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In this work, a series of amorphous carbon films were deposited on a-plane

sapphire substrates by magnetron sputtering with deposition time from 15 min

to 8 h, in order to investigate the thickness and optical properties in the process

of growth in a non-destructive way. They were characterized by using Mueller

matrix spectroscopic ellipsometry together with topography profilometry and

Raman spectroscopy. Two models of a Bruggeman effective medium

approximation model and a single Cody-Lorentz oscillator model have been

proposed to fit films thickness and optical constants from Ultraviolet (UV) to

visible (210 nm–800 nm), and Transmission Electron Microscope (TEM) has

been used to verify the proposed model for thickness fitting results. The optical

constants of the amorphous carbon film have been determined by fitting

together all measurements in samples deposited for 2 h or more, with the

film thickness being the only sample-independent parameter. The results show

that the thickness from 5 nm to 200 nm can be characterized in a

nondestructive way although there is a relatively large thickness error

compared with the Transmission Electron Microscope results for thin films

(d < 20 nm)when the deposition time is less than 2 h because of the nonuniform

deposition in the beginning. The relative error between the TEM and

Spectroscopic Ellipsometry results can be reduced to 1% after 4 h sample.

That means spectroscopic ellipsometry can still provide an indicator for the

trend of thickness growth.
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1 Introduction

Amorphous carbon films have outstanding mechanical,

optical and chemical properties [1–3] and they have several

applications as a surface coatings for industrial products,

antireflective coatings etc [4–6]. Due to their high

transmittance in infrared and microwave bands, they have

also important applications for energy storage in solar cells or

as field emitters and infrared window materials [7,8]. The

deposition of amorphous carbon films on sapphire substrates

combines the advantageous properties of the substrate and the

film, which include good optical transparency, very high

hardness and chemical inertness. Their applications include

corrosion and radiation-resistant infrared windows, solid-state

lasers and novel scanning probe microscopy applications [9,10].

Amorphous carbon, also known as Diamond-Like Carbon

(DLC), is a meta-stable material composed of sp2 and sp3

hybrid bonds, which has the excellent characteristics of

diamond and graphite. A variety of bonding forms makes

amorphous carbon films show different optical and electronic

properties [11,12]. The process of growth, the thickness

uniformity and optical properties of the film will directly

affect its application and service life. Therefore, the

characterization of the thickness and optical properties of

DLC films is of practical significance to better understand its

mechanical and optical applications.

In this work, the thickness and optical properties of

amorphous carbon films on sapphire substrate are

characterized by Mueller Matrix Spectroscopic Ellipsometry

(MMSE), and topographic profilometry and Raman

spectroscopy were used to assist the ellipsometry analysis.

Raman spectroscopy can characterize the relative content of

sp2 and sp3 in diamond-like carbon films. It can be also used

to study the valence bond type of films and assist in the analysis of

film quality [13]. Various other techniques can be also used to

study the thin film surface quality: Atomic Force Microscopy

(AFM), Scanning Electron Microscopy (SEM) and optical

microscopy and white light interferometry [14,15].

SE characterization is the main focus of this work. SE works

by measuring the change of polarization state of reflected light on

the film surface. Empirical knowledge is used to establish an

appropriate optical model which is employed to fit the measured

spectra in to obtain the optical constants and/or the thickness of

the film [16]. Mori et al. used SE to characterize ion-deposited

DLC films, and measured the film thickness (about 600 nm) and

the optical properties of DLC in the wavelength range of

300–850 nm [17]. Hiratsuka et al. proposed a method to

distinguish the types of DLC films by using optical properties

such as refractive index and extinction coefficient. Four different

types of DLC films, with thicknesses of more than 500 nm, were

prepared with different experimental deposition methods and

compared with their optical constants [18]. Zhou et al.

established the relationship between SE and near-edge X-ray

absorption fine-structure by depositing different types of

diamond-like carbon films. The film thickness they considered

was between 66 nm and 500 nm [19]. In a different work, they

also conducted a more in-depth study on the optical models of

DLC films for SE [20]. They deposited and prepared 13 different

types of diamond-like films, established 10 optical models based

on experience and existing knowledge, and verified their

feasibility, where the thickness ranges from 26 to 300 nm.

Domantas et al. have investigated the effect of Al doping on

the refractive index and extinction coefficient of hydrogen-free

and hydrogenated DLC films with film thicknesses of

39 nm–47 nm and 84 nm–162 nm, respectively [21]. Yang

et al. have investigated the morphology, structure and optical

properties of DLC films synthesized under different conditions.

And thicknesses from 39 nm to 144 nm are grown on the surface

of crystalline silicon, and its photovoltaic conversion Solar cells

vary in efficiency[22]. All these previous results, show that a wide

variety of optical models for different DLC films have been

proposed and analyzed, but the initial process of growth until

a uniform film thickness is achieved is less well documented

by SE.

This paper studies the evolution of thickness and optical

properties of amorphous carbon films deposited on the sapphire

substrates with varying deposition time, aiming to characterize

the evolution with a non-destructive way, and define the critical

conditions that warrant an uniform film deposition on sapphire

substrates. The film thickness evolution and the refractive indices

are analyzed and discussed for films with thicknesses ranging

from ~5 nm to ~ 200 nm, and a simple model for the DLC film

based on one single oscillator is proposed. The results show that

when the thickness reaches a certain critical value, the surface

roughness remains almost unchanged. These results will be

interesting for mechanical and optical applications combining

sapphire substrates with DLC films.

2 Experiments

2.1 Sample preparation

The substrate was chosen to be single-crystal sapphire.

Sapphire is a transparent and weakly optically anisotropic

material widely used in photoelectric applications. The

sapphire substrates were cut into 10 mm × 10 mm plates, and

the crystal orientation is A plane 〈1120〉, which is parallel to the

optical axis (c-axis). The front surface of the sapphire substrates

were polished with arithmetical mean height of the scale limited

surface (Sa) < 0.3 nm, and the back surface is fine grinding with Sa
between 0.8 μm and 1.2 μm. The thickness of the substrate is

about 450±25 μm. Although sapphire is an anisotropic crystal, its

birefringence is rather weak (Δn ~ 0.008). Our Mueller matrix

measurements did not detect any substantial cross-polarization

regardless of the azimuthal orientation of the sample on the
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ellipsometer. The small birefringence of sapphire had no

significant influence in our ellipsometry measurements becase

we collected light reflected only from the first substrate surface

that does not include the bulk propagation contribution [23]. In

our case, this was ensured by roughing the backside can be

disregarded for ellipsometry measurements collecting light

reflected only from the first substrate surface which, was

realized by roughing the backside of the substrates to avoid

backside reflections. Therefore, in the models, we treated

sapphire as an isotropic material, with a single refractive index.

Nine amorphous carbon film samples with different

thicknesses have been grown on sapphire substrates by

magnetron sputtering. A carbon target (99.95% in purity) with

a diameter of 50 mm was used for sputtering and the distance of

the target to the substrate was 150 mm. Before deposition, the

vacuum chamber was firstly pumped to the pressure of

5×10−3 Pa. The gas flow rate of Ar was set at 30.0 sccm, and

the substrate holder rotated at a constant speed of 1 r min−1

during the film depositing. Besides, the sputtering power was

kept at 30 W, bias voltage was maintained at 50 V, deposition

time was 0.25–8 h, and a mass flow controller was applied to

monitor the flow rates of Ar (99.99%). The sapphire substrates

were cleaned with acetone and anhydrous ethanol several times

in sequence and dried at 80 °C or 15 min. The amorphous carbon

films with different film thicknesses, with varying deposition time

of 15 min, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 7 h and 8 h were obtained.

2.2 Characterization methods

The thickness and optical properties of amorphous carbon

films were investigated in the 210–800 nm range under the

incident angle of 70°, by using a Mueller matrix ellipsometer

using four photoelastic modulators (4-PEMs) of different

frequency, which precision is better than 0.001 [24]. The full

Mueller matrix of all samples are measured by this instrument.

The surface roughness of each amorphous carbon film was

observed by the 3D profilometer (New View 7300, Zygo), in

which the vertical and horizontal resolutions are 0.1 nm and

0.11 μm, respectively. Under this horizontal resolution, the field

of view is 50 μm × 70 μm. It can analyze the film deposition

quality and uniformity. The composition of film was measured

by scanning probe micro Raman system (Alpha 300ra, WiTEC),

which can effectively characterize the composition changes of

the amorphous carbon film through Raman spectrum

characteristics. This will provide the information that DLC

film has been deposited on the substrate for ellipsometry

analysis. Transmission electron microscopy (JEM-2100F) was

used to characterize the film thickness. Cross-section TEM

samples were prepared by a focused ion beam in parallel to

the edge of the substrate directions and diluted to about 50 nm.

This analysis can be used to verify the accuracy of ellipsometry

fitting.

3 Results and discussion

3.1 Surface morphology and composition
analysis

In order to characterize the film deposition quality and

uniformity, the surface of the samples was divided into

9 portions for the profilometry analysis as it is shown in

Figure 1. Panels 1A and 1C show the surface roughness of the

film deposited for 15 min and deposited for 2 h is more flat than 1 h

sample. When the film is deposited for 2 h, its uniformity is better

than that of 1 h, as shown in Figure 1B, the film deposited for 1 h

seems rougher than others. It can be seen that the surface uniformity

of the film is improved with the increase of deposition time, as for

FIGURE 1
Surface roughness of films at different growth time (Sa: nm)
(A)for 15 min sample, (B) for 1 h sample and (C) for 2 h sample.
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short deposition time the film is discontinuous. As the film thickness

reaches the critical thickness, that be estimated at around 2 h, the

film surface seems to be continuous, which means the substrate is

covered at all places by the film.

The values of surface roughness Sa shown in Figure 2 are the

average values of 9 areas. The surface roughness Sa of the bare

sapphire substrates were less than 0.3 nm, and after DLC deposition

the roughness remains low. Its small increase can be due to the fact

that as there is no buffer layer between the substrate and the film, the

surface of the substrate needs to become slightly more rough before

the film can be deposited.

Raman spectroscopy is a common method used to analyze the

structure of amorphous carbon, and it is one of the most effective

means to characterize the bond states of sp2 and sp3. As shown in

Figure 3, the sapphire substrate mainly has 5 characteristic peaks,

378 cm−1, 417 cm−1, 576 cm−1, 644 cm−1 and 747 cm−1 [25,26].

As the film deposition time increases, the characteristic peaks of

sapphire are gradually covered. When the deposition time is about

15 min, the two characteristic peaks of sapphire at 576 cm−1 and

747 cm−1 are covered. Due to the thin thickness of DLC film, the

sapphire peak comes from the sapphire substrate and also can be

found. After 1 h of film deposition, the three obvious characteristic

peaks of 378 cm−1, 417 cm−1 and 644 cm−1 are still visible, and there

are no other clear characteristic peaks, but the Raman intensity

increases significantly after 1000 cm−1. The entire curve has a clear

upward trend. After 4 h of deposition, obvious peaks appeared near

1350 cm−1 and 1580 cm−1, indicating that the structure of the

amorphous carbon film had appeared at this time. Because the

characteristic peak of 1580 cm−1 shifts to the low-frequency

direction, it indicates that the sp3 bond with distortion in the

film is reduced, and the sp2 bond density is higher. As shown in

Figure 3, the characteristic peak of 1580cm−1 moves the fastest in the

direction of low-frequency at 4 h, indicating that within this range,

the sp2 bond density content in the film is the highest.

3.2 SE analysis

The spectroscopic Mueller matrix of all the samples were

measured at an angle of incidence of 70°. Despite the sapphire

substrate already had a roughened backside, a piece of scattering

scotch tape was used in the backside to further ensure that

backside reflections from the transparent substrate were

FIGURE 2
Surface roughness Sa of DLC films with deposition time.

FIGURE 3
Raman spectra of amorphous carbon films with different
deposition time.

Frontiers in Physics frontiersin.org04

Li et al. 10.3389/fphy.2022.968101

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.968101


avoided. No appreciable depolarization was observed in any of

the measurements. Depolarization at noise level was treated

during the first step of data analysis which consisted of

getting the closest non-depolarizing estimate to each measured

Mueller matrix. This step can be routinely done with Cloude

decomposition [27], so that the measured Mueller matrix can be

expressed in terms of Jones matrix. When normalized, the first

element of this Jones matrix provides the complex reflection ratio

ρ for p and s polarizations that is used to define the usual

ellipsometry angles, Ψ and Δ, as ρ � rp
rs
� tanΨeiΔ. Therefore,

tanΨ is the amplitude ratio upon reflection and Δ is the phase

difference. For a transparent substrate, Δ is produced by the thin

film overlayer. The measured ellipsometry angles for all samples

are given in Figure 4.

The increasing thickness of the DLC films with the

deposition time is denoted by the clear evolution of the Ψ and

Δ in Figure 4. The off-diagonal elements of the normalized Jones

matrix, ρps and ρsp had vanishing values within the experimental

accuray of our mesaurements. All samples were analyzed with the

same optical model consisting of a multilayer form by roughness

layer/amorphous carbon layer/sapphire substrate. The surface

roughness layer was described by a Bruggeman Effective Medium

Approximation (EMA) composed of 50% air and 50%

amorphous carbon, unlike the surface roughness Sa, is just an

equivalent model. The amorphous carbon layer is described by a

single Cody-Lorentz oscillator, which is parameterized as [28]:

ε2 E( ) � E1

E
exp

E − Et

Eu
( ), 0≤E≤Et

ε2 E( ) � E − Eg( )2
E − Eg( )2 + E2

p

⎡⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎦
ACLEEoBCL

E2 − Eo( )2 + B2
CLE

2
⎡⎣ ⎤⎦, E>Et

(1)

where E is the photon energy, AUV is the UV amplitude, EUV
is the energy of the UV pole, ACL defines the amplitude (unitless)

of the oscillator, BCL is a broadening term, Eo is the peak

transition energy, Ep is the transition energy between the

absorption onset and the Lorentzian oscillator and E1 = EtG

(Et)L (Et). G (Et) is the near-bandgap function that defines the

Cody behavior of the oscillator, L (Et) is the Lorentz oscillator

function for the Lorentz behavior of the oscillator. The functions

of G (Et) and L (Et) can be found in [29]. The transparent

sapphire substrate is described by a Cauchy dispersion equation

with two parameters A and B:

n λ( ) � A + B

λ2
(2)

The Cauchy parameters used are A = 1.757, B = 0.0055 nm2,

which were obtained from a fit on bare sapphire substrates

during another work [30].

Good agreement was achieved between the measured data

and fitted curves for all samples except for those with deposition

time of 15 min and 1 h. These two samples will be later discussed

in more detail. All remaining measurements (corresponding to

deposition time of 2 h, 3 h, 4 h, 5 h, 6 h, 7 h and 8 h) were fit

together with this model, ensuring that the same optical

constants were used to describe the DLC films. The only

individual fit parameters for each sample were the thickness

of the DLC film and the thickness of the roughness overlayer.

The simulation results of the films deposited for more than

2 h samples are shown in Figure 5. The solid lines represent

the experimental data and the dashed lines the fitted data in

the optical model. All samples within these deposition time

have a good fit to the same model. The Cody-Lorentz

parameters used to model the optical constants of the DLC

films are shown in Table 1, while the other parameters not

appearing in Table 1 are defined as zero. Figure 6 shows the n

and k values that are determined by this Kramers-Kroning

consistent model, with gives a small absorption peak in the

UV. The combined fit for all measurements from 2 h to 8 h,

had a Mean-Square Error (MSE) merit function,

representative of the goodness of the fit, of 3.2.

When the model described above was applied to the DLC

films expected to be thinner, with a deposition time of less than

2 h, we found that it could fit also reasonably well with the

experimental data but it leaded to vanishing values of the film

thickness and increasing values of the roughness overlayer. For

very thin DLC films there are many factors that can significantly

FIGURE 4
Ellipsometry data of DLC films with deposition time. (A) Ψ
spectra of DLC films (B) Δ spectra of DLC films.

Frontiers in Physics frontiersin.org05

Li et al. 10.3389/fphy.2022.968101

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.968101


affect the ellipsometric response, such as surface roughness, the

lack of uniformity in the film and the pre-growth instability [31].

Therefore, in an attempt to use a model that is more suitable for

these very thin films, but without having to assume different

optical constants for the amorphous carbon layer, we represented

FIGURE 5
Ψ and Δ spectra measured at 70° (A) the 2 h sample, (B) the 3 h sample, (C) the 4 h sample, (D) the 5 h sample, (E) the 6 h sample, (F) the 7 h
sample and (G) the 8 h sample. The fit is also included.

TABLE 1 Fitting parameters of Cody-Lorentz oscillator.

Parameters Value

AUV (unitless) 108.6110 ± 1.66043

EUV (eV) 10.122 ± 0.0302

ACL (unitless) 50.181 ± 9.7664

BCL (eV) 7.429 ± 3.5603E-10

Eo (eV) 3.930 ± 0.0281

Ep (eV) 15.000 ± 1.5542

FIGURE 6
Refractive index n and extinction coefficient k spectra of the
DLC films.
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the films by a single EMA layer, which consisted of a mixture of

air and DLC, represented by the same optical constants as in

Figure 6. The fit results of this model using only a single overlayer

are shown in Figure 7 and Table 2.

Table 2 summarizes the results of the ellipsometry analysis.

Data corresponding to deposition time of less than 2 h are fitted

with the ”DLC film/sapphire” model, while all the other

measurements are fitted with the three-layer model. It can be

seen that our simple model, based on one single oscillator defined

by the parameters given in Table 1, offers good fitting results in

all samples.

As a further check, in some samples, we performed

ellipsometry measurements at five different points of the

surface, which were clearly separated in space (the spot size of

the ellipsometer was around 1 mm in diameter). The results

obtained at these different points of the surface are in good

agreement with those given in Table 2 (that correspond to the

center of the sample). For example, for the sample with 6 h

deposition, the average and standard deviation values measured

after performing measurements at five different points of the

surface are 143.7 ± 3.0 nm.

3.3 Transmission electron microscope
analysis for verification of SE results

To verify the results of SE, the cross-sectional sample of

amorphous carbon film was prepared for TEM observation.

Figure 8 shows the cross-sectional TEM image of the

amorphous carbon film with deposition time of 15 min, 1 h

and 4 h. As Figure 8A shows, when the film was deposited for

15 min, it appears as very uneven or discontinuous. The largest

thickness observed was around 7.31 nm and the smallest

thickness was 0 nm because an area without deposition was

observed. Overall, the “average” thickness approaches the

result of ellipsometry fitting as shown in Table 2. The error

between ellipsometry and TEM may be caused by the uneven

initial growth of the film and the different measurement

positions. When the film was deposited for 1 h, it appears to

be more continuous and flat as shown in Figure 8B shows two

typical thicknesses 9.91 and 13.25 nm (variation up to ~30%),

which are around the result of ellipsometry fitting. After 4 h of

deposition, a relatively uniform film can be seen in Figure 8C.

The thickness of this area ranges from 90.20 nm to 94.88 nm

FIGURE 7
Ψ and Δ spectrameasured at 70° (A) the 15 min sample and (B)
the 1 h sample. The simulated data corresponding with one single
EMA model are also included.

TABLE 2 Fitting results of DLC films for different deposition time.

Deposition time Film thickness Roughness layer fDLC 1 MSE

15 min 7.7 ± 0.1 nm — 61.2 ± 1.8 4.6

1 h 14.0 ± 0.2 nm — 74.3 ± 0.9 4.6

2 h 49.2 ± 0.1 nm 1.3 ± 0.1 nm 50 3.2

3 h 65.4 ± 0.1 nm 3.3 ± 0.1 nm 50 3.2

4 h 91.0 ± 0.2 nm 2.7 ± 0.1 nm 50 3.2

5 h 109.0 ± 0.2 nm 2.4 ± 0.1 nm 50 3.2

6 h 141.3 ± 0.2 nm 1.8 ± 0.1 nm 50 3.2

7 h 157.0 ± 0.2 nm 3.1 ± 0.1 nm 50 3.2

8 h 205.8 ± 0.3 nm 4.6 ± 0.1 nm 50 3.2

For the thin film, the fDLC is the percent of DLC film in the “DLC/Sapphire”model. For the thick film, the fDLC is the percent of DLC film in the roughness layer, which has been set as 50.
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(variations up to ~ 5%). And the thickness is similar to the

ellipsometry fitting results in Table 2.

Compared to the TEM results, ellipsometry is a non-

destructive method to characterize the thickness of the film.

The relative error between the TEM and SE results can be defined

by e � |TEM−SE|
TEM . At the beginning of the film deposition, the

relative e is very large, and is reduced to 28% at the deposition

time of 1 h. When the deposition time is about 4 h and the film is

uniform, the relative error is about 1%. The comparison suggests

that the growth process of the film and the transition from non-

uniform to uniform can be revealed by SE, and the thickness of

uniform film can be accurately characterized. In the initial stages,

when the film is discontinuous or has a very non-uniform

thickness, it is adequate to describe it by an EMA model,

where it is described by a mixture of DLC film and air. Only

when the film becomes thicker andmore uniform, it is possible to

model it by an individual layer and determine its optical

constants.

4 Conclusion

In summary, the growth process of thickness and optical

properties of amorphous carbon films deposited on the sapphire

substrates has been investigated using ellipsometry together with

3D profilometry, Raman spectrometry and TEM. Surface

roughness is reported to show some small changes when the

film is formed. The characteristic peaks of films by Raman are

used to determine whether there is DLC film on the substrate.

Spectroscopic ellipsometry is more sensitive to the film thickness,

and it can also determine the optical constants (refractive index

and the extinction coefficient) of the films. Ellipsometry

measurements have been fitted with a suitable optical model,

which is a three-layer model for thick film and an EMAmodel for

thinner films (d < 20 nm) respectively. A robust fit of the optical

constants of DLC films was achieved with a dispersion function

containing only one oscillator. SE thickness results for different

deposition time have been checked using TEM cross-sections.

Although there is a large relative error comparing with the TEM

results for thin films (d < 20 nm) because of the nonuniform

deposition in the beginning, SE can still provide an indicator for

the trend of thickness growth and accurately characterized the

uniform films thickness and optical constants.

Our results suggest that despite the optical properties of

amorphous carbon films are closely related not only to the

preparation conditions but also to the dynamic growth

process of the films, once a stable dynamic growth is

achieved the optical constants are maintained over films

FIGURE 8
Film thickness with different deposition time by TEM cross-sections. Film deposition for 15 min sample (A), for 1 h sample (B), for 4 h sample (C).
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with large variation in thickness. It is reasonable to speculate that

the internal physical or chemical effects in the film-forming

process may change the growth conditions of the film. For

example, endothermic and exothermic may affect the local

growth temperature, thus affecting the changes of sp2 and sp3

contents. Therefore, we believe that a basic understanding of the

basic mechanism of optical properties in the growth process of

amorphous carbon films is very important for optimizing the

application of amorphous carbon films and devices based on

amorphous carbon films in the optoelectronic industry. Results

from this study will play a role in the future application of combing

sapphire substrate and DLC film.
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