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AbstratUsing a transient mathematial heat transfer model inluding heat on-dution, radiation, and radio frequeny (RF) indution heating, we numeri-ally investigate the time evolution of temperature gradients in axisymmetrigrowth apparatus during sublimation growth of silion arbide (SiC) bulksingle rystals by physial vapor transport (PVT) (modi�ed Lely method).Temperature gradients on the growing rystal's surfae an ause defets.Here, the evolution of these gradients is studied numerially during the heat-ing proess, varying the apparatus design, namely the amount of the sourepowder harge as well as the size of the upper blind hole used for ooling ofthe seed. Our results show that a smaller upper blind hole an redue thetemperature gradients on the surfae of the seed rystal without reduing thesurfae temperature itself.1 IntrodutionSilion arbide (SiC) is a wide-bandgap semiondutor used in high-power and high-frequeny industrial appliations: SiC serves as substrate material for eletroni andoptoeletroni devies suh as MOSFETs, thyristors, blue lasers, and sensors (see [1℄for a reent aount of advanes in SiC devies). Its hemial and thermal stabilitymake SiC an attrative material to be used in high-temperature appliations as wellas in intensive-radiation environments. For an eonomially viable industrial use ofSiC, growth tehniques for large-diameter, low-defet SiC boules must be available.Reent years have seen steady improvement (see [2℄) of size and quality of SiC singlerystals grown by sublimation via physial vapor transport (PVT, also known asmodi�ed Lely method, see e.g. [3, 4℄). However, many problems remain, warrantingfurther researh.Typially, modern PVT growth systems onsist of an indution-heated graphite ru-ible ontaining polyrystalline SiC soure powder and a single-rystalline SiC seed(see Fig. 1). The soure powder is plaed in the hot zone of the growth apparatus,whereas the seed rystal is ooled by means of a blind hole, establishing a temper-ature di�erene between soure and seed. As the SiC soure is kept at a highertemperature than the ooled SiC seed, sublimation is enouraged at the soure andrystallization is enouraged at the seed, ausing the partial pressures of Si, Si2C,and SiC2 to be higher in the neighborhood of the soure and lower in the neigh-borhood of the seed. As the system tries to equalize the partial pressures, sourematerial is transported to the seed whih grows into the reation hamber.Controlling the temperature distribution in the growth apparatus is essential toahieve low-defet growth of large SiC bulk single rystals. Experimental evideneshows that growth on the seed rystal an already our during the heating phase[6℄, and experimental evidene also indiates that reduing temperature gradients1
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Figure 1: Setup of growth apparatus aording to [5, Fig. 2℄.(and resulting thermal stresses) on the surfae of the seed rystal redues the defetrate in the as-grown rystal [7, 8, 9℄. However, owing to the high temperatures,experimental veri�ation of the orrelation between the design of the growth ap-paratus and the temperature distribution inside the growth hamber is extremelydiÆult and ostly. In onsequene, the development of numerial models and soft-ware and their appliation to PVT growth of SiC rystals has been an ative �eld ofresearh in reent years, see, e.g., [10, 11, 12, 13, 14℄ and referenes therein. Whiletemperature �elds in SiC growth systems and their dependene on PVT apparatusdesign has been the subjet of many, both transient and stationary, numerial stud-ies (inluding the above-quoted papers), the authors are not aware of a transientnumerial investigation of the temperature gradient evolution inluding the heatingstage, even though reduing temperature gradients in the initial growth stages isonduive to reduing rystal defets. It is the goal of the present paper to nu-merially simulate the evolution of the temperature �eld during the heating phase,assessing how varying the size of the upper blind hole and the size of the sourepowder harge an be used to redue the temperature gradients.The paper is organized as follows: In Se. 2, we desribe the mathematial model for2



the heat transfer and for the indution heating. The employed numerial methodsand the implementation tools are overed in Se. 3. We present our numerialexperiments in Se. 4, where the general setting is detailed in 4.1, and numerialresults analyzing the e�et of the size of the upper blind hole as well as the amountof the soure powder on the evolution of the temperature gradients on the surfaeof the SiC seed rystal are reported on and disussed in 4.2.2 Modeling of Heat Transfer and Indution Heat-ingThe numerial results of Se. 4 below are based on our previously published modelof transient heat transport in indution-heated PVT growth systems (see [15, 12℄and referenes therein). For the onveniene of the reader, we briey reall the sopeand assumptions of the model as well as the main governing equations, interfae,and boundary onditions. The heat transport model inludes ondution throughsolid materials as well as through the gas phase as desribed by the transient heatequations �m �t em + div ~qm = fm; (1a)~qm = ��m(T )rT in 
m; (1b)where the index m refers to a material that an be either the gas phase or a solidomponent of the growth apparatus, �m denotes mass density, t denotes time, emdenotes internal energy, ~qm denotes heat ux, fm denotes power density (per vol-ume) aused in onduting materials due to indution heating, �m denotes thermalondutivity, T denotes absolute temperature, and 
m is the domain of material m.It is assumed that the gas phase is made up solely of argon, whih is a reasonableassumption for simulations of the temperature distribution [16, Se. 5℄. Then, theinternal energy in the gas phase takes the forme gas(T ) = 3R T=(2MAr); (2a)R denoting the gas onstant, and MAr denoting the mass density and moleularmass of argon, respetively. The internal energy of the solid material mi is given byemi(T ) = Z TT0 mi(S) dS ; (2b)where  denotes spei� heat, and T0 is a referene temperature. The temperatureis assumed to be ontinuous throughout the apparatus. To formulate the interfaeonditions for the heat ux, let � and � 0 denote di�erent solid omponents of thegrowth apparatus. The normal heat ux is assumed to be ontinuous on an interfae�;�0 between two solid materials � and � 0, i.e. the interfae ondition is given by (3a).If the solid material � is the semi-transparent SiC single rystal or on an interfae3



�0;gas between the solid material � 0 and the gas phase, one needs to aount forradiosity R and for irradiation J , resulting in interfae onditions (3b) and (3),respetively.~q [�℄ � ~n [�℄ = ~q [�0℄ � ~n [�℄ on �;�0; (3a)~q [�℄ � ~n [�℄ �R+ J = ~q [�0℄ � ~n [�℄ on �;�0; (3b)~qgas � ~ngas �R+ J = ~q [�℄ � ~ngas on �;gas; (3)where ~n [�℄ is the outer unit normal vetor to the solid material �, and ~ngas is theouter unit normal vetor to the gas phase. The radiative quantities R and J aremodeled using the net radiation method for di�use-gray radiation as desribed in[12, Se. 2.5℄, where a band approximation model is used to aount for the semi-transpareny of the SiC single rystal. The growth apparatus is onsidered in a blakbody environment (e.g. a large isothermal room) radiating at room temperatureTroom, suh that outer boundaries emit aording to the Stefan-Boltzmann law:~q [�℄ � ~n [�℄ = ��[�℄(T 4 � T 4room); (4)where � = 5:6696 � 10�8 Wm2K4 denotes the Boltzmann radiation onstant, and �[�℄denotes the (temperature-dependent) emissivity of the surfae. On outer boundariesreeiving radiation from other parts of the apparatus, i.e. on the surfaes of the upperand lower blind hole, the situation is more ompliated. On suh boundaries, as in(3b) and (3), one has to aount for radiosity R and irradiation J , leading to theboundary ondition ~q[�℄ � ~n[�℄ �R + J = 0; (5)where, as before, the modeling of R and J is as desribed in [12, Se. 2.5℄. For thetwo blind holes, we use blak body phantom losures (denoted by �top and �bottomin Fig. 1) whih emit radiation at Troom. We thereby allow for radiative interationsbetween the open avities and the ambient environment, inluding reetions at theavity surfaes.Indution heating auses eddy urrents in the onduting materials of the growthapparatus, resulting in the heat soures fm of (1a) due to the Joule e�et. Assumingaxisymmetry of all omponents of the growth system as well as of all relevant physialquantities, and, furthermore, assuming sinusoidal time dependene of the imposedalternating voltage, the heat soures are omputed via an axisymmetri omplex-valued magneti salar potential that is determined as the solution of an elliptipartial di�erential equation (see [12, Se. 2.6℄). To presribe the total heating power,we follow [17, Se. II℄, ensuring that the total urrent is the same in eah oil ring.The distribution of the heat soures is redetermined in eah time step of the transientproblem for the temperature evolution to aount for temperature dependene of theeletrial ondutivity.All simulations presented in this artile are performed for an idealized growth appa-ratus, treating all solid materials as homogeneous and pure, negleting e�ets suhas the sintering of the SiC soure powder, hanges in the porosity of the graphite,and Si aumulation in the insulation. 4



3 Numerial Methods and ImplementationFor the numerial omputations presented in Se. 4.2 below, i.e. for the stationarysimulations of the magneti salar potential as well as for the transient temperaturesimulations, a �nite volume method is used for the spatial disretizations of thenonlinear partial di�erential equations that arise from the model desribed in Se.2 above. An impliit Euler sheme provides the time disretization of the tempera-ture evolution equation; only emissivity terms are evaluated expliitly, i.e. using thetemperature at the previous time step. The used sheme, inluding the disretiza-tion of nonloal terms stemming from the modeling of di�use-gray radiation, waspreviously desribed in [15, 18℄. The onvergene of the sheme has been veri�ednumerially for stationary ases in [19, 20℄.The �nite volume disretization of the nonloal radiation terms involves the alula-tion of visibility and view fators. The method used is based on [21℄ and is desribedin [16, Se. 4℄.The disrete sheme was implemented as part of our software WIAS-HiTNIHS 1whih is based on the program pakage pdelib [22℄. In partiular, pdelib uses thegrid generator Triangle [23℄ to produe onstrained Delaunay triangulations of thedomains, and it uses the sparse matrix solver PARDISO [24, 25℄ to solve the lin-ear system arising from the linearization of the �nite volume sheme via Newton'smethod.4 Numerial Experiments4.1 General SettingAll numerial simulations presented in the following were performed for the growthsystem [5, Fig. 2℄ displayed in Fig. 1, onsisting of a ontainer having a radius of8.4 m and a height of 25 m plaed inside of 5 hollow retangular-shaped opperindution rings. Using ylindrial oordinates (r; z), the upper rim of the indutionoil is loated at z = 14 m, and its lower rim is loated at z = �2:0 m, i.e. 2 mlower than the lower rim of the rest of the apparatus (see Fig. 1). The geometriproportions of the oil rings are provided in Fig. 2.The material data used for the following numerial experiments are preisely thedata provided in the appendies of [16℄, [26℄, and [27℄, respetively. The angularfrequeny used for the indution heating is ! = 2�f , where f = 10 kHz. The1High Temperature Numerial Indution Heating Simulator; pronuniation: �hit-nie.5
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containerFigure 2: Geometri proportions of indution oil rings.average total power P is presribed aording to the following linear ramp:P (t) := 8><>:Pmin for t � t0;Pmin + (t�t0)(Pmax�Pmin)t1�t0 for t0 � t � t1;Pmax for t1 � t; (6)where t0 = 0:5 h, t1 = 3:0 h, Pmin = 2 kW, and Pmax = 7 kW.Eah simulation starts at Troom = 293 K.4.2 Transient Numerial Investigation of the TemperatureGradientWe ondut four numerial experiments, varying the amount of the soure powderand the size of the upper blind hole. We onsider two di�erent amounts of sourepowder, where the larger amount is 5 times the smaller amount. We employ theabbreviations powder=1 and powder=5 to indiate the use of the small and largeamount of soure powder, respetively. We onsider two di�erent sizes for the upperblind hole, the situation with the smaller hole being referred to as hole=0, and thesituation with the larger hole being referred to as hole=1. The resulting di�erentapparatus designs used in the four experiments are depited in Fig. 3: We use pow-der=1, hole=1 in Experiment (a); powder=5, hole=1 in Experiment (b); powder=1,hole=0 in Experiment (); and powder=5, hole=0 in Experiment (d).As desribed earlier, ontrolling the temperature gradient on the surfae of the SiC6



Experiment (a):powder=1, hole=1 Experiment (b):powder=5, hole=1 Experiment ():powder=1, hole=0 Experiment (d):powder=5, hole=0
Figure 3: Apparatus designs for Experiments (a) { (d).single rystal seed is of partiular importane in order to avoid rystal defets inthe as-grown rystal. We, therefore, pay speial attention to the evolution of thetemperature gradient on the seed's surfae in the following analysis of the numerialresults. In eah of the onsidered apparatus designs, the seed's surfae � is the set� := �(r; �; z) : 0 � r � 2 m; z = 15:8 m	; (7)where, here and in the following, (r; �; z) denote ylindrial oordinates. Due toylindrial symmetry, the temperature gradient is ompletely desribed by its radialand by its vertial omponent: rT = (�rT; �zT ). As the material properties aredisontinuous aross � (the gas phase being below and the seed rystal being above�), rT an be disontinuous aross � as well. Thus, for (r; z) 2 �, we omputetwo values for rT , namely one value for the rystal side, denoted rTseed, and onevalue for the gas side, denoted rTgas. More preisely, for (r; z) 2 �, we omputethe following approximations:rTseed(r; z) := �T (r + 0:5mm; z)� T (r � 0:5mm; z)1:0mm ; T (r; z + 0:5mm)� T (r; z)0:5mm � ;rTgas(r; z) := �T (r + 0:5mm; z)� T (r � 0:5mm; z)1:0mm ; T (r; z � 0:5mm) � T (r; z)�0:5mm � ;with the modi�ations�rT (0; z) := �T (0:5mm; z)� T (0; z)�=0:5mm;�rT (2 m; z) := �T (2:0 m; z)� T (1:95 m; z)�=0:5mm:On eah triangle of the mesh, the values for T are omputed via aÆne interpolationaording to the values at the verties given by the disrete solution to the �nite7



Exp. (a) (b) () (d)time [s℄ 5000 5000 5000 5000�rTseed(0; 15:8 m)[K=m℄ 6.43 7.77 7.36 8.20�zTseed(0; 15:8 m)[K=m℄ -9.39 -10.0 -8.65 -10.9�rTseed(1:9 m; 15:8 m)[K=m℄ 44.1 47.9 44.9 50.3�zTseed(1:9 m; 15:8 m)[K=m℄ 15.0 13.5 12.4 11.5Exp. (a) (b) () (d)time [s℄ 10000 10000 10000 10000�rTseed(0; 15:8 m)[K=m℄ 17.4 19.6 13.3 14.2�zTseed(0; 15:8 m)[K=m℄ -62.8 -48.9 -34.7 -36.5�rTseed(1:9 m; 15:8 m)[K=m℄ 98.3 101 82.2 87.2�zTseed(1:9 m; 15:8 m)[K=m℄ 7.45 5.36 -3.50 -5.94Exp. (a) (b) () (d)time [s℄ 20000 20000 20000 20000�rTseed(0; 15:8 m)[K=m℄ 21.2 23.2 14.5 15.1�zTseed(0; 15:8 m)[K=m℄ -97.0 -72.9 -54.1 -53.7�rTseed(1:9 m; 15:8 m)[K=m℄ 122 122 97.5 99.9�zTseed(1:9 m; 15:8 m)[K=m℄ -9.62 -10.9 -23.5 -25.8Table 1: Three temporal snapshots of the values of the temperature gradientrTseed = (�rTseed; �zTseed) inside the seed rystal, taken at the surfae at (r; z) =(0; 15:8 m) and at (r; z) = (1:9 m; 15:8 m) for Experiments (a) { (d).volume sheme. In a neighborhood of the seed rystal's surfae, the grid was hosensuÆiently �ne suh that the diameter of eah triangle was less than 0.5 mm. Figures4 and 5 depit the time evolution of rTseed(r; z) for (r; z) = (0; 15:8 m) and for(r; z) = (1:9 m; 15:8 m), respetively, where the radial omponent is shown in the�rst row, the vertial omponent is shown in the seond row, and the angle �seedbetween rTseed and the r = 0 axis is shown in the third row. Moreover, the preisevalues for three temporal snapshots of rTseed(r; z) at (r; z) = (0; 15:8 m) and at(r; z) = (1:9 m; 15:8 m) are ompiled in Table 1. Figure 6 depits the evolution ofthe L2-norm of the radial temperature gradient on the seed's surfae, i.e. ofk�rTk2;� =sZ� j�rT j2 =s2� Z 2m0 r j�rT (r; 15:8 m)j2 dr : (8)
8
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(a), (c)Figure 8: Evolution of Tseed, i.e. of the temperature at (r; z) = (0; 15:8 m), forExperiments (a) { (d).(Fig. 7(1)) and a large, upward-pointing temperature gradient rTgas (Fig. 7(1),(2)).As the temperature in the apparatus ontinuous to inrease, so does the radial gradi-ent on the seed's surfae � (Figures 4(1), 5(1), 6, Table 1), as the heat ontinuous toow from the outside to the inside of the apparatus. However, as the radiative heattransfer through the gas phase and through the SiC powder beomes more e�e-tive, both domains beome less thermally insulating, suh that more and more heatreahes � from the gas phase, resulting in the dereasing vertial temperature gra-dients in Figures 4(2), 5(2), and 7(2). In partiular, after some 2000 s, Tsoure�Tseedbeomes positive (Fig. 7(1)), �zTgas beomes negative (Fig. 7(2)), and rTgas turnsfrom pointing from seed to soure to pointing from soure to seed (Fig. 7(3)). Thus,the soure beomes warmer than the seed as is required for the growth proess.While the seed temperatures reahed at the end of the heating proess (see Fig. 8) aswell as the qualitative evolutions of the onsidered temperature gradients are quitelose for eah of the apparatus designs (a) { (d) as disussed above, we now ometo important quantitative di�erenes in the temperature gradient evolutions. First,we onsider rTseed on � (Figures 4 and 5, Table 1), i.e. the temperature gradientinside the seed rystal lose to the surfae where growth is supposed to our. It isreiterated that the goal is to keep rTseed low to avoid defets due to thermal stressduring growth. We �nd from Fig. 8 that the temperature at the seed's surfae reahes1500 K after approximately 4000 s for Experiments (b), (d); and after approximately5000 s for Experiments (a), (). Initial growth is not expeted to our below thistemperature, and, therefore, we fous on t > 4000 s in the following disussion.Comparing Figures 4(1), 4(2), 5(1), 5(2), and evaluating the upper part of Ta-ble 1, one �nds that, at t=5000 s, the radial gradient on � far from the axis13



(j�rTseed(1:9 m; 15:8 m)j, Fig. 5(1)) has the largest absolute values, namely 44-51K/m, while j�rTseed(0; 15:8 m)j, j�zTseed(0; 15:8 m)j, j�zTseed(1:9 m, 15:8 m)j areall below 15 K/m. At t=5000 s, the j�rTseed(1:9 m; 15:8 m)j in inreasing order byexperiment are (a), (), (b), (d) with some 6 K/m di�erene between (a) (powder=1,hole=1) and (d) (powder=5, hole=0). However, the order has hanged to (), (d),(a), (b) by t=7500 s; and to (), (d), (b), (a) by t=12500 s. At this time, the valuesfor j�rTseed(1:9 m; 15:8 m)j have inreased to 90-120 K/m. For the experimentswith the smaller hole, (), (d), the value is some 30 K/m lower than for the ex-periments with the larger hole (a), (b). The size of the powder harge has a muhsmaller inuene on the size of the gradient. That, at least at higher temperatures,the size of rTseed on � depends more on the size of the upper blind hole than on thesize of the powder harge, an also be observed in Figures 4(1) and 4(2) as well asin Table 1. In eah ase, the gradients are found to be smaller for the smaller blindhole, whih is also on�rmed in Fig. 6, where the radial gradient is integrated overthe entire surfae �. The smallest value is, again, found for () (powder=1, hole=0).Sine the upper blind hole is in muh loser proximity to the seed rystal than tothe soure powder harge, it is not unexpeted that its size has a stronger e�et onthe temperature gradients at �. The dominane of j�rTseed(1:9 m; 15:8 m)j overthe other three values remains true throughout the heating proess. However, notefrom Fig. 4(2) and from the lower part of Table 1 that, in Exp. (a) (powder=1,hole=1), j�zTseed(0; 15:8 m)j omes lose to 100 K/m for t > 15000 s, thereby beingsigni�antly larger than for the other three experiments.Summarizing the above �ndings, we note that, even though the dependene of thesize of rTseed at � on the hole size and on the amount of soure powder hangesduring the heating proess, for t > 7500 s, rTseed at � is onsistently smaller for thehole=0 experiments (), (d), with a slight advantage for (), i.e. powder=1. As thesize of rTseed on � inreases with temperature and time in eah ase, it is more im-portant to keep rTseed small for t > 7500 s than for t < 7500 s. Moreover, we foundthat the maximal size of rTseed on � is determined by j�rTseed(1:9 m; 15:8 m)j.This is in agreement with the results of [7, 8℄, where the quality of as-grown rystalswas found to be improved by reduing the radial temperature gradients. However,we also point out that the radial temperature gradient on � was always less than 130K/m during all our simulations, and, thus, lower than the 200 K/m that resulted ingood-quality rystals aording to [7℄.Finally, we remark that Figure 7 shows that the diretion of the temperature gradi-ent in the gas phase rTgas on � turns some 500 s earlier in (b), (d) (for powder=5)as ompared to (a), () (powder=1), so that the SiC soure beomes warmer thanthe SiC seed. However, Figure 8 shows that, in (b), (d), Tseed reahes growth tem-perature earlier than in (a), (). More importantly, Figures 7 and 8 show thatTsoure� Tseed beomes positive in all ases before Tseed reahes 1500 K.14



5 ConlusionsBased on a transient heat transfer model implemented in the software WIAS-HiTNIHS, the evolution of temperature �elds was simulated for four di�erent ax-isymmetri setups of PVT growth systems, varying the size of the upper blind holeand the amount of the soure powder harge. The temperature gradients were mon-itored in the viinity of the SiC seed rystal's surfae, where they are losely relatedto the quality of the as-grown rystal. The temperature gradients in the seed werefound to inrease with time and temperature, their maximal size being determinedby the radial gradients far from the symmetry axis. These gradients were some 30K/m smaller for the smaller blind hole. The size of the gradients was found to de-pend muh less on the size of the powder harge, but being slightly smaller for thesmaller amount of soure powder. The seed temperature reahed at the end of theheating proess did not vary signi�antly with the onsidered di�erent designs. Thisfat is espeially noteworthy in the light of [14℄, where temperature-onstrained sta-tionary numerial optimizations showed that low radial temperature gradients anbe ahieved by reduing the rystal's temperature. However, as the growth proessrequires one to keep the seed rystal above a ertain temperature, adjusting the sizeof the upper blind hole an furnish a useful alternative for further redution of theradial temperature gradients.6 AknowledgmentsThis work has been supported by the Institute for Mathematis and its Appliations(IMA) in Minneapolis, by the DFG Researh CenterMatheon { \Mathematis forkey tehnologies" (FZT 86) in Berlin, and by Corning Inorporated, Corning, NY.Referenes[1℄ Ch. 9{11, Vol. 457{460, Part II of Madar et al. [28℄.[2℄ H.MD. Hobgood, M.F. Brady, M.R. Calus, J.R. Jenny, R.T. Leonard,D.P. Malta, St.G. M�uller, A.R. Powell, V.F. Tsvetkov, R.C. Glass, C.H. Carter,Jr., Silion arbide rystal and substrate tehnology: A survey of reent ad-vanes, Mater. Si. Forum 457{460 (2004) 3{8, Proeedings of the 10th Inter-national Conferene on Silion Carbide and Related Materials, Otober 5{10,2003, Lyon, Frane.[3℄ Yu.M. Tairov, V.F. Tsvetkov, Investigation of growth proesses of ingots ofsilion arbide single rystals, J. Crystal Growth 43 (1978) 209{212.15



[4℄ A.O. Konstantinov, Sublimation growth of SiC, pp. 170{203 in G.L. Harris(Ed.), Properties of Silion Carbide, No. 13 in EMIS Datareview Series, Insti-tution of Eletrial Engineers, INSPEC, London, UK, 1995.[5℄ M. Pons, M. Anikin, K. Chourou, J.M. Dedulle, R. Madar, E. Blanquet,A. Pish, C. Bernard, P. Grosse, C. Faure, G. Basset, Y. Grange, State ofthe art in the modelling of SiC sublimation growth, Mater. Si. Eng. B 61-62(1999) 18{28.[6℄ D. Shulz, M. Lehner, H.-J. Rost, D. Sihe, J. Wollweber, On the early stagesof sublimation growth of 4H-SiC using 8Æ o�-oriented substrates, Mater. Si. Fo-rum 433{436 (2003) 17{20, Proeedings of 4th European Conferene on SilionCarbide and Related Materials, September 2{5, 2002, Link�oping, Sweden.[7℄ C.M. Balkas, A.A. Maltsev, M.D. Roth, V.D. Heydemann, M. Sharma,N.K. Yushin, Redution of marodefets in bulk si single rystals, Mater. Si.Forum 389{393 (2002) 59{62, Proeedings of the 9th International Confereneon Silion Carbide and Related Materials, Otober 27 { November 2, 2001,Tsukuba, Japan.[8℄ S. Wang, E.M. Sanhez, A. Kope, S. Poplawski, R. Ware, S. Holmes,C.M. Balkas, A.G. Timmerman, Growth of 3-inh diameter 6H-SiC single rys-tals by sublimation physial vapor transport, Mater. Si. Forum 389{393 (2002)35{38, Proeedings of the 9th International Conferene on Silion Carbide andRelated Materials, Otober 27 { November 2, 2001, Tsukuba, Japan.[9℄ S.I. Nishizawa, T. Kato, Y. Kitou, N. Oyanagi, F. Hirose, H. Yamaguhi,W. Bahng, K. Arai, High-quality SiC bulk single rystal growth based on sim-ulation and experiment, Mater. Si. Forum 457{460 (2004) 29{34.[10℄ S.Yu. Karpov, A.V. Kulik, I.A. Zhmakin, Yu.N. Makarov, E.N. Mokhov,M.G. Ramm, M.S. Ramm, A.D. Roenkov, Yu.A. Vodakov, Analysis of sub-limation growth of bulk SiC rystals in tantalum ontainer, J. Crystal Growth211 (2000) 347{351.[11℄ R. Ma, H. Zhang, V. Prasad, M. Dudley, Growth kinetis and thermal stressin the sublimation growth of silion arbide, Crystal Growth & Design 2 (3)(2002) 213{220.[12℄ O. Klein, P. Philip, J. Sprekels, Modeling and simulation of sublimation growthof si bulk single rystals, Interfaes and Free Boundaries 6 (2004) 295{314.[13℄ J. Meziere, M. Pons, L. Di Cioio, E. Blanquet, P. Ferret, J.M. Dedulle, F. Bail-let, E. Pernot, M. Anikin, R. Madar, T. Billon, Contribution of numerial sim-ulation to silion arbide bulk growth and epitaxy, J. Phys.-Condes. Matter 16(2004) S1579{S1595. 16



[14℄ C. Meyer, P. Philip, Optimizing the temperature pro�le during sublimationgrowth of si single rystals: Control of heating power, frequeny, and oilposition, Crystal Growth & Design 5 (3) (2005) 1145{1156.[15℄ P. Philip, Transient numerial simulation of sublimation growth of SiCbulk single rystals. Modeling, �nite volume method, results, Ph.D. thesis,Department of Mathematis, Humboldt University of Berlin, Germany, 2003.Report No. 22, Weierstrass Institute for Applied Analysis and Stohastis(WIAS), Berlin. Available athttp://www.wias-berlin.de/publiations/reports/22/wias_reports_22.pdf[16℄ O. Klein, P. Philip, J. Sprekels, K. Wilma�nski, Radiation- and onvetion-driv-en transient heat transfer during sublimation growth of silion arbide singlerystals, J. Crystal Growth 222 (4) (2001) 832{851.[17℄ O. Klein, P. Philip, Corret voltage distribution for axisymmetri sinusoidalmodeling of indution heating with presribed urrent, voltage, or power, IEEETrans. Mag. 38 (3) (2002) 1519{1523.[18℄ O. Klein, P. Philip, Transient ondutive-radiative heat transfer: Disrete ex-istene and uniqueness for a �nite volume sheme, Math. Mod. Meth. Appl.Si. 15 (2) (2005) 227{258.[19℄ J. Geiser, O. Klein, P. Philip, Numerial simulation of heat transfer in mate-rials with anisotropi thermal ondutivity: A �nite volume sheme to handleomplex geometries, Preprint No. 2046 of the Institute for Mathematis andits Appliations (IMA), Minneapolis, 2005; Preprint No. 1033, Weierstrass In-stitute for Applied Analysis and Stohastis (WIAS), Berlin, 2005, submitted.Available at http://www.ima.umn.edu/preprints/may2005/2046.pdf[20℄ J. Geiser, O. Klein, P. Philip, WIAS-HiTNIHS: Software-tool for simulation insublimation growth for si single rystal: Appliation and methods, in Proeed-ings of the International Congress of Nanotehnology, San Franiso, November7-10, 2004. Available athttp://www.ianano.org/Proeeding/Geiser.pdf[21℄ F. Dupret, P. Niod�eme, Y. Rykmans, P. Wouters, M.J. Crohet, Global mod-elling of heat transfer in rystal growth furnaes, Intern. J. Heat Mass Transfer33 (9) (1990) 1849{1871.[22℄ J. Fuhrmann, T. Kopruki, H. Langmah, pdelib: An open modular tool boxfor the numerial solution of partial di�erential equations. Design patterns, in:W. Hakbush, G. Wittum (Eds.), Proeedings of the 14th GAMM Seminar onConepts of Numerial Software, Kiel, January 23{25, 1998, University of Kiel,Kiel, Germany, 2001.[23℄ J. Shewhuk, Triangle: Engineering a 2D quality mesh generator and delau-nay triangulator, pp. 124{133 in: First Workshop on Applied ComputationalGeometry (Philadelphia, Pennsylvania), ACM, 1996.17



[24℄ O. Shenk, K. G�artner, W. Fihtner, Salable parallel sparse fatorization withleft-strategy on shared memory multiproessor, BIT 40 (1) (2000) 158{176.[25℄ O. Shenk, K. G�artner, Solving unsymmetri sparse systems of linear equationswith PARDISO, Journal of Future Generation Computer Systems 20 (3) (2004)475{487.[26℄ O. Klein, P. Philip, Transient numerial investigation of indution heating dur-ing sublimation growth of silion arbide single rystals, J. Crystal Growth247 (1{2) (2003) 219{235.[27℄ O. Klein, P. Philip, Transient temperature phenomena during sublimationgrowth of silion arbide single rystals, J. Crystal Growth 249 (3{4) (2003)514{522.[28℄ R. Madar, J. Camassel, E. Blanquet (Eds.), Silion Carbide and Related Ma-terials ICSCRM, Lyon, Frane, Otober 5{10, 2003, Vol. 457{460, Part II ofMaterials Siene Forum, Trans Teh Publiations Ltd, 2004.

18


