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All deformation potentials in GaN determined by reflectance spectroscopy under uniaxial stress:
Definite breakdown of the quasicubic approximation
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Reflectance spectroscopy was performed for nonpolar and semipolar bulk GaN substrates under uniaxial
stress. The exciton-transition energies and oscillator strengths clearly depended on uniaxial stress. The results
were interpreted by group theory on excitons and analyzed in terms of the effective Hamiltonian proposed by
Bir and Pikus. In the Hamiltonian, the short-range Coulomb interaction was taken into consideration. This
approach allows all exciton deformation potentials to be determined without the quasicubic approximation and
we found that the exciton deformation potentials in GaN considerably deviate from the quasicubic

approximation.
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I. INTRODUCTION

GaN-related materials have received much attention for
optoelectronic applications because they interact with pho-
tons in the ultraviolet to near-infrared region. Highly effi-
cient light-emitting diodes and high-power laser diodes
(LDs) have been realized in the blue and blue-green regions
using InGaN quantum wells (QWs).!

However, the external quantum efficiency of c¢-plane (po-
lar plane) InGaN QWs decreases rapidly as the In composi-
tion increases due to the quantum-confined Stark effect
caused by the piezoelectric polarization and degradation of
the crystal quality.? Under these circumstances, a reduction
in the piezoelectric polarization in nonpolar and semipolar
planes has been theoretically predicted,* and is consistent
with the experimental observation of fast radiative recombi-
nation lifetimes compared to those for polar plane.’® Re-
cently, many groups including ours have reported crystal
growth and device fabrications onto these nonpolar and
semipolar planes.””'® Moreover, green LDs operating at 520
nm at room temperature in the continuous-wave mode have

been realized on the {2021} plane.!! To fully understand the
device performances and to create novel functionalities, it is
indispensable to understand the electronic band structures of
nonpolar and semipolar QWs.

It has been theoretically predicted that anisotropic strain
will drastically alter the electronic band structures of strained
nonpolar and semipolar InGaN or AlIGaN QWs.>!>"14 Addi-
tionally, a very interesting physical phenomenon, polariza-
tion switching was theoretically predicted.'> Then, our
group'® has experimentally observed polarization switching

in (1122) plane InGaN QWs with high In compositions and
we noted the importance of strain. However, the analyses in
the aforementioned papers relied on the accuracy of GaN
physical parameters such as the deformation potentials.
Therefore, to fully understand fundamental physics and to
optimize device performance, a comprehensive study about
the strain-induced effects in GaN-related materials is
necessary.
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It has been demonstrated that deformation potential
theory can well explain the influence of strain on the elec-
tronic band structure.!”!8 In this theory, strain-induced ef-
fects are completely determined by the exciton deformation
potentials. To date, nearly all papers have experimentally de-
termined exciton deformation potentials in GaN using a
combination of x-ray measurements with optical measure-
ments on heteroepitaxial c-plane GaN films.!"-> However,
errors are unavoidable in these estimated values due to strain
inhomogeneity. Furthermore, the quasicubic approximation
must be used to extract all the exciton deformation potentials
because this approach gives only a part of the exciton defor-
mation potentials or the relations between them.!® On the
other hand, optical measurements under uniaxial stress are
very suitable measurement techniques which can create vari-
ous strained environments. Such techniques have yielded
the exciton deformation potentials of II-VI compounds
such as ZnO, CdS, and CdSe without the quasicubic
approximation.”®2° For c-plane GaN thin films grown on
sapphire, Yamaguchi et al.’® have demonstrated reflectance
spectroscopy under uniaxial stress. However, the relatively
large linewidth due to the heteroepitaxial growth prevented
the C-exciton transition (Hopfield notation)3! from being re-
solved, and furthermore, all the exciton deformation poten-
tials have not been experimentally obtained because the
uniaxial stress was applied only perpendicular to c-axis.

Herein, reflectance spectroscopy is performed for nonpo-
lar and semipolar bulk GaN substrates under uniaxial stress
along various directions. The experimental results are inter-
preted by group theory on excitons and analyzed in terms of
the effective Hamiltonian where the short-range Coulomb
interaction was taken into consideration. This approach al-
lows us to determine all the exciton deformation potentials
without the quasicubic approximation and we found that the
exciton deformation potentials in GaN considerably deviate
from the quasicubic approximation. Finally, we proposed a
set of material parameters such as the crystal-field interac-
tion, the spin-orbit interaction, the spin-exchange interaction,
and the exciton deformation potentials in GaN.

©2010 The American Physical Society
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TABLE I. Valence-electron and conduction-electron matrix at the I' point. [F+=A;+A;+C €+ Cy(€,+€,)) +C3€,+ Cule, +€,) + % Js

)% 373 Ao =Cre.+Col €+ €,) = 3j; K=—Cs(€,— €,,~2i€,); and H=—Cy(€,.~i€,.).]

G+=A1-0+C €, +Co(€ +€,) +Cs€,,+ Cyl€ t €y,

praa p-aa PP P+BB p-BB p.apB P+ p-ap P:BB P+Ba p-Ba paa
piaa F_ K 0 —Jj 0 0 0 0 0 0 0 H
p_aa K* G_ V24, 0 —j 0 0 0 0 0 0 -H*
p.Ba 0 V24, A, 0 0 0 0 0 0 H -H 0
p.BB —j 0 0 G_ K V244 0 0 H 0 0 0
p_BB 0 —j 0 K* F_ 0 0 0 -H* 0 0 0
p.ap 0 0 0 24, 0 A, H* -H 0 0 0 0
p.af 0 0 0 0 0 H F, K 0 0 0 0
p_ap 0 0 0 0 0 -H* K* G, 24, 0 0 0
p.BB 0 0 0 H* -H 0 0 V24, A 0 0 -
p.Ba 0 0 H 0 0 0 0 0 0 G, K 24,
p_Ba 0 0 -H* 0 0 0 0 0 0 K F, 0
p.aa H* -H 0 0 0 0 0 0 —j 24, 0 A

IL. THEORY Cs=Ds, Cg=Dg. (3)

In this section, the effective exciton Hamiltonian in hex-
agonal symmetry?® is described using notations in Ref. 32.
We expanded this theory to obtain oscillator strengths for
arbitrary directions. This procedure is essential for describing
the optical properties of wurtzite materials grown on semi-
polar planes.

According to the effective Hamiltonian formalism pro-
posed by Bir and Pikus,'® the exciton Hamiltonian can be
written as

H=H(C) +H8 +Hslrain+Hexciton’ (1)

where H? and Hg are the nonstrain conduction and valence-
band Hamiltonian, respectively. H*™" is a strain-related
term. H¥"" originates from essentially two particle natures
and is written as

xciton 1 .

H* =B.E. + 5](0'6 R (2)
where B.E. describes the exciton binding energy and j is the
spin-exchange interaction constant which describes the
electron-hole exchange interaction.??

Considering a hexagonal symmetry, Eq. (1) can be rewrit-
ten by the invariant method as

BV = A 2+ Ay oy, + As(0, 0+ 0y J,)
+(Cr+ CaD) e+ (Co+ Cu) (e + €)
- Cs(Pe,+Tre) = 2C4([J ], Je_, + [JJ ]e,.)

+B.E. + %j(a'e R (3)
where
€+ =€,— €, 2ie,, €. =€, T i€, (4)
and
Ci=Dy-a., Cy=Dy-a, C3=D; Cy=D,,

Here J and o describe the orbital angular momentum and
Pauli-matrix operator, respectively, and their definitions are
the same as those in Ref. 28. A, describes the crystal-field
interaction due to the uniaxial crystal while A, and A5 de-
scribe the spin-orbit interaction parallel and perpendicular to
the ¢ axis, respectively. C; describes the exciton deformation
potentials, which are related to the conduction-band defor-
mation potentials (a..,a.,) and the valence-band deformation
potentials D; by Eq. (5). €; represents strain tensors. It
should be noted that herein a negative sign indicates com-
pressive strain, and we assumed that B.E. and A|_5 are strain

independent.?*

-

-
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FIG. 1.
(x',y",z') coordinates. Case for (1122) plane is shown.

(Color online) Relationship between (x,y,z) and
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Considering that the conduction bands are s-like and the va-
lence bands are p-like, general exciton wave functions can be
written by a linear combination of the basis functions as

|‘I’excmn> =a\|p,aa)+a)|p_aa) + a3|Pz,301> +aylp. BB
+as|p_BP) + aglp.aP) + as|p,aB) + ag|p_ap)

+a|p.BB) + aio|p.Ba) + ayi|p_Ba) + aplp,ac),
(6)
where
1 . 1 .
p.)y=- \’_E|px +ipy), |p)= Elpx —ipy). (D)

Here the former and latter « (8) are the valence-electron and
conduction-electron up (down) spin functions, respectively.
Using Egs. (3) and (6), the valence-electron and conduction-
electron matrix is obtained as shown in Table I.

The relative oscillator strengths in each direction can be
obtained by considering the selection rules of the electric-
dipole transitions, which are written as

€xx st s os;3 000
yy sppospos;3 000
22 | S13 S13 833 0 0 0
2€,, 0 0 0 s4 0 O
2e,, 0 0 0 0 s4 O
2¢€,, 0 0 0 0 0 sg

where s;; and F; denote the elastic compliance constants and
stress tensors, respectively.

GaN-related materials typically form a hexagonal struc-
ture in the wurtzite phase and have crystal symmetry belong-
ing to the Cg4, point group. As discussed in Ref. 36, the
irreducible representation of the conduction band is F$
whereas those of the valence bands are I'y, I'y, and T'5.
These conduction band and valence bands are doubly degen-
erated due to the spin. To consider the irreducible represen-
tations of excitons, direct products of those of the conduction
band and the valence bands are needed. Figure 2 shows the
irreducible representation of the band-to-band model and the
exciton model. The irreducible representations of I's and T',
are dipole allowed for E L ¢ and Ellc, respectively.

When uniaxial stress perpendicular to the c-plane is intro-
duced, the crystal symmetry is reduced and the point group
changes from Cg, to C,,. Figure 3 illustrates the irreducible
representations of the excitons. The irreducible representa-
tions of I'y, I'y, and I'; are dipole allowed for Ellx, Elly, and
Ellz, respectively, where the x and y directions are no longer
equivalent.
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N |
for x d1rect10n:5|—a1 +a,—a,+as

2

1
for y d1rect10n:5|a1 +a,+ay+as

>

for z direction:|aq + a;,|*. (8)

To obtain the oscillator strengths for arbitrary directions,
we need to introduce new orthonormal coordinates of
(x',y",z"). Figure 1 depicts the relationship between (x,y,z)
and (x',y’,z’). The oscillator strengths for arbitrary direc-
tions can be obtained by solving UHW"“ey-lw. . »
=E|W. .ion)» Where U is the Unitary transformation operator
and |W. .. is a new exciton wave function under the
(x",y",z") coordinates. The definition of the Unitary trans-
formation operator is given in Appendix.

When a uniaxial stress is introduced, the relationship be-
tween strain and stress tensors can be given by Hooke’s

law?

’ 2 ros P
F,, cos® 0+2F_ sin §cos 0+ F_ sin” ¢
’

Fyy
! -2 ' . ’ 2
F,, sin® 0—2F_ sin 6 cos 0+ F, cos” 0

! ! .
Fy cos - F, sin 0

; )

— F. sin 6 cos 0+ F,(cos* 6—sin® 6) + F__ sin 6 cos 0

’ . ’
Fy_ sin 6+ F, cos ¢

III. EXPERIMENTAL AND ASSIGNMENT

The samples used in this study were a-plane and (1122)
plane bulk GaN substrates grown by hydride vapor phase
epitaxy (HVPE). Their surfaces were chemically and me-
chanically polished. Etch-pit density and residual carrier
concentration were approximately 10° cm™2 and 107 cm™,
respectively. The samples were cut into a cuboid shape by a
laser scriber and mechanically lapped until optically flat
edges were obtained. Typical dimensions of these cuboid
samples were 3 X3 X 0.5 mm?.

A uniaxial stress-loading system operating at cryogenic
temperature was constructed. Polarized reflectance spectros-
copy under uniaxial stress was performed using a Xe-lamp
and a Glan-Taylor polarizer combined with this system. The
signals were dispersed by a 1-m monochromator (1200
grooves/mm) and detected by a photomultiplier tube employ-
ing conventional lock-in techniques. The current experimen-
tal setup had a resolution of approximately 0.01 nm. When
we transformed the wavelengths into energies, a refractive
index of air, n,,=1.000277 was used. All experiments were
performed at the normal incidence condition at nearly 4.2 K.
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FIG. 2. Irreducible representations of the band-to-band model
and exciton model in the Cg, point group. The arrangement in the
exciton model was determined by our experiments. Broken lines are
dipole forbidden.

To confirm the operation of the uniaxial stress-loading
system, we performed polarized reflectance measurements
on c-plane GaN films grown on sapphire substrates. Uniaxial
stress was applied perpendicular to the a-plane, which is the
same condition reported in Ref. 30. It was confirmed that the
uniaxial stress-loading system worked properly because our
data and that in Ref. 30 quantitatively agree (data not
shown).

Before describing the experimental results, the role of the
exciton deformation potentials (C;—Cg) in determining the
electronic structures is explained. If the crystal symmetry
belongs to the Cg, point group, €,, and €, are equivalent and
all the nondiagonal terms of the strain tensors are zero.
Therefore, the uniaxial stress dependence of the energy dif-
ference between exciton transitions (relative exciton-
transition energies) are determined by only the exciton de-
formation potentials of C; and C,. When the crystal
symmetry is reduced from the Cg, to the C,, point group, the
exciton deformation potential of Cs as well as C; and C, are
necessary to describe the uniaxial stress dependence of the
relative exciton-transition energies because the strain tensors
of €, and €, are no longer equivalent. In addition, applying

Yy
stress along an off-crystal axis direction further reduces the

rlc — _— FIC

FIG. 3. Symmetry breaking from the point group of C¢,—C,,.
Broken lines are dipole forbidden.
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FIG. 4. (Color online) Experimental configurations (a) Plic, (b)
P Lc,and (c) PII[1123].

crystal symmetry, when the exciton deformation potential of
C¢ is also necessary to describe the uniaxial stress depen-
dence of the relative exciton-transition energies. The exciton
deformation potentials of C; and C, are only required to
explain the uniaxial stress dependence of the absolute
exciton-transition energies.

Initially, polarized reflectance measurements were per-
formed on the a-plane bulk GaN substrate under uniaxial
stress perpendicular to the c-plane (Pllc). Figures 4(a) and 5
show the configuration and results, respectively. The uniaxial
stress dependence of some reflection anomalies with sharp
linewidths were observed for both Ellc and E L c¢. Using
group theory on excitons as discussed above, the resonances
observed for Ellc were assigned to F]f(nzl), Ff(n: 1), and
F(lj(n=2) on the order of the photon energy. As the uniaxial
stress increased, a new anomaly appeared nearby Flc(n= 1),
which we assigned to I‘]f(n:Z) considering the stress depen-
dence and exciton binding energy. Likewise, the resonances
observed for E L ¢ were assigned to F?(n:l), I‘?(n:l),
F?(n:Z), and I’ g(n= 1). It should be noted that a weak fea-
ture was also observed on the lower energy side of T’ ?(n

(a) (b)

Bty ceeny Elle
G (n=2)

A (n=1) Elc
B (n=1)

C(n=1)

0.01 GPa 0.01 GPa| |[A (n=2

0.12 GPa 0.12 GPa

0.23 GPa

023 GPa

0.33 GPa 0.33 GPa

Reflectivity (arb. units)

ik

0.50 GPa 0.50 GPa

Reflectivity (arb. units)

B (h=2)

3.46 348 3.50 352 354 346 348 3.50 352 3.54
Photon energy (eV) Photon energy (eV)

FIG. 5. Reflectance spectra of the a-plane GaN bulk substrate
under uniaxial stress Pllc. (a) Ellc and (b) E L c.
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FIG. 6. (Color online) Uniaxial stress dependence of exciton-
transition energies for Plic. (a) Relative to F?(n: 1) and (b) abso-
lute values. Symbols represent the experimental data whereas the
lines are the fitted results.

=1) and we assigned it to an impurity-related exciton of
F?(n:l) considering the uniaxial stress dependence. Since
we mainly focus on the intrinsic optical properties of GaN in
this paper, these features are neglected in the following
discussions.

Here, we assumed that the exciton-transition energies cor-
respond to the average energies between those for the reflec-
tion maxima and the minima. The exciton-transition energies
obtained in this analysis agreed well with those extracted by
the fitting based on the exciton-transition model.’” It should
be noted that reflectance spectra should be interpreted by
the exciton-polariton model, which includes spatial
dispersion.*®3° However, it has been reported that the fitting
results using the exciton-transition model and the exciton-
polariton model are within the experimental error for GaN,*’
which is why we neglected the exciton-polariton effects in
this study. Figure 6 shows the uniaxial stress dependence of
the relative energies with respect to I's(n=1) and the abso-
lute exciton-transition energies.

(a) (b)

Elle Elc
A (n=1)

B(n=1) ¢ (h=1)
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B (n=1) Ch=D
C (n=2)
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Reflectivity (arb. units)
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Reflectivity (arb. units)

An=1)
0.49 GPa

ii

0.49 GPa
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354 346 348 350 352 354
Photon energy (eV)
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FIG. 7. Reflectance spectra of the a-plane GaN bulk substrate
under uniaxial stress P L c. (a) Ellc and (b) E L c.
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FIG. 8. (Color online) Uniaxial stress dependence of exciton-
transition energies for P L ¢. (a) Relative to F?(n: 1) and (b) abso-
lute values. Symbols represent experimental data whereas the lines
are the fitted results.

Secondary, polarized reflectance measurements were per-
formed on the a-plane bulk GaN substrate under uniaxial
stress perpendicular to the m-plane (P L ¢). Figures 4(b) and
7 show the configuration and results, respectively. Using
group theory on excitons, the resonances observed for Ellc
were assigned to I‘?(n:l), Ff(n:l), and Flc(n=2) on the
order of photon energy. Under high stress, a new feature,
which was assigned to F?(n:l) by considering group
theory, appeared around 3.480 eV. Similarly, the resonances
observed for E L ¢ were assigned to F?(n:l), FzB(n=l),
F?(n:Z), and Fg(n=1). Figure 8 shows the uniaxial stress
dependence of the relative energies with respect to F?(n
=1) and the absolute exciton-transition energies.

Finally, we performed polarized reflectance measurements

on the (1 152) plane bulk GaN substrate under uniaxial stress
PI[1123]. Figures 4(c) and 9 show the configuration and

(a) (b)

AGetyg ey £ I1TT123] At £ | T1100]
B(n=1) G (n=1)
0.04 GPa =) W

0.12 GPa
0.20 GPa

0.12 GPa

0.20 GPa
0.31 GPa
0.31 GPa

044 GPa 0.44 GPa

3.46 348 3.50 3.52 354 346 3.48 3.50 3.52 3.54
Photon energy (eV) Photon energy (eV)

Reflectivity (arb. units)
Reflectivity (arb. units)

FIG. 9. Reflectance spectra of the (1122) plane GaN bulk sub-
strate under uniaxial stress PI[1123]. (a) EI[1123] and (b)
EI[1100].
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FIG. 10. (Color online) Uniaxial stress dependence of exciton-
transition energies on the (1122) plane GaN bulk substrates

PI[1123] and EI[1100]. Symbols represent experimental data
whereas the lines are the fitted results.

results, respectively. So far, Cg has not been experimentally
determined but it has been obtained by the quasicubic ap-
proximation. In contrast, the current configuration enables
the exciton deformation potential of Cq to be experimentally

determined because shear strain is induced. For EIll[1123],
three exciton transitions were resolved as shown in Fig. 9(a)
although six exciton transitions are theoretically dipole al-
lowed. This is because three of six exciton transitions with
relatively large oscillator strengths were experimentally ob-

served for E|[1123]. This situation may cause misassign-
ment on excitons. On the other hand, in the case of

EI[1100], we experimentally observed three exciton transi-
tions as shown in Fig. 9(b) and found that three exciton
transitions are theoretically dipole allowed. Therefore, we
assigned the exciton-transition energies only for this configu-

PHYSICAL REVIEW B 81, 155202 (2010)

ration. Figure 10 shows the uniaxial stress dependence of the
absolute exciton-transition energies.

IV. DISCUSSION

Initially, the experimental results for samples under no
stress were analyzed in order to obtain the “bulk param-
eters:” A, A,, A;, and j. In this particular case, the exciton-
transition energies were deduced by the exciton-model fit-
ting. The bulk parameters were completely determined from
the relative exciton-transition energies. We assumed that our
samples were strain free. Table II lists the bulk parameters
and the relative exciton-transition energies. A, and A; agree
well with the reported values but A, appears somewhat
larger. Reference 23 has noted that the residual strain in
HVPE samples may cause an overestimation of A;. How-
ever, if the short-range Coulomb interaction is not consid-
ered, deduction from the relative exciton-transition energies
of FSB—F? and Fg—FSA indicate that A;=9.8 meV, A,
=5.9 meV, and A;=6.0 meV. These values are in excellent
agreement with those of a homoepitaxial GaN.3” Therefore,
we believe that A, is larger due to the short-range Coulomb
interaction rather than the residual biaxial strain. Hence, the
short-range Coulomb interaction is important in determining
the bulk parameters. Next, we examined the value of j. To
date, j has been experimentally extracted by the relative
exciton-transition energy between F? and I’ ?. However, as
shown in Fig. 11, it should be determined by the relative
exciton-transition energy between I'S and T'{ rather than be-
tween I'S and I'®. Hence, we simultaneously performed the
least-squares fitting for all observables and determined the
bulk parameters in GaN. Table II shows the results.

Next, the uniaxial stress dependence of the exciton-
transition energies was analyzed using the analytical expres-
sions of the valence-electron and conduction-electron matrix
derived by Gil et al.*>*! due to their usefulness in the least-
squares fitting. When a uniaxial stress is applied perpendicu-
lar to the c-plane (Pllc), the relative exciton-transition ener-

TABLE II. Relative exciton-transition energies and bulk parameters in units of meV. Relative exciton-
transition energies are calculated by bulk parameters.

Experimental re-r& r¢-re r®’-ry ry-ré A, A, As j
Korona et al.® 5.1 23.9 5.1 23.9 93 66 66
Yamaguchi et al.® 4.5 22.0 4.5 22.0 100 55 60
Shikanai ef al.¢ 7.4 29.6 7.4 29.6 220 50 50

Gil et al.9 4.3 21.2 3.7 23.1 100 51 61 20
Gil et al.® 4.3 21.1 4.4 215 87 57 59 06
Paskov et al.f 6.1 22.0 6.2 225 100 62 55 06
Paskov et al.f 4.4 21.7 4.4 222 100 55 60 06
Present work 4.9 22.5 4.6 23.8 12.3 5.2 5.9 1.2

4Reference. 37.
PReference. 23.
‘Reference. 21.
dReference. 41.
“Reference. 42.
fReference. 43.
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FIG. 11. (Color online) Relative energies are plotted as a func-
tion of the spin-exchange interaction coefficient. Calculation param-
eters are A;=10.0 meV, A,=5.5 meV, and A3;=6.0 meV (Ref.
43).

gies are completely determined by the parameter o as
follows:

ot = C3S33+2C4Sl3. (]0)

We performed the least-squares fitting for all the observables
and obtained o*=0.0174 eV/GPa.

Likewise, when a uniaxial stress is introduced perpen-
dicular to the m-plane (P L c), the relative exciton-transition
energies can be determined by the following two parameters:

B'=C3813+ Cy(S11+S10),

B'==Cs(S;1=S1). (11)

Using the same procedure, we obtained

B'=-0.0136 eV/GPa and B“=0.0116 eV/GPa.

Also, for the (1122) plane with PII[1123], the following
three parameters are necessary:

Y' = C5(S)3 cos? 6+ Sy sin® 6)
+ Cy[(Sy; + Syp)cos® 6+ 28,5 sin® 6],

'}/l =— C5(S11 - Slz)COSZ 0,

1
¥ = §C6S44 sin 6 cos 6. (12)

The least-squares fitting gave 9*=0.0086 eV/GPa, "
=0.0026 eV/GPa, and ¥*=-0.0081 eV/GPa. At this stage,
a, 3, and y were determined separately from their respective
experiments.

Then, to obtain the exciton deformation potentials from
Egs. (10)—(12), the values of the elastic constants must be
determined. Although numerous sets of the elastic constants
have been proposed using both first-principles calculations
and experiments such as brillouin scattering or resonance
ultrasound method,** the values are largely scattered. Herein,
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[&]

FIG. 12. (Color online) Relations between C3 and Cy4 obtained
by experiments under three different conditions, Pllc, P L ¢, and

PII[1123] are plotted. Dotted lines represent experimental errors.

we chose the elastic constants proposed by Yamaguchi et
al.® because this study determined the elastic constants us-
ing bulk GaN substrates. It should be noted that the elastic
constants in GaN were assumed to be independent of
temperature.*®

With the selected set of elastic constants, we obtained
three equations for the relationship between C; and C, (o,
B, and "), two equations for Cs (8 and "), and one equa-
tion for C4(9*). To extract the most plausible four parameters
(C5 to Cg) from these six equations, C; and C, were initially
determined because these were experimental observables in
all the experiments. Figure 12 plots the three relations be-
tween C; and C, using the elastic constants in Ref. 45. These
three relations form a triangle and selecting the position
close to the center simultaneously minimizes the errors in all
the experiments. Thus, the values for C5 and C4 were 4.9 and
-5.0 eV, respectively.

Next, 8%, 94, and 9y’ were re-evaluated using the least-
squares fitting where B“ and " were constants using the
above values of C; and C,. Consequently, Cs=—2.8 eV and
Ce=-3.1 eV were obtained. To determine the sign of C5 and
Cs, the uniaxial stress dependence of the oscillator strengths
as well as the exciton-transition energies were considered.

Finally, C; and C, were determined from the absolute
exciton-transition energies. Similar to Cs, and Cy, C; and C,
were experimental observables in all the experiments. There-
fore, the same procedure was used to evaluate C; and C, as
6.5 and 11.2 eV, respectively.

Using the exciton deformation potentials obtained by the
current analysis, theoretical calculations were performed and
the results are shown in Figs. 6, 8, and 10. The accuracies of
the exciton deformation potentials of C;_; 5345 and Cg were
about 10% and 20%, respectively. It must be emphasized that
the experimental uniaxial stress dependence of the exciton
oscillator strengths can also be qualitatively described by
theoretical calculations using our values. Table III lists the
exciton deformation potentials. If the elastic constants pro-
posed by Polian er al’® were used then the exciton-
deformation potentials were C;=7.6 eV, C,=11.8 eV, C;
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TABLE III. Exciton deformation potentials in GaN and other wurtzite II-VI compounds.

GaN (experimental) C, C, Cs Cy Cs Ce C;3/(-2Cy)
Shan et al.® 6.5 11.8 53 -2.7 0.98
Shikanai et al. 8.82 -4.41 1
Peng et al.¢ 9.6 8.2 1.9 -1.0 0.95
Gil et ald 6.85 8.84 1.99 -1.0 1
Alemu et al.® 5.32 10.23 491 -2.50 -2.4 0.98
Yamaguchi et al.f 6.8 -34 -33 1
Ghosh et al.® 3.1 11.2 8.2 -4.1 -4.7 1
Vurgaftman ez al." 4.9 11.3 8.2 -4.1 -4.0 (-5.5) 1
Vurgaftman ez al.l 7.1 9.9 52 -2.7 -2.8 (-4.3) 0.96
Chuang er al 4.78 6.18 1.4 -0.7 1
Present work 6.5 11.2 4.9 -5.0 -2.8 -3.1 0.49
GaN (calculation)
Ohtoshi et al.X 6.6 -3.3 -4.0 1
Suzuki et al.! 2.99 -1.50 -2.04 -3.67 1
Kumagai et al.™ 2.9 10.9 8.0 -4.0 1
Wagner et al." 4.09 8.87 7.02 -3.65 0.96
Yan et al.® 5.81 8.92 547 -2.98 -2.82 0.92
Shimada et al.P 5.80 -3.25 -2.85 0.89
Majewski et al.9 6.61 -3.55 0.93
Kim et al.” 5.7 -2.85 1
II-VI compounds (experimental)
Zn0O* 3.8 3.8 0.8 -1.4 -1.2 [1.0] 0.29
ZnOt 3.90 4.13 1.15 -1.22 -1.53 -0.92 0.47
CdSss 2.8 4.5 1.3 -2.9 -1.5 [1.2] 0.22
CdSe® 0.76 3.7 4.0 -2.2 1.2 [1.5] 091
#Reference. 20. IReference. 32.
PReference. 21. kReference. 49.
‘Reference. 47. IReference. 12.
dReference. 22. MReference. 50.
“Reference. 24. "Reference. 51.
fReference. 30. °Reference. 52.
gReference. 25. PReference. 53.
hReference. 44 Cg is not observable 9Reference. 54.
(quasicubic approximation). "Reference. 55.
'Reference. 48 Cg¢ is not observable SReference. 28.
(quasicubic approximation). 'Reference. 29.

=45 eV, C4,=-4.8 eV, C5=-2.9 eV, and C4=-3.6 eV. C3+4Cs= \ECG. (14)

It is found that our exciton deformation potentials signifi-
cantly differ from previous studies, especially the relation
between C; and C4. The well-known approximation in the
hexagonal symmetry, that is, the quasicubic approximation,
can be written as

DI—D2=—D3=2D4, D3+4D5= \\”ED6. (13)
Using our notation, Eq. (13) can be written as

Ci-Cy—(a,—ay)=—C3=2Cy,

To explain the quasicubic approximation in hexagonal wurtz-
ite structures, the ideal sp3 tetrahedral bond configuration in
cubic zincblende structures must be recalled. In “ideal” hex-
agonal wurtzite structures, the ideal sp? tetrahedron is pre-
served, and c¢/a must equal 1.63299,57 when the quasicubic
approximation is strictly applicable. However, if the c/a ra-
tio deviates from the ideal value, the quasicubic approxima-
tion need not to be rigorously satisfied.

To date, the quasicubic approximation has been consid-
ered a good approximation in GaN which has a c¢/a ratio of
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FIG. 13. (Color online) Ratio of ¢/a and —C3/2C, for select
wurtzite compounds.

1.6259. Gil and co-workers®® have suggested that this ap-
proximation is experimentally supported because significant
differences between the hydrostatic stress dependence of
heavy hole and other bands in the absorption spectra are not
present. In fact, C3=—2C, must be satisfied as long as the
hydrostatic strain does not vary the energy difference be-
tween the heavy-hole band and the other bands. However,
the absorption spectra®®® that Gil et al. relied on do not
exhibit clear exciton-related transitions and the relation be-
tween C; and Cj is generally different between under hydro-
static stress and hydrostatic strain. Thus, their assertion does
not seem firm.

Table III also lists the deformation potentials in II-VI
compounds. It should be noted that the valence-band order-
ing of ZnO is still controversial.®"*%> Langer et al.?® have
reported that the irreducible representation of the topmost
valence band is 'y, while Wrzesinski and Froohlich® have
assigned that the valence-band ordering is I'?-I'6-TS. The
different assignment of the valence bands may cause the dif-
ferences between the deformation potentials in ZnO in Refs.
28 and 29. Because it cannot be concluded which arrange-
ment is correct at this stage, both the deformation potentials
are listed in Table III. Herein, we evaluated the deviation

[wexeitony — g |p, aa) + an|p_raa) + as|p, Ba) + aglp, BB) + as|p_ BB) + ag
+ag|paf) + aglp_raB) + aolp. BB) + ayglp. Be) + ayy|p_s Ba) + aplp aa),

where

1 1
lpi)==—F=lpe +ipy), |p-)=—Flps —ipy). (A3)
V2 V2

Equation (A1) can be rewritten under the (x’,y’,z’") coor-
dinates as
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from the quasicubic approximation by comparing
C3/(=2Cy). The deformation potentials in ZnO and CdS do
not satisfy the quasicubic approximation most likely because
they have “nonideal” wurtzite structures. Figure 13 plots the
c¢/a ratio for select wurtzite semiconductors. It is found that
the deviation from the quasicubic approximation is corre-
lated with the c/a ratio. Therefore, we concluded that our
exciton deformation potentials in GaN show the breakdown
of the quasicubic approximation.

V. CONCLUSION

Reflectance spectroscopy for nonpolar and semipolar bulk
GaN substrates under uniaxial stress was performed. Bir-
Pikus theory was expanded to describe the optical properties
of wurtzite materials grown on semipolar planes, where the
short-range Coulomb interaction was considered. Fitting the
experimental results with calculations provided all the exci-
ton deformation potentials as C;=6.5 eV, C,=11.2 eV, C;
=49 eV, C,=-5.0 eV, C5=-2.8 eV, and C¢4=-3.1 eV as
well as bulk parameters. The obtained values clearly indicate
a breakdown of the quasicubic approximation in GaN.
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APPENDIX: DERIVATION OF THE UNITARY
TRANSFORMATION MATRIX

In this appendix, the unitary transformation matrix, which
is used to obtain oscillator strengths for arbitrary directions,
is derived. In the (x,y,z) orthonormal coordinates, the
Schrodinger equation can be written as

HWurtzite|\I,excit0n> — E|\I,excit0n>. (Al)

Here, we introduce an exciton wave function as [Wexcion)’
=U|Wwexeton)  where U is the unitary transformation matrix.
[exeiony! s defined as

pz’aﬁ>
(A2)

U HWurlzile U—l |‘I’ !

exciton

y=E|V!

exciton/ *

(A4)

The unitary transformation matrix U can be derived consid-
ering the coordinate transformation from (x,y,z) to
(x",y",7") to give the following matrix:
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(1+cos )  (1-cos 6)
— 2 0 0 0 0
(1-cos 6)  (1+cos 6)
— a2 0 0 0 0
0 0 cos 6 0 0 0
(1+cos 6)  (1—cos 6)
0 0 0 = —— 0
(1-cos )  (1+cos 6)
0 0 0 —— —— 0
0 0 0 0 0 cos 0
U= sin
0 0 0 0 0o ot
0 0 0 0 0o -
sin 6 sin 6
O O 0 - \5 \5 O
0 o 0 0 0
0 0o - 0 0 0
_sin 0 sin 6 0 0 0 0

S}
S}
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0 0 0 0 0o %
0 0 0 0 0o -
sin @ sin 0
0 0 0 -5 5 0
0 0o 0 0 0
0 0o - 0 0 0
sin 6 sin 6
-5 50 0 o 0
(1+cos 6)  (1—cos 6)
— 2 0 0 0 0
(1-cos )  (1+cos 6)
> 5 0 0 0 0
0 0 cos 0 0 0 0
(1+cos ) (1—cos 6)
0 0 0 = = 0
(1-cos )  (1+cos 6)
0 0 0 = 5 0
0 0 0 0 0 cos 0
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