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Abstract

B–C–N thin films of a wide composition rangewere deposited by reactive DCmagnetron sputtering of targets with different B/C ratios in an

Ar/N2 atmosphere. The bonding characteristics of these amorphous films were investigated by Fourier-transformed infrared spectroscopy

(FTIR) and X-ray photoelectron spectroscopy (XPS). The results of both characterisationmethods indicate that real ternary compounds in which

all three elements are bonded to each other are only formedwhen at least one element has a low concentration in the film—and therefore could be

considered as an impurity. Otherwise the deposited material tends to a phase separation into binary compounds and single phases.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction cubic phase BC N (heterodiamond). In Ref. [7], we have
In the last years, an increasing interest in materials of the

ternary system B–C–N is observed. These materials are

promising candidates for new compounds with adjustable

electrical or mechanical properties because this system con-

tains materials with extremely different properties that could

be combined (superhard diamond and soft h-BN, semime-

tallic graphite and insulating h-BN). Several techniques have

been used in order to deposit materials of the ternary system

such as magnetron sputtering [1], pulsed laser deposition [2],

chemical vapour deposition [3], shock wave compression [4]

or high pressure/high temperature techniques (HP/HT) [5].

However, the attempts to deposit a real ternary compound

failed in many cases. For example, magnetron sputtering

under ion bombardment [6] as well as HP/HT [5] resulted in

the deposition of diamond and c-BN but not in the combined
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given a more detailed summary of the aims of recent work in

this field and the difficulties in depositing real ternary

materials where all elements are bonded to each other. In

that article, we also reported on first results on our reactive

DC magnetron sputtered thin films in the B–C–N system. In

this article, we want to give new results on the bonding

characteristics of these films which were investigated by

Fourier-transformed infrared spectroscopy (FTIR) and X-ray

photoelectron spectroscopy (XPS). In contrast to Ref. [7], we

will focus here on films deposited at floating potential

because they show a completely amorphous structure [8].

The bonding characteristics are closely connected to the

mechanical properties of the films. This and other structural

properties of these films will be reported elsewhere [8].
2. Film deposition and characterisation

The films were deposited by reactive DC magnetron

sputtering of targets with different B/C ratio (B, B4C, BC,



Fig. 1. Comparison of the compositions relating to B, C and N of bulk

(determined by ERDA, represented by bars) and surface (determined by

XPS, represented by crosses) of samples deposited with the B4C and BC4

target. The oxygen content is represented by the height over each point (see

50 at % scale on the left hand side).
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BC4, C) in an Ar/N2 atmosphere on single-crystal silicon

wafers (both sides polished for FTIR). The total pressure

was 0.46 Pa and the N2 content in the working gas was 0,

2%, 4%, 8%, 13%, 25%, 50%, 75% or 100%. The

deposition was carried out at floating potential with a

discharge current of 0.5 A without intentional substrate

heating. More detailed information about the deposition

process can be found elsewhere [7]. The bulk composition

was measured by elastic recoil detection analysis (ERDA).

In order to get information about the bonding character-

istics transmission FTIR spectra in the range from 500 to

4000 cm�1 were recorded (Bruker IFS 66). Additionally,

many films were investigated by XPS (VG ESCA-

LAB210) in order to get complementary information.

For the XPS measurements, monochromatised AlKa radi-

ation was used. Several times, the Au 4f7/2 peak was

measured for calibration and was found at (83.65F0.04)

eV binding energy. First, a survey scan of every sample

was made (50-eV pass energy, 0.5-eV step size) and then

the B1s (if present), C1s, N1s and O1s peaks were

measured in detail (20-eV pass energy, 0.05-eV step size).

The XPS is a very surface sensitive method. Since the

samples were measured ex situ contributions due to

surface contamination (mainly O and C) were expected.

In order to prove if this contamination can be desorbed,

one sample was heated (200 jC) and one sputter cleaned

(Ar+). The heating removed only a small amount of O and

C. The sputter cleaning changed the peak shape of the 1s

spectra of all elements (much broader and/or shifted)

because the original chemical bonding was changed. This

effect is reported in the literature [9,10] but often

neglected when XPS spectra are interpreted. Since pre-

treatment introduces undesirable changes to the film all

measurements reported in this article were carried out

without cleaning the surface and the contributions of the

contamination have to be taken into account. The XPS

spectra of a few samples showed a shift in binding energy

of the elemental peaks due to electrical charge during the

measurement which has to be corrected before comparing

the spectra. Only if all elemental peaks show the same

shift a homogenous charge of the sample can be assumed

and corrected. This was the case for all charged samples.

Peakfitting (of the XPS spectra) with Gaussians was

carried out but will not be considered here because due

to the surface contamination quantitative statements are

difficult to make. We will concentrate on qualitative

dependences.
3. Composition

The bulk composition of the samples has already been

given in Ref. [7]. As impurities, O and H were detected

(mostly below 5 at.% for each element). Fig. 1 compares

bulk composition (ERDA) and surface composition (XPS)

of samples deposited from the B4C and BC4 targets. The
composition according to B–C–N (that means without

impurities) is represented by the position in the ternary

triangle while the oxygen content according to B–C–N–

O–H for the ERDA and B–C–N–O for the XPS (H cannot

be detected with XPS) is indicated by the height over the

triangle. Obviously, the surface contains more O (6–15

at.%) than the bulk and the composition is shifted towards

C while the B/N ratio stays nearly the same (see lines of

constant B/N ratio in Fig. 1). The deviation of the surface

composition from the bulk composition can be due to the

deposition process (uncontrolled particle flux after closing

the shutter). However, more likely is an adsorption of

mainly hydrocarbons and water after the removal of the

samples from the vacuum equipment. A few samples were

measured by ERDA again after the XPS measurements. For

this measurement, a higher sensitivity near the surface was

achieved by a smaller incidence angle of the Cl7+ ions.

However, the former ERDA results were reproduced. It can

be supposed that the surface contamination was only more

or less a monolayer which was rapidly removed by the ion

beam used for the ERDA measurement. Since a surface

contamination with a B containing substance is unlikely the

B1s spectra should be the most precise for the interpretation

of the bonding characteristics.

In the following, the bulk composition of the samples

will be given in the figures for each experimental series.
4. Bonding characteristics

Before looking at spectra, some comments on their

interpretation should be made. XPS and FTIR are widely

used for the identification of chemical bondings. However,

it is often neglected that conclusions might be difficult to

draw. If a certain chemical environment is expected, the

respective peaks should be contained in the spectra. The

reverse way is not clear. An observed peak does not

necessarily identify a certain chemical bond because differ-

ent chemical surroundings may lead to the same peak shift.
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However, in many cases, the difference in peak shift is

sufficient to exclude a certain type of bonding. In addition,

the interpretation of the core level spectra of one element

should be consistent with that of all other elements in the

sample. The interpretation that broad peaks indicate real

ternary bonding (see, for example, Ref. [11]) may be wrong

because the atoms of one element could be distributed

inhomogeneously and the observed bonding energies are

due to the distribution in different chemical surroundings. In

principle, it is not possible to distinguish a certain bond

because the binding energy of the 1s core level is influenced

by the complete chemical environment of the atom. For

example, the ‘‘B–C’’ bond cannot be identified clearly in

the B1s spectrum because it depends on which other atoms

are bonded to that B atom (N–B–C will have a different

B1s binding energy as C–B–C). Actually, each chemical

environment leads to a defined binding energy. If there is a

uniform chemical environment, mainly one peak should

occur in the 1s spectrum of the according element. In

contrast to that, for example, Saugnac et al. [12] found

several peaks in the B1s spectrum of their ternary samples

and interpreted those peaks as bonds to C and N. They

suggested a graphitic structure in which B is always bonded

to two C atoms and one N atom in the graphitic plane.

However, that would mean equal chemical environment for

each B atom and therefore only one main peak should have

been present in the B1s spectrum. Another difficulty in peak

assignment arises from the relaxation contribution to the

binding energy which differs in molecules and solids and

thus makes a direct comparison of XPS spectra of molecules

and solids complicated [10].

The picture is much clearer in the case of the FTIR

spectra. Here, the peak position is determined by the bond

strength and the mass of the two bonded atoms. Shifts in the

order of a few 10 cm�1 occur due to the chemical environ-

ment of each atom. By substitution of one atom in the bond

by its isotope, the bond can clearly be identified [13,14]

because the bond strength stays the same and the mass is

changed. Some peak positions are widely accepted in the

BCN literature. The B–N stretching bond is found at

approx. 1380 cm�1, the B–N–B bending at approx. 780

cm�1 and the CQN bond at approx. 2200 cm�1. Further-

more, the absorption due to H impurities (stretching) is

commonly found at approx. 2500 cm�1 for B–H, approx.

2900 cm�1 for C–H and approx. 3300 cm�1 for N–H. The

peak position at approx. 700 cm�1 is assigned to a bending

bond of graphitic C [15] but is also found in B4C [16]. Other

peak positions are discussed with much more controversy.

Especially the absorption positions of B–C and C–N bonds

are not very clear. Sometimes, the composition of the films

seems to play a role. The B–C bond for example is found

between 1070 and 1250 cm�1 where B-rich films have a

maximum absorption at 1100 cm�1 and C-rich ones at 1250

cm�1 [17]. Probably, a different structure leads to different

bondings and hence absorption. Even more confusing is the

discussion about a broad absorption structure found espe-
cially in CNx but also in BCN films between 1000 and 1700

cm�1. Several bonds should contribute to this absorption.

Often, the position around 1300 cm�1 is assigned to C–N

bonds (for example, Refs. [18–20]) and around 1600 cm�1

to CMN bonds (for example, Refs. [21,22]). However, there

was no isotopic shift when 14N was replaced be 15N [13,14]

indicating that N is not a partner in this bond. Also,

absorption in this range is found in a-C/H films without N

[23]. Obviously, the bonds absorbing in this range are C–C

bonds of different types. An interpretation can be found in

Refs. [13,23].

4.1. Films deposited without N2 in the working gas

In this section, we consider samples deposited without

N2 in the working gas. The N-incorporation due to the

background pressure and target poisoning was about V2

at.% in the bulk (ERDA result) and <4 at.% at the surface

(XPS result) except for the sample deposited from the BC

target which had more than 11 at.% N on the surface (and

also more than 18 at.% O). The FTIR as well as the B1s and

C1s XPS spectra of these samples are shown in Fig. 2. Since

the samples had similar film thickness, the FTIR absorption

can be directly compared. The XPS spectra are scaled to the

same maximum height (see scaling factor over each spec-

trum). For the samples deposited from the pure B and C

targets, only the interference pattern due to the film thick-

ness can be seen. There is only a weak absorption in the

spectra of the sample from the B target at 1050 cm�1,

probably due to the incorporation of O and C from the

deposition process, resulting in a polarisation of the B–B

bonds. When C is added to B (sample from the B4C target),

an absorption around 1100 cm�1 appears. Two contributions

are expected: polarised B–B bonds and polar B–C bonds.

When B is added to pure C (sample from the BC4 target), an

absorption is found at 1300 cm�1. Here, polarised C–C

bonds and B–C bonds are expected. Literature reports 1264

cm�1 [24], 1300–1400 cm�1 [23] or 1400 cm�1 [25] for the

C–C stretching bond. The different contributions of polar-

ised B–B, B–C and polarised C–C bonds may explain the

absorption shift for B-rich and C-rich B–C bonds men-

tioned in the literature [17]. The FTIR spectrum of the

sample with equal concentrations of B and C (from the BC

target) looks like a superposition of the spectra of the

samples deposited from the B4C and BC4 target. However,

there is no information if this is a homogenous elemental

mixture or two phases put together causing the absorption

structure.

The XPS spectra give further information about the

bonding structure. First, we consider the B1s spectra. The

B1s spectra from the samples deposited from the B and B4C

target show a single broad peak at similar binding energy,

indicating similar chemical environments. With C in the

film, the maximum of the peak shifts slightly to a higher

binding energy (187.6 to 188 eV) because the incorporated

C is more electronegative. The peak positions are consistent



Fig. 2. Transmission FTIR, B1s and C1s XPS spectra (stacked) together with the bulk composition of samples deposited without N2 in the gas. The dashed C1s

XPS spectrum is due to the surface contamination during the ex situ measurement.
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with some references in the literature (B in Refs. [26–28],

B4C in Refs. [17,29,30], however, other groups give differ-

ent values). When more C is added to the film, two peaks

can clearly be distinguished in the B1s spectrum (samples

from the BC and BC4 target). Since the surface of the

sample from the BC target was heavily contaminated, we

will focus on the sample deposited from the BC4 target. The

two peak maxima are found at 188.8 and 191.0 eV. The first

fits well in the trend of the peak shift to higher binding

energy of the B1s when more C is incorporated into boron.

The second, with higher binding energy, gives evidence that

B atoms themselves are embedded into a more electroneg-

ative environment. The existence of stoichiometric boron
oxide can be excluded because the binding energy would by

even higher than 193 eV [28,31]. Hence, since there is

almost no N in the film, the only possible explanation is that

B is incorporated between C atoms. Thus, the B1s spectra

give indication that we have two chemical states of the B

atoms, namely boron in which C atoms are embedded up to

a certain content and B atoms which themselves are em-

bedded into a carbon environment. Can the C1s spectra

confirm this interpretation? The contribution of the signif-

icant carbon surface contamination has to be considered and

can be seen from the C1s spectrum of the film deposited

from the B target (dashed spectrum in Fig. 2). Here, only C

from the surface contributes to the spectrum. In contrast to
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that, in the case of the film deposited from the C target, the

relative contribution of the surface contamination is very

much weaker. This spectrum shows one peak with the

maximum at 284.4 eV which is typical for graphitic or

amorphous carbon. The incorporation of 20 at.% B (sample

from the BC4 target) leads to a broadening of the peak

towards lower binding energies which can be explained by

the lower electronegativity of the B atom. The binding

energy is lower, the more carbon neighbours of a C atom

are exchanged by B atoms. This effect is stronger in the C1s

spectrum of the sample from the BC target. However, the

surface of this sample was heavily contaminated and so also

structures at higher binding energies contribute to the

spectrum (bonds between C and N, O). Finally, the spectrum

of the sample from the B4C target gives evidence that C in

the bulk is mainly surrounded by B atoms. Here, the

contributions of the surface contamination (compare dashed

spectrum) and a peak with the maximum at 282.5 eV can be

distinguished which is commensurate with the binding

energy of about 283 eV found for B4C [11,17,28].

From all spectra together, we can conclude that starting

from pure boron a certain amount of C atoms can be

incorporated (up to about 20 at.%). With further increasing

C content two phases are formed: a boron phase with a

maximum content of incorporated C atoms and a carbon

phase which contains B atoms as impurity. This interpreta-

tion is supported by the number of nearest neighbours as

measured by electron diffraction. It is approx. 5 and 4.5 for

the samples from the B and B4C targets, respectively, but

only 2.5 for the film from the BC4 target [8]. Also for the

crystalline phase, the incorporation of carbon into boron is

limited in the range B12C to B4.3C [32].

4.2. Films deposited with 50% N2 in the working gas

Now, we want to consider the samples deposited with

50% N2 in the gas from the different targets. The N content

in the film is close to the maximum content reached by

deposition with 100% N2 in the gas. The FTIR and XPS

spectra are shown in Fig. 3. In the case of the film from the

B target, only the FTIR spectrum was recorded. The peak

intensities in the FTIR spectra can be compared because the

films had similar thickness, only the sample from the C

target had approx. twice the thickness. The FTIR spectra

show an absorption between 600 and 800 cm�1 consisting

of two contributions which change with the B/C ratio in the

film. These are the B–N–B bending (around 780 cm�1,

very significant in the spectrum of the film from the B

target) and probably a C–C bond (around 700 cm�1). The

broad absorption structure of the BCN films between 1000

and 1700 cm�1 consists of different contributions as well. In

the case of the BN film without C, only the absorption of the

B–N stretching bond around 1400 cm�1 exists. In the case

of the CNx film without B, at least two contributions can be

distinguished. The appearance of these absorptions has been

discussed at the beginning of Section 4 and their origin is in
our opinion found in carbon bonds, but in the literature often

assigned to C–N or CMN bonds. The spectra of the films

from the B4C, BC and BC4 targets seem to be a superpo-

sition of the spectra from the BN and CNx film. That B–N

and C–C bonds are present has already been proven by the

absorption around 700 cm�1. The absorption of the CQN

bond around 2200 cm�1 gives evidence that N is also

bonded to C. However, whether C–N or CMN bonds are

also present cannot clearly be found out. Besides, it cannot

be concluded if there are B–C bonds as well because they

would undistinguishably contribute to the broad absorption

structure. At approx. 3400 cm�1, the absorption of the N–H

stretching bond is found. This peak shifts slightly to lower

wavenumbers with increasing C content and is missing in

the spectrum of the film without boron although N and H

are incorporated.

The XPS spectra should give further information about

the bonding structure. The B1s spectra look very similar.

There is only one peak at about 191 eV. Only in the

spectrum of the sample from the B4C target the maximum

is found at slightly higher binding energies and there is an

asymmetry to lower binding energies. A B1s energy of 191

eV is found in BN or when B atoms are completely

embedded in carbon (according to the interpretation devel-

oped in Section 4.1). The C1s spectra do not indicate a

sizeable contribution from B–C bonds and thus favour the

assignment of this peak to BN for most of the films. All C1s

spectra are characterised by a maximum at approx. 285 eV

and there is a sharp drop of the spectra to lower binding

energies. Only the C1s spectrum of the film from the B4C

target shows a little contribution also below 284 eV which

indicates that some C atoms are at least partly bonded to a

less electronegative partner (B atoms, confirmed by the

small low energy tail of the respective B1s spectrum). The

C1s spectrum of the sample from the BC target has its

maximum at 285.3 eV. The maximum shifts slightly to

lower binding energies when more C is in the film (films

from BC4 and C target, respectively) which is due to an

increasing number of carbon neighbours of a given C atom

(284.4 eV). On the other hand, all spectra show a broad

shoulder to higher binding energies. It is interesting to note

that the extension of that shoulder (area) related to the

maximum peak at about 285 eV shows the same depen-

dence on the B/C ratio in the film as the absorption strength

of the CQN bond at 2200 cm�1 in the FTIR spectra

(increase for the films from the B4C, BC and BC4 targets,

then decrease for the film from the C target). C1s energies

>285 eV are assigned to C atoms which are bonded to the

more electronegative N. Here, the literature is very ambig-

uous as demonstrated in Ref. [33]. Many groups assign

binding energies to certain bonds, for instance: sp2 hybri-

dised carbon with bondings to nitrogen (285.3 eV in Ref.

[34], 285.5 eV in Refs. [35,36], 285.9 eV in Refs.

[21,37,38], 286.3 eV in Ref. [39], 287.7 eV in Ref. [40]),

sp3 hybridised carbon with bonding to nitrogen (285.7 eV in

Ref. [40], 286.8 eV in Ref. [35], 287.3 eV in Ref. [41],



Fig. 3. Transmission FTIR, B1s, C1s and N1s XPS spectra (stacked) together with the bulk composition of samples deposited with 50% N2 in the gas. For the

sample marked by an empty circle in the composition graph, only the FTIR measurement was done.
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287.7 eV in Refs. [39,42]) or the –CQN bond (286.4 eV in

Ref. [34], 286.7 eV in Ref. [38], 287.2–287.7 eV in Ref.

[10]). However, an unequivocal assignment is missing (and

cannot exist due to the large number of possible bonding

states and atomic arrangements between C, N). Only the fact

that C is anyhow bonded to N is clear. In our spectra, the

wide observed binding energy range gives evidence for

many bonding states between C and N (single, double or

triple bond, different kind and number of neighbour atoms).

The N1s spectra are not of great help to find out more about

the bonding states because the energy range for N atoms

with bondings to B and C is relatively small and the

interpretation is again ambiguous [33]. We only can exclude

bondings to O or N itself because no binding energies above

401 eV [42–44] are observed. The N1s spectrum of the

sample deposited from the C target has at least two separate

peaks at 398.5 and 400.0 eV which is often observed for

CNx films. Some references [35–37,39,42,45] assign these

energies to N which is bonded to sp3 and sp2 hybridised

carbon, respectively. However, in our spectrum, the peaks

have nearly the same contribution but the average number of

nearest neighbours in the film is only about 2.5 [8] which

indicates that there is no significant number of sp3 hybri-

dised atoms. Other references [46–48] assign these energies

to CQN and CMN, respectively, what seems to be a better

interpretation in our case. Ripalda et al. [49] found a strong

polar emission angle dependence for the lower energy

component in the N1s spectrum and conclude that it is

associated to strong k bonding. The two peaks found in the

N1s spectrum are assigned to N in low coordination number

environments (double and triple bonds) and to substitutional

nitrogen in graphitelike structure, respectively [50,51]. This

assignment seems to be reasonable for our films as well.

However, the only conclusion is that in our films, different

bonding states between C and N exist, which exactly cannot

be concluded. Probably, the localisation of the lonely

electron pair of the nitrogen plays an important role. The

situation gets even more confusing if B is added to the film.

Then, the spectrum has its maximum at 399.5 eV (films

from the BC4 and BC targets) which could be due to an

additional third component compared to the spectrum of the

film without B. However, the N1s binding energy observed

in h-BN is 398.4 eV [31]. What could explain the higher

binding energy of the N1s in our films? This could be due to

another more electronegative bonding partner of N in

addition to B which could be C or N. The spectrum of the

sample from the B4C target shows again the two separate

peaks but additionally, a tail to smaller binding energies.

However, this sample had a strong surface contamination

(see Fig. 1) and so a major part of the peak shape originates

from the contaminating substance.

Summarising the results of all spectra, we can say that

the number of B–N–B bonds in the films is decreasing with

decreasing B/C ratio. Instead, the number of C–C chains is

increasing. There are also bonds between C and N. The

CQN bond is evidenced by the FTIR spectra, the C1s
spectra confirm many other bonding types. Only in B-

richest film which was investigated with XPS (from the

B4C target) B–C bonds were present (confirmed by the low

energy contributions in the B1s and C1s), likely in connec-

tion with bonding to N. For the other B containing films

(from the BC and BC4 target), we can assume that B is

surrounded by N and so N is a separator between B and C.

Therefore, a N1s energy higher than in h-BN is observed but

the low energy contributions in the C1s and B1s are

missing. Furthermore, there are bonds between C and N

and between C and C. Hence, we find a phase separation on

a microscopic scale into BN and C/CNx phases in the sense

that microscopic domains with mainly B–N bonds on the

one hand and mainly C–C as well as C–N bonds on the

other hand are present but bonds between B and C are

avoided. Therefore, the FTIR spectra of BCN films look like

a superposition of the spectra of BN and CNx films. There is

a real ternary bonding in the sense that N is bonded to B and

C (B–N–C). However, B–C bonds are only found in the

case of B rich films.

4.3. Films deposited from the B4C target

In the two previous sections, we have considered what

changes can be observed when the B/C ratio in the film is

varied. Now, we want to consider increasing N-incorpora-

tion at nearly constant B/C ratio and start at a ratio of B/

C=4:1 (spectra in Fig. 4). The FTIR spectra of the films

deposited from the B4C target show continuous changes

with increasing N content. Without N in the film, there is

only one absorption around 1100 cm�1 due to B–C and/or

polarised B–B bonds, as mentioned in Section 4.1. Increas-

ing the N content, the maximum of the peak shifts towards

1400 cm�1 where B–N stretching bonds vibrate. At the

same time, the asymmetry to lower wavenumbers decreases

and vanishes suggesting that the number of B–B and/or B–

C bonds is decreasing. The film deposited at 4% N2 in the

gas (22 at.% N in the film) shows a slight absorption around

700 cm�1 which can be assigned to the (polarised) C–C

stretching bond or an absorption observed in B4C. This

absorption is also present in all films containing more N

than 20 at.%. The film deposited with 8% N2 in the gas (34

at.% N in the film) shows the absorption of the B–N–B

bending at 780 cm�1 which gets more dominant with

increasing N content. Obviously, the formation of B–N–

B chains is accompanied by the decrease of B–B and/or B–

C bonds and the material shows significant structural

changes. With increasing N content, the average number

of nearest neighbours decreases and the low-energy EELS

spectra of films deposited with z8% N2 in the gas show a

plasmon-peak at 7–8 eV which is typical for sp2 hybridised

C or BN (graphitic structure) [8]. Furthermore, in the films

deposited with 25% up to 100% N2 in the gas, the

absorption of the CQN bond at 2200 cm�1 appears and

gets stronger although the N content in the film is not

changed significantly. In particular, especially the films



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Transmission FTIR, B1s, C1s and N1s XPS spectra (stacked) together with the bulk composition of samples deposited from the B4C target. For samples

marked by empty circles in the composition graph, only FTIR measurements were done. Samples deposited with 50%, 75%, 100% N2 have nearly identical

composition [7].
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deposited with 50%, 75% and 100% have nearly identical N

contents [7]. This means that at a certain N content in the

film, the B–N bonds are saturated and additional N is

incorporated in terminating CQN bonds. The N–H bond

at 3400 cm�1 can be detected from 13% N2 in the gas and

gets stronger with increasing N content. It is interesting to

note that the position of this absorption peak does not

change like in the case of changing B/C ratio (Fig. 3).

The XPS spectra confirm these changes in structure and

bonding characteristics. With increasing N content, the B1s

peak gets broader and the spectrum is shifted to higher

binding energies. First, the incorporated N is embedded into

the B/C=4:1 mixture and the B atoms are surrounded by

more and more N until most of them are completely

embedded into N. Then, the B1s binding energy is higher

than observed in BN (approx. 191 eV [26,31,52]). All the

C1s spectra of the films deposited with <8% N2 are very

similar. The main peak around 285 eV is mainly due to

surface contamination (see Fig. 1 and compare C1s spec-

trum of the surface contamination in Fig. 2). The peak

around 282.5 eV is assigned to C atoms being surrounded

by boron. With further increasing N content, the C1s

spectrum shows a sudden change. The peak around 282.5

eV moves to higher binding energies indicating that carbon

has also bonds to a more electronegative partner than B, i.e.

C or more likely N atoms. In the spectrum of the film

deposited with 50% N2, the contribution of binding energies

<284 eV is very low meaning that only very few C atoms

are bonded to B. The contribution of binding energies >285

eV indicates the presence of bonds between C and N.

Nevertheless, this last assumption has to be treated with

care because this sample had a strong surface contamina-

tion. Finally, the N1s spectra confirm the interpretation of

both the B1s and C1s spectra. The dashed spectrum of the

sample deposited without N2 in the gas in Fig. 4 gives an

impression of the contribution of the (small) surface con-

tamination (approx. 3 at.% N at the surface, 0.5 at.% in the

bulk). The spectrum of the film deposited with 2% N2 in the

gas has its maximum at 397.5 eV, whereas the shoulder

towards higher binding energies could be due to the surface

contamination. The observed N1s energy is lower as in h-

BN (398.4 eV [31]) because the N atoms are completely

embedded into less electronegative B atoms (average num-

ber of nearest neighbours >3 [8]) as already reported by

Oliveira and Conde [53]. This is similar for the sample

deposited with 4% N2. Then, again for the deposition with

8% N2 in the gas, the shape of the spectrum changes. The

maximum moves to a binding energy corresponding to that

of h-BN and the peak gets broader. Also, a small contribu-

tion at higher binding energies is observed that indicates

bonds between N and C. The spectrum of the film deposited

with 50% N2 in the gas consists of at least two peaks where

B–N bonds (lower energy) and C–N bonds (higher energy)

can be supposed. However, the surface of this sample was

strongly contaminated with carbon, and therefore, no con-

clusions can be drawn from the intensity ratio of the peaks.
Summarising, we found a change in the bonding char-

acteristics with increasing N content in the amorphous films

with B/C=4:1. Without N, we find B–B and B–C bonds

and C is surrounded by B. For a small N content, B–N

bonds are mainly formed and the N atoms are surrounded by

B as well. If the N content is further increased (sample

deposited with 8% N2 in the gas, 34 at.% N in the film),

there is not enough B to surround both C and N completely,

therefore, bonds between C and N appear. In such a

material, a real ternary bonding exists (bonds between all

elements) but a phase separation begins. An even further

increasing N content leads to a complete separation into

microscopic BN and CNx phases where no B–B or B–C

bonds can be detected. The phase separation is confirmed by

a more and more graphitic structure evidenced by the

decreasing number of nearest neighbours and the appear-

ance of the 8 eV peak in the low-loss EELS spectra [8].

4.4. Films deposited from the BC4 target

Now, we want to have a look at C-rich films (B/Cc1:4)

with increasing N content (spectra in Fig. 5). The FTIR

spectrum of the sample without N shows two absorptions as

mentioned above. The absorption at 700 cm�1 is assigned to

(polarised) C–C stretching bonds and the much stronger

absorption at 1250 cm�1 to B–C and C–C stretching

bonds. With the incorporation of N, the absorption at 700

cm�1 gets first stronger and then broader to higher wave-

numbers because of the contribution of the B–N–B bend-

ing at 780 cm�1. The maximum of the main absorption

shifts from 1250 to 1400 cm�1 and the peak gets broader. It

consists of contributions from the B–N stretching bond at

1400 cm�1 but also from (polarised) C–C bonds what can

be seen from the asymmetry to lower wavenumbers. The

role of C–N bonds remains unclear as mentioned above. At

a certain N content, the N–H stretching bond at 3400 cm�1

and the CQN bond at 2200 cm�1 are observed. Especially,

the latter gets much stronger when increasing the amount of

N2 in the gas from 25% to 100% while the N content in the

films does not change significantly (from approx. 30 at.% to

approx. 33 at.%) and the shape of the main absorption

structure around 1400 cm�1 does not change either. From

that, it can be concluded that additional N is incorporated in

the form of the nitrile group (–CQN).

XPS spectra were recorded for three samples only. The

B1s spectrum of the film without N shows a two peak

structure as mentioned above (lower energy: boron with

incorporated C atoms, higher energy: B atoms in a carbon

environment). When N is added, the peak at 188.8 eV

disappears indicative of the reduced contribution from a

B–B/B–C bonding environment. The peak at 191 eV

remains, indicating that B is surrounded by more electroneg-

ative atoms. However, unlike the case without N in the film

where this peak can be unequivocally assigned to B sur-

rounded by C, now it could be also B surrounded by N atoms.

This is confirmed by the C1s spectra. Without N in the film,



Fig. 5. Transmission FTIR, B1s, C1s and N1s XPS spectra (stacked) together with the bulk composition of samples deposited from the BC4 target. For the

samples marked by empty circles in the composition graph, only FTIR measurements were done.
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the maximum of the C1s is found at 284.2 eV suggesting a

large amount of C–C bonds. The contribution at energies

below 283 eV gives evidence of C bonded to B. This

contribution disappears completely when N is incorporated.

Since there are no more bonds between C and B then, the B

atoms have to be bonded to N. On the other hand, the

maximum of the C1s spectrum is shifted to higher binding

energies with an increasing N content because C bonds to the

more electronegative N. Here, the increasing variety of

chemical surroundings of the C atoms is connected with the

strong increase of the broad shoulder at higher energies. The

N1s spectra do not show such a significant change. The

dashed spectrum shows again the contribution of the surface

contamination. In the spectra of films deposited with N2 in the

gas, two contributions are supposed. First, a single peak that

corresponds to N atoms that surround the B atoms and

separate them from the C atoms. Since these N atoms are

bonded to B and C, their N1s energy is higher (approx. 399.5

eV) than in the case of h-BN (398.4 eV [31]). The second

feature is the typical double peak structure of the spectrum

observed for CNx films with peaks at 398.5 and 400 eV. At

low N content in the film (deposition with 4% N2 in the gas),

the first feature is dominant and the spectrum shows one

sharp peak maximum rising over a broader ground structure.

At higher N content (deposition with 50% N2), the contribu-

tion of the double peak increases and so together with the

single peak, a broad peak shape is formed where the double

structure is not resolved.

The conclusions of the interpretation of all spectra from

films with B/Cc1:4 are the following. Without N in the

film, B and C do not form a solid solution of the macro-

scopic composition but two separate microscopic phases.

One phase is boron with a maximum number of incorpo-

rated C atoms. The other phase is carbon containing B as

impurity atoms. When N is incorporated, it is first bonded to

B separating B and C atoms. At this stage, a real ternary

bonding is formed. With increasing N content, B–C bonds

disappear until B is saturated with N. Then, any further N is

bonded to C and a separation into microscopic BN and

C/CNx phases is observed.
5. Conclusions

The bonding characteristics of BCN films show a great

variation range in dependence on their composition. Starting

from pure boron, both C and N atoms are completely

surrounded by boron. With increasing C- and/or N content,

the number of nearest neighbours is decreasing [8]. In N-free

films, there is a maximum number of C atoms that can be

incorporated into boron. If more C atoms are added, two

phases are formed. This is boron with the maximum C

content (about 20 at.% according to our investigation) and

a carbon phase containing B atoms as impurity. However,

since without nitrogen, there is no volatile reaction product

any macroscopic composition between pure boron and pure
carbon can be adjusted. In contrast to that, the composition

range of the N incorporation is limited to a maximum N

content also on a macroscopic scale. There are mainly two

volatile components formed in the film during the deposition

process which limit the maximum N-incorporation. These

are N2 and C2N2. The latter is more important for the

deposition with C-rich targets and may lead to an increase

of the B/C ratio in the film compared to that in the target.

Incorporating N into the film, first the B atoms are saturated

by forming B–N bonds. During this process, B–C bonds

disappear. At a certain N content, also C–N bonds are

formed. Since more N can be bonded to B in comparison

to C, the maximum N content depends on the B/C ratio in the

film. However, at maximum N content, we find both BN and

C/CNx phases—the latter with a maximum of CQN bonds

for a given B/C ratio—and not an unique ternary bonded

material. To conclude, in our amorphous films, real ternary

compounds are only formed when at least one element is

incorporated only in a small concentration and could be

considered as impurity. Otherwise, a separation into binary

and single phases is observed. Considering this, it will be

very difficult or even impossible to deposit a real ternary

material with any desired composition. Especially reports on

real ternary materials with the composition BC2N (cubic or

graphitic structure) cannot be proved for amorphous films.

The great variety of bonding characteristics is connected

with other structural properties such as number and distance

of nearest neighbours, but also with the mechanical proper-

ties hardness and Young’s modulus [8] which decrease in

connection with the phase separation and have their mini-

mum value at maximum N content. The maximum N

content is probably a consequence of the disturbed reso-

nance between electronic and atomic structure so that more

N leads to an unstable structure [8].

To summarise, thin amorphous films of boron, carbon

and nitrogen were deposited by reactive magnetron sputter-

ing using targets of different B/C ratios and variable Ar/N2

atmospheres. The bonding characteristics were obtained by

a combined analysis of FTIR and XPS spectroscopies. We

found a maximum solubility of carbon in boron of around

20 at.% in clear agreement with the crystalline BC phases.

In the case of BCN compounds, real ternary phases,

presenting B–C–N bonds, were only found at low nitrogen

contents; in boron-rich films. At higher nitrogen contents,

the FTIR and XPS spectra were dominated by BN, CC/CN

and CQN bonds, suggesting a phase separation into BN and

C/CNx phases.
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