Annuaire de I’Université de Sofia “St. Kliment Ohridski”, Faculté de Physique, 96, 2003

STUDY ON THE GROWTH CONDITIONS OF SILICON CARBIDE MONOCRYSTALS FROM VAPOR PHASE

STANISLAV LILOV, TARO NISHIGUCHI^∗, SHIGEHIRO NISHINO^∗

Department of Semiconductor Physics ∗Kyoto Institute of Technology, Kyoto, Japan

Śšăŋĺśńăć Ńĺńőć, Šăřő Ŋĺÿĺčşůĺ, Ÿĺčěţĺřő Ŋĺÿĺŋő. ĹĞŚŃĚĎĆĂŊĚ ĆŽŘŢŞ ŞŚÓ ŃŐĆĹ§ŠĂ ŊĂ ĹĞŘĂŚŠĆĂŊĚ ŐŠ ŔĂŘŐĆĂ ŤĂĞĂ ŊĂ ŇŐŊŐŁŘĹŚŠĂŃĹ ŐŠ ŚĹŃĹŰĹĚĆ ŁĂŘĄĹĎ

Ć ŋăśšő£źăšă řăąőšă śă ŕřěďśšăćěŋĺ řěğşńšăšĺ őš ĺğśńěďćăŋěšő ŋă ŋ£łőĺ łĺŋěšĺůÓ ŋĺ şśńőćĺ£ ŋă ĺğřăśšćăŋě ć ŕřőűěśă ŋă ŕőńşůăćăŋě ŋă ňőŋőłřĺśšăńŋĺ śńĺšžűĺ őš 6H-SiC. Őŕřěďěńěŋ ě łĺŋěšĺůŋĺ£š łőěťĺűĺěŋš ŋă łřĺśšăńĺğăűĺ£. Ŕőńşůěŋă ě ěłśŕěřĺňěŋšăńŋă ğăćĺÓ śĺňőśš ŋă ŕřěňěśšćăŋěšő ŋă ťřőŋšă ŋă łřĺśšăńĺğăűĺ£ őš ćřěňěšő ć ŕřőűěśă ŋă ĺğřăśšćăŋě. Ďĺśłşšĺřăŋĺ śă ŕőďţőď£źĺšě şśńőćĺ£ ğă śšăąĺńŋő ĺğřăśšćăŋě ŋă 15R-SiC ćžřţş ŕőďńőęłĺ őš 6H-SiC ĺ 4H-SiC. Ğă ĺğřăśšćăŋěšő ŋă 15R-SiC ćžřţş 6H-SiC ĺ 4H-SiC ŕőďńőęłĺ śă ŋěőąţőďĺňĺ šěňŕěřăšşřĺ 2000^∘Ś ĺ 1800^∘ Ś, śžőšćěšŋő.

Stanislav Lilov, Taro Nishiguchi Shigehiro Nishino. STUDY ON THE GROWTH CON- DITIONS OF SILICON CARBIDE MONOCRYSTALS FROM VAPOR PHASE

In the present work are presented the results on the investigation of some kinetic growth conditions during the growth of 6H-SiC monocrystalline ingots. The kinetic coefficient of crystallization is determined. It is obtained an experimental dependence of the movement of the front of crystallization on the time during the growth process. The sutable conditions for the establishment of a stable crystal growth of 15R-SiC on 4H-SiC and 6H-SiC substrates are discussed. For the growth of 15R-SiC on 6H-SiC and 4H-SiC substrates are needed growth temperatures lower than 2000^∘ and 1800^∘C, respectively.

Keywords: silicon carbide, crystals, growth, vapor phase, sublimation PACS number: 81.10.Bk

INTRODUCTION

Silicon carbide (SiC) is considered presently as one of the most promising semiconductor materials for high power and high temperature electronics due to the wide band gap, extremely high breakdown voltage, high thermal conductivity, chemical and radiation stability, and ease of p- and n-type doping of this semiconductor [1–4]. However, the widespread utilization of SiC devices and circuits is limited primarily due to the fact that SiC’s crystal growth and device fabrication technologies are still relatively immature and not yet sufficiently developed to the degree required for reliable incorporation into electronic systems. That is why the controlled and reproducible growth of SiC monocrystalline ingots with prescribed forms, polytypes, sizes, impurities and defects is of a great significant. The investigation of the kinetics of crystal growth processes is closely related with this task and makes it possible to elucidate the growth mechanism on an atom-molecular level.

Recently much attention is being paid to 15R-SiC for application in MOSFET devices, since the channel mobility of 15R-SiC is larger in comparison with that in 6H-SiC or 4H-SiC [5]. But till now there are only several reports on the growth of 15R-SiC ingots [6–7] in which it is pointed out that for reproducible growth of this polytype it is essential to use high quality 15R-SiC substrates. Unfortunately, however, at present there is only 4H-SiC and 6H-SiC polytypes as an conventional material and there is not available one for 15R-SiC. Therefore, for obtaining of large 15R-SiC ingots it is necessary to determine stable conditions for growth of 15R-SiC on 4H-SiC and 6H-SiC substrates.

The goals of the present work are two-fold. Firstly, to study some kinetic growth conditions during the growth of 6H-SiC monocrystalline ingots. Secondly, to establish suitable growth conditions for 15R-SiC ingots.

EXPERIMENT

Monocrystalline ingots of 6H-SiC were grown in the temperature range 2200– 2400 K and pressure ≈ 0, 107 Pa by the modified Lely method [8]. The temperature at the top (T_s) and the bottom (T_b) of the crucible were measured by optical pyrometers. The growth was performed on (0001)Si and (0001)C faces of monocrystalline 6H-SiC substrates. The source material was abrasive SiC powder. Bulk growth of 15R-SiC was carried out by using the same method and source material but at other growth conditions, namely growth pressure (6.9×10^3–2.76×10^4) Pa, distance between source and substrate 10–15 mm, temperatures of the top and the bottom of the crucible changing in the intervals 1973–2423 K and 2573–2673 K, respectively. The used substrates for growth of 15R-SiC ingots were 15R-SiC, 4H-SiC and 6H-SiC, obtained by sublimation modified Lely method.

RESULTS AND DISCUSSION

The results of the kinetic experiment on the growth of 6H-SiC ingots are shown in Fig. 1 where the typical dependence of the growth rate, V_g, on the source-substrate distance, X, at substrate temperature 2200 K is presented. The obtained dependence shows that the growth rate is a linear function on the sourcesubstrate distance in a certain interval:

V_g = 1.0389 × 10^{−6}X + 1.7274 × 10^{−7}, m/s. (1)

Fig. 1 Fig. 2

The obtained experimental dependence (Fig. 1) makes it possible to determine a very important parameter for crystal growth—the kinetic coefficient of crystallisation, β, expressing the dependence of the crystal growth rate on the moving force of the process (supersaturation or supercooling) [9]. It is known [10] that V_g is directly proportional to the supersaturation, σ, above the surface (front) of crystallisation—V_g = βσ. The supersaturation was determined as: σ = p_s − p_f

p_f = exp(−Q/RT_s) − exp(−Q/RT_f ) exp(−Q/RT_f )

, (2)

where p_s and p_f are the pressures of the vapours above the source and at the front of crystallisation, respectively; Q is the activation energy of the evaporation process; R is the universal gas constant; T_s and T_f are the temperatures of the source and the front of crystallisation, respectively.

It is easy to obtain the following expression for σ from (2):

σ = exp ( QΔT RT_f (T_f + ΔT ) ) − 1, (3)

where ΔT = T_s − T_f = x gradT , gradT is the temperature gradient.

On the basis of the obtained experimental dependence (Fig. 1) and values of σ, calculated according to (3) for the used growth conditions, it was obtained the dependence of the growth rate on supersaturation of the vapour phase (Fig. 2). The analysis of this dependence gave the value for β = 4.085 × 10^{−8} m/s.

During the growth of homogeneous bulk monocrystals of SiC it is of a great importance to keep fixed the growth conditions on the front of crystallisation. It has been established that the growth rate of bulk SiC monocrystals decreases with

Fig. 3

time. The variation of the growth rate during the process can result in the growth of monocrystalline ingots which are heterogeneous along their length. At that, the increase of the temperature of the front of crystallisation (leading to a decrease of the effective supersaturation of vapour phase) can be one of the reasons for the decrease of the growth rate.

The determination of the law of movement of the front of crystallisation will make it possible to determine the evolution of the temperature field in the growing crystal and to find the conditions for obtaining of homogeneous bulk SiC monocrystals. A typical experimental dependence of the length of SiC monocrystlline ingot on the growth time is presented in Fig. 3. The treatment of the experimental data by the method of the least squares showed that the front of crystallisation moves in time according to the following law:

h = 0.228 × 10^{−3} + 1.673 × 10^{−6}t^{0.774}, m. (4)

The obtained dependence can be a basis for decision of Stefan’s problem [10] during the growth of SiC monocrystalline ingots by sublimation method.

The results on the growth of 15R-SiC ingots showed that the using of 15R-SiC substrates increases the probability for growing of 15R-SiC polytype. In particular, 15R-SiC grew always on (1120) face of 15R-SiC substrates. There are many factors which influence on the polytype of the growing crystal. It is not easy to find the conditions for the growth of a given polytype only on the basis of the growth temperature. In the carried out experiments, however, it was observed very closed relationship between the temperature of the substrate and the growth of 15R-SiC. It was established that in order to achieve stable growth of 15R-SiC on {0001} plane (both (0001)Si face and (0001)C face) it is very important to keep the temperature of the substrate below 2273 K. At high growth temperatures even though 15R-SiC substrate was used the growth of 15R-SiC was not stable. When the temperature of the substrate was lower than 2273 K then 15R-SiC is obtained on both (0001)C face and (0001)Si face of 15R-SiC substrates. This result is supported by [11] where it is reported that the crystals grown at high temperature (in particular at 2873 K) are predominantly polytype 6H-SiC. With decreasing of the growth temperature the probability of the growth of 15R-SiC polytype increases. Although this result on crystal growth was obtained by using the method of Lely the same tendency was observed in our growth experiments using the modified Lely method. But even at lower growth temperatures if the crystal growth rate was more than 1 mm/h the growth of 15R-SiC became unstable.

It was established that lower temperatures are required for 15R-SiC growth in the case of using of 4H-SiC and 6H-SiC substrates in comparison with the use of 15R-SiC substrates. If the substrate temperature was in the interval 1973–2073 K than 15R-SiC grew well on (0001)C face and more difficult on (0001)Si face of 4H-SiC substrates. The opposite was observed for the case of using of 6H-SiC substrates. At that, 15R-SiC grew on (0001)C face of 4H-SiC substrates with bigger probability than on (0001)Si face of 6H-SiC substrates. It is necessary to note that the growth of 15R-SiC on 4H-SiC substrates required still lower growth temperature in comparison with the growth on 6H-SiC substrates. This was confirmed by the following typical experiment of the growth of SiC ingot on 4H-SiC substrate. During the first several runs of the growth at a temperature around 2273 K only 4H- SiC grew. After that the growth temperature was decreased to approximately 1973 K. At first, in the initial stage of the crystal growth process 6H-SiC grew. However, after the growth of several hundred micrometers in thickness 6H-SiC converted into 15R-SiC and it preserved till the end of the run. After putting a new source material the process was restarted. And again 15R-SiC grew after the growth of 6H-SiC. In such a way it was observed an alternative growth of 15R-SiC and 6H-SiC. This phenomenon could be caused both by the instability of the growth conditions and the phase transformation of the grown 15R-SiC crystal into another more stable polytype during the growth process at higher temperatures. However, the carried out experiments on thermal annealing of 15R-SiC samples at high temperatures (in the temperature interval 2573–2923 K) showed that the polytype 15R-SiC did not phase transform even at the highest investigated temperature. In this way it could be supposed that the observed alternative growth of different polytypes does not due to phase transformations but to other unknown at present phenomena.

REFERENCES

1. Baliga, B. J.Proceedings of the IEEE, 82, 1994, 1112.

2. Trew, R. J., J. B. Yan, P. M. Mock. Proceedings of the IEEE, 79, 1991, 598. 3. Przybylko, S. J. American Institute of Aeronautics and Astronautics, Washington, DC, Report June, 1993.

4. Markos, H., S. Strite, G. B. Gao, M. E. Lin, B. Sverdlov, M. Burns. J.Appl. Phys., 76, 1994, 1363.

5. Yano, H., T. Hirao, T. Kimoto, H. Matsunami. Jpn. J. Appl. Phys., 39, 2000, 2008.

6. Nishiguchi, T., S. Okada, M. Sasaki, H. Harima, S. Nishino. Materials Science Forum, 338- 342, 2000, 115.

7. Schulze, N., D. Barrett, G. Pensl. Phys. Stat. Sol. (a), 178, 2000, 645. 8. Tairov, Yu. M., V. F. Tsvetkov. J. Crystal Growth, 52, 1981, 146. 9. Chernov, A. A. Kristallografia, 16, 1971, 842. 10. Parker, R. L. Solid State Physics, 25, 1970.

11. Inomata, Y., Z. Inoue, M. Mitomo, H. Suzuki. J. Ceram. Asoc. Japan, 76, 1968, 313.

Stanislav Lilov Received April 2003 St. Kliment Ohridski University of Sofia Faculty of Physics Department of Semiconductor Physics 5 James Bourchier Blvd. BG-1164 Sofia, Bulgaria E-mail: lilovsk@yahoo.com