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Abstract 

Reflectance measurements of ion-beam-deposited (IBD) C films were performed in the 

extreme ultraviolet (EUV) spectral region from 49 to 200 nm. Near normal incidence 

reflectance of IBD C films was determined to be higher than that of evaporated C films 

but lower than that of diamond. Optical constants of IBD C films were obtained from 

reflectance measurements as a function of the angle of incidence in the spectral range 

49.0-121.6 nm. The relatively high reflectance of IBD C films in the spectral region 49-

92 nm and its stability when stored in a desiccator make it an interesting coating 

material for the EUV. 
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1. Introduction 

 

The optical properties of many materials have not been characterized in the spectral 

region below 200 nm, which will be referred to as extreme ultraviolet (EUV). Optical 

constants of materials in the EUV depend on properties such as crystal structure, 

density, thickness, homogeneity, etc., so that the material has to be characterized in a 

form as close as possible to the final application. 

 

Optical constant characterization of materials is interesting for both theoretical and 

practical reasons. In our case we are interested in the determination of the EUV optical 

constants of thin films of C in order to advance the development of both single layer 

and multilayer coatings with an enhanced EUV reflectance [1].  

 

The EUV optical properties of different forms of carbon differ as much as other 

physical properties do. There are EUV optical data available in the literature on graphite 

[2-5], diamond (natural type-I [6-8] and type-IIa [8, 9], as well as synthetic CVD [10-

12]), glassy carbon [13], and evaporated [14] C films prepared by e-beam [11, 15] and 

arc-evaporation [16, 17]. From the above forms of C, both diamond and to a lower 

extent graphite (with its surface perpendicular to the basal plane) are among the stable 

materials with highest reflectance between about 50 and 120 nm. The development of C 

coatings with such a high reflectance would be desirable. 

 

Amorphous C coatings that share some of the physical properties of diamond can be 

prepared by many different techniques involving deposition of energetic C or C+ 

species. Depending on those techniques, amorphous C films can be prepared with 
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varying proportion of sp3 bonding, i.e. the atom coordination of C in diamond. These 

films are often referred to as diamond-like carbon (DLC). To our knowledge there are 

no published data yet on EUV optical properties of this kind of films, although there is 

an interest in films with properties similar to diamond. 

 

One of the different techniques that has succeeded in preparing DLC films is ion-beam-

deposition (IBD) [18]. In this technique ions are accelerated in order to sputter atoms 

off the target in a one-to-one momentum transfer process, resulting in energetic 

sputtered atoms impinging upon the growing film. In this paper we present EUV 

reflectance and optical constants of thin films of C prepared by IBD. Section 2 gives 

information on the experimental techniques used, and on the optical constant 

calculation. In Section 3 we discuss the effect of IBD C film deposition conditions on 

their reflectance and optical constants. We also compare the reflectance of current C 

films with that of SiC and B4C films, which are some of the standard coatings for the 

EUV. 

 

2. Experimental techniques and optical constant calculation 

 

2.1 Experimental techniques 

 

A commercial cryopumped sputtering deposition system was used in this work. The 

system was equipped with a 3-cm, Kauffman ion gun manufactured by Commonwealth 

Scientific Corporation. The ion gun was directed to a water-cooled target placed at 

about 45º with respect to the ion beam. This gun was set to focus a 40 mA maximum, 1 

KeV Ar+ beam onto the target. Both current and ion energy can be controlled 
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independently. The discharge voltage necessary to ionize Ar, when this gas is used as 

the process gas, is usually set to 40 V to avoid multiply-ionized species. Other discharge 

voltage values were also used in this work and will be described in Section 3. The ions 

sputtered target atoms that impinged perpendicularly onto a water-cooled float glass 

substrate placed 10 cm away from the target. A 76.2-mm diameter, 99.999% purity, C 

target was used. Ar flow was 7.0 sccm. Total base and sputtering pressure were 

typically 10-6 and 3x10-2 Pa, respectively, as measured by an ion gauge.  

 

A McPherson model 247 grazing incidence, and a McPherson model 225 normal 

incidence monochromators, described elsewhere [19], were used to make reflectance 

measurements on the films. Samples were transferred in air from the deposition 

chamber to the grazing incidence reflectometer as soon as possible, where reflectance 

was measured at 121.6 nm and below. Sample exposure to air during transfer was about 

3 to 5 minutes. Reflectance of some samples was then measured with the normal 

incidence monochromator after a further short exposure to atmosphere at wavelengths 

of 121.6 nm and above. Reflectance measurement accuracy is estimated to be within 

0.01. Film thickness was monitored in situ with a quartz crystal monitor that was 

calibrated by means of a Topo-3D non-contact interferometric surface profiler. All films 

investigated in this paper were deposited and measured at room temperature. 

 

2.2 Optical constant determination 

 

The determination of the optical constants of a material has to keep in mind the 

potential application of the coating. We deposited IBD C films as a candidate material 

for single layer and multilayer coatings in the EUV, where radiation is absorbed in a 
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few tens of nanometers. Because some physical properties may depend on the film 

thickness, we obtained optical constants on films with a thickness as close as possible to 

that in the application. Since the film is not completely opaque to radiation, the film/ 

substrate interface gives a small but not negligible contribution to the reflectance that 

has to be taken into account. In the calculation optical constants obtained previously 

were used for the glass substrates. 

 

The amplitude reflectance of the multilayer vacuum/ thin film/ glass substrate is given 

by:          

 

 

 

where rij
s, p are the Fresnel reflection coefficients at the interface ij for both parallel (p) 

or perpendicular (s) electric vector. 1 stands for vacuum, 2 for the thin film and 3 for the 

substrate.  can be expressed as: 

 

 

 

where  is the angle of incidence of the incident beam, x is the film thickness, N1=1 is 

the refractive index of vacuum, N2=n2+ik2 is the complex refractive index of the thin 
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Radiation generated in the lamp was assumed to be unpolarized. However, partial 

polarization is introduced in the monochromator as an unwanted effect originating in 

the beam reflection at the diffraction grating. This results in a partially polarized 

radiation beam impinging onto the sample. The influence of polarization on the 

reflectance can be described by a single parameter that will be referred to as the degree 

of polarization p, which was a known parameter of the reflectometer, as will be 

described below. p is defined as: 
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where Ip and Is indicate the fraction of the incident intensity with the electric vector 

parallel and perpendicular, respectively, to the plane of incidence. Since no efficient 

polarization devices are available in the 50-120 nm spectral range, we performed 

reflectance measurements with the partially polarized beam, and accounted for the 

degree of polarization of the beam in the interpretation of the experimental data. 

 

The reflectance of the multilayer vacuum/ thin film/ glass substrate is given by: 
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where Rp and Rs are the reflectance for p and s polarization, i.e., they equal the square 

modulus of the amplitude reflectance for parallel and perpendicular incidence, 

respectively, given by Eq. 1.  
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The complex refractive index N=n+ik (NN2 of Eq. 2) of IBD C films was determined 

by means of a random search of the pair (n, k) using a least squares algorithm that 

minimized the sum of the squared residuals between the reflectance measured at every 

incidence angle and the calculated fit:  
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where Rexp
 i is the reflectance measured at the angle of incidence  i, and R i,nj,kj,p is 

the reflectance calculated with Eq. 4 for the trial set (nj, kj) of optical constants in the 

iteration j, and for the partial polarization of the beam p as defined in Eq. 3. The 

summation in Eq. 5 was extended to the 6 angles of incidence at which reflectance was 

measured. They were 15º, 30º, 45º, 60º, 75º, 83º, all of them in the horizontal plane of 

incidence of the reflectometer. Minimization in Eq. 5 resulted in values for n and k that 

best fitted the reflectance measurements. These values were the final optical constants 

of IBD C. The error bars were calculated by modifying the reflectance measurements 

within 0.01 and then recalculating the optical constants by means of Eq. 5. Film 

thickness errors resulted in optical constant errors considerably lower than those coming 

from reflectance errors. 

 

The degree of polarization p of the monochromator was a known wavelength-dependent 

parameter in the minimization. It had been previously determined using reflectance 

measurements versus the angle of incidence performed on float glass samples. 

Reflectance measurements were performed in two perpendicular planes of incidence: 

the horizontal and the vertical plane of incidence. A least squares algorithm similar to 
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the one described in Eq. 5 was used to obtain both p and the complex refractive index of 

glass, that was also used in the IBD C optical constant calculation.  Measurements in 2 

perpendicular planes of incidence are usually necessary in order to obtain the partial 

polarization of the beam in addition to the complex refractive index of the film. 

However, measurements in only one plane were sufficient for thin film optical constant 

calculation when p was a known parameter. Once p was obtained for every wavelength, 

it was considered a constant parameter of the monochromator. In the optical constant 

calculation the interfaces vacuum/ thin film, and thin film/ substrate were assumed 

smooth.  

 

3. EUV reflectance measurements and optical constants 

 

3.1 EUV reflectance measurements on IBD C films  

 

C films were prepared under the standard conditions of our IBD with ion gun discharge 

voltage (Vd) set to 40 V. Near normal reflectance (15º) of a 24-nm thick C film grown 

in the above conditions is shown in Fig. 1. The data points in Fig. 1 and in the rest of the 

figures are connected with straight lines. Reflectance of IBD C films peaked at 74.0 nm. 

This reflectance is compared to that of other forms of C. Diamond reflectance was taken 

from Roberts and Walker [8] on a type-I polished sample. Graphite data were obtained 

by Klucker et al. [5] on pyrolitic graphite cleaved with its surface perpendicular to the 

c-axis (symmetry axis, perpendicular to the basal plane). Evaporated carbon reflectance 

was calculated using the optical constant data of Hagemann et al. [15]. Glassy carbon 

reflectance was measured by Williams and Arakawa [13]. For comparison purposes, we 
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also measured reflectance of an a-C:H film sample provided by Diamonex. The sample 

was prepared by primary ion beam deposition using a mixture of Ar and CH4 gases.  

 

Reflectance of IBD C is much higher than that of evaporated films and glassy carbon in 

the whole spectral region. This gives a clear indication that EUV optical properties of 

IBD C films are different from standard amorphous C films prepared by evaporation. 

On the other hand, we can see in this figure that diamond and cleaved graphite are still 

much more efficient than IBD C films. Finally, IBD C films show higher reflectance 

than that of a-C:H film, which suggests that incorporation of H in the film results in a 

reflectance decrease.  

 

DLC films with highest proportions of C atoms with sp3 bonding, and therefore with 

physical properties closer to diamond, have been obtained when the energy of 

impinging C atoms or C+ ions is within a range centered at 80-100 eV [20-22] on a 

substrate held at room temperature. This range was determined to be 30-600 eV by 

Lifshitz et al. [23]. For energies outside this range the film has more graphitic 

properties, due to the sp2 bonding. 

 

The kinetic energy of carbon atoms in the evaporation process is ~0.3 eV, which is 

insufficient for C atoms to associate with sp3 bonding. On the other hand, the average 

energy of sputtered carbon atoms in the standard IBD process is a few eV. The atom 

energy distribution has a long tail towards high energy, with a small fraction of atoms 

emitted with tens of eV (see for instance ref. [24]). Higher energy of sputtered versus 

evaporated C atoms is responsible for the DLC properties.  
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The average C atom energy in our IBD deposition system is however far below the 30-

600 eV above range, although a fraction of C atoms may have kinetic energies within 

this range. Consequently, an increase in the C atom average energy can be expected to 

result in films with physical properties, particularly reflectance, closer to diamond. 

 

Films of highest sp3 bonding have been obtained by filtering C ions of ~90 eV energy 

[21].  In a standard IBD system it is not possible to filter the C atoms as to only allow 

atoms with the desired energy to deposit on the growing film. However, the average 

energy of the sputtered atoms slightly increases with the incident ion energy (see for 

instance ref. [24]). In our standard IBD system the energy of ions can be increased by 

increasing Vd above the energy level of the first plus second ionization potential (I1+2) of 

the sputtering gas. In the latter case multiply ionized species instead of single-charged 

ions are promoted. The energy of a doubly-ionized particle doubles that of a single-

charged ion when both are accelerated at a common beam voltage. In our ion gun Vb 

could not be increased significantly above the standard 1,000 V value. 

 

Several films were prepared with high Vd values. When Ar is used as the process gas, 

and in order to avoid the presence of Ar++ ions, Vd is usually set to 40 V, which is lower 

than I1+2 (43.4 eV). We prepared several films with Vd > 40 V to promote Ar++ ions. 

The method resulted in an increase in reflectance for films deposited with Vd >40 V. 

Fig. 2 compares reflectance measurements of 24-nm thick C films prepared with Vd=40, 

and 65 V. Reflectance for 65-V Vd was higher than for the standard 40 V in the whole 

spectral region investigated. Absolute reflectance increase was about 2%, which is 

about 8% relative. Increasing Vd from 65 V to 75 V resulted in no further reflectance 

increase. 
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Reflectance was also dependent upon C film thickness. Films with thickness ranging 

from 6 to 24 nm were prepared with Vd=65 V. Reflectance measurements on an 11-nm 

thick C film prepared with Vd=65 V is also shown in Fig. 2. Highest reflectance was 

obtained for 11-nm thick films. The reflectance increase for 11-nm thick films was due 

to constructive interference between the outermost and innermost interfaces in the 

semitransparent film.  

 

Reflectance measurements were made for samples aged for a short period of time. A 

reflectance decrease of 0.4% was measured at 74.0 nm for a sample stored in a 

desiccator for 24 hours. Another sample stored in a desiccator for 16 days showed a 

reflectance decrease compared to the fresh sample of 0.4% at the same wavelength. 

Therefore, reflectance decreased slightly with time and this loss seemed to occur mainly 

on first contact to atmosphere. 

 

SiC and B4C are used as optical coatings in the EUV spectral region below about 110 

nm because of their relatively high reflectance [25-27]. Reflectance of IBD SiC and 

IBD B4C films is known to decrease over time after exposure to normal atmosphere due 

to surface oxidation [27], in contrast to the above shown short-term stable reflectance of 

IBD C films. In Fig. 4 the reflectance of a 24-nm thick, IBD C film deposited with a 

discharge voltage of 65 V, is compared to the reflectance of 30-nm thick, IBD SiC and 

B4C film samples aged in a desiccator for 3 months [28]. The C film sample was shortly 

exposed to atmosphere. Reflectance of C films is similar to that of SiC at 83.5 nm, and 

it is higher (lower) at shorter (longer) wavelengths. Reflectance of C films is similar to 

that of B4C at 74.0 nm and below, and it is lower at longer wavelengths. The short-term 
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stability of C film reflectance is an advantage over SiC and B4C; further investigation in 

the long-term stability of C films would be desirable. Characterization of IBD C films, 

given by the EUV reflectance and optical constants (that are given in Section 3.3), add a 

new choice of material selection for multilayer coatings in the spectral region above ~50 

nm [29]. Consequently, IBD C films may be considered as a candidate material for 

single layer coating and for multilayer component in the spectral region of 49-92 nm, 

where important spectral lines for astrophysics, such as HI, DI, HeI, OI, OV, NeVIII, 

MgX, etc., are present.  

 

The use of other techniques, such as filtered cathodic vacuum arc [20], where C ions 

may be accelerated to the optimum energy for DLC of highest proportion of sp3 

bonding, are suggested in order to obtain C films of highest EUV reflectance. Also, the 

use of standard IBD on a voltage biased substrate might result in an increase of the 

sputtered C atom energy and hence of the EUV reflectance. Further optimization of C 

films with highest sp3 bonding may then give rise to films with reflectance higher than 

that of SiC and B4C films, that would result in a benefit for applications in fields such as 

astrophysics, which is burdened with low intensity sources. 

 

3.2 Optical constants of IBD C films 

 

Optical constants of IBD C were obtained from reflectance measurements as a function 

of the angle of incidence. Optical constants were determined for IBD C films prepared 

with Ar as a process gas, for both standard (40 V) and optimum (65 V) Vd values. Films 

were 24-nm thick. These data are shown in Fig. 3, and in Table 1. Refractive index for 

films prepared with Vd=65 V have their imaginary part higher at all wavelengths, and 
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their real part lower at all wavelengths (except at 121.6 nm) than films prepared with 

Vd=40 V. These differences in the refractive index result in the higher reflectance of the 

films prepared with Vd=65 V. To our knowledge, these are the first data available in the 

literature of optical constants of IBD C films in the EUV. 

 

Conclusions 

 

Thin films of IBD C were found to have higher EUV reflectance than C films prepared 

by thermal evaporation with either e-beam or arc, but lower than the high values of 

diamond. They also have a higher EUV reflectance than a-C:H films. Reflectance of 

IBD C films peaked at about 74.0 nm. 

 

Increasing the discharge voltage of the ion gun during deposition to promote multiply-

ionized species was found to enhance reflectance of IBD C films. Absolute reflectance 

increase was about 2%  (8% relative) in the spectral region 49.0-121.6 nm. Highest 

reflectance was obtained for C films prepared with Ar as a process gas with a discharge 

voltage in the electron gun of 65 V, compared to the standard 40 V, with no further 

enhancement above that value. Optimum thickness was determined to be around 11 nm 

for films deposited on float glass substrates. Coatings showed no significant short-term 

aging degradation.  

 

EUV reflectance of IBD C films in the spectral range 49-92 nm is close to that of aged 

IBD SiC or B4C, which are used as optical coatings on astrophysical instruments in the 

EUV spectral region below about 110 nm. The optical constants of IBD C films were 
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obtained for films deposited using the standard ion gun discharge voltage for Ar (40 V) 

and the optimum value (65 V). 
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Table 1. Optical constants of IBD C films prepared with 2 different values of Vd 

 

 (nm) Vd= 40 V Vd= 65 V 

n k n k 

49.0 0.650.02 0.590.01   

54.3   0.670.02 0.750.01 

58.0 0.660.02 0.740.01 0.650.02 0.790.01 

67.2 0.810.03 1.020.01 0.790.03 1.040.01 

74.0 0.950.04 1.160.01 0.940.04 1.190.01 

83.5 1.200.05 1.270.01 1.160.05 1.290.01 

92.0 1.410.06 1.260.02 1.360.06 1.330.02 

104.8 1.680.07 1.160.05 1.640.08 1.260.04 

113.5 1.940.08 0.980.09 1.730.08 1.250.05 

121.6 1.790.05 0.990.06 1.850.06 1.100.06 
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Figure Captions 

 

Fig. 1. Near normal incidence reflectance of IBD C films compared to diamond (Ref. 8), 

graphite (Ref. 5), a-C:H films, C films prepared by evaporation (Ref. 15), and glassy 

carbon (Ref. 13). 

 

Fig. 2. Near normal incidence reflectance of 24- and 11-nm thick IBD C films prepared 

under different discharge voltage values (Vd) of the ion gun. 

 

Fig. 3. Complex refractive index (N=n+ik) of IBD C films prepared under different 

discharge voltage (Vd) values. 

 

Fig. 4. Near-normal reflectance of a 24-nm thick, IBD C film and 30-nm thick, IBD SiC 

and B4C films. The C film was deposited with a discharge voltage of 65 V, and was 

shortly exposed to atmosphere. The SiC and B4C films were aged of 3 months in a 

desiccator.
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