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,The effects of mtrogen inc _rporatton on the atom1 scale structure of amorphous CN samples have -
. been studled for 0, 5,20, and 30 at. % N concentranon by X-1ay d1ffractron Slgmﬁcant differences . :.
. in the structure are observed on the mcorporatmn of only 5.at.% N, and the changes in structure .
‘ contlnue as further N is added. From the expenmental data," we are able to ‘obtain d1rectly ‘the
average bond distances and then calculate the average bond angles for each of the samples. The .+~
average first netghbor d1stance shows a gradual decrease from 1.55 A for 0 at. % N, to 1.44 A for
30 at. % N, and a ‘similar trend is observed in the position of the second néighbor peak. This gives-
a correspondmc mcrease in the average bond angle from 108° to 114°. The results show an increase
in theé fraction of sp? bonded carbon atoms’ with increasing N concentration, and there is evidence
- for the presence of s1gmﬁcant numbers of C==N and C==N bonds. These results are also consistent
with stress, hardness, and optical gap measurements for these samples © 1 998 Amerzcan Instztute o

“of Physzcs [50021 8979(98)03907-3]

knowledge of tlle"atonuc scale su'ucture In fact direct mfor-‘
d_ for rehable in-
niques, €.g. infrared

1. INTRODUCTION

.. Carbon nitri e matenals have been a sub_}ect'o consul—
erable attentlon since. the theorettcal“ work of Liu and Cohen

tractive physical properues._v Further 1nvest1gattons W1th re-
ﬁned methods have shown that there- are a _variety of- other"
crystallme structures, with different elemental composmons,
which may have a similar structural stab1hty 23 However,
only a few authors have reported the attempted experimental
synthesis of crystalline carbon nitrides*® and in the majority
of the studies films with nitrogen contents significantly lower
than 50 at. % and with a disordered structure have been
found.” ! It is necessary to distinguish between hydrogen-
free a-CN, films and hydrogenated a-C:N:H, the latter being
obtained when using a hydrocarbon precursor, as in most
chemical vapor deposition (CVD) techniques. 12 Amorphous _
CN, materials have interesting properties and a consequent
range of potentlal apphcattons-e g., in the field of elec-
tronic materials, or wear protective coatmgs for magnetic
storage devices. 1314 Jn these cases, the nitrogen content in
the ﬁlms studied ranges from less than 1 at. % to ‘about 30
at. %.

The mvesttgahon of the physrcal propemes of CN ‘has
covered chemical composition, mwrostructure electromc
opthal and mechamcal properttes but there is only ln:mted
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suggestmg ,8 C3N4 as a hypoth al structure exlubttmg at-;

spectroscopy —_—
ay d1ffract10n expenments y1eld structural informa-
t10n averaged over the entire bulk sample, and prov1de the
opportunity to obtain interatomic distances and bond angles
directly. Thus far, diffraction studies of amorphous CN, ma-
terials have been limited to electron diffraction,'*'® although
we have recently carried out complementary neutron diffrac-
tion measurements on two of the samples used in this
study.’’

We present the results of x-ray diffraction measurements
on a series of four CN,, satnples, with 0, 5, 20, and 30 at. %
N, denoted ta-C, CNOS, CN20, and CN30, and examine the
effect of nitrogen incorporation on the atomic-scale structure
of the material. The results are compared with those obtamed
from neutron diffraction measurements carned out on two of
these samples,17 and also with prewously pubhshed electron
diffraction data on a-C:N' and neutron diffraction on tetra-
hedral amorphous carbon (ta- ). 18 We also contrast this
work w1th sumlar measurements prev1ously carned out by
two of the authors on the effects of N mcorporatlon on
| source {0
obtam hlgh N content samples compared to deposmon using
mtrogen in the reacuve plasma are discussed. T
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CN20  C*~20; N;~100: - -, 20. = 22 0.11 © 27 /AR
CN30  C*~20; Nj~200 30 - 2.0 0.10 17 .95 0.22

Il. EXPERIMENTAL DETAILS
A. Sample preparation

The samples were prepared by thin film deposition using
a filtered cathodic arc. The arc discharge was operated with a -

cathode made from high purity graphite; the carbon plasma
produced is highly ionized.” A magnetic filter was used in
order to separate macroparticles (of graphite) from the flux
of film forming particles. Nitrogen could bé incorporated .

into the growing film either by mtroducmg a nitrogen gas: -
- using standard ﬂat—plate 6“20 transmission dlffractron geom-~

_etry on_statron BM16 at the European Synchrotron Radra—

flow into the deposmon chamber; or by bombarding the sub--

strate with a nitrogen ion beam!from a Kaufman-type ion.

source——whrch proved necessary in: order: to, ‘obtain: ﬁ]rns_
with hrgher N contents i.e; up to- 30 ‘at. %.2 We have pre:

] pared four ﬁlms, one w1thout any mtrogen supply (ta—C) one . .1

with the. mtrogen gas flow only (CNO05), and two w1th the
Kaufman i ion source operated at 100 and 200 V beam Voltage

S

t 5N sotope. was ‘used ‘to facrhtate complementary
nuclear ‘ma “tesonance” (NMR) ‘stirdies' on” thé same
samples The substrates were held at room temperature by
means of a-water-cooled §ubstrate holder which was con-
nected to- ground poteutlal Ton current densities at the sub-
strate. haye been: measured prior. to- deposition for the. ca-
'pl 1 a,Jc, ‘and the Kaufman ion source, Jjn; the
measured values were ]C~l 5 mA cm?, 72 (nearly constant in

Call expenmeuts) and ] N~O 1/0 25 mA- cm'2 (for. 100/200 V

beam Voltage):i:
----- Powder samples aré requlred for the x—ray_dtffractton

expenments we, therefore had to remove the film, from the
uuderlymg substrate and to collect the matenal from ten
deposmon runs Applymg a standard procedure from micro-
electromcs technology, srhcon wafers coated w1th photore—
s1st were'ired as substrates followmg ‘film deposrtton ‘the
photores1st was drssolved in acetone and the CN, material
fell off the substrate as ﬂaky powder Repeated rmsmg with

_ high punty acetone was carried out to ensure no residual

photoresist contamination. The material from several films
prepared under identical conditions was collected and after
vaporizing a small volume of remaining pure acetone, the
CN, powder was left. For each sample the amount of mate-
rial obtained in this way was between 25 and 80 mg.
Information on the chemical composition and the mass
density of the samples was inferred from elastic recoil detec-
tion analysis (ERDA) on films deposited onto silicon wafers

" under 1dent1cal Conditions. A summary of the characteristics

. of the four samples is given in Table. l, and further data can

- B. X-ray diffraction -

- and relatively featureless drffracuon pattem The‘dat were

be found in Ref. 20. Hardness measurements were performed
using the nanoindentation method for films (thickness >1
* um) deposited on cemented carbide. ERDA y1elds hydrogen
content values well below 1 at. %.

The x-ray dlffractton data presented here ere. obtained

collected usmg x rays T wavelength' 0 6 A and

tering’ effects (mcludmcr those from the sample -contamer)
absorptlon and the 20 Vanatlon of the 1]lurmnated sample

~also collected which arrses from the melasttc scattenng of x

rays by the sample. Some of the melastlc scattenng is re-
moved ‘‘at source’’ by the use of analyzer crystals ‘placed in
front of the detectors; however the small proportton that re-
mains affects the data quite considerably; and a method of
smooth curve fitting has to be applied. This mvolves fitting a
low-order polynomial through the data to remové the under-
lying residual inelastic scattering curve until the data oscil-
lates about the calculated self-scattering proﬁle
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For systems of more than one atom type, an approximate
method can be used to calculate the scattered x-ray intensity
by choosing a convenient ‘‘unit of composition,’” u, for the

material.
We can then define an average scattering factor per elec-

won, £,
E - , _
uf , @

mber Z The form factor for each atom
rexxmated by fm=K, ,,je , Where the ef-

47rr2[p,(r) pe] erdr_-'

cut-off was also’ap"phed When ‘taking the Founer transform
Tlns isa variation ‘on Fourier filtering in ‘which a distance
min 18 deﬁned as the shortest bond length which is phys1ca]ly
reasonable, and 1t therefore determmes the start of the fea-
tures in the G(r). We Can also obtain the radial distribution

functlon J n, where o
J(r) 4'n'r p(r) e e (4)

J (r) isa measure of the number of atom centers ata glven
radial distance and can then be fitted with a series of Gaus-
sians allowing position and area to vary. By this method
accurate values for the bond lengths, and therefore also the
bond angles can be determined. (In principle it is also pos-
sible to estimate absolute coordination numbers, but the dif-
ficulty in defining the Q-dependant form factors for a bmary
system renders this impossible in the absence of accurate

FIG. 1. Uncorrected x-ray diffraction data,

 total structure factors, S(Q);

: suc dlscerhable peaks m -thi range":of the’ expenmental data -

: <mte 1ty gomg ﬁom"O to0=5" at %" N There are also ‘small

correc‘mons for Compton scattermg, ie., melast101ty effects) :
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showmg the small Braog ‘peaks

the data for the four samples

and pair’ correlatlon functlons
G(r), obtamed from' the’ x-ray""dlffracuon expenments for
the samples ‘described above

ConSIdefmg the S(Q) data in F_ g 2,1itis clear that there

ples'CN20. and CN3O At0and 5 at % N there are

oo

-,_-.;whlch "are all at. shghtly hlvher Q_,values in the’ hlgher N
‘content samples CN20 and CN30. However, the changes in

peak mtensmes are much smaller at lngh Q. The changes

'panson of the_f.
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FIG. 3. The total pair correlation functions, G(}‘), for the samples obtained
by Fourier transformation of the total structure factors.

observed m these data matéh thoge..seeﬁ' m n_eﬁ_tro_n_. diffrac-
tion data collected for samples CNO5 and CN30 O

_ ... The biggest chang_e;__by__faf is between sample. CN05 and
CN20 i.e; 5 and 20 at: % N:.Througho

‘peak positions.. O increasing’ the! N conten

- ¢ at: %,;. the first peak (

34 A7

towards lower Q values.: The second peak (3.4 4
creases. in intensity; with' the. dip between these fir
peaks becoming i mor_e‘{- pronounced.; Also;: |

intensity is smaller, but the peak position for CN20 is higher
than for CNOS. The, width of this peak increases considerably
in going from 5 to 20 at. % N Similarly the.dip, (~7.0 Arly
'  higher, O

for graphite. Similar features have been seen in x-ray diffr ac-

tion data for a-C:N:H samples,'” but they were not observed.
in neutron diffraction data due to the lower Q-space resolu--
tion. No Bragg peaks were seen in’ neutron diffraction data

for samples CNO5 and CN30. Ttis important {6 hote that in
these new data, the Bragg peaks. are small relative to the
amorphous features in the data. This implies' that while' the
samples may contain a few graphitic microcrystals, they do
not havé large crystalline inclusions.” A possible. source of

this contamination is the macroparticles emitted from the

graphite cathode during the erosion process. Although the
magnetic filter separates most of them from the plasma flux,
a small number reaches the substrate surface due to multiple
bouncing at the chamber walls and is incorporated into the
growing film. This problem was also - seen’ in the: ta-C
samples of Gilkes et al.'® deposited by the same method.

¢ range, of the
. data sets there _are differences in both peak inténsities and

‘ nt m' 510 20
LAY shows a particalaly largs

increase-in intensity, together, with a slight shift in position .
‘ ' 1y det -
two
e ds. a slight -
shift in the positions: of both the dip and_the: second. peak -
towards higher Q values. At ~5.7 AL the change in peak

Q. value. for. "
‘the; differences, are . .-

samples; thse are most closely’ indexed using generic:data.
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TABLE I, Results of the Gaussian ﬁﬁing to the functions J(r). (Data for

- the last two entres.is from x-ray diffraction measurements-on a-C:N:H

Simples taken from Ref. 19"

N ist neighbor  2nd neighbor  Average

: content ~ peak position” ~ peak position - bond angle

Sample (at. %)  (£0.01 A) (£0.01 A) (£2°
ta-C 0 1.55 251 108
CNO5 5 1.50 250 113
CN20 20 145 2.43 114
CN30 30 1.44 242 114
a-C:N:H 1 0 1.43 251 123
a-CN:H4 =~ 10 139 2.46 124

However, this does not account for the increasing number
and intensity of Bragg peaks in the higher N content samples
CN20 and CN30. In order to obtain high N concentration in
these samples, the growing film was bombarded by nitrogen
ions using; the-Kaufman-type source.. The energy of these
ions, 100 and. 200 eV, is such that it could cause graphitiza-
tion in thé small region around the ion impact site as the ion
energy dissipates to the surrounding atoms, causing a relax-
stion-of th striicture. Agiin, this Will ot prodiice large gra-
phitic inclusions, but could generate small, highly’ disor-
d;* graphitic* clusters- “with=: lit ‘
aligniment. This explanation is consistent with the obser
“the in o'of the D band in Raman spectra for

withthe' change§ observed between 5 and 20 at. % N. We
" an thereforé state that the addition of 5 at. % N to ta-C, and .
. £10at. % N fo CN20 has only a small effect on
' ¢ siructure; but that going from
ficant rearrangement in the
‘differences mean

The real-space dafa for the four samples is shown in Fig. ‘
s with the reciprocal space data, there”are clearly two
pairs of ‘similar data’sets:" samiples ta-C ‘and’ CNO5: (low N -
* content) and samples CN20 and CN30' (high N content): This
" is particularly obvious beyond ~1.8 A, and the data 4t lower ’
i %alues teveal more subtle’ diffeferices? among’ all- four - -
samples. Tn the discussion of all’ the " differences in the real-
~space data, it is necessary to consider the values given in -
" Table II for the bond distances andangles determined by
Gaussian fitting to the ex?erir‘nental J(r) data. 5"~
" Consider first the two low N concentration samples. The
first neighbor peak moves from 1.55 A for ta-C to 1.50 A for
CNO5 and there is a corresponding movement of the second
neighbor peak position from 2.51 to 2.50 A. These changes
result in an increase in the average bond angle from 108° to
~113°. However, note that the peak positions used to evaluate
the bond angle arises from a convolution of CC, CN, and NN

correlations and, therefore, the average bond angle is not a
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true CCC bond angle but results from an admixture of over-
lapping features. The data for ta-C here compares well with
other diffraction data for tetrahedrally bonded amorphous
carbon in the literature.'5'® We can see that the incorporation
of only 5 at. % N into the structure results in observable
changes. Although the width of the first neighbor peak re-
mains approximately constant, there is a decrease m the
number of bonds at longer distances associated with sp’ C-C

shifting the’ average bond length to " a lower r value. The
mcreased 1ntens1ty ‘at distances around 1.3— 21.4 A could be
due to the t"ormahon of shorter. bonds 1nvolvmg the smaller

N

the observed dlfferences m bond lengths and angles between

' . where they found a large
morease m the fractmn of sp bonded Cat ~5at. % N.
.+ For our samples, these trends contmue as we move to the
" higher N contént samples 'From CNOS5 to CN20, the average
first nelghbor bond d.tstance decreases further to 145 A,
‘which is closer to the value for crystalline graplute (1.42
A) % The average bond angle for sample CN20 i 1ncreases by

is associated with the formation of sp? C=C bonds, although
ot~ at dlstances below ~1 3 A At these short dlstances the

smaller N .atoms, -in . the form -of C=N (~1.14 A), C=N
*(%1.30-1.36 A); or C=N (~1.30 A). Other possibilities are
C=C (~1.18 A) and N=N (~1.24 A) bonds. However,
_mfrared Spectroscopy .. data for amorphous CN, samples
shows " features - associated ~with - C=N -~and/or » C=N

observed.?#%® Tt would also be reasonable to assume’ the
existence of C—N single bonds (~1.35-1.39 A), although
these cannot be resolved because of their similarity to sp* CC
bond lengths.
Finally, for sample CN30 the position of the first and
second neighbor peaks show a small decrease to 1.44 and
2.42 A, respectively, giving the same average bond angle as
- for CN20, i.e., 114°. It is clear from these small differences,
that the principle effects of incorporating a high N concen-
tration have occurred by 20 at. % N. However, these data
confirm that above 20 at. % N there are significant numbers
of C=N and C==N bonds in the network.

In addition to the differences between the bond distances
~ and angles already discussed, there is evidence of a change
in the nature of the second neighbor correlations between
CNOS5 and CN20. In general, the peak at ~2.5 A may safely
be associated with CCC correlations, and is observed in
many amorphous carbon materials. 181531 32 In the two high
N content samples studied here this peak is 31gmﬁcant1y less
intense than for the two lower N content samples, whereas

mten51ty between the two peaks at ~19- A This pheno

single bonds, and an increase in the number of bonds at -
shorter d15tances ‘These changes have the overall effect of -

m'‘and/or ‘the conversion of sp’-C—C single bonds to
shorter oleﬁme or graphmc sp —~C ‘double bonds “The -

=C bon s"could all account for"'-i-
.- For example, there is a decrease in the density, the stress, and

these two'samples Sxmﬂar changes ‘were also ‘seer in the “. "the hardness of the samples with increasing N content, and a

the reglon assoc1ated wrth sp>. C— Xyl bonds, and an mcrease in~
€ region of ~1 27~ 1.4 A. Some of the mcreased intensity

1ntensrty can only come from correlauons mvolvmg the .

bonds, 52 but C=C and N=N bonds are not generally.

the same samples CN20 and CN30 show an increase in the - .

of '5p? C¢ bondsl A more marked change occurs between 5
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- enon has also been observed in neutron diffraction data for

CNO5 and CN30,'7 and in electron diffraction data taken on
similar amorphous CN samples.’ It is most likely to be as-
sociated with the second-neighbor correlations arising from
the increasing proportion of CCN groups, and/or site—site
correlations associated with nanovoids arising from a re-
duced network connectivity but not actually involved in a
pair of chemical bonds as such. A full discussion of this
phenomenon was presented in our neutron diffraction
paper T

: The changes we have observed between these samples,

- i.e.; the decrease in the average bond length and increase in
. the average bond angle, have confirmed the transition to a
., predominantly.sp?. bonded network as a result of incorporat-
++ing N into the structure. This is accompanied by a number of

changes in other properties of these materials -(see Table I).

decrease in the optical band gap. All these measurements are
consistent with a softer more sp? bonded; network

“In our work on the effect of N doping on the structure of -
a-C:N:H" samples prepared using an ion beam deposition
system from acetylene and nitrogen, the situation'is ‘compli-

. cated by the additional hydrogen, but similar changes were

observed in mcreasmt7 the N content from 0 to 10 at. % The

results from. tl'ns study are surnmanzed .in Table II, along |
’w1th those for these new amorphous CN, samples Although o

the network at 0 at. % N was already dommated by sp? CC
bonds ‘a further 51gn1ﬁcant decrease in ‘the average first
nelghbor dlstance ‘from 1.46 to 1.42 A was observed, al-
though qge;a nd angle remains unchanced w1th1n the
expenmental errors, Tn a- C:N: H only a very 'small increase
in the number’ of ‘and C—N bonds at ~1.2 A was'seen
(probably due to the small amount of dopmv) although N-H
bonds could be resolved. So, in these samples N plays a
rather different role. The. network already contains a large
fraction of sp? bonded C. The added N converts only a small
amount of sp® C to sp? C, and fits easily into the network
causing little disruption to the average structure—only small
differences are seen between a-C:H and the 10 at. % N
doped sample.

" In all our work on the effects of N incorporation on the
structure of amorphous carbon materials, there is no doubt
that the addition of N results in a relaxation of the network,
creating a predominantly sp? bonded trigonal structure of

carbon.

IV CONCLUSIONS _ .

The structure of a series of CN, samples with 0, 5, 20
and 30 at. % N concentrations have been investigated using
x-ray diffraction. The results obtained for ta-C (0 at. % N)
are entirely consistent with those of other workers, namely
that the matenal is ‘predominantly a tetrahedrally bonded
amorphous network Some structural differences are evident
with ‘the mtroducuon of only 5 at. % nitrogen: the average
bond angle increases from 108° to 113°, indicative of both
CN and/or NN bond formation and an increase in the number
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the growth of CCN mixed second neighbor correlations,
some of which may be associated with correlations not di-
rectly involving chemical bonding. It is suggested that the
composition dependence of a small, broadly graphitic, Bragg
component to the data arises from the localized effects of the
higher energy N ion implantation method used to achieve the
higher nitrogen concentrations rather than being associated
with contamination due to macroparticles. The trends in the
data mirror those seen in the neutron diffraction data, and are
also consistent the conclusions drawn from experimental
measurements of hardness, stress, and optical gap.

To obtain more specific information about the local
bonding environments, especially those involving N, other
analysis techniques will be required, e.g., N, 3C, NMR,
and. IR spectroscopy, which are already underway. Also,
comparison with models generated by computer simulations
(using the methods of Ref. 33) may give further insight into
atomic arrangements that are compatible with the diffraction
data.
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