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Dielectric function of zinc-blende AIN from 1 to 20 eV: Band gap and van

Hove singularities
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The dielectric function (DF) of phase-pure cubic AIN films is determined by ellipsometry. The sharp
onset of the imaginary part of the DF defines the direct absorption edge corresponding to a
conduction-to-valence band spacing at the center of the Brillouin zone (BZ) of 5.93 eV.
Phonon-assisted transitions lead to the pronounced absorption tail below this edge from which the
indirect gap of zinc-blende AIN is estimated with 5.3 eV. Transitions due to four additional critical
points of the BZ are resolved at higher photon energies. The high-frequency and static dielectric
constants are determined with 4.25 and 8.07, respectively. © 2009 American Institute of Physics.

[doi:10.1063/1.3239516]

Group-III nitride semiconductors with nonpolar zinc-
blende (zb) structure exhibit some interesting properties
making them attractive for the application in optoelectronic
devices.' Most important, cubic heterostructures with (001)
orientation do not suffer from strong built-in electric fields
caused by spontaneous and piezoelectric polarization along
the polar c-direction of the widely used wurtzite (wz) layers.2
The suppression of the quantum confined Stark effect in low-
dimensional cubic structures leads, e.g., to high emission ef-
ficiencies of AlGaN/GaN quantum wells,' to long decay
times of the exciton spin polarization for GaN/AIN quantum
dots,3 or to a redshift of the near-infrared intersubband ab-
sorption of GaN/AIN supelrlattices.4

Although zb-AIN is nowadays used in heterostructures
as barrier material, its band structure and optical properties
are not well known yet. Calculations™ predlct an indirect
band (E;,q) gap at about 5 eV for which the absolute conduc-
tion band minimum is located at the X-point of the Brillouin
zone (BZ). The direct gap (E, at the I'-point) should be
found about 800 meV higher in energy. Hexagonal inclusions
and a comparably rough surface”'” impeded so far a reliable
experimental determination of both gaps. It was recently
demonstrated,"*'""'* however, that the phase purity and
structural properties of cubic InN and GaN can be consider-
ably improved by growing on free-standing 3C-SiC(001)
substrates. Likewise, high-quality zb-AIN layers can be ex-
pected by direct growth on 3C-SiC, in particular due to the
almost identical lattice parameters of 4.38 (Ref. 10) and 4.36
AP respectively. In this paper, the dielectric function (DF)
from the infrared into the vacuum-ultraviolet region is re-
ported for those films. The analysis yields unambiguously
the transition energies of the direct gap and high-energy criti-
cal points (CPs) as well as clear evidence for an indirect
band gap.
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Here, the optical properties of two zb-AIN layers with
thicknesses of 40 (T40) and 100 nm (T100) are reported.
They were grown by rf plasma-assisted molecular beam ep-
itaxy on free-standing 3C-SiC(001) substrates. In sifu moni-
toring by reflection high-energy electron diffraction revealed
a two-dimensional layer-by-layer growth mode while x-ray
diffraction indicated pseudomorphic deposition onto the sub-
strate and the cubic structure. Atomic force microscopy of
10X 10 um? areas yielded a root mean square roughness of
0.4 nm (T40) and 0.6 nm (T100). Thicker films show an
increase in roughness caused by a transition to a more three-
dimensional growth mode; they are therefore not included in
this study. The conducting substrate and low layer thickness
did not allow to determine the carrier concentration of the
unintentionally doped films. Details of the growth procedure
and more results of the structural characterization are pub-
lished elsewhere.'*

The ellipsometric parameters W and A were recorded by
a commercial ellipsometer in the photon energy (fiw) range
from 1 to 6.4 eV at different angles of incidence (60°, 67°,
and 74°). For Aiw>35 eV, we used a home made construction
attached to the Berlin electron storage ring for synchrotron
radiation (BESSY II) with the setup described in Ref. 15
(angle of incidence 67.5°). All measurements were carried
out at room temperature. The real (g;) and imaginary (e,)
parts of the complex DF (g) of the zb-AIN layers are ob-
tained by a multilayer fitting procedure of W and A'ie., the
remaining surface roughness is taken into account. No as-
sumption was made concerning the shape of the DF, which
means that €; and &, were separately fitted for every photon
energy. The Kramers—Kronig consistency between ¢, and &,
was proved in the final step of the data analysis.

Figure 1(a) shows the DF results for the two samples in
the energy range up to 9.5 eV; spectral features of particular
interest are labeled by E, E;, and E,. Almost no difference is
found in the spectral dependence for both films, only the
magnitude around E; differs slightly. The excellent overall
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FIG. 1. (Color online) Comparison of the real and imaginary parts of the DF
for zb-AIN (a) with the ordinary DF of wz-AIN (b). The dashed and solid
lines in (a) are obtained for the films with 40 and 100 nm layer thicknesses,
respectively.

agreement confirms the reproducibility of the growth proce-
dure. The sharp onset of &, above 5.88 eV is correlated with
the direct band gap of zb-AIN, while E, and E, are attributed
to transitions at other high-symmetry points of the BZ as
analyzed in detail below.

Figure 1(b) shows for comparison the ordinary DF (Ref.
17) (electric field polarization perpendicular to the c-axis) of
wz-AIN grown on 6H-SiC substrate. The similarities of the
spectral dependence for both polymorphs are obvious, in par-
ticular the highest transition probability is found at the E;
peak followed by a rather broad shoulder (E,). The pro-
nounced blueshift of Ey, E|, and E, with respect to the cubic
material should be noticed.

A magnification of &, around the band gap for the two
polymorphs is shown in Fig. 2. Previous studies'” of wz-
GaN and wz-AIN demonstrated that two contributions have
to be taken into account in order to determine the band gap at
the I'-point of the BZ. Surface electric fields (depletion re-
gion caused by surface states) broaden the discrete exciton
lines below the gap18 while the plateaulike behavior above
the gap is attributed to exciton continuum (Sommerfeld en-
hancement). Applying the analytical model for &, from Ref.
17, which includes both contributions and adopting an exci-
ton binding energy of 48 meV reported for wz-AIN," then
the fit for zb-AIN yields the dashed line in Fig. 2. As the
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FIG. 2. (Color online) Imaginary part of the DF (solid lines) for zb-AIN
(sample T100) and wz-AIN around the band gap. The dashed line represents
the fit result for the cubic compound as explained in the text.
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FIG. 3. (Color online) Comparison of the experimental DF for zb-AIN with
the calculated results from Ref. 8. The real and imaginary parts are plotted
in (a) and (b), respectively.

main result, the direct gap is determined with 5.93 eV, which
is above the value of 5.74 eV estimated from investigations
of mixed-phase AIN (Ref. 10) but below 6.05 eV extracted
from reflectance measurements.”’ The calculated quasiparti-
cle band gatpst8 are very close to the experimental result.

Figure 2 demonstrates furthermore that cubic AIN exhib-
its in contrast to the hexagonal material a long absorption tail
below the direct gap. The behavior is typical for phonon-
assisted indirect absorption. The imaginary part of the DF
differs appreciably from zero only above 5.3 eV, i.e., this
energy defines the upper limit of the indirect band gap. A
slightly lower value might be possible as well, but ellipsom-
etry is not sensitive enough in the case of small absorption in
combination with a low layer thickness. For comparison, Th-
ompson et al.”! reported for the indirect band gap a value of
5.34 eV.

Studies of hexagonal GaN (Ref. 22) and InN (Ref. 23)
revealed that DF calculations on the basis of the quasiparticle
band structure alone are not sufficient in order to get the
correct peak positions and intensity ratios for &,. The inclu-
sion of excitonic effects over the whole spectral range leads
to redshift of the peak positions and a redistribution of oscil-
lator strength. Figure 3 shows a comparison of the current
experimental data for cubic AIN with the calculated quasi-
particle and exciton DFs taken from Ref. 8, which include
the lattice polarizability in addition. It is obvious that the
inclusion of electron-hole interaction leads to a much better
overall agreement.

In order to determine characteristic transition energies
more precisely, the third derivative of the DF is analyzed
within the joined density of state model;'5 the ascertained
energies are marked in Figs. 1(a) and 3. Note, a quantitative
comparison with the calculated quasiparticle energiessf8 is
not possible due to the exciton effects. The spectrum is domi-
nated by the distinct peak at 7.204 eV (E,) correlated with
a CP around the X-point of the BZ. The E, transition at
7.95 eV is probably found along the [111]-direction. The
energetic ordering of the £; and E, CPs is reversed in com-
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parison to zb-GaN."” The other two transition energies
amount to 11.14 eV (E}) and 12.52 eV (E;) tentatively as-
signed to the L- and I"-points of the BZ.

Finally, the dispersion of &, in Fig. 1(a) for the transpar-
ent region (Aw<<5 eV) can be represented as for wz-AIN by
the analytic expression24

2(Ag. Ep—(ho)>  ALE
81(7Lw)=1+—(—G1n ? ( w)2 5 o 2),
7\ 2 E;-(hw) Ey-(ho)

in which E; and Ey denote average energies of the band gap
and the high-energy transitions, respectively, with the corre-
sponding magnitudes A; and Ay. For cubic AIN, one obtains
E;=5.78, E5=10.38, A;=3.00, and A;=34.28 eV. The ex-
trapolation to zero photon energy yields for the high-
frequency dielectric constant &, a value of 4.25. The static
dielectric constant g is obtained via the Lyddane—Sachs—
Teller relation &,=(w o/ wro)’e.. with the longitudinal and
transversal optical phonon frequencies of 897 and 651 cm™!
from Ref. 25. It leads to a value of £,=8.07 for cubic AIN.

In summary, a detailed discussion of the optical proper-
ties of cubic AIN has been presented. In particular, the tran-
sition energy for the direct absorption was determined as
well as a clear indication for the indirect band gap of the
compound was found. The DF at high photon energies shows
sharp transitions, which are correlated with CPs of the band
structure.
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