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The optical properties of heavily boron-doped nanocrystalline diamond films grown by microwave
plasma enhanced chemical vapor deposition on silicon substrates are presented. The diamond films
are characterized by spectroscopic ellipsometry within the midinfrared, visible, and near-ultraviolet
regions. The ellipsometric spectra are also found to be best described by a four-phase model yielding
access to the optical constants, which are found distinct from previous nanocrystalline diamond
literature values. The presence of a subgap absorption yielding high extinction coefficient values
defined clearly the boron incorporated films in comparison to both undoped and composite films,
while refractive index values are relatively comparable. © 2008 American Institute of Physics.
关DOI: 10.1063/1.2990679兴
At present, nanocrystalline diamond 共NCD兲 films are attracting substantial interest, as such films can be deposited
on a plethora of materials.1 Possible applications include
micro/nanoelectromechanical systems 共MEMS/NEMS兲,2
biosensors,3 tribology,4 optical coatings,5 and thermal
management.6 By adding boron, NCD films can be turned
into a p-type semiconductor. Conductivity values can be
tuned within 11 orders of magnitude, with values ranging
between 1 ⫻ 10−9 and 100 ⍀−1 cm−1.7 The latter films show
a metallic conductivity behavior, even turning superconducting when cooled down to a sufficient low temperature
共⬃3 K兲.8
Spectroscopic ellipsometry 共SE兲 is a nondestructive optical method that measures the complex ratio R of the Fresnel
reflection coefficients of particular directions polarized light
共r p, rs兲 and reports the ratio in terms of the ellipsometric
angles ⌿ and ⌬ defined by the equation9
R = r p/rs = tan ⌿e j⌬ .

共1兲

Both ex and in situ SE for optical characterization of
diamond thin films have been used by Collins et al.10,11 in the
beginning of the ‘90s. SE has also begun to be a powerful
technique for microcrystalline diamond films.12–15 Concerning NCD films, reports have just appeared over the past few
years.16–19 Recently Boycheva et al.17 optically characterized
NCD/ a-C composite films prepared by microwave plasma
chemical vapor deposition including SE in the range of 250–
860 nm. Results were compared with those of polycrystalline
films. The use of a Tauc–Lorentz dispersion relation20 in the
optical model yields one low value of bandgap 共Eg
⬃ 1.4 eV兲. Z.G. Hu et al.19 used also SE to analyze NCD
films with a four-phase model in the range of 260–1130 nm.
The use of a Sellmeier dispersion relation allows authors to
determine the lowest direct bandgap with an approximation
共6.9 eV兲. As for the microcrystalline case, authors propose
successive models in order to improve the match between
a兲
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experimental and fitted data for the nanocrystalline case.
This match defines the mean squared error 2, which is a
criterion to determine the accuracy of the optical model.
However, 2 does not verify the physical correctness of the
model. The support of other characterization techniques is
then necessary to build up a reliable model in order to minimize the range of mathematical solutions in fitting procedure. In this letter, SE has been applied to obtain further
information about both optical and morphological properties
of B-NCD/Si films. Transmission electron microscopy
共TEM兲 and particularly total reflection measurements have
been used to determine the validity of the model.
NCD films of different thicknesses were grown on silicon wafers by a microwave plasma chemical vapor deposition process using an ASTeX 6500 reactor. Before growth,
the Si wafers were pretreated using monodisperse nanodiamond aqueous colloid, leading to very high nucleation
densities.21 The gas flow rate, gas pressure, microwave
power, and substrate temperature were 485 SCCM 共SCCM
denotes cubic centimeter per minute at STP兲 H2, 15 SCCM
CH4, 35 Torr, 3500 W, and 700 ° C, respectively. In addition,
all films were doped with boron by adding trimethylboron
共TMB兲 to the gas mixture in a ⬃6500 ppm 关TMB兴 / 关H2兴
ratio. This concentration leads to a large boron incorporation,
leading to metalliclike conduction7 and even superconductivity when cooled sufficiently.8 To study the influence of the
film thickness, the deposition time of film 2-70406 共100 min兲
was five times higher than that of 2-70313 共20 min兲.
Coloration rises in the analyzed boron-doped NCD
共B-NCD兲 films: a transition from purple 共thinnest film
2-70313兲 to gray 共thickest film 2-70406兲 is observed. In order to investigate their spectral appearance, experimental colors were measured with a spectrophotometer 共Ultrascan XE
from Hunterlab兲. It is based upon an integrated sphere geometry and a D65/10 light source. The measurements were conducted in the 360–750 nm wavelength range. Figure 1
共points兲 shows the experimental spectra of total reflection for
film 2–70313. Corresponding colors can be calculated by
means of the 1976 norm of the Commision Internationale de
l’Éclairage in the Lⴱaⴱbⴱ-system where the Lⴱ coordinate
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TABLE I. Summary of best-fit parameters for both models and corresponding selection criteria 共2, mean square error and ⌬Eⴱ, color difference兲.

FIG. 1. 共Color online兲 Experimental 共points兲 and generated 共line兲 spectra of
total reflection vs wavelength of the B-NCD film 共film 2-70313兲.

gives the variation from white 共100%兲 to black 共0%兲, aⴱ
gives the variation from green 共+兲 to red 共−兲 and bⴱ the
variation from blue 共+兲 to yellow 共−兲. For example, the
purple colored film corresponds to Lⴱ = 23.62, aⴱ = 23.24, and
bⴱ = −20.83. The ellipsometric measurements were performed
in a spectral range of 0.03–4.3 eV at three angles of incidence 共60– 65– 70°兲 with two ellipsometers from J.A. Woollam Co, Inc. and analyzed with the WVASE32 software. Figure 2 共dashed line兲 shows the experimental 共⌿ , ⌬兲 spectra
obtained for the thinnest film. Artifacts near 0.9 eV correspond to overlapping of the two ellipsometers ranges. After
an initial step of fitting data with several basic models from
the literature 共not shown here兲, two four-phase models gave
good overall matches: air/surface rough layer/B-NCD film/Si
substrate. For both cases, the dielectric function of the bulk
component of B-NCD films was determined by a global fit in

FIG. 2. 共Color online兲 Ellipsometric spectra vs energy of the B-NCD film
共film 2-70313兲. 共a兲 Experimental ⌿ 共dashed line兲 and fitted 共line兲 ⌿ from
model 1. 共b兲 Experimental ⌬ 共dashed line兲 and fitted 共line兲 ⌬ from model 1.
The three curves correspond to the three employed angles of incidence
共65– 70– 75°兲.

Model

1

1

2

2

Film
Top layer 共nm兲
NCD fraction
Bulk layer 共nm兲
L.E1 共eV兲
L.A1
L.Br1 共eV兲
TL.En/L.E2 共eV兲
TL.A/L.A2
TL.C/L.Br2 共eV兲
TL.Eg 共eV兲
2
⌬Eⴱ

2-70313
32.4
0.68
42.7
0.288
150
1.76
7.50
1470
1.24
6.67
2.51
1.06

2-70406
49.5
0.65
333
0.146
285
1.08
8.42
5690
0.46
7.43
7.52
8.54

2-70313
29.1
0.73
45.2
0.29
133
1.72
8.70
5.3
0.45

2-70406
42.7
0.68
426
0.09
713
1.07
12.3
5.2
2.9

2.32
13.8

3.43
10.1

the whole spectroscopic range and modeled by combining a
Lorentz oscillator 共parameters are peak position L.E1, broadening L.Br1 and amplitude L.A1兲 for the IR part with: 共i兲 a
Tauc–Lorentz oscillator 关peak position TL.En, broadening
TL.C, amplitude TL.A, and bandgap TL.Eg 共model 1兲兴 or 共ii兲
a second Lorentz oscillator 关L.E2, L.Br2, and L.A2 共model
2兲兴 for the UV-visible part. The dielectric function of the
substrate is obtained experimentally by inversion of the ellipsometric angles. The surface rough layer 共top layer thickness, NCD/void fraction兲 is commonly simulated by effective medium theory of Bruggeman.22
The best fitted curves of film 2-70313 are shown in the
Figs. 2共a兲 and 2共b兲 共lines兲 for model 1. Best-fit parameters
are illustrated in Table I. Considering only 2 values model 2
was found to be more suitable than the first one 共lower 2
value兲. Among the energy parameters, the average UVvisible peak position L.E1 of model 2 is about 10.5 eV indicating that the fundamental bandgap Eg is over the experimentally available energy maximum of 4.3 eV. This is also
the case in model 1 that gives directly an average value of
bandgap of 7 eV. The difference with Boycheva et al.17 on
a-C/ NCD film 共1.4 eV兲 is due to an amorphous carbon feature. Moreover their determination of Eg was done graphically via a Tauc plot and the fitted value of Eg was not shown
although it was obtained with a Tauc–Lorentz parameterization. In our case of quasiamorphous carbon free B-NCD
films, Eg approaches the lowest direct optical bandgap of
single-crystal diamond 共7.2 eV兲 like another estimation done
by Hu et al.19 on undoped NCD films. The dispersion relations also indicate a subgap absorption in the midinfrared
region, which will be discussed in the next paragraph. For
this IR oscillator, both models give close parameters. Among
the morphological parameters, the total thickness of the
B-NCD films is found to vary between 75 and 383 nm
共model 1兲 or 74 and 469 nm 共model 2兲. A check of the
thickness was done by TEM measurements on crosssections. For the thinnest film, both models agree with TEM
value 关about 80 nm, Fig. 3共a兲兴 while model 2 overestimates
the thickness for the thickest one 关about 350 nm by TEM,
Fig. 3共b兲兴. Another check is given by the color difference
⌬Eⴱ, which is another description of the difference between
the experimental and the generated data 共in terms of Lⴱ, aⴱ,
and bⴱ兲
⌬Eⴱ = 冑⌬Lⴱ2 + ⌬aⴱ2 + ⌬bⴱ2 .
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FIG. 3. TEM images: 共a兲 film 2-70313 and 共b兲 film 2-70406.

The lower this value, the better both colors match. If
there is a very good agreement between the color generated
from the model and the experimentally measured color, it
can be concluded that optical model is physically justified.
By testing this procedure with both models, model 1 appeared finally the more physically correct 共lower ⌬Eⴱ values,
Table I兲. Figure 1 共line兲 also shows the generated reflection
spectra obtained from model 1, which matches well the experimental spectra. The color of the surface and the thickness
of the film, both confirmed by additional techniques, could
also be predicted by ellipsometry 共model 1兲. Concerning surface roughness, the void fractions appear slightly dependent
of the bulk thickness 共32% and 35%兲 while top layer thicknesses 共32 and 50 nm兲 confirm the increase in roughness
with bulk thickness.1
Figure 4 gives the refractive index n and extinction
coefficient k of the B-NCD films, grown with different
deposition times. The refractive index of B-NCD films
2.7–2.2/2.8–2.0 are close to that of recent undoped19 共⬃2兲
and composite16 共2.5–2.4兲 NCD films but high absorption in
the IR is found, yielding unusually high extinction coefficients in the visible-near infrared. This can be explained by
the high boron content in the films. It is know that boron
induces an acceptor level at 0.37 eV 共⬃3450 nm兲 leading to
increased light absorption for higher energies.1,23 The fitted
peak position of Lorentz oscillator is found near this value.

FIG. 4. Complex index of refraction of B-NCD films vs wavelength.

Some variations are also observed between the two samples.
Even if the thinnest film gave a reasonable good fit, further
improvements could be necessary for the thicker one to
clarify the influence of the deposition time on the optical
functions of B-NCD films.
In summary, SE experiments have been applied to
B-NCD films and a straightforward analysis was obtained
with the thinnest sample. Validity of the best-fit parameters
has been verified qualitatively with color simulations and
TEM. These films possess well-defined optical properties:
UV-visible refractive indexes close to that of recent undoped
and composite NCD films, unusual nonzero extinction coefficients due to high boron subgap absorption present in IR,
and high bandgap approaching the lowest direct electronic
transition of single-crystal diamond.
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