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The authors report the observation of strong polarization anisotropy in the photoluminescence (PL)

and the absorption spectra of [1120] oriented A-plane wurtzite InN films grown on R-plane (1102)
sapphire substrates using molecular beam epitaxy. For A-plane films the ¢ axis lies in the film plane.

The PL signal collected along [1120] with electric vector E L ¢ is more than three times larger than
for Ellc. Both PL signals peak around 0.67 eV at 10 K. The absorption edge for El ¢ is shifted to
higher energy by 20 meV relative to E L ¢. Optical polarization anisotropy in wurtzite nitrides
originates from their valence band structure which can be significantly modified by strain in the film.
The authors explain the observed polarization anisotropy by comparison with electronic band
structure calculations that take into account anisotropic in-plane strain in the films. The results
suggest that wurtzite InN has a narrow band gap close to 0.7 eV at 10 K. © 2006 American Institute

of Physics. [DOI: 10.1063/1.2361174]

The significant technological potential of III-V nitride
semiconductors has led to intense research in this area. How-
ever, the band gap (Eg) of one such semiconductor, namely,
InN, continues to be a subject of debate. InN is difficult to
grow and with improvement in material quality, studies'”
have suggested a value closer to 0.7 eV at 10 K, much lower
than the previously accepted value of 1.9 eV. Thereafter,
there have been reports favoring either of the two values.?
Those supporting a high value for E, suggest that the ob-
served low energy photoluminescence (PL) and absorgtion
signals arise from deep traps,4’5 Mie scattering, or
nonstoichiometry.7 Advocates for a lower value for E, sug-
gest that the observations indicating higher £, originate from
oxygen contamination® and doping related Moss-Burstein
shift.” A narrow band (%ap is also favored by measurements
on InN quantum dots."’ The band gap of InN is an important
issue, for if it is indeed low then it opens up the possibility of
using these nontoxic III-V nitrides for optoelectronic device
applications up to the near infrared wavelength region which
includes important areas of fiber-optic communication and
solar cells.

Nitride crystals of wurtzite structure inherently show op-
tical polarization anisotropy wherein the character of inter-
band transitions differs for light polarization vector E paral-
lel () and perpendicular (L) to the ¢ axis. Therefore,
polarization dependent measurements can give additional in-
formation about the electronic band structure (EBS). Gold-
hahn ez al."' were the first to use spectroscopic ellipsometry
to determine the anisotropy in the dielectric function of InN

using [1120] oriented A-plane films. Strain in the films can,
however, significantly modify the EBS and consequently the
optical polarization properties. The properties of A-plane ni-
tride films as such are also of great interest owing to the
absence of large piezo- and pyroelectric fields that reduce the
efficiency of [0001] oriented C-plane nitride heterostructure
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based light emitters.'> Here we report results of direct mea-
surement of the polarization anisotropy in both the absorp-
tion and the PL spectra of A-plane InN films. We discuss the
origins of the anisotropy by comparison with EBS calcula-
tions that include strain and its implications for the band gap
controversy.

The A-plane InN films were grown using gas source mo-

lecular beam epitaxy on [1102] oriented R-plane sapphire
substrates. First a 10 nm thick AIN nucleation layer was
grown at 850 °C, followed by a 250 nm thick GaN buffer
layer grown at 820 °C. Thereafter the InN films were grown
at 470 °C at the rate of 0.5 um/h. The films show n-type
doping in the range of (2—6) X 10'® cm™. Details related to
growth have been reported previously.13 High resolution
x-ray diffraction (XRD) results on a 2.4 um thick film,
shown in Fig. 1, including the reciprocal space map in the
inset, confirm the A-plane orientation. Transmission mea-
surements were performed to obtain the absorption spectrum
using a monochromator and tungsten lamp based setup. A
20 mW He-Ne laser (632 nm) was used as the pump for PL
measurements. Phase sensitive detection was performed us-
ing a lock-in amplifier and a liquid N, cooled InAs photodi-
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FIG. 1. High resolution XRD data on the A-plane InN film on R-plane
sapphire substrate showing the respective symmetric reflections. The inset
shows a reciprocal space map in w/26-w space.
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FIG. 2. (a) Schematic of a wurtzite unit cell showing the relevant planes and
the choice of coordinates. The polarizer is rotated about the x and z axes to
change the polarization angle ¢ for the A-plane and the C-plane films,
respectively. Variation of the wavelength integrated PL signal with ¢ for (b)
the C-plane and (c) the A-plane InN film, measured at 10 K.

ode. Glan-Taylor polarizers were used for polarization stud-
ies. C-plane InN films grown on C-plane sapphire were also
studied to rule out polarization anisotropy arising from mea-
surement artifacts.

Figure 2(a) shows a wurtzite unit cell with the relevant
planes identified, the choice of coordinates, and measure-
ment geometry. Figures 2(b) and 2(c) show the variation in
the integrated PL signal with in-plane polarization angle ¢
for a C-plane and an A-plane InN film. The detection direc-
tion was normal to the respective film planes. In the C-plane
case, as expected, there is no significant polarization aniso-
tropy. In the A-plane case there is strong anisotropy with a
clear twofold symmetry, the emission for E L ¢ being more
than three times stronger than that for Ellc. Figure 3(a)
shows the PL spectrum of the A-plane film, S| for E L ¢ and
S for Ellc, both peaking at 0.67 eV. The anisotropy percent-
age, defined as 100 X[S, —S,]/[S, +S,], shown in Fig. 3(b),
has a value of =55% over the whole spectrum. The absorp-
tion coefficient @ of the A-plane film, estimated from the
transmission spectrum shown in the inset of Fig. 3(c), also
shows significant polarization anisotropy. a? plotted as a
function of energy E in Fig. 3(c) shows that the absorption
edge shifts to higher energy for Ellc relative to E L ¢ by
~20 meV. The lines represent a*(E)=B*[E—-E,] (for direct
interband transition) with the extrapolated absorption edge
(E,) for E L ¢ as 0.73 eV and for Ellc as 0.75 eV. For both
the polarizations 8~7.3 X 10* cm™' eV~!2, indicating nearly
equal oscillator strengths.

Optical polarization anisotropy is expected in A-plane
wurtzite III-V nitride films. Its origin lies in the crystal struc-
ture and its influence on the valence bands (VBs) which have
atomic p orbital character. However, the anisotropy magni-
tude and sign can be dramatically modified by strain. For
A-plane wurtzite nitride films on R-plane sapphire,14 the
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FIG. 3. (a) PL spectra S, and S, of the A-plane film for E Lc¢ and
E|lc, respectively. (b) Polarization anisotropy percentage, defined as 100
X[S, =S J/[S.+8], of the above PL spectrum. (c) Measured absorption
coefficient squared o® of the A-plane film as a function of energy E
for the two polarizations (circles). The lines represent the equation a*(E)
=B’[E-E,]. The inset shows the full transmission spectrum.

strain is inherently anisotropic in the film plane. In such sys-
tems, the lattice constant mismatch between the film and the
substrate is too large to allow pseudomorphic growth and a
relaxed film is usually formed at the growth temperature
through the generation of misfit dislocations. Strain primarily
arises as the film cools down to room temperature due to
thermal expansion coefficient mismatch relative to the
buffer/substrate. Our XRD data show that the A-plane film is
under a small in-plane tensile strain, with out-of-plane strain
€.,.~—-0.07%. Raman spectroscopy15 also suggests the pres-
ence of strain in such films. To calculate the influence of
strain on the EBS, we used the Bir-Pikus Hamiltonian.'® The
parameters used in the calculation were taken from literature,
the important ones are listed in Ref. 17. The calculation
shows that unstrained InN has three closely spaced VBs at
the Brillouin zone center with |X+iY) symmetry for the top-
most VB, =~|X=iY) for the next, and =~|Z) for the third. A
transition involving |X), representing p, orbital, requires x
polarized light and so on. The VBs get mixed due to aniso-
tropic strain and therefore the optical polarization properties
are modified. We adopt a nomenclature ~ where transitions
between the conduction band and these VBs are labeled T1,
T2, and T3 in the order of increasing transition energies
Er <Ep<Ep;, respectively. The plots in Fig. 4 show the
calculated relative oscillator strengths of the three transi-
tions, for polarizations along x, y and z, as a function of
in-plane strain (€, €,) in the A plane. Results for y and z
polarizations are relevant here and explain our observations
as follows.

We consider the absorption edge at 0.73 eV as being
dominated by the 72 transition and that at 0.75 eV by 73. To
see if this agrees with the observed polarization properties,
we need the value of the in-plane strain. For this we make
use of the measured out-of-plane strain €, and the absorp-
tion edge difference of 20 meV. We determine the point of
mtersection of the two calculated curves €,=-0.07%
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FIG. 4. Relative oscillator strengths of the three band edge transitions 71,
72, and 73 in InN, for polarization along X, y, and z, as a function of

strain (e,,, €,) in the A plane. The second plot shows the two curves

€,=—0.07% (dashed line) and Ep—E»=20 meV (bold line). The circles
mark their intersection coordinate (e,,=0.09%, €,=0.06%).

(dashed line in Fig. 4, second plot) and E;3—Ep»=20 meV
(bold line in Fig. 4, second plot) as a function of (e,,, €..).
This gives the in-plane strain as (€,,~0.09% , €~ 0.06%).
For this strain coordinate, marked by the circles in Fig. 4
plots, we find that 72 and 7'l have finite y polarized oscilla-
tor strength, with 72 dominating, while 73 is predominantly
z polarized. Thus in an absorption measurement the 72
transition should occur for E 1 ¢ and 73 for Ell¢, which is
what we see in our experiment. The lowest energy transition
T1 should dominate PL; therefore we expect the emission to
be polarized with E L c. However we also see a weak PL
signal for Ellc. This can happen if the emission is not from a
pure band-to-band transition but is associated with acceptor
states close to the VB edge.3 The redshift of the PL peak
by ~50 meV relative to the calculated Ep; for (e,
=0.09% ,€.,=0.06%) supports this argument. Finite crystal
momentum of the recombining carriers arising from Moss-
Burstein shift also weakens the anisotropy. Our analysis ac-
counts for a Moss-Burstein shift of 30 meV and gives the
strain-free band gap E7; as 0.7+0.02 eV at 10 K.

In conclusion, we have reported the observation of
strong polarization anisotropy in the emission and the ab-
sorption spectra of A-plane InN which can be explained by
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EBS calculations where InN is considered to be a narrow gap
semiconductor. If the low energy PL emission had been due
to recombination at a deep trap with atomic s orbital
symmetry,“’5 then a significant polarization anisotropy would
not arise. Similarly, a Mie scattering process6 involving ran-
domly shaped/oriented In clusters, as also a significant
nonstoichiometry,7 is unlikely to preserve a strong in-plane
polarization anisotropy of the absorption spectrum. Our ex-
perimental results therefore favor a narrow band gap for InN.
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K. L. Narasimhan, A. Bhattacharya, and D. Ray. Author H.
Lu is presently at the Department of Physics, Nanjing Uni-
versity, Nanjing 210093, China.
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""The deformation potentials for InN were acg=-7.2 eV, D;=-3.7 eV,
D,=45¢V, and Ds=-4.0eV, and splittings A;=19 meV and A,
=5 meV. Other parameters were obtained under quasicubic approxima-
tion. Lattice constants were a=4.7564 A and ¢=12.989 A for sapphire
and a=3.5376 A and ¢=5.7064 A for InN. The elastic constants for InN
were Cy;=223 GPa, C;,=115 GPa, C|3=92 GPa, and C;3=224 GPa.



