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Electronic structure of filled tetrahedral semiconductors
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FIG. 2. Band structures of GaP (a), HeGaPHe (b), Si (c), aud
HeSiSiHe (d), at their respective theoretical equilibrium lattice con-
stants. Origin for (a), (b) is at Ga, for (c),(d) is at bond center.
Dotted lines in (b), (d) indicate lowest conduction bands for GaP, Si
at equilibrium lattice constant of HeGaPHe and HeSiSiHe, respec-
tively.

Fig. 1(c)],and it is largely the differential susceptibility to He
insertion between the X and I BZ points which accounts for
the dependence of 8 on the presence/absence of He. Inser-
tion of- He dramatically reduces the indirectness parameter 5
by comparable amounts for GaP and for Si (changes in S of
—0.99 and —0.98, respectively), converting GaP into a
direct gap material (s-ince its theoretical initial So,v=0.55 was
small), but leaving Si, in contrast with the results of RSW,
slightly indirect (since its theoretical initial Ss;=1.26 was
larger), with the direct gap little changed from pure Si. We
note that, whereas the X3,-X~, splitting in HeGaPHe is little
changed from GaP, the order of the X3, and Xt, bands has in
terchanged, due to the large energy shift of the phosphorus-
like X3, state in response to the occupation of the Vc site
next to Ga. In contrast to the RSW results, we find none
of the substantial ( —2.4 eV) He-induced broadening of the
valence bands (indeed, we find some narrowing), and the
upward shift in the lowest conduction band at X (1.2 eV) is
only about
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Interestingly, EEvo for HeGaPHe and HeSiSiHe constitutes
only a small part (18% and 11% in GaP and Si, respectively)
of A Et„, the rest being a chemically specific electronic effect
resulting from the He-induced charge redistribution (Fig. 3).
%hile such effects have been considered for He in metals, '

their neglect in the pioneering calculations for He in
semiconductors' ' has resulted in an underestimation of
hE, (by a factor of about 8) and an associated overestima-
tion (by 10s) of its solubility; a more recent calculation'9(. "~

overestimates AE, by about the same factor.
The foregoing analysis indicates that directness of the

band gap can be enhanced by placing electron-repelling ob-
jects in the tetrahedral interstitial sites where the lowest
conduction band has a higher electron density than other
bands and hence is selectively shifted upwards. Can we use
this rule to predict direct gap filled tetrahedral structures,
where the stuffing atom is stabiy bound to the lattice (i.e.,
hE„,( 0, unlike the He case)'? We suggest that this is the
case for the Nowotny-Juza compounds of the LiZnP type.
In this structure, the Zn and P atoms take up the regular ca-
tion and anion positions, respectively, of the zinc-blende lat-
tice, whereas the Li atoms fill half of the tetrahedral inter-
stitial sites. We suggest that in analogy with GaPHe, this
structure be viewed conceptually as a zirnc-blende (ZnP)
crystal (where the extra electron is compensated by a uni-
formly distributed positive background of one charge) plus
an interstitial Li+ cation (isoelectronic with He). Figure
4(a) depicts the band structure of (ZnP) calculated with
the augmented spherical wave method2 showing, in fact,
the same qualitative features as the bands of GaP (except
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FIG. 4. Band structures of (a), the hypothetical zinc-blende
(ZnP) compound and its filled analog LiznP, (b).

for the narrow Zn 3d band in the lo~er part of the valence
band). In particular, the system has an indirect gap. When
we insert Li at the interstitial Vp site [Fig. 4(b)l, the Xs,
conduction band is shifted to higher energies more than do
the other bands, exposing the I ~, point as the conduction-
band minimum. The system has become a direct-gap ma-
terial. However, in contrast with HeoaPHe, we find LiZnP
to be stable towards disproportionation. In fact, we find a
preference for Li to reside at Vp rather than at Vz„, suggest-
ing an ordered interstitial compound. While to our
knowledge it is not yet experimentally known if the
Nowotny-Juza compounds are semiconductors, let alone
direct, this study predicts such systems to be direct gap (in
the range of 1.3-2 eV) stable semiconductors, hence of po-
tential technological interest.
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