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ABSTRACT The recent finding that radio frequency plasma
activation of CHy4/PH3 gas mixtures [7] could lead to films
with P : C ratios <3 (which also contain ~ 10% hydrogen,
distributed evenly throughout the bulk) has served to trigger
further research into new ‘amorphous phosphorus carbide’ ma-
terials. New theoretical and experimental results relating to
these materials are presented here. The electronic structure and
stability of different crystalline phosphorus carbide P, C, phases
have been studied using first-principles density-functional the-
ory methods. Calculations have been carried out for both P4C3
and PC and a range of the more likely periodic structures ex-
amined. The lowest energy pseudocubic P4C3 and GaSe PC
phases have been further investigated as templates to discover
the stability and the electronic and structural properties of
these phosphorus carbide materials. Recent experimental stud-
ies have involved use of pulsed laser ablation (PLA) methods to
produce hydrogen-free phosphorus carbide thin films. Mechan-
ically hard, electrically conducting diamond-like carbon films
containing 0— ~ 26 at. % P have been deposited on both Si
and quartz substrates by 193 nm PLA of graphite/phosphorus
targets (containing varying percentages of phosphorus), at
a range of substrate temperatures (Tgyp = 25-400 °C), in vac-
uum, and analysed via laser Raman and X-ray photoelectron
spectroscopy.

PACS 68.55.Jk; 71.15.Nc; 81.15.Fg

1 Introduction

The past few years have witnessed major research
efforts into binary nitrides. Carbon nitride (C3Ny4) has at-
tracted particular interest, following theoretical predictions
that it should exhibit outstanding physical properties, e.g.,
hardness values comparable to diamond, combined with high
toughness [1], and excellent tribological, chemical, and elec-
trical properties. Unfortunately, preparation of crystalline car-
bon nitride has proven to be extremely challenging and only
small amounts of crystalline material have been synthesised
to date [2]. Most physical processes used for carbon nitride
deposition, e.g., pulsed laser ablation (PLA) [3], cathodic arc
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deposition [4] and chemical vapour deposition (CVD) [5],
have yielded amorphous films containing low (1-10%) per-
centages of nitrogen. Nitrogen incorporation into the carbon
lattice is seemingly very difficult, although exciting synthetic
routes toward graphite-like C3N, materials have been recently
developed [6].

In contrast to the current experimental impasse in
producing either amorphous or crystalline carbon nitride
with a high nitrogen content, amorphous thin films of the
phosphorus-containing analogue with a wide range of P : C
compositions (up to a ratio of 3 : 1) have been produced via
capacitively coupled radio frequency (1f) plasma deposition
from PH3/CH4 gas mixtures [7]. These films also have
a small (~ 10%) hydrogen content, from the gas mixture, and
are prone to oxidation, as revealed by secondary ion mass
spectrometry (SIMS) and X-ray photoelectron spectroscopy
(XPS). UV-VIS spectroscopy reveals a sharp absorption
threshold at ~ 2.7 eV in the case of films with small P: C
ratios, which shifts progressively to ~ 2 eV as the phosphorus
content increases (to P:C ratios ~ 3). These findings
have encouraged a number of experimental and theoretical
studies of phosphorus carbide thin films. The theoretical
studies reported here concentrate on aspects of the structure,
bonding and electronic structure of crystalline phosphorus
carbides [8,9], while our recent experimental studies have
focused on the production of hydrogen-free phosphorus
carbide thin films via PLA methods and their subsequent
characterisation [10].

2 Theory

Crystalline structures with stoichiometries P4Cj
and PC have been investigated using plane-wave density-
functional theory (DFT) calculations in the generalised gra-
dient approximation (GGA) as implemented in the CASTEP
code [11] with the exchange-correlation functional due to
Perdew and Wang [12]. Only valence electrons are considered
throughout, with the core electrons replaced by the ultra-soft
Vanderbilt potentials [13]. We have checked to ensure that the
results are well converged with respect to the real space grid,
Brillouin zone sampling and basis set size.

These investigations have identified the pseudocubic form
of P4C3 and the GaSe form of PC — both shown in Fig. |
— as the most stable crystalline structures. These results ac-
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FIGURE 1
The lighter and darker grey spheres represent the carbon/phosphorus atoms,
respectively, while the dashed lines depict the unit cell boundaries

Calculated structures for the a P4C3 and b PC stoichiometries.

cord with results published by other groups [14, 15]. Table 1
summarises calculated properties of these two phases. In both
structures the carbon atoms are four-fold coordinate, while the
phosphorus atoms are three-fold coordinate. In both there is
a sp3 -bonded network, which is three-dimensional for P,C;
but two-dimensional for the PC stoichiometry. Additionally,
there are C—C bonds in the GaSe PC structure but not in the
pseudocubic P4Cj structure.

While the GaSe structure is also the lowest energy struc-
ture for CN (1 : 1 stoichiometry), a comparison between C3Ny
and P, C; is striking. For C3Ny, the cubic, a- and 3-C3Ny4 struc-
tures are each more stable than the pseudocubic. This reversal
of stability is linked to differences in the CPC (CNC) bond
angles between the different structures. These angles are all
considerably larger (typically between 110 and 115°) in the
a-, B-, and cubic phases than those in the pseudocubic, all of
which are & 104°, closer to the 99° bond angle adopted in,
for example, P(CH3)3. This accords with the known molecu-
lar chemistries of N and P, where P shows a greater preference
for tetrahedral coordination [16]. The CPC angle in the GaSe
structure adopted by PC is ~ 101°, which is close to the bond
angle for tetrahedral coordination preferred by phosphorus.
By comparison, the CNC angle in the corresponding GaSe CN
structure is &~ 109°.

We have calculated the band structure for the P4,C3 and PC
structures. In the GGA approach, the P4Cj; structure was cal-
culated to be metallic (no band gap), while the PC structure
is an insulator with a direct band gap of 1.41eV. DFT cal-
culations are notorious for underestimating the band gap, so
the reported values should be considered as lower limits for
the respective band gaps [17]. The cohesive energy of P,Cj3 is
lower than that of PC. The energy of formation of these two
structures has also been estimated using the calculated ener-
gies of elemental carbon (diamond structure) and phosphorus
(black phosphorus). These are both slightly positive but, as
with diamond itself, the calculated energy difference is not
sufficient to preclude formation of the proposed structures via
a kinetically controlled pathway. The bulk moduli are calcu-
lated to be 156 and 64 GPa for the P4C; and PC structures,
respectively, indicating that the layered, PC structure is less
hard than the 3-D pseudocubic P4Cj3 structure. The energies of
antisite defects have been calculated also, for both structures,
by swapping a C and P atom in large supercells (2 x 2 x 2

P4C3 PC
Space group P43m(215) P3m1(156)
Volume/formula unit (A% 70.45 24.27
Band gap (eV) 0.00 1.41
Bulk modulus (GPa) 156 64
Cohesive energy (eV) —5.09 —5.47
Energy of formation (eV /atom) 0.28 0.27
Antisite defect (eV) 1.34 1.87

TABLE 1 Properties of the calculated minimum energy -crystalline
structures for the stoichiometries P4C3 and PC

for P4C3 and 2 x 2 x 1 for PC) and optimising the resulting
cells. These defect energies provide an indication of the ease
of amorphisation of the respective structures. For comparison,
the calculated antisite defect energies in SiC are much higher
(~9eV)[18].

3 Experimental

P containing DLC (henceforth P-DLC) films were
prepared by PLA of phosphorus/carbon targets and deposi-
tion on both n-type single-crystal (100) Si and quartz sub-
strates (~ 1 cm? in area) at a range of substrate temperatures
(25 < Ty <400 °C). Targets were prepared from intimately
mixed samples of graphite and red phosphorus powder con-
taining, respectively, 10%, 20%, 30% and 50% by weight P.
Each was prepared as a 52-mm-diameter disk using a hy-
draulic press with maximum force of 560kN and subse-
quently polished to obtain a smooth, flat surface. The cho-
sen target was mounted on a rotation stage within a stainless
steel chamber evacuated to ~ 1076 Torr. The output of an ArF
(193-nm) excimer laser (Lambda-Physik, Compex 201, 10 Hz
repetition rate) was focused (450 mm f.I. fused silica lens)
onto the target; the focal spot size on the target was ~ 1 mm?,
thus yielding incident fluences, F, in the range 4—12J cm™2,
The substrate was mounted so that its front face was perpen-
dicular to the target surface normal and 80 mm from the focal
spot, on a purpose-designed holder that was itself positioned
immediately in front of a compact 15-W light-bulb heater that
allowed deposition at any user-selected Ty, < 400°C[10].

The resulting P-DLC films were analysed by laser Ra-
man spectroscopy (LRS) employing a Renishaw 2000 system
and an excitation wavelength of 514.5 nm, by XPS (Fisons
Instruments VG Escascope, Mg K, (1253.6 eV) source, anal-
yser energy resolution of ~ 0.9 eV) and by scanning electron
microscopy (JEOL JSM 5600 LV scanning electron micro-
scope). Spectroscopic ellipsometry was performed on films
deposited on Si (J.A. Woollam VASE ellipsometer) at five
incident angles between 55 and 75°, yielding values for A
and ¥ over the spectral range of 200-1000 nm. Film op-
tical constants (n, k) and the thickness were derived using
a model of amorphous semiconductor on 0.5-mm-thick crys-
talline Si, with the semiconductor layer described using the
Tauc—Lorentz model [19].

The P-DLC films exhibited a smooth, apparently fea-
tureless surface morphology save for a number of randomly
dispersed micron-size particulates, which we assume to be
crystallites transferred directly from the target surface as a re-
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FIGURE 2 Details from the
1000-2000 cm™~! regions of Ra-
man spectra (514.5-nm excitation)
of P-DLC films grown on n-type
Si(100) substrates by PLA of
a target comprising 10% P in C (by
weight) in vacuum at Ty, = 25 °C
(a), 175°C (b) and 400°C (c).
Each has been fitted in terms of two
independent Gaussian functions
(long dashed curves), while the
short dashed line at y ~ 0 shows
the residuals of the fit. d Ty

T, = 175°C
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sult of explosive melting of the target surface [20]. The de-
posited P-DLC film thickness was observed to increase from
~ 30 nm to ~ 50 nm (20-min depositions, at Ty, = 25 °C) as
F was increased from 4 to 12Jcm™2 but to decrease with
increasing Tyyp.

Figure 2 presents the results of LRS investigations of
P-DLC films deposited on n-type Si(100) substrates. Fig-
ure 2a, b, and c illustrate the 7y, dependence of the broad
feature present in the range 1000—2000 cm~!, which we de-
convolute (using Gaussian functions) into contributions asso-
ciated with the D and G phonon modes of graphite [21]. The
wavenumbers of the G and D band maxima (G ax and Dyyax)
and the ratio of these two peak intensities, I(D)/I(G), offer
insight into the nature of the bonding (e.g., degree of graphi-
tisation) in the film. As found previously in the case of N ad-
ditions [22-26], the addition of dopant atoms (here P) causes
a marked increase in the room temperature /(D)/I(G) ratio
compared to that found for a pure DLC film deposited under
otherwise identical conditions — an observation attributed to
increased formation of nanocrystalline graphite and, possibly,
fullerene-like structures in the matrix [21]. Both G.x and
Dpax are seen to shift to a higher wavenumber with increasing
Tsup- The I(D)/I(G) ratio also increases with Ty, but shows
a higher room temperature value and maximises at somewhat
lower Ty, than found for pure DLC films grown under oth-
erwise identical conditions. Figure 2d summarises the trends
with Ty, which mirror those found previously in the case
of N doped DLC films [22]. The observed Ty, dependences
of Gmax, Dmax and the I(D)/I(G) ratio are consistent with
a shift from amorphous to nanocrystalline film growth [21].
Increasing Ty, from 25 °C to 400 °C also leads to a marked
reduction in the FWHM of the G peak (from ~ 200 cm™! to
~100cm™!), suggesting that increasing Ty, aids the struc-
tural ordering of the graphitic component.

Figure 3 compares the 200-1000 cm™! region of the Ra-
man spectra of a P-DLC film deposited at T, = 25 °C follow-
ing PLA of a 50% P in C target, in vacuum, with the corres-
ponding spectral regions measured from a sample of pure red
phosphorus, a thin film of phosphorus deposited on a Si sub-
strate by PLD, and of a bare Si substrate. The features evident
in the range 320490 cm™! confirm the presence of P in the
deposited film [27], but the spectra clearly differ in significant
detail. The spectrum of the P-DLC film lacks the sharp peak
at ~ 350 cm™! (generally attributed to Py cages [28]), and the
maximum of the feature has shifted to a higher wavenumber
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FIGURE 3 Details of the 200-1000cm™' regions of Raman spectra
(514.5-nm excitation) of (a) a P-DLC film deposited on Si at Tgp =25 °C
following PLA of a 50% P in C target in vacuum, (b) a bare Si substrate,
(c) a thin film of phosphorus deposited on Si by PLD and (d) a sample of pure
red phosphorus. The four spectra have been offset vertically for clarity
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FIGURE 4 Detailed views of
the C(1s) peak in the XPS spectra
of P-DLC films deposited at
Town =25°C (a), 175°C (b) and
400°C (c), together with the
respective  deconvolutions  into
three Voigt line shape functions.
d Plot of I(D)/I(G) ratio (from
Fig. 2d) and C-sp® content for films
grown at a range of different Ty
values
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(~430cm™"). This effect is also observed in the spectrum
of the phosphorus film grown by PLD (Fig. 3c). The loss of
the 350 cm™! peak suggests preferential break-up of larger
cages during the PLA process. The absence of any feature
~ 700 cm~! in the Raman spectrum of the P-DLC film is also
noteworthy. This is the region in which C—P bond stretching
modes would be expected. This mode should be strongly Ra-
man active; its absence thus suggests minimal C—P bonding
in the film.

Figure 4 presents results from XPS analysis of the P-DLC
films. The broad (100-600eV) spectrum shows peaks at-
tributable to P (25 and 2p), C (1s) and O (1s) (from aerial
oxidation) [10]. Absolute P/C/O ratios could be determined
by comparing the respective peak areas, Ay, weighted by
the appropriate atomic sensitivity factors (i.e., P: C:0 =
Ap(2p)/0.39: Ac/0.25: Ap/0.66). Such analyses confirmed
that the stoichiometry of the P-DLC films followed that of the
target. In the case of P-DLC films deposited at Ty, = 25 °C,
for example, PLA of a 10% P in C target yielded films with
a P content of ~ 6.5 at. % (i.e., ~ 15% P by weight), while
those grown by PLA of a 50% P in C target were found to con-
tain ~ 18 at. % P (~ 36% P by weight). Increasing T, caused
adecline in P content (e.g., falling to ~ 1.5 at. % in the case of
films grown from the 10% P in C target at T, = 400 °C), as
did increasing fluence (e.g., from 25 at. % P to 18 at. % Pin the
case of films grown from the 50% P in C target as F was in-
creased from ~ 4 to ~ 12 J cm~2). These compositional data,
and the evident decline in film thickness with increasing Tyyp,
all suggest that P atoms are accommodated less strongly than
C during the film growth process.

The first three panels in Fig. 4 show that the detailed shape
of the C(1s) peak in the XPS spectrum is sensitive to the ac-
tual deposition conditions. As in our previous investigations

of CN, films [22], these line shapes have been deconvoluted
in an effort to gain some insight into the ratio of sp* to sp?
bonded carbon in the P-DLC films. Assuming the films con-
tain negligible C—P bonding, we model the C(1s) peak in
terms of contributions from C-sp?, C-sp? and C—O bonding
only. Such deconvolutions are illustrated in Fig. 4a—c for the
respective cases of P-DLC films grown by PLA of a 10%
P in C target at three different Ty, values. Analysis of the
film deposited at room temperature suggests a C-sp> content
of ~ 64%, which has dropped to ~ 33% for Ty, = 175°C
and to ~ 15% at Ty, = 400 °C. These percentages correspond
to C sp’ : sp? ratios of ~ 2.3, ~ 0.5 and ~ 0.2, respectively.
C-sp? content is thus maximised at low Tyyp. The results sum-
marised in Fig. 2d demonstrate that growth at low Ty, also re-
sults in the lowest (D) /I(G) ratios. Both sets of observations
are consistent with the recognised evolution from amorph-
ous carbon toward the formation of islands of nanocrystalline
graphite as Ty, is increased. As Fig. 4d shows, there ap-
pears to be an inverse correlation between I(D)/I(G) ratio
and C—sp3 content for films grown at Ty, < 250 °C, though
this breaks down at yet higher Ty, values. This breakdown
can be understood by noting that the I(D)/I(G) vs. Ty plot
maximizes at ~ 325 °C. Such trends have been observed, and
explained, previously. Above this temperature, the measured
I(D)/I(G) ratio is found to vary inversely with the sp? cluster
size (L,) [29] — consistent with the turnover at the highest Ty
value shown in Fig. 4d.

4 Conclusions

We have presented experimental and theoretical
results relating to phosphorus carbide thin films and bulk
phases. There is still much to be done, in particular to increase
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the crystallinity of the compounds (e.g., by ablation of P
targets under a liquid phase and/or by more traditional
high-temperature, high-pressure synthetic routes), which
would enable much better future contact between theory
and experiment. It is hoped that our work will serve to
stimulate a wide-ranging experimental exploration of binary
phosphorus-carbon compounds.
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