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Properties of hexagonal polytypes of group-1V elements from first-principles calculations
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Results ofab initio calculations are reported for hexagonal polytypes of C, Si, and Ge in equilibrium and
under hydrostatic pressure. For each polytypk 3C, 4H, and &H, the atomic geometry, the energetics, and
the electronic structure are studied. The resulting lattice parameters are in good agreement with measured
values. While & is the most stable polytype for each element, pressure-induced phase transitions to hexagonal
modifications are found to be possible. Silicon is the most favorable candidate in this respect. The results are
interpreted within the axial next-nearest-neighbor Ising model. It simultaneously allows the derivation of
formation energies for stacking faults in agreement with other calculations and measurements. We predict
significant differences in the band structures between the hexagonal polytypes and the diamond structure. This
holds especially for the energy gaps and the location of the conduction-band minima. Trends with the hexago-
nality of the polytype and the element are derived.
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[. INTRODUCTION mation of cubic-diamond silicon crystals into wurtzite Si was
already observed 40 years aorhe generation of hexago-
The group-1V elements silicofSi) and germaniun{Ge) nal phases of Si during high-temperature indentation of
usually crystallize in the cubic diamond structure, in whichdiamond-structure Si crystals was first studied by Eremenko
the atoms are fourfold coordinated. The nearest-neighbor agénd Nikitenko!® The transformation mechanism in the pro-
oms form regular tetrahedra. The bonding configuration i€€ss of plastic deformation has then been studied in detail by
mainly characterized bgp® hybrids. At high pressure, how- Pirouzet al'* Tanet al. have also observed the formation of
ever, several polymorphs with varying coordination have2H-Si in ion-implanted diamond-structure cryst&lsMore
been reported-® Carbon (C) also exhibits a number of recently, hexagonal Si has been prepared by pulsed laser
polymorphs’® Besides the cubic diamond structure, graphitebeam annealin, by laser ablatiod, and by the cluster-
and crystalline structures ofggmolecules are, for instance, beam evaporation technigii&Moreover, poly-Si layers fab-
observed. ricated routinely by low-pressure chemical vapor deposition
Polytypism is a one-dimensional variant of the phenom{CVD) show, besidest," other higher-order polytypes like
enon of polymorphism. In group-IV materials, polytypes of 4H and R.*°
the common diamond structure can be formed by keeping the The generation of a hexagonal polytype after temperature
tetrahedral coordination, but varying the stacking sequenciédentation works for germanium as well. As for Si, ribbons
along one directiod.The polytypes differ only in the manner of wurtzite Ge have been obtained in a diamond-structure
in which the bilayers are stacked along the hexagoratis matrix21-23 Interestingly, Ge nanocrystallites embedded in
direction, either in the “chair” or in the “boat” conformation 4H-SIC matrices with diameters below 10 nm also exhibit
(see Fig. 1 The first case corresponds to a pure culiic
stacking of the IV-IV double layers in thgL11] direction.
The bonds nonparallel td11] do not change their orienta-
tion, and the periodicity in thgl11] direction is reached after
three bilayers. The diamond structure is thus call€ll i
Ramsdell notatiof® In the “boat” conformation, pure hex-
agonal(H) stacking occurs in th§0001] direction. The ori-
entation of the bonds nonparallel {6001] is changed in
every bilayer. Periodicity occurs after two IV-IV bilayers. 'H
The resulting wurtzite structure is thus called 21t is some- <7
times also referred to as lonsdaleite, or hexagonal diamond| T
Other polytypes represent hexagorigl) or rhombohedral
(R) combinations of these stacking sequerttiesportant ex-
amples are theH and 64 polytypes with four or six bilay-
ers and, hence, eight or 12 atoms in the corresponding hex-
agonal unit cell. The 8, 2H, 4H, and &4 structures are FIG. 1. The bond stacking ifD001] direction in the four poly-
represented in Fig. 1. Many other polytypes, with larger unittypes studied. The hexagonal unit cells are shown. Bonds in a
cells, are possible. In the case of the only stable group-1\(1120) plane are indicated by heavy solid lines. The cusicor
compound SiC, more than 200 polytypes have beemmexagonal(h) character of a bilayer is defined by the nonparallel
determined? bond in this plane. The signs and — denote the orientation of a
Under extensive pressure and heat treatment, the transfdsiayer.
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hexagonal crystal structuré$?>They have been prepared by stantial softening of the potential, even for the first-row ele-
ion implantation and subsequent rapid thermal annealingnent C which has no cor@ electrons. In Ge, the 8
Furthermore, #H-Ge could be obtained by annealing the electrons are treated as core electrons. However, non-linear
“allo-germanium” phase?® core correctior¥ are taken into account. The single-particle

The hexagonal wurtzite polytype of carbon was firstwave functions are expanded into a plane-wave basis set.
found in meteorited’ It was then synthesized in the labora- The kinetic-energy cutoffs considered are 24.2, 16.1, and
tory by Bundy and Kasper from graphite, using extreme con40.4 Ry for C, Si, and Ge, respectively. The electron-electron
ditions of pressure and temperatdfeln diamond-like- interaction is described by the Ceperley-Alder functional as
carbon films grown by CVD, a high density afl1]) parametrized by Perdew and Zunger.
microtwins and stacking faults has been observed, indicating The k-space integrals, which appear in the expression of
that part of the deposited films might contain the hexagonathe total energy and the electron density, are replaced by
diamond phas& Homogeneous nucleation of diamond pow- sums over special points generated by the Monkhorst-Pack
der has been studied in a low-pressure microwave-plasmaethod?® The four polytypes B, 3C, 4H, and &4 consid-
reactor® The powder was identified to be a mixture of car- ered in Fig. 1 are represented i unit cells (1=2,3,4,6)
bon polytypes with €, 2H, and 64 parts. Diamond poly- containingn IV-1V pairs, with the lattice constanta andc.
type films (mainly 4H) were deposited by pulsed-laser- They are primitive cells with the exception of the cubic case.
induced reactive quenchirfg.Hexagonal diamond has been As an advantage, a hexagonal Brillouin zof®Z) with
also observed during pulsed-laser-induced transformation afearly the same basis area, but a varying heigtfic2 can be
hexagonal graphit&. considered for all polytypes. We use approximately the same

Though the M, 4H, and &H polytypes of the three ele- density of k points for all polytypes. A 1X 11Xk mesh
ments have been observed experimentally, little is known ofuarantees the convergence, witheing an integer varying
their structural, cohesive, and electronic properties as well asetween 7 (#), 5 (3C), 4 (4H), and 3 (64). To check the
their stabilities relative to the parent cubic structure. Theenergetical differences between the polytypes, the total en-
lattice constants of A-Si (Refs. 13,17,19 and 332H-Ge  ergy calculations have been repeated for a representation of
(Ref. 21, 2H-C (Ref. 28, and H-C (Ref. 3] have been all polytypes in a 1B unit cell and ak-point mesh 1k 11
determined using x-ray diffraction or high-resolution trans-x 2.
mission electron microscop§fTEM). The Raman spectra of For each polytype, we perform a full optimization of the
wurtzite silicon(Ref. 34 and 4H-Ge (Ref. 26 have been atomic structure. In the G case, only the lattice constaat
reported. A detailed symmetry analysis of the infrared- anchas to be varied, since the constanis fixed by the ideal
Raman-active vibrational modekas been published for a ratio c/(3a) = /2/3=0.8165. For the hexagonal polytypes,
series of carbon polytype structures. The lattice constantsesidesa andc, one has to determine tha 1) internal-cell
and the electronic structures have been studied theoreticallyarameters(i) ands(i).47'48 For a given volume of the unit
for the 2H (Ref. 35 and 4 (Ref. 31 polytypes of carbon cell, a and ¢ are determined in such a way that the total
within the framework of the density functional theB?y energy becomes a minimum. For a given pairc), the (n
(DFT) and the local density approximatitin(LDA), using  —1) internal degrees of freedom are varied until the forces
the linear muffin-tin orbita(LMTO) method together with  on the atoms vanish. The data of total energy versus volume
the atomic-sphere approximatioASA). Calculations of the are fitted using the Vinet equation of st4feThis equation
electronic properties of wurtzite Si and Ge within the empiri-has been found to be quite accurate for many crystals under
cal pseudopotential method have been repoftad.initic  compression and for hexagonal polytypes t&esides the
pseudopotentials have been used to study the band structurgguilibrium volume, the fit gives the minimum total energy
of 2H-Si and H-C (Ref. 39 and their energeticlRef. 40.  E,, the isothermal bulk modulu,, and its pressure deriva-

In this paper, we present results of comprehensive DFTijye B, at the equilibrium.
LDA studies of the H, 3C, 4H, and &H polytypes for the
group-1V elements C, Si, and Ge. We discuss their atomic

structure, their energetical stability, possible pressure- IIl. RESULTS

induced phase transformations, and their electronic band _

structure. The relative energies are used to derive the param- A. Structural properties

eters of an axial next-nearest-neighbor ISIG@NNNI) The results of the structural optimizations are listed in

model?! This model is used to discuss trends in energeticafrable | for the four polytypes and the three group-IV ele-
stability and the probability to observe two-dimensional de-ments under consideration. The polytypes are ordered ac-
fects like stacking faults. cording to their hexagonality, defined by the ratio of the
number of the hexagonal bilayers to the total number of bi-
layers per unit cellcf. Fig. 1). Between the most extreme
polytypes I with h=0% and H with h=100%, one finds
Our calculations are based on the DFT-LEf®’ The Vi-  the intermediate polytypesHs with h=33% and 4H with
enna Ab-initio Simulation Packageasp) (Ref. 42 is used. h=50%. Apart from the chemical trend with the group-1V
The potential energy of an electron in the field of the nucleielement, the results show clear trends with the hexagonality.
screened by the core electrons is represented by non-norrRer all elements, the lattice constantlecreases, whereas the
conserving ultrasoft pseudopotenti&isThis allows a sub- normalized lattice constastn and the ratiac/(na) increase

IIl. COMPUTATIONAL METHODS

075201-2



PROPERTIES OF HEXAGONAL POLYTYPES OF GROUP..

TABLE |. Calculated equilibrium structural parameters and total energies relative toGhealBe. For
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comparison other experimental and theoretical values are also given.

Element Polytype a(h) c/n(A) cl/(na) By(kban By Eo (meV/atom
C 3C present 2.495 2.0347 0.8165 4713 3.73 0
expt.2 2.522 2.059 0.8165 4420
6H  present  2.490 2.047 0.8221 4712 3.74 5.9
4H  present  2.488 2.052 0.8248 4687 3.92 9.2

calc® 25221 20593  0.8165
expt.° 2.522 2.0585  0.8162
2H  present  2.481 2.066 0.8327 4743 3.65 25.3
calc.¢ 2.50 2.070 0.828 4400 35 30.0
calc.® 2.49 2.072 0.8325 25.3
expt.f 2.52 2.06 0.8175
Si 3C present 3.816 3.115 0.8165 966 4.18 0
expt?  3.8403 3.136 0.8165 979 4.24
6H present 3.810 3.122 0.8195 967 4.13 1.0
4H  present  3.806 3.127 0.8215 967 4.13 2.4
2H  present  3.798 3.140 0.8267 967 4.06 10.7
calc.® 3.800 3.135 0.8250 11.7
expt.9 3.86 3.155 0.817
expt." 3.837 3.158 0.823
expt.! 3.84 3.140 0.815
expt.) 3.84 3.090 0.8165
Ge 3C  present  3.979 3.248 0.8165 725 4.80 0
expt.2 4.001 3.267 0.8165 770 4.6
6H  present  3.972 3.255 0.8196 728 4.77 43
4H  present  3.969 3.258 0.8208 728 4.77 6.9
2H  present  3.962 3.269 0.8250 728 4.74 16.1
calc. 15
expt.! 3.96 3.285 0.8295

%Reference 51.

PReference §data calculated from computer
simulation of x-ray diffraction patteriis

‘Reference 31.
dReference 52.
‘Reference 40.
fReference 28.

9Reference 13.
hReference 33.

‘Reference 17.
JReference 19.

kReference 2.

'Reference 21.

with increasing hexagonality. These trends correspond to an The overall elastic properties are represented by the iso-
increasing deformation of the bonding tetrahedra, which ar¢hermal bulk modulus and its pressure derivative. The calcu-
stretched along the axis. This is in agreement with other lated values in Table | confirm the result already observed
calculations and, in principle, also with measuremdsee  that the bulk modulus is rather insensitive with respect to a
Table ). However, systematic experimental studies are misseertain polytype structur&:>*Only in the carbon case does
ing because of sample-quality problems. Of course, the thethere seem to be a weak variation influenced by two opposite
oretical lattice constants are slightly smaller than the experitendencies. The 4 polytype, with a hexagonalith=50%,
mental ones due to the overbinding tendency within thepossesses the smallest bulk modulus.

DFT-LDA.? Interestingly, the trends are the same as in the The atomic relaxations, representing the deviations of the
case of the SiC polytypés,in spite of the modifications due atomic positions from the ideal tetrahedron structure, are
to the partially ionic bonding in the compound. For all hex- listed in Table Il. Although they are extremely small, they
agonal polytypes, the ratio/(na) is larger than the ideal might be important for the stabilization of the
value \/2/3 valid for 3C. This agrees with tendencies ob- polytypes?*®%° This is well known from SiC, for which
served for 11l-V and II-VI compounds which crystallize nor- similar absolute values of the relaxations have been derived,
mally within the zinc-blende structure. In contrast, the com-even if the signs of(1)(2H),5(2)(4H), and5(3)(6H) are
pounds for which the wurtzite polytype is more stable,different. However, in the case of C, Si, and Ge, we have
exhibit ac/(na) ratio below the ideal valu&, checked that the relaxations do not result in a change fo the
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TABLE IlI. Internal-cell geometry parameters. For definitions, -10.04 [
see Refs. 47 and 48.
-10.08 Q
Element Polytype i 10*Xxe(i) 10°%x 8(i) -10.12
C 2H 1 -6.9 - %-10.164
4H 1 14.0 - £ '
2 -11 15.1 § -540
6H 1 12.7 - & 560
>
2 7.0 14.0 5 _s.80
3 -1.3 5.7 c (b) i
Si 2H 1 -9.4 - W _6.00 : - . .
: 14 16 18 20 22
4H 1 6.6 - -4.50 -5.160
6 i _2'2 8.5 -470F . si80
) B -4.90
2 3.6 7.8 _5.10 \;5\.20020 21 22 23 24
3 -1.2 2.9 550 L©
Ge H 1 -7.0 - TU15 17 19 21 23 25 27
4H 1 8.0 — Volume per atom (Aa)
2 -1.7 9.7 .
6H 1 71 B FIG. 3. Total energy vs volume for different polytypes) C,
) (b) Si, and(c) Ge. 3C: squares, solid lines.H: circles, dot-dashed
2 4.0 8.5 lines. 4H: triangles, dashed linesH2 diamonds, dotted lines.
3 -14 3.1

polytypes withh=50%. Figure 2 shows the relative energies
N . . of the polytypes as a function of hexagonality. For compari-
stability ordering of the polytypes. Their values can be comson, the values for SiC polytypes are also giv&Ror SiC, a
pared with other calculations or measurements only in theninimum is observed, due to the fact thatl Génd 44 are
case of 2H. Yefet al* found, with £(1)=—0.001, practi-  more stable than®. In contrast, the curves for C, Si, and Ge

cally identical values for C and Si. exhibit a monotonous increase. However, the chemical trend
is very interesting and somewhat surprising. One observes
B. Energetical stability and stability against pressure the Ordering Ge, C, Si which contradicts the Ordering of bond

. energies of the diamond structureg(3C)=—10.147(C),
.The ground-state Eenergies of the hexagona! polytypes 5.957 (Si), and —5.195 (Ge) eV/atom. This has conse-
\_’rvr']th rezpect Tot the _dlathmond pt()l){[tyt?le are g;vEn in dTabIz I'quences for the probability to prepare hexagonal polytypes
S ZL_: 'fi_rf)oy ype IS f izhmos ‘;’ ‘?}[ € rc:ne, 0 OWS tb{' I and to find stacking faults in the diamond-structure crystals.
an - 'he energy of the wurtzite phase 1S substantiallyzq ., 5 thermodynamical point of view, the tendency to the

higher. Th?re is a pronounced increase of the energy with thf?eration of hexagonal structures is much more pronounced
hexagonahty_. Our results fqr theH23C energy dlfferencgs for Si in comparison to Ge. Carbon takes an intermediate
for C and Si agree well with other calculations, eSpec'a"yposition

with those b_y Yehetal," in which norm-conserving Strain may play an important role in the formation of
pseudopotentials have been used. For Si, the energies of tH%xagonal polytypes of group-1V elemenfs152228For that
polytypes 3:.’ 6.H’ and 4 are very close to each o'.[her, eason, the volume dependence of the total energies is plot-
which may indicate good chances for the preparation 0{ed in Fig. 3. The curves indicate the energetical ordering of
the polytypes discussed above at the equilibrium. However,
for smaller volumes, i.e., when a hydrostatic pressure is ap-
plied, phase transitions can occur between Si and Ge poly-
types. This is better seen when considering the variation of
the enthalpy. For a given volume, the pressure is derived
from the Vinet equation of state. This allows us to represent
the enthalpyH=E+pV as a function of pressure in Fig. 4.
The enthalpies of the four polytypes considered for Si and
Ge get closer and closer with increasing pressure. According
to Fig. 4, phase transitions may occur betweéh &d eH
(at about 100 kbar for Si and 250 kbar for Gand between
6H and 4H (at about 450 kbar for Si and a pressure above
500 kbar for Ge& However, the many experimental and the-
FIG. 2. Relative energy vs hexagonality of the polytype. Theoretical studies devoted to the understanding of the high-
reference valudEy(3C) corresponds to the negative cohesive en-pressure polymorphism of the elemental semiconductors Si
ergy within DFT-LDA. and Ge have shown that phase transformations into nontet-

0 20 40 60 80 100
Hexagonality (%)
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Bl e —— A Fig. 4@). Phase transformations, which require bond break-
_20 ‘-—-—»---.__Ah_,___"_"_'_‘ """"""""" ing and rebonding, are hindered by the large C-C bond en-
_25 \\6}{ ergy.
-30 (@) 3C C. ANNNI model and stacking-fault formation
'g -3 The polytypes differ only in the stacking sequence of the
s -5 tetrahedra along thg@001] direction. The resulting energeti-
E 4H e cal differences due to this uniaxial character can be reason-
= -10 L--BH_ ;‘:"::::/ ! ably described by a one-dimensional Ising-type model, the
= 3c | ANNNI model #1486961n this model, each bilayeris char-
2 _45 (©) acterized by a spin variable,= =1 according to the orien-
Yo tation of the bonding tetrahedra. These orientations are indi-
-10 "‘421.‘1"”"';‘_:_';:;‘. ---- ] cated in Fig. 1. The ANNNI model is usually applied to the
s ! total energies. Here, we generalize the model to the enthalp-
- 3G ies, i.e., to the situation in the presence of a finite hydrostatic
-20 © pressure. The enthalpy per two atoms can be described as
5100 0 100 200 300 400 500 L
Pressure (kbar) HP)=Ho(P)~ 1 2 2 Ji(Poioisy, ()

FIG. 4. Enthalpy as a function of pressure for polytypes of C
(@), Si (b), and Ge(c). The enthalpy of B is taken as reference. where the label counts the bilayers in the unit cell of tined
Transition pressures are indicated. polytype and runs over all interacting bilayers. More com-
plicated interactions, such as four-spin correlatithfé have
rahedrally coordinated polymorphs can occur at lower tranbeen neglected. The parametéy§p) are the interaction en-
sition pressure$:® The cubic diamond phase of Si trans- ergies with thejth-neighbor bilayer in the presence of a hy-
forms into the metallic B8-tin phase (body-centered- drostatic pressurp. The largest terniHy(p) in Eq. (1) rep-
tetragonal at 78 kbaf then into an intermediate resents the enthalpy of one bilayer in a polytype without
orthorhombiclmma phase, and into a simple hexagonal interaction between the bilayers. Assuming that the long-
structure. The same sequence is found for germafiifm. range interactions are small, we restrict jhgum up to the
Under depressurization, the-tin phase can generate com- third neighbors j<3).
plex metastable phases like ombohedra| st12(simple The valuesl,, J,, andJ; are derived from the calculated
tetragonal, bc8 (body-centered-cubjc or amorphous total energiescf. Table | and Fig. B They are listed in Table
phases’®° For carbon, in contrast to Si and Ge, th€ 3 Il for the equilibrium state p=0) and for a certain hydro-
polytype remains stable even at high pressure, as indicated static pressure =400 kbar). For each element at zero

TABLE lll. Parameters of the ANNNI mode€in meV per paiy and resulting stacking-fault energién
mJ/nt). Besides the zero-pressure results, high-pressure(taies atp=400 kbar) are given in parenthe-
ses.

Element 3, J, J3 YisE YESF YTSF

Ge present 16.88.5 -1.2(-4.5 -0.46(-1.79 69.7(12.9 62.2(-22.5 30.0(-16.2
Si  present 11.46.2) -2.9(-6.2 -0.75(-2.3 39.3(-13.2 20.6(-63.9 8.4 (-38.7)

calc.? 38 20
calc.” 33 26
calc.© 47 36
calc.¢ 64 44 19
calc.® 87.7 70.8 33.8
expt.’ 69 60

C present 25.629.6 -3.4(-3.8 -0.35(-0.43 259.7(316.8 214.5(263.8 105.2(129.2
calc.? 318 254
calc.? 300 253
expt.9 279+ 41 279+ 41

3Reference 65. ®Reference 64.

bReference 63. ‘Reference 67.

‘Reference 62. 9Reference 68. ISF and ESF have not been distinguished.

dreference 66.
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FIG. 5. Phase diagram of the four polytypeld ,23C, 4H, and
6H within the ANNNI model. The circle$Ge), diamondgSi), and
triangles(C) indicate the group-IV element. The pressure values are
given in kbar. The stacking fault energieg(ISF/ESF/TSF) per unit area
follow from the valueg2) by division with the area/3a?/2
pressure/, is positive and much larger thad,| and, all the  4f one atom in 4111 plane. These values are listed in Table
more, thar|J;|. This indicates a stabilization of the polytype |, together with results of other calculatidis®® and
constituted by bilayers with the same sping;,,>0 forall  ea5uremenfd %8 The values confirm again that there is no
). According to the total-energy differences)22J;  chemjcal trend along the row C, Si, Ge. From a thermody-
(Z.H)’ J1t2Jp+ 35 (4H), ani's 62201_+_2‘]2+3‘]3)/3 (6H) namical point of view, it is much easier to generate stacking
with respect 1o Fhe G polytype, “"“this is a consequence of faults in Si crystals than in Ge ones. Their creation costs a lot
ch(?r fgict;::gt (:g:e 'sv\tlﬂznmgsrt] S(;?g;?aﬁ’igIyt?’gsesﬁ:ez?smapressgre'of energy in diamond crystals. In strained Si and Ge crystals,
’ y P PPUEd, ihe probability for the generation of stacking faults is in-

decreases whereas),| increases. Approximately for creased, whereas it is more difficult to create such perturba-

2|3,//3,>1 (if J5 is neglectey the 44 and &4 polytypes ..~ . : .
are more stable than@ For a huge pressure of 400 kbar, tions in strained diamond crystals. In pulsed-laser-beam crys-
t@lllzed Si thin films, indeed many extrinsic stacking faults

this is clearly the case. Hydrostatic pressure weakens t
effective first-nearest-neighbor interaction and increases tﬂgave t_)een obseryé&. . .
interaction with more distant bilayers, resulting in a stabili-  V/hile no chemical trend is observed in Table Ill, the for-
zation of the hexagonal structures. This is shown in the phas@ation energies at zero pressure are reduced along ISF, ESF,
diagram in Fig. 5, which contains a triple point fby=0 and TSF, e, with increasing the d|stan_ce of the rot_ated tetrahe-
J,= —2J, at which the T, 6H, and 4 phases degenerate. dra within the stacking faults. While the TSF is the most
The situation is completely different for carbon. Bathand favorable fault at the equilibrium, the ESF takes over this
|3,| increase with increasing pressure. As indicated in Fig. 5fole under hydrostatic pressure, at least for Si and Ge. The
this behavior stabilizes the cubic phase. The triangles reprégreement with the ISF and ESF energy values obtained
senting carbon in the phase diagram even move more intyithin ~ ab  initio  plane-wave  pseudopotential
the 3C domain away from the 8 and 44 domains. calculation§>%3%5is excellent, considering the numerical ac-
Besides the polytypism, the ANNNI model also enablescuracy requirements. The agreement with the experimental
one to discuss some two-dimensional defects in cubic crysdata is also good, in particular for diamofftFor silicon, the
tals, like the stacking faults. The most common stackingenergetical ordering of the faults is the same. The absolute
faults are the intrinsic stacking faullSF), the extrinsic experimental valué$®® are larger than the computed ones.
stacking fault(ESP, and the twin stacking faulfTSP.%?=%®  However, one has to take into acount the complicated proce-
The ISF and ESF are related to the bond tetrahedron rotatiodure to extract such energies from measurements.

in two bilayers and differ by the distance of the two per-
Sl Y]

FIG. 6. Band structures of hexagonal C polytypes.

turbed bilayers by one or two bilayers. The ISF can be 3
thought of as removing one bilayer from the infinite& 3 2 //\
1
0

stacking sequence. Instead, the ESF can be thought of as ac
adding one bilayer to the stacking sequence. The TSF is de-

fined by a reflection symmetry with respect to a plane mid- %; = k p‘,ﬂ\\ 4@ & &
way between a bilayer. The formation enelfgyof a stack- 25 LN i / : %
ing fault per two-dimensional unit cell perpendicular to the g 3 %\} APy 77T AT
stacking direction, is given within the ANNNI model #° 2\ f\& Ny f

T 4H i Vi '

Ef(ISF):4(J1+J2+J3), 0 &;
-1 :
E((ESP=4(J,+2J,+2J3), 2 _2[;“ / %

I KH AT ML AT KH AT ML A

E«(TSH=2(J;+2J,+3J3). FIG. 7. Band structures of hexagonal Si polytypes.
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D. Band structures and their pressure dependences

The electronic band structures of the four polytypes of C,
Si, and Ge under consideration are plotted in Figs. 6, 7, and

PROPERTIES OF HEXAGONAL POLYTYPES OF GROUP. . PHYSICAL REVIEW B 66, 075201 (2002
8. They are calculated in DFT-LDA for the structural param-
eters obtained in Sec. Ill A. The eigenvalues of the Kohn-

é g 4
Sham equation have been computedikqroints along high- \J N
<2H E I E
R

symmetry lines of the corresponding hexagonal BZ. For 1 ﬁ
/ A

direct comparison, the cubic structures are represented in a 0
hexagonal cell. The size of the different BZ's parallel to the 1
c axis varies with the polytype, whereas all lengths perpen- I AL\
dicular to thec axis are practically equal. Nevertheless, in I KH Al ML AT
Figs. 6, 7, and 8, with a view to the presentation, we use the FIG. 8. Band structures of hexagonal Ge polytypes.
same extent of the axis and correspondingly rescale all
segments. We do not consider any quasiparticle correctiongmmetry. This is due to the presence of a sixfold screw axis
to account for the excitation asp&et’° The band structures along[0001] and time-reversal symmetf.
thus suffer from the well-known band gap underestimate of The band structures of C and @iigs. 6 and Y are rather
the DFT-LDA. similar. Independent of the polytype, they represent indirect
Two principal effects of the polytypism are represented insemiconductors. The lowest conduction-band minimum oc-
Figs. 6, 7, and 8(i) The varying extent of the unit cells in the curs close to theM point on theX line, except for MH-C
direction of thec axis gives rise to an inverse variation of the (minimum atK) and 3C-C. For 3C-C, the minimum lies
BZ in this direction. Consequently, one important effect isbetweerL andA, and is only slightly below the minimum on
related to the folding of the bands parallellid\, HK, and  theZ line. For the other polytypes, the deviation from tfle
LM directions.(ii) Besides the translational symmetry, the position holds in particular for Si, because in the diamond
scattering properties of the atomic arrangements also changgructure the lowest conduction-band minimum occurs on the
with the polytype. Overall features of the band structures of"X line nearX in the fcc BZ. For the wurtzite polytype, a
the three hexagonal polytypes agree for symmetry reasonpronounced minimum occurs at tKepoint. In 2H carbon, it
Bands versus the line&H and AL on the surface and the is even below the other minimum, as also found for §i¢
bottom of the BZ are twofold degenerate in crystals \m@; For 4H and &H, the energetical distance of the valence and

H AT ML A

TABLE IV. DFT-LDA energy gaps(first value, in eV and their pressure coefficiengsecond value in
meV/kbay. In addition, the crystal-field splitting\, (in meV) of the valence-band maximum and the
valence-band discontinuitieSE, (in meV) with respect to the @ polytype are given. The valence-band
maximum is fixed al". Three different conduction-band minimalatnearM (on theI'M line), and neaK
(on theT'K line) have been considerddf. Figs. 6, 7, and B In a few cases, values from other DFT-LDA
calculations(Refs. 35,39, and 92are given in parentheses.

Element Polytype r M K A, AE,
c 3C 5.61 0.51 461 0.45 6.29 057 0 O
(5.5 5.57) (3.8 450, 4.3 (0.69
6H 5.40 0.40 451 0.51 5.90 0.04 163 143
4H 5.31 0.35 4.62 0.45 5.49 0.05 243 160
2H 4.96 0.21 4.56 0.43 3.03 -0.79 522 231
(4.0%, 4.67) (3.99) (2.7 3.02, 3.3 (-1.%5
Si 3C 1.73 2.20 0.54 -1.39 1.42 -08 0 0
(2.56) (0.30)
6H 1.32 2.25 0.44 -1.46 1.24 -1.50 112 135
4H 1.26 2.20 0.43 ~1.52 1.26 —1.40 170 157
2H 1.00 1.87 0.27 -1.75 0.64 -3.29 364 235
(0.88) 0.29) 0.76)
Ge Ko 0.04 3.04 0.57 -1.36 1.34 -054 0 O
6H 0.00 231 0.27 -0.91 1.25 -1.09 101 112
4H -0.02 231 0.14 1.94 1.15 0.33 168 124
2H -0.13  1.92 0.30 -1.48 1.20 -345 - 138

%Reference 35.
bReference 39.
‘Reference 52.

075201-7



C. RAFFY, J. FURTHMULER, AND F. BECHSTEDT PHYSICAL REVIEW B66, 075201 (2002

conduction bands ned are seemingly increased. This can 50|

be explained by simplifying folding arguments. Going from

2H to 4H or 6H the pointH (L) maps ontoK (M) or onto 4.0 ¢

2HK (%LM). This folding is accompanied by a stronger 30 [ e
interaction of the bands with partially the sanse and (a) onK
p-orbital character, which pushes the conduction-band mini- < 2.0 —_

mum of 2H away from the valence bands. Then, the states 2

near the LM line orI'M line aroundM form the lowest § 0.4

conduction-band minimum ofH4 and &H. For Ge, the inter- z 00

pretation of the band structure in Fig. 8 is more complicated. S g4

This is due to the numerical treatment of Ge in the DFT-LDA w

approach, which already gives an almost vanishing direct -08

gap atl’, and an almost vanishing indirect gaplatfor the 0.4 ¢

diamond structure in the fcc BZ. Moreover, the DFT-LDA 0.2

description does not give an indirect semiconductor, since 0.0

the conduction-band minimum dt (fcc) is found to be -0

slightly higher in energy than the one Bt(fcc). As a con- 04 ‘ I
sequence, the “conduction bands” and “valence bands” —200 0 200 400
overlap energetically somewhat, with rising hexagonality. Pressure (kbar)

Then, 8H-Ge possesses the character of a zero-gap semicon- o
ductor, whereas ¥ and 2H get a weak metallic character.  FIG. 9. Minimum energy gap vs pressure for the four polytypes
This metallic character is in contrast with the results of®f € (@, Si (b), and Ge(c). The position of the conduction-band
empirical-pseudopotential calculatioffswhich suggest a minimum n K space IS 'nd'cat.ed'e: squares, S(.)“d I'nes'.HB:
. . . . circles, dot-dashed lines.Ht triangles, dashed lines.H2 dia-
semiconducting character forH2Ge. Another interesting :
. ._monds, dotted lines.

fact is that for -Ge, the second smallest energy gap is
located at the. point, which does not correspond to a bandopens new possibilities for applications of group-1V materi-
minimum for C and Si. als in novel electronic devices. The electronic structure of

Values for important energy gags, of the hexagonal these heteropolytypic systems is governed by the valence-
polytypes are listed in Table IV together with their pressureband discontinuityAE, . We have calculated E, using the
coefficientsdE4/dp|,—o. Using the bulk modulB, givenin  average local electrostatic potential as the reference level for
Table |, the pressure coefficients can be immediately recakhe alignment. The influence of quasiparticle effects on the
culated into the corresponding volume deformation poteneffsets is neglected. The valence-band discontinuities are
tials a,= —BodE,4/dp|,—o. Three conduction-band minima found to be small. However, they also increase with the hex-
are considered, dt, nearM, and neaK. Really the minima agonality. Together with the fundamental gaps in Table IV,
on thel'K line nearK and on thd™M line nearM have been one may also suggest small discontinuities for the conduc-
considered. In the case oH2C, 3C-C, 2H-Si, and I-Si, tion bands. It seems that the polytype combinatio@s2B1
the calculated gap energies agree well with the atlbanitio  give rise to type-l heterostructures. This means both elec-
pseudopotential plane-wave calculatithand also with the trons and holes are localized in the regions of the hexagonal
local-orbital method? The values for #i-C and 3C-C ob-  polytype. On the contrary, for the polytype combinations
tained within LMTO-ASA calculation® are somewhat 3C/4H and 3C/6H, we find a type-Il behavior, with the elec-
smaller due to the influence of the atomic spheres chosetrons localized in the cubic region and the holes in the hex-
For C and Si, we note the trend that all energy gaps decreasgjonal region. We should mention that similar valued Bf,
with the hexagonality. These findings are in clear contrashave been calculated by other authors for ti#24 combi-
with the SiC polytypes, for which the fundamental gap in-nation of carbon and silicofY.
creases with increasing hexagonality and approaches to the The pressure dependence of the fundamental gap of each
maximum value in the wurtzite structufé. polytype is displayed in Fig. 9. The changes versus pressure

In the hexagonahH polytypes, the threefold-degenerate in the k-space location of the conduction-band minimum for
valence-band maximurfVBM) of the 3C crystal splits into  germanium and R-Si are also indicated. The pressure de-
a twofold (p, andpy) I'¢, VBM and a lower onefold §,) pendence of the transition energies depends very much on
I'y, splitoff band. The splitting energi., characterizes the the group-IV element. It is almost weak or even vanishing
crystal field, i.e., the deviations in the interaction of thefor the carbon polytypes. There the gaps are opened when
atomic neighbors due to the changed geometry. The correxpplying hydrostatic pressure. The only exception concerns
sponding values of\., in Table IV increase dramatically the indirectl’K gap in 2H-C that is closed under pressure, in
with the hexagonality of the polytype. The increase is almostigreement with calculations from Fahy and LGaiéct.
linear. Our values are in good agreement with other calculaTable 1V). For silicon, the pressure coefficients exhibit clear
tions for 2H-C and -Si*® trends with hexagonality. On an absolute scale, they decrease

The preparation of heteropolytypic structures, i.e., layeredvith increasing hexagonality. However, the sign of the pres-
structures on the base of two polytyp@sg., 3 andnH), sure coefficients of the indirect gaps andI'K is different
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from that of the direcl’'T" gaps. The direct gaps are openedhexagonal polytype, in particularH or 6H, is the highest
in the presence of pressure, whereas the indirect ones b#or silicon. We pointed out the important role of strain in the
come smaller. The Ge polytypes show a similar behaviorformation of hexagonal polytypes, at least for Si and Ge.
Because of the different signs of the pressure coefficients, thender hydrostatic pressure, there is a significant tendency to
energetical ordering of the conduction-band minimum issupport the formation of hexagonal polytypes. The two ten-
even changed under pressiifdg. 9c)]. The minimum of dencies are underlined by the formation energies of stacking
the conduction band is located on thé line for a pressure faults in the diamond structure and their pressure depen-
lower than 100 kbar and on th&M line for a larger pressure. dence.
The different bond stacking in the polytypes remarkably
IV. CONCLUSIONS influences the electronic properties. We predicted significant
differences in the band structures between the hexagonal
In summary, we have presented extensive first-principlegolytypes and the diamond structure. The fundamental en-
sftudies of the structural, energetical, and electronic Propelergy gap decreases with increasing hexagonality of the poly-
ties of the hexagonal polytypesHz 4H, and @1 of the  type This trend is opposite to that observed for SiC. Except
group-IV elements C, Si, and Ge. The structural optimizafor Ge with interpretation problems due to the calculational
tions taking into account all the degrees of freedom related tehethod used, the polytypes of C and Si have been found to
internal-cell positions give lattice constants di4C, 2H-C,  pe indirect semiconductors. The conduction-band minimum
2H-Si, and H-Ge in agreement with measured values. Wejs ysually located at or near tHd point in the hexagonal
observe a clear trend with the hexagonality of the polytypepgrillouin zone. However, for wurtzite carbon, the minimum
In contrast, the averaged elastic properties represented by thefound atK, as in SiC. This tendency is reinforced under
bulk modulus and its pressure derivative vary only weaklypressure. In the high-pressure limit, the lowest conduction

with the polytype. _ N band of H-Si is also atK.
The studies of the energetical stability show rather sur-
prising results. As is well known, the cubic polytyp€ 3s ACKNOWLEDGMENTS
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