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Formation and structural characterization of nanocrystalline Si/SiC
multilayers grown by hot filament assisted chemical vapor deposition using
CH5SiH; gas jets
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We report on the formation and the structural characterization of nanocrystalline
Si/SiC (nc-Si/SiC) multilayers on Si(100) by hot-filament assisted chemical vapor deposition
using CH3SiH3 gas pulse jets. Si rich amorphous SiC (a-Si1<Cx, X~0.33) was initially grown at
the substrate temperature (Ts) of 600 °C with heating a hot filament at ~2000 °C. The
following crystalline SiC layers were grown at T = 850 °C without utilizing a hot filament.
When the a-Si;«Cx layer was ultrathin (<2 nm) on Si(100), this a-Si;«Cx layer was
transformed to a single epitaxial SiC layer during the subsequent SiC growth process. The
Si{111} faceted pits were formed at the SiC/Si(100) interface due to Si diffusion processes
from the substrate. When the thickness of the initial a-Si;«Cx layer was increased to ~5 nm, a
double layer structure was formed in which this amorphous layer was changed to nc-Si and
nc-SiC was grown on the top resulting in the considerable reduction of the {111} faceted pits.
It was found that nc-SiC was formed by consuming the Si atoms uniformly diffused from the
a-Si;«Cy layer below and that Si nanocrystals were generated in the a-Siy.<Cx layers due to the

annealing effect during further multilayer growths.
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1. Introduction

Semiconductor multilayer structures have been widely investigated for applications
to high-performance quantum electronic [1] and optoelectronic [2] devices. Especially,
Si-based multilayers are important due to the compatibility of the existing Si device
technologies. Si-based multilayer structures have been studied by using various material
systems such as Si/Si;Gey [3], hydrogenated amorphous Si (a-Si:H)/a-Si;«Nx:H [4], and
a-Si/SiO; [5, 6].

SiC is a wide band gap semiconductor and is a suitable material for high-speed and
high-power electronic devices [7]. Since the Si/SiC heterostructure has relatively large
valence and conduction band offsets [8], it may be promising to fabricate Si-based quantum
devices. In case of crystalline SiC, cubic 3C-SiC has a band gap of 2.2 eV and is the only
polytype which can be epitaxially grown on Si substrates in spite of a large (20%) lattice
mismatch. Although many studies have been reported for the growth of 3C-SiC on Si
substrate [9], little work has been done for the crystalline 3C—SiC/Si multilayer structures
[10,11]. In case of utilizing amorphous SiC (a-Si;«Cy), the band gap can be flexibly
controlled by changing the C concentration x [12]. Recently, magnetron sputtering is widely
utilized for growing a-Si(:H)/a-SiC(:H) [13] and a-Si;«Cy /SiC [14] multilayers.

One of the alternative methods to form Si/SiC multilayers is chemical vapor
deposition (CVD). Especially, pulse jet CVD is a promising method for ultrathin film growths
[15,16]. Previously, we reported the formation of Si/SiC/Si(100) structure and showed that
epitaxial Si layers were formed on epitaxially grown thin (~3 nm) SiC films on Si(100) by
exposure of SizHg pulse jets [17]. When the number of SizHg jet pulses was reduced,
crystalline Si dots were found to grow on the epitaxial SiC film [18,19]. We also reported that
Si/SiC heterostructures can be realized by using single gas source CH3SiH3 pulse jet CVD
with a hot filament [20,21]. However, continuous two-dimensional Si/SiC multilayers were
not observed when the thickness of the Si layer was decreased to ~100 nm. Besides, {111}

faceted pits were introduced at the SiC/Si(100) interface due to the diffusion of Si atoms



outward from the substrate [17,20]. In this study, we investigated the formation and the
structural characterization of nanocrystalline Si/SiC (nc-Si/SiC) multilayers on Si(100)
formed by alternating growths of a-Si;«Cyx and SiC layers utilizing hot filament assisted CVD

of CH3SiH; gas pulse jets.

2. Experimental procedure

The CVD chamber was equipped with mechanical and turbomolecular pumps and
had a base pressure of ~10° Pa. The details are described elsewhere [21]. The Si(100)
substrates were cleaned by the conventional RCA method [22]. The substrates were
introduced into the chamber after being dipped in aqueous 5% buffered HF in order to remove
surface oxides. Electronic grade CH3SiH3 was introduced into the growth chamber using a
Parker Hannifin Corporation Series 9 pulse valve with a nozzle diameter of 0.8 mm. The
distance between the nozzle and the Si substrate was approximately 20 cm. The pulse width
and frequency were set at 120 pus and 10 Hz, respectively. A tungsten hot filament was placed
in front of the Si substrate. The distance between the filament and the substrate was ~2 cm.
The substrate and the hot filament temperatures were measured by a W/Re thermocouple and
a pyrometer, respectively. During a-Si;«Cx growths, the substrate and the hot filament
temperatures were set at 600 °C and ~2000 °C, respectively. In case of SiC growths, the hot
filament was turned off and the substrate temperature was increased to 850 °C.
Cross-sectional transmission electron microscopy (XTEM) observations were carried out
using JEOL Ltd. JEM 200CX and JEM 2000EX operated at 200 kV, and JEM 4000EX at 400
kKV. X-ray photoelectron spectroscopy (XPS) measurements were performed in a
Perkin—Elmer Corporation PHI 5600 ESCA system using Mg Ka x-ray source. The depth

profiles of the chemical shifts were examined using Ar* sputtering at 3 kV.

3. Results and discussion

In order to confirm the a-Si;«Cx growth by CH3SiHj3 jets using a hot filament, we



carried out the film growth on Si(100) and characterized the film by XTEM and XPS. Fig. 1
shows the XTEM bright-field image and diffraction pattern obtained from the sample grown
by CH3SiH3 jet exposures of 18000 pulses. The bright-field image shows that the film with
the thickness of 10 nm is uniformly grown on Si(100). The diffraction spots corresponding to
Si(100) substrate and a weak amorphous halo pattern can be seen in the diffraction pattern.
Fig. 2 shows the XPS spectra of Si 2p, C 1s, and O 1s for various sputtering time obtained
from the same sample of Fig. 1. Other elements such as tungsten were lower than the XPS
detection limit. The sample surface is composed of oxidized Si judged by the peak positions
of Si 2p ~104 eV and O 1s ~533 eV as well as the carbon contamination C 1s ~286 eV which
indicates the existence of C—O bonds. The peaks at ~100 eV in Si 2p and ~283 eV in C 1s
indicate that Si—C bonds exist in the film. After sputtering for 1 min, the peaks which are
related to surface oxide and carbon contaminants disappear and a broad peak at ~100 eV in Si
2p and a peak at ~283 eV in C 1s become strong. In addition, a weak peak at ~532 eV exists
in O 1s. These peaks suggest that Si-Si, Si—C, and Si—O bonds exist in the film. The atomic
percentages of Si, C, and O which are estimated from each peak area and atomic sensitivity
factor in this region are 72%, 24% and 4%, respectively. These results indicate that the
obtained film is Si rich a-Si;«Cyx (x~0.33). The inclusion of O atoms in the film may be due to
the incorporation of outgases from the chamber wall and the hot filament during the film
growth.

In order to form multilayer structures, we repeated the a-Si;.xCx and SiC growths
with various pulse conditions. We firstly formed an ultrathin (<2 nm) a-Si;.xCx layer by 3000
pulses of CH3SiH3 jet exposure with heating a hot filament and then grew the SiC film by
3000 pulses of CH3SiH3 jet exposure. It is found that a single layer with the thickness of ~5
nm is formed on the substrate surface shown in the XTEM bright-field image of Fig. 3. The
diffraction pattern shows that the a-Si;«Cx layer is transformed to an epitaxial SiC layer
during the subsequent SiC growth process. The existence of {111} faceted pits in the XTEM

image of Fig. 3 indicates that both the a-Si;«Cx layer and the substrate act as additional



sources of Si atoms during the SiC growth.

Fig. 4 shows the XTEM bright-field image and diffraction pattern obtained from the
sample which was repeated four times of a-Si;xCx and SiC growths. During this multilayer
formation, we increased the numbers of CH3SiH3 pulse jet exposure to 9000 and 6000 pulses
for a-Si;«Cx and SiC growths, respectively. The bright-field image shows the multilayer
which consists of 8 layers. The light and dark contrast regions correspond to a-Si;«Cy and SiC
layers, respectively. It should be noted that the thickness of the a-Si;«Cx layers decreases to
~3 nm while the estimated thickness of the a-Si;«Cy layer from the bright-field image of Fig.
1 is 5 nm. This thickness decrease after the SiC growth has been also observed in case of Si
layers because the SiC growth is sustained by not only CH3SiH3 molecules but also additional
Si atoms diffused from the Si layer below [20]. In the present case, it can be explained that
each SiC layer is grown by uniformly consuming the Si atoms from the a-Si;.Cy layer below.
Also, it is found that the SiC growth rate decreases and the thickness is ~6 nm although the
number of the CH3SiH3 pulses is increased to 6000. This growth-rate decrease suggests that
SiC densely nucleates on the a-Si;.«Cy layer, resulting in the suppression of Si atoms diffused
outward from the a-Siy.«Cx layer below [23]. A weak ring pattern corresponding to SiC
together with a weak halo probably due to a-Si in the diffraction pattern indicates that the
multilayer is mainly composed of nc-SiC and a-Si;«Cx.

Figs. 5(a)~5(c) show the XTEM bright-field, dark-field images, and diffraction
pattern, respectively, obtained from the sample which was repeated the growths of a-Si;.Cy
and SiC layers for 10 times. The numbers of the CH3SiH3 pulse jet exposures were set at 9000
and 3000 for a-Si;«Cx and SiC growths, respectively. The multilayer structure which is
composed of 20 layers is observed in Fig. 5(a). The thickness of each layer is ~5 nm. The
discontinuous regions of the multilayer structures exist near the substrate surface. The
dark-field image of Fig. 5(b) shows that these discontinuous regions are composed of
crystalline Si. In the diffraction pattern of Fig. 5(c), the ring patterns of Si and SiC in addition

to a weak halo indicate that the multilayer is mainly composed of nc-Si and nc-SiC. The



high-resolution TEM image of Fig. 6 shows that there exist large and small lattice images
which correspond to Si and SiC, respectively. The typical size of both nc-Si and nc-SiC is ~5
nm. The interfaces of adjacent layers are not atomically flat due to relatively large roughness
of 2~3nm.

The formation of nc-Si has been also observed in postdeposition annealing of
a-Siy«Cy films prepared using magnetron sputtering by Song et al. [24] They also reported the
a-Si;«Cy/SIC  multilayer formation by alternating deposition of a-SipgsCoos and
near-stoichiometric SiC layers and observed that the interfaces of adjacent layers became
rough after annealing at >900 °C [14]. In our multilayer formation utilizing single gas source
CH3SiH3 pulse jet CVD, since the sample was repeatedly heated at 850 °C during the SiC
layer growths, Si nanocrystals were likely generated from the a-Si;«Cy layers by the
simultaneous annealing. The generation of nc-Si from a-Si;.«Cy layers was not clear at the
initial stage of the multilayer formation shown in Fig. 4, but it became remarkable in the
10-layer sample as shown in the diffraction pattern of Fig. 5(c). Especially, the observation of
discontinuous regions near the substrate surface shown in Figs. 5(a) and 5(b) indicates that the
Si nano-crystallization was enhanced by further multilayer growths. The generation of nc-SiC
as well as nc-Si from a-Si;«Cy layers may also induce the rough interfaces of adjacent layers
in the multilayer shown in Fig. 6. It should be noted that the thickness decrease of the
a-Siy«Cy layers after the SiC growths affected the crystallinity of the following SiC layers in
the present experimental conditions. In case of the a-Si;«Cy layer grown on the Si substrate by
CH3SiH3 jets at 3000, this ultrathin (<2 nm) a-Si;«Cy layer was completely consumed by
subsequent 3000 pulses of CH3SiH3 jet exposure and a single epitaxial SiC layer was
consequently grown on the Si substrate as shown in Fig. 3. When the number of the CH3SiH3
pulses was increased to 9000 and formed thick (~5 nm) a-Siy«Cy layers, these a-Si1«Cy layers
still remained after SiC growths as shown in Figs. 4 and 5. SiC random nucleation may well

occur on these a-Si;«Cy layers resulting in the formation of nc-SiC.



4. Conclusion

We investigated the formation and the structural characterization of nc-Si/SiC
multilayers on Si(100) by hot-filament assisted CVVD using CH3SiH3 gas pulse jets. When the
a-Siy«Cy (x~0.33) layer was ultrathin (<2 nm) on Si(100), this a-Si1.xCy layer was transformed
to an epitaxial SiC layer during the subsequent SiC growth process. When the thickness of the
initial a-Si;.«Cx layer was increased to ~5 nm, the {111} faceted pits were considerably
reduced and the nc-Si/SiC multilayers were formed by repeating the a-Si;.xCx and SiC
growths. It was found that nc-SiC was formed by consuming the Si atoms uniformly diffused
from the a-Si;«Cy layer below, and that Si nanocrystals were generated in the a-Si;.xCy layers

due to the annealing effect during further multilayer growths.
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List of figure captions

Fig 1. XTEM bright-field image and diffraction pattern obtained from the sample grown by
CH3SiH; jet exposures of 18000 pulses. The spot pattern indicates crystalline Si due to the
crystal Si substrate. A weak halo coexists in the diffraction pattern. The thickness of the film

is 10 nm.

Fig 2. XPS spectra of Si 2p, C 1s, and O 1s obtained from a-Si;«C,/Si(100) after Ar"
sputtering for (a) 0 min, (b) 1 min, and (c) 10 min. The spectra (c) are the same as those from

the Si substrate.

Fig 3. XTEM bright-field image and diffraction pattern obtained from the sample grown by
3000 pulses of CH3SiHj3 jet exposure with a hot filament heating, and 3000 pulses of CH3SiH;

jet exposure without hot filament assistance. The SiC film is epitaxially grown on Si(100).

Fig 4. XTEM bright-field image and diffraction pattern obtained from the sample which was
repeated four times of a-Si;«Cx and SiC growths. The numbers of CH3SiH; pulse jets were set

at 9000 and 6000 for a-Si;«Cx and SiC growths, respectively.
Fig 5. (a) XTEM bright-field image, (b) bright-field image, and (c) diffraction pattern of the
sample which was repeated 10 times of a-Si;.Cy and SiC growths. The numbers of CH3SiH;

pulse jets were set at 9000 and 3000 for a-Si;«Cx and SiC growths, respectively.

Fig 6. High-resolution TEM image of nc-Si/SiC multilayers which is the same sample of Fig.

5. This image was taken near from the interface between the multilayer and Si(100) substrate.
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