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ABSTRACT: Silicon carbonitride (Si:C:N) films were pro-
duced by remote hydrogen—nitrogen microwave plasma
chemical vapor deposition (RP-CVD) from a 1,1,3,3-tetra-
methyldisilazane precursor with a nitrogen content {[N,]/
([Hz] + [N2])} of 0.88 in the plasma-generating mixture
and a substrate temperature in the range of 30—400°C. The
effects of the substrate temperature on the rate and yield
of the RP-CVD process and chemical structure (examined
by Fourier transform infrared spectroscopy) of the result-

ing films were investigated. The Si:C:N film properties
were characterized in terms of the density, hardness, elas-
tic modulus, and friction coefficient. With the IR structural
data, reasonable structure—property relationships were deter-
mined. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 105: 122~
129,2007
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INTRODUCTION

Silicon carbonitride (5i:C:N) thin-film coatings, be-
cause of their superior useful properties, have
recently attracted great interest. These materials ex-
hibit high hardness,'™? a low friction coefficient,*'°
good wear resistance,'” strong adhesion to a sub-
strate,”'> a wide optical band gap,"'>° good field
emission characteristics,'®™'® low electrical conductiv-
ity,"*!” and outstanding high-temperature oxidation
resistance.'” In view of their unique properties, Si : C : N
films are very promising coatings for a wide range of
technological applications. Si : C : N is considered to be
a serious rival for other superhard materials, such as
cubic boron nitride.*

Of the various methods used for the production of
Si:C:N films, chemical vapor deposition (CVD) from a
variety of organosilicon compounds as single-source
precursors appears to be very effective. These techni-
ques include the fabrication of Si:C:N films by thermal
CVD from ethylcyclosilazanes,*' Ar-ion-beam-induced
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CVD from hexamethyldisilazane,” direct plasma
chemical vapor deposition (DP-CVD) from hexame-
thyldisilazar‘te,l’6’9’12 bis(trime’chylsilyl)carbodiimide,12
and bis(dimethylamino)dimethylsilane,* as well as re-
mote hydrogen—nitrogen microwave plasma chemical
vapor deposition (RP-CVD) from 1-dimethylsilyl-2,
2-dimethylhydrazine,** dimethylbis(2, 2-dimethylhy-
drazino)silane,** hexamethyldisilazar1e,25—28 1,1,3,3-tetra-
methyldisilazane (TMDSN),***° (dimethylamino)di-
methylsilane,* and tris(dimethylamino) silane.*

The last technique (RP-CVD) is particularly impor-
tant for the fabrication of high-quality, defect-free coat-
ings for advanced technology because it offers well-
controlled growth conditions free of damaging effects
arising from charged-particle bombardment or high-
energy ultraviolet irradiation.®*?" In this work, we
report on the fabrication of Si:C:N thin-film coatings
by RP-CVD with TMDSN [(Me,HSi),NH] as a single-
source precursor and a hydrogen—nitrogen mixture as
a plasma-generating upstream gas. The results of our
previous study of this process revealed a strong effect
of the nitrogen content in the plasma-generating mix-
ture (H,—Np) on the Si : C : N film growth rate and
deposition yield, resulting from the contribution of
hydronitrene (NH), a highly reactive coreagent pro-
duced in the plasma and fed into the CVD reactor.”’ A
maximum in the growth rate and deposition yield
found for the nitrogen content {cy = [No]/([Ha] +
[N2])} of 0.88 corresponded to the maximum content of
the NH species in the reactor determined by the opti-
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cal emission spectroscopy.” The film growth rate and
deposition yield for ¢y = 0.88 were found to be 4-5
times higher than those in the case of pure hydrogen
or nitrogen being used as the plasma-generating up-
stream gas, that is, for cy = 0 or 1.2

In view of these data, the Si : C : N coatings were
produced in this work with the N, content in the
H,—N, plasma-generating mixture being cy = 0.88.
The effect of the deposition (or substrate) temperature
on the rate and yield of RP-CVD, as well as the chem-
ical structure of the resulting coatings, is reported.
The coatings were characterized in terms of their ba-
sic physical and mechanical properties, which are im-
portant for technological applications. In particular,
the density (p), hardness (H), elastic modulus (E), and
friction coefficient (i) have been examined. The corre-
lations between the chemical structure [controlled by
the substrate temperature (Ts)] and the properties of
the Si:C:N coatings have been determined. The pre-
sented structure—property relationships seem to be an
important aspect for extending our knowledge of this
useful class of coating materials.

EXPERIMENTAL
Film deposition procedure

The RP-CVD system used for the formation of Si:C:N
films has been presented and described in detail else-
where.”® The apparatus consisted of the plasma-
generation section fed with nitrogen and coupled to a
2.45-GHz microwave power supply unit, the remote
section equipped with Wood’s horn photon trap, and
the CVD reactor fed with the precursor vapor and
containing the substrate holder equipped with a
heater. Deposition experiments were performed at a
total flow rate of the upstream gas mixture of F(H,
+ Nj) = 100 sccm, ¢y (0.88) being kept constant in the
mixture; the total pressure was 85 Pa, and microwave
power input was 120 W. The TMDSN precursor, the
Pharmaceutical Chemical Reagents Inc. (PCR) prod-
uct (Gainsville, FL), was evaporated at 20°C and fed
into the CVD reactor at a flow rate of F(TMDSN) =
1.7-2.6 mg/min = 0.3-0.4 sccm. The distance between
the plasma edge and the precursor inlet was 40 cm.
No film deposition was observed in the plasma sec-
tion, and this indicated that there was no back-diffu-
sion of the precursor. The films were deposited on
Fisher microscope cover-glass plates (45 x 50 x 0.2
mm) and on p-type crystalline silicon (c-Si) wafers
(3cm x 3 cm x 0.4 mm) at Tg = 30-400°C. As film
deposition did not occur without the use of plasma,
the contribution of the thermally induced CVD pro-
cess could be excluded.

Film characterization techniques

The thickness of the films deposited onto the c-Si
wafers was measured ellipsometrically with a Nippon
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Infrared Industrial Co. (Tokyo, Japan) EL-101D ellip-
someter equipped with a 632.8-nm He-Ne laser. For
each film sample, the average thickness value was cal-
culated from at least five ellipsometric measurements.

The reflection high-energy electron diffraction
(RHEED) analyses of the films were performed with a
JEM-100U (JEOL, Tokyo, Japan) electron microscope.

Fourier transform infrared (FTIR) absorption spec-
tra of the films deposited onto c-Si wafers were
recorded in a transmission mode on an FTIR Infinity
ATI Matson (Madison, WI) spectrophotometer. The
deconvolution of the FTIR absorption envelopes into
individual absorption bands was performed with
Gaussian functions for curve fitting.

p for the film was estimated from the independ-
ently determined mass of the deposit on cover-glass
plates and thickness values, which were measured
gravimetrically and ellipsometrically, respectively.

H and E data were determined from the nanoinden-
tation measurements performed for approximately
0.8-pm-thick films deposited onto the p-type c-Si sub-
strate with a Nano Test 600 instrument (Micro Materi-
als Ltd., Wrexham, UK) equipped with a Berkovitch-
type trigonal, pyramidal diamond indenter. Measure-
ments were carried out at loads increasing from 0.05
to 4.2 mN at a constant rate of 0.45 mN/s. H and E
were evaluated from the indentation data according
to the method developed by Oliver and Pharr,*® with
software provided by the instrument manufacturer.
To reduce the effect of the substrate material, the ana-
lyzed data were obtained for the case of penetration
depths not exceeding 20% of the film thickness.

The friction force of a stainless steel ball with the
radius of 5 pm sliding over the film surface was mea-
sured with the same instrument used for nanoinden-
tation (i.e., the Nano Test 600) but now equipped
with a friction attachment. Measurements were car-
ried out for films deposited on the c-Si substrate, at a
normal load of 8 mN and sliding speed of 100 nm/s,
over the distance of 100 pm, in ambient air (tempera-
ture = 21-22°C, relative humidity = 44%). The topog-
raphy of the scanned surfaces was registered along
with the friction force to eliminate the influence of
possible artifacts on the measurements.

RESULTS AND DISCUSSION
Film growth rate and growth yield

The RP-CVD process has been characterized by the
determination of the thickness-based film growth rate
(r4) and film growth yield (k;). The latter parameter is
defined as k; = r;/F, where F denotes the mass-based
precursor flow (or feeding) rate. In physical terms,
parameter k; expresses the thickness of the deposit
per unit of mass of the precursor fed into the reactor.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 (O) rz and (A) k; of Si: C : N films as a func-

tion of the inverse of Ts.

Figure 1 shows the Ts dependence of r; and kg,
determined in the form of Arrhenius plots. As can be
noted from these plots, the values of r; and ky
decrease with increasing Ts. The negative values of
the apparent activation energy, E, = —0.03 eV and E,
= —0.02 eV, resulting from the slopes of the r; and k;
Arrhenius plots, respectively, imply that the RP-CVD
is mainly controlled by the adsorption of film-forming
precursors from the gas phase onto the growth sur-
face. In this case, E, is expressed as E, = E, + AE,,,
where E, denotes the activation energy of the film-
forming reaction and AE,; is the apparent heat of
adsorption of the film-forming precursors and has a
negative value.*** Thus, the negative E, values are
due to the fact that the absolute AE, value is higher
than the E, value. These results account for the
adsorption of the precursors onto the growth surface
as the major factor limiting the film growth rate. It is
worth mentioning that an analogous thermal activa-
tion effect, exhibiting E, < 0, has been observed for
RP-CVD* and DP-CVD*** involving a number of
organosilicon precursors.

Film structure

The Si:C:N films deposited at different Ts values were
examined in terms of their microstructure with
RHEED analysis. The RHEED patterns obtained for
the films deposited at different Ts values in the exam-
ined range of Ts = 30-400°C revealed the absence of
reflexes that might be assigned to the crystalline
structure, thus accounting for the amorphous struc-
ture of the films.

An FTIR spectroscopy examination of these Si: C: N
films provided important information about the chemi-
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cal bonds and groups contributing to the film bulk
structure. Figure 2 shows the FTIR spectra of the
Si:C:N films deposited at various T's values. The partic-
ular absorption bands were identified with the litera-
ture data.*'**

The film spectra in Figure 2 reveal the presence of
the following absorption bands:

+ The intense broad band in the range of 1400-700
ecm™!, including overlapped signals from the
Si—Me deformation mode (1266-1263 cm™?),
N—H bending mode of Si—NH—Si and/or
Si—NH—C (1188-1172 cm '), —CH,— wagging
mode of Si—CH,—Si and/or Si—O asymmetric
stretching mode (1039-1019 cm '), Si—N stretch-
ing mode (940-916 cm™'), and Si—C stretching
mode (846-798 cm ™ 1).

o The band in the range of 1720-1718 cm ! [Fig.
2(a,b)] from the stretching mode of C=O0.

« The band in the range of 2400-2000 cm ™' com-
posed of two overlapped signals from the C=N
stretching mode of Si—CN (2196-2189 cm ™)
and Si—H stretching mode (2150-2101 cm ™).

» Weak intensity bands in the range of 2973-2906
cm ! [Fig. 2(a—)] from the asymmetric stretch-
ing mode of C—H.

« The band in the range of 3368-3360 cm ' from
the stretching mode of N—H in the Si—NH—Si
and/or Si—NH—C units.
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Figure 2 FTIR transmission spectra of Si : C : N films de-
posited on c-Si wafers at various deposition temperatures:
(a) 30, (b) 100, (c) 200, (d) 300, and (e) 400°C.
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Figure 3 Example of a resolved IR absorption band in
the range of 1350-650 cm ™' for a Si : C : N film deposited
at Ts = 200°C.

The increase in Ts involves marked changes to the
film spectra, as revealed in Figure 2. To obtain quanti-
tative information about the evolution of the film
structure, the spectral envelope ranging from 1350 to
650 cm ' (Fig. 2) has been resolved into the compo-
nent bands. This resolution is exemplified in Figure 3
for the case of a film produced at Ts = 200°C, show-
ing component bands from the Si—Me (1266 cm ™),
N—H (1188 cm™'), Si—CH,—Si and/or Si—O (1019
em ™), Si—N (916 cm ™), and Si—C (809 cm ™) units.
The band at 1019 cm™ ' cannot be resolved into the
Si—CH,—Si and Si—O components because of their
extremely strong overlap.

Oxygen contamination, revealed by the Si—O band
contribution, may originate from two potential sour-
ces. The first may be the etching of the glass walls of
the CVD system by highly reactive atomic species
from the plasma, resulting in the incorporation of
oxygen-containing etch products into the growing
film.*> The second source may arise from the reac-
tions of long-lived dangling bonds in the deposit with
atmospheric oxygen or moisture, which may occur af-
ter the film is exposed to the ambient environment.

The relative integrated intensities of the component
Si—N, Si—C, N—H, and SiMe bands (determined as
the ratio of the particular component band area to its
envelope area) are shown in Figure 4 as a function of
Ts. The IR intensity curves in Figure 4 reveal the
following trends with increasing Ts:

o The marked rise in the intensity of the Si—C
band.

o The increase in the intensities of the Si—N and
N—H bands to the maximum values at T5 = 100°C
and drop for 100°C < Ts < 400°C.
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o The increase in the intensity of the Si—CH,—Si
and/or Si—O band to the maximum value at Tg
= 200°C and decrease for 200°C < Tg < 400°C.

+ The decrease in the intensity of the SiMe band to
nearly zero at Ts = 300°C.

The IR data in Figure 4 account for the elimination of
the methyl groups and thermally enhanced crosslink-
ing leading to the formation of the Si:C:N network
structure in the film deposited at a high Ts regime.
However, the Si—C bonds appear to prevail over the
S5i—N bonds in the network.

Crosslinking reactions

On the basis of the results of the structural study,
hypothetical mechanisms of some elementary reac-
tions contributing to the crosslinking process in the
Si:C:N film can be postulated. The rise in the inten-
sities of the Si—N and N—H IR bands for Ts < 100°C
(Fig. 4) may be ascribed to the insertion of hydroni-
trene into the Si—C bonds in the methylsilyl groups
and into the segments of the film network, resulting
in the formation of the Si—NH—C units. This process

takes place at the growth surface via eq. (1):2%3

| | |
HN + —Si—C— —» —Si—NH—C—

The incorporation of hydronitrene species into the
film according to eq. (1) lengthens the crosslinks and
subsequently leads to loosening of the film network.
Therefore, this process seems to markedly affect the
Si: C: N film properties.

;\? 50 T T T
g Si-N
m 40 B
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Figure 4 Relative integrated intensities of IR bands corre-
sponding to the (O) Si—N, (O) Si—C, (A) N—H, (+)
Si—CH,—Si/Si—O0O, and () SiMe units in an Si:C:N film
as a function of Ts.
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The marked rise in the intensity of the Si—C IR
band observed with increasing Ts in Figure 4 is due
to thermally enhanced crosslinking reactions involving
the methylsilyl groups, which, according to the chem-
istry of pyrolysis of poly(methylcarbosilanes),**
may proceed via egs. (2) and (3):

| | |
2(—?i—Me) NS —S|i—CH2—?i— + CH, (@

—si— —si—
| ] |5
—Si-Me + H-CH A»—Si—(EH + CHs (3)
—si— —si—

The formation of carbosilane crosslinks via eq. (2) is
in agreement with the maximum appearing in the
Si—CH,—Si/Si—O intensity curve (Fig. 4). Equa-
tions (2) and (3) well explain the elimination of the
methylsilyl groups revealed by the IR intensity SiMe
curve in Figure 4.

Structure—property relationships

The relative integrated IR absorption intensity data in
Figure 4 were used for determining the relationships
between the Si:C:N film structure and its physical and
mechanical properties.

p

p for the film, an important physical property
strongly sensitive to crosslinking, is shown in Figure
5 as a function of the relative intensities of the IR
absorption bands from the 5i—N, N—H, and Si—C
bonds, controlled by Ts. From the plots in Figure
5(a,b), it can be inferred that increasing contents of
the Si—N and N—H bonds in the film cause a signifi-
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cant drop of the p value from 3 to 1.7 g/cm>. This is
due to the earlier mentioned loosening of the film net-
work resulting from the formation of Si—NH—C
bonds via eq. (1). On the other hand, the increase in
the content of the Si—C bonds in the film network
gives rise to the p value [Fig. 5(c)]. This strong densifi-
cation of the film can be ascribed to thermally
induced crosslinking reactions expressed by egs. (2)
and (3).

The high p value (3.0 g/ cm?) of the Si:C:N film de-
posited at Ts = 400°C (Fig. 5) is close to those of crys-
talline silicon nitride (p =3.2 g/ cm®)*® and silicon car-
bide (p = 3.1 g/ cm®).* For comparison, the p values
reported for Si : C : N films produced by DP-CVD
from the mixtures of hexamethyldisilazane and hydro-
gen® at Ts = 350°C and diethylsilane and ammonia™
at Ts = 300°C are 2.3 and 2.1 g/cm?, respectively.

H and E

Figure 6 shows the plots of H and E as functions of
the relative integrated intensities of the IR bands from
the Si—N, N—H, and Si—C bonds, controlled by Ts.
The plots indicate that H and E vary in the ranges of
H = 2.5-16.2 GPa and E = 43-187 GPa (for Ts = 100
-400°C). H and E, determined for the c-Si substrate,
are 12 and 199 GPa, respectively.

It can be inferred from the presented plots that the
H and E values decrease markedly with increasing
contents of the Si—N and N—H bonds [Fig. 6(a,b),
respectively] and increase with rising contents of the
S5i—C bonds [Fig. 6(c)]. It is interesting to note that
the trends in the H and E plots in Figure 6(a—c) are
similar to those in respective p plots in Figure 5(a—c).
This accounts for the reasonably good correlation
existing between H and E of the film and its p. Thus,
the drop in the H and E values in Figure 6(a,b) is evi-
dently due to the decreasing p value of the film, as
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Figure 5 p of Si:C:N films as a function of the relative integrated intensities of IR absorption bands from (a) Si—N, (b)
N—H, and (c) Si—C bonds, controlled by Ts.
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Figure 6 (O) H and (A\) E of Si:C:N films deposited onto c-Si substrates as a function of the relative integrated intensities
of the IR absorption bands from (a) Si—N, (b) N—H, and (c) Si—C bonds, controlled by Ts.

shown in Figure 5(a,b), whereas their increase in Fig-
ure 6(c) can be ascribed to densification of the film
resulting from the rising content of the Si—C cross-
links, as can be inferred from Figure 5(c).

For comparison with the H and E values for these
films, the literature data on Si : C : N films formed on
a c-Si substrate by DP-CVD from hexamethyldisila-
zane at Ts = 300-450°C,” from diethylsilane and am-
monia at Ts = 100-300°C,*° from silane, methane, and
nitrogen,' and from silane, ethylene, and nitrogen at
Ts = 400°C°* revealed H = 12-18 GPa,’ H = 1-13 GPa
and E = 40-100 GPa,” H = 24-33 GPa and E = 150
~198 GPa,'’ and H = 11-13 GPa,”" respectively.

u

Figure 7 shows the effects of structural parameters
expressed by the relative integrated intensities of the
IR absorption bands from the Si—N and Si—C bonds,
controlled by T, on p of the a-5i : C : N : H film. The

presented structural plots indicate that p varies in a
narrow range of small values (n = 0.02-0.05). For
comparison, p measured for the c-Si substrate was
0.07. It can be inferred from the presented plots that p
decreases with an increasing content of the Si—N
bonds [Fig. 7(a)] and rises slightly with an increasing
content of the 5i—C bonds [Fig. 7(b)].

With the same technique used in this study, we
have measured the p values for silicon carbide (a-
5i:C:H) films deposited on c¢-5Si at Ts = 100-300°C by
RP-CVD from tetramethyldisilazane and (dimethylsi-
lyl)(trimethylsilyl)methane precursors with hydrogen
as a plasma-generating upstream gas.”* The reported
u values were in the range of 0.04-0.05.>>

CONCLUSIONS

The negative values of E, resulting from the slopes of
the thermal activation plots of the film growth rate

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 | (against stainless steel) of Si: C : N films deposited onto c-Si substrates as a function of the relative integrated
intensities of the IR absorption bands from (a) Si—N and (b) Si—C, controlled by Ts.

and film growth yield imply that the investigated RP-
CVD process is controlled by the adsorption of film-
forming precursors from the gas phase onto the
growth surface.

As revealed by the results of the IR study, Ts is a
key parameter strongly influencing the chemical
structure of the Si : C : N films. An increase in Tg
leads to the elimination of the organic groups and
subsequent crosslinking via the formation of the
Si—C and Si—N networks. However, in a high Ts
range (300-400°C), the formation of the Si—C cross-
links dominates.

Distinct relationships were found to exist between
the IR structural parameters, related to the Si—N and
Si—C bonds and the NH units (in Si—NH—Si and/
or Si—NH—C crosslinks), and the Si : C : N film
properties, such as p, H, and E. An increase in the
contents of the Si—N and N—H bonds was found to
accompany significant drops in p, H, and E. Opposite
trends were observed for the case of Si—C bonds: p,
H, and E were found to increase markedly with rising
contents of Si—C bonds in the film network. p varied
in a very narrow range of small values (i = 0.02-0.05)
and dropped with increasing contents of the Si—N
bonds. The increase in the contents of the Si—C
bonds caused a slight rise in p.

In view of the relatively high H value (16 GPa)
and low p value (0.05 against stainless steel) found
for the a-Si : C : N film deposited at Ts = 400°C,
this material may be useful as a tribological coating
for metals.

The authors thank D. Bielinski (Technical University
of Lodz) for his kind assistance with the indentation
measurements.
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