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Filled tetrahedral semiconductor LizAIN , studied with optical absorption: Application of the
interstitial insertion rule
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The band gap nature of fdled tetrahedral semiconductdrizAIN, [viewed as the assemblage of eight
hypothetical zinc-blende AIN sublatticékiq sAlosN)~ filled with He-like Li* interstitials at the empty tetra-
hedral sites next to the anidns studied by an optical absorption method. The optical absorption studies show
a tendency that LAIN , is direct with a band gap of 4.40 eV, whereas zinc-blende AIN has been estimated to
be indirect from a first-principles calculation. The band gap value was confirmed by photoacoustic spectros-
copy. According to theénterstitial insertion ruleof Wood et al., these results suggest that the insertion df Li
ions into the interstitial sites in hypothetical zinc-blende AIN sublattiteég=AlysN)~ causes an upward shift
of the X conduction band due to a Pauli repulsion of conduction electrons, exposing gunt as the
conduction band minimum and resulting in a direct band gap.
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The band-structure modification of diamond and zinc-oms possess the 180° rotation symmetry around #pds as
blende semiconductors has been theoretically tested by irshown in Fig. 1b), resulting in space grodg la3. Accord-
serting small atoms such as H and He at their empty tetraheéngly, LisAIN, consisting of the eight hypothetical zinc-
dral sitess® However, we encounter technological blende sublattices leads to a filled tetrahedral semiconductor.
difficulties for the insertion. Instead of diamond and zinc- Although the band gap nature of zinc-blende AIN has been
blende structures, Zunger's grdupaimed at the ternary estimated to be indirect with-5.1 eV from a first-principles
compoundsA'B"'CY (A'=He like Li* ions, B"=Zn or Mg, calculationt* we expect that the interstitial insertion rule can
andCV=As, P, or N, which have been originally classified be applied to LJAIN,. The synthesis and crystal data of
into the Nowotny-Juza compounf8. They particularly — LisAIN, have been already reported by Jezal* However,
referred the ternaryA'B'CV as “filled tetrahedral com- the optical band gap of LAIN, has not been experimentally
pounds.22 According to theinterstitial insertion ruleby  investigated. In this paper, we examine by an optical absorp-
Wood et al.? the insertion ofA' (=Li* ions) interstitials into  tion method that insertion of Liinto the interstitial sites of
the empty tetrahedral sites next to the ani@Ysin hypo-  AIN-like (LigsAlgsN)™ leads to a direct band gap nature.
thetical I11-V zinc-blende(B'"'CY)~ causes an upward shift of LisAIN, crystals were synthesized by direct reaction be-
the X point of the conduction band because of a Pauli repultween LN (powder, 99.5% pupeand Al (wire, 99.999%
sion between conduction electrons, which exposedtlas  pure) with the molar ratio LiN: Al of 1:1. A typical reaction
the conduction band minimum and converts indirect into di-temperature was 750 °C and was kept for 5 h. As-grown
rect band gap materials. In the previous studies, we synthgolycrystalline bulk is a single phase of;AIN , with lattice
sized LizrX and LiMgX (X=N, P, and A$ and found that parameter 9.427 A. The details of the crystal growth will be
these materials were all direct, supporting the interstitial infeported elsewher®.

sertion rulef—13 Optical absorption measurements were performed using a
Li;AIN, is a Nowotony-Juza compourid,and its crystal ~ scanning spectrophotometgéBhimadzu UV-3101 PLC at
structure depicted by Juzt al. is shown in Fig. {a). All room temperature. This method was used for the measure-

atoms in the unit cell of JAIN , are placed in the manner of ments of the optical band gap of various tetrahedral
preserving the inversion symmetry operation concerned witisemiconductors?® and LilnO,.1¢ In the spectrophotometer
the body-centered N atom. On the other handAIN, has  used in the present study, the intensity of the light sogace
another representation of the unit cell, as shown in Fig).1 halogen lamp and the sensitivities of the monochromator
The alternative unit cell includes eight small cubes drawn byand the detector are automatically calibrated over the wave-
solid lines instead of the dashed lined cubes. For a cledength range 250—800 nm to guarantee the linearity of the
understanding, it would be better to divide the alternativeexperimental setup. Figure 2 shows typical optical transmis-
unit cell of Li;AIN , into the eight sublattices, one of which is sion spectra for the samples with the different thickness of
shown in Fig. 1c). It is considered that in each sublattice, 112 um and 173um as a function of wavelength. The trans-
50% of Al atoms in zinc-blende AIN are substituted with Li. mission curve for the 11gm-thick sample showed an
Therefore, each sublattice can be viewed as a zinc-blend@brupt change at 400 ni3.10 eV} and decreased down to
like (LigsAlgsN)~ filled with Li* at the empty tetrahedral 275 nm(4.51 e\). This result suggests that the absorption
sites next to N atoms. As shown in Figic}, two Al atoms  edge of LAIN, lies between 3.10 and 4.51 eV.

are placed at the corners on only one side, which means the Figure 3 shows three types of plot for the relationship
loss of symmetry demanded by the space gedBm of the  between an optical energihrv) and absorption coefficient
filled tetrahedral structure. However, in the unit cell, all at- (o) to more quantitatively test the band gap nature. The ab-
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FIG. 2. Typical transmission spectra of;RAIN, at room tem-
perature for different thickness of 112 and 1Z@.

using the transmission spectra of the two samples with dif-
ferent thickness$; andt, from the same batch, the unknown
R is eliminated and the following relatidhis obtained:

a=[1/(t; - to) lIn[T4/T,].

In the present study, the absorption coefficient was calculated
using the transmission spectra of 1A#+ and
173-um-thick samples as shown in Fig. 2. In general, the
relation betweerwhv and hv is formulated on the basis of
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FIG. 1. (a) Crystal structure of I4JAIN, (the space groupa3) @e g )
depicted by Juzat al. (Refs. 4 and » White circles=N, black N:' o SA
circles=Al. Li atoms are not shown for claritgh) Another repre- 2 ”: 2
sentation for the unit cel(c) A sublattice in the alternative unit cell. 3 '§ =
o . . 0
sorption coefficient can be calculated from the transmission 439 440 441 442
spectra(T) experimentally obtained. The transmission spec- (b) ENERGY [eV]

tra are formulated as follows:
FIG. 3. (a) Plots to test three relatiorfah)? vs hv (solid line),
T~ 1/15(1 -R)%exp(— at), (@hv)?? vs hy (dashed ling and (ehv)Y? vs hv (shorter dashed
line) for Li3AIN, at room temperaturéb) The magnification of the
wherel is the transmitted light intensityy the incident light  critical regions of these three plots near the fundamental absorption
intensity,t the sample thickness, amithe reflectivity!’ By  edge.
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the band gap nature as followahy=A(hv-Ey)*? for al- ENERGY [eV]
lowed direct transitions & =0, ahv=A’(hv—Ey)3? for for- 4.0| 35 3|.0 25

bidden direct transitions allowed & +#0 or ahy=B(hv
—Eg)2 for indirect transitions, wherehv is the product ofx

and hy, and E, the energy gap’ In Fig. 3a), we plotted
(ahv)?, (ahy)Z%, and (ahv)Y? againsthv using the experi-
mentally obtainedy, in order to examine the band gap nature
of LizAIN, by comparing the linearity of these three curves
(Refs. 7-12 and 16 The magnification of these three plots
near the absorption edgthe critical regiongis also shown

in Fig. 3b). In these figures, solid line represefitév)? vs

hy, dashed line(ahv)?® vs hy and shorter dashed line
(ahv)¥2 vs hy plots. The left-handy axis is used to show
both the(ahv)? and(ahv)?3, and the right-hang axis is for

the (ahv)Y2. If the band gap nature of $AIN, is direct, the
(ahv)? vs hv 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- Loy
tions showed a gradual increase with a long tail near the 300 400 500 600
absorption edge. Therefore, we believe that absorption data WAVELENGTH [nm]
obey the relation of directness rather than that of indirectness

(Refs. 7-12 and 16 When the linear portion of the plot is FIG. 4. A photoacoustic emission spectrum fogAIN , at room
extrapolated tav=0, the direct band gaﬁg is estimated to temperature. The energy position corresponding to the optical band
be about 4.40 eV. These results indicate that whénidis ~ 9ap(4.40 eV) is indicated by an arrow.

are inserted into the empty tetrahedral sites next to N of each

hypothetical zinc-blende lattidd.iy Al sN)~, the X conduc-

tion band is shifted to higher energies in comparison with theélies that covalent bonds are preferable in AIN. According to
other bands, exposing thé point as the conduction band Juzaet al,*>the AI-N bond distances are about 12% smaller
minimum as predicted by the “interstitial insertion rule.” The than the distances from the N atoms to the other tetrahedral
direct wide-band-gap nature ofJAIN, might result in vari-  sites, suggesting that the covalency of Al-N bonds increases
ous potential applications such as light emitting devices fobecause of the enhancement of the orbital overlap of wave
the ultraviolet region. Furthermore, it would be advantageousunctions between Al and N. Therefore, it is suggested that
that Li;AIN , based on Ill-V zinc-blende structure has a cubicthe relatively small band gap of 4AIN, in comparison with
structure, while 1lI-V materials with a direct wide band gap zinc-blende AIN is attributed to the relatively high covalency
such as GaN or AIN normally crystallize in wurtziteex-  of Al-N bonds exceeding the ionicity of Li-N bonds to keep
agona) structure. The band gap of JAIN, is relatively  the cubic phase without a phase transition to wurtzite struc-
smaller than zinc-blende AIN~5.1 e\),** which is consis-  ture. On the other hand, the optical band gap QAN , is

tent with the empirical tendency that the band gaps of othelarger than the band ga@.2 eV) of an AIN-like filled tetra-
filled tetrahedral semiconductors such as LiZr(E, hedral semiconductor LiMgNHe-like Li* ions plus hypo-
~2.04 eV),” LiZznN (1.91 e\),319 LiMgN (3.2 eV),'2 and thetical zincblendéMgN)~].12 This means that the relatively
LiMgP (2.4 eV),® except for LiZnAs(1.51 eV},'® were re-  high ionicity of Li-N bonds exceeding the covalency of
duced by 10%—20% relative to their original zinc-blende ma-Mg-N is introduced into L4AIN , by replacing 50% of Al in
terials (GaP, zinc-blende GaN and AIN, AlPAccording to  zinc-blende AIN with a lighter element Li.

the bonding character of semiconductors described by Photoacoustic spectroscofyAS) was employed to con-
Phillips,!8 since the zinc-blende 11I-V materials are coordi- firm the band gap valué4.40 eV} measured by the optical
nated fourfold, the total energy géf,(=E,+iC) is deter-  absorption. A detailed configuration of the PAS measurement
mined principally by a 1lI-V bond, wher&;, represents the will be reported elsewher®.A photoaoustic signal is related
average energy gap produced by a potentigl.en: C the  to the nonradiative part of deexcitation or recombination in
magnitude of the energy gap produced by a potemig|., materials. Figure 4 shows PAS spectrum fogAIN,. The
andi an imaginary number. Since each filled tetrahedral subPA signal of LEAIN, began to increase at-400 nm
lattice (LiLi ¢ sAlg5N) is coordinated eightfold with six | and (~3.1 eV) and was abruptly enhanced arour80 nm

two Il nearest neighborgsee Fig. 1c)], the band gap of (~4.4 eV). This abrupt enhancement would be mainly at-
Li;AIN, is associated with the bonding character of twotributed to the nonradiative process of excited carriers
kinds of the bonds: namely, Li-N and AI-N bonds. For arising from the absorption of photon energy, correspond-
wurtzite AIN, E,, and C are 8.17 and 7.30 eV, respectively, ing to the band gap of LAIN,. The evaluated gap value
corresponding to the ionicit§;=0.449 (Ref. 18. This im-  supports the optical band g4g.40 eV}.

PA AMPUITUDE [arb. unit]
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In conclusion, the optical absorption studies showed anew type of filled tetrahedral semiconductor that follows the
tendency that LJAIN, is direct with a forbidden gap of ‘interstitial insertion rule.”
4.40 eV. The band gap value was supported by photoacous-

tic spectroscopy. This result suggests that insertion of Li for Scientific Research on Basic Areas from the Japanese
into the interstitial sites in zinc-blende-lik&iosAlo.sN)™ 18t \jinistry of Education, Culture, Sports, Science and Technol-
tices causes a direct band gap because of an upward shift géy (N0.1536001%and also supported by the Yazaki Memo-
the X point in Brillouin zone. Further advanced studies of therial Foundation for Science and Technology. The authors
band gap nature by other methods such as ellipsometry andould like to thank Hiroyasu Nakata of Osaka Kyoiku Uni-
photoluminescence techniques will be reported, when theersity for the use of a photoacoustic spectroscopy instru-
single crystals are obtained in the near futurgAlN , is a ment.
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