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Theoretical study of the nonpolar surfaces and their oxygen passivation inE- and 6H-SiC
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Structure and stability of nonpolar surfaces in 4H- and 6H-SiC have been investigated within the framework
of a self-consistent charge density functional based tight binding method. The lowest energy stoichiometric
surface is corrugated for (TOJ but atomically smooth for (1_](2. The most stable clean surfaces are Si rich,
independent of the growth conditions. Unlike the polar surfaces both nonpolar surfaces can completely be
passivated by a single SjGdlayer.
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. INTRODUCTION For the (10D) slabs three and five double layers of (4
X 1) 2D cells are considered in 4H- and 6H-SiC, respec-

Silicon carbide is emerging as the best candidate for th‘ﬁvely. In the (11—2)) slabs there are six layers of X2L) 2D
semiconductor material of low-loss high-power metal-oxide-;g|i included for each polytyp@ne unit cell along the polar
semiconductor field-effect transistoIOSFET'S. Among s The adstructure on th@001 surface has been built

the many polytypes of SiC, hexagonal 4H and 6H crystal o i :
grown along the[0001] direction are generally used. The ?Opu?nbﬁla;vgcr)sk:)); 278 cell of (3x/3)R30° unit cells with

(000)) surface is polar: either carbon or silicon terminated. To calculate total energies, the self-consistent charge

Recently, it was shown that the nonpolar (0)2surface  density-functional based tight-binding meth(8ICC-DFTB
shows a very smooth surface morphology with extremelyhas been used. A detailed description of SCC-DFTB is given
low defect density,and MOSFET's fabricated on them have in Refs. 68 and first successful applications to SiC surfaces
much higher channel mobility—due to a lower interface stateyre reported in Refs. 9,10. The coordinates of the atoms of all
density—than devices made on the polar surface. surface structures have been fully relaxed, keeping the H
The structure of a surface on the atomic scale is a keyassivated bottom layer fixed to simulated the presence of
factor to the emerging morphology. The polar surfaces othe pulk.
hexagonal SiC have been sudied extensively in this The formation energies of the surfaces depend on the
respect—both experimentally and theoreticaligr reviews  chemical potentialse; of all the species in the reservoir
see Ref. ® Ideal (0001 surfaces show various complicated \yhere the constituents are taken from. For SiC the formation
reconstruction patterns Wlth_ a high numbe_r_ of danQ“Ugenergies are usually plotted agaips$, while in equilibrium
bonds, depending on the environmental conditions. This is g¢he other variablexc can be expressed through the relation

cause for morphological defects. The nonpolar surfaces havganyeen the chemical potential of the SiC crysiajc and
received much less attention. Sublimation growth along thgne constituents

nonpolar directions has been investigated experimentally in
Ref. 4, showing, e.g., the possibility to obtain micropipe-free Msic= Msit pc- @
crystals. To our knowledge no theoretical work has beenl_

done on them yet. The first aim of this paper is to find the .. > " . g .
— — rities in a straightforward manner. The formation energy is
lowest energy surface structure of the (00land (11D) now given by

surfaces. Preliminary results of our study have been pub-

lished in Ref. 5. Eform= Estructure™ M sic(buiyNc = #sil Nsi—Ne) — moNo -
The oxide layer in MOSFET's serves also the passivation (2)

of surface dangling bonds of the semiconductor. The struc- . . .

ture of the interface is of course affected by the formation oﬂn this equation, they; denote the numbers of atoms of type

the SiG layer but in first approximation the critical question I Since the first teMEgycure Shall only describe the total

is whether and how the dangling bonds can be saturated ggpergy of the H-free surfacle.of the slab, certain boundary
the first oxygen layer. The second aim of this paper is t lanes hgve to be used to divide the slab. Thef?by’ two parts
compare the various surfaces of 4H and 6H SiC in this?'© obtained, one t_)ulk like and one surface like, whereof
respect only the latter is of interest. These boundary planes have to
' be constructed once for every crystal direction, such that they
yield unambigious values fdEg,cre The general formal-
ism of constructing such boundaries has been described in
Refs. 11,12.
The surfaces were modelled by slabs with periodic bound- According to this formalism, the first terfg,curelS cal-

ary conditions, saturated on the bottom side with hydrogenculated within SCC-DFTB for the particular structure. The

his formalism can also be extended to surfaces with impu-

Il. METHOD
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chemical potentialg.s;, wsic(buiy. and uo are known from _ & &

- . n . . &
former calculations or are being varied in a sensible range, Tigen_ 7777777777
respectively.

In studying “clean” surfacegwithout oxygen we have
considered the full range qfg;, from the theoretical limit of
Si-rich conditions ug= 2™, to the theoretical limit of
C-rich conditionsuc= ,u'é”'k. In case of the oxidation pro-
cess we have assumed “stoichiometric” conditions, i.e.,

1 ) [10-100 @& X el X

psi= gl — 5 AHFC, 3 \

_ [0001] "

whereAH{'® is the heat of formation of silicon carbide. The _

source of oxygen in the oxidation process was assumed to be FIG. 1. Schematic side view of a 2H-(10} surface. There are
O, in equilibrium with the SiC crystal. The chemical poten- two different types of surfaces in t{&010} direction, as indicated
tial of oxygen in an @ gas depends strongly on the tempera-in the figure. The same distiction can be made for (@0%urfaces
ture and pressure. We have considered two cases: oxidatiom4H and 6H material.

under ultravacuum conditiorigypically used in surface stud-

ies) with an oxygen partial pressure of 10Torr (1.33  has already been shown quantitatively for the 2H-@D1

x107% Pa), and normal thermal oxidation under atmo-syrface? In 4H- and 6H-SiC all surface structures containing

spheric conditions, 760 Torr (101325 Pa). type Il elements turned out to be unstable, with respect to the
Using the calculated total energy of the oxygen moleculegther ones as well.

E(OZ):__ 178.14 eV, the chemical potential of OXygen can = o the (10D)-surface in 4H-SiC there are three in-
be obtained from the formula of Ref. 13 as the function Ofequivalent possibilities to cut the bulk. These three ¢dés

terr;peraEJ;e 10-3 pa: noted asA,B, andC) are indicated with horizontal lines in
or p=1.33x10"" Pa: Fig. 2 (left). The surface cut8 andC consist of two type |
and two type Il surface atoms per unit cell. In surfake

— —5
#o(T)=—89.07+4.309<10°°T there are only type | atoms, i.e., two dangling bonds less per

4.397x 10" 1L unit cell compared t® andC. Accordingly, the energies &
XIn| ———=———(1—e72269T) | +9.05x 10" 7. andC are much higher than that & Thus, the ideal surface
T2 in 4H-SiC is a non planar surface consisting only of three-
(4) fold coordinated surface atoms. A side view of the relaxed
ideal 4H surface as obtained by a cut alohgs shown in
For p=101325 Pa: Fig. 2. We determined the absolute energy of the relaxed
e ideal surface to be 224 meVFA(3.61 J/n3).
po(T)=—89.07+4.309< 10 °T In the 6H polytype there are four inequivalent possibilities
3.341x 103 to make a (100) cut, see Fig. 3, but none of them creates a
XIn T —e2260M) | 1+ 9.05x10° Y, surface with only type | atoms. Nevertheless, such a surface
T can be obtained by a nonplanar cut along the dashed line

(5) shown in Fig. 3. This cut yields a nonplanar surface consist-
ing only of surface atoms with one dangling bond each.

whereT is in [K] and uo is in [eV]. Note that temperature Therefore, this is the most stable ideal (0)1surface in
effects are only taken into account jry of the gas phase,

while entropy effectgin the order of 10* eV/K per SiQ
formula uniy are neglected in the solid phase. To account for
differently sized surface cells, we plotted in the energy dia-
grams the formation energy;f,, calculated as in Eq2),
divided by the respective surface area.

Ill. RESULTS

A. Structure and stability of the clean surfaces

(10?0) surfaces For all the hexagonal atoms, structures
on the [1010] surface may have on€type 1”) or two -
(“type 11" ) dangling bonds. In 2H-SiC, surfaces consisting FIG. 2. Schematic side view of the clean 4H-(D01surface.
only of type | or type Il atoms can be creatédee Fig. 1.  There are three inequivalent possibilitieenotedA, B,C) to create

From simple bond counting arguments one expects surfaces(1010) surface. On the top side the relaxed ideal surface created
of type Il to be less stable than those with type | atoms. Thisy cutA is shown.
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(000-1)-type (0001)-type ferred to 4H- and 6H-SIiC, becuse of the constraints posed by

the ideal (10D) surfaces there. For the topmost two surface

atoms, the situation is the same as for the surface atoms in
the corresponding 2H surface. They are both neighbor to two
bulk atoms and one surface atom. However, the other two
surface atoms have only fourfold coordinated neighbors that
: ) : 4 cannot relax so easily. For the 6H surface, the situation is
— N \ even worse, since there are two more atoms per unit cell,
‘ ; which cannot follow the easy relaxation mechanism because
' ' of having fourfold coordinated neighbors only. Therefore, a

FIG. 3. Schematic side view of the clean 6H-(D01surface. buckling r_ecpnstruction.of the ideal (10} surface in 4H-
There are four inequivalent surface cidenoted,B,C,D) to cre-  and 6H-SIiC is not possible.

ate a (10D) surface. The ideal surface, obtained by the nonplanar It should be noted that the ideal relaxed (0Qlsurfaces
cut A, can also be seen as a facetted surface. The facets are alt@te corrugated on an atomic scale. Defining a surfaces rough-

nately(0001)- and (000)-surface segments. The dashed lines markN€SSI as
the segment shown for the adstructures in Fig. 5.

[10-10] ¢

[0001]

AT = Ziax— Zpnin, (6)

6H-SIC. As its construction suggests, it can also be regarded
as a facetted surface consisting alternately(@¥01)- and  wherez means the position of the surfaces atoms along the
(0001)-surface segments. Reflecting on the most stable resurface normal, gives a value of 1.67 A for the 4H polytype
constructions of these polar surfat&® it can be seen, that and 2.57 A for 6H.
they cannot be formed in this case to stabilize the facetted The ideal (10D) surfaces still contain one dangling bond
planes, for their periodicity is too large and a rotation of theper surface atom. Some of them can be saturated assuming a
unit cell [e.g., as in the (3% \3)R30°-reconstructiohis  silicon excess on the surfac®ue to its shorter bonds, car-
prohibited by the given direction of the neighbored facettesbon cannot play this rolgFigures 4a) and a) show struc-
The energy of the relaxed ideal surface was found to beures where three fourth of the dangling bonds in 4H- and
232 meV/IA (3.74 JInd). two third in 6H-SIC are saturated. The surface with the Si

The clean (16(])) surface is metallic both in 4H- and adstructure is nonmetallic. In 4H-S|C, it consists of buckled
6H-SiC, explaining the higher energies compared to thélimers of Si adatoms where one atom of the pair has esen-

(10?0) surface in 2H-SiC £188 meV/A2).° As outlined tially a I_one pair. and the qthgr an empty dangling b{)!eﬁ—
below, this is a consequence of the geometrical structuré]."’md.s‘.Ide gf g'g' @tfa)]. Sém"a“y thﬁ cqrbhon f‘tg!”” in the
Usually, on nonpolar SiC surfaces, the Si atoms move inwardEMaNING St & surface imef®n the rig t of Fig. 4] .
and the C atoms move outward from the surface. The reasdffiracts most of the electron from the dangling bond of the Si
is a charge transfer: the Si dangling bond, which has a higRt™: T?ehS| ar?strgctlure Iow_er;s t?e_le_nergy over the whole
energy, emits charge to the lower lying C dangling bond. Thdange OI the (t:) em'.c?] POt?”t'a 0 S'A'COH' €., r—ayen In an
surface cation which has lost an electron favours a morgxtren;e y4lc_|arsgn. nlc:_ egwronment. n energy diagram IS
planars p?-like hybridization, while the surface anion moves given for &H-sSitn Fg. ©. )

outward in ap® configuration. The resulting configuration ~ (1120) surfaces The other low-index nonpolar surface

can thus lower its energy. For the (ID)surface in 2H-SiC, in 4H- and 6H-SIC is the (11®) surface, also parallel to the
this mechanism works fine, but it cannot be simply trans- axis. In contrast to the (1@) surface, there is just one

110-10]

@) 10001 () Si C [0001]

FIG. 4. (a) 4H—(1OTO) surface with a Si adstructure resulting in @(2) reconstruction(b) This (1Xx 1) SiO adstructure fully passivates
the 4H-(10D) surface.
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FIG. 6. Comparison of the formation enery,,, per area of
the 4H(10D) and the 4H(11Q) surface with a Si adstructufeee
Fig. 4@] compared to the clean surfaces in both directions. The
construction of the Si adstructure on the (_IDJZsurface is de-
scribed in the caption of Fig. 7. Over the whole range of the chemi-

cal potential of Si the adstructures stabilize both nonpolar surfaces,
even under extremely C-rich conditions.

[0001]

B B. Oxidized surfaces
FIG. 5. (a) Si adstructure on the 6H-(10) surface leading to a iy . T i
(2% 1) reconstruction(b)Fully passivating (X 1) SiO adstructure . (1.010) surfacesThe primary effect'of Oxidation is pas
he 6H-(10D ¢ sivation of the dangling bonds but obviously an oxygen ad-
on the 6H-(10D) surface. layer may diminish the energy as well. We, therefore, have
constructed oxygen adstructures to diminish the number of
o dangling bonds. In case of the ideal (I)1surfaces com-
type of (112) surface in both hexagonal polytypes. Theplete dangling bond passivation can be achieved. Starting
clean (11®) surface in 4H- and 6H-SiC consists of parallel from the ideal surface, and assuming the removal of two
chains of Si and C atoms with one dangling bond each. ThéOws of carbon atomsthe removal of carbon is expected
geometry of the 4H surface is shown in Fig. 7. The 6H sur-during oxidizing SiC into Si@), one may obtain the struc-
face is similar except for the shape of the chains and th&iré shown in Fig. ¢b). Here the row of silicon atoms, origi-
cell size. nally next to the removed carbon rows, is “relocated” in a
Due to relaxation the surface becomes buckled with th&osition similar to the Si adstructure and oxygen is inserted
carbon atoms moving upwards and the Si atoms moving tol"t0 all Si-Si bonds on the surface. An analogous mechanism
wards the bulk. The absolute energy of the relaxed idedpads to the oxidized (1@) surface in 6H-SIC as shown in
(1120) surface was found to be 208 meVIA3.36 J/m3)  Fig. 5(b). o _ _
and 213 meV/R (3.43 J/m) for the 4H- and the 6H- Although the kinetics of forming such a surface is not
polytype, respectively. considered here, the thermodynamic stability can be esti-
The relaxed ideal (1—]Q) surfaces are significantly mated by drawing the balance of broken and newly created

— ) -2 bonds. Per unit cell of the clean 4H surface, e.g., seven C-Si
smoother than the (1@) surfaces. With the definition above

; bonds have to be broken while one new C-Si and eight Si-O
‘é"s fs'”g a roughness of only 0.36 A for 4H- and 0.35 A for honds are being created. Starting at the top mark “A” on the
-SiC.

o left-hand side of the picture, the structure of the ideal surface
The dangling bonds of the surface atoms on the ()12 can be recognized. In the middle, one row of carbon atoms

surface point 60° out of the surface plane. Since the danglinpas been substituted by oxygen atoms, which makes two
bonds of neighbored chains point towards each other, thegi-O bonds per unit cell, but at the same time four C-Si
can easily be saturated by putting a chain of adstructure abonds have been removed, since the row of silicon atoms in
oms upon this clean surface. We find that a chain of silicorbetween has been relocated. On the right a row of threefold
atoms lowers the energy not only under silicon rich but evercoordinated carbon atoms has been replaced by oxygen at-
under extremely carbon rich conditions, see the energy dieems. This renders two more Si-O bonds per unit cell at the
gram for 4H in Fig. 6. The same structure is obtained bycost of three C-Si bonds. The relocated row of Si atoms on
removing the first layer carbon atoms from the ideal surfacetop of the left side of the structure is bridged by further
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Si-chain structure described in the preceeding subsection. In-
serting oxygen atoms between the Si-atoms in the chain re-
sults in the structure shown in Fig(a for 4H-SiC (and
similarly for 6H-SiQ. In this structure all the dangling bonds
are saturated, but there are still Si-Si bonds left which con-
nect Si atoms of the chain to Si atoms of the second layer. A
complete monolayer of SiOadstructure can be obtained, if
further O atoms are inserted into all these Si-Si bonds, see
Fig. 8b).

The thermodynamic stability of the oxidized (1R sur-
faces are compared with the clean ones in Fig) %or 4H-
SiC in the case of UHV oxidationpp,=1.33x10"° Pa).

Although less so than in the case of theTﬂ)QSurface, the

oxygen adstructures are also stable on the ( 0)1=urface up
to sufficiently high temperatures for observation.

N

[10-10] bon atoms from the topmost chain, one ends up with the
Ny

[10-10]

[0001]
[10-10] o
[0001]
_ Si
FIG. 7. Top and side view of the ideal (1Qp surface in 4H
—SiC: The surface atoms form parallel chains along [f601]
direction, see black lines. In the relaxed structures these chains
become slightly buckled. If the carbon atoms “2"are removed, the ¢

Si atoms “1” can form new bonds to the bulk Si atoms. Addition-
ally, weak bonds are created between them as well. The resulting
structure is the Si adstructure discussed in the text.

oxygen atoms. Here, one C-Si bond and four Si-O bonds
evolve per unit cell. In Fig. &) four unit cells of the ad-
structure are shown, for better clearness. At the bottom, the
structure of the ideal surface can be sdsfarting at the
bottom mark “A”) for comparison. Since the binding energy
of Si-O bonds is about 25% higher than that of C-Si bonds,
the balance is clearly in favor of this oxidized surface.

The stability of the oxygen passivated (_Il)lsurface of
4H-SiC is compared to the clean ones under UHV oxidation
conditions po,=1.33<10"° Pa) in Fig. 9a). As can be

seen, even at such a low oxygen partial pressure, the surface
structure with oxygens is stable up to high temperatures. Ob-
viously this is even more the case in atmospheric oxidation.
(Note that the temperature scale should be regarded with
some caution, since no temperature effects have been consid-

ered on the surfaceThe oxygen passivated (TOl surface
of 6H-SIC is similarly stable.

The completely passivated (TO)L surfaces of 4H- and ) _ )
6H-Si are even more corrugated than the ideal ones. The FIG. 8. Two SiO adstructures on top of the (D2surface in

ougfnesaar s 4.14 A for the 4H- and 5,83 A for the 1@ Siting fom ihe tagenctre he consructon o uhih s
— | | | 1g. 7, OX Wi
6H-(1010) surface. P 9 - P

phd _ all the Si atoms “1.” In this surface, there are still some Si-Si bonds

(1120) surfaces The (112) surfaces of 4H- and 6H- |eft. (b) Adding more oxygen to the remaining Si-Si bonds the
SiC can also be fully passivated by an oxide monolayerpassivating Si@ adstructure is obtained. As a guide to the eye the
Starting again with the clean surface and removing the caradstructure chains are emphasized by black lines.
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IV. DISCUSSION AND COMPARISON WITH THE POLAR

peratures even for low oxygen partial pressures. This situa-
SURFACES

tion is in contrast to that of the pol&0002) surfaces. There,
Comparing the results for the clean 4H- and 6H-surface the surface consists only of Si atoms which form a trigonal

; o ] — Sattice. All Si atoms are equivalent and are bonded to three C
we find that they behave similarly but, especially the (AP1  4ioms in the second layer, thus having one dangling bond
surfaces are much more complicated in these two polytypegach pointing perpendicular out of the surface plane. This

than in 2H-SIiC. The ideal surfaces have a high density ofyakes a simple saturation via bridges of Si and O atoms
dangling bonds resulting in high formation energies. Ad-impossible. We find that the best possibility to saturate the
structures consisting of silicon atoms can lower the energyg;rface dangling bonds is the ordered Si@lstructure as
so under growth conditions the surface is silicon rich, noproposed in Refs. 16,17. The suggested structure is shown in
matter what the C/Si ratio is. Comparing the (D0land Fig. 10. On top of two thirds of the surface Si atoms there is
(1120) surfaces in one polytype, the main difference is ina linear Si-O-Si bond, and the topmost Si atoms are con-
the “roughness” on an atomic scale: while the (2Q1sur- nected via O gtoms to _hexagons. We find that after relaxation
face shows a fluctuation in thecoordinate of the topmost (h€ O atoms in the Si-O-Si bonds of the adstructure alter-
atoms within one cell comparable to 100-150% of the Si-daazt‘;%rqoni_to tthe |{1$|d::‘hand _thet_cljlut3|des_o;the Ihex?)gor('ljs_ by
— . L . . In this structure there is still one Si dangling bond in

ggzg Ilirr:gttrr:, the (112) surface is smooth within 15% of the each surface unit celldown the middle of the Si-O rings

Ox egn (;an completely passivate both surfaces in botr'1I'herefore, unlike the nonpolar surfaces, 0801 surface

Y9 . pletely p . cannot be fully passivated by a monolayer of SiO

polytypes, forming a Si@monolayer stable up to high tem-

V. CONCLUSION

We have shown that the ideal (10) surface of lowest
energy is very rough in 4H- and 6H-SIC, while the (D)2
surface is exceptionally smooth on an atomic scale. The lat-
ter fact may explain the experimentally observed very
smooth surface morphology of the nonpolar (@) 3urface"

We have also shown that, unlike the pol@®01) surface, the
nonpolar ones can completely be passivated by oxidation.
This may be seen as the reason of the lower interface state
density in MOSFETs fabricated on the (M)2surface?

FIG. 10. SiQ monolayer on top of the Si-terminatg¢@001)
surface. The structure is a/8x y3)R30° reconstruction consisting
of rings of Si and O atoms that saturate two third of the dangling This work was done in the framework of the DFG Project
bonds of the clean surface. Thus one dangling bond p& ( No. FR889/12-1 and the bilateral DFG5rant No. 436
% \/3)R30° unit cell remains unsaturated. The shaded region deUNG113/137/Q - MTA (No. 118 project. P.D. also thanks
notes the unit cell. the support of the Hungarian OTKA Grant No. T 032174.
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