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High-precision determination of atomic positions in crystals: The case of B- and 4H-SiC
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The atomic structures of the hexagon&l &nd 4 polytypes of SiC are determined by means of high-
precision x-ray-diffraction measurements and first-principles calculations. The cell-internal relaxations which
conform with the space-group symmetry are fully taken into account. Since the tetrahedra are distorted along
the[0001] direction, an analysis of “quasiforbidden” reflections is possible. The measured and calculated data
are compared and discussed in detail especially FBC. We find an almost perfect agreement for the ratio
c/a of the lattice constants. A comparison of the measured structure factors with those for calculated geom-
etries is given. The atomic relaxations within the unit cell are deri{86163-182808)03405-5

The structure of two of the most common SiC polytypes,initio calculations, where all degrees of freedom, i.e., the
4H- and 6H-SiC, differs by the stacking of the Si-C bilayers independent variation of the lattice constantsnd a and
in the [0001] direction! The stacking arrangement for three(4H) or five (6H) internal degrees of freedom are taken
6H-SIC is shown in Fig. 1. Both polytypes belong to the into account. In the case oH6the measured and calculated
hexagonal crystal system and the atomic positions obey opralues are discussed in detail.
erations of the space gro@év(P63mc) 2 The calculational method is described in detail in Ref. 3.
The stacking sequences have remarkable consequendéss based on density-functional theoffpFT) within the
for the atomic structure of the polytypes. In the plane perdocal-density —approximation (LDA). The exchange-
pendicular to the axis[0001] the positions are constrained correlation energy is described in the form parametrized by
to the trigonal axis. However, perpendicular to that planePerdew and ZungérThe wave functions are expanded in
they are allowed to move freely. The bonding tetrahedra arglane waves. Normconserving, fully separable pseudopoten-
pressed or stretched. Taking into account the equivalence of
the atoms in the lower and upper half of the unit ¢efl Fig.

1), we use the relative displacement) of the Si atoms —1 844 7¢0
ande(i) of the C atomgi=1,2, ... n/2, (n being the num- c
ber of bilayers per unit cel] as the structural degrees of —204,+5@)
freedom, in addition to the two lattice constaatandc, and —1 s te@
set5(1)=0 without loss of generality. c

It has been showif that these atomic displacements re- _[184,+3@)
lated to a deformation of the ideal tetrahedra may stabilize ] 1/é4+£(1)
one of the short-period hexagonal polytypes. The relaxation h
energies per atom are of order 1 meV and approach the dif- 1124 450
ferences in the cohesive energies of two polytypes. There are — 1 4+€(3)
also indications for the importance of the local strain due to 4
these displacements during the growth of a certain polytype c 8
by means of homo- and heteroepitaXyiowever, the precise — ;54 +o®)
experimental determination of the atomic displacements ] S e@
from ideal positions is much more difficult than the measure- c
ment of the lattice constants themselves. Only one trial for — %4*5(2)
6H-SiC by means of x-ray diffractidrwas published three —| Jaa e
decades ago. A complete theoretical prediction of the inter- h
nal degrees of freedom by means of a first-principles method [0001] A )

has been done in one casi Ref. 4 the internal structure of
4H and 64 has been only optimized until the same stress
occurs, as in the cubic polytype taken at the experimental
lattice constant. Usually the minimization of the total energy  FiG. 1. The atomic structure of6-SiC. The cubic €) or hex-
has been limited to the lattice constants offy. agonal f) character of the Si-C bilayers in th8001] direction is

In this paper, we report highly precise x-ray-diffraction jdentified according to the twistedh) or nontwisted ¢) bonds. The
measurements of the lattice constants and of the atomic digtomic coordinates i direction are given in terms of the basis
placements. The results are compared with values fabm vector.

[T100]
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151201 7 T T T T T T T T TABLE |. Lattice parameters of two SiC polytypes from x-ray
1.51200 L ] diffraction measuremeni&xpt) and calculationgCalc) with and
151199 [ 1 without inclusion of the cell-internal relaxation.

E‘ 1:112? : : Polytype a (nm) c/n (nm) c/(na)

G 151196 _ 6H Expt. 0.308129  0.251996  0.817812
1.51195 | ] +0.000004 *+0.000001 *=0.000012
1.51194 | ] Calc. (with) 0.3033 0.2480 0.8177
151193 [ ) ] Calc. (without) ~ 0.3031 0.2482 0.8183
i1 -

0 2 4 6 8 10121416 18 20 22 24 26 28 30 4H Expt. 0.308051  0.252120  0.818438
x [mm] +0.000006 *0.000001 ==0.000017
Calc. (with) 0.3032 0.2482 0.8185
FIG. 2. The lattice parameterof 6H-SiC linearly scanned over Calc. (withouty ~ 0.3027 0.2490 0.8226

a wafer. The x-ray diffraction uses the symmetric 00.18 reflection
and CuK «; radiation.

. . 0 and theory is almost perfect when including the internal re-
pals of the Bachelet—_Hamann-Sctéu (BHS). type! _ar'® _ Jaxations in the calculation. The deviations are smaller than
implemented to describe the electron-ion interaction. The, )+ 5 9104

carbon potential has been modi_fied to allow_ a qutoff energy The minimization of the system energy with respect to the
of 34 Ry for the plane-wave basis. The atomic displacements, i yeqrees of freedom ends automatically with the coor-

are optimizgd_ “?”‘9 a_steepest—desqent m(_athod, the eIeCtrorH%ates of the atoms in the unit cell. The relative atomic
energy is minimized with a Car-Parrinello-like approach. Ex'displacements(i) ands(i) (i=1,...n/2) calculated with

plicitly, th? .co.mpl.Jter C.OdEFH'%CP (Ref. 11). is_used. The the two different pseudopotentials foH6 and 4-SiC are
energy minimization with respect to the ionic degrees of

e listed in Table Il. To derive these quantities experimentally,
freedom is finished when the Hellmann-Feynman forces ar d b y

) A'he structure factors measured for various x-ray-diffraction
smaller than 0'005. eV/A. Th's. corre;ponds fo an uncertainty. e tions have to be analyzed in detail. The atomic coordi-
of about 0.002 A in the atomic positions for a given calcu-

lational sch The Brilloui int tion i | ates can be derived by a least-squares fit assuming a certain
ational scheme. 1he briflouin-zone Intégration 1S replaceqy, e geometry. Since the relative deviations from the ideal
by a summation over six special Chadi-CoHepoints. In

der to test the infl f details of th tation th ositions are extremely small, the sensitivity of the method
order 1o test the influence ot details ol the computation as to be improved. For that purpose the so-called “quasi-
condition of the norm conservation is dropped and ultraso

) . . orbidden” reflections are analyzed, analogous to Refs.
yanderp|lt V) pseudopotgnna’@ are used to des_crlbe the 16,17. For those reflections, the structure fadtghkl),
interaction of electrons with carbon cores. In this case th

plane-wave expansion is restricted by a cutoff of 19 Ry(?/vhere tkl) are the Miller indices of a corresponding lattice

Explcly s procedure s implemerted nthe "Vienna Ab P, > AMTert fom ze10 o or nonuisning stome
Initio Simulation Package. . . h—k=3p, | even butl #6q andh—k+3p, | =6q, respec-
Experimental studies are carried out at SiC wafers. Th%vely with integersp andg
lattice constants and a are determined by means of the Th'e absolute value of .the structure factdfghkl) of
x-ray diffraction bond method using Cuk a; r§d|at|on. It “quasiforbidden” reflections is a measure of the atomic re-
allows an accuracy better than 19for the relative changes laxations. We studv eight “quasiforbidden” reflections
in the lattice constants. However, the commercially avail- 00)) Wit.h even| blilt I;égG T%e absolute values of the
able SIC crystal wafers are not fully homogeneous over théstru.cture factor$F (hk)| are listed in Table Il for B1-SiC
le surfacécf. Fig. 2). In most regions, with an extent of .
zg\rg;al mm, the measured fluctuations are smaller tha%nd compared. with other data. The_struct_qre factors are de-
55106 with’ respect to the average value. rived from the integrated measured intensities. In the case of
Experimental and theoretical lattice constants are com'Ehe experimental data of Gomez de_ Mesgﬁjm have cal-
. ._culated the structure factors from his refinement model ob-
pared in Table |. The absolute values of the calculated latt'c?a'ned by Fourier methods. The theoretical factors are de-
constants are somewhat too small compared to the measured y '
values. The reason is mainly due to the incomplete treatment TABLE . Relative atomic displacements parallel to thexis
Ooftheécgg?sneq eiﬁ;raetlii?]zno? f[htgeef (I:ﬁ(;trrlgr:c;\:’lrtgllgtigmeirl;tggcf-rom the ideal pqsitions caI(_:uIe_lted py means4of two different kinds
tion give better agreement with the measuremémigver- of pseudopotentials fort-SIC (in units of 10°%).
theless, the tendency for a better agreement after inclusion

the cell-internal parametei®(i) ande(i) clearly shows the

?’Iolytype Pseudopotentiat(1) £(2) «(3) 8(1) 6(2) 8(3)

importance of the atomic relaxations. On the other handgH BHS 37 06 -09 00 03 —-12
both in theory and experimeiat decreases, whereasn in- \Y; 51 15 -1.3 00 14 -09
creases with rising hexagonality. The ratif(na) deviates

from its ideal value in 8-SiC c/(na) = \/2/3 with increasing  4H BHS 48 —-23 00 —2.1
hexagonality, indicating a stronger distortion of the bonding Vv 6.0 —0.8 0.0 —0.2

tetrahedra. For/(na), the agreement between experiment
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TABLE Ill. Absolute values of measured and calculated structure factors.

Reflection X-ray diffraction Calculation

This work Gomez de This work This work Cheeg al.

Mesquita(Ref. 6 (BHS) V) (Ref. 9

00.2 0.10%0.002 0.0073 0.097 0.144 0.112
00.4 0.0880.006 0.098 0.076 0.142 0.090
00.8 0.234-0.006 0.176 0.211 0.275 0.241
00.10 0.98:0.002 0.166 0.085 0.078 0.095
00.14 0.11#0.003 0.195 0.100 0.087 0.113
00.20 0.153%*0.002 0.216 0.140 0.269 0.170
00.22 0.3810.001 0.257 0.305 0.455 0.354
00.26 0.315:0.028 0.244 0.305 0.456 0.353
R 0.04861 0.00205 0.04683 0.00206

duced by replacing the atomic coordinates by those from thérbidden” reflections allows us to extract information about
ab initio calculations using the atomic scattering factrs. the atomic coordinates. In linear approximation it holds
The experimental values may be influenced by Umweganre-

gung (double diffraction and extinction effects. Perturba- F00) =a ([ 8(2) = 8(3)1+a, (1) 8(2)— 8(1
tions by Umweganregung during the measurements of the (00)=a,(1N[4(2) = 3(3) ]+ &x()il 6(2) = (1))

“quasiforbidden” reflections are avoided by measuring at +[8(3)—8(1) ]} +by(D[e(2)—€(3)]
azimuthal angles, where there are no umweg reflections.
For the “quasiforbidden” reflections, a correction of extinc- +ha(){[e(2)—e(D)]+[e(3)—e(D)]}, (D)

tion is not necessary, since the length of extinction is much

larger than the absorption depthConsequently, the kine- Wherea;(1) andb;(l) are functions of and the atomic scat-
matic approximation can be used instead of the strict dytering factors for silicon and carbon, respectively. Unfortu-
namic approach, and influences of the real structure can beately, Eq.(1) contains the relative atomic displacements
neglected. The “quasiforbidden” reflections are very sensi-(j) ands(j) only in four linear independent combinations.
tive with respect to extremely small variations in the struc-A complete determination of the atomic displacements is not

ture. For the atomic coordinates from cafv initio calcula- ~ POssible, although the structure factors including the phases
tion with BHS potentials, as well as the corresponding@re known. For that reason we reduce the number of the
differences deriv%d by Chereg al.* we observe aImoF;t the gconsidered parameters and restrict ourselves to the discus-
same structure factors. There are small deviations in the caséon of the relative changes
of the displacements obtained with V potentials. However,

estimating the degree of agreement one has to consider the Ads(j) ds(j)—cl6
smallness of the studied quantities and the different numeri- P T

cal approaches used together with the soft BHS and V 0
pseudopotentials.

The comparison of the measured structure factors ang_
those calculated for the atomic coordinates from first->'
principle; calculations in Table IlI shows excellent agree-r, . ation X-ray diffraction Calculation
ment. Using the sum of the squared differences of the factors (BHS) W)
as the quality factoR, the relative atomic displacements
from the “ideal” positions, derived from our total-energy Aq (1) 0.021 0.018 0.089
minimization and the optimization of Chemg al. cannot be
distinguished from each other on the basis of the measured °
structure factors at the present time. Only in the case of th&dsi(2)
coordinates derived by means of non-normconserving do
Vanderbilt pseudopotentials are the discrepancies Iarge&dsﬁ) 0.081 0.072 0.036
However, theR factor is even slightly smaller than that es- ——
timated for the comparison with the results of former
measuremenf$The relative changes approach the accuracy*L(12)
of the computational methods and depend on such experi- Lo
mental conditions as the avoidance of Umweganregung. WgL(l3) 0.27 0.27 0.42
mention that the sensitivity to the cell-internal relaxations
only holds for the “quasiforbidden” reflections. For the
strong reflections we only find deviations smaller than 0.1%AL(23)
in the structure factors. Lo

In principle, the structure factor measured for the “quasi

=6[o(j+1)—48(j)], @

TABLE IV. Changes of the thickness of Si-C bilayers and of
-C bond lengths in the direction(in %).

—0.102 —0.090 —0.138

0
0.27 0.27 0.37

0
0.00 0.00 0.05
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Adc(j) de(j)—cl6 _ _ length and bilayer spacing. The good agreement of the rela-
. - s oleli+D—e(l, tive quantities in Tables Il and IV allows us to trust the
values computed with horm-conserving pseudopotentials for
of the bilayer thickness measured between two Si or C atomihe absolute relative displacements in Table Il. Conse-
(cf. Fig. 1). The accurate knowledge of the lattice constant quently, we finish with a consistent picture of the positions
makes it possible to determine the Si-C bilayer thicknes®f the 12 atoms in the unit cell oft6-SiC.
absolutely. Since, however, the absolute valuesfare not In conclusion, we have determined the atomic coordinates
very well known from theab initio calculations we use the in 6H-SIC by a combination of precise x-ray-diffraction
relative fluctuations for a comparison. The number of inde-measurements andb initio total-energy calculations. The
pendent parameters is reduced to three by the assumptidaitice constants ofl8- and 44-SiC may be measured with
L(2)=L(3) in agreement with theoretical predictiohs. an extremely high accuracy. The calculated values exhibit
This relation indicates that the Si-C bond lengths in the cubidhe typical failure of the use®FT-LDA) theory. However,
layers are equal and differ only from those in the hexagonagxcellent agreement is found for the ratio of the hexagonal
layers(cf. Fig. 1). Including this assumption, the linear com- lattice constants.
binations of thes ande in Eg. (1) can be determined unam-  When all Si and C atoms in the unit cell are assumed to be
bigously apart from the sign. By comparison with the com-chemically equivalent, their atomic positions are given by
puted values in Table Il, the structure obtained with BHSthe two lattice constants. In real crystals the atoms are
potentials has to be favored. slightly displaced from the ideal positions parallel to the
The results are represented in Table IV for the fluctua-axis. Therefore, the structure factors of the corresponding
tions in the bilayer thickness measured between two Siquasiforbidden” reflections are nonzero and represent a di-
atomic layers and fluctuations in the Si-C bond length paralfrect measure of the displacements. Unfortunately, only dif-
lel to thec axis. They are compared with calculated valuesferences of relative atomic displacements are extracted.
In addition we consider relative deviations of the Si-C bondHowever, such displacements have been derived from the
lengths parallel to the axis (cf. Fig. 1), total-energy minimization. Structure factors and bilayer or
ALGI) L)-L() bond-llepg(tjh fluctuations Ihadve beelrll comp?jred witr]: expiri-
1) L)—L{g) . . . . mental findings. We conclude excellent predictions from the
Lo Lo 8{le(i)—e())]-[al)—a()]} first-principles calculations. This holds especially for the sig-
(3) nificant displacements in the hexagonal bilayers, which give
important contributions to the elongation of the bonding tet-
rahedron parallel to the axis.

favors the “ideal” valuel ;= c/8.

There are only very small variations in the calculated
AL(23)/L,, indicating that the assumption of equal parallel This work was financially supported by the Deutsche
bonds in the cubic bilayers is almost fulfilled. Excellent ForschungsgemeinschafSFB 196, Projects No. A8 and
agreement is observed for the other fluctuations in bond1).
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