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Analysis of the band structure of tetrahedral diamondlike crystals with valence bonds:
Prediction of materials with superhigh hardness and negative electron affinity

Vladimir Litovchenko*
Institute of Semiconductor Physics NASU, 45 prospect Nauki, Kiev 03028, Ukraine

~Received 04 October 2001; published 5 April 2002!

In the present paper, an analysis of the energy gapEgap , work functionX, lattice constantL, and some other
characteristics of the tetrahedral diamondlike crystals was performed in the framework of tight-binding band-
structure theory. Comparison with experimental data for diamondlike carbon films illustrates a good agreement
with the obtained results, providing the possibility to estimate indicated parameters using the relation:Eg

1X55.3 eV2Ev . The materials with extreme properties~hardness, exceeding that of natural diamond; high
values of negative electron affinity, etc.! have been predicted.
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From calculations of the dependence of the energy ba
on the lattice constantL ~i.e., on the characteristic distanc
between atoms in latticed;L! for tetrahedral configuration
performed by Shockley, Kimbell, Slater, Joannopoulos, Pa
ing, Philips, and Harrison,1–8 we can see, that this depen
dence is nearly the same for all cubic crystal materials of
fourth group in the periodical table of elements: carbo
diamond, silicon, germanium, tin in cubic modification,
well as mixtures of cubic crystals such as SiC, SiGe, a
probably, others, like GeC, GeSn, SiSn, SnC, or thr
component materials like SixC12xGe, SixCxSn, etc. More-
over, even alloys of elements of the third to fifth groups w
cubic lattice in the case of valence-bond domination obey
above-mentioned dependence. Figures 1 and 2 illustrate
for different materials whose data on energy gapsEgap and
lattice constantsL were mainly taken from literature.9–15 A
good agreement between experimental data and theore
curves is seen.

Let us consider this question qualitatively in more deta
The last calculations of the electron and mechanical par
eters of face-centered cubic~FC-cubic! crystals with com-
plex bonds~valence and ionic! were performed by a numbe
of authors~Animalu, Chelicovsky, and Cohen, Pantelide
and Liu and Cohen!15–18 in linear combination of atomic
orbitals in ~LCAO!, tight-binging and pseudopotential ap
proximations, with pseudopotential being considered
small. In this case Fourier components of the matrix e
ments of the bond energy corresponding tok oriented along
@111# in k-space proves to be dominating. Then energy
metallic, valence, and ionic bonds can be calculated from
matrix elements of the atomic interaction:H12(21)
5^YauHuYb&. If we designate the matrix element of ener
as «s5^Ya

SuHuYa
S* &5^Yb

SuHuYb
S* & and V252H12(21)

5^Ya
PuHuYb

P&, then energy of the conduction bandEc ~C-
band energy! in some approximation can be calculated,
accordance with,8 as antibonding states energy«a

Ec[«a5~«s1V2!,

and energy of the valence bonds as bonding states energ«b

Ev[«b5~«s2V2!.
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This gives the covalent energy gap

Eg5Ec2Ev>«a2«b52V2 . ~1!

In the case of bi- or more component crystals nonsymm
try of bound electrons density takes place, and the ‘‘ion
component of the energy band can be taken into accou15

using an approximation for electronegativity of elemen
XA , XB , andL, Pauling relation for the degree of ionicity6,7

I 5Egi
2 ~Egh

2 1Egi
2 !21,

or proposed by Harrison through matrix elementV2 ~va-
lence! andV3 ~ion bonds!

I i5V3~V2
21V3

2!21/2.

FIG. 1. Energy bands for FC-cubic crystal modification
fourth group element of the periodical system as result of the s
hybridization of valence electron orbitals, in dependence of the
tice constantL.1–6
©2002 The American Physical Society08-1
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Quantative calculations of matrix elements have been
formed in the scheme of extended bands for different ma
elements:sss, sps, pps, ppp bonds

Vll 8m5h l l 8m

h2

m* d2
;1/d2 ~2!

and for pure covalent tetrahedral crystals the factorh l l 8m is
equal correspondingly to 1.39; 1.88; 3.24; and 0.93.8–15

Hence, the energy gap will decrease in accordance wi
simple relation

Egap;1/d2, ~3!

whered;L is interatomic distance,L52d/A3 is lattice con-
stant. Some differences for various substances will also
pend on the electron effective massm* .

As to the mechanical properties of such semiconduc
crystals, they are determined by elastic energy8

Eel5
3
4 ~C112C12!DX2;A/L5, ~4!

whereC11, C12 are the elastic constants,DX is the deforma-
tion of bonds. The values of (C11-C12) are equal to 9.5; 1.0
0.8; and 0.44 forC(D), Si, Ge, and Sn, respectively.8 In
accordance with the above equation, very sharp depend

FIG. 2. Theoretical dependences of the energy gapEgap ~1!,
electron affinityX ~2!, correction valueDEv ~3, dotted lines!, and
experimental data for different cubic crystal materials~points! as a
function of the lattice constantL. On the left part of Figs. 1 and 2
the parameters for set of hypothetical materials are shown.
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Eel(d);1/d5 is predicted~Fig. 3, curve 1!. For mixture
bands~ioncovalent! more complicated dependence for ela
tisity modulus has a place, as proposed by Phillips, Liu a
Cohen, Phylips,and Korsunkskii and Pepekin7,18–20

Eel5~2022.2a I i
!/L3.5. ~5!

So, in a rather general case, sharp dependence ond of
energy gap, optical-phonon frequency,vph , melting tem-
peratureTmelt; the energy of bandsEgap(;1/d2), and me-
chanical properties such as hardness (H;1/d3.525) has been
predicted. We demonstrate the applicability of this formula
many materials, in particular, to cubic crystals. In Fig.
summarized data are presented@theoretical curves: 1-H
;1/L3.5, 3-Tm;1/L2, 2- experimental curve forvph(L)#.

Of course, the highest value of hardness, (;10 Mbar) as
well as the energy gap and negative electron affinityX for
valence-band crystals until now was observed for diamo
carbon. Nevertheless the discussion on such order value~or
even higher! has appeared in some publications, which
fact were based on relations for basic parameters of lat
constantsL ~3!–~5!.18–23Below we will discuss this problem
on the basis of calculations of the dependence of the b
structure on the lattice constant, as shown in Figs. 2 and

The additional results can also be obtained from Fig. 1
one estimates the other important characteristic such as

FIG. 3. The dependences of mechanical hardness~in GPa, scale
Wicklers—open circles, points—experimental, solid line
theoretical curve;L2n), melting temperaturesTm , ~stars! and
optical phonon energy wph~crossed circles! as a function of the
lattice constantL.
8-2
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tron affinity X ~i.e., the optical work function!, which in en-
ergy scale is the distance between the conduction band
vacuum level~the latter, of course, is the same for all ma
rials!: X5Wvac2Egap . The theoretical curve forEgap(L),
X(L), predicted from Fig. 1, and experimental points a
presented in Fig. 2. Besides good agreement of theore
curves with the experimental points this curve demonstra
also the maximum possible value forX to be ;5 eV for
known cubic crystals. As a result, the next general expres
involving Eg andX was obtained

Eg~L !1X~L !55.352DEv ~eV!'5.5 @eV#, ~6!

where DEv;(L2LD)/2L@eV# ~here LD is the minimum
value ofL) being a small correction~,0.5 eV! determined
as the dependence of valence-band edge on the lattice
stant, i.e., it is equal to zero for diamond, about 0.25 eV
Si and Ge, and about 0.5 eV for Sn~see Figs. 1 and 2!. Thus,
knowing the value ofEgap , we can calculate from Eq.~1!
the value of the optical work functionX. In particular, it is
possible to predict low values ofX for a set of crystals for
Cu2O(X;3 eV), Ag2O(X;3.5 eV), NB(X;1 eV),
CdO(X;2.5 eV), C3N4(X;21 eV), etc., as well as pro
pose the corrections of theEg for a set of important, but no
yet studied enough, materials with FC lattices, such
Ag2Se(Eg;1.2–1.7 eV) HgSe(Eg;0.4–0.6 eV), and
TiO(Eg;2.8–3 eV) ~instead of 0.15 eV!.14

Let us consider now such materials as diamondlike car
composites C:Hn , enriched with tetrahedralsp-3 chemical
bonds,12,13,18–27for which Eq.~10! is also valid. The reason
for that is that the optical spectroscopy measurements cle
demonstrate the existence of the forbidden gap, i.e., no
able values ofEgap , which can vary from about tenths of e
to more then 4 eV.11–13 The relation between effectiveEgap
andX is also fulfilled to within 0.5 eV:Egap1X55 eV was
obtained by Robertson,11 Egap1XT54.525.5 eV also was
obtained in our works.12,13So, for these cases it is possible
estimate the indicated quantities from relation~1! and, in
addition, some technology parameters like hydrogen cont
refraction indexn, etc., can be estimated.22–24

Calculations of the effective lattice constants from t
data of valence radii of atomsr as L5r 34/A3 have been
performed for the following compositions: CH4, SiH4, and
GeH4. Respective data are following:L54.32, 5.25, and
5.33 Å. This means that tetrahedral compositions of the
ements of fourth group with hydrogen atoms have subs
tially larger sizes than carbon~diamond!—by a factor of up
to 2. These values are even higher for H-enriched diamo
like CH2 and CH3 composites, whereL reaches about 5.5 Å
and Egap can be predicted to be 1 eV or even less. Th
from the value ofEgap it is possible to roughly estimate th
molecular configuration of the CHx composites.

Another extreme case is connected with the oppo
situation—when minimum possible lattice constantL as well
as maximumEgap

max and negative electron affinityXmax for FC
~face centered! valence materials have a place. These val
can be calculated from the position of the valence-band m
15310
nd
-

al
s

n

on-
r

s

n

rly
e-

t,

l-
n-

d-

,

te

s
i-

mumEv(L), where the maximum possible value of gap~be-
ing proportional to 1/L2) Egap

max58 –10 eV and lattice con-
stant L52.6 Å is predicted,~see Figs. 1 and 2!. The real
material with such properties is nitrogen~or C3N4) cubic
crystal, which can be obtained under special conditions~very
high temperatures, high pressures, existing face-cubic se!.
In particular,dN2N51.1 Å, L52.54 Å. Besides, electron
affinity here has an unusually large negative value:XN
52(1.360.5) eV and hardness is twice as large as
natural diamond. Material with such extreme paramet
seems to be important also for vacuum microelectronics
to the large negative values of electron affinityX.

In Figs. 2 and 3, we present the set of the such predic
superhard materials with tetrahedral FC~cubic! configura-
tion. Note, that some of them can have not perfect cry
lattices, namely, rather deformed FC-configuration, nevert
less with dominating valence bonds and, hence, with ra
large hardness due to small values of interatomic distanced.
The main candidates for this is crystal materials on the b
of C~IV ! N~V! and B~III ! @may be, in some cases also O~V!,
Be~II !, and Li~I!# which have rather strong chemical bon
and small valence radii of atoms. Some of such compo
tions, indicated in Figs. 2 and 3, are those: C3N4, BN,
C32xSix , N3C3O, AlN. The most perspective are the mod
fications of the ‘‘nitrogen diamond,’’ when in the center o
the tetrahedrons carbon C atoms are located, and in the
ners of tetrahedrons are nitrogen atoms N~also considered
by Liu and Cohen18 and Korsunskii and Pepekin.20! In our
paper, we propose the approach for a wider circle of mat
als on the base of general plotsEgap(L), X(L), andEgap(X).
Because the lattice constantL for the N-based crystal will be
;1.1 times less, than for pure diamond, in accordance w
the relation for elastic parameters~4!, ~5!, the hardness of
this crystal has to be about two times larger~as demonstrated
in Fig. 3!. Melting temperature will increase toTm;5000
25500 K, energy of optical phonons - up tovph
;150 meV, negative electron affinityX also has to be ex-
tremal ;2(223) eV and energy band gap has to rea
Eg;(729) eV. So, these crystals have to be appoximat
twice as fast as the fastest natural materials and they
have other unique parameters, not indicated in previous p
lications. Note, that the physical reason for negative elect
affinity is very small interatomic distance so, appearance
large repulsion between the electrons. This leads to the p
out of free electrons from crystal.

In conclusion, in this paper we describe the analysis of
importance in vacuum micro- and nanoelectronics energy
rameters such as the work function~electron affinity!, energy
gap Eg , and lattice constantL in the framework of the
known band-structure theory. A comparison between our
per and reference experimental data, in particular, for
diamondlike carbon films, illustrates rather good agreem
with the the obtained theoretical dependences:Egap(L),
X(L). This gives us the possibility to predict the composit
structure of the hydrogen-enriched diamondlike carbon film
obtain the work functionX from values ofEgap , and vice
versa:Egap1X55.3 eV2DEv , as well as predict material
of cubic crystal configuration with unique properties~the
highest melting temperature, the largest optical phonon
ergy, and the largest negative electron affinity!.
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