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A tough material commonly used in coatings is diamond-like carbon (DLC), that is, amorphous

carbon with content in four-fold coordinated C higher than �70%, and its composites with metal

inclusions. This study aims to offer useful guidelines for the design and development of metal-

containing DLC coatings for solar collectors, where the efficiency of the collector depends critically

on the performance of the absorber coating. We use first-principles calculations based on density

functional theory to study the structural, electronic, optical, and elastic properties of DLC and its

composites with Ag and Cu inclusions at 1.5% and 3.0% atomic concentration, to evaluate their

suitability for solar thermal energy harvesting. We find that with increasing metal concentration

optical absorption is significantly enhanced while at the same time, the composite retains good

mechanical strength: DLC with 70–80% content in four-fold coordinated C and small metal

concentrations (<3 at. %) will show high absorption in the visible (absorption coefficients higher than

105 cm�1) and good mechanical strength (bulk and Young’s modulus higher than 300 and 500 GPa,

respectively). VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4765721]

I. INTRODUCTION

Trough solar collectors are a technology for solar ther-

mal energy conversion that can deliver emission-free solar

power for on-site and centralized applications.1,2 The effi-

ciency of the collector depends critically on the performance

of the absorber coating.3–5 Materials based on amorphous

carbon (a-C), including diamond-like carbon (DLC), that is,

amorphous carbon with a content in four-fold coordinated C

that is higher than �70%,6,7 have been a favorable choice

for absorbers because their optical and mechanical proper-

ties7–12 can be tailored to satisfy the requirements of the

intended application. For instance, the performance of a-C

can be tuned with the incorporation of transition metal in the

material, such as Ag, Cu, or Ti nanoparticles:11,13–21 for

metal-containing DLC, the carbon matrix provides high me-

chanical strength and the metallic inclusion enhances optical

absorption. The structure and properties of the composite

generally depend on the preparation technique and the depo-

sition conditions,6,8 which make the identification of univer-

sal structure-property relationships a challenging task.10,22

Alongside with the current heightened interest in carbon-

based materials,7,23 understanding how the structure of the

metal-containing diamond-like carbon determines its proper-

ties is an important step towards the design and development

of carbon-based, high-performance materials for solar ther-

mal energy harvesting.

Theory and atomistic simulation have contributed signifi-

cantly in clarifying how the macroscopic properties of materi-

als based on a-C depend on the atomic structure.12,18,24–28

Studies of metal (Me)-containing DLC composites, in partic-

ular, are currently limited by the complexity of the structures

involved and the computational challenges they present.18

Here, we use density functional theory (DFT) calculations to

study the structural, electronic, optical, and elastic properties

of model bulk structures of Me-DLC, namely, Ag-DLC and

Cu-DLC. The performance of the composites regarding their

use as absorber coatings is evaluated with respect to optical

efficiency and mechanical stability. Specifically, we calculate

the absorption coefficient, as well as the bulk and Young’s

moduli, and we demonstrate how the properties of the com-

posite depend on the atomic-scale features of the DLC/Me

interface. We identify a correlation between these properties

and the hybridization of C. The findings suggest that with

increasing metal concentration, optical absorption is signifi-

cantly enhanced while at the same time, the composite retains

good mechanical strength.

II. MODELS AND METHODS

We used amorphous bulk structures of 64 atoms to

model metal-free DLC [Fig. 1(a)] and DLC composites with

a content in sp3-bonded (four-fold coordinated) C in the

range of 67–100% [Figs. 1(b)–1(d)]. For the metal-free DLC

structures, the unit cell was prepared by quenching using the

tight-binding method (more information is given in our pre-

vious work12) and relaxed using standard DFT structural

optimization by the minimization of all forces (to the upper

limit of 0.05 eV Å�1) and stresses (volume optimization).

We further relaxed the structures using DFT-based molecular

dynamics by first performing a simulation for 1.5 ps in the

microcanonical (N, V, E) ensemble (constant volume) usinga)e-mail: kaxiras@physics.harvard.edu.
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a temperature of 800 K and then by quenching the structure

to 0 K in steps of 0.5 K fs�1. After the molecular dynamics

simulation, the atomic positions were relaxed. A fully sp3-

bonded DLC, which in the following we refer to as

“amorphous diamond” (a-D, density 3.4 g/cm�3), was repre-

sented by a continuous random network model,29 which,

although it corresponds to an idealized case,30 we use as a

reference structure [Fig. 1(a)]. We substituted one or two

sp3-bonded C atoms with Ag, Cu, or Al, to model DLC com-

posites with 1.5% [Figs. 1(b) and 1(c)] and 3.0% [Fig. 1(d)]

metal content (low concentration limit), and we relaxed the

composite structure with molecular dynamics/structural opti-

mization in the same way as for metal-free DLC. The vol-

ume of the unit cell was not optimized further. Volume

relaxation could lead to lower content in sp3-bonded C27 but

in the limit of single-atom metallic inclusions we expect the

breaking of C-C bonds with the introduction of metal atoms

in the DLC to dominate the graphitization of the material.

We note in passing that although hydrogenated DLC is also

used in similar applications as hydrogen-free DLC,6,8 here

we calculate only hydrogen-free structures.

For molecular dynamics and structural optimization, we

used the SIESTA implementation31 of DFT (linear combina-

tion of numerical atomic orbitals, norm-conserving pseudo-

potential approach). A double-f with polarization basis set

was used to represent the Kohn-Sham orbitals. For the

description of exchange and correlation (xc), the PBEsol

functional32 was chosen because it typically yields good

equilibrium properties, such as lattice constants and elastic

moduli. The study of electronic and optical properties relied

on the GPAW code,33 a grid-based approach based on pro-

jected augmented-wave method.34 A Monkhorst-Pack mesh

of 2� 2� 2 special points was used for integration in k-

space. Dielectric functions were calculated within the frame-

work of time-dependent DFT (TDDFT)35 using the bootstrap

approach of Sharma et al.,36 which is based on an approxi-

mate expression for the xc kernel and its numerical deriva-

tion. The scheme has been demonstrated to give optical

spectra in good agreement with experiment for prototypical

structures with small computational effort.36,37 For the calcu-

lation of dielectric functions, empty electronic bands up to

40 eV above the Fermi level were included and a smearing

factor of 0.40 eV was used to broaden the spectra. The calcu-

lated dielectric functions can be only as accurate as the elec-

tronic structure of the ground state. We used the GLLBSC

xc functional introduced by Kuisma et al.38 (orbital-depend-

ent functional based on the potential of Gritsenko et al.,39

with elements from PBEsol) to improve the description of

the noble metal electronic states.40,41 A finite deformation

(stress-strain) approach was used for the numerical deriva-

tion of elastic matrices from which the bulk and Young’s

moduli were calculated.42 SIESTA and GPAW were used

via the Atomic Simulation Environment (ASE) interface.43

III. RESULTS AND DISCUSSION

The first step in studying the properties of Me-DLC is to

understand the effect of the metallic inclusion on the bonding

of C in the composite. Experiment has demonstrated that

increasing metal concentration in Me-DLC induces the pro-

gressive graphitization of the carbon matrix.18,44 Me-DLC

films are prepared with metal nano-inclusions whose mean

size is typically < 10 Å.17,18 To relate our theoretical study

to experiment, we examine the nature of the DLC/Me inter-

face. Fig. 1 shows that an interface exists in the Me-DLC

composites that encapsulates the metal atom and resembles a

uniform spherical shell: The interface is rich in sp2-bonded

C because the substitution of C atoms in DLC with metal

atoms removes multiple C-C bonds. In other words, incorpo-

ration of metal atoms in the DLC changes the hybridization

of C. To quantify the graphitization of the carbon matrix, we

calculated the content in sp3-bonded C for metal-free and

metal-containing DLC structures. We used the C-C pair dis-

tribution function to calculate the cut-off distance for the first

nearest neighbors of C in the structure, and with this cut-off

distance, the number of nearest neighbors of each C atom

was calculated.12 In Fig. 2, we show how the content in four-

fold coordinated C of DLC is reduced when metal atoms are

incorporated in the material. The progressive graphitization

of the DLC matrix expressed by Dsp3 with increasing metal

concentration [Me] for our structural models is described

by the linear relationship Dsp3 ¼ �6:9 ½Me�. The trend in

graphitization (or equivalently, the slope of the linear equa-

tion: �6.9) depends on the distribution of the metallic inclu-

sions. For example, we would expect a different trend (that

is, a less steep slope), if the metallic inclusions were clus-

tered instead of well dispersed in the host material. Our

FIG. 1. Examples of model bulk structures of (a) metal-

free and [(b), (c), and (d)] metal (Me)-containing DLC:

(a) 100% sp3-bonded DLC, [(b) and (c)] 1.5 at. %

Me-DLC and (d) 3.0 at. % Me-DLC. Gray-, black- and

red-shaded atoms represent sp3-bonded (four-fold coor-

dinated) C, sp2-bonded (three-fold coordinated) C, and

metallic inclusions, respectively.

FIG. 2. Change in the sp3-bonded C, Dsp3, as a function of the metal con-

centration [Me] in Ag- (green) and Cu- (red) containing DLC. The slope of

the approximate linear fit to the results corresponds to 6.9% decrease in sp3-

bonded C for 1% increase in metal content.
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model follows closely the trend observed in experiment18

where Ag-DLC composites of Ag concentrations up to �8%

were prepared with pulsed laser deposition, and the observed

result is a decrease of �8.5% in sp3-bonded C for 1 at. %

increase in metal content. Nevertheless, for small metal con-

centrations, the DLC maintains its highly sp3-bonded charac-

ter. For example, for pure DLC with 85% sp3-bonded C,

incorporation of 3% Ag, will result in a composite with

�65% sp3-bonded C, that is, a �20% reduction. Moreover,

Fig. 2 suggests that the carbon matrix will be fully graphi-

tized at metal concentrations of 8–12%. This limit is consist-

ent with experiment,18,44 but any extrapolation out of the

range of the calculated results should be treated with caution.

We note that the trends in the graphitization for our model

DLC composites with Ag and Cu are indistinguishable from

each other (see Fig. 2). Larger structures may be needed to

reveal finer differences in the hybridization of C between

composites with different metals.

Up to this point, we have established that incorporation

of metal atoms in DLC induces the graphitization of the car-

bon matrix. We proceed to study the effect of the metal on

the electronic structure, which essentially determines the op-

tical absorption of the material. The density of states (DOS)

of a-D and the DOS of a Ag-containing (1.5 at. %) DLC

composite are juxtaposed in Fig. 3. For a-C, the optical band

gap, as well as the mobility gap (that is, the separation

energy between extended and localized electronic states), is

higher than the Kohn-Sham band gap due to bonding disor-

der. Still, in the case of a-D, it is expected that the corre-

sponding band gaps are comparable because a-D is fully sp3-

bonded with relatively limited bonding disorder. We calcu-

late the energy difference between the highest occupied and

the lower unoccupied Kohn-Sham states for a-D to be

4.15 eV. DFT calculations based on the (semi-)local

approach for xc, which do not account for the derivative dis-

continuity of the xc potential, typically underestimate the

fundamental band gap. For amorphous structures, the band

gap is expected to be overestimated due to the finite size of

our structural models. The calculated Kohn-Sham gap is in

reasonable agreement with experiment45 where the optical

band gap of an essentially four-fold coordinated DLC is

reported to be up to 4.5 eV and tight-binding calculations26

where a band gap of 5 eV is reported. We attribute this agree-

ment to a cancelation between the errors introduced by the

xc and the structural models we use. These results should be

contrasted to the case of crystalline diamond for which the

experimental band gap is 5.5 eV.

In contrast to the case of a-D where a clean Kohn-Sham

band gap exists, when metal atoms are incorporated in DLC,

electronic states are introduced in the band gap [Fig. 3(a)].

The degree of localization, w, for the electronic states of a

1.5 at. % Ag-83% sp3 DLC composite is shown in Fig. 3(b).

We define and calculate w as follows:

wð�Þ ¼
X
ðNgið�Þ=gð�Þ � 1Þ2=NðN � 1Þ for gð�Þ > 0;

where gið�Þ is the density of states projected on an atom “i”

of the composite and N is the total number of atoms in the

structure (N¼ 64 for our structural models). The sum is

taken over all atoms. The calculation of wð�Þ corresponds to

a participation ratio analysis: for an electronic state with

energy � that is extended gið�Þ ! gð�Þ=N and wð�Þ ! 0. On

the other hand, for an electronic state that is localized at a

single atom “i” gið�Þ ¼ gð�Þ and gjð�Þ ¼ 0 for i 6¼ j, thus

wð�Þ ¼ 1. Inspection of Fig. 3(b) indicates that the metallic

inclusion introduces states in the band gap that are localized,

arising from both the metal itself and the bonding disorder it

induces in the carbon matrix. Moreover, the states in the

energy range between �10 and �5 eV (energies being given

with respect to the middle of the band gap of a-D) are also

relatively more localized as they partly describe the d elec-

tronic states of Ag.

In general, the mobility of the carriers in DLC is low (in

the range of 10�12–10�11 cm2 V�1) and values in the range

of 102–1016 X cm have been reported for the resistivity of

DLC depending on preparation conditions.9 Incorporation of

metallic inclusions in a-C can increase the conductivity.9,16

As far as the electronic structure is concerned (see Fig. 3),

the band tails are determined mainly from (valence) p and

(conduction) p� states that arise from sp2-bonded C.7,26,46

With increasing metal content (increasing content in sp2-

bonded C), the pð�Þ bands broaden and the band tails

become wider.9,26 However, for small metal concentrations,

the shape of the DOS of Me-DLC is not substantially differ-

ent from that of metal-free DLC (Fig. 3). Moreover, the elec-

tronic states in the band gap are localized. Thus, we do not

expect incorporation of metal atoms in DLC at the low con-

centration limit to enhance conductance enough to render

Me-DLC composites active components, for example, in

photovoltaic applications.

Despite these expectations, in the following, we show

that Me-DLC composites can be key components for passive

applications, for example, as optical absorbers for solar ther-

mal collectors. In general, the efficiency of the collector

depends on the spectral selectivity of the absorber film. The

ratio of solar radiation absorbed to the thermal radiation

emitted defines the selectivity of the material. An efficient

absorber is expected to show large absorption at wavelengths

below 2 lm and low absorption at wavelengths higher

FIG. 3. (a) Density of states gð�Þ of a fully sp3-bonded (red curve), and 83%

sp3-bonded, Ag-containing (1.5 at. %) diamond-like carbon (green, shaded

curve). (b) Degree wð�Þ of electronic state localization. Localization of

wð�Þ ! 0 signifies an extended wavefunction, whereas wð�Þ ¼ 1 corre-

sponds to a wavefunction that is localized on a single atom. The black and

green lines correspond to all atoms and Ag only. The red dashed line marks

the middle of the gap.
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than 2 lm. A property of the material that describes the

amount of light absorbed is the absorption coefficient a. In

Fig. 4, we show how a depends on the wavelength k for Me-

DLC of various contents in sp3-bonded C and metal, and for

wavelengths in the visible range of the solar spectrum

(k ’ 400� 700 nm). We calculate the absorption coefficient

as aðEÞ ¼ Ee2ðEÞ=nðEÞ, where n is the refractive index, cal-

culated from nðEÞ ¼ ðe1ðEÞ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e1ðEÞ2 þ e2ðEÞ2

q
Þ=2, with

the real and imaginary part of the dielectric function denoted

by e1 and e2.

The calculation of the dielectric function of the compo-

sites can only be as accurate as the description of the elec-

tronic structure. For Ag, the d electronic states are typically

calculated with standard DFT to lie higher in energy in com-

parison to experiment.40,41 We used the orbital-dependent

GLLBSC functional38 for an improved description of the

electronic structure. To assess the validity of our method, we

calculated the bulk plasmon energy for Ag with both LDA

and GLLBSC from the electron energy loss functions35

obtained at wavevectors in the range of 0.04-0.20 Å�1. For

these calculations, we used the adiabatic local density

approximation for the xc kernel, and we sampled the Bril-

louin zone with a 70� 70� 70 Monkhorst-Pack grid. We

find the plasmon energy to be 3.0 eV from LDA, and 3.5 eV

from GLLBSC calculations. The GLLBSC energy lies closer

to the measured energy of 3.83 eV47 in comparison to the

energy obtained with LDA as the relative positions in energy

of the Ag d- and sp-levels are described more accurately

with GLLBSC, and in agreement with previous theoretical

work.40 For instance, for the 1.5% Ag-83% sp3 DLC, we cal-

culate with GLLBSC the peak of the d states to be 0.5 eV

lower in energy compared to the LDA calculation.

From the dielectric function, we calculated the absorp-

tion coefficient and in Table I we give its value a550 at the

wavelength k ¼ 550 nm, which we use as a figure of merit

for absorption efficiency at wavelengths near the peak of the

solar spectrum. For example, we calculate the optical absorp-

tion for a metal-free, 96% sp3-bonded DLC structure to be

a550 ¼ 0:9� 104 cm�1. In contrast, incorporation of Ag or

Cu in DLC enhances optical absorption at short wavelengths

(k < 550 nm) significantly, whereas the descending tail of a
at higher wavelengths is less affected. For example, we

calculate a550 ’ 7� 104 cm�1 for composites of 1.5 at. %

Ag- and Cu-87% DLC. For both the metal-free and metal-

containing DLC, optical transitions between extended to

extended, localized to extended, and extended to localized

electronic states contribute to the absorption. As mentioned

previously, the optical band gap of an essentially four-fold

coordinated DLC is in the range of 4.5–5 eV, which corre-

sponds to the relatively short absorption wavelength of

�1240/5.0 nm¼ 250 nm. In our structural models, the incor-

poration of metal atoms in DLC affects optical absorption

mostly indirectly, via the DLC/Me interface, which is rich in

three-fold coordinated C, as there is almost no difference

between the optical response of Cu Ag- and Cu-containing

DLC (Fig. 4). With progressive graphitization, the bands

broaden, the optical band gap becomes narrower, and optical

absorption increases (see also Table I).

In general, the spatial distribution of the three-fold coor-

dinated C affects the optical properties of a-C. DLC films

with the same content in sp3-bonded C but different cluster-

ing of sp2-bonded C will exhibit different electronic and op-

tical properties.6,26 However, in all our model structures, the

configuration of the DLC/Me interface is similar (shell-like),

which suggests that the concentration of sp3-bonded C may

be used as a single descriptor for the absorption of Me-DLC

composites, without the need to consider the clustering of

the three-fold coordinated C. Indeed, we find a correlation

between the absorption coefficient a550 and the content in

sp3-bonded C described approximately by the linear equation

a550 ¼ �3:3� 103sp3 þ 3:6� 105, for concentration sp3 of

sp3-bonded C sp3 > 0:67 (67% is the lowest content in four-

fold coordinated C in our set of structures, see also Table I).

To better understand the effect of transition metal on the

optical absorption of Me-DLC, we modeled a 87% sp3-

bonded DLC composite with 1.5 at. % Al, which has no d

FIG. 4. Absorption coefficient a for

metal-free (black line), and Al- (dashed

line), Cu- and Ag- (solid lines) contain-

ing DLC. Different colors correspond to

different content in sp3-bonded C (indi-

cated as percentage on top of each fam-

ily of curves) and metal. The peak of the

solar spectrum (k¼ 550 nm) is marked

with a vertical green, dashed line.

TABLE I. Absorption coefficient a550 of metal-free ([Me]¼ 0) and Al-, Cu-

and Ag-containing ([Me]¼ 1.5, 3.0 at. %) diamond-like carbon for the

wavelength of 550 nm.

sp3-bonded C (%) [Me] (at. %) a550 � 104

100 0 0.7

96 0 0.9

87 1.5 Al 4.8

87 1.5 Cu 7.0

87 1.5 Ag 7.1

83 1.5 Cu 8.0

83 1.5 Ag 8.2

77 1.5 Ag 10.6

77 3.0 Ag 10.0

67 3.0 Ag 13.5
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electrons. For the same concentration of sp3-bonded C and

metal, we calculate lower absorption at shorter wavelengths

for the Al-containing DLC compared to the Ag- and Cu-

containing DLC with a550 ¼ 4:8� 104 for Al-DLC com-

pared to a550 ¼ 7:0� 104 for Ag- and Cu-DLC (see also

Fig. 4). Finally, surface plasmon resonance can enhance the

optical absorption of transition metal-containing DLC17,48

but our structural model (single-atom metallic inclusions)

does not allow for the study of these collective excitations.

Lastly, we address the issue of the effect of metallic inclu-

sions on the mechanical properties of the composite structures.

Mechanical strength is necessary for the absorber coating to

be stable under environmental conditions, but in a-C the

higher the content in three-fold coordinated C, the less hard

the material is.7,8,12 Thus, the metallic inclusions have benefi-

cial effects on absorption but may have deleterious effects on

mechanical strength. We calculated the bulk K and Young’s Y
moduli to evaluate the mechanical strength of the model struc-

tures (Fig. 5). The moduli for each structure were calculated

from the 6� 6 elastic matrix cij (in Voigt notation), which

was derived using compression/elongation up to 0.2% and

shear deformations of the unit cell. The bulk modulus K
of the DLC structures was calculated from the expression

9K ¼
P

1�i�3 cii þ 2
P

1�i<j�3 cij and Y from Y ¼ 9KG=
ð3K þ GÞ, where G is the shear modulus obtained from 15G
¼
P

1�i�3 cii þ 3
P

4�i�6 cii �
P

1�i<j�3 cij. For the cubic dia-

mond crystal, we calculate K¼ 440 GPa and Y¼ 1154 GPa

(c11¼ 1010 GPa, c12¼ 155 GPa, c44¼ 621 GPa). The calcu-

lated moduli are within 1% error compared to experiment,

where the measured moduli are K¼ 443 GPa and Y¼ 1145

GPa. For a-D, we calculate K¼ 407 GPa and Y¼ 1003 GPa,

that is, 10% less than in the case of crystalline diamond. More-

over, we calculate K¼ 370 GPa and 311 GPa for metal-free

DLC with 96% and 83% content in sp3-bonded C, respec-

tively. The trends are in agreement with our earlier calcula-

tions based on the tight-binding method12,24 although the

moduli differ within a maximum error of 10%. We attribute

the discrepancy to the increased accuracy offered by DFT: for

crystalline diamond, Refs. 12 and 24 report K¼ 428 GPa and

480 GPa, respectively. For the metal-containing DLC, we find

that K is reduced, on average, by 20 GPa and Y by 130 GPa for

every 10% decrease in sp3-bonded C (see Fig. 5). We stress

that the linear relationship is approximate and may not hold

for highly graphitized a-C.12 Nevertheless, by comparing

between metal-free with metal-containing DLC with the same

content in sp3-bonded C, it is possible for the latter to have

higher elastic moduli than the moduli of other, unmodified

structures. Overall, Fig. 5 demonstrates that the mechanical

strength of DLC is high enough for practical applications even

after metal has been incorporated in the material. Our findings

suggest that within the region of highly sp3-bonded a-C, a

DLC material with 70–80% content in four-fold coordinated C

and small metal concentrations (<3 at. %) will show high

absorption in the visible (a> 105 cm�1) and good mechanical

strength (K> 300 GPa, Y> 500 GPa).

IV. CONCLUSIONS

What is then the optimal composition of a high-

performance metal-containing DLC composite for use as

absorber coating for solar thermal energy conversion? Our

findings suggest that there is no simple answer to this ques-

tion. The performance of the absorber material is a compro-

mise between its optical efficiency and mechanical stability:

The change in sp3-bonded C is controlled by the amount of

metal content, with an approximate linear relationship of 7%

decrease for 1% increase in metal content. The progressive

graphitization of the DLC matrix that is induced by increas-

ing metal concentration in the composite enhances optical

absorption in the visible. At the same time, incorporation of

metal atoms softens the material. Nevertheless, the compos-

ite retains good mechanical strength. The two structure-

property relationships offered by our study can serve as

guidelines for the design and development of metal-

containing diamond-like carbon coatings for solar thermal

energy harvesting, by choosing the right metal content to

achieve the desired behavior.
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