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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 growA-ptane sapphire. A value of 251 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@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 238 eV for theCy deformation potential in
GaN.[S0163-182698)03508-3

Semiconductor physics at the end of the 1990s wasance spectroscopy, their identification, and the calculation of
strongly influenced by group-lll nitrides. These materials of-the binding energy from straightforward application of quan-
fer the possibility to make light emitting diodgsED’s),  tum mechanics for hydrogenoid systems. In these ap-
which operate in the upper portion of the visible spectrumproaches, the subtlety of the exercise lies in the identification
Combined with red LED’s based on semiconductors of theof all optical transitions. Figure 1 displays a typicaipolar-
more classical Ill-V families, they can cover almost com-ized photoluminescence spectrubottom of the figurg
pletely the chromaticity diagram. Besides this large scalévhich shows free exciton luminescence in the lower and up-
market, commercial applications also exist which concerrPer polariton branché$and a dominating extrinsic donor.
green, blue, and uv solid-state laskrEhe p-doping prob-  Increasing the detection reveals free exciton luminescence in
lem, the lack of native substrates, and the small critical thickthe energy region of structur@ of the unpolarizedreflec-
ness have long thwarted the realization of efficient electricafance spectrunilocated in the middle of the figureldenti-
injection through nitride-based heterostructures. The modication of these transitions is unambiguously made by com-
commonly used substrate G-plane sapphire. When used, Paring the PL data with the reflectance ones or with the
additional complication is brought to bear since the lattice ofohotoreflectance features reported in the top on the figure.
the GaN epilayer is rotated with respect to the underlyingThis reflectivity spectrum is interesting in many aspects:
substraté. As a consequence, it is impossible to align thefrom low to higher energies, transitions can be detected
easy C|eavage p|anes of GaN with those of Sapphire, WhICWhICh a reflectance Iine-shape fitting at 3497, 3506.1, 3516,
makes difficult the fabrication of laser cavities. This moti-
vated Nakamurat al,> who recently explored lasers grown
on A-plane{11-2Q sapphire substrates. Due to easy cleavage

GaN on A-Plane sapphire

along theR plane{1-102, they might be fairly promising for A
large scale production of nitride-based lasers. In this paper, Photoreflectance l B,
we will first show that the material quality of the GaN epil- J

ayers deposited on these faces is good enough to allow us to
make an accurate measurement of exciton binding energies.
Second, we will determine th€s deformation potential in

GaN. Reflectance / || T=2K
The determination of binding energies of the excitons for ~ S \

GaN grown on theC plane is currently attracting a lot of i [\ B B c

attention*~1° (i) On the one hand, the material GaN is inter- “KAL ‘15

esting by itself for modern optoelectronic and electronic ap- T

plications, as mentioned abou@: On the other hand, it can NAB\

fascinate fundamental researchers since its valence-band /

physics is fairly complicated due to the combined effects of / T\/ UPB(A)

the hexagonal atomic coordination and residual built-in ( '
strain fieldst®~'8 The determination of exciton binding ener- LPB(A), Photoluminescence

gies in conventionally grown GaN has been intended through 3460 3480 3500 3520 3540

different inc_iirect or direct approaches. Indirect measure- Energy (mev)

ments require, for instance, the temperature dependence of

the free exciton photoluminescence intensity. We prefer F|G. 1. Unpolarized photoluminescen¢gottom), reflectance
more direct determination, which concerns measurements @iddle), and photoreflectance spectra typical of GaN/oplane
different optical transitions by reflectance or photoreflec-sapphire.
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FIG. 2. Relative orientations of the crystallographic axes of
GaN in case of heteroepitaxy ok-plane sapphire. Note that the

{0003 plane of sapphire is parallel to tf#1-2G plane of the GaN GaN on A Plane sapphire
epilayer. . L . 1 . L

3480 3500 3520 3540
3525.5, and 3538.5 meV, respectively. Structures at 3497.1 Energy (meV)

and 3506.6 meV, 9.5 meV split, we attributed ® Aand 1s
B exciton states. We also find this 9.5 meV splitting between FIG. 3. Evolution of the intensity of the reflectance structures
the lines at 3516 and 3525.5 meV. Therefore, the lines awith in-plane orientation of the electric fielda) [10-10 orienta-
3516 and 3525.5 meV are attributed te fates of thé\ and  tion, (b) [-12-10] orientation. Note the increase Af is accompa-
B excitons. From the 19 meV splitting between the funda-hied by a decrease &;; and makes it easier to dete¥fs . Arrows
mental states and the excited ones, we deduce a binding eindicate the average positions of transverse excitonic polaritons.
ergy of 251 meV for theA andB free excitons. Photore- The experimental data and the line-shape fitting are plotted using
flectance experiments carried out by Tchounkeal}? and  full and dotted lines, respectively.
Shanet al,'* who have been studying exciton binding en-
ergy for GaN grown along thel0001] direction on Fig. 3, where we report light polarization effects. Rotation of
sapphiré*2and SiC!! have led to very similar results. Shan the incident electric field in thé0001 plane of GaN, be-
et al,** who have in particular performed a very careful line- tween thg 11-20] and[1-100)] direction, modifies the relative
shape fitting of the photoreflectance, which is not the case dhtensities ofA andB lines. The intensities of the transitions
Tchounkeuet al,*? reported the observation of weak lines at 3516 and 3525.5 meV are independently following the
labeleda andb, 8 meV split, which they have attributed to intensities of the main structures as strong evidence of the
2s states ofA and B excitons. They obtained binding ener- proper identification of all radiative transitions in our sample.
gies of 21 meV. The fifth structure near 3538.5 meV is attributed to e

At this stage, one could argue about a possible misinterine, which is degenerated with the continuumAfandB.
pretation of our data. An answer can be given if we examiné€Consequently, it is very weak, excessively broad, but can be
the orientation of the GaN epilayer with respect to the axesesolved, notwithstanding such a broadening. Circles in Fig.
of the A-plane sapphire substrate. Tf@00L plane of the 4 illustrate the experimental variations of the intensities of
GaN film grown on amA-plane sapphire substrate is parallel the A and B lines obtained from a line-shape fitting of the
to the{11-20 face of theA-plane sapphiré.One side of the reflectance for several spectra taken by rotating the polariza-
hexagonal GaN crystal is parallel to th@ face of the tion between thé10-1Q direction (¢=0) and the[-12-10]
A-plane sapphire substrate. As shown in Fig. 2, one clearlglirection (¢=90°), in the{0003} GaN plane. Dashed lines in
understands that the GaN cleaves along {hel0Q face Fig. 3 illustrate the agreement with experiméfll lines).
when the sapphire substrate cleaves alondRritslane. For The C line was too broad and too weak to allow us to pro-
the sake of completeness, we remind the reader that the anglese any dependence on the angle of polarization AT,
between thg1-10Q cleavage plane of GaN and tfel102  andC lines have been plotted in Fig. 5 in our dimensionless
R cleavage plane of sapphire is about 2.4°. When coolingliagram?® which accounts for the variation of the splitting
down the sample, the thin GaN epilayer experiences stronpetween these levels as a function of the strain for GaN
in-plane anisotropic deformation between[itd-20] and[1-  epilayers grown orC-plane sapphiréto avoid the difficulty
100] directions since the thermal expansion coefficient ofwith the deformation potentials issue, the plot is made as a
sapphire is strongly anisotropi@y.=8.5X10"°® K™! and  function of the position of theA line). This figure is an
@, .=7.5x10 ® K™1). As a consequence, i@, hexagonal enriched version of the figure that one of(@G.) published
symmetry of the GaN lattice is reduced@g, and we expect in Ref. 21, and shows that a real reversal of the nature of the
in-plane anisotropy of the optical response. This is shown irfGaN top valence band fromig to I'; is now experimentally
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0.8 - . . — sity for theC line, compared to the intensities of theandB
GaN on A Plane sapphire ones. For epilayers that experience a strong biaxial compres-
0.74 sion in the{000% plane, the intensity of the former is pre-
dicted to be much smaller than that of the latter, in reflec-
061 tance experiments performed such that the electric field of
%05 the incident photon is perpendicular to tBeaxis of GaN?!
= This suggests a dominating contribution of the average in-
2441 plane deformation with respect to its anisotropy. If we now
5 0. ; . ; O
= wish to consider the deformation potential issue, we have to
3 .34 write down the combined effects of the strain fields, crystal
C ¢ . ey . . . .
g field splitting, and spin-orbit interaction on this sample. In
= 024 (10-10] | order to obtain the three nonvanishing components of the
0 :‘ strain in the GaN epilayer, it is convenient to assume that
0.1 . elasticity theory is still valid and to introduce an anisotropic
[1-210] stress tensor «;,0,,0,0,0,0), which represents the stress
0.0 acting on the GaN due to the differences between its thermal

0 15 30 45 60 75 90 expansion coefficients and those of the sapphire substrate.
0 ( degrees)

The symmetrized components of the strain tensor in the GaN

FIG. 4. Evolution of the oscillator strength #fandB lines as  €Pilayer are
a function of the polarization of the photdgircles. Full lines
represent the result of our calculation. Theoretical value€féne exteyy=€ =(S;1+ S (o1t 07),
are magnified by a factor 8.
observed? in agreement with theoretical predictions. The €,,=S13(011 02),
number of experimental results has been restricted, for the
sake of keeping the readability of the figure rather than for an Exx— Eyy=(S11— S (01— 03).
exhaustive search, but the literature provides a great number
of high-quality papers and their values also nicely match théNeglecting excitonic effects, the problem is here reduced to
theoretical lines of the figure. We note that theplane re-  the resolution of the following &3 matrix in the basis of
lated data match very well too. We also remark that thethe threel's functions of C,, given by the compatibility
average blueshift of the three levddue to the hydrostatic relations with thel'g andI'; representations o€, :
component of the strain field in this epilagdris nice evi-

dence of a strong compression in the growth plane. ThisL>F5(x)> Ts(=1Y)) ™(2))
observation is confirmed by the observation of a small intena | + 5, + 5,— 8, A, Asg
. R . A, A+ 81+ 85+ 53 Aj
35601 ilatation compression -C] A Aj 51
] where the orbital components of the wave functions are in-
35401 . 1 dicated between parentheses, and where the strain-induced
SIC Substrate ] shifts are given as a function of the GaN deformation poten-
3520- Nelson et al. B tials 51: (Dl+ Cl) eZZ+ (D2+ CZ) eJ_ = aleZZ+ aZeJ_ ’ 52
< : oA =Cse,,+Cye, , and 53=Cs(e—eyy). From previous in-
“5’3500_ 1 vestigations of the strain effects on excitons in the case of
= I A {0003-grown GaN epilayers, we obtainedA;=10
a0l o ; i +0.1meV, A,=6.2+0.1meV, and A;=55=0.1meV.
A Plane sapphiré} . .
@ l t J The values we take for the GaN deformation potentials are
2460 fnosiberete a,=—532eV, a,=-10.23 eV, andCy=—2C,=—4.91
GaN on sapphire eV.=® And the strain versus stress relations are calculated
and others.... | using the following set of stiffness coefficientsC;,
34401A _ 7 =365 GPa, C;,=135 GPa, C;3=114 GPa, andCss=381
SiC Substrate T ~ 2K | 27 .. .
B GPaZ' It is interesting to note that we have three unknown

guantitiesCs, o4, ando, together with three equatiorithe
eigenvalues of the problem abgyand three experimental
values: the energies of the, B, andC lines. To help the
FIG. 5. Evolution of the transition energies in GaN epilayer numerical resolution of the problem, we note that the trace of

grown with strain along thé0001] direction on various substrates: the @bove matrixthe sum of experimental energjés inde-
sapphire with GaN buffer layefRef. 12, open squargsSiC (a, pendent ofCg. Subtracting the zero-stress values previously
Ref. 23;b, Ref. 24, Si (Ref. 22, ZnO (Ref. 21). Black circles on  Calculated in Ref. 20, a straightforward calculation gives
the right-hand side correspond to growth Aplane sapphire. The 01+ 0= —2.438 GPa. The oscillator strengths for liAgn
literature locates the continuum @ in between the two bold X[10-10], Y[-12-10], and Z[0001] polarization are given
dashed lines. by the square of the contributions of the thilegeigenvec-

3440 3460 3480 3500
Energy of A line (meV)
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tors in the wave functions of the resolved problem. Fromwe expectede11.5q/&[1-109~8.5/7.5, that is, the ratio be-
Fig. 4, we note that the oscillator strengths are varying by dween the sapphire thermal expansion coefficients.
factor of 2 when the polarization is changed, which gives In conclusion, reflectance spectroscopy performed in un-
Ag/ggwg_ The fitting of the data requires us to u€g= polarized and polarized light conditions on GaN grown onto
— 2.4 eV. Diagonalization of the 83 matrix gives the fol- A-pla_ne.sapphlre.has allowed us to measure accurately exci-
lowing energies: 3496.4, 3507.5, and 3537.3 meVApiB,  ton binding energies of 251 meV for theA andB excitons.
andC lines, respectively. In terms of the oscillator strengths,Th,‘lase values are similar to thﬁe} Vf"“es mee;lsured hc_Jn GaN
the agreement between theory and experiment is illustrate@P!aY€rs grown on conventiondl-plane sapphire. This is
in Fig. 4, where the variations of the oscillator strengths ar onsistent with the recent report of notlc;eable variations of
plotted as a function the angle to th0-10| direction. For he_: b'nd'srf energy with strain in conventlon_ally_grovyn GaN
the sake of completeness, the oscillator strength that Wepllayer  the larger th_e b'aX'al compressudllatanqr),

te for lineC is al N but ified by a factor 8 e larger(smalley the binding energy. The observation of
compute for in€. IS also given, but magnitied by a 1aclor ©. yneqe excited states is evidence of the possibility of growing
Values of oy and o, are —1.11 and—1.32 GPa, respec- pigh_quality GaN orlow symmetry Aplane sapphire. At last,
tively. At last, the deformations along tH&1-20) and[1-  f4m the line-shape fitting of the reflectance structure taken
100] directions are

for various in-plane polarizations, we could estimate the an-
e(11-20= (St Sia) (01 + 305)/4= — 3.34% 10°3 isotropy of the built-in strain and we proposed the first esti-

mation of theCg deformation potential in GaN:2.4 eV.
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