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A B S T R A C T   

In this paper, we will provide information on the growth mechanism of 3C-SiC using alternating supply depo-
sition (ASD). SiH4 and C3H8 were introduced successively in a low-pressure chemical vapor deposition (LPCVD) 
system at 1000 ◦C, forming a stoichiometric polycrystalline 3C-SiC thin film on Si substrates. We demonstrate the 
influence of different gas flow rates on thin film properties. In detail, altering the flow rates of the precursors and 
the carrier gas resulted in changes of the growth rate, the surface roughness, the crystal growth mechanisms as 
well as the crystal quality. Hydrogen inhibition and passivation are proposed to be the main effects influencing 
the growth behavior of ASD thin films. Applying ASD to grow 3C-SiC thin films with precursors from low to high 
flow rates resulted in a transition of different growth mechanisms influencing the surface roughness and grain 
size. Furthermore, we could prove that ASD is a cyclic step-by-step carbon-assisted redistribution of a prior 
deposited silicon film. This is shown by contact angle measurements of three differently terminated surfaces 
during the specific phases of one ASD cycle. High resolution transmission electron microscopy (HRTEM) analysis 
showed a continuous and homogenous thin film and confirmed the absence of silicon- or carbon-rich layers. ASD 
enables 3C-SiC thin films with customized properties for tailored micro electromechanical system (MEMS) 
applications.   

1. Introduction 

Since 30 years silicon carbide (SiC) is one of the most promising 
electronic as well as structural material for both advanced microelec-
tronic and microelectromechanical system (MEMS) applications [1–7]. 
This is due to its outstanding properties especially for harsh environ-
mental applications compared to standard silicon (Si) solutions [8]. SiC 
is a high-performance material for devices or circuits designed to 
operate under high-power, high-temperature and/or chemically 
aggressive conditions. In addition, SiC has the beneficial property of a 
large acoustic velocity, which gives the opportunity to use it the fields of 
micro- and nanomechanical resonators [9]. SiC is also known for its 
wide bandgap ranging from 2.29 eV to 3.3 eV, depending on the poly-
type [5,10]. However, only the 3 C polytype (also called β-SiC) has a 
pure cubic lattice structure. 

The integration of 3C-SiC thin films in a silicon fabrication process is 
well reported in literature [4,7,9,11–18]. Besides the crystallographic 

lattice aspects, silicon has a melting point of 1410 ◦C, which is why only 
the synthetization of 3C-SiC can be achieved on silicon substrates, since 
all other polytypes require higher process temperatures [19,20]. 
Depending on the deposition parameters heteroepitaxial single crystal-
line [9,11,21–24] as well as polycrystalline 3C-SiC layers can be formed 
on Si substrates [1,4,7,13–16,25–27]. Many MEMS devices, however, 
are not restricted to high-quality single-crystal SiC, as required in elec-
tronic devices. Therefore, polycrystalline SiC is also well-suited as a 
structural material, offering high hardness (3C-SiC: 33.5 GPa; Si: 
12.6 GPa; poly Si: 11 GPa [28,29]), mechanical strength (3C-SiC: 
~350 GPa; Si: 165 GPa; poly Si: 160 GPa [30–32]) and chemical 
inertness to most standard chemicals, even when operated at elevated 
temperatures. A straightforward and safe deposition technique is pro-
vided by low-pressure chemical vapor deposition (LPCVD) at moderate 
temperatures in the range between 800 ◦C – 1200 ◦C [1,14,23]. Besides 
Si substrates LPCVD can be used for poly 3C-SiC thin film deposition on 
other substrates such as silicon nitride (Si3N4) [33], silicon dioxide 
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(SiO2) [4,25,34–36] or diamond [37]. In general, studies distinguish 
between single- [1,7,15,26,27,38] and dual-precursor deposition [2,4, 
11,13,14,16,25,39–42]. Both techniques can be employed in either 
continuous or pulsed CVD processes. The latter involves the intermittent 
delivery of precursor gases into the reaction chamber, in contrast to 
continuous flow CVD, also known as simultaneous supply deposition 
(SSD), where gases are continuously supplied. In pulsed CVD the gas 
flow is alternated between on and off periods. An advanced form of 
pulsed CVD, known as alternating supply deposition (ASD), introduces 
two or more precursor gases sequentially into the reaction chamber [24, 
43–46]. Most prominently used in dual precursor depositions is SSD, 
because of its simplicity and stability. However, we decided to use the 
ASD technique, because ASD claims to provide thin films with smaller 
full width at half maximum (FWHM) of X-ray diffraction (XRD) rocking 
curves, smoother surfaces and enables the possibility to synthesize even 
monocrystalline thin films at process temperatures below 1100 ◦C, 
indicating a higher crystal quality compared to SSD deposited thin films 
[45]. Furthermore, ASD also gives the opportunity of a more versatile 
deposition scheme, which allows a precise tailoring of the resulting thin 
film characteristics such as thermal [47], structural, mechanical and 
electrical properties. However, the process of SiC crystal growth based 
on ASD is still not fully understood. As a consequence, different concepts 
or theories on film formation are available [43]. 

In the Results chapter we investigate the influence of the process gas 
flows on thin film properties such and give a detailed description of the 
SiC deposition scheme. Furthermore, we draft a basic crystal growth 
mechanism of poly 3C-SiC when applying ASD using further experi-
mental techniques such as contact angle (CA) measurements. To the best 
of the authors’ knowledge the impact of controlled altering of precursor 
gas supply for poly 3C-SiC thin film synthetization with ASD has not 
been reported yet. 

2. Experimental details 

For the deposition of polycrystalline 3C-SiC thin films we used 4 in. 
n-type Si <100> wafers with a bulk resistivity of 50 Ω⋅cm. As LPCVD 
reactor we used an Easy Tube 3000EXT industrial quartz oven from 
FirstNano. A brief description and a schematic illustration will be pro-
vided in the supplemental materials. The tailored deposition process in 
our LPCVD system splits up in three steps consisting of an in-situ 
hydrogen (H2) cleaning step with 5000 sccm H2 for 10 min at 1000 ◦C 
and atmospheric pressure, followed by a carbonization step, which acts 
as an intermediate buffer to overcome the lattice mismatch of ~20 % 
[19,48] and passivates the attackable Si surface from hydrogen etching. 
While the cleaning step with H2 is straightforward, the carbonization 
step comes with many challenges [22,24,45,49–54]. Hereby, we used an 
optimized fast carbonization step, whereby the furnace ramps up from 
900 ◦C to 1085 ◦C with 9.25 ◦C/min, 100 sccm of propane (C3H8) and 
1000 sccm of H2 at 20 torr. A subsequent dwelling at the latter condi-
tions for 5.5 min finishes the carbonization step. The third step of the 
fabrication process consists of introducing the process gases into the 
reaction chamber. Specifically, we used pure silane (SiH4) and pure 
C3H8 as precursor gases in an alternating regime. H2 was implemented 
as carrier gas to support a sufficient flow regime [7,8]. Fig. 1 illustrates 
the basic gas flow concept of the precursor and carrier gases of one ASD 
cycle. 

The first part of the presented results will provide information of the 
changing thin film characteristics depending on five precursor flow rate 
combinations and two different carrier gas flow rates Ψlow and Ψhigh. The 
specific values for the flow rates can be found in Fig. 2. The ratio for the 
precursor gases of SiH4/C3H8 was set to 1/4, with timeslots for SiH4 (t1 – 
t2) of 7 s, 3.5 s for C3H8 (t3 – t4) and 5 s for the pump-out step. The 
process temperature was measured right under the center of the 4-inch 
wafer and held constant at 1000 ◦C. The chamber back pressure was set 
at 0.32 ± 0.02 torr during deposition. 

To start, we determined the growth per cycle for Ψhigh by depositing 

thin films with 800 ASD cycles with each precursor gas species. With the 
calculated growth per cycle for each precursor gas flow, we aimed in a 
second step for a thickness of 400 nm for all thin films. To investigate the 
growth behavior during the ASD process, we performed five additional 
depositions with SiH4 = 10 sccm, C3H8 = 40 sccm and H2 = 400 sccm 
(also ΨA) with 10, 30, 60, 90 and 120 ASD cycles. The layer thickness 
was determined in the middle of the wafer by utilizing a Filmetrics F20- 
UVX thin film analyzer with wavelengths in the range from 600 nm to 
1600 nm. In a second approach these results were confirmed by cross- 
sectional Scanning electron microscopy (SEM) measurements, where 
the thin film thickness was determined from the silicon edge, thus 
including the carbonization layer. Hereby, a Hitachi SU8030 was used 
with 4 kV acceleration voltage. For the characterization of the carbon-
ization layer cross-sectional transmission electron microscopy (TEM) 
measurements in standard and high resolution (HRTEM) configuration 
were taken with a TECNAI F20 operating with an acceleration voltage of 
200 kV. Also, electron diffraction patterns were recorded at interface- 
near regions. Electron energy loss spectroscopy (EELS) measurements 
were performed with a GATAN GIF Tridiem energy filter and spec-
trometer. For this purpose, TEM was operated in scanning mode (scan-
ning TEM - STEM) and the electron probe was focused and scanned 
through the thinned specimen. 

For chemical analysis we applied X-ray photoelectron spectroscopy 
(XPS) depth profiling. These measurements were done with a SPECS XP- 
spectrometer equipped with a monochromatic Al-Kα X-ray source and a 
hemispherical WAL-150 analyzer. X-ray diffraction (XRD) measure-
ments were performed to identify the crystallographic phases present in 
the thin films. This was done with a Malvern PANalytical X′pert PRO X- 
ray powder diffractometer and carried out with Cu-Kα radiation oper-
ating at 45 kV and a current of 40 mA. The wavelengths of the X-rays 
was 1.540598 Å for Kα1 and 1.544426 Å for Kα2. The Bragg Brentano 
measurements were carried out from 2θ = 15 ◦ to 90 ◦ and the range for 

Fig. 1. Schematic illustration of temporal gas introduction within the ASD 
scheme for poly 3C-SiC thin film synthetization. 

Fig. 2. Five different precursor gas combinations were chosen to investigate 
the change in 3C-SiC thin film properties. All precursor gas flow combinations 
were deposited with two different carrier gas flows. 
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the rocking curves was set from 34 ◦ – 38 ◦, since the most prominent 3C- 
SiC <111> peak was expected at around 36 ◦. To make a quantitative 
statement of the preferred crystallographic growth orientation, we 
calculated the texture coefficient (TC) according to [55] with 

TC(hkl) =
Im(hkl)/I0(hkl)

(
1
n

)
∑[

Im(hkl)/I0(hkl)
]
. (1) 

In this context, (hkl) represents the growth plane under consider-
ation, Im stands for the normalized measured intensity after subtracting 
the background intensity, I0 represents the intensity of a randomly ori-
ented polycrystalline sample obtained from a Powder Diffraction File 
(PDF) card and n denotes the number of planes being evaluated. The PDF 
card used in this work for 3 C-SiC was #00–029–1129 and the investi-
gated planes to calculate the TC were (111), (200), (220), (311) and 
(222), hence n was 5. For the determination of the surface roughness and 
grain size of our thin films we performed atomic force microscopy (AFM) 
measurements with a Bruker Dimension Edge atomic force microscope 
in tapping mode, with a NHCV-tip (spring constant ~40 N/m) and 
evaluated the RMS roughness from the measurements with a scan size of 
3×3 µm2. 

The second part focuses on the investigation of the ASD growth 
behavior. Therefore, three ΨA thin film depositions were terminated at 
different stages during a typical ASD cycle (see Fig. 1). The first sample 
worked as reference and was terminated after a typical SiH4 → C3H8 
sequence. The second sample was silicon-terminated and ended after a 
SiH4 → C3H8 → SiH4 sequence. The third sample was carbon-terminated 
and ended after one additional propane sequence with SiH4 → C3H8 → 
C3H8. The CA of each sample was measured right after deposition and 
after two days. Using the sessile droplet method with a Krüss DSA30S 
drop shape analyzer, the CA was measured with 2 µl droplets. 

3. Results and discussion 

3.1. Thin film characterization 

The growth per cycle of the different 3C-SiC thin films was deter-
mined as a function of the process gas flow rates, as illustrated in Fig. 3. 
It can be seen that for all precursor flow rates the growth per cycle for 
Ψlow is larger, than for Ψhigh. Even if more precursor gases are provided, 
less SiC is formed with Ψhigh compared to depositions with Ψlow. This 

stands in contrast to classic CVD theory, if a higher carrier flow rate for 
the same amount of precursor gases is applied, also the growth rate is 
intended to increase. From this result we conclude, that during de-
positions with higher carrier gas flow rates, the effective Si thickness is 
reduced due to a higher exposure to H2. Beside other possibilities, three 
main effects are reported for polysilicon explaining this result. First, 
hydrogen inhibition [56–58], whereas the H2 interacts with the Si sur-
face, affecting its reactivity and leading to changes in the deposition 
process. Hereby the growth rate is inversely proportional to the 
hydrogen partial pressure. The second vital mechanism for an inhibited 
growth rate of 3C-SiC with higher H2 flow rates is hydrogen passivation 
[59]. 

This involves a saturating coverage of surface defects or Si dangling 
bonds with hydrogen atoms. If these surface sites are essential for the 
adsorption and incorporation of C precursors, the passivation can hinder 
the adsorption process and as a consequence reduce the deposition rate. 
Especially if the hydrogen concentration is high, it might interfere with 
the availability of Si and C precursors for the SiC deposition, thereby 
decreasing the overall deposition rate. And third, hydrogen thermal 
etching [60], where the interaction of hydrogen gas with the Si surface 
leads to the removal of silicon atoms and the formation of volatile silicon 
hydrides (SiHx) All three effects can happen simultaneously, however, 
further measurements to investigate the exact mechanisms taking place 
are recommended. 

Next, the increase of the precursor flow rates led to an almost linear 
increase of the growth per cycle for Ψlow depositions (yellow curve). For 
Ψhigh saturation of the initially increasing growth per cycle was 
observed, when increasing the precursor flow rates above a threshold of 
8 sccm for SiH4 and 32 sccm for C3H8. For clarification an additional 
deposition with flow rates of 20 sccm SiH4 and 80 sccm C3H8 achieved 
also a growth per cycle of ~1 nm per cycle. This confirmed the 
assumption, that a reaction limited regime saturates the growth per 
cycle of 3C-SiC, as enough precursor gases are provided, but no further 
increasing of the growth per cycle was measured. In contrast to those 
samples synthesized with Ψhigh, the increase of the precursor values, had 
less impact on the growth per cycle for Ψlow depositions. Overall, a layer 
thickness deviation of 5 ± 2.5 % was achieved in the inner 3.5 in. of the 
investigated samples. In the regions close to the edge deviations up to 
50 % were observed. 

The insert of Fig. 3 illustrates an increase of the thin film thickness 
(including the carbonization layer) as a function of ASD cycles for ΨA 
depositions. With a linear regression of R2 = 0.9998 a highly linear 
growth regime is confirmed, whereby after only 10 ASD cycles we 
achieved homogeneous and continuous thin films. The intercept with 
the y-axis of ~19.7 nm derived from the linear equation represents the 
thickness of the carbonization layer. A TEM analysis of the poly 3 C-SiC/ 
Si interface in cross-sectional view confirms the thickness of the 
carbonization layer with about ~20 nm (see Fig. 4). The crystallinity of 
the interface-near regions was determined with electron diffraction 
patterns, as illustrated in Fig. 4 c). For the 3 C-SiC thin film a poly-
crystalline diffraction pattern was measured, whereas the carbonization 
layer was found to be amorphous. For the Si substrate a single crystalline 
diffraction pattern was recorded. 

EELS spectra were recorded along the line shown in Fig. 4 b. The 
corresponding intensity detected during a high-angular annular dark- 
field (HAADF) line scan acquisition is shown in Fig. 5 a. It can be 
clearly distinguished between the Si substrate, a SiC capping layer of 
~5 nm thickness, an amorphous carbon layer with strongly varying 
thicknesses around 15 nm and the SiC layer on top. In every position of 
the beam an EELS spectrum was recorded including the Si-L edge at 
99 eV energy loss and the C-K edge at 284 eV energy loss. The fine 
structure of the ionization edge is related to the electronic state of the 
probed atoms. From Fig. 5b it is obvious that the amorphous carbon 
layer does not contain any silicon. From Fig. 5c it can be derived that the 
Si substrate does not contain any carbon. The energy loss near edge 
structure (ELNES), which is the fine structure of the ionization edge, 

Fig. 3. Growth per cycle of polycrystalline 3C-SiC thin films deposited with 
increasing precursor gas supply and for two different carrier gas flows on Si. 
The insert shows the dependence of the overall film thickness as a function of 
total number of deposition cycles. The layer thickness was measured in the 
middle of the sample. The inserted lines serve as guide to the eye. 
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proves that the capping layer is pure SiC. The ELNES of the Si-L edge, as 
well as the one of the C-K edge of both, the capping layer and the SiC 
layer on top, are identical. Both Si-L edges show the characteristic 

chemical shift compared to pure silicon. 
In Fig. 6, a chemical analysis with XPS depth-profiling is presented. 

In the poly 3C-SiC layer, a stochiometric composition of silicon and 
carbon is confirmed. This finding is consistent through the entire thin 
film also including the surface, where an increase of oxygen was 

measured indicating the formation of a native oxide. Even more, the 
thickness of the carbonization layer is estimated to about 20 nm before 
reaching into the silicon substrate. 

Besides the fact that all three independent measurement techniques 
lead to similar results for the carbonization layer thickness, these values 
are also in excellent agreement with data provided by literature ranging 
from 5 nm to 25 nm [1,45,50]. Both thin films from Fig. 4 and Fig. 6 
were deposited with ΨA. 

The results from the XRD measurements can be seen in Fig. 7a) The 
most prominent peak at 35.78 ◦ can be assigned to the 3C-SiC <111>
direction. Together with the other peaks detected at 41.48 ◦ and 56.29 ◦, 
which can be assigned to the <200> and <220> direction, respectively, 
the typical diffraction patterns indicate, that all thin films consist of poly 
3C-SiC [61,62]. However, the <111> peak was expected at 35.6 ◦[62]. 
The difference of 0.18 ◦ refers to a change in the lattice plane distance of 
Δd111 = 0.0116 Å, originated from low-angle grain boundaries resulting 
in intrinsic compressive strain. 

The TC calculations suggest that the 3C-SiC thin films have no 
preferred growth orientation [55], as the results can be found around 1, 
illustrated in Fig. 7b). Nevertheless, small differences of the TC between 
Ψlow and Ψhigh are visible, especially for <110>. 

Literature offers two main explanations for the absence of a preferred 
crystal orientation or if present, its deviation from the seed crystal 
provided by the substrate. First, differences in the carbonization layer 
[63] or second as a combination of deposition parameters [55,63,64]. 
The reason why the <111> peak shows the highest intensity is because 
of the low free surface energy of <111> facets, that form <111> SiC, 
even though the substrate is <100> orientated or amorphous [4]. In 
literature this is a known effect for 3C-SiC depositions [42,63,65,66], 
although the <110> direction features an even lower surface energy of 
3.4 J/m2 compared to 4.2 J/m2 of the <111> direction [67]. Nishiguchi 
et al. investigated SiC growth on <110> Si, where the thin films were 
also most prominently oriented in the <111> direction [64]. This was 
explained by the density of aligned atoms per unit. The density of 
<111> 3C-SiC on <110> Si is four times higher, than <110> 3C-SiC on 
<110> Si, thus causing the favored formation of <111> 3C-SiC. 

The rocking curves revealed FWHM values between 1.112 ◦ and 
1.302 ◦. Literature reports for high quality poly 3C-SiC thin films FWHM 
values from 1.4 ◦ to 1 ◦ [43], while epitaxial grown 3C-SiC-on-Si can 
achieve values as low as 0.25 ◦ at 400 nm film thickness [24]. The two 
lowest FWHM values came from the depositions of Ψlow paired with the 
lowest precursor flow rate (1.138 ◦ FWHM) and Ψhigh with the highest 
precursor flow rate (1.112 ◦ FWHM). This finding demonstrates, that the 
ratio between the precursor and the carrier flow rate is most important 
for high quality SiC layer synthetization. This could also be explained by 
the hydrogen inhibition-effect, since only matching precursor and car-
rier flow rates (high precursor - high carrier and low precursor low - 

Fig. 4. A TEM analysis of the interface region of poly 3C-SiC grown on silicon is 
provided in a). A ~20 nm thin carbonization layer was determined in the 
illustrated area of b). Electron diffraction patterns were evaluated in c), where a 
poly crystalline pattern on cubic SiC can be seen in 1, the amorphous nature of 
the carbonization layer is shown in 2 and a perfect Si lattice crystal was 
measured in 3. 

Fig. 5. EELS results of the interface region. HAADF measurements depict 
various regions throughout the line scan, as illustrated in a). In b) and c) the 
EELS spectrum around the Si-L edge at 99 eV and the C-K edge at 284 eV is 
illustrated. 

Fig. 6. XPS depth profiling showing the local distribution of Si, C and O con-
centrations across the film thickness including the SiC-Si interface. With a depth 
resolution of ~7 nm, a thickness of ~20 nm was measured for the carboniza-
tion layer. 
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carrier flow) achieved superior results in FWHM values. 
For the surface roughness analyses all samples were measured with 

AFM. Representative surface patterns are illustrated in Fig. 8a and b, 
which are comparable to what can be found in literature [2,4,14]. The 
roughness results were set in relation with the corresponding layer 
thickness of each sample and are illustrated in Fig. 8c and d. Two major 
tendencies can be derived from the surface roughness measurements. 
For Ψhigh a descending trend of the roughness for constant layer thick-
nesses of 400 nm ± 5 % can be observed. This trend is also represented 
in the roughness/thickness ratio. On the other hand, an inverted trend of 
the roughness/thickness ratio for Ψlow was observed. 

Although this study did not pursue the target to achieve 3C-SiC thin 
films with a minimal surface roughness, we achieved smooth surfaces 
with an RMS roughness under 7 nm. In literature this is already 
considered as mirror-like [14], whereas roughness values of poly 3C-SiC 
down to 3 nm at ~400 nm are achievable [43], while also values of 
60 nm and above can be found [68]. 

The second important finding showed different dependencies of the 
surface roughness from the layer thickness. Table 1 provides results from 
the surface roughness measurements from the lowest and highest pre-
cursor flow rates of both, of Ψlow and Ψhigh. Hereby is dlayer the layer 
thickness and RRMS the root mean square roughness. For the lowest 
precursor flow rates of 2 sccm for SiH4 and 8 sccm for C3H8 an almost 
independency of the surface roughness from the layer thickness is 
shown. This means, that the SiC grains maintain their size independently 
from the layer thickness. Thus, a columnar growth behavior is proposed 

For the highest precursor flow rates of 10 sccm for SiH4 and 40 sccm 
for C3H8, however, a strong linear dependency of the roughness with 
respect to the layer thickness is detected, reflected in almost constant 
values of the roughness/thickness ratio (see Table 1). Because of these 
results we propose a change of the growth regime, where the crystals 
grow with a linear dependency with the layer thickness. Thus, a trian-
gular growth behavior is intended. This leads to the conclusion of 
different crystal growth regimes depending on the precursor flow rates. 
Additionally, it is worth mentioning that this behavior was found to be 

independent of the carrier flow rates. 

3.2. Growth process 

In this section we will present information of the actual growth 
mechanisms of ASD thin films. Wang et al. and Huang et al. proposed 
concepts of the ASD thin film growth [43,46]. The process for growing 
smooth SiC layers basically consists of three parts:  

• Deposition of Si 

Fig. 7. In a) the XRD measurements of thin films investigated in this study 
showing typical features of polycrystalline 3C-SiC 2θ diffraction patterns. Most 
prominent is the <111> peak of 3C-SiC at 35.79 ◦. The TC for each crystallo-
graphic orientation is illustrated in b). Note: the legend of a) also applies for the 
insert, as well as for b). 

Fig. 8. In a) and b) representative AFM pictures are presented, from de-
positions with the same precursor flow rates of SiH4 = 10 sccm and C3H8 = 40 
sccm with Ψlow and Ψhigh, respectively. A comparison of the surface roughness 
values depending on the precursor and the carrier gas flow can be seen in the 
lower section of the figure. In c) the results of depositions on Si with Ψhigh can 
be seen, while in b) results for Ψlow is shown. 

Table 1 
Decreasing roughness per thickness values for the lowest precursor gas flow 
stand in contrast to almost constant values for the highest precursor gas flow, 
indicating different growth mechanisms.  

Lowest precursor gas flow 
SiH4 = 2 sccm, C3H8 = 8 sccm 

Highest precursor gas flow 
SiH4 = 10 sccm, C3H8 = 40 sccm 

dlayer 

[nm] 
RRMS 

[nm] 
RRMS /dlayer [%] dlayer 

[nm] 
RRMS 

[nm] 
RRMS /dlayer [%] 

169 15.02 8.89 225 3.89 1.73 
405 15.97 3.94 415 7.13 1.72 
842 16.43 1.95 555 9.30 1.68 
2000 16.52 0.83 800 14.12 1.77  
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• Carbon diffusion in Si  
• Redistribution of the Si and C atoms 

Thus, the proposed growth mechanism is a repeated step by step 
deposition of Si atoms and the subsequent carbon-assisted redistribution 
forming ultimately SiC. The concept is illustrated in Fig. 9. However, this 
concept has not been proved yet, which means the actual growth 
mechanism could be similar to SSD. 

The CA angle measurements presented in Fig. 10 give information 
about hydrophilicity of the differently terminated surfaces and eventu-
ally leads to a conclusion of the ASD crystal growth. Strong differences 
of the CA of the three surfaces can be seen. At first, the initial CA at 0 s 
and directly after deposition (CAAD) will be taken into account. 

From the orange curve a typical SiH4 → C3H8 terminated ASD cycle 
with a CAAD of 37 ◦ is determined. Such thin films were already 
confirmed as stoichiometric poly 3C-SiC layers by XPS and XRD mea-
surements. Now, by looking at the silicon-terminated surface (SiH4 → 
C3H8 → SiH4, purple curve) a decreased CAAD of only 26 ◦ is observed. 
Thus, during every single ASD cycle an ultra-thin layer (<1 nm) of sil-
icon is deposited [69,70]. This finding, in fact, ensures that 3C-SiC is not 
constantly formed at the surface like in SSD. In a standard ASD cycle the 
next sequence introduces C3H8 into the reaction chamber and leads at 
the surface to a carbon-assisted redistribution (also called carboniza-
tion) of the uppermost Si layer resulting in 3C-SiC formation. 

On the other hand, the SiH4 → C3H8 → C3H8 terminated surface (red 
curve) shows an increased CAAD of 54 ◦. This provides information of 
how crucial the deposition times and flow rates are when applying ASD. 
The increased CAAD represents a carbon-terminated surface, which 

means that too much C-precursor was introduced. After the silicon is all 
consumed during the redistribution and forming SiC, the additional 
C3H8 was adsorbed on the surface forming a thin carbon layer. Hence, if 
too much C-precursor is used during a standard ASD process a repetitive 
stacked microstructure of SiC and C layers would result. 

More information is revealed, when the CA of two days post depo-
sition (CAPD) in air is compared to CAAD, over the period of 120 s. The 
major effect for the decrease of the CA over time is a result due to the 
evaporation of the water droplet. This leads to a decrease in volume of 
the droplet and since the contact edges can be assumed as clamped, the 
CA decreases [71]. The samples were stored in air and therefore start to 
form a native oxide layer [72,73]. SiC features a lower oxidation rate 
compared to Si [72–74], which is why only minor changes of the CA are 
observed (orange curves). Pure Si (purple curves) on the other hand has 
a chemically unstable surface [75], resulting in a lower CAAD and a 
faster decrease of CAAD from 0 s to 120 s compared to all other mea-
surement cycles. 

After oxidation, however, the oxidized Si surface (SiO2) is chemically 
more stable [75] resulting in a slower decrease over time of CAAD and a 
higher CAPD after 120 s The increase of the CAPD of the oxidized 
carbon-terminated surface can also be observed (red curves). This can be 
explained by the faster oxidation rate of C-rich SiC faces [76,77]. Ulti-
mately, the specific oxidation behavior of the different elements proves 
that the three investigated surfaces are differently terminated, thus, 
once again indicating that ASD is a process consisting of sequential sil-
icon deposition and its subsequent carbonization. Finally, a HRTEM 
analysis of the 3C-SiC/Si interface provided in Fig. 11 shows a contin-
uous 3C-SiC thin film, where no Si- or C-rich intermediate layers were 
detected, confirming the CA measurements. 

Fig. 9. Schematic step-by-step illustration of one ASD cycle. Each cycle starts 
with the deposition of an ultra-thin layer of silicon (a), which is not directly 
converted into SiC. In the next sequence C3H8 is introduced and reacts with the 
present silicon layer. In b) the carbon-assisted redistribution of the silicon 
atoms with can be seen, which ultimately leads to a smooth SiC thin film (c). 

Fig. 10. Contact angle measurements over 120 s on three differently termi-
nated ASD cycles. The samples were each measured two times, once directly 
after deposition (AD) and a second time two days post deposition (PD) to reveal 
oxidation processes on the three different surfaces. Every measurement on each 
sample was carried out four times on different locations on the wafer. 

Fig. 11. HRTEM recording of the 3C-SiC/Si interface. The ~20 nm thick 
carbonization layer can be clearly distinguished from the Si substrate and the 
3C-SiC thin film. No Si- or C-rich layers can be observed in the thin film. 
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4. Conclusions 

In this study we demonstrated the deposition of polycrystalline 3C- 
SiC thin films on Si with ASD. Altering the precursor flow rates of 
SiH4 and C3H8 as well as the H2 carrier flow rate impacts the thin film 
properties. A higher growth per cycle was detected for Ψlow for all 
precursor flow rates, caused by the effects of hydrogen inhibition and 
passivation. The carbonization layer thickness was determined by three 
methods with ~20 nm. XPS and XRD measurements revealed that all 
thin films were stoichiometric and most prominently orientated in the 
<111> plane, regardless of the <100> orientation of the Si substrate. 
Low FWHM values of 1.112 ◦ for rocking curve measurements showed 
high quality polycrystalline3C-SiC thin films. Several tendencies 
regarding the roughness were shown. For Ψhigh the roughness/thickness 
ratio decreased with increasing precursor flow rate, while the opposite 
trend was observed for Ψlow. A linear dependency of the roughness as a 
function of the layer thickness for the highest precursor flow rate was 
detected, while a strong independency for the lowest precursor flow rate 
was shown. This finding demonstrates the influence of ASD precursor 
flow rates, indicating different growth mechanism of the SiC crystals. 
Further investigations to better understand the crystal growth mecha-
nisms are in the focus. 

Investigations of the surface properties of three differently termi-
nated 3C-SiC thin films provided prove that one ASD cycle consists of the 
deposition of an ultra-thin silicon layer and a subsequent carbon-assisted 
redistribution of the silicon atoms. This cyclic crystal growth mechanism 
forms smooth and homogenous 3C-SiC thin film. The absence of Si- or C- 
rich layers in the 3C-SiC thin could be confirmed by HRTEM in-
vestigations of the 3C-SiC interface. The impact of ASD parameters on 
3C-SiC thin film properties provide to a large extend the possibility to 
tailor required thin film characteristics depending on the desired MEMS 
application. 
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