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Determination of the phonon dispersion of zinc blende (3C) silicon carbide
by inelastic x-ray scattering
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We present an experimental and theoretical investigation of the phonon dispersion relations in zinc
blende (X) SiC. The experimental data were obtained for the entire Brillouin zone by inelastic
x-ray scatterindIXS) using a synchrotron radiation source. Eigenvector analysis is performed with
the aid of state-of-the-art linear response first principles calculations based on density functional
theory. The theoretical predictions reproduce the experimental phonon dispersion remarkably well.
These results are compared with data obtained previously fokih® direction by Raman
spectroscopy using several SiC polytypes and the backfolding technique. IXS dataHfor 4
modification along the axis are also reported. @002 American Institute of Physics.
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Wide band gap materials have attracted considerable athe phonon dispersion inG-SiC can also be used to de-
tention because of their potential for the fabrication of opto-scribe the subtle variations in the phonon dispersion of other
electronic devices and for high-power, high-temperature aphexagonal polytypes that arises from the different stacking
plications. Silicon carbide has generated interest not onlprder along thee axis. Empirical information on the eigen-
because of its large band gap, but also because of its largectors has been reported only for #id1) direction® This
thermal conductivity, high breakdown voltage, and outstandwork was performed by Raman spectroscopy using several
ing mechanical and chemical stability. A major concern withPolytypes grown with different silicon isotopes. Eigenvectors
this semiconductor is the large number of polytypes in whichProvide a more exhaustive way of testing lattice dynamical
it crystallized and the difficulties in growing single-polytype Models, but unfortunately experimental data on eigenvectors
Crysta|s' are very scarce.

In spite of the wealth of information available on the ~ The lack of sizeable samples and the high frequency of
electronic and optical properties of SiC, the phonon disperth€ optical modes of SiC hamper direct investigation of the

sion relations have not yet been experimentally determine@honon dispersion relations by inelastic neutron scattering

(excepf for 6H-SiC). Knowledge of the phonon dispersion (INS). With the_aqlvent of highly brilliant third-generation .
in the entire Brillouin zondBZ) is an indispensable step for synchrotron radiation sources it has become possible to cir-

further investigation of interesting properties such ascumvent this issue by the use of inelastic x-ray scattering

phonon-assisted photoemission, thermal expansion, and théP(S)' With this technique, determination of phonon disper-

mal conductivity. Moreover, phonons can influence the peSions in crystals of millimeter size has become a routine task
havior of carriers in devices through electron—phonon inter—(.See Refs. 8-10 for data on diamond, AIN, and GaN, respec-

. : . - tively).
action. The scant amount of experimental information .

) . e . In this letter we report room temperature measurements
available concerns mainly tHé— L direction of zinc blende

(3C) SIC, and it has been indirectly obtained by means Ofof the phonon dispersion relations fo£3SiC in the entire

R ¢ f | polytyeusing th BZ obtained by inelastic x-ray scattering. We compare the
raman Speciroscopy of several polylypesusing the con=— 50_gic xS data with those previously obtained by Raman
jecture that the phonon dispersion along the A direction

; e spectroscopy of polytypes and with IXS data, also shown
n hegago'nal modlflcayons can be baculg‘olded onto the here, for H-SiC along thel’— A direction. Ab initio linear
—L direction of the zinc blende structuretiowever, the response calculations of phonon dispersion based on density

lattice dynamics of SIiC polytypes have been studied withy,,ctional theory(DFT) which were used during the experi-
several theoretical models. Experimental determination of e ac 5 guide to determine the optimal scattering geom-

etries are also presented. Excellent agreement is found be-
¥Electronic mail: j.serrano@fkf.mpg.de tween the calculations and the experimental data, not only
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T K X r L tracted from them by Fourier transformation. This procedure
1000 ARRAARRSRSS & AR AR T enabled the calculation of frequencies and eigenvectors of
900 \ /'f#x 3C-SiC from the IFCs at arbitrary points in reciprocal space.

- e . .
8004 I e For hexagonal H-SiC a different procedure was used. The
700 [ 1 1 b IFCs of 4H-SiC were obtained from those calculated for
600 | / I s 3C-SiC and H-SiC by a procedure of local-coupling

transfet® in which we used explicitly the similarity between

Frequency [cm™']

500 1 1 1 the local structure of the different polytypes.
400 | +- 1 ] Figure 1 shows the phonon frequencies measured for
300 | T T b 3C-SiC (closed circlestogether with those calculatédolid
200 | T T 1 lines). The open diamonds correspond to Raman “dfia
100 | I 1 ] 6H- and 13R-SiC. There is good agreement between the
0 T I e R IXS data and theb initio results, with deviation less than
0 02040608 1 08060402 0 0204 3%. The error bars correspond to the sum of the error of the
q[110] q [100] q[111] fit plus fluctuations in the monochromator calibration. A

FIG. 1. Phonon dispersion relations o€3SiC. IXS data(closed circles Io_Wer intensity of the signal was observed for optic _mOdes'
are displayed together withb initio phonon dispersiorisolid lineg and ~ Eigenvector analysis of the IXS data allows the assignment
Raman datdopen diamondsfrom Ref. 5. Thex axes are scaled in recipro-  of the longitudinal and transverse character of the different
cal lattice units. phonon branches. This is especially important along the
I'-K-X direction, where, e.g., the phonon frequencies mea-
for the phonon frequencies but also for the eigenvectors insured for the transverse optid©) modes correspond to
vestigated. Our results are compared with INS fdta  those of the lower branch, in agreement with the calculation.
6H-SiC. In Table | we summarize the phonon frequencies of the

Measurements onG-SiC (4H-SiC) were performed on Main high symmetry points of the BZ, and compare them
a 5x2x 1.5 mn? (4x5x0.8 mn?) sample with its surface with the calculation and, for thE andL points, with Raman
oriented perpendicular to thl11] direction (c axis). The data obtained from several polytypes. Low temperature pho-

widths of rocking scans across Bragg reflections were arountpluminescence(LTPL) measurements performed on the
0.015° and 0.014° for cubic and hexagonal polytypes, reSame &-SiC sample yielded data for phonons at ¥point

spectively.
IXS experiments were carried out at the European Syn- 19000

chrotron Radiation FacilitfESRF in Grenoble(beam line ‘m
ID28). The energy of the incident radiati¢h7.794 keVf was 900 | At N s LO
defined by the silicon999 Bragg reflection order at the = S
monochromator, and yielded instrumental energy resolution 8004
of ~20 cm ' and momentum resolution 0£0.28 nm . A i S DN _
Both, wave vector and energy scans were performed, the 700 | TO
latter by varying the difference in temperature between the
monochromator and the analyzer. Details of the instrument—
can be found elsewhet& With this configuration, phonon & 600 ¢ S
frequencies were determined to withir2 cm . Effects of = #
possible temperature drifts of the monochromator—analyze 2 500 ¢ LA ]
system for the energy scans, which could lead to variations A
in the zero-energy offset, were largely eliminated by per- § 400 | ]
forming systematic Stokes-anti-Stokes scans. T

The ab initio calculations for &-SiC used in this ex- 300 | TA .
periment are similar to those reported in Ref. 7. We utilized Ny N N - > = >
the formalism of density functional perturbation theory 200 [ = - ]
within the local-density approximation. A basis set of plane A ////'
waves with a kinetic-energy cutoff of 7®0) Ry was con- 100 | /// ]
sidered for converged calculations of the structydghami- Pl
cal) properties. We employed nonlocal pseudopotertfiéis ‘ ‘ ‘
description of the electron—ion interaction as well as a mesr 0.00 0.10 0.20 0.30 0.40 0.50
of 10 special points for Brillouin-zone integration. Minimi- q[111]

zation of the total energy with respect to the lattice constant

. o . FIG. 2. Comparison betweenC3 (closed circles and 4H-SiC (open
yields a value ob3c=4.308 A for the zinc blende structure. squares XS data of the phonon frequencies along thexis and the111)

This value is in good agreement with the one obtained eXdirection, respectively. Open diamonds correspond to Raman(sizaRef.
perimentally from several Bragg reﬂectionsasc 5)_ obtained from other polytypes l_Jsing the bgckfolding tec_hni_que. Open
=4.360(2) A. For the cubic structure dynamical matricestrlangles represent INS data foHBSIC reported in Ref. 2. Solid lines and
! . dashed lines show the dispersion calculated f6r and 4H-SiC, respec-
were calculated for a regular mesh in reuprocal space an ely. Note the discontinuities in the latter qt=0.25[111] that arise from

interatomic force constantdFCs) in real space were ex- different stacking of the planes along thexis.

£Yi€€ €1 ¥20Z Aenuer og



4362 Appl. Phys. Lett., Vol. 80, No. 23, 10 June 2002 Serrano et al.

TABLE I. Frequencies of several high-symmetry phonons@ SiC deter-  than for the other polytypes. This difference among poly-
mined by inelastic x-ray scattering, compared with experimental data from[ pes could arise from the different second neighbor arrange-
Raman spectroscopy and photoluminescence and theoretical data. Th¥

transverse-longitudinal and acoustic-optic characters of the phonons af@€nt. C_:alcmated results for_ phonon eigenvectors correlate
specified as welle.g., LO stands for the longitudinal optical character well with those reported in Ref. 5, e.g., fog=0.4
Nonequivalent tranverse phonons at khpoint are indexed ordered accord- [111]277/3-3c we obtained ¢Si:ec)=(o-947'0-321) for the

Ing to increasing frequency. longitudinal acousti¢dLA) modes and the experimental data

Symmetry  Mode by Raman spectroscopy in several polytypes €3€48,
point type IXS Other experiments Thedty 0.318.
T To 7932) 7961 2931 In conclusion, we have reported data for the phonon dis-
r LO 971(1)° 974.8 persion relations of @- and 4H-SiC obtained by inelastic
K TA, 36811)¢ 355.7 X-ray scattering, analyzed with the aid of first-principles cal-
K TA, 450(2)3 445.3 culations. Good agreement was found between theory and
E TLQ 5725(? j ?gg-i experiment, both in the phonon frequencies and eigenvec-
K TOl 42 762.7 tors. The comparison of G- and 4H-SiC phonon frequen-
K Lo 8493)" 862.0 cies along thg111) and(001) directions, respectively, con-
X TA 373(1) 372.6 370.2 firms the validity of the backfolding technique used in the
X LA 644(6) 639.6 635.1 past to model the phonon dispersion along those directions.
§ Ig 7592) ggg-g ;gi-i A more comprehensive study of the phonon dispersion of
g A 265) 2651 2536 4H-SiC along other directions will be presented elsewtére.
t #(A) 315‘?1(2 766)f ?é?'? The authors have benefited from fruitful discussions
L LO 845.6 with T. Ruf, M. Krisch, and M. D’Astuto. One of the authors
(J.S) acknowledges financial support from the Max-Planck-

(300 K data. Gesellschaft and the Ministerio de Educaxi€ultura y De-

0 K calculation. Spai

©300 K Raman data from Ref. 5. portes(Spain.

dinterpolated from values af=0.7[1 1 0] and —0.8[1 1 0] in reciprocal

lattice units.

€2 K LTPL data.

300 K Raman data obtained from &16SiC polytype(Ref. 5. 1Silicon Carbide. A Review of Fundamental Questions and Applications to
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G. Pensl(Akademie, Berlin, 1998 \Vols. | and II.
in good agreement with those obtained by IXS. 2B. Dorner, H. Schober, A. Wonhas, M. Schmitt, and D. Strauch, Eur. Phys.
: - J. B5, 839(1998.
_ In_ Fig. 2 we S_hOW IXS data f(_)r G-SiC a'°”9 thel’-L 3D. W. Feldman, J. H. Parker, Jr., W. J. Choyke, and L. Patrick, Phys. Rev.
direction(closed circlestogether with those obtained for the 173 787(1968.
4H-SiC (open squarésand Raman datdrom other hexago-  *S. Nakashima and H. Harima, Phys. Status Solidié® 39 (1997).
nal and rombohedral polytypgspen diamonds along the SF. Widulle, T. Ruf, O. Buresch, A. Debernardi, and M. Cardona, Phys.
L . . . Rev. Lett.82, 3089(1999.
<001> dlrect|on, b,aCkfmded onto theC3$|C dISperSIOﬁ' 6M. Hofmann, A. Zywietz, K. Karch, and F. Bechstedt, Phys. Re6®
Open triangles display INS data orHESIC from Ref. 2. 13401(1994.
Despite the different stacking planes along ¢hexis, which K. Karch, P. Pavone, W. Windl, O. Scttpand D. Strauch, Phys. Rev. B
can be realized in the calculated resultsgat0.25 [111], 50, 17054(1994).

th . | | f th . tal data of h 8M. Schwoerer-Bbning, A. T. Macrander, and D. A. Arms, Phys. Rev.
ere Is a clear overlap of the experimental aata of hexago- | o 80, 5572(1998.

nal, rhombohedral, and cubic polytypes. The accuracy of thewm. Schwoerer-Bhning, A. T. Macrander, M. Papst, and P. Pavone, Phys.
calculations does not allow us to establish a clear differenc%Status Solidi B215, 177(1999.

T. Ruf, J. Serrano, M. Cardona, P. Pavone, M. Pabst, M. Krisch, M.
between data for @ and those for Other. polytypes, a.'lthOUQh D’Astuto, T. Suski, I. Grzegory, and M. Leszczynski, Phys. Rev. [&8f.
compared to the IXS data, the calculation underestimates theggg 2007,
frequencies of the transverse acousii&) phonons for the 'c. Masciovecchio, U. Bergmann, M. Krisch, G. Ruocco, F. Sette, and R.
4H modification. These systematic deviations are probably z/efbeni, Nucl. Instrum. Methods Phys. Res1El, 181(1996; 117, 339

: ; 1996.
r_elated to the use of the I(_)czilscoupllng transfer approxima, "1 > iier and J. L. Martins, Phys. Rev. &3, 1993 (1991,
tion for the IFC of H-SiC.™ For the transverse optic 13y Stojetz(unpublishedt

phonons, a slightly lower frequency is found fo€3SiC  !*J. Serranqunpublisheg

£1:€€:€l ¥20g Aenuer og



