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共Received 28 August 2003; accepted 27 January 2004兲 Surface band structure calculations are performed for different orientations of hexagonal silicon carbide (nH-SiC). The 4H-SiC and 6H-SiC hexagonal polytypes are considered. The subband structure perpendicular to an oxide-SiC interface is determined self-consistently with the confining transverse potential. Investigations have been performed in the range of weak/strong inversion and ¯ 0), (112 ¯ 0), (033 ¯ 8), and 共0001兲 surfaces are compared for both high/low temperatures. The (011 4H-SiC and 6H-SiC. Each orientation is characterized based on its two-dimensional nature, its degree of anisotropy parallel to the oxide, and the spatial extent of mobile electrons from the oxide–semiconductor interface. © 2004 American Institute of Physics. 关DOI: 10.1063/1.1687977兴



I. INTRODUCTION



FET. In this work we investigate the conduction band edge ¯ 0), electronic structure at the oxide-SiC interface. The (011 ¯ ¯ (112 0), (033 8), and 共0001兲 orientations of 4H-SiC and 6HSiC are considered. As in a typical Si MOSFET, band bending at the interface leads to confinement of electrons perpendicular to the oxide-SiC surface and a departure from the band structure of the bulk.13 The transverse bands are split into a number of subbands, and the interface electrons exist as a quasi two-dimensional gas. Here we determine the electronic structure parallel to the oxide-SiC plane, and determine the perpendicular subband structure self-consistently with the perpendicular electrostatic potential. Comparisons are made between different orientations in both 4H-SiC and 6H-SiC. The results show both interesting similarities and interesting differences among the surfaces and among the two polytypes.



Many of the material properties of silicon carbide 共SiC兲, such as the large values for the band gap, thermal conductivity, and breakdown field, are very different from those found in silicon 共Si兲.1 These properties offer a potential advantage over Si in electronic devices operating in the hightemperature, high-power regime. Furthermore, silicon dioxide (SiO2 ) can be thermally grown on SiC, allowing for the production of metal–oxide–semiconductor field-effect transistors 共MOSFETs兲 and the use of planar fabrication methods.2 These devices are expected to have fast switching speeds and low energy loss even at high temperatures. The most interesting polytypes are hexagonal 4H-SiC and 6HSiC since they have a very large band gap and a high bulk saturated drift velocity. Currently, this bright potential is limited by the small electron mobilities that are typically measured in the inversion layers of SiC MOSFETs.3– 6 The likely cause is the large density of interface trap states that have been observed at the oxide–semiconductor interface.7–10 Since this density depends on the particular crystalline plane on which the oxide is grown, it may be possible to improve the problematic small inversion layer mobilities in SiC MOSFETs by altering the crystalline orientation. Indeed ex¯ 0) oriented MOSFETs do show large imperiments on (112 provements in the channel mobility.5 In this case the crystal orientation was chosen to reduce the density of interface traps at the oxide interface, but the use of different SiC crystal planes is also useful in nonconventional MOSFETs such as the U-shaped trench MOSFET. Such devices are easily fabricated and have potential applications in high-power electronics.11,12 Since it is advantageous to be able to use different crystalline orientations at the oxide interface, a study of the surface band structure of SiC is important. Among other things it can be used to predict how different interface planes will impact the transport properties when incorporated in a MOS-



II. SURFACE BAND STRUCTURE



The method we use to determine the band structure of an n-type inversion layer of 4H and 6H-SiC is based on work that has been done for Si14 –16 and cubic silicon carbide 共3C-SiC兲.17 The electric field parallel to the oxide interface is considered small and the bands are therefore accurately treated using the parabolic approximation. Here the constant energy ellipse of the conduction band edge parallel to the surface is determined from the bulk constant energy ellipsoid. For a given surface orientation, the bulk ellipsoid is rotated accordingly and the energy dispersion parallel to the interface is obtained. For the perpendicular direction the confinement of electrons splits the energy spectrum into a number of subbands which as we will see in the next section, can be obtained by solving Shro¨dinger’s equation. The crystal structure of Si and 3C-SiC are diamond and zinc blende, respectively. The Si conduction band minimum is near the X symmetry point in the Brillouin zone, while the minimum is at the X symmetry point in 3C-SiC. For the case of 4H and 6H-SiC, however, we have a hexagonal lattice, with the conduction band edge along the M – L symmetry line. In Figs. 1–2 we show the bulk band structure of 4H-SiC
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FIG. 3. SiC lattice planes shown in the 共0001兲 plane. The direct lattice axis are given by c and the vectors a. The reciprocal lattice axes are rotated by 30° from those shown.



FIG. 1. 4H-SiC bulk band structure.



and 6H-SiC calculated using the empirical pseudopotential method 共EPM兲.18 The minimum for 4H-SiC occurs at the high symmetry point M so there will be a valley degeneracy of 3 instead of 6 as in Si. The empirical pseudopotential results shown in Fig. 1 employed a nonlocal correction that was used to fit to experimental19,20 effective masses at the conduction band edge. We note that this correction eliminated the degeneracy of the lowest two conduction bands at the L point by opening a small gap of approximately 0.1 eV between these two bands. Theory although predicts that the lowest two conduction bands in the hexagonal polytypes of SiC should be degenerate at L.21 The EPM results are how-



FIG. 2. 6H-SiC bulk band structure.



ever in agreement with both the experimental band gap, E g ⫽3.26,22 and the energy spacing between the lowest two conduction bands at the M minima, ⌬E⫽0.14 eV. 23 We consider the two lowest energy conduction bands for 4H and 6H-SiC in this work. The 4H-SiC bulk principle axes masses used are (m 1 ,m 2 ,m 3 )⫽(0.29,0.58,0.33) 19,20 and (m 1 ,m 2 ,m 3 )⫽(0.90,0.58,0.33) 18 for the first 共lower兲 and second 共higher兲 conduction bands, respectively. Here m 1 is along the M – K axis, m 2 is along the M – ⌫ axis, and m 3 is along the M – L or c axis of 4H-SiC. In 6H-SiC the exact location of the conduction band minimum is still uncertain. Experiments do indicate that it is somewhere along the M – L symmetry line.21,24 Band structure calculations show varying results with the minimum at L, M, or between M and L.18,20,25,26 Theoretical methods that report a sub-5 meV energy resolution predict a camel’s back band structure with the minimum between M and L.20,26 This would give six conduction band minimum valleys in the 6HSiC Brillouin zone. Since the conduction band is so flat along M – L, the effects of band filling and higher temperatures considered in our work are likely to alter the camel’s back band structure significantly although.20,26 In light of this we feel justified in using the 6H-SiC EPM results.18 We therefore consider the minimum of 6H-SiC to occur at the L symmetry point, as seen in Fig. 2, and use a valley degeneracy of 3 for 6H as well. The results in this work will be sensitive to the exact location only if the valley degeneracy is affected. The EPM band structure is in agreement with experimental data for the band gap, E g ⫽3.02.22 The bulk principle effective mass values for 6H-SiC used here are 共0.22, 0.90, 1.43兲18,20 for both conduction bands in agreement with experimental19,20 data. A number of different surface orientations are investigated. In terms of the Miller–Bravais Index notation, the ¯ 0), and (112 ¯ 0) planes are shown in Fig. 3. The 共0001兲, (011 ¯ ¯ (101 0) and (11 00) planes are also studied since they are ¯ 0) plane. We will also consider the equivalent to the (011 ¯ (033 8) plane. To find the vector normal to this plane, the ¯ 0) plane in Fig. 3 is rotated ⬇54.7° tonormal of the (033 wards the c axis. Using the effective-mass approximation, Shro¨dinger’s equation for an inversion layer electron in subband s is
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共1兲



Here the first term is the kinetic-energy operator,  s is the electron energy,  s is the electron wave function, and  (z) is the potential perpendicular to the interface along z. The elements of the reciprocal effective-mass tensor for a given surface orientation are  i j . They are obtained from the bulk principle axes elements,  nn , using the transformation



i j⫽



兺n A in A jn  nn .



共2兲



The rotation matrix A is composed of the direction cosines for the rotation. Following the work of Stern and Howard,14 the wave function for an inversion layer electron is expressed as



 s 共 x,y,z 兲 ⫽ 关  s 共 z 兲 e ⫺iz 共  13k 1 ⫹  23k 2 兲 /  33兴 e ik 1 x⫹ik 2 y .



共3兲



The first term in brackets is the envelope of the wave function in the potential well  (z), while the wave function parallel to the interface is in terms of momentum eigenstates with wave vectors k 1 and k 2 . Now substituting the wave function into in Eq. 共1兲, a Schro¨dinger equation for  s (z) is obtained



冋



册
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共4兲



where m 3 , the principle axes effective mass perpendicular to ⫺1 . This equation is used the interface, is identified as m 3 ⫽  33 to obtain both the subband energies E s and the electron charge density, e 兩  s (z) 兩 2 , along the inversion well. The procedure for this calculation is detailed in the next section. The total electron energy considering motion along x, y, and z is  s ⫽E s ⫹



ប 2 k 21 2m 1



⫹
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Here m 1 and m 2 are principle axes effective masses of the constant energy ellipse parallel to the interface when 1/m 12 vanishes. The values of these masses are 2 1/m 1 ⫽ 共  11⫺  13 /  33兲 , 2 /  33兲 , 1/m 2 ⫽ 共  22⫺  23



共6兲



1/m 12⫽ 共  12⫺  13 23 /  33兲 . To obtain the principle axes the constant energy ellipse must be rotated in the interface plane so that 1/m 12⫽0. The new axes are then the principle axes for the ellipse. So using the rotated inverse effective mass tensor  i j , the principle axes effective masses are readily obtained. In Fig. 4 the constant energy ellipses and Brillouin zones for the various surface orientations are displayed. Here only the ellipses for the lowest conduction band are shown. As discussed previously, the conduction band minimum for 6H-SiC is shown at the L point. If a location closer to the M point is chosen then the minimum would move closer to the 4H-SiC minimum. In Table I we show analytical equations for the principle axes effective masses of the surfaces in terms of those of the



FIG. 4. Brillouin zones and conduction-edge band structure for 4H and 6H-SiC. Only the lowest conduction band is shown. Since the results are similar for both polytypes, only the 4H results are shown in 共a兲 and 共b兲. If the second conduction band is considered for 4H-SiC, the ladders are switched.



bulk. These results are general and can be used if the surfaces of other materials with hexagonal symmetry are considered. Here the longitudinal principle axes masses for the rotated surface are m 1 and m 2 in Fig. 4. The larger the variation between these two masses, the more anisotropic the transport properties will usually be along the oxide– semiconductor surface. The principle axis mass for the transTABLE I. Effective mass transformations. Here m⫽the principle axes effective masses and m ⬘ ⫽the bulk values. Also M ⫽(4m 1⬘ m 2⬘ ⫹6m 1⬘ m 3⬘ ⫹2m ⬘2 m ⬘3 ). Surface ¯ 0) (011 Lower共1兲 Higher共2兲 ¯ 0) (112 Lower共1兲 Higher共2兲 ¯ 8) (033 Lower共1兲a Higher共2兲 共0001兲 All a



m1



m2



m3



(3m ⬘1 ⫹m ⬘2 )/4 m 2⬘



m ⬘3 m 3⬘



4m ⬘1 m ⬘2 /(3m ⬘1 ⫹m ⬘2 ) m 1⬘



(m ⬘1 ⫹3m ⬘2 )/4 m 2⬘



m ⬘3 m 3⬘



4m ⬘1 m ⬘2 /(m ⬘1 ⫹3m IH 2 ) m 1⬘



(3m ⬘1 ⫹m ⬘2 )/4 m 2⬘



M (9m ⬘1 ⫹3 ⬘2 ) (m 1⬘ ⫹2m 3⬘ )/3



12m ⬘1 m ⬘2 m ⬘3 /M 3m 1⬘ m 3⬘ (m 1⬘ ⫹3m 3⬘ )



m 1⬘



m 2⬘



m 3⬘



¯ 8) m 1 and m 2 are when the principle axes lie close to the Results for (033 Brillouin zone axes shown Fig. 4. This is not the case for the first conduction band of 4H-SiC where this formula is off by 15% from the values used in this work. The product m 1 m 2 is valid in all cases.
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TABLE II. Effective masses in units of the electron mass. The results for 6H-SiC are shown in parens 共兲. Surface Degen. Band 1 4H共6H兲



¯ 0) (011 Lower共1兲 2



Transverse mass m3 0.46共0.51兲 Longitudinal masses m1 0.36共0.39兲 0.33共1.43兲 m2 Density of states mass 0.35共0.75兲 Band 2a 4H Transverse mass m3 0.64 Longitudinal masses m1 0.82 m2 0.33 Density of states mass 0.52



¯ 0) (112



共0001兲



¯ 8) (033



Higher共2兲 1



Lower共1兲 2



Higher共2兲 1



Lower共1兲 2



Higher共2兲 1



All 3



0.29共0.22兲



0.33共0.27兲



0.29共0.22兲



0.41共0.65兲



0.30共0.31兲



0.33共1.43兲



0.58共0.90兲 0.33共1.43兲



0.51共0.73兲 0.33共1.43兲



0.58共0.90兲 0.33共1.43兲



0.36共0.39兲 0.37共1.12兲



0.58共0.90兲 0.32共1.03兲



0.29共0.22兲 0.58共0.90兲



0.44共1.13兲



0.41共1.02兲



0.44共1.13兲



0.37共0.66兲



0.43共0.96兲



0.41共0.45兲



0.90



0.79



0.90



0.49



0.57



0.33



0.58 0.33



0.66 0.33



0.58 0.33



0.82 0.43



0.58 0.52



0.90 0.58



0.44



0.47



0.44



0.60



0.55



0.72



a



The lower ladder for the second conduction band of 4H-SiC does not correspond to the lower ladder for the first conduction band for each case when 2 ladders are present. Also the masses of the second conduction band in 6H-SiC are the same as first.



verse direction, m 3 , is also given in Table I. For all except the 共0001兲 orientation, the projection of the bulk constant energy ellipsoids onto the surface creates two sets of nonequivalent minima. When these bands are split into subbands in the inversion layer, a subband ladder will result from each of the two nonequivalent conduction band minima. The ladder with the lowest energy state is labeled as the ‘‘lowest ladder’’ or the ‘‘first ladder’’ in Table I and is characterized by the largest transverse effective mass m 3 . The results for m 1 and m 2 in Table I are accurate for both bands in the ¯ 0), (112 ¯ 0), and 共0001兲 orientations. For the (033 ¯ 8) (011 surface although these results are accurate when the principle axes of the ellipses align closely with the Brillouin zone axes ¯ 8) 6H-SiC and the shown in Fig. 4. For the case of (033 ¯ 8) 4H-SiC, the principle second conduction band of (033 axes are only rotated about 11°–12° off the Brillouin zone axes. The equations in Table I are therefore very close ap¯ 8) 4Hproximations. For the first conduction band of (033 SiC although the angle is about 40°. The longitudinal effective mass formulas in Table I are off by about 15% in this one particular case. For all orientations and all bands, the product m 1 m 2 in Table I is accurate. In Table II the values of the effective masses used in this work are given using the accepted bulk values.18,20 The results here for m 1 and m 2 of ¯ 8) 4H-SiC are accurate and the first conduction band of (033 do not correspond to the formulas in Table I. Since the bulk bands are used to determine the nature of the conduction band minimum, two important approximations are made. First of all, no account is made of the effects of surface states on the band structure and second of all the effective mass approximation is used. In Si the first approximation is reasonable since the density of interface states is as low as 1010 eV⫺1 cm⫺2 . Also the effective mass approximation has been found to be justified in Si when the average



distance of the electron from the interface is larger than 2 nm.15 For SiC although the interface state densities are currently found to be as large as 1011 – 1012 eV⫺1 cm⫺2 in 6H and 1012 – 1013 eV⫺1 cm⫺2 in 4H.7–9 For the polar 共0001兲 surfaces of SiC a higher density of surface states is likely to occur. Such large densities, especially, in 4H-SiC make the use of bulk-like conduction bands at the interface less reliable than in Si. To determine the utility of the effective mass approximation in the inversion layer of hexagonal SiC, the length scale of lattice periodicity perpendicular to the interface must be considered. This distance, L⬜ , will be large when a large component of the c axis is oriented perpendicular to the interface, making the effective mass approximation questionable. In Fig. 5 we display the 4H-SiC lattice in the



FIG. 5. Lattice structure of 4H-SiC in the ABC notation. Each circle corresponds to a Si and a C atom bonded along 共0001兲, the c axis.
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TABLE III. Periodicity perpendicular to the interface. Surfacea L⬜ (nH-SiC) L⬜ (nH-SiC)/L⬜ (Si) L⬜ (4H-SiC)/L⬜ (Si) L⬜ (6H-SiC)/L⬜ (Si)
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III. SUBBAND CALCULATION



¯ 0) (011



¯ 0) (112



¯ 8) (033



共0001兲



)a 1 1 1



a 1/) 1/) 1/)



冑3a 2 ⫹c 2 冑1⫹2n 2 /9



c &n/3 1.9 2.8



2.1 3.0



a



L⬜ is the length of lattice periodicity perpendicular to the interface. For SiC, a⫽3.08 A and c⫽ 冑2/3an. These results rely on the approximation a Si /a SiCu).



ABCA ⬘ B ⬘ C ⬘ notation. The periodicity of the lattice for the various orientations is shown. In Table III we see that L⬜ for ¯ 8) orientations is about twice as large as the 共0001兲 and (033 in Si for 4H-SiC and is about three times as large for 6HSiC. Based on the results for Si, the use of the effective mass theory for these orientations is best applied when the average distance of the electrons from the interface is greater than 4 nm in 4H-SiC and greater than 6 nm in 6H-SiC. The results of this work will show that these conditions are well met only under conditions of very weak inversion. For the ¯ 0), and (112 ¯ 0) orientations the effective mass approxi(011 mation may be used when electrons in the inversion layer are even closer than the minimum distance found for Si. This occurs because the lattice constant is smaller in SiC 共3.08 A兲 ¯ 0) surfaces this approximathan in Si 共5.43 A兲. For the (112 tion may be valid down to 1 nm. Since the effective mass approximation relies on a smooth potential at the surface, the large density of surface states at the SiO2 – SiC interface may further reduce the utility of this approximation, especially for the polar 共0001兲 surface. Although the method we use is of a more limited validity in the larger polytypes of SiC than in Si, there are a number of reasons why this approach can lead to useful knowledge of the electronic structure. Currently a lot of research is focused at reducing the interface state density in 4H and 6HSiC MOSFET inversion layers. If these states can be reduced to densities common in Si, then the method we use would certainly be applicable as it is in Si. Also it is not know how significant the effect of the large density of interface states will be. Experimental deviations from the results here could be used to access the effects of the surface states on the band structure. The effective mass approximation should not be a problem for orientations of 4H and 6H-SiC for which the c axis is parallel to the oxide interface. We will also include ¯ 8) orientations since the the analysis of the 共0001兲 and (033 results likely will help give a qualitative understanding of the band structure along these directions. We also note that the effective mass approximation is routinely used in modeling MOSFETs and agreement with experiment is obtained, even though calculations show the inversion electrons are on the average less than 2 nm from the oxide surface. A very important application of this work is its usefulness in transport simulations, such as the Monte Carlo method, which often rely on the use of an electronic energy spectrum in analytic form.



To determine the subband energies and the mobile charge density perpendicular to the interface, Schro¨dinger’s equation, in the form of Eq. 共4兲, must be solved. This is complicated, however, since the confining electrostatic potential at the interface itself depends on the mobile charge that builds up in the inversion layer. A self-consistent  (z) must therefore be used in Eq. 共4兲 since it depends on each E s and  s (z) itself. The method used for this is similar to that used by Stern.15 Self-consistency is obtained by requiring that Possion’s equation



冉
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冏 冏冊



兺s N s  s共 z 兲 2
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共7兲



be simultaneously satisfied along with Schro¨dinger’s equation. Here N s are the electron concentrations in each subband,  depl is the depletion charge density and ⑀ ⫽9.72⑀ 0 28 is the static dielectric constant for SiC. By using the static value we assume, as in previous work,14 –17 a slowly varying potential  in space and time.27 Small variations in ⑀28 with SiC polytype and with crystal orientation were not considered. So in order to calculate  (z), N s and  depl(z) must be known. For the electrostatic potential  (z) the Hartree approximation is used. We therefore neglect the effects of manybody interactions and of the image charge potential at the surface. This approximation is better than might be expected since these two effects tend to cancel each other to some degree. Exchange and correlation tend to lower the surface energy levels while the image force tends to raise them.17,27 The Hartree approximation has been found to be a useful first approximation for the electrostatic potential in Si inversion layers, so we feel confident using it here.15 As mentioned in the previous section, the electrostatic field parallel to the oxide–semiconductor interface is considered to be small enough so that a parabolic band structure dispersion can be used. This field should also be small so that equilibrium Fermi–Dirac statistics can be employed perpendicular to the interface. In this work the response of the inversion layer to variations in the total concentration of free electrons at the surface, N inv and the temperature, T, is studied. For fixed N inv , the level in each subband is found according to N inv⫽



兺s N s ⫽ ⫻



兺s



g 冑m 1 m 2 K B T ប2



ln兵 1⫹exp关共 E F ⫺E s 兲 /K B T 兴 其 ,



共8兲



where E F is the Fermi energy at the interface and the logarithmic term is the solution of the zero index Fermi–Dirac integral. The valley degeneracy, g, and the density of states effective mass, 冑m 1 m 2 , are given in Table II. For all the orientations other than the 共0001兲, more than one band structure ladder is involved. In these cases the subbands from each ladder enter the s sum. In order to determine N s and thus  (z) we need to know more than just the subband energy levels and wave functions, the Fermi energy must also
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be found. Once the Schro¨dinger equation is solved, Eq. 共8兲 is in fact used to find E F and thus each N s is subsequently determined. Considering a p-doped SiC MOSFET, with a uniform acceptor density N A and a smaller uniform donor density N D , the ionized impurity charge density at the interface is



 dep共 z 兲 ⫽



再



⫺e 共 N A ⫺N D 兲 0



0⬍z⬍z d



else.



共9兲



Here the semiconductor is depleted of holes up to a distance of z d from the oxide interface. It is assumed that all of the impurities are ionized in this depletion layer. Also the transition region from the depletion region to the bulk occurs abruptly at z d . As mentioned previously, we do not consider the effects of the large density of surface states at the SiO2 – SiC interface. If these states attract interface charge as expected, they are likely to significantly alter the depletion depth in the weak inversion regime. Using these approximations, the depletion depth is calculated using z d ⫽ 冑2 ⑀ B /e 共 N A ⫺N D 兲 ,



e  B ⫽E g /2⫹E F ⫺K B T⫺eN invZ av / ⑀ .



共11兲



Here E g is the bulk energy gap and the average penetration of the mobile inversion layer electrons into the semiconductor is



兺s N s 冕 z 兩  s共 z 兲 兩 2 dz



⫺



d共 z 兲 dz



冒



N inv .



共12兲



The first term in Eq. 共11兲 accounts for the band bending of the substrate conduction band to the Fermi level. The second term, E F , accounts for an adjustment of the surface band edge relative to the Fermi level, while the third term, ⫺K B T, accounts for the potential falloff at the edge of the depletion region at z d . The final term then includes the band bending due to the mobile charge at the interface. So once the Fermi energy is obtained using Eq. 共8兲, the charge densities entering Poisson’s equation can be readily determined. The self-consistent numerical calculations involve the discretization of Eqs. 共4兲 and 共7兲 in the z direction. These equations are then solved iteratively along with the calculated Fermi energy that is itself consistent with Eqs. 共8兲 and 共10兲. The oxide–semiconductor boundary potential barrier is assumed large enough so that the wave function does not penetrate into the oxide. This is a good approximation for Si. It would fail only when the surface is inverted well beyond the limits of the effective-mass approximation along z.15 The larger band gap makes this approximation less reliable in 4H and 6H-SiC. Here we do assume that the oxide– semiconductor barrier is large enough so that we may allow the wave function to vanish at the oxide 关  s (0)⫽0 兴 . The discretization of z goes up to a maximum value of z max which is determined when  s (z max)⫽0 for all the low lying subbands that are significantly occupied. In this work we consider ten such subbands for each of the two bands considered. The set of wave functions for these subbands are the
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Using these boundary conditions, Eq. 共7兲 can be solved giving
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 共 z 兲 ⫽⫺F 0 z⫹e 共 N A ⫺N D 兲 z 2 /2



共10兲



where the effective band bending from the bulk to the oxide surface is given by13



Z av⫽



same for each of the two bands, but the two sets of ten subband energies are offset by the energy spacing of the bands. The subbands are also divided amongst the different ladders. In the case of the 共0001兲 orientation there is only one subband ladder with ten subbands, whereas for the other orientations two ladders with five subbands each are considered. The boundary condition used for the potential at the interface is  (0)⫽0. We therefore will consider all energies relative to the surface potential. The electric field at the boundary is set equal to F 0 where



⫹



兺s N s 冕0 dz ⬘ 冕0



z⬘



z



冏 冏 册冒



dz ⬙  s 共 z ⬙ 兲



2



⑀,



共14兲



in the region of interest where z⬍z d . This equation is used to set the boundary condition  (z max), where at z max the sum in Eq. 共14兲 is zero. Using this boundary condition means that we only discretize z in the region where the wave functions are nonzero 0⬍z⬍z max . Instead of using Poisson’s equation, Eq. 共14兲 could in effect be used to determine the selfconsistent potential but this is not computationally practical unless the double integral can be solved analytically. Now we will describe the iterative procedure. For the first iteration 共1兲, the initial subband wave functions and energies are taken as the analytical solutions for a triangular well. These are the Airy functions (A i ):



 共s1 兲 共 z 兲 ⫽A i 兵 共 2m 3s eF 0 /ប 2 兲 1/3关 z⫺ 共 E 共s1 兲 /eF 0 兲兴 其 ⫽A i 关共 z⫺z 1 兲 /z 2 兴 ,



共15兲



with energies E 共s1 兲 ⫽ 关 23  共 s⫹ 43 兲兴 2/3eF 0 z 2 .



共16兲



Here the notation m 3s is for the transverse mass of the ladder subband s belongs to. The initial value E F(1) is calculated from Eq. 共8兲, then the initial value of the electrostatic potential,  (1) (z), is determined using Eqs. 共10兲 and 共14兲. In this case Eq. 共14兲 is solved analytically since
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共17兲 For weak inversion, when N invⱗN A z d ,  (z) could be used as a next approximation to the triangular well potential transverse to the interface. The iterative procedure then begins with the discretization in z and subsequent diagonalization of the Eq. 共4兲. This (1)
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FIG. 6. Results for the self-consistent potential  as a function of the dis¯ 0) tance from the oxide/semiconductor interface z are shown for the (011 ¯ and (112 0) orientations of 6H-SiC. The energy E for the subband ladders is labeled as unprimed 共lower兲 and primed 共higher兲 identically for both surfaces. Both the total charge density and the charge density in subband E 0 only are also shown. The results are for a temperature of 300 K, mobile charge of N inv⫽5⫻1012 cm⫺2 and doping of N A ⫺N D ⫽1⫻1016 cm⫺3 .



gives the values E s(2) and  s(2) (z). Then E F(2) , is obtained and the boundary value  (2) (z max) is found from Eq. 共14兲. Next Eq. 共7兲, also discretized in z, is solved giving  (2) (z). The iterative procedure is then continued until  (n) (z)⫽  (n⫺1) (z). To aid convergence, after a few iterations we update the new potential by using the average of the newly calculated function with that of the previous iteration. In Fig. 6, we show the self-consistent results for the ¯ 0), and (112 ¯ 0) orientations in 6H-SiC. The lowest (011 three or four subbands are given for each surface. Also the potential  (z) and the charge density are given as functions of z the penetration depth into the semiconductor. The charge density for electrons in the lowest state of the lower subband ladder E 0 is also shown. In the particular example given the surface is relatively strongly inverted and most of the mobile electrons occupy the lower subbands of the two ladders E 0 and E 0⬘ . IV. RESULTS A. „011¯ 0… and „112¯ 0… orientations



¯ 0) and (112 ¯ 0) arrangements both have small The (011 transverse periodic lengths L⬜ , therefore the effective mass approximation used in the band structure calculation is very reliable. From Table II, it can also be seen that these surfaces have identical principle axes effective masses for the second 共higher兲 subband ladder. This ladder is characterized by a small transverse mass m 3⬘ , and a large anisotropy between the longitudinal masses m 1⬘ and m 2⬘ for the first conduction band. The second conduction band has a large m 3⬘ in 4H-SiC, but since the interband energy gap is large we focus on the ¯ 0), and (112 ¯ 0) directions first conduction band. The (011 are fundamentally different in the first 共lower兲 subband lad-



¯ 0) 6H-SiC, 共b兲 (011 ¯ 0) 4H-SiC, 共c兲 FIG. 7. Subband energies for 共a兲 (011 ¯ 0) 6H-SiC, and 共d兲 (112 ¯ 0) 4H-SiC. The lowest ten subbands are (112 shown. The results are for a temperature of T⫽300 K and a doping density of N A ⫺N D ⫽1⫻1016 cm⫺3 .



der. In the former case the perpendicular mass is significantly larger than that of the second ladder. It is about 1.7 times as large in 4H-SiC and about 2.5 times as large in 6H-SiC. There is a large difference in the nature of the longitudinal ¯ 0) polytypes. These masses are masses between the two (011 very similar in 4H-SiC but there is tremendous anisotropy in ¯ 0), orientation the lower ladder has 6H-SiC. For the (112 effective masses which are very similar to that of the higher subband ladder. The first ladder is therefore characterized by a small transverse mass and anisotropy in the parallel direc¯ 0), and tion. The fundamental difference between the (011 ¯ 0) surface ordering is the relation of the first subband (112 ¯ 0) surfaces these ladders are ladder to the second. For (011 ¯ 0) surfaces they are distinctly different whereas for the (112 very similar. In the latter case the subbands almost behave as just one ladder in some situations. The results for the lowest subband energies are shown in Fig. 7. Since the gap between the lowest two conduction
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¯ 0) and 共b兲 (112 ¯ 0) directions. Fraction of electrons vs temperature FIG. 8. Fraction of electrons vs mobile inversion layer charge at T⫽300 K for the 共a兲 (011 12 ⫺2 ¯ ¯ for the 共c兲 (011 0) and 共d兲 (112 0) directions where N inv⫽5⫻10 cm . The results are for a doping density of N A ⫺N D ⫽1⫻1016 cm⫺3 .



bands is 0.1 eV in 4H-SiC, fewer subbands from the second conduction band are shown for this polytype. The lowest subband from this band is distinctive since it crosses the higher subbands of the first conduction band in Fig. 7. For 6H-SiC the two conduction bands are closer in energy than the subband spacing. In general these two bands will be simply treated as one band when their energy gap, 0.01 eV, is less than the thermal energy. A noticeable trend in Figs. 6 and 7 is that the lowest subbands for each of the ladders, E 0 ¯ 0) orientation. This and E 0⬘ , are further apart for the (011 occurs because of differences in the transverse mass between the ladders. Since these trends occur at low values of N inv , the results of the triangular-well approximation can be used. We see from Eq. 共16兲 that the subband energy ratios of the two ladders are given by E i⬘ /E j ⫽



冋 冉 冊册 m 3 i⫹3/4 m 3⬘ j⫹3/4



2 1/3



,



共18兲



where i and j are subband numbers. Since m 3 is significantly ¯ 0) arrangement, the subband ladlarger than m 3⬘ in the (011 der spacing is quite large. When Eq. 共18兲 is applied to the ¯ 0) surface, we see that the similarity between the trans(112 verse masses of the two ladders indicates a close interladder energy spacing. We see this in Figs. 6 and 7.



In Fig. 8, results for the distribution of electrons among the subbands are shown as the mobile inversion charge or temperature is varied. For convenience, no distinction is made between the two conduction bands here. This means that for instance the lower ladder in Fig. 8 is the addition of the lower ladder for the two conduction bands. In the limit of high temperature or the limit of very weak inversion, the relative population of each ladder falls onto the ratio of valley degeneracies 2/3:1/3 in Table II. In these limits many subbands are occupied and a three-dimensional 共3D兲 continuum of states exists. The opposite extreme is the ideal two-dimensional 共2D兲 limit of the inversion layer when only one subband is occupied. This is the situation typically for small temperatures or when the inversion is very strong. In the results of Fig. 8, the surfaces exist somewhere between these two limits. In the following discussion, when we refer to a ladder as being ‘‘3D like’’ or ‘‘2D like,’’ this is relative to the other ladders being considered and does not necessarily mean the surface is at these limits. The inversion layers will only attain these limits under conditions of extremely low or extremely high temperatures or inversion. The results in Fig. 8 are best explained by determining the factors that influence the percent occupation of a particular ladder. Using Eqs. 共8兲 and 共16兲, the electron distribution
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¯ 0) 6H-SiC, 共b兲 (011 ¯ 0) 4H-SiC, 共c兲 (112 ¯ 0) 6H-SiC, and 共d兲 (112 ¯ 0) 4H-SiC. The electron and FIG. 9. Low-lying energy bands vs temperature 共T兲 for 共a兲 (011 doping densities here are N inv⫽5⫻1012 cm⫺2 and N A ⫺N D ⫽1⫻1016 cm⫺3 , respectively.



depends on the energy difference E 0 ⫺E F (m 3 ) and the density of states effective mass m d ⫽ 冑m 1 m 2 parallel to the interface. The energy difference between the first subband and the Fermi level, E 0 ⫺E F , depends on the transverse mass m 3 . It affects each subband since in the triangular-well approximation each N s in Eq. 共8兲 can be represented as a function of E 0 ⫺E F by using Eq. 共16兲. Quantization in the inversion layer tends to push the subband energies above the conduction band edge of the unquantized surface. In Eq. 共16兲, we see that this process is weaker for larger transverse . For a fixed total charge effective masses since E⬀m ⫺1/3 3 density N inv , the relative occupation of the first ladder relative to the second increases when m 3 is larger than m 3⬘ since the subbands of the first ladder are lower in energy. Under these circumstances E 0 ⫺E F would tend to be larger since the subband energy levels are closer in ladder 1, and more of the higher subbands would be occupied in this ladder. The first ladder would therefore be more 3D like than the second. ¯ 0) surface This is the situation which occurs for the (011 where m 3 ⬎m ⬘3 . This can be observed in Fig. 8共a兲, where a larger percentage of the higher subbands are occupied in the first ladder. This occurs for both weak and strong inversion. The same effect can be seen with varying temperature in Fig. 8共c兲. The 1st ladder is more 3D like at high temperatures when compared to the second ladder. As the temperature is decreased, the occupation of the higher subbands decreases ¯ 0) surface temin both ladders as expected. When the (011 perature is decreased to very small values 共50 K兲 in Fig. 8共c兲, the surface tends towards a perfect 2D system with only E 0 occupied. For temperatures below 100 K 共4H兲 and 200 K 共6H兲 in Fig. 8共c兲, the system is essentially two dimensional. This would typically occur at higher temperatures, but the process is limited by the first ladder which progresses to the 2D state slower as the temperature is lowered. Since m 3 is larger and m 3⬘ smaller in the 6H-SiC polytype, the difference in the two ladders is more pronounced than in 4H-SiC. Also the occupation ratio of the two ladders is significantly larger than the 3D limit result of 2. This occurs again because the subbands are lower in energy in the first ladder due to the larger transverse mass. This effect would be even larger if ¯ 0) orienratio m d /m d⬘ was not smaller than one in the (011 tation. So since the two ladders are different the system as a



whole is further from a 3D system. The 3D limit would therefore only occur at much larger temperatures or at much weaker levels of inversion than those simulated in Figs. 8共a兲 and 8共c兲. ¯ 0) surface, both subband ladders are similar For the (112 ¯ 0) orientation and therefore to the second ladder of the (011 ¯ 0) first ladder. are more 2D like when compared to the (011 Also because the subband ladders are equivalent, the fractional occupancy of the two ladders falls very close to the valley degeneracy ratios. In 4H-SiC this persists even when the mobile charge is increased to 1⫻1013 cm⫺2 . Since m 3 /m 3⬘ is about 8% larger in 6H-SiC, the first ladder is occupied slightly more than twice as much as the second at room temperature, especially when the level of inversion is large. In Fig. 8共d兲 it is seen that temperatures need to go below approximately 100 K in 6H-SiC for the system to be essentially two dimensional. For 4H-SiC the situation is different. For this polytype, both subbands are significantly occupied even down to 50 K. In Fig. 9, it can be seen that the electrons begin to exist at the interface in a 2D gas when the temperature is decreased so that the Fermi energy crosses the ¯ 0) oriented 4H-SiC, the Fermi level lowest subband. In (112 crosses the lowest subband of the second ladder around 120 K. This means that this surface does not tend towards a perfect 2D system at very low temperatures. Here two subbands, E 0 and E ⬘0 , are expected to be filled, even as T→0. This is similar to the case of 共100兲 oriented 3C-SiC.17 Another interesting result related to the surface band structure calculation is the determination of the average penetration of the mobile electrons into the semiconductor in Eq. 共12兲. Calculations of Z av , shown as a function of mobile charge in Fig. 10共a兲, show that the penetration depth is less ¯ 0) orientation. As we saw for the subband energy in the (011 spacing, this is a trend which occurs for not only strong but also weak inversion. It is therefore useful to consider the triangular-well approximation results again. Using Eqs. 共12兲, 共15兲, and 共16兲, the penetration depth is15 Z av⫽



兺s 2N s 关



2 3



 共 s⫹ 43 兲兴 2/3共 ប 2 /2m 3 eF 0 兲 1/3/3N inv . 共19兲



¯ 0) So Z av⬀(1/m 3 ) 1/3 and is therefore smaller for the (011
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FIG. 10. Average penetration depth for electrons at the interface when T ¯ 0) and (112 ¯ 0) ⫽300 K and N A ⫺N D ⫽1⫻1016 cm⫺3 . In 共a兲 have the (011 ¯ 8) and 共0010兲 orientations. orientations, while in 共b兲 have the (033



orientation, which has a larger ladder 1 transverse mass. These results can also be seen in Fig. 6 where the charge density verses distance is shown for 6H-SiC. Since m 3 is ¯ 0) 6H-SiC and large for (011 ¯ 0) 6H-SiC, quite small for (112 the differences are prominent. The charge density is significantly shifted away from the surface in the former case. Since this would tend to lower the MOSFET capacitance, ¯ 0) 6H-SiC MOSFETS should have a larger drive cur(011 ¯ 0) rent when compared to 6H-SiC MOSFET using the (112 orientation. B. „0001… and „033¯ 8… orientations



¯ 8) surfaces of 4H-SiC and 6H-SiC The 共0001兲 and (033 have large transverse periodic lengths due to the large size of the direct lattice primitive cell along the c axis. As mentioned, the results here are based on the use of an effective



FIG. 12. Subband energies for 共a兲 共0001兲 6H-SiC, 共b兲 共0001兲 4H-SiC, 共c兲 ¯ 8) 6H-SiC, and 共d兲 (033 ¯ 8) 4H-SiC. The lowest ten subbands are (033 shown. The results are for a temperature of T⫽300 K and a doping density of N A ⫺N D ⫽1⫻1016 cm⫺3 .



FIG. 11. Fraction of electrons in lowest subband, with energy E 0 , vs mobile inversion layer charge. When the mobile charge density is varied T ⫽300 K, while N inv is fixed at 5⫻1012 cm⫺2 when the temperature is varied. The doping density is N A ⫺N D ⫽1⫻1016 cm⫺3 .



mass transverse to the interface. This approximation is questionable for these orientations since L⬜ is large, but it is still likely that this method will lead to a useful qualitative understanding of these surfaces. This is especially true for 4HSiC for which L⬜ is only approximately twice that of Si. The results of the method will also be more reliable when the temperature is larger or the surface inversion is weaker. In 4H-SiC the 共0001兲 subband ladder is very similar to ¯ 0) orientation, with the same the first ladder of the (112 transverse mass in fact. Since both ladders are very similar ¯ 0) surface, these two surfaces are therefore very for the (112 similar. The only significant difference is that only one subband ladder occurs in the 共0001兲 orientation. The 共0001兲 surface in 6H-SiC is however different as a result of the huge transverse mass. Indeed, this property makes 共0001兲 6H-SiC unique among all the other surfaces we consider.
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¯ 8) surface. In 共b兲 have the fraction of electrons vs FIG. 13. In 共a兲 have the fraction of electrons vs mobile inversion layer charge at T⫽300 K for the (033 ¯ 8) surface when N inv⫽5⫻1012 cm⫺2 . The results are for a doping density of N A ⫺N D ⫽1⫻1016 cm⫺3 . temperature for the (033



So unlike all the other surface orientations, the 共0001兲 surface is very different in 4H-SiC and 6H-SiC. In Fig. 11 we see that the 2D limit occurs at a much lower temperature in 6H-SiC. For higher temperatures the distribution of electrons in the higher subbands is much larger in 6H-SiC. Continuing the comparison of the various surfaces in terms of how relatively close they are to the 2D or 3D limits, the 共0001兲 4H-SiC surface turns out to be more 2D like while in the case of 6H-SiC, the surface is the most 3D like of all the surfaces. Since m 3 is large in 6H-SiC, the subband energies in Fig. 12共a兲 are low in energy and very closely spaced. Here E 0 ⫺E F is typically large and many of the higher subbands are significantly occupied when the surface is weak to moderately inverted. Comparing the average penetration depth of electrons into the semiconductor in Fig. 10共b兲, Z av is much larger in 4H-SiC. This is expected in a more 2D like surface since m 3 is small. In 6H-SiC Z av is the by far the smallest of any orientation considered. Even at moderate inversion strengths, N inv⫽2⫻1012 cm⫺2 , this distance is only 2 nm or less. This is at the limit of the effective mass approximation in Si. Since L⬜ is three times as large, the 6H-SiC 共0001兲 surface appears to far exceed the limits of this approximation. Such a small penetration depth is likely to translate in a larger MOSFET drive current though. For the 共0001兲 surface of 4H-SiC the situation is different. When the inversion is weak, the effective mass approximation should likely be reliable. ¯ 8) orientation is very similar to the We find that the (033 ¯ 0) orientation. As seen in Table II, the transverse mass (011 is large in the first ladder and small in the second. The results for the distribution of electrons among the subbands is ¯ 0) shown in Fig. 13. These results are similar to the (011 surface since the ratio m 3 /m 3⬘ is very similar. Most of the ¯ 0) surface in the last section can therediscussion of the (011 ¯ 8) arrangement. One difference fore be applied to the (033 although warrants mentioning. The transverse mass for 6H¯ 8) surface allowing more of the SiC is larger for the (033 higher subbands to become occupied in Fig. 13. This also results in a lower Z av in Fig. 10.



V. CONCLUSION



Here we have determined the band structure of an n-type inversion layer in 4H-SiC and 6H-SiC. The subband levels have been self-consistently calculated using the Hartree and effective masses approximations. The latter approximation is ¯ 0) and (112 ¯ 0) surface believed to be reliable for the (011 ¯ 8) and orientations but is more questionable for the (033 共0001兲 orientations where the lattice periodicity perpendicular to the interface occurs over a relatively large length scale. In these cases though we do believe that the results lead to a potentially useful qualitative understanding of the trends in the subband structure of these surfaces. Results show that the conduction band edge for the ¯ ¯ 8) orientations is split into two distinct sub(011 0) and (033 band ladders. Electrons in the ladder of lowest energy are found to in general occupy the higher subbands. The first ladder is relatively more 3D like than the second. For the electronic structure parallel to the interface there are differences among the two polytypes. In 6H-SiC the two longitudinal masses are very different and the material properties of these surfaces, such as the electron mobility, are likely to exhibit anisotropy. For 4H-SiC the situation is different, here m 1 and m 2 are similar in the first subband ladder. This should lead to anisotropy in the electron transport properties of these surface only when the higher energy subband becomes occupied with electrons. ¯ 0) and 共0001兲 surfaces and very similar in 4HThe (112 ¯ 0) orientation SiC. Here the two subband ladders in the (112 are both similar to the one ladder for the 共0001兲 surface. The properties of these orientations turn out to be relatively more 2D like when compared to the other surfaces. The 6H-SiC ¯ 0) orientation is similar to that in 4H-SiC, but the 6H(112 SiC 共0001兲 orientation is unique. Due to the huge transverse mass, this orientation is extremely 3D like when compared to all the other surfaces consider. Here the electrons are therefore generally found to exist in a number of closely spaced subband levels, very close to the oxide interface. In each ladder of both polytypes, there is significant anisotropy in the



Downloaded 13 Jun 2009 to 128.220.8.25. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



4234



J. Appl. Phys., Vol. 95, No. 8, 15 April 2004



¯ 0) and 共0001兲 surface band structure parallel to the in(112 terface. ACKNOWLEDGMENT



We would like to thank the Army Research Laboratory for supporting this work. P. G. Neudeck, J. Electron. Mater. 24, 283 共1995兲. J. W. Palmour, R. F. Davis, H. S. Kong, S. F. Corcoran, and D. F. Griffis, J. Electrochem. Soc. 136, 502 共1989兲. 3 N. S. Saks and A. K. Agarwal, Appl. Phys. Lett. 77, 3281 共2000兲. 4 L. Lipkin, M. Das, and J. Palmour, Mater. Res. Soc. Symp. Proc. 640, H3.1.1 共2001兲. 5 H. Matsunami, T. Kimoto, and H. Yano, Mater. Res. Soc. Symp. Proc. 640, H3.4.1 共2001兲. 6 S. K. Powell, N. Goldsman, J. M. McGarrity, J. Bernstein, C. J. Scozzie, and A. Lelis, J. Appl. Phys. 92, 4053 共2002兲. 7 J. N. Shenoy, M. K. Das, J. A. Cooper, M. R. Melloch, and J. W. Palmour, J. Appl. Phys. 79, 3042 共1996兲. 8 H. Yano, T. Hirao, T. Kimoto, and H. Matsunami, Appl. Phys. Lett. 81, 4772 共2002兲. 9 H. Yano, T. Kimoto, and H. Matsunami, Appl. Phys. Lett. 81, 301 共2002兲. 10 C. Raynaud, J. L. Autran, B. Balland, G. Guillot, C. Jaussaud, and T. Billion, J. Appl. Phys. 76, 993 共1994兲. 1 2



G. Pennington and N. Goldsman 11



A. K. Agarwal, J. B. Casady, L. B. Rowland, W. F. Valek, M. H. White, and C. D. Brandt, IEEE Electron Device Lett. 18, 586 共1997兲. 12 M. Bhatnagar and B. B. Baliga, IEEE Trans. Electron Devices 40, 645 共1993兲. 13 T. Ando, A. B. Fowler, and F. Stern, Rev. Mod. Phys. 54, 437 共1982兲. 14 F. Stern and W. E. Howard, Phys. Rev. 163, 816 共1967兲. 15 F. Stern, Phys. Rev. B 5, 4891 共1972兲. 16 C. Moglestue, J. Appl. Phys. 59, 3175 共1986兲. 17 T. Ouisse, J. Appl. Phys. 75, 2092 共1993兲. 18 G. Pennington and N. Goldsman, Phys. Rev. B 64, 045104 共2001兲. 19 N. T. Son et al., Appl. Phys. Lett. 66, 1074 共1995兲. 20 W. R. L. Lambrecht and B. Segall, Phys. Rev. B 52, R2249 共1995兲. 21 L. Patrick, Phys. Rev. B 5, 2198 共1972兲. 22 W. J. Choyke, D. R. Hamilton, and L. Patrick, Phys. Rev. A133, 1163 共1964兲. 23 H. J. Im, B. Kaczer, J. P. Pelz, S. Limpijumnong, W. R. L. Lambrecht, and W. J. Choyke, J. Electron. Mater. 27, 345 共1998兲. 24 I. Shalish, I. B. Altfeder, and V. Narayanamurti, Phys. Rev. B 65, 073104 共2002兲. 25 B. Wenzien, P. Kaeckell, F. Bechstedt, and G. Cappellini, Phys. Rev. B 52, 10897 共1995兲. 26 C. Persson and U. Lindefelt, Phys. Rev. B 54, 10257 共1996兲. 27 T. Ando, Phys. Rev. B 13, 3468 共1976兲. 28 Yu. Goldberg, M. Levinshtein, and S. Rumyantsev, Properties of Advanced Semiconductor Materials, edited by M. Levinshtein, S. Rumyantsev, and M. Shur 共Wiley, New York, 2001兲, p. 93.



Downloaded 13 Jun 2009 to 128.220.8.25. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



























[image: Self-consistent calculations for n-type hexagonal SiC ...]
Self-consistent calculations for n-type hexagonal SiC ...












[image: Hexagonal architecture for dummies-LyonJUG.pdf]
Hexagonal architecture for dummies-LyonJUG.pdf












[image: Vision-based hexagonal image processing based hexagonal ... - IJRIT]
Vision-based hexagonal image processing based hexagonal ... - IJRIT












[image: Vision-based hexagonal image processing based hexagonal image ...]
Vision-based hexagonal image processing based hexagonal image ...












[image: Microstructural characterization of SiC ceramic and SiC ...]
Microstructural characterization of SiC ceramic and SiC ...












[image: SIC Topics & Suggestion.pdf]
SIC Topics & Suggestion.pdf












[image: hexagonal number tp submit]
hexagonal number tp submit












[image: SESION DE INTERAPRENDIZAJE Y CONVIVENCIA - SIC - MARITA ...]
SESION DE INTERAPRENDIZAJE Y CONVIVENCIA - SIC - MARITA ...












[image: [sic] by Scott Kelly.pdf]
[sic] by Scott Kelly.pdf












[image: Guided modes in a locally perturbed hexagonal ...]
Guided modes in a locally perturbed hexagonal ...















Self-consistent calculations for n-type hexagonal SiC ...






Apr 15, 2004 - Ai z1 /z2. z z1 /z2 . 17. For weak inversion, when Ninv. NAzd ,. (1)(z) could be used as a next approximation to the triangular well potential. 






 Download PDF 



















 304KB Sizes
 3 Downloads
 144 Views








 Report























Recommend Documents







[image: alt]





Self-consistent calculations for n-type hexagonal SiC ... 

Apr 15, 2004 - as the U-shaped trench MOSFET. Such devices are easily fabricated ... into a number of subbands, and the interface electrons exist as a quasi .... verse direction, m3 , is also given in Table I. For all except the 0001 orientation ...














[image: alt]





Hexagonal architecture for dummies-LyonJUG.pdf 

world. 40mn to 1h57 before showing. some code. No framework. Manual ... CÃ©dric Champeau LCC#154 ... Hexagonal architecture for dummies-LyonJUG.pdf.














[image: alt]





Vision-based hexagonal image processing based hexagonal ... - IJRIT 

addresses and data of hexagonal pixels. As shown in Fig. 2, the spiral architecture is inspired from anatomical consideration of the primate's vision system.














[image: alt]





Vision-based hexagonal image processing based hexagonal image ... 

computer vision and pattern Recognition, Las Vegas, June 2006. [8] R.M. Mersereau, â€œThe processing of Hexagonally Sampled Two-. Dimensional Signals,â€� Proceedings of the IEEE. 67: pp. 930 949, 1979. [9] X. He and W. Jia, â€œhexagonal structure for














[image: alt]





Microstructural characterization of SiC ceramic and SiC ... 

interfacial product analysis by scanning electron microscopy, electron probe microanalysis and X-ray diffraction revealed ... +91 402 458 6605; fax: +91 402 434.














[image: alt]





SIC Topics & Suggestion.pdf 

WATER. 2.1 Measuring quality of water, drinking or farming. 2.2 Reduction of water pollutants, drinking or farming. 2.3 Clean water to remote area. 2.4 Reduction ...














[image: alt]





hexagonal number tp submit 

IJRIT International Journal of Research in Information Technology, Volume 3, Issue 6, June ..... Remark 5 .1: Consider the trapezoidal number (a1 b a3 a4 c a6).














[image: alt]





SESION DE INTERAPRENDIZAJE Y CONVIVENCIA - SIC - MARITA ... 

Customer care and warranty 18. Troubleshooting & FAQs 22 ... Retrying... SESION DE INTERAPRENDIZAJE Y CONVIVENCIA - SIC - MARITA.pdf. SESION DE ...














[image: alt]





[sic] by Scott Kelly.pdf 

There was a problem previewing this document. Retrying... Download. Connect more apps... Try one of the apps below to open or edit this item. [sic] by Scott ...














[image: alt]





Guided modes in a locally perturbed hexagonal ... 

structures (perturbed on the red line). Figure 1: Schematic representation of photonic crystals. In her PhD work ([1]), E. Vasilevskaya exhibits a simple configuration where such a localization phe- nomenon occurs: this configuration is made of a rec


























×
Report Self-consistent calculations for n-type hexagonal SiC ...





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















