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The effect of high-temperature annealing on tungsten (W) films deposited on silicon carbide (SiC) with and
without a titanium nitride (TiN) diffusion barrier was examined as a function of time. Evolutions in phase
composition, surface morphology, and roughness from annealing at 1273 K were investigated for up to 24 h.
Without a TiN diffusion barrier, solid state reactions between the W film and SiC substrate led to the formation of
WsSiz, W»C, and WC species and the rise of an inhomogeneous surface structure that was initially web-like and
later discontinuous. Severe roughening on the order of the initial film thickness was observed. Incorporation of a
100 nm TiN diffusion barrier suppressed the formation of WsSi; and W>C and only trace WC could be detected
due to species diffusion through TiN grain boundaries. Changes in the surface structure and roughness were

minimal. The results of this work warrant consideration of TiN as an effective diffusion barrier for W on SiC
systems where structural stability at high temperatures is highly desired.

1. Introduction

The tungsten (W)/silicon carbide (SiC) system has attracted much
interest in recent years due to its importance to a number of technol-
ogies, ranging from gas-cooled fusion systems [1] and thermionic en-
ergy converters (TECs) [2] to high temperature and high power elec-
tronics [3]. Since many of these applications involve operation at high
temperatures, several studies have reported the effects of annealing on
the W/SiC system [1,3-9]. These studies have shown that elevated
temperatures enhance the rate of solid-state reactions at the interface
between W and SiC, yielding a variety of silicides and carbides. The
formation of these compounds usually has negative impacts on the
desired characteristics of the system. For example, they result in in-
creased contact resistance between W and SiC [3], and in some cases,
mechanical failures such as delamination or embrittlement [1,2].

To address these issues, it is necessary to incorporate a diffusion
barrier between W and SiC to suppress the interfacial reaction. Due to
its good electrical conductivity, high melting point, and large negative
enthalpy of formation that grants stability to several materials, titanium
nitride (TiN) has been demonstrated as an effective barrier in various
metallization schemes (Al [10], Cu [11], Ag [12], W [13], etc.) to Si at
elevated temperatures. Considering the W/SiC system, TiN exhibits
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thermodynamic stability to W up to 2173 K under vacuum conditions
[14]. Limited studies of TiN films grown directly on SiC substrates
[15-18], primarily for the purpose of metal contacts, also suggest non-
reactivity of TiN to SiC up to at least 1373 K [18]. Thus, TiN satisfies the
necessary requirement of being thermodynamically stable toward both
W and SiC and holds promise as a diffusion barrier. However, few
studies thus far have probed the barrier performance of TiN in metal/
TiN/SiC systems. In the preparation of reinforced metal matrix com-
posites, chemical-vapor deposited (CVD) TiN was shown to suppress the
reaction between SiC fibers and a W-Cu alloy [19], and SiC particles
and an Fe-based alloy [20]. Thick CVD TiN films (> 10 pm) have also
been demonstrated as a stable barrier between a W substrate and CVD
SiC film at high temperatures [21]. However, for several applications
such as TECs and high-temperature electronics, it is more relevant to
examine the behavior of TiN as a diffusion barrier between a SiC sub-
strate and W thin film. This system is the focus of the present study.
Additionally, in contrast to the aforementioned metal/TiN/SiC studies,
we utilize a sputtering process for TiN, which is generally safer and
avoids the toxic TiCl4 precursor often employed in the TiN CVD pro-
cesses. We report that a sputtered TiN thin film creates a high-tem-
perature stable system between a W thin film and 4H-SiC(0001) sub-
strate, which is the most commonly used wafer for SiC-based
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technologies. A temperature of 1273 K was examined for this study as it
is an appropriate and frequently examined temperature for potential
thermionic emitters [22-25].

2. Experimental details

Hexagonal 4H-SiC (0001) wafers (100 mm diameter, 365 um thick,
engineering-grade, 4° off-axis cut toward [1120], n-doped with
0.0195-0.0205 Q-cm resistivity range, and low micropipe density of
<5 micropipes/cm?) were obtained as starting material (SiCrystal AG).
Prior to deposition, substrates underwent a cleaning protocol, whereby
they were sonicated in separate acetone and isopropanol baths, treated
with ultraviolent ozone, rinsed in dilute hydrofluoric acid followed by
deionized water, and dried with nitrogen gas.

TiN thin films were deposited onto clean 4H-SiC(0001) substrates
using DC reactive sputtering of a Ti target (MRC 944 sputtering system).
The base pressure of the system was 6.7 x 10~ ° Pa. Pre-sputtering at
2kW and an Ar pressure of 1.1 Pa was done for 2 min to clean the Ti
target. This was followed by sputter etching at 200 W and an Ar pres-
sure of 1.6 Pa for 2 min to remove potential contaminants from the SiC
surface and improve the quality of the deposited films. TiN reactive
sputtering was carried out at 2kW and 1.1 Pa under 25% N5/75% Ar
flow until 100 nm films were obtained. W films were then deposited
onto both the TiN/SiC samples and bare SiC substrates for parallel
processing and comparison. W sputtering was carried out at 500 W and
1.1 Pa under Ar flow until 100 nm films were obtained. These film
thicknesses were verified via cross-sectional imaging.

Annealing studies were conducted inside a hot-wall tube furnace
(Thermo Scientific Lindberg Blue M) that was pumped to a base pres-
sure of 1.3 Pa, wherein the W/SiC and W/TiN/SiC samples were heated
to 1273 K at an average rate of ~50 K/min under 215 scem Ar (Praxair,
99.999%) flow. The operating pressure was 130 Pa. Samples were held
at 1273 K for a specific length of time (1 h, 5h, or 24 h), after which the
samples were gradually cooled back to room temperature under Ar
flow.

Reaction products and crystallite properties for the W/SiC and W/
TiN/SiC systems before and after annealing were characterized using X-
ray diffraction (XRD, Bruker AXS D8 Discover with GADDS). Analysis
was performed using a Co K, radiation source and a step size of 0.005°.
Phases and orientations were identified by comparing the obtained
spectra to the International Centre for Diffraction Data database (ICDD-
PDF-4). Changes in surface morphology were examined using scanning
electron microscopy (SEM, FEI Quanta, accelerating voltage set to
20kV). The evolution of surface roughness with annealing time was
characterized using atomic force microscopy in tapping mode (AFM,
Bruker Icon Scanning Probe Microscope).

3. Results and discussion

Phase identification with XRD was conducted to characterize the
stability of the W/SiC(0001) system in the absence and presence of a
TiN diffusion barrier. Different periods of annealing were examined to
identify initial phase formation and the evolution of the reaction pro-
ducts with time. Fig. 1 compares the XRD patterns of the W/SiC and W/
TiN/SiC samples as-deposited and after annealing at 1273K for 1, 5,
and 24 h. First considering the case without a TiN diffusion barrier, the
as-deposited W/SiC sample is characterized by a high intensity dif-
fraction peak at 46.9° corresponding to the (110) crystal planes of W.
Minor peaks at 68.5° and 87.2° are attributed to the (200) and (211)
planes of W, respectively, and highlight the polycrystalline nature of
the sputtered film. No other peaks were observed, indicating the reac-
tion kinetics at the W/SiC interface are relatively low during deposition.
Comparison of the annealed W/SiC spectra reveal a dependence of the
reaction products detectable by XRD on the time annealed. For the
sample annealed for 1h, several peaks characteristic of WsSi3 are ob-
served. The most intense peaks are located at 42.3° (002), 44.9° (321),
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Fig. 1. (Top) XRD patterns of W/SiC samples (a) as-deposited and annealed at
1273K for (b) 1h, (c) 5h, and (d) 24 h. (Bottom) XRD patterns of W/TiN/SiC
samples (e) as-deposited and annealed at 1273 K for (f) 1 h, (g) 5h, and (h) 24h
samples. Spectra have been normalized to the W (110) reflection.

50.3° (411), and 53.2° (222). Though expected, neither WC nor W-C
peaks could be identified from the spectrum, suggesting these carbides
may only be nanocrystalline or amorphous after 1h. Significant
changes occur for the 5h annealed sample, for which only the (411)
peak of WsSi; remains. Moreover, peaks corresponding to W»C and WC
appear, indicating that further reaction between SiC and the tungsten
compounds occurred during the extended annealing time. The strongest
W,C peaks are found at 40.3° (100), 44.5° (002), 46.3° (101), while a
singular, weak WC peak is found at 41.7° (100). For the 24 h annealed
sample, the WC and W,C peaks increase in relative intensity and an
additional WC peak can be observed at 56.8° (101). Thermodynamic
calculations for the W-Si-C system conducted by Seng and Barnes [5]
indicate that the formation of WsSiz and WC is favored over that of
WSi, and W,C at 1273 K; however, the roles of annealing time, pres-
sure, environment, or SiC polytype in the W/SiC reaction have not been
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Fig. 2. (Left) SEM images of W/SiC samples (a) as-deposited and annealed at 1273 K for (b) 1 h, (¢) 5h, and (d) 24 h. (Right) SEM images of W/TiN/SiC samples (e)

as-deposited and annealed at 1273 K for (f) 1h, (g) 5h, and (h) 24 h.

clearly established. Moreover, uncertainty regarding the stability of
W,C at room temperature exists among previous literature evaluations
[3,6]. The absence of WSi, and formation of both W5Si; and W,C ob-
served here most closely agree with the studies of Baud, et al. [6] (W on
3C-SiC, vacuum, 1373 K, 60s) and Thabethe, et al. [9] (W on 6H-SiC,
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Ar, 1273K, 1h).

For the W/TiN/SiC samples, the as-deposited spectrum exhibits a
dominant W peak at 47.1° (110) and a minor peak at 87.6° (211). The
peak corresponding to the (200) planes of W is absent in the as-de-
posited and annealed spectra, unlike in the W/SiC samples where the
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Fig. 3. EDS line scans showing C, Si, and W signals for the (a) 5h annealed and (b) 24 h annealed W/SiC samples.

relative intensity of the (200) peak increases with annealing time. This
suggests the underlying TiN layer influences the growth of the W layer
during deposition or suppresses its evolution during the annealing
process. The TiN interlayer is confirmed by the peak at 42.5° which
corresponds to its (111) planes. For the 1 h annealed samples, an ad-
ditional TiN peak at 73.6° (220) is observed. Few differences are ob-
served between the 1 and 5h annealed samples. For the 24 h annealed
sample, the two TiN signals weaken drastically, with the (220) peak
completely disappearing. Although not readily observable in the in-
tegrated diffraction profile but visible in the 2D pattern, a very faint WC
peak at 41.6° (100) is observed. This may be an indication of the dif-
fusion of W atoms through defects in the TiN layer, such as the grain
boundaries associated with polycrystalline films. Such grain boundaries
serve as high-diffusivity pathways in barrier materials compared to
lattice diffusion and have been suggested as avenues for molybdenum
carbide and silicide formation in the Mo/TiN/SiC system via the for-
mation of Mo channels [21]. The weakening of the TiN signal after 24 h
annealing may therefore be a result of TiN grain disassociation due to W
diffusion. Nonetheless, neither W,C nor WsSi; peaks can be observed
under these conditions, suggesting their formation in the presence of a
TiN diffusion barrier is effectively suppressed.

To analyze the effect of annealing on the surface structure of the
sputtered films, SEM images of the W/SiC and W/TiN/SiC samples as-
deposited and annealed are presented in Fig. 2. First considering the set
of W/SiC samples, the as-deposited film possesses a fine-grained
structure, with small pores and groove lines in the film resulting from
substrate defects. The 1h annealed W/SiC reveals a homogenous,
dense, small-grained structure, with no clear evidence of reaction,
suggesting the silicide formation indicated in the XRD spectra is limited
to the region near the interface. The localized nature of the interfacial
reaction after 1h is also observed upon visual inspection of the sample
surface, which is mirror-like in nature and indistinguishable from the
as-deposited sample. The 5 h annealed W/SiC shows an inhomogeneous
surface characterized by light-colored, web-like agglomerations con-
sisting of several small grains and indicates the reaction has extended to
the surface of the 100 nm W film. The 24 h annealed W/SiC presents a
severely reacted film with discontinuous agglomerations consisting of
relatively large grains. Visually, the 5 and 24 h samples possess matte,
rather than mirror-like, surfaces. In order to distinguish between the
adjacent light and dark areas presented in the SEM images of the 5 and
24 h annealed samples (Fig. 2c and d), line scans using energy-dis-
persive x-ray spectroscopy (EDS) were conducted across these surfaces.
Since the use of a 20 kV accelerating voltage results in the penetration
of electrons through the sputtered film and an excitation volume in-
clusive of the SiC substrate, the following EDS analysis is viewed
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conservatively and qualitatively. Fig. 3 reveals that the overlying light
regions in the SEM images of the 5 and 24 h annealed samples have a
higher concentration of W and C, while the underlying dark regions
have a higher concentration of Si. These line scans indicate that un-
reacted W and the W-based reaction products agglomerate to form is-
land-like structures upon thermal annealing. Previous investigations
into the surface morphology of the W on SiC system upon annealing
have yielded a multitude of structures, including pores [4], small hil-
locks [8], large stacked grains [9,26], and islands [3,7], over a variety
of conditions. The web-like agglomeration behavior observed for the
5h sample under the present conditions (1273 K, 130 Pa Ar) is con-
sistent with previous examinations by Thabethe, et al. upon thermal
treatment of a thinner W film (65 nm) for less time (1 h) under similar
conditions (1273 K, 10~ Pa Ar) [7]. The transition to a discontinuous,
large-grained structure upon further annealing is likely due to mixed
contributions from further consumption of the unreacted W and grain
growth.

For the W/TiN/SiC samples, the as-deposited film (Fig. 2e) is also
observed to be fine-grained but with an improved film quality, having
fewer voids and fainter grooves compared to the as-deposited W/SiC
sample (Fig. 2a). After 1 h annealing, the W grains have grown larger
and more rounded, though not as large or as dense as the corresponding
W/SiC sample. The surface of the 5h annealed sample is characterized
by a small-dense grain structure with infrequent large grains. Further
growth and densification are observed for the 24h sample, with a
transition to a more faceted-grain structure. In all cases, the W/TiN/SiC
system maintains a relatively homogenous surface morphology without
any significant modification to the W layer. This indicates that the
agglomeration of W-containing species into islands observed in the W/
SiC samples is induced by the interfacial reaction, rather than just
thermal excursion, and highlights the improved stability offered by the
TiN interlayer. This is further confirmed through visual inspection, as
all annealed W/TiN/SiC samples retain the mirror-like surface quality
of the as-deposited sample.

For several applications such as high-temperature electrical contacts
and TECs, changes in the roughness of the W film during thermal ex-
cursion can impact device performance. As an example, the heat-to-
electric conversion efficiency of TECs is quite sensitive to the inter-
electrode spacing between the surfaces of a hot W electrode (electron
emitter) and a parallel-placed, relatively cool electrode (electron col-
lector) [27]. The optimal spacing was calculated to be a small as
900 nm, and in this context, local changes on the order of a micron
could lead to reduced efficiency due to increased evanescent-wave heat
transfer or thermal shorting. Understanding how the surface roughness
of the W/SiC and W/TiN/SiC systems evolve under thermal excursion is
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Fig. 4. (Left) AFM topographs of W/SiC samples (a) as-deposited and annealed at 1273 K for (b) 1h, (c) 5h, and (d) 24 h. (Right) AFM topograhs of W/TiN/SiC

samples (e) as-deposited and annealed at 1273 K for (f) 1h, (g) 5h, and (h) 24 h.

Table 1
Roughness parameters for W/SiC and W/TiN/SiC samples from AFM scans.
W/SiC W/TiN/SiC

Sample R,/nm Ry/nm R,/nm R¢/nm
As-deposited 2 16 2 18
1273K, 1h 6 48 4 40
1273K, 5h 30 289 3 55
1273K, 24h 84 726 5 70

critical to gauging their effectiveness as TEC emitter electrodes. Ac-
cordingly, the dependence of roughness on annealing time was eval-
uated using atomic force microscopy.

Fig. 4 presents the AFM images of W/SiC and W/TiN/SiC samples

as-deposited and after annealing. The average roughness, R,, and
maximum height difference, R,, values for each sample were calculated
from representative 1 X 1 um scans and are provided in Table 1. First
considering the W/SiC system, the as-deposited and 1h annealed
samples have comparable R, and R; values, which is expected since the
reaction after 1h is limited to the region near the interface based on
SEM images. For the 5h annealed sample, R, increases significantly due
to the formation of the inhomogeneous web-like surface structure. After
this time, R, becomes greater than the film thickness due to contribu-
tions from parasitic grain growth and the consumption of the SiC sub-
strate. The roughness of the W/SiC sample becomes more severe after
24 h, where R, approaches the initial thickness of the W film and R,
approaches the size of the optimal TEC microgap. For the W/TiN/SiC
system, the initial R, is identical to that of the W/SiC system.
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Depending on growth conditions, thicker TiN films possess large and
faceted grain morphologies that affect the surface roughness of subse-
quently deposited films [28]. A 100 nm TiN film, however, is found to
be sufficiently thick to suppress the reaction between W and SiC over
the conditions examined without altering the initial R, of the W layer.
Upon annealing, small changes in both the R, and the R, values with
time are observed and can be attributed to grain growth within the W
layer. These values, however, are still comparable to that of the as-
deposited film and are an order of magnitude less than that of the
corresponding W/SiC samples. Additionally, no signs of delamination
or fracture can be observed upon annealing. In this regard, the W/TiN/
SiC system demonstrates excellent film stability and holds potential as
an emitter electrode for micro-gap TEC devices.

4. Conclusion

The time-dependent behavior of the W on 4H-SiC(0001) system
with and without a TiN diffusion barrier at elevated temperatures has
been investigated. The progression of the solid-state reactions was
evaluated by examining changes in the composition, surface mor-
phology, and roughness through XRD, SEM, and AFM. For the W/SiC
system, XRD analysis revealed the formation of WsSi; after 1h an-
nealing and WC and W,C after 5h annealing. SEM and EDS analysis
showed that the reaction between W and SiC induces the agglomeration
of W-based species into an initially small-grained, web-like network and
eventually into large-grained, isolated structures. This change in surface
morphology led to an increase in the average surface roughness to a
value on the order of the initial W film thickness. For the W/TiN/SiC
system, XRD analysis revealed no formation of WsSi3 or W,C species.
Only a faint WC peak could be observed, which was attributed to the
diffusion of W atoms through the grain boundaries of the TiN layer.
SEM and AFM analysis showed minimal grain growth of the W layer
upon annealing and inconsequential changes in surface morphology or
roughness. The additional stability in composition and surface char-
acteristics at high temperatures brought about by the incorporation of a
TiN interlayer warrants further consideration of the W/TiN/SiC system
as a TEC emitter electrode.
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