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Optical properties of wurtzite GaN epilayers grown on A-plane sapphire
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The exciton binding energies are measured in GaN grown onA-plane sapphire. A value of 2561 meV is
found to be consistent with reflectance and photoreflectance experiments. This 25 meV value matches very
well the results obtained on GaN epilayers grown onC-plane sapphire with strong biaxial compression, and
seems to indicate that exciton energies in GaN epilayers are predominantly influenced by strain fields. From the
in-plane anisotropy of optical response, we deduce a value of22.4 eV for theC5 deformation potential in
GaN. @S0163-1829~98!03508-5#
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Semiconductor physics at the end of the 1990s w
strongly influenced by group-III nitrides. These materials
fer the possibility to make light emitting diodes~LED’s!,
which operate in the upper portion of the visible spectru
Combined with red LED’s based on semiconductors of
more classical III-V families, they can cover almost com
pletely the chromaticity diagram. Besides this large sc
market, commercial applications also exist which conc
green, blue, and uv solid-state lasers.1 The p-doping prob-
lem, the lack of native substrates, and the small critical thi
ness have long thwarted the realization of efficient electr
injection through nitride-based heterostructures. The m
commonly used substrate isC-plane sapphire. When use
additional complication is brought to bear since the lattice
the GaN epilayer is rotated with respect to the underly
substrate.2 As a consequence, it is impossible to align t
easy cleavage planes of GaN with those of sapphire, wh
makes difficult the fabrication of laser cavities. This mo
vated Nakamuraet al.,3 who recently explored lasers grow
on A-plane$11-20% sapphire substrates. Due to easy cleav
along theR plane$1-102%, they might be fairly promising for
large scale production of nitride-based lasers. In this pa
we will first show that the material quality of the GaN ep
ayers deposited on these faces is good enough to allow u
make an accurate measurement of exciton binding ener
Second, we will determine theC5 deformation potential in
GaN.

The determination of binding energies of the excitons
GaN grown on theC plane is currently attracting a lot o
attention:4–15 ~i! On the one hand, the material GaN is inte
esting by itself for modern optoelectronic and electronic
plications, as mentioned above:~ii ! On the other hand, it can
fascinate fundamental researchers since its valence-
physics is fairly complicated due to the combined effects
the hexagonal atomic coordination and residual built
strain fields.16–18The determination of exciton binding ene
gies in conventionally grown GaN has been intended thro
different indirect or direct approaches. Indirect measu
ments require, for instance, the temperature dependenc
the free exciton photoluminescence intensity. We pre
more direct determination, which concerns measuremen
different optical transitions by reflectance or photorefle
570163-1829/98/57~7!/3761~4!/$15.00
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tance spectroscopy, their identification, and the calculation
the binding energy from straightforward application of qua
tum mechanics for hydrogenoid systems. In these
proaches, the subtlety of the exercise lies in the identifica
of all optical transitions. Figure 1 displays a typicalunpolar-
ized photoluminescence spectrum~bottom of the figure!,
which shows free exciton luminescence in the lower and
per polariton branches19 and a dominating extrinsic donor
Increasing the detection reveals free exciton luminescenc
the energy region of structureB of the unpolarizedreflec-
tance spectrum~located in the middle of the figure!. Identi-
fication of these transitions is unambiguously made by co
paring the PL data with the reflectance ones or with
photoreflectance features reported in the top on the fig
This reflectivity spectrum is interesting in many aspec
from low to higher energies, transitions can be detec
which a reflectance line-shape fitting at 3497, 3506.1, 35

FIG. 1. Unpolarized photoluminescence~bottom!, reflectance
~middle!, and photoreflectance spectra typical of GaN onA-plane
sapphire.
3761 © 1998 The American Physical Society
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3762 57BRIEF REPORTS
3525.5, and 3538.5 meV, respectively. Structures at 349
and 3506.6 meV, 9.5 meV split, we attributed to 1s A and 1s
B exciton states. We also find this 9.5 meV splitting betwe
the lines at 3516 and 3525.5 meV. Therefore, the lines
3516 and 3525.5 meV are attributed to 2s states of theA and
B excitons. From the 19 meV splitting between the fund
mental states and the excited ones, we deduce a binding
ergy of 2561 meV for theA andB free excitons. Photore
flectance experiments carried out by Tchounkeuet al.12 and
Shanet al.,11 who have been studying exciton binding e
ergy for GaN grown along the@0001# direction on
sapphire11,12and SiC,11 have led to very similar results. Sha
et al.,11 who have in particular performed a very careful lin
shape fitting of the photoreflectance, which is not the cas
Tchounkeuet al.,12 reported the observation of weak line
labeleda andb, 8 meV split, which they have attributed t
2s states ofA andB excitons. They obtained binding ene
gies of 2161 meV.

At this stage, one could argue about a possible misin
pretation of our data. An answer can be given if we exam
the orientation of the GaN epilayer with respect to the a
of the A-plane sapphire substrate. The$0001% plane of the
GaN film grown on anA-plane sapphire substrate is paral
to the$11-20% face of theA-plane sapphire.1 One side of the
hexagonal GaN crystal is parallel to theC face of the
A-plane sapphire substrate. As shown in Fig. 2, one cle
understands that the GaN cleaves along the$1-100% face
when the sapphire substrate cleaves along itsR plane. For
the sake of completeness, we remind the reader that the a
between the$1-100% cleavage plane of GaN and the$-1102%
R cleavage plane of sapphire is about 2.4°. When coo
down the sample, the thin GaN epilayer experiences str
in-plane anisotropic deformation between its@11-20# and@1-
100# directions since the thermal expansion coefficient
sapphire is strongly anisotropic~a ic58.531026 K21 and
a'c57.531026 K21!. As a consequence, theC6v hexagonal
symmetry of the GaN lattice is reduced toC2v and we expect
in-plane anisotropy of the optical response. This is shown

FIG. 2. Relative orientations of the crystallographic axes
GaN in case of heteroepitaxy onA-plane sapphire. Note that th
$0001% plane of sapphire is parallel to the$11-20% plane of the GaN
epilayer.
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Fig. 3, where we report light polarization effects. Rotation
the incident electric field in the$0001% plane of GaN, be-
tween the@11-20# and@1-100# direction, modifies the relative
intensities ofA andB lines. The intensities of the transition
at 3516 and 3525.5 meV are independently following t
intensities of the main structures as strong evidence of
proper identification of all radiative transitions in our samp
The fifth structure near 3538.5 meV is attributed to theC
line, which is degenerated with the continuum ofA and B.
Consequently, it is very weak, excessively broad, but can
resolved, notwithstanding such a broadening. Circles in F
4 illustrate the experimental variations of the intensities
the A and B lines obtained from a line-shape fitting of th
reflectance for several spectra taken by rotating the polar
tion between the@10-10# direction (u50) and the@-12-10#
direction (u590°), in the$0001% GaN plane. Dashed lines in
Fig. 3 illustrate the agreement with experiment~full lines!.
The C line was too broad and too weak to allow us to pr
pose any dependence on the angle of polarization. TheA, B,
andC lines have been plotted in Fig. 5 in our dimensionle
diagram,20 which accounts for the variation of the splittin
between these levels as a function of the strain for G
epilayers grown onC-plane sapphire~to avoid the difficulty
with the deformation potentials issue, the plot is made a
function of the position of theA line!. This figure is an
enriched version of the figure that one of us~B.G.! published
in Ref. 21, and shows that a real reversal of the nature of
GaN top valence band fromG9 to G7 is now experimentally

f

FIG. 3. Evolution of the intensity of the reflectance structur
with in-plane orientation of the electric field:~a! @10-10# orienta-
tion, ~b! @-12-10# orientation. Note the increase ofA1s is accompa-
nied by a decrease ofB1s and makes it easier to detectA2s . Arrows
indicate the average positions of transverse excitonic polarito
The experimental data and the line-shape fitting are plotted u
full and dotted lines, respectively.
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57 3763BRIEF REPORTS
observed,22 in agreement with theoretical predictions. Th
number of experimental results has been restricted, for
sake of keeping the readability of the figure rather than for
exhaustive search, but the literature provides a great num
of high-quality papers and their values also nicely match
theoretical lines of the figure. We note that theA-plane re-
lated data match very well too. We also remark that
average blueshift of the three levels~due to the hydrostatic
component of the strain field in this epilayer25! is nice evi-
dence of a strong compression in the growth plane. T
observation is confirmed by the observation of a small int

FIG. 4. Evolution of the oscillator strength ofA andB lines as
a function of the polarization of the photon~circles!. Full lines
represent the result of our calculation. Theoretical values forC line
are magnified by a factor 8.

FIG. 5. Evolution of the transition energies in GaN epilay
grown with strain along the@0001# direction on various substrates
sapphire with GaN buffer layer~Ref. 12, open squares!, SiC ~a,
Ref. 23;b, Ref. 24!, Si ~Ref. 22!, ZnO ~Ref. 21!. Black circles on
the right-hand side correspond to growth onA-plane sapphire. The
literature locates the continuum ofA in between the two bold
dashed lines.
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sity for theC line, compared to the intensities of theA andB
ones. For epilayers that experience a strong biaxial comp
sion in the$0001% plane, the intensity of the former is pre
dicted to be much smaller than that of the latter, in refle
tance experiments performed such that the electric field
the incident photon is perpendicular to theC axis of GaN.21

This suggests a dominating contribution of the average
plane deformation with respect to its anisotropy. If we no
wish to consider the deformation potential issue, we have
write down the combined effects of the strain fields, crys
field splitting, and spin-orbit interaction on this sample.
order to obtain the three nonvanishing components of
strain in the GaN epilayer, it is convenient to assume t
elasticity theory is still valid and to introduce an anisotrop
stress tensor (s1 ,s2,0,0,0,0), which represents the stre
acting on the GaN due to the differences between its ther
expansion coefficients and those of the sapphire subst
The symmetrized components of the strain tensor in the G
epilayer are

exx1eyy5e'5~S111S12!~s11s2!,

ezz5S13~s11s2!,

exx2eyy5~S112S12!~s12s2!.

Neglecting excitonic effects, the problem is here reduced
the resolution of the following 333 matrix in the basis of
the threeG5 functions of C2v given by the compatibility
relations with theG9 andG7 representations ofC6v :

uG5(X)& uG58(2 iY)& uG9(Z)&

D11d11d22d3 D2 D3

D2 D11d11d21d3 D3

D3 D3 d1

where the orbital components of the wave functions are
dicated between parentheses, and where the strain-ind
shifts are given as a function of the GaN deformation pot
tials d15(D11C1)ezz1(D21C2)e'5a1ezz1a2e' , d2
5C3ezz1C4e' , andd35C5(exx2eyy). From previous in-
vestigations of the strain effects on excitons in the case
$0001%-grown GaN epilayers, we obtainedD1510
60.1 meV, D256.260.1 meV, and D355.560.1 meV.
The values we take for the GaN deformation potentials
a1525.32 eV, a25210.23 eV, andC3522C4524.91
eV.26 And the strain versus stress relations are calcula
using the following set of stiffness coefficients:C11
5365 GPa, C125135 GPa, C135114 GPa, andC335381
GPa.27 It is interesting to note that we have three unknow
quantitiesC5 , s1 , ands2 together with three equations~the
eigenvalues of the problem above!, and three experimenta
values: the energies of theA, B, and C lines. To help the
numerical resolution of the problem, we note that the trace
the above matrix~the sum of experimental energies! is inde-
pendent ofC5 . Subtracting the zero-stress values previou
calculated in Ref. 20, a straightforward calculation giv
s11s2522.438 GPa. The oscillator strengths for lineA in
X@10-10#, Y@-12-10#, and Z@0001# polarization are given
by the square of the contributions of the threeG5 eigenvec-
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tors in the wave functions of the resolved problem. Fro
Fig. 4, we note that the oscillator strengths are varying b
factor of 2 when the polarization is changed, which giv
D2

2/d3
2'8. The fitting of the data requires us to useC55

22.4 eV. Diagonalization of the 333 matrix gives the fol-
lowing energies: 3496.4, 3507.5, and 3537.3 meV forA, B,
andC lines, respectively. In terms of the oscillator strengt
the agreement between theory and experiment is illustr
in Fig. 4, where the variations of the oscillator strengths
plotted as a function the angle to the@10-10# direction. For
the sake of completeness, the oscillator strength that
compute for lineC is also given, but magnified by a factor
Values of s1 and s2 are 21.11 and21.32 GPa, respec
tively. At last, the deformations along the@11-20# and @1-
100# directions are

«@11-20#5~S111S13!~s113s2!/4523.3431023

and

«@1-100#5~S111S13!~3s11s2!/4523.0731023.

We note that the deformation in the direction parallel
thec axis of the sapphire substrate is the larger of the two
a,
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we expected«@11-20# /«@1-100#'8.5/7.5, that is, the ratio be
tween the sapphire thermal expansion coefficients.

In conclusion, reflectance spectroscopy performed in
polarized and polarized light conditions on GaN grown on
A-plane sapphire has allowed us to measure accurately e
ton binding energies of 2561 meV for theA andB excitons.
These values are similar to the values measured on G
epilayers grown on conventionalC-plane sapphire. This is
consistent with the recent report of noticeable variations
the binding energy with strain in conventionally grown Ga
epilayers,15 the larger the biaxial compression~dilatation!,
the larger~smaller! the binding energy. The observation o
these excited states is evidence of the possibility of grow
high-quality GaN onlow symmetry A-plane sapphire. At last
from the line-shape fitting of the reflectance structure tak
for various in-plane polarizations, we could estimate the
isotropy of the built-in strain and we proposed the first es
mation of theC5 deformation potential in GaN:22.4 eV.
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