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thin films
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Abstract: We deposite silicon carbide thin layers on cleaned Si (100) substrates using the plasma enhanced chemi-
cal vapor deposition method, and show that the RFTIR spectrum is periodic in the near and medium infrared ranges.
It is shown that both the deposition rate and the uniformity of the thin films are decreased by increasing the sub-
strate temperature, and that the refractive index is increased by increasing the substrate temperature. This shows
that there is a trade-off between the quality improvement of the uniformity and refractive index.
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1. Introduction

Graphene, a single hexagonally ordered layer of carbon
atoms, has a unique electronic band structure with comic
“Dirac points”!]. There are two important methods for obtain-
ing graphene samples. In the first “mechanical” method, the
carbon monolayers are mechanically split off the bulk graphite
crystals and deposited onto a SiO»/Si substrate!2]. The second
method uses the epitaxial growth of graphite on single crystal
silicon carbidel®!. Both the Si and C faces of SiC have a honey-
comb structure, and therefore the (3)'/2 x (3)1/2 R 30° surface
unit cell of the graphene layer is constructed above both sur-
faces, where SiC is vacuum annealed at temperatures above
1400 °C[3-41. The different prospective electronic applications
of SiC also put specific demands on the properties of SiC ma-
terial used for device production processes!®). SiC is therefore
a key material in semiconductor micro- and nano-device fabri-
cation. SiC is considered to be a useful material for structural
and electronic applications because it has excellent physical
and electrical properties, such as high temperature stability, ex-
treme hardness, excellent resistance to chemical attack, a wide
energy band gap, and high electron mobility[*!. SiC is also used
as a substrate for epitaxial graphene, which is a new material
composed of one or more graphene layers that are grown on
a SiC substrate. It can be lithographically patterned to produce
electronic devices that are similar to carbon annotate-based de-
vices!®l. Recently, various deposition methods for SiC have
been researched and widely developed!®!. Among these meth-
ods, deposition using PECVD has been investigated by vari-
ous research groups due to its advantage of a low deposition
temperaturel’]. In many other research efforts, SiC thin films
deposited using PECVD at low temperatures show amorphous
and hydrogenated properties between those of an organic and
an inorganic polymer because the source gases decompose into
complex mixtures of monomers under plasma, and these mix-
tures react on the substrate at a relatively low temperaturel8].
The importance of SiC material in semiconductor device fabri-
cation, especially graphene-based devices, and recent improve-
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ments in deposition methods, especially PECVD methods, mo-
tivated us to study the refractive index, morphology and unifor-
mity of grown SiC thin layers on Si substrates for simultaneous
quality improvement of the uniformity and refractive index.
We hope that such studies pave the way to growing high quality
layers of graphene at lower cost and by a more simple method.
In this study, SiC thin films are deposited on Si substrates by
a plasma-enhanced chemical vapor deposition (PECVD) tech-
nique to investigate the effect of the substrate temperature on
the refractive index, deposition rate, morphology and unifor-
mity. It is shown that the roughness of the surface decreases,
while the refractive index increases by increasing the substrate
temperature. We also show, by annealing the SiC thin film at
900 °C for 2 h in N, atmosphere, that the refractive index in-
creases but the roughness decreases. This means that for nano-
applications a trade-off should be done between the refractive
index and the surface roughness.

2. Experimental procedure and results

Thin films of hydrogenated amorphous silicon carbide are
deposited on Si (100) substrates by PECVD systems operating
at an RF frequency of 13.56 MHz. The substrate temperature
is chosen as 300, 420, 540, 670, and 770 °C. SiH,4 gas is used
as the silicon source and CHy4 as the carbon source. During the
deposition of five runs, the flow rates of CH4, SiH4 and N, are
fixed at 250, 25 and 150 sccm, respectively. The RF power and
deposition pressure are fixed at 400 W and 1200 mTorr, respec-
tively. The 3 inch Si substrate is cleaned by {IHF : 10H,O}
etchant solution, followed by acetone, alcohol and DI water.
Finally the samples are dried by highly pure N, gas. Using
Eq. (1), the thin film uniformity is calculated!®],

- dmin/zdave)v (1)

where diax, dmin and daye are the maximum, minimum and av-
erage thickness of the silicon dioxide films, respectively, and
are measured by ergolux AMC optical microscopy. The RFTIR

Uniformity = (dpax
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Table 1. The process parameters and experimental results.

Run No. Substrate Deposition Non- Average 8y Annealing Reflective Reflective
temperature  rate (A/min)  uniformity thickness (vi — vp) temperature  index before index after
(°C) (%) (nm) (em™1h) (°C) annealing annealing
Ry 300 163 0/84 980 2057.2 900 2.48 2.67
Ry 420 125 1/3 750 2313.0 900 2.58 2.88
R3 520 91 1/6 560 32349 900 2.76 3.15
Ry 670 88 2/1 530 2560.2 900 3.68 3.85
Rs 770 28 6/4 170 7906.3 900 3.72 3.96
Si Si
Processing option: All element analysed (Normalised) Processing option: All element analysed (Normalised)
Number of iterations = 3 Number of iterations = 3
Element ~ Weight (%) Atomic (%) Element Weight (%) Atomic (%)
C K 21.52 39.06 CK 18.47 3390
c Si K 78.48 60.94 Si K 81.53 66.1
Totals 100.0 C Totals 100.0
EDAX before annealing EDAX after annealing
1 1 1 1 1 1 1 1 1 1 1

1
0 2 4 6 8 10 12 14 16 18 2
Full scale 646 cts curse 3.661(55 cts) keV

Fig. 1. The composition of the thin film before annealing (for process
CHy4/SiHy = 10 at 420 °C).

spectrum of SiC in the near and medium infrared window is
measured by the Fourier transform infrared model WQF-400N.
The refractive index is calculated by using Eq. (2)[°],

n = 1/2tu.6v, (2)

where n, t,y. and §v(= vy — vy) are the refractive index, the
average thickness of the thin film and the difference between
two subsequent peaks in the RFTIR spectrum, respectively.

The process parameters and experimental results are
shown in Table 1. After the deposition of the layers, their com-
position is checked by the EDAX method before and after an-
nealing. In this method, only the surface layer of the thin films
is scanned by electrons, and Figures 2 and 3 show that the thin
films include Si and C. The uniformity and roughness of the
thin films are checked by the AFM method. Since the rough-
nesses of the thin films are different from each other, and we
want to see the peaks and valleys of the films, we set up dif-
ferent values for the scale bar of the z-direction (Fig. 3). In
other words, if we see Fig. 3(a) in the scale of Fig. 3(c), the
roughness will be fine. As Figure 3 shows, film roughness de-
creases when substrate temperature increases. Some thin films
are annealed at 900 °C for 2 h in N, ambient and their refrac-
tive index is measured. As Figure 4 shows, the refractive index
after annealing is higher than the one before annealing.

3. Discussion and conclusion

We have shown that by increasing substrate temperature,
deposition rate and uniformity decrease due to a decrement
in the surface absorption of carbon atoms and hydrogenates
in thin films('’-12]. As Figure 5 shows, both deposition rate

1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
Full scale 646 cts curse 3.661(55 cts) keV

Fig. 2. The composition of the thin film after annealing at 900 °C (for
process CHy4/SiH4 = 10 at 420 °C).

Fig. 3. The roughness of the thin film when the substrate temperature
is equal to (a) 300 °C, (b) 420 °C and (c) 540 °C.

and uniformity decrease with increasing substrate temperature.
Therefore, as expected, AFM images show more roughness
when the substrate temperature increases (Fig. 3). Using his-
togram curves (Fig. 3), the root mean square roughness (Rys)
and average roughness (R,y.) is calculated. Ry equals 1.50,
2.79 and 3.36 nm when the substrate temperature is equal to
300, 420 and 540 °C, respectively. Also, R,y is equal to 1.12,
2.29 and 3.20 nm when the substrate temperature is equal to
300, 420 and 540 °C, respectively. Roughness and uniformity
therefore decrease when the substrate temperature increases.
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Fig. 4. The refractive index of the thin film before and after annealing.
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Fig. 5. The deposition rate and non-uniformity of the thin film versus
substrate temperature.

These results are in agreement with other work[!> 12}, Gaikwad
et al.['3] showed that the refractive index of thin films increases
when the substrate temperature increases due to variations in
its perfect stoicheiometry and density. For calculating the re-
fractive index, we need an FTIR spectrum of the thin films.
Figure 6 shows an FTIR spectrum of a thin film when the sub-
strate temperature is equal to 420 °C. Two subsequent peaks are
placed at 6959.3 cm™! and 9272.3 cm™!, and the wave num-
ber difference is equal to 2313 cm™!. The average thickness
of the film is equal to 0.75 pum when the substrate tempera-
ture is equal to 420 °C (Table 1). Therefore, using Eq. (2), the
refractive index is calculated to be 2.58, which is close to the
refractive index of SiC, 2.7. As Table 1 shows, the refractive
index increases when the substrate temperature increases. This
result is in good agreement with other work[!3].

Based on the above results and explanations, the roughness
decreases and the refractive index increases when the substrate
temperature increases. To justify the effect of annealing on thin
films, we anneal them at 900 °C in N, ambient. As Figure 2
shows, the stoichiometry of the films changes after the anneal-
ing process, so the surface absorption of the carbon atoms de-
creases, while the surface absorption of the silicon atoms in-
creases. Then, as is expected and as is shown in Figure 4, the

Reflectance (%)

1 1 1 1
5659 3943

0
10808 9091 7375
Wave number (cm™)

2227

Fig. 6. The FTIR spectrum of a thin film when the substrate tempera-
ture is equal to 420 °C.

refractive index increases after annealing.

4. Summary

Three-inch Si substrates were cleaned by {IHF : 10H,O}
etchant solution, followed by acetone, alcohol and DI water,
and then dried with a highly pure N, gun. The SiC films were
grown on a Si substrate using the PECVD method. It was
shown that both the deposition rate and uniformity of the thin
films decreases when the substrate temperature increases. By
using the RFTIR spectrum technique, the refractive index at
different temperatures was measured, and it was shown that the
refractive index of thin films decreases when the substrate tem-
perature increases. We also showed that the roughness of the
thin films decreases when the substrate temperature increases.
The samples were annealed at 900 °C for 2 h in N, atmosphere,
and it was shown that the refractive index increases after an-
nealing. There is therefore a trade-off between the quality im-
provement of the roughness and the refractive index. We be-
lieve that our results are important for improving the quality
of the manufacturing process of SiC, especially in the nano-
device field.
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