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Abstract In this study, a silicon doped diamond-like carbon

(DLC) nanocomposite film was deposited electrochemically

and it was used to fabricate an Ag/Si–DLC/p-Si metal–in-

terlayer–semiconductor (MIS) Schottky diode. Methanol

(CH3OH) was used as carbon and tetraethoxysilane

(Si(OC2H5)4) as Si source, respectively. Morphology of the

film was observed by scanning electron microscopy and

continuous surface with numerous lumps spread randomly

was observed. Structural and chemical composition analyses

of the film were carried out by Raman and X-ray photo-

electron spectroscopy. Typical D and G bands of DLC films

were not observed in the Raman spectrum due to abundance

of Si–C bonds. Silicon incorporation promoted the film

deposition and increased sp3 bonds in the film. Current–

Voltage (I–V) measurement was conducted to obtain

parameters of the MIS diode. The diode exhibited a good

rectifier behavior with * 103 rectification ratio. In the for-

ward bias semi-logarithmic I–V plot, two linear regions with

different slopes were observed. Such behavior was modelled

by two parallel diodes and attributed to different conduction

mechanism. The main electrical parameters, such as barrier

height, ideality factor and series resistance were calculated

by I–V and Cheung–Cheung methods. The Si–DLC

nanocomposite film acted as barrier height modifier in the

MIS diode.

1 Introduction

Diamond-like carbon (DLC) films are defined as amor-

phous carbon materials made up of random networks of sp2

and sp3 hybrid bonds (Robertson 2002; Li et al. 2009).

These films have properties similar to those of diamond to

a certain extent, such as high hardness with high wear

resistance, high chemical inertness, high dielectric strength

and high resistivity (Yan et al. 2004a; Wan et al. 2010;

Nery et al. 2010; Tao et al. 2011; Chaus et al. 2014; Zeng

et al. 2014). These extraordinary properties make them the

most studied coating materials (Erdemir and Donnet 2006).

An important part of the studies are conducted to explore

the doping effect of different elements on the physical,

mechanical and tribological properties of the films. It has

been shown that doping elements provide remarkable

improvements in the properties and functions of the films,

such as, low friction coefficients, low abrasive wear rates,

good adhesion to metal substrates, high hardness, the

increment of conductivity and better optical properties

(Papakonstantinou et al. 2002; Franta et al. 2003; Guerino

et al. 2003; Huang et al. 2006; Choi et al. 2007; Caschera

et al. 2011; Ahmed et al. 2009; Wang et al. 2010). Among

the additive elements, Si is one of the most studied ele-

ments, as it solves some of the major disadvantages of pure

DLC coatings, such as surface roughness, internal stress,

friction coefficient and adhesion strength (Papakonstanti-

nou et al. 2002; Franta et al. 2003; Kima et al. 2005; Choi

et al. 2007; Laurikaitien _e et al. 2008; Yi et al. 2009). In all

of the Si doping studies, the DLC films were deposited by

using chemical vapor deposition (CVD) or physical vapor

deposition (PVD) techniques which are effortful. In con-

trast to these techniques, electrodeposition is an easy

method which provide advantages of large area deposi-

tions, low deposition temperatures, low cost apparatus
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(Zhang et al. 2008; Basman et al. 2015). Yan et al. (2004b)

were the only group that deposited SiO2 doped DLC film

by using of the electrolysis of methanol-dimethylethoxy-

disilane (DDS) solution.

Electronic applications of DLC materials have also been

attracting attention due to their superior properties and

many studies have been carried out. Most of these studies

are related to their cold cathode field emitters, a-C/c-Si

heterostructures, electrical conductivity, solar cells and

dielectric strength and how their electronic properties are

changed by doping an element (Silva et al. 1999; Milne

2003; Bhattacharyya and Silva 2007; Gao et al. 2007;

Wang et al. 2010; Li et al. 2009; Katsuno et al. 2006;

Meškinis et al. 2014). It has been reported that dielectric

strength, resistivity and band gap could be changed by

varying the proportion of sp3 and sp2 hybridized carbon

bonds upon doping. In spite of the aforementioned

improving effect of Si doping, according to our best

knowledge, electronic applications of Si doped DLC films

have not been studied yet.

Metal/interlayer/semiconductor (MIS) contacts have

been investigated as an alternative to the metal/semicon-

ductor (MS) contacts as their parameters can be varied by

using different interlayers. With the aim of determination

and control of the parameters of these devices, extensive

investigations have been carried out by using different type

of organic and inorganic materials as an interlayer (Basman

et al. 2015, 2016; Al-Douri et al. 2016; Ibraheam et al.

2016, 2017; Singh et al. 2017; Abd et al. 2013; Ramizy

et al. 2011; Omar et al. 2011; Gullu and Turut 2009).

However, the usage of DLC films remains limited (Basman

et al. 2015). In those limited studies, DLC films were

deposited by using either CVD or PVD methods. Further-

more, few of these works investigated diode parameters,

such as barrier height (/b), ideality factor ðnÞ and series

resistance (Rs) (Gupta et al. 2010; Basman et al. 2015). In a

recent study, we have used the electrodeposition technique

to obtain a DLC film on Si substrate and then fabricated a

MIS diode having showed good rectification ratio with high

barrier height (Basman et al. 2015).

This study has two main objective; (1) electrodeposition

of Si doped DLC film and investigate its morphological,

structural and compositional properties, (2) fabrication of

metal–interlayer–semiconductor Schottky diode using the

Si–DLC nanocomposite film as an interlayer and investi-

gating its electronic properties. The film was deposited

using methanol (CH3OH) as carbon source and

tetraethoxysilane (Si(OC2H5)4) as Si source. Morphologi-

cal, structural and compositional properties of the film were

investigated by SEM, Raman and XPS analyses, respec-

tively. An Ag/Si–DLC/p-Si MIS Schottky diode was fab-

ricated. Electrical characterization of this diode was made

by current–voltage (I–V) measurements. The ideality factor

and barrier height of the MIS diode were calculated by I–

V and Cheung–Cheung methods.

2 Experimental

Electrochemical deposition technique is used to deposit

silicon doped diamond-like carbon (Si–DLC) nanocom-

posite film. The schematic representation of deposition

setup can be found elsewhere (Yan et al. 2004c). The

deposition of nanocomposite film was carried out by the

electrolysis of a mixture of 80 ml analytically methanol

(CH3OH; Sigma Aldrich) (N 99.5%) and 400 ll
tetraethoxysilane (Si(OC2H5)4; Sigma Aldrich) at the

applied voltage of 180 V. A p-type silicon (100) substrate

with resistivity of around 1–10 X cm was mounted on the

negative electrode, and the counter electrode was graphite

plate. The distance between two electrodes was * 7 mm.

Before the deposition, the silicon substrate was firstly

immersed in 5% HF solution to remove the native oxide

layer, subsequently ultrasonically cleaned in ethanol and

deionized water, and then placed into the electrolyte.

Scanning electron microscopy (SEM) images were recor-

ded to observe the morphology of the film using FEI FEG

Quanta 450 model SEM operated at 6 kV in secondary

electron mode. The Raman spectrum of the film was

recorded using a Renishaw spectrometer. The sample was

excited with an argon ion laser, operating at 514.5 nm and

25 mW, at room temperature. XPS analysis was performed

using a SPECS X-ray photoelectron spectrometer equipped

with a monochromatic Al Ka X-ray source (1486.74 eV,

350 W) and a PHOIBOS-100 hemispherical energy ana-

lyzer with a MCD5 detector. For metal–interlayer–semi-

conductor (Ag/Si–DLC/p-Si) Schottky diode, Ag contact

dot was thermally evaporated on the Si–DLC nanocom-

posite film with a diameter of 1.0 mm. Ag metal was

chosen due to its highest metal work function. Ohmic

contact on the backside of the p-Si substrate was formed by

evaporating of aluminum. All evaporation processes were

carried out at about 10-6 mbar. The schematic structure of

the MIS diodes can be found elsewhere (Gullu and Turut

2010). The current–voltage (I–V) measurement of the diode

was carried out under dark conditions using a source-meter

(Keithley 2401).

3 Results and discussions

Deposition of Si doped DLC film was achieved at 180 V

which is too low when compared with DLC films obtained

from methanol (Yan et al. 2004b). Surface morphology of

the film was investigated by scanning electron microscope

(SEM). SEM images of the Si–DLC film are shown in
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Fig. 1. As can be seen, the film showed continuous surface

with numerous lumps spread randomly.

We used Raman spectroscopy as an effective technique

to investigate the chemical structure of carbon-based

materials. In Fig. 2, Raman spectrum of Si-DLC film is

shown where the intense peak is appeared at 521 cm-1 due

to the first order of Si substrate. There is also another broad

peak between 880 and 1040 cm-1. In that range, both SiC

and Si-second order show resonance. Therefore, it was

deconvoluted, and two peaks were obtained at 947.8 and

978.7 cm-1 (data not shown). These peaks were attributed

to Si second-order and SiC, respectively (Bianconi et al.

2004; Ferrari 2002). DLC films show two typical peaks

called D and G bands at around 1350 and 1580 cm-1,

respectively. However, these peaks were not observed in

our film because of the abundance of Si–C bonds. The

existence of Si–C bonds weakens the effect of C–C bonds.

Additionally, increasing level of the disorder also weakens

the C–C bonds (Papakonstantinou et al. 2002). In our case,

we conclude that Si doping decreases the sp2 clusters and

increases sp3 bonds in the film, which is considered as the

reason of disappearance of D and G bands. The abundance

of sp3 bonds and weaken of sp2 bonds was confirmed by

X-ray photoelectron spectroscopy (XPS) analysis. The

increment of sp3 bonds is related to Si valance structure. It

is well known that carbon and silicon form only four-fold

co-ordinated networks (Si–C) (Choi et al. 2007; Papakon-

stantinou et al. 2002).

We used XPS to investigate the chemical composition of

the film as a common and sensitive technique. The XPS

scan survey of Si–DLC film is shown in Fig. 3a. The fig-

ure clearly indicates the contributions from C, O and Si.

The ratios of Si/C, Si/O and O/C were measured as 0.44,

0.39 and 1.12, respectively. To identify chemical state of

the elements, detailed surveys were also carried out. Fig-

ure 3b–d show deconvoluted spectra of C 1s, Si 2p and O

1s respectively. Figure 3b demonstrates that C 1s peak is

composed of four peaks corresponding C–Si, C–C, C–OH

and C=O bonding configurations. Due to high Si concen-

tration which promotes sp3 bonds, the C 1s peak is sharp

and mainly indicates C–C bonds in the film. The Si 2p

photoelectron spectrum exhibited a broadened peak

(Fig. 3c). This peak is composed of five peaks corre-

sponding Si–Si, Si–C, SiO4, and SiO2. Similarly, O 1s

spectra was also deconvoluted and it was seen that it is

composed of three peaks corresponding to O-metal, C=O

or OH and SiO2. XPS spectra imply that SiOx, SiC, C–C,

and C–O bonds are the main bonds in the film. Yan et al.

(2004b) are the only research group who used the elec-

trochemical method in order to synthesize Si doped DLC

composite film. They used dimethylethoxydisilane for

doping and obtained DLC film containing polycrystalline

SiO2 nanoparticles embedded within an amorphous matrix.

In our case, the film exhibited more complex structure. On

the other hand, it should be noted that high concentration of

tetraethoxysilane promoted the film deposition. We tried to

deposit the same film at 200 ll concentration of

tetraethoxysilane. The resulted film was uncontinuous and

the deposition process took long time.

The experimental semi-logarithmic current–voltage (I–

V) characteristic of the Ag/Si–DLC/p-Si MIS Schottky

diode was obtained at room temperature as seen in Fig. 4.

The structure exhibits a very good rectifier character
Fig. 1 SEM images of Si–DLC nanocomposite film

Fig. 2 Raman spectrum of Si–DLC nanocomposite film
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(rectification ratio * 103), such that the voltage depen-

dence of current is weak at reverse bias while it increases

exponentially at forward bias. Another prominent point of

the figure is that the forward bias of the ln I–V character-

istic displayed two separate linear regions with different

slopes in the low bias (0.08\V\ 0.35) and intermediate

bias (0.35\V\ 1.5) regions. These linear regions are

indicated by fitting a straight line in Fig. 4. However, this

linearity disappears at sufficiently high bias voltages due to

the effects of series resistance of contact wires or bulk

resistance of the semiconductor and the interfacial layer

(Gullu and Turut 2009, 2010; Basman et al. 2012).

In the literature, this type of I–V characteristic with two

linearity is modeled with two parallel diode model indi-

cating two separate barrier heights (Alialy et al. 2013;

Demirezen et al. 2013). Figure 5 shows the equivalent

circuit for two parallel diodes model. In this model the

current is given by the following equation:

I ¼ I01 exp
qðV � IRsÞ

n1kT

� �
� 1

� �

þ I02 exp
qðV � IRsÞ

n2kT

� �
� 1

� �
þ V � IRs

Rsh

� �
ð1Þ

where I01 and I02 are the reverse saturation currents and n1
and n2 are the diode ideality factors. By using Eq. (1), the

values of I0, n and /b for Ag/Si–DLC/p-Si MIS diode were

obtained and presented in Table 1 (for calculation details

see: Alialy et al. 2013; Demirezen et al. 2013). As can be

seen, both n1 and n2 are higher than unity. For an ideal

diode, ideality factor should be close to unity; but for real

diodes it is usually higher than one as obtained. The

interface state density distribution, quantum–mechanical

tunneling, the leakage current, series and shunt resistance

etc., are proposed to explain the deviation from unity

(Gullu and Turut 2010; Abd et al. 2013; Basman et al.

2016; Monch 1999; Sze 1981). High n values for DLC

based MIS structures were also found by Staryga and Bak

Fig. 3 XPS survey of Si–DLC nanocomposite film; full spectrum (a), and deconvoluted spectra C1s (b), Si2p (c), O1s (d)
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(2005) and attributed to hopping transport of charge car-

riers among localized states. n2 is much higher than n1, i.e.,

n values depend on the applied voltage. On the other hand,

at the intermediate bias, the barrier to electrons gets

reduced. The barrier height value change from 0.74 eV at

low bias to 0.67 eV at intermediate bias. Shifting values of

n and /b indicate different mechanism of conduction in the

two linear regions. The results suggest that at low bias the

conduction is dominated with hopping of charge carriers

among localized states in a narrow band of states (Staryga

and Bak 2005). However, in the case of intermediate bias

range hopping of charge carriers between bands of local-

ized states occurs. Field dependence conductivity was also

observed by other authors for DLC films (Katsuno et al.

2006). In our case the obtained DLC/Si structure behaves

like typical MIS structure as conduction depends on the

applied voltage (Staryga and Bak 2005).

In the I–V plot, the curvatures observed in the high bias

voltages are originated from the series resistance effect. As

seen from Fig. 5, the diode performance is closely related

to series resistance (Rs) and shunt resistance (Rsh) (Alialy

et al. 2013; Demirezen et al. 2013; Ramizy et al. 2011).

Thus, the determination of these parameters deserves more

attention. These values were calculated from the (dV/dI)–V

plot given in Fig. 6. Ri values converge to a pair of con-

stant values corresponding to Rs and Rsh, respectively, at

both limits of the forward and reverse bias regions. The

obtained Rs and Rsh values were 6.7 and 25 MX, respec-
tively. Regarding these obtained values, it can be clearly

seen that both Rs and Rsh highly depend on the applied

voltage.

The width of linear region of the ln I–V plot becomes

narrow when Rs value is high enough. In this case, the used

I–V method for the calculation of ideality factor n and

barrier height /b values becomes unreliable. Cheung and

Cheung (1986) developed a method in which series resis-

tance Rs, ideality factor n and barrier height /b can be also

calculated from the high forward bias region of ln I–V plot

(Gullu and Turut 2009; Cheung and Cheung 1986).

According to Cheung and Cheung (1986), these parameters

can be determined from the following equations:

dV

dlnðIÞ ¼ IRS � n
kT

q

� �
ð2Þ

HðIÞ ¼ V � n
kT

q

� �
ln

I

AA�T2

� �
ð3Þ

HðIÞ ¼ IRS þ n/b ð4Þ

Details on the determination of n, /b and Rs values

using Cheung–Cheung method can be found elsewhere

(Cheung and Cheung 1986; Basman et al. 2012). The plot

of dV=dðln IÞ�I yields a straight line for the curvature in

the high bias region (Fig. 7a). According to Eq. (3), the

slope of this line gives Rs whereas the interception point of

dV=dðln IÞ axis with the line gives nkT=q. Hereby, n and Rs

were calculated as 16.99 and 5.17 kX, respectively. On the

other hand, the slope of the H Ið Þ � I plot (Fig. 7b) drawn

according to Eq. (4) yields a second RS value. Also, at the

same plot, the interception point of the H Ið Þ axis equals to

Fig. 4 The semi-logarithmic I–V plot of the Ag/Si–DLC/p-Si MIS

diode

Fig. 5 The equivalent circuit for two parallel diodes models

Table 1 The calculated diode

parameters of the Ag/Si–DLC/

p-Si MIS Schottky diode from

I–V, Cheung–Cheung methods

Diode parameters I–V method Cheung–Cheung method

I. Linear region II. Linear region dV
dðln IÞ � I HðIÞ � I

Ideality factor (n) 3.42 9.79 16.99

Barrier height (/b; eV) 0.74 0.67 0.61

Series resistance (Rs; kX) – – 5.17 4.76
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n/b. Accordingly, the obtained values of /b and RS are

0.61 eV and 4.76 kX, respectively. The RS values obtained

from Cheung–Cheung method are close to each other. The

differences between the ideality factors and barrier heights

calculated using I–V and Cheung–Cheung method are due

to the fact that these two use different regions of the ln(I)–

V graph for calculation. To calculate electrical parameters

of the diode, the I–V method utilizes the linear region

neglecting the series resistance, while Cheung–Cheung

method uses the nonlinear region in which interfacial layer

thickness and series resistance are effective (Aydogan et al.

2009).

4 Conclusions

In this study, silicon doped DLC nanocomposite film has

been successfully deposited on p-type silicon substrate via

electrodeposition at low voltage. The morphology and

structure of the film were investigated and then the film

was used as an interlayer to fabricate an Ag/Si–DLC/p-Si

MIS Schottky diode. The electrical characteristics of the

device was analyzed by I–V measurements. Based on the

analyses, the following conclusions can be drawn:

• The film showed continuous surface with numerous

lumps spread randomly.

• Typical D and G bands of DLC films were not observed

in the Raman spectrum due to abundance of Si–C

bonds.

• Silicon incorporation promoted the film deposition and

increased sp3 bonds in the film

• The fabricated Ag/Si–DLC/p-Si MIS Shocttky diode

exhibited good rectifier character with * 103 rectifi-

cation ratio.

• In the forward bias semi-logarithmic I–V plot, two

linear regions with different slopes were observed.

Such behavior was modelled by two parallel diodes and

attributed to different conduction mechanism.

• The main electrical parameters, such as barrier height,

ideality factor and series resistance were calculated by

I–V and Cheung–Cheung methods.

• The Si–DLC nanocomposite film acted as barrier height

modifier in the MIS diode.
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