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MICROSTRUCTURE OF THE a-C:H/W LAYERS DEPOSITED BY PLASMA
ASSISTED SEQUENTIAL DEPOSITION METHOD
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A study regarding the microstructure of a-C:H/W mixed materials deposited by plasma
assisted sequential deposition method is presented. The deposition of layers was
performed by cyclic exposing a substrate, for predefined time intervals, to two deposition
processes, working in alternative sequences: Magnetron Sputtering (MS) for metal
deposition and Plasma Enhanced Chemical Vapor Deposition (PECVD) for carbon
deposition. During the deposition the plasma parameters were kept constant while the
durations of the individual MS and PECVD steps were systematically modified. The
deposited samples were investigated using both transmission and scanning electron
microscopy methods. Nanocomposite structures are obtained if each metal deposition step
is interrupted in the island stage of the layer formation followed by coverage with a
continuous layer of carbon. Multilayer structures are obtained when the full development
of a continuous metallic layer is allowed. The spatial periodicity of the multilayers can be
adjusted in between tens and hundreds of nanometers by proper setting the duration of
substrate exposure to plasma sources.
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1. Introduction

The properties of amorphous carbon coatings [1,2] are substantially modified by addition
of different metals, resulting in mixed carbon/metal coatings, like nanocomposites (i.e.
nanocrystals of metal inserted in a carbon matrix [3]) or multilayer structures (i.e. continuous
layers of metal interspersed with continuous layers of carbon [4]). Carbon/metal nanocomposites
coatings are used in tribological applications [3,5], in sensors, selective absorbers for solar cells
[6,7], as coatings for medical implants [8] etc. Mixed carbon/metal layers are also useful as test
layers for assessment of cleaning technologies for ITER (international thermonuclear experimental
reactor), where they are formed due to wall erosion and are causing tritium retention [9,10,11].
The applications of metal carbon multilayers include protective coatings for magnetic recording
disks [12,13], components for X-ray optics [14,15], tribology [16], etc. Plasma methods (both
physical and chemical enhanced vapor deposition) are used for deposition of mixed carbon/metal
layers. Nanocomposite layers are usually obtained by simultaneously addition of both metallic and
carbonic components to substrate, by using for example: co-sputtering of metal and graphite
targets [17,18], reactive magnetron sputtering of a metallic target [7,19], magnetron sputtering
(MS) accompanied by a plasma enhanced chemical vapor deposition (PECVD) process [20],
pulsed filtered cathodic arc deposition [21], ion beam sputtering [14], implantation of metallic ions
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into deposited carbon films [22], pulsed laser deposition from a bi-component target [8], laser
ablation of a graphite and of a metallic target [6], magnetron sputtering combined with pulsed laser
deposition [23], etc. Still, under specific experimental conditions, instead of nanocomposites,
spontaneous self-organized multilayer structures may develop at nanoscale level [17,19,21]; in
these situations, the properties of the multilayers (mainly the spatial periodicity) strongly depends
on the process parameters. Carbon/metal coatings are also produced by layer over layer addition
of the components to the substrate (for example by alternative and sequential laser ablation of a
graphite and of a metallic target [6]).

A sequential deposition method for either carbon/tungsten nanocomposite or multilayer
thin films was proposed previously by us [24]. It consists in exposing repetitively the substrate, for
a predefined number of times, to a MS discharge (for deposition of W) and to a PECVD discharge
(for a-C:H deposition). The peculiarity of this process consist in adjusting the layers properties by
a proper selection of temporal parameters (mainly the durations of metal and carbon deposition
steps), while maintaining unmodified the plasma parameters (for both PECVD and MS). For long
deposition steps (tens of seconds), the compositional depth profiles of the deposited layers show a
periodic variation, indicating a multilayer structure. For lower duration of the deposition steps
(few seconds), the deposited material consists of metal crystallites incorporated in a carbon matrix.
The present study, based mainly on electron microscopy investigations, aims to identify the values
of the temporal parameters leading to deposition of multilayers or to nanocomposite material.

2. Experimental

The plasma assisted sequential deposition method was presented previously in detail in
[24] and [25]; for clarity we will be briefly review it here. The deposition setup (presented
schematically in Fig.1) uses two plasma sources orthogonally mounted on a vacuum chamber.
They are a two inches magnetron sputtering (MS) device for W deposition and a plasma enhanced
chemical vapor deposition source (PECVD) for a-C:H deposition. A rotatable substrate holder,
placed at the intersection of the plasma sources axes, exposes the substrate alternatively to each of
the discharges for a predefined number of times (denoted with NCYC = number of cycles). A
deposition cycle consists in: exposure of substrate to MS plasma for tW seconds, transport of
substrate from MS to PECVD (lasting tTR seconds), exposure of substrate to PECVD plasma
(lasting tC seconds) and finally, backward transport of substrate in front of the MS plasma source
(lasting tTR seconds). During the corresponding deposition steps, each discharge is activated using
radiofrequency power (13.56 MHz, 80 W applied to each plasma source). The plasma sources are
turned off during the substrate movement. While the substrate transport is performed, the proper
gaseous atmosphere, corresponding to the next deposition step, is prepared: 70sccm of Ar (grade
6.0) for MS, mixed with 5 sccm of C,H, (grade 2.6) for the PECVD process. Ar is flowing
continuously through the deposition chamber, while C,H, is sequentially admitted and evacuated
during the substrate transport. The base pressure in the deposition chamber is 5x10~Pa, an it is
establish to 2.4Pa during the metal deposition step and 2.7Pa during the a-C:H step. The substrate
movement, sequential activation of plasma sources and gas admission are controlled through a
computer.
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Fig.1. Schematic representation of the sequential deposition setup.

For our study, a-C:H/W layers were deposited on Si(001) substrates, considering different
time values for the plasma exposure (tW, tC). Table I presents the deposited samples and their
corresponding values of the temporal parameters (tW, tC, NCYC). The sample names contain the
duration of exposure to plasma sources; for example 6W7C80 denotes the sample deposited using
tW =6s, tC=7s, and NCYC=80. All samples were deposited using the same value of transport time,
i.e. tTR=5s. All other plasma parameters (specific to MS and PECVD processes) were kept
constant.

Table I. The deposited samples and the corresponding values of the temporal parameters.

Sample name tW[s] | tC[s] | NCYC

200W400C10 200 400 10

20W40C10 20 40 10
6W7C80 6 7 80
2W11C80 2 11 80

The microstructure of the deposited layers was investigated using scanning electron
microscopy (SEM) on cross sections and high resolution transmission electron microscopy
(HRTEM) accompanied by the corresponding selected area electron diffraction patterns (SAED).
SEM investigations were performed with a scanning electron microscope model FEI Inspect S,
using an acceleration voltage of 30 kV. Cross sections for SEM investigations were obtained by
cleaving the coated silicon substrates. The HRTEM studies were performed using an atomic
resolution analytical JEOL JEM-ARM 200F electron microscope, operating at 200 kV. Specimens
for TEM analysis were extracted under ethanol from the deposited film and transferred on holey
carbon grids.

3. Results

Fig.2.a presents in cross-section the multilayer structure of a sample deposited at long
times (tW an tC of hundred of seconds, 200W400C10), and Fig.2b presents the cross section of a
sample deposited at shorter times (tens of seconds, 20W40C10). Both samples consist of 10
carbon layers (dark contrast) interspersed with 10 layers of tungsten based material (lighter
contrast). The thickness of every layer in the sample 200W400C10 is around 100nm (the intended
value); the spread of the measured values (see Fig.2.a) is most probably due to non uniform
cleaving of the sample.
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Fig.2. Cross section SEM images of samples: a) 200W400C10, b) 20Ww40C10 and ¢) 6W7C80.

Fig. 2.b clearly reveals the multilayer structure of the sample 20W40C10. It was difficult
to evaluate the thickness of the individual layers because the SEM instrument was used at its
resolution limit and the measurements were affected by electrostatic charging of the sample
(horizontal white lines in Fig.2.b). The measured value is 219 nm, reasonable close to the
intended one (200nm/layer).

For samples of a-C:H/W deposited with even lower durations of exposure to plasma (in
the range of seconds), the SEM technique on the cross section suggest possible formation of a
columnar like structure. This is presented in Fig.2.c for sample 6W7C80; the cross section image
of the sample 2W11C80 is similar and is not presented here.

For better resolving the structural details of these samples, HRTEM investigations have
been performed. Fig. 3.a shows a low magnification HRTEM micrograph of to sample 6 W7C80
(tW=6s, tC=Ts, tW = tC), clearly revealing that the multilayer structure is still present. The SAED
pattern corresponding to this micrograph (presented as inset) indicates the presence of the
tetragonal WO; phase (JCPDS file 85-0807, a=b=0.525 nm, ¢=0.3915 nm) in the crystalline
regions of dark contrast. Amorphous carbon is present in the lighter stripes. The WO; crystallites
have an average dimension of 5 nm (Fig.3.b). The spatial periodicity of the multilayer structure is
very close to 10nm (Fig.3.c), only twice the dimension of the WO; crystallite; it results that the
interface between the layers is defined mainly by the WO; crystallites arrangement, the interlacing
between WO; and C layers appearing to be reasonably. Indeed, the compositional profile (Fig.3.c)
of the multilayer structure, obtained from the intensity line profile of the sequence C/WO3, shows
that the interfaces between the two phases are chemically diffuse. Similar interlacing between
metal based and carbon layer was also observed in [14, 15] for C/W multilayer structures with
nanoscale periodicity.

30 nm . Bnm

Fig. 3: HRTEM images of sample 6W7C80: a) at low magnifications the multilayer
structure is revealed; the SAED pattern (inset) is indexed with the tetragonal WO; phase;
b) at higher magnifications, lattice fringes of the encircled WO3 crystallites are visible;
c) the line profile of the highlighted sequence shows the ~ 10 nm periodicity of C/WQO;
structure.
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Fig.4 and Fig.5 present the HRTEM micrographs recorded in two distinct regions the
sample 2W11C80 (tW=2s, tC=11s, tW << tC). The sequential character of deposition process is
hardly revealed in Fig.4.a; indeed, investigations performed with higher magnification (Fig.4.b)
prove that the tungsten crystallites are mostly separated from each other, and only an incipient
multilayers development is apparent. The corresponding SAED pattern (not presented here)
indicates that the deposited sample presents a highly amorphous character, in agreement with our
previous investigation [24] performed by X-ray diffraction.

20 nm

Fig.4. a) HRTEM image of sample 2W11C80 showing an area marked with a black square
where the sequential character of deposition is revealed; b) the squared area at higher
magnification reveals discontinuous tungsten based layers (dark contrast).

Fig.5 presents HRTEM images recorded in another area of the sample 2W11C80, where
the crystallites (dark contrast) are patchy distributed in an amorphous matrix. The Fast Fourier
Transform (FFT) corresponding to the HRTEM image of Fig.5.b, shows that the crystalline grains
belong to the W,(C, O) cubic phase (JCPDS file 22-0959 a=0.424 nm). Indeed, the indexed intense
ring in the FFT pattern belongs to the diffraction maximum of highest intensity, which
corresponds to the (111) planes of the cubic W,(C, O) structure, presenting an interplanar distance
d=0.244 nm. The dimensions of the crystallites are around 2-3nm (see Fig.5.b).
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Fig.5. Low (a) and |gh magnifications (b) HRTEM images of the 2W11C80 sample, from
a region where the crystallites are patchy distributed. In (b) the inset is the FFT of the
HRTEM image showing the presence of W,(C,0) phase in the dark crystallites.

It results that sample 2W11C80 presents a nanocomposite like structure, consisting in an
amorphous hydrogenated carbon a-C:H matrix in which small crystallites of tungsten compounds
(carbides, oxides) are embedded.

The unexpected presence of chemical bonded oxygen in both 2W11C80 and 6W7C80
samples must to be related with the residual oxygen contained in the discharge chamber or to the
impurities found in the process gases.

4. Discussions

The electron microscopy results show that, depending on the duration of the individual
metal or carbon deposition steps, nanocomposite or multilayer structure can be deposited using the
sequential deposition method. Thus, if during every deposition cycle, the MS step is interrupted in
the island stage of the layer growth and it is subsequently followed by deposition of a continuous
layer of carbon, the result will be a nanocomposite structure. It is the case of sample 2W11C80:
only an incipient formation of the W continuous layer is observed in some regions of the sample
during the short exposure (tW=2s) of the substrate to MS source. Increasing the duration of metal
depositing step up to tW=6s (sample 6W7C80), the W based grains will coalesce forming a
continuous layer; the overall result of the sequential process will be in this case a multilayer
structure. Coalescence of the W based grains is favored by the high kinetic energy of the sputtered
ad atoms, resulting in an increase of the islands mobility on the carbon surface. The high mobility
of the metal based islands increase also their diffusion probability, explaining the mixing between
layers at the interfaces (like can be observed in Fig.3.c for sample 6W7C80), similar with results
reported in [15].

In view of a-C:H/W multilayer applications, especially for X rays optics, an important
aspect is the chemical composition of the multilayers and of the interfaces. SAED measurements
revealed chemical bonds between W and C (in W,(C, O) form) in the sample 2W11C80 (tw=2s)
while in the sample 6W7C80 (tw=6s) they are absent (or under the detection limit). This suggest
that during the MS step the C,H, traces are totally consumed in a time interval very close (still
higher) to tw=2 s, the magnetron discharge continuing afterward only in the presence of the
residual O,. This result strengthens a similar conclusion obtained previously on bases of optical
emission spectroscopy investigations [25]. Further increase of the deposition steps durations, up to
tens/hundreds of seconds (samples 200W400C10 and 20W40C10) leads to deposition of
multilayers of a-C:H/W with well-defined structure. Their spatial periodicity can be tailored
between tens of nanometers up to hundreds of nanometers.
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5. Conclusions

The microstructure of mixed samples of a-C:H/W deposited by plasma assisted sequential
deposition method was investigated. During samples preparation the plasma generation parameters
were kept constant while the temporal ones (mainly the durations of the metal magnetron
sputtering and PECVD carbon deposition steps) were modified. SEM and HRTEM investigations
proved that properly adjusting the duration of individual deposition steps from a few seconds up to
hundreds of seconds, nanocomposite or multilayered structures can be obtained. Thus, a
nanocomposite structure is formed when the metal deposition step is interrupted in the island stage
of the layer growth and followed by coverage with a carbon layer. Increasing the duration of
deposition steps multilayer structures can be deposited. Their spatial periodicity can be tailored in
a domain ranging from ten up to hundreds of nanometers.
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