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ABSTRACT With phosphorus incorporated tetrahedral amorph-
ous carbon (ta-C:P) films prepared using filtered cathodic vac-
uum arc technique with PH3 as the dopant source, we investigate
the effect of phosphorus content on the structural properties
of the films by X-ray photoelectron spectroscopy (XPS) and
Raman spectroscopy. XPS analysis indicates that a function is
established between the atomic fraction of phosphorus in the
samples and the flow rate of PH3 during deposition, and that
phosphorus implantation increases the graphite-like trihedral
sp? bonds deduced from fitted C 1s and P 2p core level spectra.
Raman spectra of a broad range show that there are two no-
table features for all ta-C:P films: the first-order band centered at
about 1560 cm™! and the second-order band between 2400 and
3400 cm™!. The broad first-order band demonstrates that the
amorphous structure of all samples does not remarkably change
when a lower flow rate of PH3 is implanted, while a higher con-
centration of phosphorus impurity enhances the clustering of
sp? sites dispersed in sp> skeleton and the evolution of struc-
tural ordering. Furthermore, the second-order Raman spectra
confirm the formation of small graphitic crystallites in size due
to a finite-crystal-size effect.

PACS 81.05.Uw; 81.15.Ef; 63.50.+x

1 Introduction

The research on tetrahedral amorphous carbon
(ta-C) films has attracted much attention for its excellent prop-
erties, such as high hardness, low wear, good biological com-
patibility, and so on. There has been recently enlarged interest
in its application as an electronic material. Boron is a com-
mon dopant used in carbon films to form a p-type conductive
semiconductor [1, 2]. Most of the previous examinations have
concentrated on nitrogen as an n-type dopant because of its
size similar to carbon [3—5]. For the same reason, phospho-
rus is widely used in silicon [6] and diamond [7, 8] to achieve
n-type doping. But not much attention is paid to the influence
of the addition of P on amorphous carbon (a-C).
There have been various deposition methods and at-
tempted dopant sources for the preparation of phosphorus
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incorporated a-C films (a-C:P). For example, McKenzie et al.
adopted a red phosphorus-doped graphite cathode to produce
ta-C:P films using a filtered cathodic vacuum arc (FCVA)
method [9]. With camphor used as a natural carbon precur-
sor, Krishna deposited an n-type a-C:P films via pyrolysis
and ion-beam sputtering [10]. Pulsed-laser methods were
also used to synthesize diamond-like carbon films with var-
ious phosphorus fractions [11-13]. Besides red phosphorus,
trimethylphosphite (P(OCH3)3) and phosphine (PH3) were
employed as the doping sources [14—16]. These a-C:P films
exhibit many outstanding properties and can be applied in the
fields of photovoltaic solar cell [10, 17, 18] and semiconduc-
tor field emitter [14]. However, insufficient work has been
done on the structural properties of a-C:P films which have
significant effect on their performance and applications. It
is generally accepted that X-ray photoemission spectroscopy
(XPS) is a powerful tool used to characterize the local en-
vironment and investigate the local binding properties of
materials in a given system. Unfortunately, the unknown
local environments and the lack of references make it dif-
ficult to interpret the contributions of C 1s and P 2p core
level spectra to a-C:P films [13, 16, 19]. Additionally, Ra-
man spectroscopy is one of the most sensitive methods and
important techniques used to distinguish ordered and dis-
ordered carbon materials. The Raman analysis of a-C:P films
has been reported in some of the previous work [11,13,
14,16, 20]. However, most of them focus on the first-order
band ranging from 800 to 2000 cm~! and no attention has
been given on the second-order band ranging from 2400
to 3400 cm~'. Considering the graphitization tendency can
be deduced from the variation of the first-order band in the
shape and size and the second-order band is regarded as the
scale of crystallinity changes [21], it is necessary to exam-
ine the properties of films by Raman spectroscopy in a wider
range.

In this paper a new technology is proposed for preparing
ta-C:P films using FCVA. PH3 is widely used in the semicon-
ductor industry to introduce phosphorus into silicon crystals
as an intentional impurity [6,22]. May et al. also synthe-
sized a-C:P film with CH4 and PH3 mixtures as the process
gases [15,23]. So PHj3 is a good dopant to prepare ta-C:P(H)
films. The effect of phosphorus content on the structural prop-
erties of the films is analysed in detail by XPS and Raman
spectroscopy.
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2 Experimental details

Ta-C and ta-C:P films were synthesized on p-type
silicon wafers by FCVA system which has been described
elsewhere [24]. Prior to deposition the vacuum chamber was
pumped down to 2 x 107 Torr and a 80-V negative bias was
added to the substrate. Argon ions were used to etch the sub-
strates for approximately 5 min. The arc was then ignited by
contacting the graphite anode against the graphite cathode
(purity 99.999%). In order to introduce the impurity, PH3 was
implanted into the vacuum chamber via a gas source. The par-
tial pressure of PH; varied from 2.4 x 107 t0 2.7 x 10~* Torr
as the PH3 flow rate increased from 3 to 30 sccm. The thick-
ness of all samples determined by spectroscopic ellipsometry
was 40-50 nm.

XPS analysis was made using a PHI ESCA 5700 spec-
trometer with Al K, (1486.6eV) as the X-ray soure. XPS
core level spectra scan for C 1s, P 2p and O 1s was done at
0.125 eV step with a pass energy of 30 eV. XPS spectra were
also recorded after the film surface was sputtered with 3 kV ar-
gon ions for two minutes. The compositions of the films were
analyzed and quantified for phosphorus, carbon and oxygen
elements from the total areas of XPS signals corresponding to
P2p,C 1sand O 1s spectra using the sensitivity factors of the
instrument. Raman analysis was performed on a Jobin Yvon
Labram HR 800 spectrometer with 458 nm lines of an Ar™"
excitation source. Laser power was 20 mW, and typical data
acquisition time was 100 s. The recorded wave length ranged
from 600 to 3500 cm™!.

3 Results and discussion
3.1 XPS analysis

Figure 1 shows a typical XPS overview of ta-C and
ta-C:P films. The existence of P in the film is indicated by
the two peaks located at 132.44+0.2¢eV and 189.5+0.2eV
as P 2p and P 2s spectra, respectively. The peak centered at
285.4+0.2 eV is caused by the photoelectrons excited from
the C 1s spectra. A slight shift of C ls spectrum towards
a lower binding energy is detected by the addition of phos-
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FIGURE 1 XPS spectra of ta-C and ta-C:P film with 10-sccm PHj3
introduced

phorus. An oxygen signal at 533.2+£0.2¢eV is the result of
air exposure during the experiment and sample transport. The
content of phosphorus over the sum of phosphorus and carbon
(P/(C+P)) is calculated and recorded from O to 16.83 at. %
as the flow rate of PH3 increases from 0 to 30 sccm. Figure 2
shows the relationship between the ratio of P and C atoms,
P:C, and the flow rate of PH3 during deposition with an error
of less than 5%.

Figure 3 displays the evolution of C 1s and P 2p spec-
tra. A small but significant variation of peak maxima and the
full width at half maximum (FWHM) of C 1s peaks indicates
the changes in binding states of ta-C:P films. For lack of un-
equivocal evidence for the contribution of C and P bonds in the
films, we assume for following discussion that ta-C:P films
contain little C—P bonding or the contribution of C—P bonds
is ignored as Claeyssens et al. did [16, 19]. C 1s spectra are
then fitted with three lines for all films using a combination
of 80% Gaussian and 20% Lorentzian function [25] as shown
in Fig. 3a—c. The C1 and C2 peaks established at 284.5+
0.2¢eV and 285.540.2 eV correspond to sp- and sp*-hybrid-
ized C—C bonds, respectively [26]. The third peak (C3) at
287£0.2 eV accounts for a C—O or C=0 contribution due to
air exposure [27]. The content of each hybrid carbon is, there-
fore, determined as the ratio of corresponding peak area over
total C 1s peak area. The calculation indicates that the per-
centage of sp>-hybrided carbon declines with the increase of
phosphorus concentration in ta-C:P films. The sp?/sp? ratio
drops from 6.04 to 2.34 with the P:C ratio up to 0.202. The
similar tendency can be deduced from [19]. It can, therefore,
be concluded that phosphorus impurity enhances the graphite-
like trihedral sp? bonds in films.

As shown in Fig. 3d—f, due to the non-symmetric line
shape the experimental P 2 p spectra are fitted with a combi-
nation of two contributions: a low binding energy component
centered at 131.34+0.2eV (P1) and a high binding energy
component centered at 133.4 +0.2 eV (P2), respectively. Con-
sidering the assumption of negligible C—P bonds above, we
assign the low binding energy component to the possible func-
tion of P—P or P—H feature [19, 28], while the high energy
component is associated with P—O bonding [19, 28]. It should
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FIGURE 2 Relationship between the ratio of P and C atomic content, P:C,
in ta-C:P films and flow rate of PH3 during deposition
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FIGURE 3  XPS core level spectra as a func-
tion of P:C ratio in carbon films, (a)—(c) are
C 1s lines; (d)—(f) are P 2p lines. Solid lines
and dash lines are measured and fitted peaks,
respectively. Three peaks (C1, C2 and C3) in
C 1s spectra contribute to C-sp> (centered at
284.5¢eV), C-sp® (centered at 285.5¢V) and
C—O bonds (centered at 287 eV); two peaks

Intensity (a.u.)

(P1 and P2 ) in P 2p spectra contribute to
PP/PH and P—O binding
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be noted that XPS analysis of C 1s and P 2 p spectra is quali-
tative based on the reasonable assumption for lack of any evi-
dence for the existence and forms of P and C bonding in ta-C:P
films, and so further theoretical and experimental exploration
should be performed to reveal the interactions between P and
C atoms.

3.2 Raman analysis

It can be seen from Raman spectra of ta-C and
ta-C:P films with different P:C ratio shown in Fig. 4 that there
are three obvious features, the first-order peak of carbon be-
tween 1000 and 1800 cm ™!, the second-order peak of carbon
between 2400 and 3400 cm™! [29] and the second-order peak
of silicon centered at about 980 +2 cm~!. No peak associated
with phosphorus is observed in Raman spectra for any of the
samples. Considering the asymmetry of first-order band, we
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FIGURE 4 Raman spectra of ta-C and ta-C:P films with various P:C ratio
in films

132 134 136 138

find that it depends on D peak centered at about 138045 cm ™!
and G peak centered at 15604 10cm~". G peak is attributed
to the bond stretching of all pairs of sp? atoms in rings as well
as chains, while D peak is the breathing modes of disordered
graphite rings. No evident “peak shoulder” of D peak is de-
tected until the P:C ratio rises up to 0.202, which suggests the
increasing ordered aromatic rings.

As shown in Fig. 5, a standard fitting procedure is em-
ployed for the first-order band by using two Gaussian lines
with the linear background subtracted, and such parameters as
peak positions, FWHM and intensity ratio of peaks (Ip/IG)
are obtained by fitting with the allowable error of 5%. A down-
shift of G-peak position is detected with the flow rate of PH3
elevation except for an abnormal site with 30-sccm PHj3 im-
planted, while the variation of D-peak position is negligible. It
can be seen from Fig. 6 that a mild increase of the Ip/Ig ratio
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FIGURE 5 Raman spectra of ta-C:P films with P:C ratio of 0.073 and 0.202
deconvolved with two Gaussian line-shape functions. Broad lines are the
measurements; dash lines and thin solid lines are fitted D and G peaks

1000
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FIGURE 6 Ip/Ig ratio and FWHM of D peak and G peak as a function of
P-C ratio ground can be seen from Raman spectra when flow rate of

from 0.34 to 0.4 is observed with P:C radio up to 0.091, while
the trend becomes steeper at a higher P:C ratio of 0.202. The
tendency of the D-peak and G-peak width upon P:C ratio is
just inverse. We can, therefore, infer that the enhancement of
Ip/ I ratio and the reduction of FWHM of G peak character-
ize a clustering process of isolated sp? pairs distributed in the
sp? skeleton of the films. A tendency towards graphitization is
introduced by the growing phosphorus content, accompanied
by an increasing level of structural ordering, and this is full in
line with the results of Claeyssens et al. [19].

The second-order Raman effect involves the actions of
two phonons [30]. One of the most successful applications in
the second-order Raman scattering is the examination of di-
amond [31, 32] and amorphous carbon nitride films [33, 34]
though there is still another understanding of CH stretch-
ing vibration modes [35]. The broad band between 2400 and
3400cm™! is proved in the present work to be the second-
order spectra for following two points: (a) the band is located
in ta-C film without hydrogen; (b) the band can be clearly seen
when ta-C:P films are annealed at 700 °C at which hydrogen
comes out from the films. Because its evident asymmetry, the
broad second-order band is fitted using three Gaussian lines
in the way of Messina et al. [33], i.e., three bands centered at
the approximate frequency positions for 2wD (the frequency
of D peak), 2wG (the frequency of G peak), and the combina-
tion of wD and wG [36]. It can be seen from Fig. 4 that there
is a downshift of second-order-peak center from 3021+ 3 to
2907 43 cm~! because of enhancing role of the peak at 2wD.
Moreover, the second-order spectrum exhibits an interesting
dependence on crystallite size [21,29]. The spectrum broad-
ens consistently with the increase of graphitic crystallites in
size. The relationship between the integrated intensity of the
second-order band, 309, and the sum integrated intensity of
D and G peaks, Ip.g, for ta-C:P films with various phospho-
rus content is as shown in Fig. 7. The quadratic mode obtained
is just like that of Messina et al. [33].

PH3 up to 30 sccm. Similar to a-C:H films, the PL comes from
isolated sp2 clusters, and its intensity increases with the H
content due to the progressive saturation of carbon dangling
bonds [37]. The main influence of H in ta-C:P(H) films is to
modify the carbon network by H saturating C=C bonds as
=CH, groups, rather than by increasing the fraction of C—C
bonds [38]. But even if the CH, groups do exist, the broad
band centered at about 3000 cm™! is the feature of second-
order Raman band representing sp?-bonded-carbon vibration
behavior. When the ta-C:P(H) film is annealed at 700 °C even
higher the band can be distinctly detected from the hydrogen
evolution in the film [39, 40]. The relationship between 30y
and Ip;g at various annealing temperature is also in agree-
ment with the quadratic mode. Wang’s research confirmed
the second-order band feature by annealing a-C:H films at
1000 °C [41]. Thus, the contribution of CH bonds is slight and
negligible for the analysis of Raman spectra.

4 Conclusions

Phosphorus incorporated tetrahedral amorphous
carbon films are deposited using filtered cathodic vacuum
arc technique with PHj as dopant and characterized by XPS
and broad-range Raman spectra. The atomic fraction of phos-
phorus in the films increases with the enhancement of PHj
flow rate, which results in the transformations of local carbon
hybridization states from sp> to sp”. A lower phosphorus con-
tent does not prominently agitate the amorphous structures
of the films, but a higher-concentration phosphorus acceler-
ates the clustering of sp? sites and the ordered level of the
structure, representing the notable increase of Ip/Ig ratio
and the decline of FWHM of G peak in the first-order Ra-
man band. Furthermore, the broadening second-order Raman
spectra validate the existence of small graphitic crystallites
based on a finite-crystal-size effect. The quadratic mode re-
lationship between the integrated intensity of second-order
and first-order band is established for the films with various
phosphorus content.
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