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Boron doped diamond/b-SiC composite films with a conductive diamond phase separated by the

insulating b-SiC phase are fabricated by the microwave plasma chemical vapor deposition process.

By manipulating the gas phase composition during the film deposition, the boron incorporation and

diamond/b-SiC ratio in the composite film are well controlled. Scanning electron microscopy,

transmission electron microscopy, Raman and X-ray diffraction measurements are carried out to

study the structural composition of the films. It is observed that the introduction of boron during

the growth process does not affect the independent growth of diamond and b-SiC crystals with

high crystal quality. Scanning spreading resistance microscopy measurements confirm the presence

of the conductive diamond phase and the insulating b-SiC phase in the film. The observed differ-

ences in the conductivities between diamond and b-SiC are explained by the different boron accep-

tor levels in diamond and b-SiC crystals. Cyclic voltammetry measurements are carried out to

study the electrochemical property of the films. Our results demonstrate that boron doped diamond/

b-SiC composite films are a good candidate for electroanalysis applications whereby exploiting dia-

mond’s high chemical and dimensional stability as well as its excellent electrochemical properties.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4974295]

Composite electrodes, which consist of conductive

regions separated by at least one insulating phase,1–3 are of

great interest to material scientists, physicists, and chemists

due to the advantages they offer, i.e., high flexibility in the

size and shape of the material, easy adaptation to a variety

of electrode configurations; precious metal composite elec-

trodes offer less weight and lower cost per unit compared to

pure precious-metal electrodes, etc.1 Nevertheless, the most

attractive advantage is their higher signal-to-noise (S/N)

ratio1 over their pure conductor counterparts during electro-

analysis, due to the presence of overlapping diffusion zones

in their composite structure; and the high physical and

chemical stability4 of the electrodes. Such features along

with the possibilities in the selective modification of the

conductive and/or insulating phases (physically and/or

chemically)5,6 allows for many potential applications. Even

though various materials have been applied to construct

composite electrodes,7–10 carbon based nanomaterials, i.e.,

carbon nanotubes, graphene, nanographite, etc., are the

most popular candidates for the conductive phase.11–16 As a

well-known allotrope of carbon, diamond is famous for

its extraordinary physical and chemical qualities.17,18

However, no diamond based composite electrode has been

fabricated and studied in detail until today. Considering the

high chemical and dimensional stability of diamond as well

as its wide electrochemical potential window and low back-

ground current,19,20 diamond is believed to be a better alter-

native for the fabrication of composite electrodes. The main

obstacle in the fabrication of diamond based composite

electrodes lies in the lack of well-dispersed conductive dia-

mond nanostructures,21 which makes the conventional strat-

egy applied for the fabrication of carbon-based composite

electrode inapplicable in the case of diamond. The latter

normally involves mixing the carbon nanostructures with

insulating binders, i.e., ion liquid,12 paraffin oils, sol-gel

derived silica,22 epoxy,23 etc.

An alternative approach for the fabrication of a

diamond-based composite electrode is the direct “bottom-up

growth” of the material. Although chemical vapor deposition

(CVD) diamond synthesis involves extreme growth condi-

tions, several carbides can still co-grow with diamond to

form composite films.24–26 Among them, diamond/b-SiC

composite films have been systematically investigated since

1992.26 In this composite system, the crystallinity, ratio, and

phase distribution of both diamond and b-SiC can be well

controlled by manipulating the synthetic parameters.27–29 It

is well known that diamond can be doped with boron, which

forms a shallow acceptor level in diamond. Depending on

the boron concentration, the conductivity of diamond can be

altered from semi-conductive to metallically conductive. In

contrast, the boron forms only a deep acceptor level (ioniza-

tion energy: 0.735 V) in b-SiC, even though it has a high sol-

ubility in b-SiC.30 This leads to a negligible ionization of the

boron impurity in b-SiC at room temperature, despite of the

high concentration of uncompensated acceptors. Inspired by

the facts mentioned above, we demonstrate in the present

study the one-step fabrication of the diamond-based compos-

ite electrode through in-situ boron doping of the diamond/b-

SiC composite film. Consequently, we show that a diamond/
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b-SiC composite film with the conductive diamond phase

separated by the insulating b-SiC phase is obtained.

Single-crystalline Si (100) wafers (resistivity>10 000X cm)

were used as substrates for the deposition of the composite thin

films. The Si wafers were pretreated for 30 min in a suspension

containing 0.05 wt. % nanodiamond particles (5 nm in size,

New Metals & Chemicals Corporation, Japan) in order to

achieve a high diamond nucleation density. The deposition

was carried out at a constant gas pressure of 45 Torr and a sub-

strate temperature of �700 �C, which was measured by an

optical pyrometer; a microwave power of 1800 W was used to

sustain the plasma. The reactive gas featured a mixture of H2,

CH4, Si(CH3)4 [tetramethylsilane (TMS)] and B(CH3)3 [trime-

thylboron (TMB)]. H2 served as a precursor, CH4 was for the

diamond growth and TMS for the SiC growth; TMB was added

as a boron source for doping. For all the films discussed here,

the total gas flow rate was maintained at 400 sccm (cubic centi-

meter per minute at STP), and the CH4 concentration was kept

at 1%. TMS gas additions varied in different experiments from

0 to 0.043% and the TMB concentration varied from 0 to

170 ppm. The deposition was carried out for 6 h and the thick-

ness of the films was 1 lm. Scanning electron microscopy

(SEM, Zeiss Ultra 55) and transmission electron microscopy

(TEM, Tecnai G2 F30) inspections were carried out to obtain

the structural information of the samples. X-ray diffraction

(XRD) measurements were performed by an XRD 3000

PTS diffractometer (GE Inspection Technologies GmbH) in

the 2h range of 34�–100� with a step size of 0.05�. The Joint

Committee on Powder Diffraction Standards cards (JCPDS

cards-card No. 65-0537 for diamond and card No. 29-1129 for

b-SiC) were used for indexing the observed diffraction peaks.

The spectra in the 2h range of 65�–75� were excluded due to

the strong Si (400) diffraction peak. Micro Raman scattering

studies were carried out on a self-constructed Raman spec-

trometer to understand the structural order and boron incorpo-

ration into diamond. The 532 nm line of a Nd:YVO4 diode-

pumped solid-state laser was used as the excitation source. A

liquid nitrogen cooled back illuminated the charge-coupled

device (CCD) camera (Symphony CCD, HORIBA Jobin

Yvon) with single photon sensitivity that was used for spec-

trum detection. The resistivity of the films was measured by

the four-point-probe technique with a PPMS system (Quantum

Design) within the temperature range from 1.9 K to 400 K,

cooled by liquid He. A Bruker Dimension Icon PT atomic

force microscopy (AFM) system equipped with a scanning

spreading resistance microscopy (SSRM)31 application mod-

ule using a DC bias ofþ0.5 V was applied to obtain the surface

topographical (AFM) and electrical (SSRM) information.

Electrochemical measurements were carried out by a potentio-

stat (CHI 660E) with a three-electrode configuration: the fabri-

cated thin films were used as the working electrode, a platinum

wire was used as the counter electrode, and Ag/AgCl (3 M

KCl) was used as the reference electrode.

Figure 1 shows the room temperature electrical conduc-

tivities of the films deposited with different TMB additions, to

control the boron incorporation, while keeping the other

parameters constant. It is clearly observable that all the films

are electrically conductive, indicating the active boron doping

of the films. The conductivity is dependent on the TMB addi-

tion: with increasing boron concentration from 30 ppm to

170 ppm, the conductivity r increases significantly from 5 to

100 S/cm. When the boron concentration increases from

30 ppm to 90 ppm, the conductivity r increases from 5 S/cm

to 15 S/cm slowly; with further increasing TMB addition, a

slightly larger slope is observed in the diagram, resulting in a

high conductivity for a semi-conductor material. This is not

surprising, as it is well known that both diamond and b-SiC

crystals can be doped with boron. With increasing boron

incorporation, the conductivity of the films is expected to

increase. Especially in the case of diamond, boron forms a

shallow acceptor level in diamond. With increasing boron

incorporation, near metallic conductivity of diamond is

achieved while it keeps its superior diamond characteristics.

Figures 2(a)–2(c) shows the SEM surface morphology of

the composite films deposited with different TMB additions

while keeping the CH4 and TMS concentrations at 1% and

0.043%, respectively. Note that the bright and dark regions in

the SEM image are corresponding to the diamond and b-SiC

areas,32 respectively, which is further confirmed by the differ-

ent phase contrasts in the backscattered electron images

(BSE) in Figures 2(a)–2(c). Micrometer-sized diamond

(�1 lm) and b-SiC (0.2–0.5 lm) grains are clearly observ-

able in all the films, indicating the high crystal quality of both

diamond and b-SiC. The crystal size and the overall morphol-

ogy of diamond and b-SiC remains nearly unchanged with

increasing TMB concentration. Such an observation is differ-

ent from one of our previous studies, in which a low micro-

wave power is applied, and the introduction of TMB leads to

the formation of (001)-oriented diamond crystals.33 In the

present study, the unchanged crystal quality of diamond and

b-SiC is attributed to the usage of a high microwave power.

At a high microwave power, the concentration of atomic

hydrogen is drastically increased, which significantly sup-

presses the formation of crystal defects during the growth of

diamond and b-SiC crystals, leading to the selective growth

of diamond and b-SiC crystals with high crystal quality in the

film.29 For a better understanding of the structure of the fabri-

cated boron doped diamond/b-SiC composite films, transmis-

sion electron microscopy (TEM) images are shown in the

supplementary material in Figure S1.

Figure 2(d) depicts the XRD patterns of the above films.

All the peaks can be indexed to diamond and b-SiC,

FIG. 1. Electrical conductivity at room temperature of the diamond/b-SiC

composite films deposited at different TMB concentrations ranging from 30

to 170 ppm. The methane and TMS concentrations are kept at 1 and 0.043%,

respectively.

031601-2 Fu et al. Appl. Phys. Lett. 110, 031601 (2017)
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confirming that all the films are composed of diamond and

b-SiC phases. No preferential orientation is observable indi-

cating the randomly oriented polycrystalline nature of both

diamond and b-SiC phases in all the films. However, a slight

variation in the intensity of the peaks corresponding to b-SiC

still exists: the intensity of the peak corresponding to the

(111) b-SiC reflex drastically decreases for the samples

deposited with TMB addition, indicating a slightly increased

(001) orientation of the b-SiC phase when TMB is involved.

The latter is supported by the presence of stronger (002) and

(004) peaks in the XRD spectra. Figure 2(e) depicts the cor-

responding Raman spectra of the above films. For all the

films considered, the SiC transverse optical (TO) peak posi-

tioned at 800 cm�1 is observable, confirming the existence of

the b-SiC phase with high crystallinity in the films. For the

undoped composite film, a sharp diamond Raman peak posi-

tioning at 1332 cm�1 (first-order diamond Raman band) as

well as the peaks corresponding to the D and G band related

to the existence of amorphous carbon at the grain boundaries

are clearly observable. When 0.011 ppm of TMB is intro-

duced, the characteristic diamond Raman peak shifts to

lower wave numbers because of the “Fano” effect, indicating

the doping of diamond with boron.34 Another peak located at

�1200 cm�1 can be seen as well, which is attributed to the

boron-induced distortion of the diamond lattice.34 With

increasing boron concentration to 170 ppm, the diamond

Raman peak further shifts to lower wave numbers and the

intensity of the 1200 cm�1 peak becomes higher, indicating

the increased boron incorporation in the diamond crystals.34

In addition to the change in the diamond related Raman

peaks, the SiC TO peak also shifts to lower wave numbers.

This is due to the occupation of Si by boron in the SiC lat-

tice.35,36 The formed B-C bond is shorter than the Si-C bond,

which leads to a released biaxial tensile stress and decreases

the phonon oscillation frequency,35,36 indicating the doping

of b-SiC with boron.

From the above observations, we confirm that boron is

incorporated in the diamond and b-SiC crystals. Meanwhile,

the introduction of TMB during the growth of the diamond/

b-SiC composite film does not affect the formation and crys-

tal quality of diamond and b-SiC phases under the present

deposition conditions. We elucidate now the differences in

the electrical conductivities of the diamond and b-SiC phases

in the film. For this purpose, SSRM measurements37 are car-

ried out on the sample surface depicted in Figure 2(b) and

the results are shown in Figures 3(a) and 3(b). As discussed

in Figures 2(a)–2(c), the diamond and b-SiC crystals show

significant differences in the crystal sizes: diamond crystals

are larger than the b-SiC crystals. Such a feature enables us

to distinguish the diamond and b-SiC in the SSRM topo-

graphical image. Two regions corresponding to b-SiC crys-

tals are marked clearly with green lines in Figure 3(a).

Figure 3(b) shows the corresponding electrical mapping of

the same region, in which, the conductive regions are repre-

sented by a dark color and the non-conductive regions are

represented by a bright color. Note the strong differences in

the surface conductivities of about 5 orders of magnitudes

between the two different distinguishable regions, with the

conductive regions showing a measured resistance value of

106 X and the non-conductive regions showing a resistance

of 1011 X. By comparing Figure 3(b) with Figure 3(a), it can

be concluded that the conductive regions correspond to dia-

mond and the non-conductive regions correspond to b-SiC.

The differences in the conductivities of diamond and b-SiC

originate from the different energy levels of the boron accep-

tor in diamond and b-SiC. Boron forms shallow acceptor lev-

els in diamond depending on the boron incorporation.38 As a

result, a high room temperature conductivity of diamond can

be achieved upon TMB addition. Nevertheless, boron only

forms a deep acceptor level (0.735 V) in b-SiC. Even though

the boron incorporation might be high in b-SiC, due to the

large binding energy, the thermal energy at and below room

temperature is not sufficiently high to generate a substantial

amount of holes for conduction, on the other hand, the B-

derived acceptor levels are believed to effectively trap the

carriers,39 leading to the poor room temperature conductivity

of b-SiC in the present study. The results shown above

strongly confirm the fabrication of the composite electrode

from diamond in the present study. The electrochemical

properties of the films were also characterized using cyclic

voltammetry. Figure 3(c) shows the voltammograms of the

boron doped diamond/b-SiC composite film and the pure

boron doped diamond film at a scan rate of 100 mV/s in

0.1 M H2SO4. The capacitances (C, lF/cm2) were calculated

to be 4.3 lF/cm2 and 5.13 lF/cm2, respectively, for the com-

posite film and the pure diamond electrode. The background

current of the composite electrode is 20% lower than that of

the pure diamond film. The background current is an impor-

tant criterion for evaluating the electrode for sensor applica-

tions: the lower the background current is, the higher the

signal to noise ratio of the sensor will be. Therefore, the low

FIG. 2. (a)–(c) SEM images (left—secondary electron mode, right—back-

scattered electron mode) of the diamond/b-SiC composite films deposited at

different TMB concentration while keeping the methane and TMS concen-

trations constant at 1% and 0.043%, respectively. (a) TMB¼ 0, (b)

TMB¼ 0.011%, (c) TMB¼ 0.017%. (d) XRD and (e) Raman spectra of the

above films.

031601-3 Fu et al. Appl. Phys. Lett. 110, 031601 (2017)
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background current of the composite electrode looks very

promising for electrochemical sensor applications.

Another important feature in the fabrication of the com-

posite electrode is to control the amount of the insulating and

the conductive phases, so that the electrical properties as well

as the performance of the electrode can be controlled. In the

present study, we have been able to control the diamond/b-SiC

ratios in the composite films by controlling the TMS concen-

tration in the gas phase while keeping the other deposition

parameters constant. Figures 4(a)–4(c) show the SEM surface

images of the films deposited at different TMS concentrations.

In an extreme case when the TMS concentration is zero, a pure

boron doped diamond film is produced, as shown in Figure

4(a) which is well recognizable/characterized by no dark

b-SiC phases being observed in SEM in-lens mode imaging.33

By increasing the TMS concentration from 0.014% (Figure

4(b)) to 0.028% (Figure 4(c)) and then further to 0.043%

(Figure 2(b)), an increase in the amount of the b-SiC phase

can be observed. This can be seen by the increasing number

and area of the dark b-SiC phases competing with the bright

diamond phases in the SEM images. The electrical conductivi-

ties of the films with different diamond/b-SiC ratios are shown

in Figures 4(d) and 4(e). Obviously, with an increasing amount

of the insulating b-SiC phase in the film, the electrical conduc-

tivities of the films significantly drop from 400 S/cm for pure

diamond film to 38 S/cm for the film deposited with a TMS

concentration of 0.043%. The temperature dependence of the

film conductivity (Figure 4(e)) indicates that the pure diamond

film is metallically doped in the present study: an increase in

the temperature results in the decrease of the electrical conduc-

tivity. This is commonly observed in diamond films when the

boron incorporation is high.40 Nevertheless, the composite

films all show a semiconductor behavior: an increase in the

temperature results in an increase in the electrical conductivity.

Such a phenomenon implies that the temperature dependence

of the electrical conductivity of the composite film is domi-

nated by the b-SiC phase in the film. With a much higher resis-

tance than the diamond phase, the conductivity change of the

b-SiC phase has a correspondingly higher impact on the film’s

behavior. When the temperature increases, the electrical con-

ductivity of the insulating b-SiC phase increases as a semi-

conductor because of the thermal excitation, which in turn

results in the increased macroscopic conductivity of these com-

posite films (albeit at clearly lower conductivity levels com-

pared to pure boron doped diamond films).

In conclusion, boron doped diamond/b-SiC composite

films with a conductive diamond phase and an insulating b-

SiC phase are fabricated in the microwave plasma chemical

vapor deposition process. The boron incorporation and

FIG. 3. (a) topographical map, (b) cor-

responding electrical map of SSRM

measurements of 5� 5 lm2 scan area

of the surface of the boron doped dia-

mond/b-SiC composite film deposited

at TMB, TMS, and methane concentra-

tions of 0.011%, 0.043%, and 1%,

respectively; (c) cyclic voltammetry

diagram of (I) boron doped diamond/

b-SiC composite film and (II) pure

boron doped diamond film at a scan

rate of 100 mV/s in the solution of

0.1 M H2SO4.

FIG. 4. (a)–(c) SEM images of the diamond/b-SiC composite films depos-

ited at different TMS concentrations while keeping the methane and TMB

concentration constant at 1% and 0.011%, respectively: (a) TMS¼ 0 (pure

diamond film, for the purpose of comparison), (b) TMS¼ 0.014% and (c)

TMS¼ 0.028%; (d) room temperature electrical conductivities and (e) tem-

perature dependence of the electrical conductivities of the films deposited at

different TMS concentrations.
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diamond/b-SiC ratio in the composite films are controlled by

manipulating the gas phase composition. SEM, TEM,

Raman, and XRD measurements are carried out to study the

structural information of the films. It is observed that the

introduction of boron during the growth process does not

influence the independent growth of diamond and b-SiC.

SSRM measurements confirm that the diamond phase in the

composite film is metallically conductive while the b-SiC

phase is insulating. The electrochemical performance of the

film was evaluated by cyclic voltammetry measurements,

showing a lower background current for the composite film.

This makes the composite film very promising for sensor

applications. Future work will be carried out to explore the

suitable structuring of those composite films by patterning of

the composite film during growth as well as their further sur-

face modification to create an optimal structure for electro-

chemical sensor applications.

See supplementary material for the TEM observations

of the boron doped diamond/b-SiC composite films.
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