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Abstract We report the development of a modiﬁed physical vapor transport (PVT) growth setup for the improved aluminum p-type doping of silicon carbide (SiC) single crystals. Usually aluminum doping of SiC is carried out by adding the dopant to the SiC powder source material. However, due to aluminum source depletion a strong exponential decrease of the dopant incorporation with increasing process time is observed. In addition, often defect generation takes place due to a high initial aluminum sublimation rate. In order to improve the aluminum supply we have installed an additional gas pipe which provides a continuous ﬂux of aluminum atoms out of an external reservoir into the growth cell. We will discuss the inﬂuence of the additional gas ﬂow on the thermal ﬁeld and mass transport inside the growth cell. Technological steps will be pointed out which were necessary to establish crystal growth with structural properties comparable to the conventional PVT process. With the modiﬁed PVT method high quality SiC single crystals with an improved axial and lateral aluminum doping homogeneity were grown (4H-SiC: 2  1016 cm3 opo4  1016 cm3 ; Dp=po10%; 6H-SiC: 8  1016 cm3 opo1:2 1017 cm3 ; Dp=po25%). r 2002 Elsevier Science B.V. All rights reserved. PACS: 81.10.Bk; 61.72.Ww; 81.05.Je Keywords: A1. Doping; A2. Growth from vapor; B2. Semiconducting silicon compounds



1. Introduction Currently commercially available silicon carbide (SiC) wafers are mainly used as n-type doped substrates for the production of gallium nitride *Corresponding author. Tel.: +49-9131-85-27635; fax: +499131-85-28495. E-mail address: [email protected] (P.J. Wellmann). 1 Current address: SiCrystal AG, 91020 Erlangen, Germany.



based blue light emitting diodes [1]. During physical vapor transport growth n-type doping is performed by the addition of nitrogen to the inert gas. For the production of SiC high frequency and high power devices, however, also p-type doped (acceptor aluminum) and semi-insulating (acceptor vanadium or boron plus deep donor vanadium) SiC wafers are required. Since aluminum containing gases like Trimethylaluminium (TMAl) are highly reactive they cannot be supplied to the growth interface by the same
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concept as nitrogen. On the other hand, the addition of aluminum to the SiC powder source material has a major drawback: The partial pressure of the aluminum species at growth temperature (T > 20001C) is considerably higher than that of the silicon and carbon gas species [2]. As a consequence defect generation and nucleation of misoriented grains takes place due to the high initial aluminum concentration in the gas phase. In addition, depletion of the aluminum source is observed with proceeding growth time which leads to a strong [3] and exponential [4] decrease of the dopant incorporation. Attempts to place an aluminum reservoir in a colder region of the growth setup [3] failed due to mass transport of silicon and carbon gas species from the hot powder to the colder reservoir and hence due to growth of silicon carbide inside the latter. Using a modiﬁed PVT setup (M-PVT) [5] we avoided this reverse mass transport by the installation of a ﬂux of inert gas between the external reservoir and the growth cell. Fig. 1. M-PVT process growth setup.



2. Experiments SiC crystal growth was performed in a conventional PVT setup [6,7] modiﬁed by an additional pipe running through the lower isolation material and crucible wall into the growth cell (M-PVT setup, see Fig. 1). Using the additional pipe we were able to supply an external gas ﬂux to the crystal growth interface. The setup was inductively heated to temperatures above 20001C which were measured by a pyrometer on top of the crucible. The system pressure inside the growth cell was adjusted by a constant argon gas ﬂux in the outer setup chamber (typical for PVT setup) and by an inert or doping gas ﬂux through the additional inner gas pipe (new for M-PVT setup). The ﬂow of the additional gas through the pipe into the growth cell (Fig. 1) causes severe distortions of the crystal growth process. One problem is associated with the heating up of the gas species while passing through the hot powder area. It is found that the additional gas inlet can increase the temperature of the central part of the gas room (space between powder surface and crystal surface)



and of the central part of the seed/crystal to a value that the outer seed/crystal holder is colder than in the middle. Since the transport of silicon and carbon gas species is always directed to lower temperatures the seed/crystal itself sublimes (graphitization), the crystal information gets lost and crystal growth is not possible anymore. In order to enable SiC crystal growth in the modiﬁed PVT conﬁguration the additional gas ﬂux had to be lowered to values comparable or less than the total PVT sublimation ﬂux from the SiC powder source. In addition a ﬁne-tuning of the geometry of the graphite crucible was necessary in order to establish a proper temperature ﬁeld. Under these optimized growth conditions n-doped (nitrogen), nominally undoped and p-doped (aluminum) 4H-SiC and 6H-SiC single crystals with a diameter of 35 and 40 mm were grown. The crystal quality was comparable to their conventional PVT counterparts, i.e. the micropipe density was less than 100 cm–2. As already reported in Ref. [5] we observed a tendency of micropipe and macropipe
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closing which was reproducible for several crystals and which was related to small thermal gradients inside the growth cell. In addition a signiﬁcant reduction of graphite inclusions occurred. The latter were identiﬁed as carbon clusters from the SiC source material which were pushed out of the single crystal growth area by the additional gas ﬂow [5]. The charge carrier concentration was measured by the van der Pauw method. The lateral doping distribution of aluminum doped SiC wafer was determined using a mapping technique based on [8] absorption measurements at a light wavelength of 870 nm (4H-SiC) and 570 nm (6H-SiC) (for details see Ref. [9]).



3. Results and discussion 3.1. n-type doping In the conventional PVT growth process nitrogen is supplied to the whole growth chamber (crucible and isolation material) and only a small amount is expected to diffuse through the graphite walls into the crucible and in front of the growing SiC crystal. In the M-PVT setup, however, nitrogen is supplied directly to the growth interface giving rise to a very efﬁcient use of the provided doping gas. In our particular case the doping incorporation approximately doubled in the M-PVT conﬁguration if the same nitrogen ﬂux was supplied as in the conventional PVT setup. If a large ﬂux of pure inert gas was introduced into the growth cell of the M-PVT setup charge carrier concentrations of only n ¼ 6  1016 cm3 were present in the SiC crystal. In the conventional PVT experiments nominally undoped SiC crystals exhibited charge carrier concentrations of at least 1.5  1017 cm3. The latter observation suggests that back ground doping is caused by residual nitrogen which desorbes from the isolation material and diffuses through the partly porous graphite crucible into the growth cell. In the case of the M-PVT growth runs, however, the inner gas ﬂow establishes a small overpressure inside the crucible which lowers the drag in of impurities through the crucible walls.
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3.2. p-type doping p-type doping of SiC is usually performed by adding aluminum containing species to the SiC source material. During PVT growth the doping atoms are supplied due to decomposition of the aluminum source. As already pointed out, a major drawback of this procedure is the quick exhaustion of the doping reservoir at the high growth temperatures. The latter results in a strongly decreasing aluminum incorporation in the growing SiC crystal (see Figs. 3 and 6, open squares). In order to improve the aluminum incorporation we considered two concepts which both make use of the unique features of the M-PVT setup with the additional gas inlet: (i) Supply of a mixture of carrier gas and TMAl (Trimethylaluminium), the latter being the state of the art dopant in CVD (chemical vapor deposition) grown SiC layers (Fig. 2a). (ii) Use of a carrier gas ﬂow which transports the dopant atoms from an external aluminum reservoir into the crucible (Fig. 2b). The concept of an external reservoir has—compared to an aluminum source mixed into the SiC source material—the advantage of a reduced and better controllable dopant evaporation. The amount of aluminum carried into the growth cell is controlled by the carrier gas ﬂux. Although the amount of aluminum supply could be easily adjusted using the TMAl concept the reservoir reveals two advantages. (i) It is easier to handle concerning security aspects and (ii) no hydrogen (product from TMAl dissocation) is carried into the growth cell. The proper reservoir temperature was derived from vapor pressure data of aluminum [10] and was set by placing the source at a distinct position below the crucible in a lower heated part of the setup. Numerical modeling of the temperature ﬁeld was used to ﬁnd the required conﬁguration. Using the described procedure aluminum doped 4H-SiC and 6H-SiC crystals were grown. 3.3. Aluminum doped 4H-SIC Fig. 3 shows the axial evolution of the charge carrier concentration of an aluminum doped 4HSiC crystal for a conventional PVT growth
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Fig. 2. Aluminum supply to the inner gas ﬂow: (a) Feeding of TMAl from outside the reactor. (b) Feeding out of an aluminum reservoir at low temperature and low partial pressure.



experiment (open symbols) and for the above described M-PVT procedure (solid symbols); both crystals were grown on the C-face of (0 0 0 1) SiC. In the case of conventional PVT growth with an aluminum containing SiC source the charge carrier concentration decreases exponentially with the crystal length over more than one order of magnitude. In the case of the M-PVT growth (constant carrier gas ﬂux over growth time) a signiﬁcantly smaller decrease of only factor 0.5 is observed. In the latter case the decrease of doping incorporation is not due to depletion of the aluminum source but caused by temperature effects during progressing growth time as it is well known from experiments with constant n-type nitrogen doping [11]. In future experiments it is intended to compensate the decreasing temperature dependent doping incorporation by an increase of the aluminum supply by an increase of the carrier gas ﬂux. It has already been pointed out that a high initial aluminum concentration in the gas phase of conventional PVT growth often causes defect



generation at the growth interface (i.e. nucleation of miss oriented grains) [2]. The latter problem is absent in the case of p-type doping using the MPVT procedure with a constant aluminum ﬂux over growth time. Fig. 4 shows two wafer mappings of the lateral charge carrier homogeneity. A variation of less than 10% is observed starting from the second wafer of the crystal (Fig. 4b). The ﬁrst wafer, however, exhibits a minimum of the p-concentration in the central part (Fig. 4a), which is attributed to a compensation of homogeneous aluminum doping by residual nitrogen which stems from the large pore surface of the isolation material surrounding the growth cell (see also discussion in Section 3.1). Usually this source of unwanted doping exhausts exponentially [12]. For conventional PVT [12] as well as for M-PVT growth runs with small inner gas ﬂux the typical residual electron concentrations ranges from approximately n ¼ 2  1017 cm3 at the beginning down to n ¼ 1  1016 cm3 at the end of an experiment. Due to the initially shaped growth
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Fig. 3. Axial charge carrier distribution in 4H-SiC crystals grown on the C-face with aluminum in the powder (open squares, [13]) and with external source (sold symbols).



interface a wafer cut from the beginning of the crystal exhibits a strongly inhomogeneous residual nitrogen distribution which varies by more than 20% (higher doping in the center, see Fig. 5) [13]. Therefore, especially the central part of the aluminum doped wafer (Fig. 4a) undergoes a strong compensation by residual donors. In the future the inﬂuence of nitrogen compensation could be reduced by an improved pre process reactor cleaning.



Fig. 4. Absorption mappings of 4H-SiC wafers with monochromatic light at 870 nm: (a) First wafer after the seed. (b) Second wafer after the seed. The bright parts indicate areas with low charge carrier concentration.



3.4. Aluminum doped 6H-SIC In 6H-SiC (growth on Si-face of (0 0 0 1) SiC) as in the case of 4H-SiC (growth on C-face of (0 0 0 1) SiC) an improved axial doping incorporation homogeneity is observed using the M-PVT procedure (see Fig. 6). The absolute incorporation level, however, is higher in the case of 6H-SiC grown on Si-face of (0 0 0 1) SiC. In addition compensation of the aluminum acceptor by residual nitrogen was less pronounced in 6H-SiC. Both observations are attributed to kinetic effects associated with the incorporation of the dopants aluminum and nitrogen either on the Si-face or C-face of (0 0 0 1) SiC. It has been reported (see e.g.



[14,15]), that the incorporation of aluminum which occupies a Si site in the SiC lattice is about factor 5 to 10 higher if growth is performed on the Si-face of (0 0 0 1) SiC than on the C-face. However, in the case of the donor nitrogen which occupies a carbon site in SiC it has been reported by the same authors that the incorporation is about factor 2 to 3 higher if growth is carried out on the C-face of (0 0 0 1) SiC instead of the Si-face. Due to our knowledge no conclusive explanation for the surface dependent incorporation of Al and N into SiC has been given yet for PVT SiC crystal growth. In the case of CVD (chemical vapor
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Fig. 5. Residual nitrogen concentration inside a nominally undoped crystal. The concentration is decreasing with growth time and hence crystal length; the dark and light color corresponds to high and low residual nitrogen doping. The ﬁrst wafer cut from the crystal exhibits a strong lateral nitrogen distribution.



(i.e. Si-face or C-face (0 0 0 1) SiC). A high C/Si ratio in the gas phase is typical for SiC PVT bulk growth in a graphite crucible as described in this work. In a simple approach the substrate polarity effect could be explained by an extension of the ‘‘site competition model’’ taking into account the bonding strength of the silicon and carbon atoms to the underlying Si-C double layers on the Si-face or C-face of (0 0 0 1) SiC. On the C-face, for example, carbon atoms are triple bonded while silicon atoms exhibit only a single bond. In agreement with this consideration a lower incorporation of the acceptor aluminum—aluminum occupies a silicon site—is observed for 4H-SiC growth on the C-face than for 6H-SiC growth on the Si-face. The same argument holds for the donor nitrogen incorporated on a carbon site which shows a higher incorporation on the C-face of (0 0 0 1) SiC. Contrary to 4H-SiC a lateral variation of the charge carrier concentration of up to 25% was observed in the aluminum doped 6H-SiC (see Fig. 7) which was present in all wafers of the crystal and is not related to compensation effects by residual donors. It is believed that the lateral doping inhomogeneity is attributed to kinetic incorporation effects of dopants at the growth interface of the Si-face oriented SiC. In order to



Fig. 6. Axial charge carrier distribution in 6H-SiC-crystals grown on the Si-face with aluminum in the powder (open squares, [13]) and with external source (solid symbols).



deposition) of SiC, however, a so called ‘‘site competition model’’ ﬁrst proposed by Larkin et al. [16] has been used to explain the dopant incorporation into SiC. The underlying idea of the model is, that the dopants have to compete with the number of Si- or C-containing gas species supplied into the growth chamber in order to be incorporated into the SiC lattice. In the case of a high C/Si ratio in the gas phase Kimoto et al. [17] (also SiC CVD) reported a strong dependence of the dopant incorporation on the substrate polarity



Fig. 7. Absorption mapping of a 6H wafer with monochromatic light at 570 nm. The bright parts indicate areas with low charge carrier concentration.
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gain a crystal shape close to the isothermals while at the same time maintaining faceted growth the crystal tends to form macrosteps with a faceted (0 0 0 1)-basis and non faceted side walls [18,19]. As the ratio of non faceted growth which incorporates less dopants increases in the more shaped outer parts of the crystal a decrease of the dopant incorporation and hence charge carrier concentration is observed. The latter effect is less pronounced in 4H-SiC grown on the C-face of (0 0 0 1) SiC which usually shows a more faceted and hence less shaped growth interface than 6H-SiC grown on the Si-face of (0 0 0 1) SiC.



4. Conclusions We have demonstrated the direct introduction of aluminum doping atoms into the growth cell without loss in crystal quality. Compared to the conventional PVT method the so called M-PVT crystals grown with additional inner gas ﬂow showed equal or even improved structural properties (i.e. less carbon inclusions). Compared to doping with powder source the charge carrier concentration homogeneity in aluminum p-type doping was increased for both 4HSiC and 6H-SiC while at the same time nucleation of miss oriented grains and defects due to extreme aluminum concentrations in the initial stage were suppressed. A further improvement in axial distribution is expected by a constant increase of the inert gas ﬂow during the process in order to compensate the lower incorporation by a higher aluminum content in front of the growth interface. While the lateral homogeneity on the C-face ((0 0 0 1) SiC seed) is high aluminum incorporation on the Si-face ((0 0 0 1) SiC seed) shows a small growth kinetics depending decrease with increasing radius. An improvement—if required—can only be achieved by a homogenization of the growth surface, i.e. ﬂat growth interface due to an improved thermal ﬁeld.
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