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First-Principles Study of BN, Sic, and AIN Polytypes 

Ka~~lah- i  K o u ~ v ~ s k ~ ~  and Shqjiro K O ~ ~ A T S L I  

Wc c;llculated the elcctrclnic and 1:lttice properlies of BN, SiC, and \IN polytypc\. T11c c,rlc~~lutrcl 
polytypes are ZH. 3C' (=  3 H ) .  JH, 5H. ant1 6 H .  Thcsc p~l>ty l~cs  ;Ire S / J ' - ~ O I I ~ C ~  co111pou11d\. TIIC 6H 
polyl>pe has tuo el-ystal (tr-uctures as ABCACB and ABCBCB stacking wquence\. The la~tic.~ pn)pcrLic\ 
ucre optimi~ed autom~~lically by ~ h c  first-principles molecular dyn:umics (FPMI)) rnethod. Mo\t 
c;rlculatcd clectron~c hand structures o f  thew polytypcs at-e non-mrlallic and their hand Faps arc indil-eel. 
The most stable BN. SiC ant1 AIN polytypc.; are 3C-BN. 4H-Sic. and 2H-AIN. rcs[lccli\:~,ly. The 
calculaled total cncrgies of BN polytype\ are in thc order ot' -3C -= OH(ABCACB) I 5H < 1H - 
hH(ABCBCB) I 2H. Thr calculated lolal ene~pics of SiC polylype, arc in the ordcr ol 11~1 < 

OH(ABCACB) I 3C I 5H I 6H(ABCBCB) I 2H. The calculaled total energies of AIN polylypcs 
arc in  the 01-dcr 01' 2H < AH(ABCBCB) I l H  s- 5H < 6H(ABCACB) I 3C. Thc total encrpies anil 
cnergetici~l tahili~ica of rhr R N  and AIN pol\.typrs arc relalc~l lo Ilcxagonnlity which cor~.esponcl\ lo 
the ratio o f  ~ h c  number of third-nciphbor ca~ion-anion p;lirs and 11ie numbel- nI'c:uion-anion hil;~).cr\ in  

tlrc unit ccll. 6H-BNt ABCACB) anti (JH-S~C(ABCACH) are cncrgcticall) rnorc I'a\or:tblc rlian OH- 
BN(ABCBCBl inid OH-SiC(ABCBCl3). rz\peeti\,clq. I n  contrast, (IH-,AIK(ABCBCB) is more l;~\orahle 
than 6H-AIN(ABCACB). 
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theoretical stuclie~.l"'"~ In theory, 4H-S ic  is thc most stable 
I. Introduction illthough total encrgy difference\ among polytype~ are quite 

5H-boron nitride (BN) is a new ~naterial that has becn sni~rll, within approximately IOmeV. 
synthesized by Komalsu c J t  trl. I-" SH-RN is one of v a r i o ~ ~ s  ?H- and 3C-alumin~crn nitride (AIN) are \vide band gap 
p ~ l y t ~ p ~ ~ " ~ '  which consisls of hexagonal boron and nitro- materials. ?H-AIN is 3 stable p h a e  and 3C-.4IN is a 
sen layel-s in a unit cell. It is an .sl>'-bonded BN compound metnstnblc phnse."' Few rxpcsiments have been done on 
which is difl't-rent from sl,'-bonded c o m p o ~ ~ n d s  s ~ ~ c h  as ~ H - A I N . ~ ' - ~ ' ~  Very recently. BH-AIN has becn synthc- 
hexagonal- and rhombohedral-BN (11- and I.-BN). Although sized.'" The electronic properties of 4H- and 6H-AIN 
there are many theoreticalA-"I and cxperinienlal"' studies of have been cnlc~rl:rtecI by Liu and hi.'"' N o  expcrimental and 
BN compound\, thel-e al-e n o  theoretical studies of SH-BN (heoretical studie4 or SH-AIN have been done. Previous 
with ~ h c  exception of o11r previous study in which m.c studies have shown in the band g ~ ~ p s  ol ' the electronic band 
investigated the electronic and lattice properties of SH- structure\ ol' RN and SiC' polytypes to be indirccl. 11 is 
B N . ' ~ '  The calc~llated lattice propert ic  of 5H-BN agree well expected th;rt band gaps of 3H- .  SH-. and 6H-AIN may he 
with experimental resultsr1 and [he electr-onic properties have direct because that of 2H-AIN is direct.'J4"-4:' Thcrel'ore. we 
been detinitively establishecl. In the previous study,"J have investigated their clectrorlic band slructures in this 
we also calculaled the elect~.onic properties of 2H-. 3H-  study. 
(= 3C-). arid 4H-BN. These are polytypes which are L1140 We calculated the electronic and latiice properties ot 
rp3-bonded hexagonal layered structures. 2H- and 3C-BY ?H, 3C (= 3H),  3H,  SH, and 6H polytypcs ( B N ,  S i c ,  ;lnd 
are important . s /~~ -bonded  compounds with \vide band gaps. ,41N) using the tirsl-principles molcculnr dynamics (FPMD) 
?H-BN is synthesized hy compression or shock compres- melhod in this study. We also calculated their e~iergetic;~l 
sionl" and its crystal structilre is wurtzite. 3C-BN whose stabilities. Hexagonality. M. hich is defined at the end of  $3,  is 
crystal structure is 7inc-hlentie is also synthesized by a n  impel-tant parameter to discuss the stabili~ics of polp- 
c o n i p r e ~ s i o n . ~ ~ '  Energetically. 7C-BN was most stahle in ~ypzs .  We coniparzd the electronic and lattice propertics 
the previous s t i~c iy . ' ~ '  There arc a few studies of ~ H - B N ' ~ ~ . ' " '  of BN polytypes with those of SIC and AIN polycypes and 
and n few c)f ~ H - B u . ' . " '  Thcir lattice and electronic we calculated  he electronic band structures of BN, SIC. 
properties have not been described in detail. SH-RN is and AIN polytypcs in ordel- LO ohtair~ their \'alence band 
energetically more krvorahle than other polytypes with the tnaximum (VBM), conduction band minilnun1 (CBM).  and 
cxccption of 3C-I3N in the previous s t ~ ~ d y . ~ ~ l  W e  did not ~niriirnuni (direct) band gaps. In addition. .sl,'-bonded hex- 
treat 6H-BN in the previous study.l" The calcula~ion of agonal phases of BN. SIC:. and AIN ( I I - B N , ~ ~ '  11-SIC. and 
6H-BN was done to cornpare the results with SH-BN. 1,-AIN) were treated to compare them with thei~. . s l ~ - l ~ o n d e ~ l  

Silicon-carbidc ( S i c )  has various polytypes.i-7' Although l,olytypes. 
SIC polytypcs havc been intensiccly studiecl experimentally The 6H polytype has two crystal s t r i~c t~~ re s . "  One has a 
and 1hec~1.ctically .'""') Lhere arc few s t ~ ~ d i e s  of  SH-Sic P6,ri1(. symmetry. wllicll is most commonly accepted. and 
a v a i l ,  d blc,j" !'I SH-Sic was calculated using a tight-binding the other has a Pirnl sylrinlctry. We fo~lnd iri this s t ~ ~ d y  that 
11lc1hod in a theoretical study."' Of the various polytypes. the latter of two structures in AIN is more stable than the 
2H-. IC-. 3H-. and 6H-SiC h;rve hccn studied cxtcnsively in more widely accepted 6H structure. 
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2. hlethod of C'alculation 

The present calculation is based on tlie local denhity 
ap~wo\irnatic,n (LI IA)  in density functional thcory"-4"' 
i13FTr ~ v i t l i  (he  Hartli i~nd Hedin ( B H )  interpolation 
lorrn~~la'- '  t'or 11ic cx~.lianyc-correlation. For SiC polytype. 
the \L'i?ncr intt'~.l,olation hwrn~lla'" for thc exchange- 
col.l.clation \\,ah ; ~ l \ o  llsed in ordel. to compare with the 
r c \ n l ~ \  using BH. Thc no~.m-conser\ing pseudopolcntial 
( B H S - I ~ ~ ~ ) . " "  \ \ as  ~ l \ e d  l'or Si. Thc o p t i m i ~ c d  pseudopoten- 
li;11s 13) T~.ciullier itnd Mxt ins  (TM)'"."' are llsecl Ihr Al. 
B. ('. and N. Nonlocitl parts 01' the p s e u d t p ~ e i t i ~ l s  are 
L~.an\l'ol.~nc~i to the Klein1iian-~Byl~111dcr separable fornivi" 
\\ . i~Iio~lr glio\t banrl.;. A partial cur-e correction (PCC)'." is 
conxiclcred lor the Al pseuclopotentii~l, 

hle\li \ i /e \  of s>uiil,lin~ I-points in an irreducible 
Hrillol~in /one ( H Z )  l'or 211.. 3H-. 1H-.  5H-. 6H-, 3C-. iuid 
11-Rh: ( S i c .  AIK) ill-c 12 x 12 x 8. 12 x 12 x 1. 13 x 12 x 
X. 12 x I2 u 4 .  12 x 12 r 2. 8 x X x 6. and 12 x 1 3 x  8 
( I X \ I S j. 12 for / I -BN~") .  rcspecti\ely. .A convergence 
(.I' Iattici. ~,ar:il~ietel.\ i 4  \~ll'lic.ient at the 12 x I2 x 1 
( I2 x I2 x 2 l'or Obi)  mesh becau\c ; I I I  c a l c ~ ~ l a t e d  poly~ypcs 
'1r.c non-metallic. 'She \ \ a \ c  function is expiuicled in plane 
x a \  es aiicl the cutol'l' cnelyy is I11 Ry in : \ I 1  calculated 
~plia\ex. As I'or ~ h c  cutol ' l 'energ. a sufficient convergence in 
/I-HN \\.as ol,tainccl 211 I44Ry in the p r e v i o ~ ~ s  study.4" A 
s t r i ~ c t ~ ~ ~ ' a l  optirni/alion 01' internal paranlete1.s was performccl 
u\iny t lc l l rn~uin--Fc~,n~ii ;~~i  forces in the unit cell. Our 
criterion lor optimiziny Ilic internal cool-clinatcs is that the 
mm.i:ii~~m lbrce acting on each xtont sho~1It1 be Icas than 
2.0 *: 10 ' Ky/bohr. and ~ L I I .  criterion 1;)r optimizing the 
nnil cell S L I I . ~ ; I C ~ \  i \  11i;lt thc I I I ~ L X ~ I I I U I ~ ~  stressi4' acting on 
each ~lnit cell su~.l'acc s h o ~ ~ l d  hc less Ihan 0.03GPa. 

3. C r ~ s t a l  Structure 

In this \t~1tl4. we consider the 2H .  3H (= 3C). AH. 5 H .  
a ~ i d  Oi-I ~?ol\ilypci u.liich itre a11 hexagonal except Sor the 
3C \trnctLIrc. The 3C s t r ~ ~ c t u r e  i \  cubic (~inc-hlencle).  3H- 
HN(AHC) ancl one 5H-BN(ABCHC) stacking sequence arc 
sho\vn in Iyiy. I .  A hexagonal layer is occupied by B ( N )  
;tlonl\ iuid B- and N-l;~ye~.s \tack alternatel!. Three a ~ o m i c  
ps i t ion \ .  (.I..\.)" oJ'(0. 0) ;I\  P. ( 113. 213) as Q. and (213, 113) 
21s K. c~un he plitccd by :I H or N atom on the (.r.\,)-pl~uie. I t  is 
delined us \ ~ ~ c c e \ \ i v c  B- ~uid N-l:~!,ers (B-N bilaycr) at (0.0) 
:I\ A. ( 1/3.2/3)  ax R.  and (213. 113) ah C (Fig. 1 ). (0.0) i \  
the oriyinal point. 3H-BN is structurally equal to 3C-BN. 
7rlic direction 01. tlic I I I I I-a\i> in 3C-BN col.rcsponds to that 
01' (he c,-:~si\ in i H - B N .  A l t h o ~ ~ g h  i t  is possible to c,onsicler a 
\tiialle~- primitive unit cell in 3H-BN. \ve treat a I;~rycr unit 
cell \\ ill1 tlie AB(' stacking setluence. as in the 3W polytype. 
in thi\ \ I L I ~ ~ .  These t'eaturcs are the same lor SiC and AIN. 
Tu,o OH strilcturcs are sho\sn below in Fig. 3. The number 
0 1 '  atoms/laycr\ ( .L: , l , , , , , /NI~,~c,  ) ;uid structural symmetries for 
the 2H. 3C. 3H. 111. 5H. and 6H poly~ypes are t a b ~ ~ l a t e d  in 
T;~lhlt. I .  The n ~ ~ m b e r s  (iV,Il,,,I. 1 ) )  of tlie ~hird-neighbor cation- 
:union pair5 and c~ttion-anion bilayers, ~u id  hexqonal i ty .  
uliich arc mentionctl later in detail. are also tab~tlated in 
Tithie 1. In pol>.~\ipe\.  a tetruliccIr;~l \tructure is hrmccl by 
calioti ;uid anion ~1lorns in tlic unit cell. The ri~tnibers of the 
tir\tnciylibo~- and second-nciglibor atoms are Sour iuid 
~ \ \ , c l \ e  ~pcr one ~ ~ t o ~ i i  in the idfal tetrahedral stroctul.e. The 
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1:ig. 1 .  Cr!,\tal \~~ -x~c lu rc \  ~ L I I ~ I T  cell\) oI7ti-BY and . iH- l3K.  ant1 top \ ic\\. 
1'. 0. and  R irre po\sihle alomic p c ~ r ~ t ~ o ~ l \ .  The ~ I I I ~ I L .  : I I I C I  he\afonal 
ehL~r;~ctcrs ( i t '  1 h 2  I3N hilaycl-\ auc ~ n d ~ c . i ~ c . i l  h) r .  and 11. 

6H-BN \tr~lcture 6H-BN \trilcrure 
(AHCACB) (ABCBCBI 

Pi:. 2 .  C~->\r.\l slrilctures ( ~ l n i t  cell\) o f  hEI-BY a\ r\l3<'.4CB and 

ARCRCB. The cuhic and hcwagon;rl ch;~radc.rs  of  the 13N h ~ l a y c r \  arc 
indicalcd h! (. and 11.  I ' h ?  ~hird-neighbor B-N ;1to111s are indicorecl h! 
; I ~ I O W \ .  , ' 1. 2 .  3. and 4 ilrdicnle the 1hircl-nci:hho1 R-N pair\ 111 

1;lhle \,'. 

tirst-neighbor atonis are a cation-anion pair and the sccond- 
neighbor atoms are ~ h c  cation-cation or anion--anion pair. 
Altlio~lgh polytypes have similar tetrahedral bonds up to the 
second-neighbor in the ideal ~elrahedral structure. it is 
po\sible to consiclcr different bonds in the third-neighbor 
which are a cation-anion pair. We treat the shortest third- 
neighbor cation-anion pair in this study. 2H. 3H, 4H. 
5H. and 6H structures have internal parameters along the 
(,-axis in the unit cell as indicated by "C" in Table I. In 
(his study, polylypc\ include the 3 C  cubic structure and do 
no1 include .s/,'-bonded hexagonal structures such as  /I-BN, 
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l'ilhlc I .  Sym~i~ctrir\ ~ r l  hti-BNi.4RC.I\CB). OH-BNIABCRCB). 5H- is 18 staching seuuelices from AABBCC and the other is 36 
c ,  

BNI,ABCBC') .  1H-BNiABC'B). 3H-BN(ARC). 711-BNIARI. C ' - U N .  and stacking sequences fro,,, AAARBC.  A~\,I\CCB, AABBB(., 
1s-HU. N, , , . , , ,  and V,,,,,., arc  he t ~ u ~ i i h e l . \  ol atom, ;und tiexago~i;~I li~yer~~ ill 

thc uni l  ccll. rcl>ccr~\cl). IV,~,,,,! i \  tlic nutiihcr oftt i i~-it-neiglih~~r 8-N pail-> 
AAC'CCB. ABBBCC. and ACCC'BR. The former I8 stack- 

par i l l l e l  ,(, rl,c < .  n,i, ;,, , l lc cell, ,, i ,  rhc. n L l m t  ,cl- (,( B-N hll,,vcl-.; ;,, ing sequences from AABBCC are the same structure created 
rhc unir cell illilic:~tc\ an t.xi\iencc ~, t ' i t i tz~-l inl  p;u.a~nrte~-\. H iliJii.c~lc.s by relocating the periodic boundarb 01. original point in  the 
Ii~~.c:~gt)~i.ilit). 'Tllc\e propi.l.tic\ :]re thc \anlc for sic ;rtid ~ i h '  ph;tii7\. unit cell. We use the stackill:: wquence "ABCACB" to I-ef'er 
-- - 

to this structure. Moreover. the latter 36 stacking sequences 
Sy~nnictl-) ,%,,, ,,,, INi ,,,,., A',] .,,, 1 )  I~ i~e r t i i ~ I  

, c i )  are the tame structure created by relocatin: the periodic 

11-SiC. and 11-AIN. Kho~iibohedral lattice struct~~res,  impi~ri- 
lies. dcfects. stacking fiults and intercalation are not 
considered i n  this study. 

The 3H. 3H. and 4H polytypes are determined ~ ~ n i q u e -  
1 y . 7 - i 4 '  The 511 polytype consists of I0  Ilexagonal layers 
(=  tive cation-anior~ hilayer.;) in the unit cell. We have 
demonstrated thc existence of this structure in the p ~ . e v i o ~ ~ s  
study.'4' More spccilicallq it is possible to consider 30 
stacking sequences i n  the SH-BN structure. This sequence 
was obtained using circular permutation of AABBC. 
AACCR. and ABBCC as starting sequences. .4BBCC is 
equal to ACC:HB. The si~ccessive letters as AA. BB, and CC 
arc fol-bidden In the stacking sequences. Other s~arting 
sequences are i~iipossible because the double letter AA t BB. 
CC) cannot be excluded from them. In AABBC. four 
stacking sequences are possible: A-BCAB. A-BACB. A- 
BABC. and A-CBAH. In the same way. four stacking 
sequence\ ;Ire possible in AACCB. In  ABBCC. two stacking 
seclumces are ~~oss ib l e  (4-BCBC and A-CBCB). Conse- 
quently, there are 30 possible total stacking secjuences f r o n ~  
the  hove 10 stackirly sequences and their cyclic shift of 
letters is A + B -. C.  We have shown that possible 30 
stacking equences ar-e ttie same 4truct~1rc rcIoc;~ting :I 
periodic boundary or oi-iginal point in the  nit cell.'" The 
salne can hr done for Sf I-SiC and SH-AIN. 

The 6H polytype has 5 3  possible stacking scqueuces. 
This [lumber W;I\ obtained using the circular per~nutation ol' 
AABBCC. AAABBC, AAACCB. AABHBC. AACCCB. 
ABBBCC. iuid AC'CCBB as starting sequence\. AABBCC 
is equal to AACCRH. The double letters A 4 .  BB, ant1 CC 
are illso inipossible in these stacking sequences. Other 
starting scqueilces are impossible becaiise the double letter 
AA (BB. CC)  can not be excluded froni them. AAABBB 
and AAACCC 1i;lve n o  possible stacking sequences with the 
exception of the 2H structures such as ABABAB and 
ACAC'AC. The nunibers o f  pos5ible stacking sequences 
Srom above starting seclilences :ire 6, 3. 3, 2. 2. I .  and I .  
respectively. Therefore. tlie possible total number of stack- 
ing sequences is 5 1  from aboke 18 s1:lcking sequences and 
their cyclic shift o f  letters is A -t B -t C. It is possible to 
consider t u o  cryst;~I struct~li-cs in the h H  polyrype." These 
54 stacking sequences can bc classified into t\\o groups: Out: 

houndal-y. A 4 C :rnd C - A. 01. original point in [he unit 
ccll. We use the zt;~cking scqllelice "ABCHCB" to refer 
to this structure. Crystal syniniet~.ics 01' AKCACR and 
ABCBCB are P6i111(. n~id  P311ll. respectively. Their cryital 
structures ale shown in Fig.?.  ABCACB is the niost 
comnionly accepted stacking sequence. hlost experimental 
and theoreticill studies of the 6H polytype tl-cated basically 
the most accepted 6H struc~ure as ABCACB with the 
excep~ion of a t'cw works.'.'"' 

The cubic (c) and hexafonal (11) clia~.actcrs of the BN 
(SIC, AIN) bilayers are shown i n  Figs. I and 2 a j  indi- 
cated by c and 11. Hexagunaliry (N)"."."" is tlie ratio of 
the number of h clia~.acte~- and the tot;rl number of' ( and 
11 ct~arncLers in the unit cell. The hcx;igonalities ('2 ) oS 
21H. 3H (= 3C),  4H. and SH polytypes are 100. 0. 50. and 40. 
respectively. The hexagonalities ( C i )  of .4BCACB and 
ABCBCB in the 6 H  polytypc are 33 and h7%, edi~ed 
respectively. 

4. Results and Discussion 

4. 1 Lattic.i, /71-0q)01.fir.\ 
The optimized lattice properties and hcuago~~alities ('6) of 

BN. Sic .  and AIN polytypes ;Ire tabula~ed in Tables 11-IV. 
respectively. Their total energies per B2N2 (Si2C2. Al1N2) 
are ;IISC) tabulated. Conlparable I;~ttice constants 11 and (, 

agree well with tlic experilnental resul[s in Tables 11-IV. 
Lattice conctants c~ and C- of 6H-RN in e~pe r i rncn t l~ '  are 
12.13 and 2.50 A. respectively. the crystal ymmctry  uS 
which has no1 bee11 detcrniined. These \ ;~lues agree with 
the calculnted values of hH-BN(ABCAC'B) and 611- 
BN(ABCBCB). C;~lculated lattice constants (. o f  BN poly- 
typcs are always slightly undercstimated in comparison with 
experimental values. 1hereli)l-e. lattice cvnstant 1 .  ( 12.4 1 1 A) 
of 6H-BN(ABCACB) is closer to the enperi~nenlal ~ a l u e  
than that of GH-BN(ABC7BCB). Lattice co~lstants tr and (. 
of S i c  polytypes using the BH fornii~la are slightly sm:~ller 
th;m ~hobe using the Wigner interpolation I'or[nula and 
experirnental values I'rom Table 111. Although the agreement 
of theoretical and experiiiiental I;ittice constants is better 
using Wigner th~ui using BH. the electronic prc)perties 
and order of the total energies are rli~alitatively invariant 
iii both LD.4 types (BH. Wigner) as ~nentioned in  the iiext 
subsection. l'he lattice constants of ?H-, 3H-, 3H-, aii~l 
61-l(ABCACB)-AIN agree well with the theoretical results"" 
with DFT-GGA L-alculations. Lattice constants i i  and r . /p  of 
BN. S i c ,  and AIN ;Ire almost invariant in each polytype. 1) is 
the nurnber of cation-anion bilaycrs iri the unit cell. Lattice 
constants c~ and r . /p  of' BN are s~naller than those of SiC 
and AIN. Values of lattice constants t i  imd ( ' / / I  tor SiC and 
AIN are ncarly equal to ezrch other within approximately 
0 . 1 - 0 . 2 ~ .  Bulk 111oduli H of SH-BN, SH-Sic. and SH-AIN 
and their pressure derivatives B' are 403 GPa. 2 13 GPzI. 
107 (;Pa, and 3.47, 3.73, 3.78. respectively. These values are 
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Tahlc 11 Opl i~i i i /c(I  I;i[lice c o i i \ t i ~ ~ ~ [ \  11 ;111d 1.. ( . / / i .  i111cI the ( . ' ( I  r:ltio\ o i  OH-BN(.-\IICACB), 6H-BNt ABCBCB). ~H-BN(ARCBCI .~ "  4H-BN(ABCf3). 3H- 
13N(AI3('). 2H-BN(AB1. 3C-BK. :~nd 1 1 - R N . ~ ~ '  11 i\ the nuiiihcr of B-N hll;iycr-j ill the ~11iit cell. Experiment;il rr \ul ls oi(1H-. St{-. 2H-. 3C-. and 11-BN alc 
alho I;~hulnrctl. I:,,,, i\ thc tola1 cllergy pel- lilN2. At ~ntlicates thc total clicrgy difference (nieV) t'ro~n 3C-BN. B H  indiearcs the L D A  type."' I {  ~ridic;~rc\ 
Ilcu;rfon:rli~~ 

'l'nhlc Ill. Oprini i /~.d lalticc coil\r;lnr\ ii arlcl i.. c.//,. ;lnd tlic (./(I I.;II~~\ o l  6H-SrC(ABCACl3). 6H-Si('lABCB('B). H-SiC(AHCBC1. 4H-SlCiABCB). 3H- 
Si('(..\RCl. 2H-Si('iAB1. 3C~SiC.  i11rd 11-Sic. 11 IS thc i>~irnhcr of SiLC hilayers in the unit cell. Experiii ic~ital t.e\i~lts i ~ t  6H-. AH-. 211.. ;~nd !C-SIC arc 
al\o I:~hul;~~c.tl. L,,,, 15 Ihc rolal cncrgy per Si2C2. AE llitlic;~rc> the Iota1 cncl-gy diflcrclrce Sl-0111 411-SiC. B I I  and W~gnel- indicirte the I, I lA t!pe\.4'4s' 
rc\pci.t ~bcl! . H iiidicalc\ he\;~gc~naliry. 

consistent with other BN. S i c ,  and AIN polytypes. Atornic 
displacements of internal parameters from the ideal positions 
for thc 3H. AH. 5H. iuid 6H polytypes are quite small, within 
approximately 0.1 %' of laltice constant c. Those of 2H 
polytypes are small within i~pproxi~nately I.O':1 (of laltice 
consti~nt t.. I t  is possible to neglect the influence of 
displacemenls of internal atoms on tlie tetrahedral lattice 
properties with the exception of AIN polytypes. In 3H 
polytypes for B N .  S i c .  and AIN, n o  inlernal atoms move 

from their ideal positions without DFT-LDA calculation 
errors although they can move along tlie (,-axis in the P31nl 
symmetry. 

4.2 Tortrl r11ergie.s atltl .stclhili/\, 
Froni Tables 11-IV, the order of the calculated total 

energies of the BN. S i c ,  and A1N polytypes are as follows. 
The total energies ot'the BN polytypes are in the order- of 3C 
(0%) < 6H(ABCACB) (33%) < 5H (40%) < 4H ( 5 0 % )  < 
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'Table 1V. Opt i ln ixc l  1alt1c.e colr\t:lnts r ;  ant1 , , c., '~). . L I I ~  thc ( j i ~  ratio\ ol hH-XINIARCAC'R).  llH-AINf;\BCRC'I3). 5 l<- I lN1i \RC'b( ' l .  4 t I -Alh tAUCU).  
3H-AIh'O\BC'). 2H-AlKtAHi.  3C'-4IU. alrd 11-AIN, 1) I \  ths nclnlhcc of  ..\I-N hilu)er\ in tht. mil cull. L q ~ e r ~ n l c ~ l r r i l  ri.sult\ o t '4H- .  2H-.  and  !C'-AIN : ~ r c  
L I I S I I  ~ : I ~ L I I ; I I ~ c I .  A\ for  l a ~ t i c c  cori\1:111!5 c (  01 4Ii-,\lX.' ) 2cl i \  .3. I05  :\ : I I I ~  1 2 / . . ~ ) d ~ ~  i> 3.070 ,i in  p ;~re t~[hc \c \ .  T11corc~ic:~I rc\1111\ IThi  111. l>tl-. 
4H-.  3Hb. :111cl 7 t i -AIU ;IIC i ~ l s o  t ah i r l i~~cd .  El,,, i \  ttw t01i11 r11~1.s) per Al1NL. A/; I I I C ~ ~ C ; I L C \  [he total encr:). tlitt'clcncc Src~tn 2H-&IN.  BFI irldic;~tc\ llrc 
I L I A  t)l>c?-' tl I I I L I ~ C : I L ~ \  l ~ c \ ; ~ g o ~ ~ ; ~ l i [ y  
- ~ - ~ 

BIi  
i ' c,//l t i  k,,,, A 1; t I  

l . / ( l  
(,!) I X I  I ,.\ i I C \ )  I I I ICV I I ' r  ) - -- 

6 t l - \ I N I H C ' A C B )  15. I 2 0  2.520 3.102 4.h7.5 4 1 7  1 . hh20  1 55 .7 3 

6H(ABCBCH) (67!.;) i 2H (1(10%). The total energies sniall and are within the errors of IIFT-I,DA calcul:~tii~rl\. 
of S i c  polytypes ar-e in  the orcler of 3tI  ( 5 0 9 )  i 6H- This trend is qu:ui~it:~tivcly similar to other theoretical 
(ABCACB) (33%) < 3C ( O f % )  < 5H (40%)  < 6H(ABCRCB) results."' The total energy order of S i c  poly~ypt .  is in\ i~ri-  
( 6 7 9 )  < ?H ( 100'2). The lotnl energies of A l h  pc~lytypea ant in two LDA types (BH'"' and Wigner."') despite the 
are in the order of ?H ( 100r/i.) < 6H(ABCBCB) (67%) i energy differences iuiiong poly~ypcs (within approximatel>/ 
4H (SO%.) < 5H (40C4 ) < 6H(ABCACB) (33'.;1-) r 3C (0%'). IOmeV). This energy order agrees with other theoletical 
Values in parentheses are liex:~gonuliticc (Q. ) .  The tola1 en- results"' with the exception of 511-Sic. The total energy of 
ergy ol' [he BN polytypc increases with increasing hexago- 5H-SiC obtained by the tighl-binding melhod"' is lower by 
n:~lity. In contr;~st. the tola1 energy of the AIN polylype 0.7 )neV/SiC ( =  I .4 rneV/Si2C1) than that of 3C-Sic.  I n  this 
decreases with inclu;lsing hexngonality. c/p corresponds stud), the total energy of 5H-SiC is higher by I .I rneV/Si2C1 
to a height of onc ~etri~hedron in [he unit cell. The ( . / / I  values than titat of 3C-SIC:. 6H-BN(ABCACl3) is Inore Sa\,orablc 
l'ol- the BN ancl S i c  polytypcs increase with increasing th:un 5H-BN (Table 11). In 6H-BN and OH-Sic. the ABCACR 
liexagonality and that oi' the AIN polytypc decreases with stacking scquence is enzrgetici~lly more favorable ~ h a n  
increasing hexi~goni~lity from Tables 11-IV. For the B N  the ABCBCB stacking sequence. but 6H-AIN(ABCBCB) is 
and AIN polytypes. i ' /p  is s ~ ~ l a l l e r  at lower total energies. more filvorable thari 6H-AIN(ABCACH1. Lattice constant.; 
There seems to be little coi-relalion among the lotat energy. c and './/I of OH-BN(ABCACB) ancl 6H-SiC(ABCACB) are 
hcxagonaJity, and (. / /I  in SiC polytypes. Energetically. 3C- slightly smaller than those 01' 6H-BNtABCBCB) iuid 6H- 
BN (= 3H-BN), 4H-Sic, and 7H-AIN are Inosl slable i n  SiC(ABCBCB). respectively. Lattice constant (. :~ntl ( , / I )  of 
each calci~lated BN. S ic .  and AIN phace, ri.spectively. Total 6H-AIN(ABCACB) are slightly larger than those of 6H- 
cnergirs 01.11-BN. h-Sic. and ITFAIN, which arz ,st)'-bonded AIN(ARCBCB). Thesc diffzl-encej in lattice conslants I .  

compo~~n~ l s .  are highes~ i n  each BN, SIC. and AIN phase. between ABCACB and ABCBCB are within 1%. 
Total energy differences. which are delioted by AE, are Atoniic radii and clectronegativity of B, N. Si. C. and A1 
also tabulated i n  Tables 11 IV. The total energy diHerences ; r e  0.88, 0.70. 1.17. 0.77. and 1 .Zh .A. and 2.0. 3.0. 1.8. 2.5. 
between the 3C arid 3H polytypes are quite <mall. within and I .j."' respeu~ively. A difference of utoniic radii between 
0.03 ~ n e V  since the ? C  struc~lune is equal to the .3H structure. Al and N is larger than that between B and N since the 
These sni;~ll diH'erenees originate ti-oru the errors of the DFT- :~tolnic radius of Al is larger than that of R. The tliH'e~.ence of' 
LDA calculalions. The largest to1;ll energy differences of SiC atomic radii betueen R and N is s~nnllest in BN. S i c ,  and 
polytypes are 14.4 meV (BH) iuid 15.6 rneV (Wigner) and AIN. The s u n ~ s  ofatoniic radii as R + N.  Si + C. and .41 + N 
those of BN i~nd AIN polytypes are 75 rncV (BH)  and 79  meV are 1.58. 1.94, and 1.96 ,&, respec~ively. which agree with the 
(BH). re.;pectively. Although Ihe total energies of 9H-BN :~nd bond lengths of BN. S i c .  and AIN hilayers ( 1 . S h .  I .XX, and 
3C-AIN are highest in cach polytype, they are synthesi~ed 1 . 9 0 ~ .  rcspzctivelyj in the 2H polytype. The bond Ienglh of 
in expcriment."~""' The total energy differences between [he BN bilayer is sniallest and implics 511-ong covalent 
h-Sic and 2H-Sic are 1.70eV (BH)  and I .7XeV (Wigner). binding. This is consislent with the large bulk modulus of 
respectively. which ar-e cjuite larger than those betwcen 2H- BN (403 GPa for  iH-BN).  An ionicity of AIN is 1a1.gc1. than 
BN-h-BN and 3C'-AIN-h-AIN. The total energy dil'krences those of BN ancl SiC beca~lsc the ~lifference of' electro- 
of 4H-SIC and 6H-SiC(ABCACB) are 0.14 meV (Wigner) negativity bctween Al and N is largeat. Polyt~pes have 
and 0.31 rneV (RH).  respectively. These val~les are q ~ ~ i t e  internal parameterr with the exception of 3C. Optimized 

084703-5 














