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ABSTRACT

Diamond-like carbon (DLC) films with tunable optical bandgap (Eg) were suc-

cessfully deposited on glass and n-Si (100) substrates by radio frequency (RF)-

sputtering technique in different argon (Ar) and acetylene (C2H2) plasmas. The

bandgap of the films can be tuned from 1.41 to 1.28 eV, which correlates with

the sp2 content, which increases from 56.3 to 63.7 %, respectively. The different

ratios of sp2/sp3 lead to different bandgaps of the DLC films. Plasmonic

nanoparticles of silver (Ag) were also embedded in the DLC matrix by reactive

magnetron sputtering to study the enhancement of light absorption in DLC

films. The absorption coefficient significantly increased when the DLC films

were incorporated with 10 at.% of silver nanoparticles. Raman and X-ray pho-

toelectron spectroscopy (XPS) studies were utilized to determine the bonding

nature and sp2/sp3 ratios of DLC–Ag films.

Introduction

Solar cell market is mostly dominated by crystalline

silicon solar cells, but its manufacturing cost is still

high for mass consumption. In the search for alterna-

tive materials, carbon is highly attractive as it is

expected to have properties similar to silicon together

with high microstructural stability. Carbon exists in

various stable forms like amorphous films, graphene,

semiconducting fullerenes, and carbon nanotubes

(CNTs) [1], which show many interesting optoelec-

tronic, physical, and chemical properties. Amorphous

carbon containing a mixture of sp3(r)- and sp2(p)-hy-
bridized bonds is known as diamond-like carbon

(DLC) wherein the relative amounts of sp3- and sp2-

bonded carbon determine theDLCfilmproperties. For

example, DLCfilms can be used as an absorber layer in

thin-filmsolar cells due to its p-type conductivity [1–5].

The optical bandgap of DLC films can be tuned by

changing thepreparation conditions. Indeed, variations

of the deposition environment can modulate the pro-

portion between sp3 and sp2 bonds, determining the

bandgap of the DCL film. The bandgap of the films can

be tailored to match the solar spectrum [6, 7] for pho-

tovoltaic (PV) application. Consequently, multilayer

DLC films with graded bandgap could absorb almost

the whole solar spectrum. In particular, an absorber

could be engineered with several DLC films with gra-

ded bandgap, thus greatly enhancing the photon
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absorption and efficiency of the solar cell. Light

absorption in the active layer of the solar cell can also be

increased by light-trapping method such as surface

texturing [8], diffraction gratings [9], or resonant plas-

monic structures [10–12]. Light trapping by metal

nanoparticles from the first group B (Ag, Cu, and Au)

having surface plasmon resonances is an attractive

strategy to confine the lightwithin the active layer of the

solar cell by increasing thephotonabsorptionandhence

the efficiency of the solar cell [13–16]. Silver-dopedDLC

shows the surface plasmon resonance peak when the

atomic percentage of silver ismore than 1–2 % [17]. Ag-

doped DLC films have diverse applications in solar

energy [18], electronic devices [19], and optical appli-

cations [20]. Thus, incorporation of plasmonic

nanoparticles in DLC films could represent an advan-

tage in carbon-based PV only if the absorber layer has a

relatively low absorption coefficient.

Different synthesis techniques like physical vapor

deposition (PVD), chemical vapor deposition (CVD),

thermionic vacuum arc, precipitation, and electrode-

positionhavebeenused to incorporate silver in theDLC

matrix. Silver incorporation in the DLC matrix by

sputteringand related surfaceplasmon resonanceeffect

was reported by Paul et al. [21].Wang et al. [22], Lungu

et al. [23], Ahmed et al. [24], and Zhang et al. [25] have

reported the effect of silver incorporation in DLC films

for tribological applications. Nevertheless, only Zhang

et al. [6] and Tinchev et al. [7] have reported the DLC

film with graded bandgap for PV applications, using

additional bias voltage in plasma-enhanced chemical

vapor deposition (PECVD) technique.

In this communication, we present our studies on

pure DLC and DLC-Ag films with graded bandgap

obtained at different C2H2 percentages in the

Ar ? C2H2 plasma deposited by RF magnetron-

sputtering technique. To the best of our knowledge,

the changes in the optical properties of DLC films

with the variations of sp2/sp3 ratio in sputtered films

using Ar ? C2H2 plasma with different C2H2 per-

centages and the increment of optical absorption in

the DLC films due to surface plasmon resonance have

not been reported yet for PV applications.

Experimental details

Pure DLC and silver-doped DLC films were depos-

ited by magnetron sputtering with RF (13.56 MHz)

plasma. Two sets of films were prepared. First, pure

DLC films were deposited onto glass and Si (100)

substrates at room temperature from a graphite target

(50.8 mm diameter, 99.999 % purity, Kurt Lesker)

using a mixture of acetylene and argon gases, with

three different volume percentages of acetylene (20,

30, and 40 %). Second, for the silver-doped DLC film,

we have used a silver target (50.8-mm diameter,

99.999 % purity, Kurt Lesker) and performed the

sputtering in the same (vol%) acetylene ? argon

plasma. In every deposition, the RF power and sub-

strate-to-target distance were set to 100 W and

70 mm, respectively. The whole sputtering chamber

was first evacuated to a base pressure of 2.6 9 10-4

Pa before deposition, while the working pressure

during the deposition was set to 1.5 Pa. The time of

deposition for all the films was 60 min. Pure DLC

films and Ag-doped DLC films were named as S1, S2,

S3, and S1-Ag, S2-Ag, S3-Ag respectively.

The deposition technique here employed is a mag-

netron-sputtering/plasma CVD-composite method

[26]. Sputtering from a vapor source made of solid

graphite target with Ar plasma can also form a DLC

film but at a very low film deposition rate due to the

low carbon sputter yield, in a pure Physical Vapor

Deposition (PVD) process. The deposition rate is

significantly increased under a hydrocarbon gas

flow (like acetylene, for example) into the sputtering

chamber. The Argon plasma reacts with the C2H2

molecules to form a DLC film with hydrogen from

the cracking products in a plasma Chemical Vapor

Deposition (CVD) method. Thus, in the first set of

samples (S1, S2, and S3), the graphite target has a

negligible role because it only acts as an additional

source of carbon atoms, which allows to grow an

initial film on the substrate surface. To confirm this,

we have prepared a DLC film from a graphite target

and only with Ar plasma. This film had a thickness

of about 15 nm measured by AFM, which is very

thin compared with the DLC films of both sets of

samples (In Supplementary Material, we have given

more support to this affirmation). For the second set

of samples (S1-Ag, S2-Ag, and S3-Ag), Ag-doped

DLC, the films are totally produced from the acet-

ylene cracked molecules in a reactive sputtering

process on the silver target.

Microstructural characterizations were carried out

by field-emission scanning electron microscopy

(FESEM, FEI Inspect F50), transmission electron

microscopy (TEM, FEI Tecnai F20 G2), and X-ray

Diffraction (XRD, Bruker D8 Advance with Cu Ka
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radiation). Samples for TEM were prepared by

scraping the deposited films and placing them onto a

holey carbon-supported film on a copper grid. The ID/

IG ratio and sp2/sp3 contents in the films were deter-

mined by Raman spectroscopy (LabRam 010 Spec-

trometer, k = 633 nm) and X-ray photoemission (XPS,

Physical Electronic model 1257) spectroscopy, respec-

tively. In XPS, Al Ka line was used as the X-ray source

at 1486.74 eV, while the anode was operated at 15 kV

and the source power level was set to 400 W. Com-

positional information was obtained using an energy

dispersive X-ray (EDS) detector (EDAXTSL analyzer).

Optical studies were performed by measuring trans-

mittance and absorbance in the wavelength region,

k = 200–900 nm, using a spectrophotometer (Perkin

Elmer Lambda-11) at room temperature. The spectra

were recorded with a resolution of k * 0.5 nm along

with a photometric accuracy of ± 0.5 % for transmit-

tance measurements.

Results and discussion

Microstructural characterization

Figure 1 displays two representative FESEM images

of pure DLC (S2) and Ag-doped DLC films (S2-Ag). It

can be seen that both films have a granulated mor-

phology covering the whole silicon surface. S2 sam-

ple exhibited grains of roughly 40 nm (Fig. 1a). All

other pure DLC samples showed similar morphology

despite the acetylene concentration in the plasma

during preparation. Figure 1(b) depicts a FESEM

image of the sample S2-Ag which shows nanoparti-

cles of nearly 11 nm on the surface of the film. EDS

measurements confirmed that the nanoparticles cor-

respond to silver nanoparticles with a concentration

of 10 at.%. Silver concentration of samples S1-Ag and

S3-Ag were also measured using EDS, and the results

are presented in Table 1.

Figure 1 FESEM images of a pure DLC films (S2) and b Ag-doped DLC films (S2-Ag). Inset of b shows the XRD pattern of the film

(S2-Ag).

Table 1 Values of different parameters of DLC and DLC-Ag films prepared by RF-sputtering technique

Film C2H2 (%) in the plasma gases Ag concentration (at.%) Sp2 (%) Sp3 (%) ID/IG Eg (eV) Urbach energy (meV)

S1 20 – 56.3 43.7 1.12 1.41 –

S2 30 – 59.6 40.4 1.21 1.36 –

S3 40 – 63.7 36.3 1.34 1.28 –

S1-Ag 20 6 61.7 38.3 1.22 1.32 560

S2-Ag 30 10 66.6 33.4 1.33 1.20 688

S3-Ag 40 4 68.5 31.5 1.36 1.11 523
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XRD analysis of all the films under study revealed

that the DLC films were deposited with an amor-

phous microstructure (images not shown). However,

XRD pattern of Ag-doped DLC films exhibited the

characteristic peak of crystalline silver nanoparticles.

The inset of Fig. 1(b) shows the XRD pattern of S2-Ag

films where the (111) reflection plane of Ag at

2h * 38.48 is observed. Similar results were found by

Baba et al. [27] in their silver-incorporated DLC films.

The crystallite size was estimated using Scherrer

relation which corresponds to a size of about 8 nm.

Figure 2(a, b) shows the TEM images of S2 (pure

DLC) and S2-Ag samples, respectively. TEM charac-

terization of pureDLCfilms confirmed the amorphous

structure as shown in Fig. 2(a). The inset of this fig-

ure shows the characteristic selected area electron

diffraction pattern (SAED) of amorphous materials.

On the other hand, TEM observations of Ag-doped

DLC films showed the presence of nanoparticles as

black spots (see Fig. 2b), which were recognized as Ag

nanoparticles by EDS, as shown in the spectrum of the

film S2-Ag depicted in Fig. 2(c). In addition, the SAED

pattern (inset of Fig. 2b) demonstrated the polycrys-

talline nature of these silver nanoparticles. Fig-

ure 2(d) represents the histogram of the nanoparticle

size distribution of S2-Ag film. The diameter of the

nanoparticles ranges between 3 and 16 nm, while the

average diameter is 11 nm. Due to the addition of high

atomic percentage of silver (10 at.%), some large

agglomerated particles were observed in the film (S2-

Ag). A similar resultwas observed byYaremchuk et al.

[28] in their silver-doped DLC films.

Figure 2 TEM images of a pure DLC films (S2) and b silver-

doped DLC films (S2-Ag). Inset shows the corresponding SAED

pattern, c EDS spectrum of the film S2-Ag (Cu signal comes from

the copper grid used for TEM) and d particle size distribution of

the corresponding film (S2-Ag).
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XPS characterization

DLC films are the admixture of sp2- and sp3-bonded

carbon. Thus, to determine the hybridization of car-

bon on the surface of the films, XPS analysis was

performed. The characteristic binding energies of

pure graphite and diamond are 284.2 eV (sp2) and

286 eV (sp3), respectively [29]. The peak positions of

all the DLC films were located in between diamond

(286 eV) and graphite (284.2 eV). Using Multipak

software, the peaks were fitted, and the amounts of

sp2 and sp3 % were calculated based on the fitting

area.

Figure 3(a) displays the general survey of XPS

spectra of three pure DLC films (S1, S2, and S3

samples). These spectra only have the peaks of C1 s

Figure 3 General survey of

XPS spectra of three

representative DLC films:

a without silver and b with

silver. Inset of b represents the

core level spectra of Ag3d3/2
and Ag3d5/2 for the films

S2-Ag.

Figure 4 C1 s peak fitting of

a pure DLC films and b Ag-

incorporated DLC films.
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(*284 eV) and O1 s (*532 eV). The Au4f (*84 eV)

was used as a reference peak. The O1 s peak

at *532 eV was attributed to the surface with air

exposure [30]. The high-resolution C1 s peak (see

Fig. 4a) was fitted with two Gaussian curves, and the

percentages of sp2 and sp3 were calculated and are

listed in Table 1. As the area of the each peak is

related to the corresponding phase, we have consid-

ered the area of the sp2 peak divided by the area of

the sum of the sp2 and sp3 peaks for determining the

sp2 percentage in the films [29]. The sp2 contents in

the three pure DLC films were 56.3, 59.6, and 63.7 %

for the samples S1, S2, and S3, respectively. This

means that as the films are deposited with the

increasing C2H2 percentages, the sp2 content increa-

ses. Similar results were observed by Paul et al. [31]

in their DLC films with different sp2/sp3 ratios.

Figure 3(b) shows the general survey of XPS spec-

tra of three representative Ag-doped DLC films, in

which C1 s, O1 s, Ag3d, and Ag3p can be identified.

The high-resolution C1 s spectra of these films are

displayed in Fig. 4(b). Analogous to pure DLC films,

after fitting, it was also found that the sp2 percentage

increases from 61.7 to 68.5 % for the samples S1-Ag to

S3-Ag (Table 1). The comparison between both sets of

samples deposited with the same acetylene percent-

age during deposition indicates that the sp2/

(sp2 ? sp3) ratio overall increases with the addition

of silver nanoparticles, which means that the films

become more graphitic when doped with Ag

nanoparticles [32]. Inset of Fig. 3(b) represents the

core level XPS spectra of silver signal which corre-

sponds to Ag3d3/2 (*374.2 eV) and Ag3d5/2

(*368.2 eV) for S2-Ag films. The Ag3d peaks for all

Figure 5 Raman spectra of

three representative DLC

films: a without silver and

b with silver. Inset shows the

variation of ID/IG ratio with sp2

fraction of the corresponding

films, c variations of D-peak

and G-peak positions with

silver content in the DLC

films.
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other films (S1-Ag and S3-Ag) were similar in nature

as S2-Ag.

Raman characterization

Raman spectroscopy was performed in order to

measure the disorder in the carbon films. Figure 5(a,

b) shows the Raman spectra of pure DLC films (S1,

S2, and S3) and Ag-doped DLC films (S1-Ag, S2-Ag,

and S3-Ag), respectively. Typical Raman peaks of

carbon were located at 1353 cm-1 (D-peak disorder)

and 1588 cm-1 (G-graphite peak). It was observed

that as the C2H2 content increases in the Ar plasma

during the films deposition, the D peak becomes

wider and the G peak becomes more intense. The

spectra were fitted using two Gaussian curves, and

the ID/IG ratios were calculated taking the intensity

ratios of D and G peaks [33], which are summarized

in Table 1. The variations of ID/IG with sp2 content

for the films without and with silver are plotted in the

insets of Fig. 5(a, b), respectively. It can be seen that

the ID/IG ratio increases with the increasing sp2

content for both sets of samples.

The shifts of D- and G-peak positions with silver

content in the doped DLC films are shown in Fig. 5(c).

It may be noted here that there was no significant

change in the D-peak position, while a significant

shifting of the G-peak position to a higher wavenum-

ber was observed with the increasing amount of silver

in the DLC films, indicating an increase in graphite-

like structure [34]. The G-peak position was shifted

from 1581 cm-1 in sample S3-Ag to 1588 cm-1 in

sample S2-Ag, which could be attributed to the con-

finement of electrons in short chains. Thus, ID/IG
would be a measure of the size of sp2 phase organized

in rings [35]. ID/IGvaluehas increased from1.22 to 1.36

Figure 7 a Optical absorption

spectra showing the surface

plasmon resonance peak for

the silver-incorporated DLC

films (S1-Ag, S2-Ag, and S3-

Ag) and b comparison of

optical absorption coefficient

between pure DLC (S2) and

silver-doped DLC films (S2-

Ag).

Figure 6 a Plots of (ahm)0.5

versus hm for three

representative DLC films (S1,

S2, and S3) deposited at glass

substrate with three different

C2H2 percentages in the

Ar ? C2H2 plasma, b the

same plot of (ahm)0.5 versus hm
but for the silver-doped DLC

films (S1-Ag, S2-Ag, and S3-

Ag).
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as the Ag concentration increases from 4 to 10 at.% in

the DLC films indicating the presence of more sp2-

bonded carbon in the films. These results are well in

agreement with the XPS results.

Optical studies

Transmittance and absorbance spectra of all DLC

films under study were recorded in the wavelength

range between 200 and 900 nm, and from the trans-

mission spectra, the optical bandgap was calculated.

In an amorphous material like DLC, the relation

between the absorption coefficients (a) and incident

photon energy (hm) can be written as [31]

ðahmÞ ¼ Aðhm� EgÞ2; ð1Þ

where A is a constant, and Eg is the optical bandgap of

the material. Extrapolating the linear portion of the

(ahm)0.5 versus hm plot to the hm axis at a = 0, the optical

bandgap can be calculated from the intercept, as shown

in Fig. 6(a). Bandgap values for pure DLC films (S1, S2,

and S3) decrease from 1.41 to 1.28 eV (Table 1) with the

increasing C2H2 percentage in the plasma. This

decrease of Eg is attributed to the passivation of dan-

gling bonds present in theDLCfilms by hydrogen from

the plasma CVD-composite process during the sput-

tering deposition [36]. As a result, more localized states

in the bandgap region lead the band tailing, and hence

the bandgap decreases with the increasing C2H2 per-

centages [31]. From the Eg calculations, a graded

bandgap is observed in the DLC films, which could be

an effective absorber layer for DLC multilayer (n-

DLC/multilayer i-DLC/p-DLC) thin-film solar cell [6].

The determination of the optical bandgap of the

Ag-doped DLC films is shown in Fig. 6(b), where Eg

values also decreased with the increasing C2H2 per-

centage in the plasma and with the increasing sp2

content in the films, as determined by XPS. The Eg

values varied from 1.32 to 1.11 eV. The highest

bandgap was obtained with the lowest sp2 %.

Generally, when the films are embedded with

nanocrystalline metal particles separated from each

other by a certain distance, the properties of these

films are different from those of the bulk. The inter-

action of these nanoparticles with the electromagnetic

field would result in a coherent oscillation of the

conduction electrons called the surface plasmon res-

onance (SPR) [35]. The surface plasmon resonance

peaks for the silver-doped DLC films are shown in

Fig. 7(a). All the doped films (S1-Ag, S2-Ag, and S3-

Ag) have a surface plasmon resonance peak around

Figure 8 a Bandgap values

with sp2 % for the DLC films

with and without silver,

b Variation of Urbach energy

(meV) with at.% of Ag in the

DLC films.

Figure 9 Comparison of optical absorptions between pure DLC

multilayer thin film and Ag-doped DLC multilayer film.
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460 nm. The nature and position of the plasmonic

peak depend on the size, shape, and the dielectric

medium (here DLC) embedding the metal nanopar-

ticles. The films prepared with 20 and 40 % (v/v) of

C2H2 showed a relatively lower intense and broad

SPR peak rather than the films prepared with 30 vol%

of acetylene would do. From EDS analysis, the mea-

sured silver atomic concentration for three DLC-Ag

films was 6, 10, and 4 % for the samples S1-Ag, S2-

Ag, and S3-Ag, respectively. Therefore, a maximum

intense SPR peak was observed when the DLC films

have 10 at.% of silver nanoparticles (S2-Ag). A slight

red shift of the plasmonic peak was also observed for

the film S2-Ag. When the density of silver nanopar-

ticles increases in the DLC matrix, the distance

between particles decreases which helps to increase

the coalescence in the films. As a result, the red shift

of the plasmonic peak could be observed [35]. The

intensity of the SPR peak also increased with the

increase of Ag atomic concentration in DLC films. In

Supplementary Material, we present the plot with the

absorbance curves of both sets of samples, and the

sample prepared only with Ar plasma shows a very

low absorbance for this last film, which also

demonstrates its very low thickness.

The comparison of the optical absorption coeffi-

cients of S2 and S2-Ag films is shown in Fig. 7(b). The

optical absorption coefficient has increased by one

order of magnitude when the DLC film was doped

with 10 at.% of Ag nanoparticles. It is clearly seen

that the absorption is higher in the lower wavelength

region, and hence it matches very well with the solar

spectrum [7]. We have measured the thickness of the

films by AFM line profile analysis. Both films (S2 and

S2-Ag) have nearly the same thickness of about

600 nm. Therefore, this difference in the absorption

coefficient is due to the surface plasmon effect in DLC

films. A DLC multilayer film with graded bandgap

and the incorporation of silver nanoparticles inside

the matrix would give enhanced optical absorption

rather than a pure DLC multilayer film with graded

bandgap would do. These results suggest that the

graded bandgap DLC multilayer films with plas-

monic nanoparticles can be used for enhancing the

absorption in carbon-based solar cells.

The variable, Eg, of the sp2 sites depends on the

configuration of p states in the valance band and p*
states in the conduction band. The increasing band-

gap with decreasing sp2 content is attributed to the

decrease in the width of the p and p* bands [3]. The

variations of the bandgap with sp2 % for the DLC

films with and without silver are shown in Fig. 8(a).

It was observed that with the addition of silver

nanoparticles, the bandgap of the films with the same

vol% of C2H2 was slightly less than that of the films

without silver.

In an amorphous material like diamond-like car-

bon, the valence band and conduction band do not

have sharp cutoffs but they have tails of localized

states in the lower energy region. Because of this,

when the Tauc plot is made for the determination of

the optical bandgap, it does not form a straight line in

the whole energy range. In such cases, Urbach energy

is a measurement of the inhomogeneous disorder of

amorphous carbon films [37]. Urbach band tail is

expressed by [32]:

lna ¼ lna0 � hv=Eu; ð2Þ

where a is the absorption coefficient, hm is the inci-

dent photon energy, a0 is a constant, and Eu is the

Urbach energy. Basically, Urbach band tails are

responsible for all the possible defects in semicon-

ductors like DLC [32]. Eu values for the three differ-

ent Ag-doped DLC films were estimated from the

slopes of the linear plot of lna versus hm and their

values are plotted as a variation of the atomic per-

centage of silver in Fig. 8(b). It may be noted that the

defect density in the Ag-incorporated DLC films

increases with the silver concentration (Table 1).

Finally, with the aim of preparing a p–i–n struc-

ture, we have fabricated a pure DLC multilayer thin

film using three sublayers with optimum bandgap of

1.41, 1.36, and 1.28 eV. The tunable bandgap was

obtained by varying the acetylene percentage in the

RF plasma during the deposition of each sublayer.

Another DLC multilayer thin film with optimal

bandgap was fabricated in a similar way but with the

addition of silver nanoparticles in the second layer.

The optical absorption spectra of these films is shown

in Fig. 9. The optical absorption of the multilayer thin

film with silver nanoparticles is higher than the

absorption of pure DLC multilayer thin film. More-

over, the absorption is higher in the lower wave-

length region, and it decreases with the increasing k,
which matches very well with the solar spectrum

[38]. The p–i–n structure is the most appropriate for

high electric-resistive materials like DLC solar cell.

The graded optical bandgap would have an addi-

tional advantage, but before going for the fabrication

of the solar cell, it is necessary to optimize the
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thickness of each layer to obtain the higher electric

field, which will be beneficial for rearranging the

space charge and collecting the photogenerated car-

riers [7]. We have already started this work, and this

will be a topic for a future study.

Conclusions

We have successfully deposited DLC films with

tunable optical bandgap (Eg) on glass and Si (100)

substrates by RF-sputtering combined technique

from a graphite target in different argon (Ar) and

acetylene (C2H2) plasma mixtures. The bandgap of

the films has decreased from 1.41 eV to 1.28 eV with

an increase in sp2 % from 56.3 to 63.7 % in these

films. The different ratios of sp2/sp3 in the films

result in different bandgaps which would cover the

solar spectrum for PV application. We have also

incorporated plasmonic nanoparticles of silver (Ag)

in the DLC matrix to study the enhancement of light

absorption. The absorption coefficient has increased

by at least one order of magnitude when the DLC

films were doped with 10 at.% of silver nanoparticles.

The polycrystalline nature of Ag nanoparticles was

confirmed by XRD and electron diffraction from TEM

analysis. A combination of pure and silver-doped

DLC films was used to prepare a multilayer structure

with graded bandgap which showed higher optical

absorption than a pure DLC multilayer structure.

Thus, DLC multilayer thin films with plasmonic

nanoparticles can be used for enhancing the absorp-

tion in carbon-based solar cells.
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Spectroellipsometric characterization and modeling of plas-

monic diamond-like carbon nanocomposite films with

embedded Ag nanoparticles. Nanoscale Res Lett 10:157–163

[29] Hussain S, Ghosh D, Ghosh B, Bhar R, Pal AK (2013) Growth

of carbon nanostructures on p-, i- and n-Si substrates by elec-

trochemical route. J Phys D Appl Phys 46:355301–355308

[30] Holland L, Ojha SM (1979) The growth of carbon films with

random atomic structure from ion impact damage in a

hydrocarbon plasma. Thin Solid Films 58:107–116

[31] Paul R, Das SN, Dalui S, Gayen RN, Roy RK, Bhar R, Pal

AK (2008) Synthesis of DLC films with different sp2/sp3 -

ratios and their hydrophobic behaviour. J Phys D Appl Phys

41:055309–055315

[32] Ahmed SF, Moon MW, Lee KR (2009) Effect of silver

doping on optical property of diamond like carbon films.

Thin Solid Films 517:4035–4038

[33] Ferrari AC, Robertson J (2000) Interpretation of Raman

spectra of disordered and amorphous carbon. Phys Rev B

61(20):14095–14107

[34] Robertson J (2002) Diamond-like amorphous carbon. Mater

Sci Eng R 37:129–281

[35] Paul R, Hussain S, Majumder S, Varma S, Pal AK (2009)

Surface plasmon characteristics of nanocrystalline gold/DLC

composite films prepared by plasma CVD technique. Mater

Sci Eng B 164:156–164

[36] Grill A (1999) Electrical and optical properties of diamond-

like carbon. Thin Solid Films 355–356:189–193

[37] Tauc J, Grigorovic R, Vancu A (1966) Optical Properties and

Electronic Structures of Amorphous Germanium. Phys Sta-

tus Solidi 15:627–637

[38] Lux-Steiner MCh, Willeke G (2001) Strom von der Sonne.

Phys Bl 57:47–53

228 J Mater Sci (2017) 52:218–228

http://dx.doi.org/10.1155/2012/536853
http://dx.doi.org/10.1155/2012/536853

	Plasmon-enhanced optical absorption with graded bandgap in diamond-like carbon (DLC) films
	Abstract
	Introduction
	Experimental details
	Results and discussion
	Microstructural characterization
	XPS characterization
	Raman characterization
	Optical studies

	Conclusions
	Acknowledgements
	References




