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ABSTRACT We report on a systematic spectroscopic and structural investigation of 3C-silicon
carbide (3C-SiC) films grown on Si(100)-(2x1) by co-deposition of Cep molecules and Si atoms
in ultra-high vacuum conditions. This work focuses on reducing the macroscopic defects formed
at the interface in Si-SiC heterojunctions. A wide range of parameters influences the growth
process, including the substrate deposition temperature, the relative effusion fluxes of Cgo and Si,
and the clean Si(100) surface order. By adjusting the Si and Cso deposition rates, it is possible to
reduce the Si atom diffusion from the substrate and control both the surface morphology and the
specific formation of the C-rich ¢(2%2) or the Si-rich 3x2 ordered surfaces. Our results show that
the growth of 3C-SiC on flat and good quality Si substrates is a crucial and necessary starting

point to obtaining good quality 3C-SiC/Si interfaces with a minimum number of defects.

Introduction

The current emerging tendency toward sustainable green technology requires the development
of new high-performance microelectronic devices with an increased power density and reduced
cooling requirements. In this framework, the remarkable mechanical and electrical properties of
the silicon carbide (SiC)!* make it a material of great interest in the power device industry as an
alternative route to Si-based devices in sustainable modern technology. Its physical properties
allow operation for many applications, including harsh environments and high temperatures, as
well as the optimization of the electronic device through faster switching speed, lower losses and
higher blocking voltages with respect to Si-based technology. To date, most of the fundamental
research related to the SiC is focused on hexagonal polymorphs 4H and 6H, and high-grade
single-crystal wafers are commercially available. However, in the last years, the cubic polytype
(3C-SiC) has been attracting notable interest in the scientific community thanks to its remarkable
technological benefits to hexagonal polymorphs®. Due to the lower bandgap of 3C-SiC (2.35 eV)

compared to 4H- and 6H-SiC (3.28 eV and 3.08 eV respectively), a lower density of interface



states 1s expected at the 3C-SiC/SiOz interface. As a consequence, field-effect transistors based
on 3C-SiC have the highest channel mobility ever observed in any SiC polytype, implying a
remarkable reduction in power consumption. Furthermore, the much lower temperature
coefficient of resistance between the operating temperature of the device and the room
temperature (RT) of 3C-SiC leads to a drastic reduction of the device-on-resistance. Last but not
least, the 3C-SiC polytype is the only one that can be grown on cheap Si substrates®’. It is
obtained at the lowest growth temperature among the SiC polymorphs, offering a real economic
benefit in the growing cost, the potential for faster scale-up with substrate wafer size and the
direct integration into the presently available Si technology. For those reasons, the growth of
high-quality 3C-SiC epilayers and bulk wafers is becoming a key aspect for its integration into
commercial power devices. Nevertheless, despite the large efforts in the last years, the
fabrication of low-cost and high-quality 3C-SiC on Si is still a crucial issue®.

Though the 3C-SiC heteroepitaxial growth on 4H- and 6H-SiC has been optimized®!®!!, the
growth on Si substrates presents important limiting factors to obtain device-grade growth of 3C-
SiC/Si heterojunctions; the large crystallographic mismatch between the bulk lattice parameters
of Si and 3C-SiC (~19%), and the difference between the thermal expansion coefficients of the
two materials (~8% at RT and ~23% at the typical growth temperature). These facts lead to a
high density of structural defects, hampering the synthesis of device-quality 3C-SiC/Si
heterostructures®’412, Furthermore, the significant Si diffusion from the substrate, which occurs
at typical growth temperatures, implies the formation of pyramidal pits, “vulcan-like” structures
and voids at the interface between the substrate and the growing films'2-13. Many strategies have

been used to overcome these problems, such as substrate pre-patterning'®-1?

, opportune gasses
mixtures!2-20 and refs therein, 21 5 the use of a buffer layer?>?’. Nevertheless, the problem is far from

being solved. SiC growth by chemical vapour deposition (CVD) is normally performed using

precursors mixtures of silane, hydrocarbons and various Si/organic compounds in a hydrogen



flow. In literature, the dimension of the voids at the interface can be modulated by the C/H ratio,
the carbonization time and the H etching time (during the temperature ramp-up between
carbonization and growth). Last but not least, the presence of undesired residuals of SiOx at the
3C-SiC/Si interface can affect the transport properties at the interface in an uncontrolled way,
dramatically decreasing the device performance?6-2°.
Among all the many growth methods and precursors exploited so far, the Cso molecules have
been successfully used as a carbon source to synthesize 3C-SiC films on Si substrates, even if the
interface shows several defects®*37. As we demonstrate in the following, the appropriate choice
of co-deposited Si and Ceo fluxes and growth temperature allows the reduction of the Si atoms
effusion from the substrate, which is the main responsible for the large number of defects and
voids formation at the interface. Moreover, by using Si and Ceo, no extra chemical species are
present in the precursors limiting the chemical contamination of the grown SiC layer (H-free).
On the other hand, the preparation of the Si substrate and the deposition conditions influence the
microstructure within the SiC film. The quality of the substrate (in terms of contaminants and
defects) is crucial to obtain, both morphologically and structurally, good quality SiC films and
interfaces. Indeed, the morphology of the thin films reflects the morphology of the substrate,
such as the number of defects of the grown film is related to the number of defects of the
substrate surface itself 38. Generally, samples obtained by co-deposition (showing pits of
pyramidal shape at the SiC/Si interface and holes on the surface??30-37-39-42) are grown by using
high growth flux rate and poor base pressures (~1x107 mbar-1x10® mbar), conditions in which
it is extremely hard to obtain well-ordered, flat, and defect-free clean Si substrates*>#4,

This work reports a systematic spectroscopic and structural-morphologic investigation of 3C-
SiC films grown on Si(100)-(2x1) by co-deposition of Ceo precursor molecules and Si atoms.
Particular attention is devoted to minimizing the macroscopic defects formed at the interface in

Si-SiC heterojunctions. All the samples were prepared in ultra-high vacuum conditions (UHV),



at a base pressure of ~5x10°'! mbar. We spanned over a wide range of parameters that influence
the growth process, including the substrate deposition temperature, the relative effusion fluxes of
Ceso and Si, and the surface order of the clean Si(100) surface. The growth in UHV conditions
avoids the formation of SiOx at the interface and the presence of contaminants, resulting in an
increased quality of the heterostructure and improved reproducibility of its electronic properties.
The UHV growth also results in good surface quality of the 3C-SiC layers. The growth and the
experimental approach used enabled us to check in-situ through a variety of surface-science
experimental techniques, the quality, stoichiometry and purity of the starting substrates and the
grown films, avoiding any possible artefact induced by contaminants. The in-situ available
experimental techniques were low energy electron diffraction (LEED), ultra-violet and X-ray
photoemission spectroscopy (UPS and XPS, respectively), and inverse photoemission
spectroscopy (IPS).

Taking advantage of the transparency of SiC to visible light, we studied the 3C-SiC/Si(100)
interface of our films ex-situ by using conventional optical microscopes and scanning near field
optical microscope (SNOM) with a spatial resolution of 50-100 nm. The crystallinity of the most
promising samples was determined by ex-situ X-ray diffraction (XRD) and X-ray reflectivity
(XRR). From XRD analysis we obtained information on the long-range order structure of the
grown film, i.e. the domain size along with the main crystallographic directions, while by XRR
we have determined the film thickness, its density, and the surface as well as the 3C-SiC/Si

interface roughness.

Experimental section
All synthesis were performed by using un-doped Si(100) Siltronix wafers. The Ceo and Si co-
deposition was performed in UHV conditions on clean, well-ordered reconstructed Si(100)-2x1

surfaces and on not-reconstructed Si(100) surfaces. The ordered Si(100)-2x1 surfaces were



obtained by annealing the substrate up to 1200-1300 K maintaining the pressure below 1x107
mbar during the whole process. In these conditions, the produced surfaces are flat, well ordered
and with a low number of defects 4***. The so-obtained surfaces show sharp double domains 2x1
LEED patterns, and sharp surface states in the valence (VB) and conduction band (CB) spectra
(see Figure 1), in agreement with previous measurements *>. The non-reconstructed surfaces (1x1
LEED pattern) were obtained by flashing the Si(100) substrate in poor vacuum conditions
(>9x10°mbar). Annealing in these conditions leads to the presence of a large number of defects
4344 No contaminants (in particular oxygen and/or carbon) were observed in the photoemission
spectra in both cases.

Pure Cso (99.9%), purchased from Sigma Aldrich, was sublimated from a tantalum crucible,
while Si deposition was obtained by resistive heating of a p-doped Si wafer. The C and Si fluxes
and coverages were measured employing XPS. The fluxes were determined by depositing Ceo on
Si(100), and Si on a poly-crystalline copper plate at <300 K, assuming a unitary sticking
coefficient for both at this temperature. During Ceo and Si co-sublimation the pressure in the
preparation chamber was always lower than 4.0x10° mbar. The UPS spectra were obtained by
using a conventional He discharge lamp (hv=21.2 eV and 40.8 eV), while the XPS spectra by
means of a conventional Mg K, X-ray source (hv=1253.6 eV). The electron energy distribution
curves were measured in normal emission geometry with a 100 mm-radius hemispherical
electron energy analyser (acceptance angle ~7°). The overall instrumental energy resolution was
120 meV for the UPS VB spectra and 1.2 eV for the XPS core level spectra. All the binding
energies of the VB and core level spectra have been referenced, respectively, to the Fermi (Er)
and Ag 3d core levels of a silver target in direct contact with the sample.

The normal incidence IPS measurements were performed in UHV using a homemade Erdman-
Zipf electron gun. The electron beam divergence was better than 3°. Photons emitted from the

sample surface were collected by a homemade Geiger-Miiller type detector with a He-I> gas



mixture and an SrF2 entrance window filtering photons of 9.5 eV. The experimental resolution
was better than 300 meV, as measured by the Er onset of a clean Ta foil. The spectra were
normalized at each point to the incident electron beam current.

SNOM topography and near-field measurements were performed by using a TriA-SNOM
microscope (A.P.E. Research, Trieste, Italy) in illumination mode. In this setup, the light coming
from a laser source is coupled with a single-mode optical fiber. The scattered light from the
sample surface can be collected both in reflection and transmission mode. The TriA-SNOM
microscope is provided with a flexure scanning stage with a maximum in-plane XY scan area of
100 pm x 100 um and z-scan range of 10 um, equipped with strain gauge sensors to provide an
absolute positioning. In this work, SNOM topography and optical reflection measurements were
simultaneously performed by using a laser source with 650 nm wavelength, and a pulled SNOM
fiber probe of 50 nm nominal tip aperture (Lovalite, Besancon, France).

The crystallinity of the SiC films has been characterized by XRD using a commercial
PanalyticalX'pert with a Cu X-ray source. Surface XRD and XRR measurements of the 3x2 SiC
sample were performed at the ID03 beamline at ESRF (Grenoble)*. All measurements were

performed at RT.

Results and Discussion

The substrate temperature during the sample growth is a key parameter to obtain high-quality
3C-SiC films and interfaces requiring to be carefully controlled. As mentioned above, the high
density of structural defects at the interface strongly depends on the different thermal expansion
coefficients of Si and 3C-SiC’, and the diffusion of Si atoms through defects of the substrate
surface (as discussed for example in refs’3%3647) As a consequence, the growth temperature
must be chosen as low as possible, but at the same time, it must be high enough to allow the

formation of 3C-SiC layers with high crystallographic properties. Three different growth



temperatures were selected, 1050 K (minimum temperature to form SiC333¢), 1200 K and 1370
K, corresponding to three significantly different growth conditions. At 1050 K the reaction time
(time necessary for the complete reaction of Cso molecules with the Si substrate to form covalent
Si-C bonds obtaining SiC, as shown in ref. 33 and references therein) is rather slow, about 300
s8, and the possibility to grow well-ordered samples might be reached only by fixing the Ceo
flux to a low rate, as discussed below. At 1200 K the reaction time is remarkably shorter, about 5
s, while at 1370 K the reaction time is <1s3337. The Cgo deposition rate was fixed at 0.1
monolayers (ML) per minute (i.e. 1.15x10'3+ 5% carbon atoms ¢cm s!) for all samples, which
corresponds to the complete reaction of the Ceo molecules at the lowest growing temperature
(1050 K). A detailed description of the Csp monolayer calibration and definition can be found in

Ref. 34. The Si atoms flux was fixed to 70% and 100% of the C flux. The films had a thickness

in the range of 0.1-0.5 um.

Growth T (K) Silicon Si:C
3C-8iC C%
Sample name and Cgp substrate co-deposition
LEED (via XPS)
reaction time LEED flux
S1_1050_70 70:100 NO 50
S1_1050_100 1x1 100:100 NO 50
52 1050 _70 1050 (300s) 70:100 NO 50
52 1050 _100 2x1 100:100 NO 50
S1 1200 70 70:100 NO 50
S1_1200_100 1x1 100:100 NO 50
52 1200 70 1200 (5s) 70:100 c(2x2) 48
$2_1200_100 2x1 100:100 3x2 50
S1_1370_70 70:100 NO 50
S1 1370 100 1x1 100:100 NO 50
S2 1370 _70 1370 (<1s) 70:100 3x2 46
S2 1370 _100 2x1 100:100 3x2 46

Table 1. Summary of the growth parameters and the surface reconstructions of the studied 3C-

SiC films. The sample names are defined as Sx temp flux, where Sx is the silicon



substrate surface reconstruction 1x1 (S1) or 2x1 (S2), temp is the growth temperature,
and flux is the Si:C flux ratio used during deposition. The sample stoichiometry and C %

have been determined by XPS (Supporting Information).

Tablel summarizes our results. Independently of the substrate quality and Si fluxes, the 3C-
SiC samples grown at the lowest temperature (1050 K) are stoichiometric, as confirmed by XPS
(Supporting Information). However, their surfaces are not ordered: they do not show any LEED

pattern nor surface states in the VB and CB. As an example, the sample S2 1050 70 shown in

Figure 1.

UPS IPS

S2_1050_70

Intensity (a.u.)

E-Ec(eV)
Figure 1. Combined UPS-IPS spectra of samples S2 1050 70, S2 1200 70 and S2 1370 100
compared to the clean 2x1 reconstructed Si(100) surface. The arrows indicate the features

interpreted as filled and empty surface states. See text for more details.



The electronic properties of the 3C-SiC films were characterized by combined UPS-IPS
measurements. The spectra are shown in Figure 1 together with the Si(100) 2x1 spectrum for
comparison®. Samples with (3x2) or ¢(2x2) LEED patterns show a weak shoulder at about -0.8
eV in the UPS spectra, the distinctive feature of a surface state**>°, Our results are in good
agreement with the literature VB measurements, though the energy and angular resolutions in
this work do not allow us to better resolve it. On the other hand, thanks to the IPS angular
resolution the CB spectra show a defined structure at about 1.1 eV assigned to C-Si empty

3153 even in the polycrystalline SiC films*2. The broad feature at higher energies of the

states
polycrystalline sample (S2_1050 70) becomes sharper and structured as the long-range surface
order increases. In particular, the (3x2) reconstructed 3C-SiC(100) shows two unoccupied
surface states at 0.6 eV and 2.3 eV, while in the ¢(2x2) the surface states are located at about 2.9
eV and 5 eV. The IPS spectra of the two ordered phases, 3x2 and c¢(2x2) SiC(100) 3>>4, are in
good agreement with the literature, confirming the electronic structure of Si-rich 3x2 SiC(100)
and C-rich ¢(2x2) SiC(100).

Independently of the growth temperature, no LEED pattern and a large number of interface
defects were observed in all samples grown on non-reconstructed surfaces (1x1), pointing out the
importance of the substrate quality. In these cases, the optical microscope images show a large
number of rectangular structures with average sizes in the um scale. An example is reported in
Figure 2a (sample S1_1050_70). These results are in agreement with the typical pyramidal shape
pits of the SiC/Si(100) interface already reported in the literature’-303%3%47_ The observed defects
have an interface area density of about 50% displaying the same organization as the typical
defects of Si(100) surfaces annealed in bad vacuum conditions. We expect their presence already

before the co-deposition procedure, as reported in the literature*”-5.
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LEED: c(2x2) _, & ' LEED: 3x2
C:48% ¥

2.5 um

$1_1050_70 S2_1200_70 S2_1 370 100

Figure 2. Optical microscope images, showing the pits at the 3C-SiC/Si(100) interface of
samples a) S1 1050 70 (interface defects area 50.4%), b) S2 1200 70 (interface defects

area 3.8%) and ¢) S2 1370 (interface defects area 39%). The interface defects area has

been estimated by means of the software for image analysis gwyddion>®.
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S2_1370_100 (C 46% LEED 3x2)

Figure 3. Ex-situ SNOM optical of samples a) S2 1200 100 and b) S2 1370 100. SNOM
reflection (left) at a wavelength of 650 nm, and simultaneous SNOM topography (right) on

different scan areas (Smp % Smp and 10mp x 10mp). The interference fringes in the
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SNOM optical images of the sample S2 1370 100 are due to light reflection inside the

interface pits/holes.

Concerning the samples S2 1200 70 and S2 1200 100, grown at 1200 K, both show a long-
range order at the 3C-SiC surface, as confirmed by LEED (Table 1) and by the presence of
surface electronic states in the combined UPS-IPS spectra (Figure 1). The topmost layers of the
films have different LEED patterns and surface electronic states, typical of 3C-SiC(100)
terminated surfaces: the c(2%2) pattern corresponds to a C-terminated surface, while the 3x2 to a
Si-terminated surface*®. The surface reconstruction was found to be dependent on the Si/C flux
ratio. By using a 70% Si/C flux ratio, the samples show a ¢(2x2) LEED pattern, while fixing the
Si/C flux ratio at 100% the 3x2 surface reconstruction is observed. By changing the relative
Si/C fluxes it is possible to modulate the surface morphology, obtaining different surface
reconstructions in controlled conditions. As shown in Figure 2b, the sample S2 1200 70 (c(2x2)
LEED pattern; C concentration: 48%) has the lower density and dimension of defects at the 3C-
SiC/Si(100) interface (interface defects area 3.8%). In the S2 1200 100 sample (3x2 LEED
pattern; C concentration 50%) almost no defects are visible at the optical microscope. This is
also confirmed by SNOM measurement at higher lateral resolution (Figure 3a). The typical mean
roughness as measured by SNOM was <2 nm. We recall that SNOM allows acquiring the optical
and the topography images of the same area of the sample, at the same time. The negligible
number of holes in the topography and in the optical image indicates that if pits are present at the
interface, their lateral dimensions are smaller than the SNOM optical resolution, i.e. = 80 nm.
This result suggests that the Si flux used in this case was enough to deplete the diffusion of the Si
atoms from the substrate, resulting in a strong decrease in defect formation at the interface. The
samples S2 1370 70 and S2_1370 100, grown at 1370 K, have the same 3x2 LEED patterns (Si

terminated surface) and stoichiometry (C concentration 46%). This may be due to a significantly

12



different sticking coefficient of the Ce¢o at 1370 K with respect to 300 K. At 1370 K, a
considerable fraction of C atoms may desorb from the surface before reacting. Moreover, at this
temperature, the Si diffusion from the substrate is higher, and the 3C-SiC films show again a
considerable number of defects at the interface (Figures 2c and 3b).

The crystallinity and orientation of the 3C-SiC films S2 1370 70 and S2 1370 100 were
confirmed by ex-situ XRD using a standard laboratory diffractometer with a Cu K-alpha
radiation source. The 6-20 patterns (not shown) exhibit the characteristic peaks at 6= 41.7° at 0=
69.8° assigned in the literature (see for example ref. 57) to the (002) 3C-SiC and (004) Si
reflections, respectively. Figure 4 shows the rocking curve around the [-1 0 1] 3C-SiC Bragg
peak measured at the ID03 of the ESRF facility*®. The in-plane FWHM of the peak is better than

0.017 r.l.u. (relative lattice unit), which in SiC films, corresponds to a lateral domain size > 25

nm 38,
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Figure 4. X-ray reflectivity (left) and rocking curve around the [-1 0 1] Bragg peak (right) of the

S2 1370 70 sample. The analysis is described in the text.
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By XRR measurements we were able to determine the density of the 3C-SiC film along with
its electronic density, surface roughness and inter-diffusion layer. The XRR data and its fit of the
sample S2_1370_70 are shown in Figure 4. The data were fitted using the GenX software®” and a
sample model made of the Si substrate, a SiC film of 46.5 0.3 nm and a native SiO; top layer of
a few A%, According to the best fit (continuous line), the electronic density of the SiC layer is
1.00+£0.02 e A3, in very good agreement with the theoretical value (0.97 e A3) of the 3C-SiC. To
fit the data correctly, it was necessary to simulate the presence of the pits on the Si substrate.
This was achieved by introducing in the model, between the SiC and the Si substrate, a fictitious
layer having an electronic density about half the value of the SiC layer and thickness of about 10
nm. We should stress that the XRR data are very sensitive to the thickness and density of the SiC
layer, as well as to the presence of a layer between the SiC and the substrate having a density
smaller than the ones of the SiC and Si. On the other hand, the data are quite insensitive to the

thickness and inter-diffusion values of the fictitious layer.

Conclusions

In summary, we found that the quality of the 3C-SiC/Si(100) interface strongly depends on the
clean Si(100) substrate quality, the C and Si atoms fluxes, and the substrate growing
temperature. The best 3C-SiC quality was obtained on well-clean and reconstructed Si(100)-2x1
surfaces. Depending on the Si and Cso deposition rates it is possible to control the 3C-SiC
surface morphology and the formation of the C-rich, ¢(2%2), or of the Si-rich, 3x2, ordered
surfaces. The lower number of defects at the SiC/Si interface was obtained at 1200 K and Si:C
flux fixed at 70%. This study provides useful insights to optimize the growth and control the
physical properties of 3C-SiC/Si heterojunctions. A detailed understanding of the main factors
influencing the quality of the 3C-SiC/Si(100) interface is crucial for future technological

applications of this material in commercial power devices, and its integration into the currently

14



available Si-based technology. Further analysis is planned to characterize the defects within the
SiC film, i.e. stacking faults and anti-phase boundary at the micro and nanoscale, fundamental

for electronic applications of 3C-SiC.

Supporting Information

XPS characterization of the samples S2 1200 70 and S2_ 1050 70 (PDF)
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