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The band gap nature of afilled tetrahedral semiconductorLi3AlN 2 [viewed as the assemblage of eight
hypothetical zinc-blende AlN sublatticessLi0.5Al0.5Nd− filled with He-like Li+ interstitials at the empty tetra-
hedral sites next to the anions] is studied by an optical absorption method. The optical absorption studies show
a tendency that Li3AlN 2 is direct with a band gap of 4.40 eV, whereas zinc-blende AlN has been estimated to
be indirect from a first-principles calculation. The band gap value was confirmed by photoacoustic spectros-
copy. According to theinterstitial insertion ruleof Wood et al., these results suggest that the insertion of Li+

ions into the interstitial sites in hypothetical zinc-blende AlN sublatticessLi0.5Al0.5Nd− causes an upward shift
of the X conduction band due to a Pauli repulsion of conduction electrons, exposing theG point as the
conduction band minimum and resulting in a direct band gap.
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The band-structure modification of diamond and zinc-
blende semiconductors has been theoretically tested by in-
serting small atoms such as H and He at their empty tetrahe-
dral sites.1–3 However, we encounter technological
difficulties for the insertion. Instead of diamond and zinc-
blende structures, Zunger’s group2,3 aimed at the ternary
compoundsAIBIICV (AI =He like Li+ ions, BII =Zn or Mg,
andCV =As, P, or N), which have been originally classified
into the Nowotny-Juza compounds.4,5 They particularly
referred the ternaryAIBIICV as “filled tetrahedral com-
pounds.”2,3 According to the interstitial insertion rule by
Wood et al.,2 the insertion ofAI s=Li+ ionsd interstitials into
the empty tetrahedral sites next to the anionsCV in hypo-
thetical III-V zinc-blendesBIICVd− causes an upward shift of
theX point of the conduction band because of a Pauli repul-
sion between conduction electrons, which exposes theG as
the conduction band minimum and converts indirect into di-
rect band gap materials. In the previous studies, we synthe-
sized LiZnX and LiMgX (X=N, P, and As) and found that
these materials were all direct, supporting the interstitial in-
sertion rule.6–13

Li 3AlN 2 is a Nowotony-Juza compound,4,5 and its crystal
structure depicted by Juzaet al. is shown in Fig. 1(a). All
atoms in the unit cell of Li3AlN 2 are placed in the manner of
preserving the inversion symmetry operation concerned with
the body-centered N atom. On the other hand, Li3AlN 2 has
another representation of the unit cell, as shown in Fig. 1(b).
The alternative unit cell includes eight small cubes drawn by
solid lines instead of the dashed lined cubes. For a clear
understanding, it would be better to divide the alternative
unit cell of Li3AlN 2 into the eight sublattices, one of which is
shown in Fig. 1(c). It is considered that in each sublattice,
50% of Al atoms in zinc-blende AlN are substituted with Li.
Therefore, each sublattice can be viewed as a zinc-blende-
like sLi0.5Al0.5Nd− filled with Li+ at the empty tetrahedral
sites next to N atoms. As shown in Fig. 1(c), two Al atoms
are placed at the corners on only one side, which means the
loss of symmetry demanded by the space groupF4-3m of the
filled tetrahedral structure. However, in the unit cell, all at-

oms possess the 180° rotation symmetry around thez axis as
shown in Fig. 1(b), resulting in space group4,5 Ia3. Accord-
ingly, Li3AlN 2 consisting of the eight hypothetical zinc-
blende sublattices leads to a filled tetrahedral semiconductor.
Although the band gap nature of zinc-blende AlN has been
estimated to be indirect with,5.1 eV from a first-principles
calculation,14 we expect that the interstitial insertion rule can
be applied to Li3AlN 2. The synthesis and crystal data of
Li3AlN 2 have been already reported by Juzaet al.4 However,
the optical band gap of Li3AlN 2 has not been experimentally
investigated. In this paper, we examine by an optical absorp-
tion method that insertion of Li+ into the interstitial sites of
AlN-like sLi0.5Al0.5Nd− leads to a direct band gap nature.

Li 3AlN 2 crystals were synthesized by direct reaction be-
tween Li3N (powder, 99.5% pure) and Al (wire, 99.999%
pure) with the molar ratio Li3N: Al of 1:1. A typical reaction
temperature was 750 °C and was kept for 5 h. As-grown
polycrystalline bulk is a single phase of Li3AlN 2 with lattice
parameter 9.427 Å. The details of the crystal growth will be
reported elsewhere.15

Optical absorption measurements were performed using a
scanning spectrophotometer(Shimadzu UV-3101 PC) at
room temperature. This method was used for the measure-
ments of the optical band gap of various tetrahedral
semiconductors7–13 and LiInO2.

16 In the spectrophotometer
used in the present study, the intensity of the light source(a
halogen lamp) and the sensitivities of the monochromator
and the detector are automatically calibrated over the wave-
length range 250–800 nm to guarantee the linearity of the
experimental setup. Figure 2 shows typical optical transmis-
sion spectra for the samples with the different thickness of
112 mm and 173mm as a function of wavelength. The trans-
mission curve for the 112-mm-thick sample showed an
abrupt change at 400 nms3.10 eVd and decreased down to
275 nm s4.51 eVd. This result suggests that the absorption
edge of Li3AlN 2 lies between 3.10 and 4.51 eV.

Figure 3 shows three types of plot for the relationship
between an optical energyshnd and absorption coefficient
sad to more quantitatively test the band gap nature. The ab-
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sorption coefficient can be calculated from the transmission
spectrasTd experimentally obtained. The transmission spec-
tra are formulated as follows:

T , I/I0s1 − Rd2exps− atd,

whereI is the transmitted light intensity,I0 the incident light
intensity,t the sample thickness, andR the reflectivity.17 By

using the transmission spectra of the two samples with dif-
ferent thicknesst1 and t2 from the same batch, the unknown
R is eliminated and the following relation17 is obtained:

a = f1/st1 − t2dglnfT1/T2g.

In the present study, the absorption coefficient was calculated
using the transmission spectra of 112-mm- and
173-mm-thick samples as shown in Fig. 2. In general, the
relation betweenahn and hn is formulated on the basis of

FIG. 1. (a) Crystal structure of Li3AlN 2 (the space groupIa3)
depicted by Juzaet al. (Refs. 4 and 5). White circles=N, black
circles=Al. Li atoms are not shown for clarity.(b) Another repre-
sentation for the unit cell.(c) A sublattice in the alternative unit cell.

FIG. 2. Typical transmission spectra of Li3AlN 2 at room tem-
perature for different thickness of 112 and 173mm.

FIG. 3. (a) Plots to test three relationssahnd2 vs hn (solid line),
sahnd2/3 vs hn (dashed line), and sahnd1/2 vs hn (shorter dashed
line) for Li3AlN 2 at room temperature.(b) The magnification of the
critical regions of these three plots near the fundamental absorption
edge.
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the band gap nature as follows:ahn=Ashn−Egd1/2 for al-
lowed direct transitions atk =0, ahn=A8shn−Egd3/2 for for-
bidden direct transitions allowed atk Þ0 or ahn=Bshn
−Egd2 for indirect transitions, whereahn is the product ofa
and hn, and Eg the energy gap.17 In Fig. 3(a), we plotted
sahnd2, sahnd2/3, and sahnd1/2 againsthn using the experi-
mentally obtaineda, in order to examine the band gap nature
of Li3AlN 2 by comparing the linearity of these three curves
(Refs. 7–12 and 16). The magnification of these three plots
near the absorption edge(the critical regions) is also shown
in Fig. 3(b). In these figures, solid line representssahnd2 vs
hn, dashed linesahnd2/3 vs hn and shorter dashed line
sahnd1/2 vs hn plots. The left-handy axis is used to show
both thesahnd2 andsahnd2/3, and the right-handy axis is for
the sahnd1/2. If the band gap nature of Li3AlN 2 is direct, the
sahnd2 vs hn plot would hold linearity beyond the band gap
according to the above formula and is expected to show bet-
ter linearity near the absorption edge in comparison with the
other two plots. In the critical region, the curve for the al-
lowed direct transitions abruptly increased with high linear-
ity, while the curves for indirect and forbidden direct transi-
tions showed a gradual increase with a long tail near the
absorption edge. Therefore, we believe that absorption data
obey the relation of directness rather than that of indirectness
(Refs. 7–12 and 16). When the linear portion of the plot is
extrapolated toa=0, the direct band gapEg is estimated to
be about 4.40 eV. These results indicate that when Li+ ions
are inserted into the empty tetrahedral sites next to N of each
hypothetical zinc-blende latticesLi0.5Al0.5Nd−, theX conduc-
tion band is shifted to higher energies in comparison with the
other bands, exposing theG point as the conduction band
minimum as predicted by the “interstitial insertion rule.” The
direct wide-band-gap nature of Li3AlN 2 might result in vari-
ous potential applications such as light emitting devices for
the ultraviolet region. Furthermore, it would be advantageous
that Li3AlN 2 based on III-V zinc-blende structure has a cubic
structure, while III-V materials with a direct wide band gap
such as GaN or AlN normally crystallize in wurtzite(hex-
agonal) structure. The band gap of Li3AlN 2 is relatively
smaller than zinc-blende AlNs,5.1 eVd,14 which is consis-
tent with the empirical tendency that the band gaps of other
filled tetrahedral semiconductors such as LiZnPsEg

,2.04 eVd,7 LiZnN s1.91 eVd,8,10 LiMgN s3.2 eVd,12 and
LiMgP s2.4 eVd,9 except for LiZnAss1.51 eVd,13 were re-
duced by 10%–20% relative to their original zinc-blende ma-
terials (GaP, zinc-blende GaN and AlN, AlP). According to
the bonding character of semiconductors described by
Phillips,18 since the zinc-blende III-V materials are coordi-
nated fourfold, the total energy gapEgs=Eh+ iCd is deter-
mined principally by a III-V bond, whereEh represents the
average energy gap produced by a potentialVcovalent, C the
magnitude of the energy gap produced by a potentialVionic,
andi an imaginary number. Since each filled tetrahedral sub-
lattice sLiLi 0.5Al0.5Nd is coordinated eightfold with six I and
two II nearest neighbors[see Fig. 1(c)], the band gap of
Li3AlN 2 is associated with the bonding character of two
kinds of the bonds: namely, Li-N and Al-N bonds. For
wurtzite AlN, Eh and C are 8.17 and 7.30 eV, respectively,
corresponding to the ionicityf i =0.449 (Ref. 18). This im-

plies that covalent bonds are preferable in AlN. According to
Juzaet al.,4,5 the Al-N bond distances are about 12% smaller
than the distances from the N atoms to the other tetrahedral
sites, suggesting that the covalency of Al-N bonds increases
because of the enhancement of the orbital overlap of wave
functions between Al and N. Therefore, it is suggested that
the relatively small band gap of Li3AlN 2 in comparison with
zinc-blende AlN is attributed to the relatively high covalency
of Al-N bonds exceeding the ionicity of Li-N bonds to keep
the cubic phase without a phase transition to wurtzite struc-
ture. On the other hand, the optical band gap of Li3AlN 2 is
larger than the band gaps3.2 eVd of an AlN-like filled tetra-
hedral semiconductor LiMgN[He-like Li+ ions plus hypo-
thetical zincblendesMgNd−].12 This means that the relatively
high ionicity of Li-N bonds exceeding the covalency of
Mg-N is introduced into Li3AlN 2 by replacing 50% of Al in
zinc-blende AlN with a lighter element Li.

Photoacoustic spectroscopy(PAS) was employed to con-
firm the band gap values4.40 eVd measured by the optical
absorption. A detailed configuration of the PAS measurement
will be reported elsewhere.15 A photoaoustic signal is related
to the nonradiative part of deexcitation or recombination in
materials. Figure 4 shows PAS spectrum for Li3AlN 2. The
PA signal of Li3AlN 2 began to increase at,400 nm
s,3.1 eVd and was abruptly enhanced around,280 nm
s,4.4 eVd. This abrupt enhancement would be mainly at-
tributed to the nonradiative process of excited carriers
arising from the absorption of photon energy, correspond-
ing to the band gap of Li3AlN 2. The evaluated gap value
supports the optical band gaps4.40 eVd.

FIG. 4. A photoacoustic emission spectrum for Li3AlN 2 at room
temperature. The energy position corresponding to the optical band
gap s4.40 eVd is indicated by an arrow.
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In conclusion, the optical absorption studies showed a
tendency that Li3AlN 2 is direct with a forbidden gap of
4.40 eV. The band gap value was supported by photoacous-
tic spectroscopy. This result suggests that insertion of Li+

into the interstitial sites in zinc-blende-likesLi0.5Al0.5Nd− lat-
tices causes a direct band gap because of an upward shift of
theX point in Brillouin zone. Further advanced studies of the
band gap nature by other methods such as ellipsometry and
photoluminescence techniques will be reported, when the
single crystals are obtained in the near future. Li3AlN 2 is a

new type of filled tetrahedral semiconductor that follows the
“interstitial insertion rule.”
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