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Auger analysis of plasma treated ultrananocrystalline diamond films
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Ultrananocrystalline diamond films have attracted great research interest due to their properties approaching those of
diamond. In a cycle of works we study the treatment of such layers in oxygen or ammonia plasma. In the first case the
treatment time is tracked; and in the second one we monitor the influence of different additions (fluorophore,
maleimide, etc.). In the current work the accent falls on the Auger analysis (AES). With a view to the electronic
spectroscopies, this is a research of the partial monoatomic overlayer. Since there is more than one adsorbate, it
suggests a solution for the general case of »n adsorbed elements giving their fractional monolayer coverage. This
solution is an approximation for energy above 150 eV, however, it is exact in respect of the magnitude of the fractional
monolayer coverage.

The research showed a significant surface modification of the ultrananocrystalline diamond films in oxygen and
ammonia plasma. The fractional monolayer coverage is in the range of dozens of percentages. The monolayer coverage
model gives values for the adsorbed quantities about 1.9 times higher as compared to the values, obtained by the
homogeneous one. The comparison between AES and X-ray photoelectron spectroscopy (XPS) results for the
coverages, shows qualitative similarity.

The usage of realistic model of the adsorbed layer is crucial for the quantification.
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rather stable [3, 4, 6], i.e. they can not be easily
INTRODUCTION modified by simple chemical treatment in order to

All types of diamond films (single-, poly- achieve, for example, O- or NH,-termination, but

(PCD), nano- (NCD), and ultrananocrystalline require photo, the“?"?'. or electrgchf;mlcal
(UNCD) [1, 2]) have recently attracted an processes. Another possibility is the application of
’ Y plasmas, making use of their non-equilibrium

character, and the presence of highly excited
species.

In a cycle of works we report on the
investigation of the surface modification of UNCD
films by oxygen and ammonia plasmas by means of
surface sensitive analytical techniques, namely
Auger electron spectroscopy (AES) and X-ray
photoelectron spectroscopy (XPS). With a view to
the electronic spectroscopies, this is a research of
the partial monoatomic overlayer. In the current
work the accent falls on the Auger analysis.

increasing  interest  for  applications  in
biotechnologies, especially as a template for the
functionalization with biomolecules, e.g. for
biosensors or DNA chips [3-5]. Besides the
intrinsic extreme properties of the diamond films
such as the high hardness, the chemical inertness,
the high thermal conductivity, and the high optical
transparency which are to a large extent preserved
in the diamond films, and their general
bioproperties such as biocompatibility,
bioinertness, and non-fouling character, there are a
number of surface properties making the diamond
films extremely attractive for such applications. Theory
They can be prepared either H- or O-terminated,
giving a way to either hydrophobic or hydrophilic
chemistries. Almost all diamond surfaces are H-
terminated after the growth, and these surfaces are

Seah [7] is the first to give accurate expressions
for the Auger signals in the monolayer coverage.
The model for substrate from element B with
coverage from the element A, considers Auger
signal from the substrate with two components: the

first from the non-covered (1 — @) part and the
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second from beneath the covered part, @,. Analytic

expression binds the fractional monolayer

coverage, @, with the Auger intensities /, and /.
For @, the equation [7, 8] is obtained:

@ {l-expl=a,/2,(E)eosOy _|1+r,(E) |L/IT (1)
I+ 1, (E,) IB/IZ?O

in which a, means characteristic linear size of
the atom A; A, (E;) and r(E;) — respectively, the
length of the attenuation and the back-scattering
term of the electrons with energy E; in matrix

1-® {l—exp[—a,/A,(E,;)cosO]}

M;1” — the Auger signal from a pure sample of the

element 7, and cosé has typical value of 0.74 for the
cylindrical mirror analyser. For energy above 150
eV and if @, is small, Eqns. (1) is reduced to:

1,/17
D, =074 2
! AB]B/IB

with a symbol Q for the matrix factor of the
monolayer coverage:

| A(E)cosO | 1+r,(E))
Q“{ a, }LHB(EA)} )

We will point out that Eqns. (1), (2) and (3) are
relevant for quantification of XPS data too, with the
only difference that in this case r(E;) = 0.

EXPERIMENTAL

The ultrananocrystalline diamond films were
prepared by microwave plasma chemical vapor
deposition from CH4/N, gas mixture with 17%
methane. UNCD films consist of diamond
nanocrystallites with diameters of 3-5 nm,
embedded in an amorphous carbon matrix with
grain boundary width of 1-1.5 nm. The volume
ratio between the two phases, the crystalline and the
amorphous, is close to one.

In the experiments with oxygen-plasma
treatment it changes the exposition time. In the
others we examine the influence of the combination
of O,- and NH;-plasma treatment with several
technologies. 1. NH3/N2-plasma treatment (for 10
min.), marked in the text as “NH;” (gas flows of 50
sccm of NH3 and 950 sccm of N2); 2. SAMSA
attachment (SAMSA concentration of 2 mM, for 15
h), marked in the text as “FI” (the thiol-bearing
SAMSA fluorescein is prepared from 5-((2-(and-3)-
S-(acetylmercapto)succinoyl) amino) fluorescein,
A-685, Invitrogen, dissolved in NaOH, neutralized
with concentrated HCI, and buffered with sodium
phosphate); 3. Mitsunobu reaction after O2-plasma
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treatment, marked in the text as “O, + M”
(Triphenylphosphane Ph;P  was diluted with
tetrahydrofuran (anhydrous) THF. Di-isopropyl-
azodicarboxylate DIAD was added at 0 °C and the
samples with oxygen terminated UNCD/a-C
composite films were immersed into the mixture for
1 min, and stirred for 5 min. Then, N-substituted
maleimide (0,029 g) was added as a solid to the
reaction mixture. It was kept for about 5 min at low
temperature for maleimide dissolving. The reaction
mixture was stirred overnight at ambient
temperature); 4. Mitsunobu reaction and SAMSA
attachment after O2-plasma treatment, marked in
the text as “O, + M + F1”; 5. SSMCC attachment
after NH3/N2-plasma treatment (1.5 mM SSMCC
solution, for 24 h), marked in the text as “NH; +
SSMCC” (SSMCC  (sulfosuccinimidyl — 4-(N-
maleimidomethyl) cyclohexane-1-carboxylate)
dissolved in TEA solution (150 nM solution of
triethanolamine (TEA) in deionized water)).

More details for the experiment and for the
results from it can be found in our work [9].

The Auger analysis was performed in the
differential mode at primary electron energy E, = 3
keV (Ig = 0.07 pA, Vinea = 4 Vyyp, AE/E = 0.3%).
The most intense Auger peaks of C (272 eV), N
(381 eV), and O (510 eV) were monitored, as well
as those of Si (92 eV), S (152 eV), and F (650 eV);
the concentration of the last 3 elements was below
the sensitivity of our analysis. (Ion milling of the
surface was not performed in order to prevent its
amorphisation and/or graphitisation.) The analyzed
area is with a spot size of ~ 5 pum. Usually, the
analysis is performed in 5 points from the sample
surface, after which the values of the measured
intensities are averaged, if there are not any major
differences between them. Otherwise, more
analyses are made, up to 20. The intensity is
measured “peak to peak”. The quantification is
made by comparison with the standard samples of
Si0,, AIN, and graphite.

RESULTS

Generalized formulae for monolayer coverage in
the case of several adsorbates

In the case of »n adsorbates of the elements Ay,
covering the substrate (B), analogically to the
reasoning [8] behind the deduction of Eqns. (1), we
reach a system of N equations for the degree of
coverage @, For energy above 120 eV, the system
becomes linear. Its solution is:
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K

a, 1+rB(EAK)

Here @, is the fractional monolayer coverage
of the element 4, while the other symbols are as
in Eqns. (1), juxtaposed to the element with the
corresponding index.

o - A, (E, )cosO | 1+r, (E, ) |1, [I7
s L/1;

it et 5],

m A Ep) 141 (Ey) )T

In our case of three elements (O and N above
C), the common denominator in the matrix factor
of Eqns. (4) is:

o= [1+ Jo(Ep) 1+1,(Ey) 1,/15 (B Ln(Ey) 1,/1:

Ao(Ee) 1+1,(Ep) 1.1

Experimental Auger data

The measured relative intensities from the
experiments with an oxygen-plasma treatment are
shown in Fig. 1, while those with an NH;-plasma
treatment in Fig. 2.

Quantification

The data from Fig. 1, quantificated by Eqns. (2)
and (3), are presented in Table 1, while those from
Fig. 2, quantificated by Eqns. (4) and (5), are
presented in Table 2. In the tables &y is a symbol
for the degree of coverage with the element £,
normalized to the area of the atom (In terms of the
model, this is the square of his covalent diameter.).
The symbol @, is for degree of coverage, defined
as ‘number of adsorbed atoms on atom from the
substrate’.

The data from the XPS analysis are presented in
the last column of Tables 1 and 2.
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Fig.1. Dependence of the relative intensity of the oxygen
Auger signal (towards the carbon) from the time of
treatment with oxygen plasma.
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Fig. 2. Relative intensity of the oxygen and nitrogen

Auger signal (towards the carbon) for different
treatments with ammonium plasma.

The attenuation lengths, appearing in the
formulas, are obtained from a predictive formula of
TPP-2M in the database [10]. The covalent atomic
radiuses of oxygen and nitrogen are taken from the
NIST database. The back-scattering term
calculation, necessary for the matrix correction, is
done according to [11]. More procedure details are
presented in section ‘Discussion’.

Table 1. AES data quantification of the oxygen-plasma
experiments (The notation is in the text).

Time, min @y, %  Cp at. % O/C-atom 0&;‘;’)%
1 7.6 45 0.14 15.45
5 10.6 6.2 0.20 14.10
10 9.4 5.5 0.18 15.07
15 7.1 42 0.13 16.00
20 72 42 0.14 15.02
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Table 2. AES data quantification of the experiments combined O,- and NH;-plasma treatment with

several technologies (The notation is in the text).

Adsorbed Oxygen Adsorbed Nitrogen
Treatment
Do, Co, O/C- Ols,at. % @y, Cy, N/C-  Nls, at. %
% at. % atom (XPS) % at. % atom (XPS)
NH; P1 (10 min) 2.8 1.8 0.05 3.12 10 4.8 0.17 7.39
F1 3.5 2.2 0.07 5.97 2.4 1.1 0.04 1.35
O,Pl+M +Fl 7.2 4.5 0.14 12.30 1.6 0.74 0.03 1.21
O,P1(10 min) +M | 7.7 4.8 0.14 - 2.7 1.3 0.04 -
NH; Pl + SSMCC 5.5 34 0.10 8.18 12 5.6 0.20 7.34
DISCUSSION correction too, the detailed deduction

Although it remains semi-quantitative, the
surface evaluation, done by this method, is
much more accurate compared to that of the
homogeneous model of the surface (where
the matrix correction is disregarded). The
obtained numerical result of the surface is 2
to 8 times bigger [7] (we have an average of
1.9 in our case). By reason of interpretation
through ‘the common’ Auger quantification,
the atoms from the monolayer coverage are
looked at as distributed in greater volume
(determined from the information depth),
apparently their concentration is lower.

We would like to highlight, that the
formula derivation (4) is not linked with the
magnitude @, i.e. Eqns. (4) are always valid,
and are not approximated to @; This is
important because in the case of
heterogeneous coverage, it can turn out that
the total degree of the coverage is not small,
although every of its components is small
(i.e., ;<< 1, but not Z@ ~1).

The used model suggests covering the
substrate with the material from the standard
sample (‘overlayer’ experiment). The
calculated degree of coverage measure is the
average atom size from the standard, a. All
of this is clearly defined in the deposition of
metal over metal. The adsorption of an
element, for which there is no elemental
standard (usually metalloid or gas), requires
a comment. The formal approach is to
assume coverage of hypothetical substance
which has the same structure as the standard
but consists of adsorbate atoms only.
However, we now have @ depending on the
standard which is disturbing at first sight. But
if we take in consideration that in the case of
other standard we have to introduce matrix
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according to the model gives us that @ ~ o’ .
a reflects the atom density (in the volume o’
there is one atom).The actually covered area
a’ (‘occupied’ by single adsorbed atom), is
the S/a’-part, where S the actual size of the
atom, calculated with the corresponding atom
radius. That is to say that in such
normalization of the atom area, @ depends
on the type of the adsorbed atom only, but
not on the used standard.

In the discussed case (of adsorption of an
element, which does not have elemental
standard), the maximum degree of coverage
depends on the system (A, B) and the
conditions, in which the process takes place.
Maximum coverage is attainable in the case
of chemisorption, and it could be less than
the determined coverage through the atomic
radius (considered as 100%). If the object of
the experimental study is not the adsorption
itself, additional data for the physical
chemistry of the surface are necessary for the
determination of @, [12]. It may turn out to
be more useful if the result is presented as a
‘number of adsorbed atoms on atom from the
substrate’. In the studied case, the adsorption
of non-activated gas (oxygen of nitrogen) is
not present even in the case of atmospheric
pressure. Apparently, the plasma activates
the chemi-sorption. But a C-atom from the
surface has one free valance bond with which
it can connect to the adsorbed species. The
maximum degree of coverage can be
achieved if every atom from the surface joins
one adsorbed particle. For example, for the
last sample in Table 2 there is a particle at
three of every 10 surface atoms (two
particles, including oxygen atom and one,
including nitrogen atom).
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Main requirement for the accuracy in the
determination of degree of coverage is to
know the attenuation length of the electrons,
A. It would be best if reliable experimental
data are used. The lack of such for the
nitrogen standard used by us, made us use
the both standards with the same priority, i.e.
predictive formulae. (For instance, in [13]
through Elastic peak and reflected electron
loss spectrum (REELS) measurements 1.75
nm are obtained for SiO,; and 1.77 nm are
obtained through TPP-2. For Si;N4; however,
the respective figures are 1.12 nm and 1.41
nm). In the case of metal over metal
deposition, A can be determined by overlayer
experiment, too.

The comparison between AES and XPS
results on the coverages shows similar
quality behavior. The quantity difference in
the results suggests for a systematical error.
The probable reason for this is the difference
in the readings of the surface carbon
contamination of both of the spectroscopic
methods [8]. The different composition of
standards, as well as the area and the place of
the analysis, may have significant
contribution. (In the case of XPS, the area is
400 x 700 pum but the analysis is in three
points ).

CONCLUSIONS

The research showed a significant surface
modification of the ultrananocrystalline
diamond films in oxygen and ammonia
plasma. Chemisorbed oxygen and nitrogen
are observed. The fractional monolayer
coverage is of order of about ten per cent.
The comparison between AES and XPS
results for the coverages shows qualitative
similarity.

Oxygen and nitrogen content, calculated
by the model of the monolayer coverage, is
about 1.9 times bigger, compared to the same
obtained by using homogeneous model of the
surface.

The usage of realistic model of the

adsorbed layer is crucial for the
quantification.
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(Pesrome)

yJ]Tpa-HaHOKpI/ICTaJ]HI/ITe JAWaMaHTCHU CJIOCBC MPUBJIIMYAT TOJIAM M3CJICAOBATCJICKM HHTEPEC, IOpaaun
CBOMCTBaTa MM, OJM3KH JI0 Te3W Ha AMAMaHTa. B IIMKbBJI HAay4yHH TPyJIOBE H3CICABAME TPCTHPAHETO HA TaKHUBa
CJIOEBE C KHUCIOPOJHA U aMOHSAYHA IJIa3Ma; B IbPBUS CIydail — OT IPOABDKUTEIHOCTTA HA TPETUPAHETO, a BbB
BTOpPUSI — BIUSIHUETO Ha pa3nuuHu no0aBku (Giayopodop, Marenmus u T.H.). B HacTosmara paborta yrapeHuero
nazfa Ha Ose aHanmsute. OT TIeTHA TOYKA HA €JIEeKTPOHHNTE CNIEKTPOCKONUH, TOBA € M3Cle/[BaHE HA YaCTHIHO
MOKPHTHE OT MOHO-aTOMEH cioif. Thif KaTo MpuchCTBamuUTEe amcopdaTh ca TOBeYE OT eIHH, ce Mpeiara
peleHye 3a o0Ius cirydail 3a 7 afcOpOUPaHN XUMUYHU €JIEMEHTa, AABAllO TAXHOTO YACTHYHO OT MOHO-CJIIOHHO
nokpurue. Pemenuero e B cuia 3a eHepruu Ha ciejnenure Osxe nukose Haj 120 eV, HO TO € TOYHO CIIPSAMO
CTCIICHTA Ha ITOKPUTHE.

W3cnenBanuATa MOKa3axa 3HAYMTEITHO MOBBPXHOCTHO H3MEHCHHE HA yIATPaHAHOKPUCTATHHUTE JHAMaHTCHH
CIIOeBe B KHCJIOPOJHA U aMOHSYHA IUIa3Ma. YacTHYHOTO MOHO-CIIOHHO MOKPHTHE € OT MOpsIbKa Ha JeceTHHa
nporenrta. To3n pe3ynTar (IpecMeTHAT 10 MOJeNa 32 MOHO-CIIOWHO HMOKPHTHE) € OKOJNO 1.9 IIbTH IO-TOIIM B
CpaBHEHHE C pe3ynTaTa, H3MION3BAll XOMOTCHCH MOIEN Ha NoBbpXHOCTTa. CpaBHeHHmeTo Mexiay Oke
pesynTaTHTe 3a MOKPHTHATa W Te3sum oT PentreHoBa ®otoenektporHa Cnekrpockomus (PPC) moxasBa
KauecTBEHO Io00ue.

HW3non3BaHeTo Ha peaalCcTHYEH MO 3a aJCOOUpaHus CIIOH € PellaBallo 3a KOJIMYECTBEHUS aHAIIH3.
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