for core-loss EELS spectrum of the Au-HGD/Au(Si) films.

The detailed deconvolution of this spectrum indicated that

the Au-HGD/Au(Si) films are dominated by S2 (�23 eV) and

S4 (�33 eV) bands along with the S3-band (�27 eV),31 repre-

senting that the region comprises some graphitic phases with

no 22 eV peak corresponding to a-C phase besides the dia-

mond phases. On the basis of TEM and EELS investigations

for the Au-HGD/Au(Si) films, it is noticed that the multie-

nergy Au-ion implantation process primarily induces the for-

mation of nanographitic phases.

To be as a very good electron field emitter, the critical

point is the supply of adequate electrons from the substrates

(the Si) to the emitting sites (the diamond), besides the low

work function of the emitting surface. Both the electrical

conductivity of the diamond and the resistance of diamond-

to-Si interface need to be optimized for improving the effec-

tiveness for the supply of electrons. These two critical

requirements are concurrently satisfied by the incorporation

of Au species in the diamond films that were either precoated

on the Si substrates prior to the growth of diamond films or

were implanted into the diamond films. This is illustrated in

region II of SIMS (cf. Fig. 1(b)) that there is a formation of

Au(Si) eutectic layer in the interface between diamond and

Si due to the utilization of Au coating. Hence, the formation

of Au(Si) eutectic layer eliminates the origin of the a-C
phase in the vicinity of interface, which lowers the resistivity

of the interface layer.15,16 Seemingly, the SiC was formed

due to the interaction of Si and C species, i.e., the Si species

have diffused through the Au(Si) eutectic layer to react with

the carbon promptly, forming SiC. The SiC can enhance the

efficiency for the nucleation of diamond.16 On the other

hand, region I of the SIMS studies (cf. Fig. 1(b)) revealed

that the multienergy Au-ions implanted into the HGD films

were uniformly distributed throughout the thickness of the

films. The presence of Au in the HGD films can catalytically

induce the formation of the grain boundary phase and even

FIG. 3. The (a) bright-field with corresponding SAED pattern shown as inset

and (b) dark field TEM micrographs of the Au-HGD/Au(Si) films; (c) and

(d) HRTEM images of Au-HGD/Au(Si) films, corresponding to the regions

“A” and “B” of “a,” respectively. The inset FT0 of “a” shows the Fourier-

transformed images corresponding to the whole structure image. The

FT1–FT5 images show the FT images corresponding to regions “1–5” of “c”

and “d,” respectively; (e) carbon edge core-loss EELS spectrum and (f)

plasmon-loss EELS spectrum of the Au-HGD/Au(Si) films.

101603-4 Sankaran et al. Appl. Phys. Lett. 109, 101603 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  193.190.11.94 On: Fri, 09 Sep 2016

13:45:32



converts the whole nano-sized diamond grains into the nano-

graphitic clusters that improve the electrical conductivity of

the films.33,34 Restated, both the conductivity of diamond-to-

Si interface and the bulk diamond films were enhanced due

to the Au-coating and Au-ion implantation, respectively.

Therefore, the electrons can be transferred effortlessly from

the Si substrate across the interfacial layer to the diamond

region and can move through the conduction channels of

the diamond grains to the emitting surface and are then emit-

ted to vacuum easily as the diamond surfaces are NEA in

nature.7,8

In summary, a feasible way of fabricating highly con-

ducting Au-HGD/Au(Si) films with enhanced FEE proper-

ties, due to multienergy Au-ion implantation process and the

use of Au(Si) eutectic layer, is demonstrated. The catalytic

induction of the nanographitic phases in the grain boundaries

due to the Au-ion implantation advances the conducting

nature of the films. Besides, the formation of the Au(Si)

eutectic layer due to Au-coating induces the formation of

SiC phases in the interface that efficiently nucleating the dia-

mond, eliminating the formation of a-C phase, and improves

the transport of electrons crossing the diamond-to-Si inter-

face. Consequently, the superior FEE characteristics of con-

ducting Au-HGD/Au(Si) films are achieved which may open

up a pathway for the application in high-definition flat panel

displays or plasma devices.

See supplementary material for SEM, Raman, and

HRTEM studies of the UNCD films and the EDX spectrum

of the Au-HGD/Au(Si) films.
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