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Abstract: The growth of 3C-SiC shows technological challenges, such as high supersaturation,
a silicon-rich gas phase and a high vertical temperature gradient. We have developed a transfer
method creating high-quality 3C-SiC-on-SiC (100) seeding stacks, suitable for use in sublimation
“sandwich” epitaxy (SE). This work presents simulation data on the change of supersaturation
and the temperature gradient between source and seed for the bulk growth. A series of growth
runs on increased source to seed distances was characterized by XRD and Raman spectroscopy.
Results show a decrease in quality in terms of single-crystallinity with a decrease in supersaturation.
Morphology analysis of as-grown material indicates an increasing protrusion dimension with
increasing thickness. This effect limits the achievable maximal thickness. Additional polytype
inclusions were observed, which began to occur with low supersaturation (S ≤ 0.06) and prolonged
growth (increase of carbon gas-species).
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1. Introduction

The current knowledge for the growth of silicon carbide using physical vapor transport (PVT)
is understood quite well, yielding bulk crystals of up to 200 mm diameter and dislocation densities
down to 2800 cm−2 [1–3]. To date, the consecutive growth and enlargement process for the hexagonal
polytypes (4H- and 6H-SiC) using “standard” PVT is not possible for the cubic (3C-SiC) polytype,
as a high supersaturation and a temperature gradient is needed to stabilize it. In this context,
the sublimation epitaxial approach (SE) using the sublimation sandwich method already presented
by Tairov et al. [4] in 1976 was implemented and demonstrated the suitability to grow 3C [5,6].
However, the growth of bulk material using this method is challenging due to the lack of seeding
material. Nevertheless, high-quality 3C layers can be obtained using the heteroepitaxial approach of
growing the layers on silicon substrates by chemical vapor deposition (CVD) [7–9]. Due to the misfit
between 3C-SiC and silicon, the wafers are under a lot of stress, leading to bent or even cracked material.
By transferring CVD-grown layers on a SiC carrier, a seeding stack can be produced, to perform
subsequent growth by SE [10].

Various bulk growth processes for the 3C polytype have been presented over the years,
such as the modified PVT (M-PVT) or the continuous-feed PVT (CF-PVT) [6,11,12]. In this work,
we will present the growth of 3C-SiC, increasing the thickness using the SE setup and the limitations
we faced during the growth on (100)-oriented 3C-SiC-on-Si.
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2. Experimental Methods

The experimental setup, the calculation of the supersaturation, as well as a description of our
transfer process, can be seen in Figure 1. A more detailed description can be found in [10,13]. The transfer
of 3C seeding layers was conducted on four-inch wafers, featuring a thickness of approximately 20 µm
for the epitaxial 3C layer, on 580 µm thick, highly n-doped, on-axis (100) silicon substrates. We reduced
the sample size to 25 × 25 mm2 using a diode end-pumped solid-state laser, taking advantage of
the multi-pulse ablation effect on 3C-SiC [14,15]. Afterwards, we transferred the obtained layers on
26.5 × 26.5 mm2 self-grown, polycrystalline SiC carriers and used the manufactured stacks as seeds for
our SE process (Figure 1b) [10]. An additional manual polishing step was added to reduce surface
contaminations introduced by the merging process of the carriers and the epitaxial layers. For this
purpose, a standard polishing cloth was used, adding a diamond polishing solution with a grain size
of 1

4 µm.
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performed in one run, without the exchange of the tantalum getter, located below the source material. 
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computing runs, the backside sublimation was neglected. The altering effect transforming the 
tantalum getter to tantalum carbide during the process was also taken unaccounted for. 

Figure 1. (a) Schematic of the used vertical physical vapor transport (PVT) reactor on the left and the hot
zone on the right. Starting from the bottom of the hot zone, a tantalum foil is introduced as a carbon
getter. On top, a polycrystalline SiC source is placed. The spacer limits the source-to-substrate distance.
The final part is the self-manufactured seeding stack. (b) The manufacturing process for the seeding
stack is necessary for high-temperature growth. The starting material is epitaxial 3C-SiC-on-Si grown by
chemical vapor deposition (CVD). The removal of the silicon substrate is performed using wet-chemical
etching by HNA (HF:HNO3:H2O) resulting in a high-quality growth front and a low-quality transition
side. The final merging process is performed with a carbon glue layer (black), homogeneous pressure
and a specific temperature treatment.

For the growth of thicker crystals, we increased the source-to-substrate distance from 0.75 mm
up to 3 mm. Furthermore, we increased the amount of source material to be similar to the aimed
total crystal thickness. A series of samples was grown using different source-to-substrate distances,
resulting in thickness values between approximately 450 µm and 650 µm (Figure 1a). An additional
experiment was conducted, growing an approximately 2.7 mm thick sample. All experiments were
performed in one run, without the exchange of the tantalum getter, located below the source material.

To interpret the results, simulations of the temperature gradient, as well as the supersaturation,
were performed using the Multiphysics Software from COMSOL in Stockholm, Sweden. For all
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computing runs, the backside sublimation was neglected. The altering effect transforming the tantalum
getter to tantalum carbide during the process was also taken unaccounted for.

The material was characterized by optical microscopy, Raman spectroscopy and X-ray diffraction
using as-grown material. For the morphology and overview images of the samples, we used an optical
scanner with incident and through-light setup (HP Scanjet G4050, Palo Alto, CA, USA). The optical
images with higher magnification were obtained using a polarization microscope (Axio imager m1m
by Zeiss, Oberkochen, Germany). The Raman spectra were obtained using a Horiba (Kyoto, Japan)
Jobin Yvon LabRAM HR Evolution confocal microscope (405 nm). The preparation of the cross-cut
sample was done using a diamond wire saw and manual polishing with diamond suspension
(45 µm–16 µm–15 µm–1 µm).

3. Results and Discussion

The nucleation and growth of 3C-SiC is dependent on a high supersaturation, as well as reduced
carbon content in the gas phase. The supersaturation is influenced by the temperature gradient between
source and seed. The reduction of the carbon content in the gas species is handled by introducing
a getter, namely tantalum. This tantalum foil was located below the source material, and also acted
as an additional heater. To understand the change of process parameters during the growth, simulations
of increasing crystal thickness were carried out. From this data, the temperature gradient was extracted
in the middle of a one-inch crystal. The supersaturation was then calculated for the process-limiting
gas species SiC2. The results are shown in Figure 2.

The plot in Figure 2 shows the variation of supersaturation as a function of grown crystal for
four different source-to-substrate distances (0.75, 1, 2 and 3 mm). The simulation was performed
in 0.25 mm steps of grown crystal and sublimed source. For all four distances, a slight increase of
the supersaturation is visible from 0 mm to 0.25 mm. Afterwards, the numbers slightly decrease with
increasing crystal thickness. The main influencing factor for the supersaturation can be assigned
to the source-to-seed distance, decreasing from around 0.24 for a distance of 0.75 mm, down to
below 0.06 for a distance of 3 mm. Rankl et al. found that the necessary supersaturation for a complete
transition from hexagonal SiC to cubic SiC is located close to 0.39 [16]. Using the published growth rate
and temperature extracted from that publication, the temperature gradient between source and substrate
was simulated, using a new data base for the graphite parts of the growth setup. With these gradients,
the partial pressure of the growth-limiting gas species SiC2 was calculated following the equations
presented in [17,18]. From these numbers, an approximation of the supersaturation can be conducted,
decreasing this value to 0.24 for a growth temperature of 1885 ◦C. This value correlates perfectly with
the supersaturation achievable at a source-to-seed distance of 0.75 mm. The growth performed in this
work was done on seeding material that had already provided the polytype information of the cubic
silicon carbide. The method of transferring epitaxial material on silicon carbide carriers is the first
approach of growing homoepitaxial material in a bulk setup. Consequently, the high supersaturation
necessary to transform from hexagonal to cubic material presented by Rankl et al. is not needed in this
synthesis. Therefore, a reduced supersaturation may lead to a stable growth of 3C-SiC.

Growth runs have been performed for three different source-to-substrate distances
(0.75, 2 and 3 mm), resulting in crystals with a thickness between 460 and 640 µm. The samples were
characterized using XRD and Raman-spectroscopy. For the analysis of the XRD data, we used the full
width at half maximum (FWHM) of the 002 reflex. The Raman results were obtained using the ratio of
the intensities of the longitudinal mode (LO) and the transverse optical (TO) mode. The characterization
data are shown in Figure 3.

Both characterization methods describe a similar development. With a reduction of
the supersaturation, created by an increase in the source-to-substrate distance, the overall material quality
decreases. With the values close to 120 arcsec for spacer distances of 0.75 mm, increases of up to 325
arcsec for 3 mm polytype inclusions are highly probable. It is also noteworthy that the growth rate does
not seem to influence this property in the used parameter range of the characterized materials.
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The main three-dimensional defect present in cubic silicon carbide grown on silicon is
the protrusion. It was already reported by Zimbone et al. [7] that this kind of defect tends to
increase in size with increasing thickness of CVD-grown material. This trend can also be observed on
bulk material using epitaxial layers as seeds. Figure 4a shows the length of the protrusion base derived
from the as-grown surface of samples with increasing thickness. From these numbers, a linear behavior
can be extracted. As a consequence, a limitation to the quality of defect-free material is provided by
the density of the protrusion defect on the growth front. With a simple extrapolation of the present
trend, samples with a thickness of up to 3 mm should feature a protrusion dimension close to 1.4 mm.

A growth run was performed resulting in a sample with a thickness of approximately 2.7 mm.
An optical image using incident light is presented in Figure 4b.

As expected, the material surface is dominated by the protrusion defect, increasing the total
roughness. Apart from the change in surface morphology, material is absent on the right and bottom-left
side. These missing areas were created by backside sublimation during the growth.
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Figure 4. (a) Protrusion dimension, measured on the base as a function of crystal thickness. The inset
presents a top-down view of a protrusion defect, showing an inverse pyramid. The length a describes
the base of such a pyramid created by stacking faults penetrating the surface. (b) Surface image of
an approximately 2.7 mm thick one-inch sample dominated by the protrusion defect.

A cross-cut of this sample is depicted in Figure 5. From this image, the severe backside
sublimation can be seen clearly in the bottom areas, stating the necessity of a better backside protection.
Apart from the sublimed areas, two distinct areas can be seen in the crosscut. The first one appears in
bright yellow and represents cubic silicon carbide. The white/transparent areas can be assigned to
6H-SiC. With an increase in thickness created by prolongation of the growth time a change in growth
conditions seems to appear. This change leads to a transition of cubic to hexagonal silicon carbide.
However, an additional switch back to cubic also appears to be present as cubic material is present
in the top area of the crystal. Therefore, the parameters used for this experiment are located close to
the limitations for the cubic polytype, fluctuating during the growth. The black areas in the image can
be assigned to cracks, protrusions or certain inclusions.Materials 2019, 12, x FOR PEER REVIEW 6 of 8 
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From simulation data, the temperature gradient was extracted for four different source-to-substrate
distances (0.75, 1, 2 and 3 mm). With these values, the supersaturation was calculated for the growth-limiting
gas species SiC2 as a function of temperature. The data are presented in Figure 6. The previously discussed
supersaturation necessary for a transition from hexagonal to cubic silicon carbide is highlighted with a red
circle for a distance of 0.75 mm.

For a source-to-substrate distance of 3 mm, the supersaturation present during the growth of
the sample shown in Figure 5 is located below 0.06. As previously mentioned above, a smaller value
for the supersaturation may lead to a stable growth of 3C-SiC using this homoepitaxial approach as no
transition from hexagonal to cubic is necessary. From the resulting cross-cut and its interpretation,
it is reasonable to say that a supersaturation below 0.1 is not beneficial for a stable growth of cubic
silicon carbide. This assumption, however, only applies for the use of 3C-SiC-on-SiC seeding material.
In this specific case, the polytype information is provided by the interface of the seed and no transition
from hexagonal to cubic material is necessary. Additional considerations must be made in regard
to the tantalum altering process. With increasing thickness, controlled by either the temperature or
the time, the metallic getter will change to tantalum carbide. This process will reduce the gettering,
as well as the heating function below the source material.
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4. Conclusions

A quantitative estimation for the temperature gradient in the sublimation “sandwich” setup
was created based on COMSOL Multiphysics. From the acquired data, the supersaturation of
the growth-limiting gas species SiC2 for different source-to-substrate distances was calculated. Growth
of 3C-SiC material in the [100] direction revealed the strong correlation with high supersaturation values.

The main defect limiting the growth with the presented method appears to be the protrusion
defect which stems from the 3C-SiC CVD seeding layer. With increasing thickness of the crystal,
a linear increasing behavior was observed similar to CVD-grown material. To investigate the material
properties further, defect-free seeding layers in terms of protrusions must be used in future work.

Additional comparisons were done with published numbers of the supersaturation for
the transition from hexagonal to cubic material. By adapting this information to the herein presented
setup and simulation database a corrected value was derived. Experimental results for increased
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thickness of the material suggest a minimum supersaturation of 0.1 to be sufficient for the growth of
cubic silicon carbide.

Author Contributions: Conceptualization, M.Z.; software, J.S.; validation, P.S.; formal analysis, P.S.; resources,
M.M. and F.L.V.; writing—original draft preparation, P.S.; writing—review and editing, P.S.; supervision, P.J.W.;
project administration, F.L.V.

Funding: This research was funded by the European Union grant number [720827].

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rengarajan, V.; Xu, X.; Wu, P.; Gupta, A.; Ramm, M.; Zwieback, I.; Rulan, G. Growth of Large Diameter SiC Single
Crystals. In Proceedings of the Invited Talk at ICSCRM 2017, Washington, DC, USA, 17–22 September 2017.

2. Wellmann, P.J. Review of SiC crystal growth technology. Semicond. Sci. Technol. 2018, 33, 103001.
3. Wellmann, P.; Neubauer, G.; Fahlbusch, L.; Salamon, M.; Uhlmann, N. Growth of SiC bulk crystals for

application in power electronic devices–process design, 2D and 3D X-ray in situ visualization and advanced
doping. Cryst. Res. Technol. 2015, 50, 2–9.

4. Tairov, Y.M.; Tsvetkov, V.F.; Lilov, S.K.; Safaraliev, G.K. Studies of Growth Kinetics and Polytypism of Silicon
Carbide Epitaxial Layers Grown from the Vapour Phase. J. Cryst. Growth 1976, 36, 147–151.

5. Jayatirtha, H.N.; Spencer, M.G. The effect of source powder height on the growth rate of 3C-SiC grown by
the sublimation technique. Silicon Carbide Relat. Mater. 1995, 142, 61–64.

6. Jokubavicius, V.; Yazdi, G.R.; Liljedahl, R.; Ivanov, I.G.; Yakimova, R.; Syväjärvi, M. Lateral Enlargment
Growth Mechanism of 3C-SiC on off-oriented 4H-SiC Substrates. Cryst. Growth Des. 2014, 14, 6514–6520.

7. La Via, F.; Severino, A.; Anzalone, R.; Bongiorno, C.; Litrico, G.; Mauceri, M.; Schoeler, M.; Schuh, P.;
Wellmann, P. From thin film to bulk 3C-SiC growth: Understanding the mechanism of defects reduction
2018. Mater. Sci. Semicond. Process. 2018, 78, 57–68.

8. Zimbone, M.; Mauceri, M.; Litrico, G.; Barbagiovanni, E.G.; Bongiorno, C.; La Via, F. Protrusion reduction in
3C-SiC thin film on Si 2018. J. Cryst. Growth 2018, 498, 248–257.

9. La Via, F.; Roccaforte, A.; La Magna, R.; Nipoti, F.; Mancarella, P.J.; Wellmann, D.; Crippa, M.; Mauceri, P.;
Ward, L.; Miglio, M.; et al. 3C-SiC Hetero-Epitaxially Grown on Silicon Compliance Substrates and New
3C-SiC Substrates for Sustainable Wide-Band-Gap Power Devices (CHALLENGE) 2018. Mater. Sci. Forum
2018, 924, 913–918.

10. Schuh, P.; Schöler, M.; Wilhelm, M.; Syväjärvi, M.; Litrico, G.; La Via, F.; Mauceri, M.; Wellmann, P.J.
Sublimation growth of bulk 3C-SiC using 3C-SiC-on-Si (100) seeding layers. J. Cryst. Growth 2017,
478, 159–162.

11. Queren, D.; FAU, Erlangen, Germany; Nuremberg, Germany. Personal Communication, 2006.
12. Chaussende, D.; Mercier, F.; Boulle, A.; Conchon, F.; Soueidan, M.; Ferro, G.; Mantzari, A.; Andreadou, A.;

Polychroniadis, E.K.; Balloud, C.; et al. Prospects for 3C-SiC bulk crystal growth. J. Cryst. Growth 2008,
310, 976–981.

13. Schöler, M.; Schuh, P.; Steiner, J.; Wellmann, P.J. Modelling of the PVT growth process of bulk 3C-SiC–growth
process development and challenge of the right materials data base. Mater. Sci. Forum 2019, 963, 157–160.

14. Fu, C.; Yang, Y.; Huang, Z.; Liu, G.; Zhang, H.; Jiang, F.; Wei, Y.; Jiao, Z. Investigation on the laser ablation of
SiC ceramics using micro-Raman mapping technique. J. Adv. Ceram. 2016, 5, 253–261.

15. Zoppel, S.; Farsari, M.; Merz, R.; Zehetner, J.; Stangl, G.; Reider, G.A.; Fotakis, C. Laser micro machining of
3C-SiC single crystals. Microelectron. Eng. 2006, 83, 1400–1402.

16. Rankl, D.; Jokubavicius, V.; Syväjärvi, M.; Wellmann, P.J. Quantiative Study of the Role of Supersaturation
during Sublimation Growth on the Yield of 50 mm 3C-SiC. Mater. Sci. Forum 2015, 821–823, 77–80.



Materials 2019, 12, 2353 8 of 8

17. Hupfer, T.; Hens, P.; Kaiser, M.; Jokubavicius, V.; Syväjärvi, M.; Wellmann, P.J. Modeling of the mass transport
during the homo-epitaxial growth of silicon carbide by fast sublimation Epitaxy. Mater. Sci. Forum 2013,
740–742, 52–55.

18. Lilov, S.K. Thermodynamic analysis of phase transitions at the dissociative evaporation of silicon carbide
polytypes. Diam. Relat. Mater. 1995, 4, 1331–1334.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Methods 
	Results and Discussion 
	Conclusions 
	References

