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Abstract

In order to investigate the regularities between the optical properties and the deposition conditions, the optical constants of

amorphous diamond films deposited at the different substrate bias with the filtered cathodic vacuum arc technology have been mea-

sured by spectroscopic ellipsometry. It has been found that the refractive index and the optical gap of the films firstly increase and

then decrease with the enhancing bias and there are respectively the maximal values when the negative bias is 80 V. However, the

extinction coefficient of the films firstly minishes and then rises with the adding bias and there is the minimal value when the negative

bias is also 80 V. The extinction coefficient gradually drops down with the increasing wavelength of incident light and nearly

approaches to zero in the infrared band. Moreover, the adjustable scopes of refractive index and extinction coefficient changed

by the substrate bias deflate little by little with the adding wavelength of incident light.

� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In contrast with hydrogenated amorphous carbon (a-
C:H), amorphous diamond (a-D) or tetrahedral amor-

phous carbon (ta-C) is characterized by the better heat

stability and the better mechanical, optical and electrical
properties. In comparison with diamond films, a-D films

with the adjustable microstructure and performance

possess the higher applicable value since the films with

the smooth surface are able to be prepared on the

greater area at the ambient temperature [1–3]. It is

attractive especially that a-D films have the potential

uses as the protective coatings, the anti-reflexion films

and the passivation layers of many infrared optical de-
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vices because of the transparence in the wide band

[4,5]. In addition, both the basic studies and the applied

oriented research of a-D films attempt to characterize

the optical constants (refractive index and extinction

coefficient), optical gap, electronic density of states

and the ratio of different hybridizations [6]. The neces-
sary means to investigate the optical properties of a-D
films have been provided due to the extension of spec-

troscopic ellipsometry [7]. In this work, the optical con-

stants of a-D films deposited by the filtered cathodic

vacuum arc technology were measured by spectroscopic

ellipsometry, and furthermore, the effectual regularity of

deposition process was analyzed.
2. Experimental

The samples were prepared with the filtered cathodic
vacuum arc technology whose working mechanism and

mailto:zhujq@hit.edu.cn


474 J. Zhu et al. / Optical Materials 28 (2006) 473–479
systematic details had been described elsewhere [8,26]. A

series of specimens of a-D films with the same film thick-

ness were deposited under the different pulse negative

substrate bias from 0 to 2000 V. The pulse frequency

was fixed at 2500 Hz and the pulse width was 25 ls.
To smoothen the cathodic target surface and stabilize
the process, the striker assembly ignited mechanically

the arc once every 15 s. Before deposition, the bare p-

type (100) c-Si substrate was rinsed with acetone in a

supersonic sink for 15 min and then was etched with

Kaufman Ar+ ion gun for 5 min. To ensure the unifor-

mity, the substrate disc holder rotated at the rate of

33 r/min during deposition and etching.

The optical data were derived using the variable angle
spectroscopic ellipsometer (VASE) manufactured by

J.A. Woollam Company. The ellipsometric parameters

were measured in the spectral scope 240–1700 nm with

the incidence angles of 55�, 65�, 75�. The diameter of

the polarization light beam was 3 mm and the packed

Si/InGaAs detector examined the polarization state of

the reflected beam. The whole experimental process

was done using the standard apparatus software. The
ratio of the different hybridization was acquired using

Philips Tecnai F30 analytical TEM equipped with Ga-

tan-666 parallel-detection EELS.
2nð1þ sin 2w cosDÞ

3. Theoretical considerations

Fig. 1 shows the essential optical physics of ellipsom-
etry [7]. The measured change in polarization state (both

amplitude w and phase D) of the reflected beam can be

used to deduce the optical properties of the films. Since

light wave is transversal wave, the electric field of inci-

dent linearly polarized light can be decomposed into

the two perpendicular vector components, i.e. p-plane

and s-plane constituents. The reflected light is also done

in the same manner. According to Eq. (1), the Fresnel
reflection coefficient q is represented as the quotient of

the p-plane component RP divided by the s-plane com-

ponent RS. They are all complex numbers.
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Fig. 1. The schematic geometry of ellipsometry measurement.
q ¼ RP

RS

¼ tanðwÞeiD. ð1Þ

By means of the boundary conditions between the differ-

ent media, the mathematical expressions of RP and RS

can be deduced from Maxwell�s equations [shown in
Eqs. (2) and (3)]. Wherein h0 and h1 is respectively the

incident angle and the refractive angle, while N0 and

N1 is respectively the complex refractive index of air

and the one of the films.

RP ¼ N 1 sin h0 � N 0 sin h1
N 1 cos h0 þ N 0 cos h1

; ð2Þ

RS ¼
N 0 cos h0 � N 1 cos h1
N 0 cos h0 þ N 1 cos h1

. ð3Þ

In light of Snell refractive law and the parity of complex

number, the correlations between the optical constants

(refractive index n and extinction coefficient k) and the

polarized parameters (amplitude w and phase D) can

be derived [9]. They are shown in Eqs. (4) and (5).

n ¼
(
k2 þ n20sin

2h0

� 1þ tan2h0ðcos22w� sin22wsin2DÞ
1þ sin 2w cosDð Þ2

" #)1
2

; ð4Þ

k ¼ n20sin
2h0tan2h0 sin 4w sinD

2
. ð5Þ
The optical properties of a medium can be conveniently

expressed in terms of the complex index of refraction
(Eq. (6)) due to the research motive, wherein N, n and

k are all real functions of photon frequency x. The real

part and imaginary part of the complex refractive index

are connected together with the general Kramers–Kro-

nig dispersion relations [10].

NðxÞ ¼ nðxÞ þ ikðxÞ. ð6Þ

The deeper the light propagates into the films, the more

energy will be absorbed. How much is absorbed is deter-

mined by the extinction coefficient k or the absorption

coefficient a and the exponential decay relationship on

the foundation of Beer�s law shown in Eq. (7) [11].

Wherein I0 is the initial light intensity, x is the propaga-

tion depth and k is the wavelength.

I ¼ I0e�ax; a ¼ 4pk
k

. ð7Þ

In amorphous semiconductors it is normally assumed

that the electronic density of states just beyond the band

edges has a parabolic dependence on photon energy [12].

Eq. (8) represents the excitation spectra at the absorp-

tion edge and defines the optical gap E0.ffiffiffiffiffiffiffiffiffi
ahx

p
¼ Bðhx� E0Þ. ð8Þ
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4. Results and discussion

4.1. Refractive index

Fig. 2 shows the dispersion dependence to the refrac-

tive index of a-D films deposited at the different sub-
strate bias. When the photon energy is higher, the

refractive index changes strikingly with the increasing

wavelength. However, the refractive index of the differ-

ent films is almost constant with the wavelength in the

visible and infrared band. The refractive index of the

films except deposited under the floating conditions is

about in the range 2.6–2.7 and is greater than the one

of crystal diamond (the refractive index of I-type dia-
mond prepared with CVD process is 2.42 [13]) and the

other a-D films [6,14]. It is well known that light rate

in a vacuum is the greatest (c = 3 · 108 m/s) and refrac-

tive index is a measure of the amount of impedance to

the propagation of light for a certain material. Light

travels at the speed of c/n through a different medium.

In this qualitative sense, refractive index is the optical

‘‘density’’ of a material and is determined by the atomic
density and the dipole matrix [10,15]. In fact, the refrac-

tive index of a-D films is generally greater than the one

of diamond [6,14,16–18]. It is apparent that this phe-

nomenon cannot be illuminated at the base of atomic

density. Since the atomic structure of a-D films is a con-

cordant entity composed of sp2 and sp3 hybridizations

like a-Si or a-Ge [19,20], the polarization actions that

are distinct from the ones of crystal diamond will be
generated when light travels in such an amorphous

framework. It should be emphasized that the discrete

p locations within the r bonding matrix work promi-

nently on the optical and electronic properties of a-D
films. The optical differences of the diverse a-D films

are just owing to the multiformities of distribution and

contents of p states. In additional, the refractive index
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Fig. 2. The real refractive index of a-D films deposited at different bias

vs. the wavelength of incident polarized light.
of a-D films is generally more than the one of hydroge-

nated amorphous carbon (a-C:H), however, the adjus-

tive scope of the refractive index is less much than the

one of the refractive index of a-C:H. Hydrogen is impor-

tant to stabilize the tetrahedral bonds and to control the

properties of a-C:H films. The content of hydrogen can
be varied in the range 1–60%, therefore, the refractive

index can be adjusted in a wide range 1.6–2.6 [21–24].

The mass of hydrogen atom is the least and the scatter-

ing for the photon is likewise the feeblest, moreover, it is

difficult to control the energy of the products decom-

posed from the hydrocarbon precursor so that the coat-

ings are loose and low-density. Accordingly, the

refractive index of a-C:H films is less than the one of
a-D films.

From Fig. 3, we can see that the refractive index of a-
D films firstly hoists and then drops with the increasing

substrate bias and there is the maximal value when the

negative bias is 80 V. When the photon energy is higher,

the refractive index of the films deposited at the varied

bias is markedly different. The adjustable scope of

refractive index by the changing bias gradually reduces
with the lengthening wavelength of the incident light.

In other words, the adjustability of refractive index in

the infrared band is limited. The variation of refractive

index is attributed mainly to the optical dispersion rela-

tions of the amorphous framework when the energy of

incident photon is less than the optical gap [25]. In addi-

tion, refractive index takes the maximal value exactly at

the sp3-rich energy window [26]. The more the content
of sp3 hybridization is, the higher refractive index of

the films is. This rule is just contrasted with the results

of Lossy [27] and Chen [18]. The higher the proportion

of sp3 hybridization is, the more a-D films approach

to crystal diamond. As the refractive index of crystal

diamond is 2.42, they thought the refractive index of

a-D films descends firstly and then elevates again with

the increase of the impinging energy. Maybe the discrep-
ancies are on account of the different deposition systems.

However, it just illustrates the complexity of the interac-

tion between incident photon and amorphous frame-

work. The horizontal axis about the substrate bias

only indicate the pre-setup values of the digital pro-

grammable power supply with a high voltage pulse gen-

erator in the deposition system. In practice, the substrate

will have the same potential as the plasma beam and the
kinetic energy of the C+ reaching the substrate will pos-

sess certain original ion energy (about 20–30 eV) under

the floating conditions [27–29].

4.2. Extinction coefficient

Fig. 4 shows that the extinction coefficients of a-D
films lessen gradually with the increasing wavelength
of the incident light and nearly approach to zero in

the infrared band. The changing tendency is often taken
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Fig. 3. Refractive index of a-D films at different wavelength vs. negative substrate bias. The adjustable scope of refractive index by the changing bias

gradually reduces with the lengthening wavelength of the incident light. The 0 V labeled on the x-axis only means that the presetup value of high

pulse bias is zero.
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Fig. 4. The extinction coefficient of a-D films deposited at different

substrate bias vs. the wavelength of incident polarized light.
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as one of the criteria estimating whether the ellipsomet-

ric data have been fitted successfully. The films are opa-

que or subtransparent in the ultraviolet band because of
the greater extinction coefficient. In the visible range, the

extinction coefficient has evidently fallen down so that

the films are subtransparent even transparent. The films

appear from light brown to light black with the accumu-

lating film thickness as a result of the wave interference.

The extinction coefficient is so tiny that the films are

completely lucid in the infrared band. Just by means
of the outstanding properties, a-D films can be taken

advantage of as the antireflective and protective coatings

for some infrared optical windows or devices [4,5]. In

fact, the extinction coefficients in Fig. 4 are not very per-

fect because charge accumulation emerged during depo-

sition due to the insulation between the substrate and

the holder. This problem has also been met in the other

experiments [6].
In order to investigate the correlations between

extinction coefficient and the deposition conditions,

Fig. 5 has been plotted at the different incident wave-

length. The extinction coefficient of a-D films demon-

strates a U-shaped trace with the increasing substrate

bias. When the negative bias is 80 V, the extinction coef-

ficient is the minimal. When the wavelength of the inci-
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Fig. 5. Extinction coefficient of a-D films at different wavelength vs. Negative substrate bias. When the wavelength of the incident light extends to the

infrared band, the changing amplitude of extinction coefficient under the varied bias obviously lessens also.
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dent light extends to the infrared band, the changing

amplitude of extinction coefficient under the varied bias

obviously lessens also. For example, the difference of

extinction coefficient is nearly equal to 0.35 when the

wavelength of incident light is 412.4 nm, however, the

difference is less than 0.05 when the wavelength is

1 lm. In addition, there are no evident changing func-

tions for extinction coefficient in the ultraviolet range
due to the complex band-to-band transitions of a-D
films.

4.3. Optical gap

In the amorphous materials, the optical absorption

curve generally consists of three parts, i.e. the high

absorptive zone, the exponential absorptive zone and
the low absorptive zone [30]. We are interested in the

high absorptive zone that ascertains the optical absorp-

tion edge corresponding to the interband transition.

According to the lineshapes of the absorption curves,

the measured absorptive spectra of a-D films should

be ascribed to the high absorptive zone and the expo-

nential absorptive zone. Since the connections between

the absorptive coefficient and the energy of incident
photon have been affirmed in Eq. (8), the Tauc gap,

E0, could be calculated and has been plotted in Fig. 6.

The dependence of optical gap (E0) on the substrate bias

tally well with the dependencies of mechanical proper-

ties and surface morphology on the substrate bias [8,

26].
Fig. 7 has exhibited clearly the trend of an E0 increase

as the sp3 faction hoists. The gradual change is shared at
the same time with the other types of amorphous carbon

[31–33]. The regularity can be easily understood in light

of the subplantation growth model for the a-D films

[34]. The inset shows that the optimum substrate bias

for the sp3-rich films is �80 V. The certain energy is nec-

essary for the impinging species to penetrate the surface.

The ion flux with appropriate energy will create the local

densification under a few carbon layers from the surface
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and form the most tetrahedral hybridization. But any

excess energy will be evolved as heat and allow a relax-

ation of the density increment. The more sp3 content is,
the more transparent the films are. The most sp3 bond-

ing can contribute to the highest optical band gap and

the lowest extinction coefficient. Moreover, the refrac-

tive index is also the maximal because of the highest film

density. If the sp3 content reduces when the ion energy

deviates from the optimum condition, the optical band

gap will decrease and the extinction coefficient will also

increase correspondingly. In practice, the optical prop-
erties are determined mainly by the sp2 sites embedded

in the rigid tetrahedral matrix because the density of

states for p bonding is closer to the Fermi level. The

trend of the band gap increase as the sp3 faction hoists

might be attributed to the p bands narrower and the

p–p* gap widens as the sp2 content decreases [31].
5. Conclusions

The optical properties of a-D films deposited by fil-

tered arc have been investigated by spectroscopic ellips-

ometry in this work. It has been shown that there are

evident dependencies of refractive index, extinction coef-

ficient and optical gap on the deposition conditions. The

refractive index and the optical gap of the films firstly in-
crease and then decrease with the enhancing bias and

there are respectively the maximal values when the neg-

ative substrate bias is 80 V. However, the extinction

coefficient of the films firstly minishes and then rises with

the adding bias and there is the minimal value when the

negative bias is 80 V. The extinction coefficient gradu-

ally falls down and is nearly close to zero with the
lengthening wavelength of incident light. In addition,

the adjustable scopes of refractive index and extinction

coefficient by the changing deposition conditions lessen
step by step with the extension of the wavelength.
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