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Electronic band structure of wurtzite GaN under biaxial strain
in the M plane investigated with photoreflectance spectroscopy
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We investigate the modification of the electronic band structure in wurtzite GaN due to biaxial strain within
the M plane using photoreflectan¢@R) spectroscopy. The compressively straifdglane GaN film is grown
on y-LiAlO, (100). In the PR measurements, the electric-field ve@®rof the probe light is polarized parallel
(I and perpendicularl() to thec axis of GaN which lies in the growth plane. At c, the spectrum exhibits
only a single resonant feature at lower energies, whileSifw a different single resonant feature appears at
higher energies. To identify these features, we calculate the strain dependence of the interband transition
energies and the components of the oscillator strength using-th@erturbation approach. Comparison with
the calculations shows that the origin of the PR features and their significant in-plane polarization anisotropy
is related to the influence d¥l-plane, biaxial compressive strain on the valence-band structure of GaN. We
estimate the value of the deformation potenbalto be —4.7 eV.
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[. INTRODUCTION functions with nearly identical symmetry, this is no longer
true in the presence of biaxial strain in tiv plane. This
The wurtzite (WZ) structure of IlI-V nitrides leads to change in symmetry affects the polarization selection rules
electrostatic fields due to spontaneous and piezoelectric pdor interband transitions. Therefore, additional changes are
larization, when the film growth is along tH6001] direc-  €Xxpected in the polarization properties of kplane GaN
tion, i.e., for C-plane-oriented films. These electrostatic film due to in-plane strain. However, to the best of our
fields separate the electron and hole envelope wave functiof§owledge, so far there exists no direct experimental evi-
in a heterostructure such as a quantum well. The consequefignce for the EBS modification and the consequent changes
reduction in the envelope wave-function overlap results in d" the optical polarization properties of GaN due to biaxial

lower radiative efficiency for light-emitting devicésA way str?mt;]r_l theM plane. hotoreflectarn(@R ¢
to overcome this problem is to grow films along nonpolar n this paper, we use photoreflectan@&R) spectroscopy

directions such a$1100], i.e., M-plane-oriented films. The to study the EBS modification of a-plane GaN film due

rowth ofM-blane GaN films has been a challenae due to theto in-plane biaxial compressive strain. The resonant features
g P . enge d .~ Observed in the PR spectrum have different energies from
lack of substrates that favor such orientation during film

. ) those expected for unstrained GaN and show strong in-plane
growth. Recently, the growth dfi-plane-oriented films on D gn-p

. Y - polarization anisotropy. We perform k-p perturbation-
y-LIAIO; (100 substrates was demonstrateitiwas experi-  paseq EBS calculation and determine the strain dependence

mentally shown that the electrostatic fields can be avoided i e energy of the three interband transitions at the funda-
such nitride quantum welfsHowever, the lattice mismatch ental band gap of GaN as well as the components of their
between the film and the substrate results in in-plane strairyscillator strength. By comparison with the calculated EBS
which can strongly influence the electronic band structurgesults, we identify the origin of the PR features and explain
(EBS) of the material. their polarization properties.

EBS modification due to biaxial strain in ti@plane -y The paper is organized in the following way. In Sec. I,
plang of WZ-GaN has been studied extensively both theowe present the sample structure and the PR setup. In Sec. llI,
retically and experimentalf/Isotropic strain in theC plane  we describe in detail the EBS calculation. In Sec. IV, we
(with strain components,,= €,,) preserves the symmetry in present the experimental results. The comparison of the ex-
the x-y plane of the WZ-GaN lattice so that no significant perimental results with the EBS calculations and a discussion
in-plane optical polarization anisotropy occurs. For aniso-of the results are presented in Sec. V. Finally, we give a brief
tropic strain in theC plane, an in-plane polarization anisot- summary of the investigation in Sec. VI.
ropy can arise, which has been confirmed experimerfally.
The situation is expected to be quite different forsplane
sample, where the uniqueaxis lies within the growth plane.
Here, even in the absence of in-plane strain, one expects to The M-plane GaN film (1.22um thick) used in this study
see an in-plane polarization anisotropy. Any biaxial strainwas grown by rf plasma-assisted molecular-beam epitaxy
within the M plane -z plane further lifts the symmetry in  (MBE) on a 7-LiAIO,(100) substraté. High-resolution
the x-y plane of the WZ-GaN lattice. According to theoreti- triple-axis x-ray diffraction()XRD) and Raman spectroscopy
cal predictions;® biaxial strain within theM plane would were used to verify thé-plane orientation of the film and
significantly modify the top two valence-barftB) states. its single phase naturé.e., absence ofC-plane-oriented
While in the absence of any strain these VB states have wawdomains.? Figure 1 shows the XRD profile across t1400)

Il. EXPERIMENTAL DETAILS
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IR I I I LR LN L hole (LH), and spin-orbit crystal-field split-off holéSCH),
i O Gbetment b respectively. The excitons involving electrons in the conduc-
tion band(CB) and holes in the HH, LH, and SCH bands are

referred to as A, B, and C excitons, respectively. The states at

. the CB bottom have atomig orbital character. The top HH

] and LH band states have essentially atopi@andp, orbital

charactewave function|X+iY)-like), while the SCH band

states have, orbital charactetwave function|Z)-like). The

3 c axis defines the direction. Due to strain, the VB states are

B0 23 8 0 5 strongly modified affecting both the energies as well as the

polarization selection rules for the transitions. To theoreti-

cally estimate the strain-induced EBS modificatiorkat 0,

we adopt thek - p perturbation approach outlined by Bir and

Pikus!! Since the large band gap of GaN reduces the inter-
FIG. 1. Experimental and simulated triple-axis x-r@20 scan ~ action between the VB and the CB statéshe Hamiltonian

across the symmetric @D) reflection of theM plane GaN film on for the strain dependence of the VB can be separately given

LIAIO ,(100) substrate. The inset shows the wurtzite GaN unit cellPY the following 6<6 matrix:
and the choice of coordinates. - -

3 (0001)
g C-plane

(1100
at B M-plane g8
4 ' GaN (1100) LiAlO; (200) 9 B

Counts (arb. units.)

AB (degree)

F 0 —H* 0 K* 0
reflection of the sample. The inset displays the wurtzite-GaN 0 G A “H* 0 K*
unit cell_and the choice of coordinates. The angular position
of the (1100) reflection corresponds to a biaxial compressive ,_| ~H A A 0 I* 0
strain in the M-plane with an out-of-plane dilatatios, HY= 0 —H 0 A A x|
=0.29%. This result is in agreement with Raman measure-
ments, which exhibit strongly blueshifted lines. Note that K 0 [ A G O
compressive strain is to be expected both from the lattice 0 K 0 [ 0 FE

mismatch 0.3% alongz, —1.7% alongx) between - -
GaN(1100) and LiAlO,(100) and from the thermal mis- Where
match, which is compressive along both directions as well.

For comparison, &-plane GaN film, which is not expected

to show any in-plane polarization anisotropy, was also stud-

ied to rule out spurious sources of polarization anisotropy.

This C-plane GaN film was grown by reactive MBE on a

F:A1+A2+)\+0, G:Al_Az‘l')\“’a,

H=1i(AgkK: +AK; +Dgeys),

6H-SiC (0001) substrat® and is under biaxial tensile strain I =i(AgkK, — A7k, +Dgess),
with an out-of-plane contractioa,,= —0.08%.

Modulation spectroscopy techniques such as PR are usu- K=Ask? +Dse., A=12A,,
ally the preferred method for the study of the EBS of
semiconductors’ The PR technique is relatively insensitive N =A1k§+A2kf + D16+ Do €xxt €yy)s
to defects, has high-temperature capability, and reveals tran-
sitions at energies higher than the fundamental gap. In the 0=A3k§+A4kf+D3€zz+ Da(€xxt €yy).
PR measurements, we used a He-Cd |&36315 eV} as the
pump beam. The probe bedangle of incidence-10°) was € = n— €yt 26y, €1=e6gtiey,,
obtained by dispersing the output of a Xe lamp using a 0.64
m monochromatorenergy-band pass-4 meV) and lin- K. =k +iky, kf:kiJr kf,. 1)

early polarizing the output beam with a Glan-Taylor prism.
The electric-field vectofE) of the probe beam was usually The parameter®; (j=1 to 6 denote the deformation po-
polarized parallel [() or perpendicular () to thec axis. A tentials for the VB, and\; (j=1 to 7) are equivalent to the
second 1.0 m monochromator running synchronously with_uttinger parameters and determine the hole effective
the first was used as a narrow-band pass filter in front of thenassese¢,, and k, (I,m=x,y,z) are the strain and wave-
UV-enhanced silicon detector. This setup helps to reduce thgector components, respectively, is the crystal-field en-
background signal and noise arising from the scattered pumgrgy parameter, whilé\, and A5 are spin-orbit energy pa-
beam and photoluminescen@l) emission at low tempera- rameters. The basis functions used to obtaiti are
tures_. Phas_e_ sensitive detection was performed using @1/\/§)|x+iY,a>, (1/\/§)|x+iY,,8), 1Z,a), 1Z,B),
lock-in amplifier. (IN2)|X—iY,a), and (142)|X—iY,B). Here |X), |Y),
and|Z) have symmetry properties of the atonpig, py, and
p, orbital functions under the operations of tﬁév group.

In unstrained WZ-GaN, there are three closely spaced tofrr) and|3) denote the spin-wave functions corresponding to
VB'’s at the Brillouin-zone centetwave vectork= 0), I'q, spin up and spin down. The diagonalization of the above
IYPPe’ andI'?"®" labeled here as heavy holelH), light — matrix yields three distinct VB maxima with energies .

IIl. ELECTRONIC BAND-STRUCTURE CALCULATIONS
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The Hamiltonian for the strain dependence of the CBZE denotes the combined dilatational component of the defor-
minimum is given by a diagonal 22 matrix with basis mation potential acting on the CB, which for @plane
functions|S,a> andlS,B). Its single distinct eigenvalue can sample withe,,= €yy can be expressed as
be expressed as

= Css
nA2 1A ST ©
EC=qe,,+ a (et €,y)+ —— , (2
I vy e e . L .
2mp 2mg The local atomic coordination of the WZ structure is the

same as that for the cubic zinc-blende structure and differs

only for the relative positions of the third-nearest neighbors

ind beyond. This justifies a quasicubic approximation,

which relates some of the required parameters to each other

3) and has been verified by first-principles EBS calculatidns.
Of interest to us here are the relations

wherea andm€ denote the CB deformation potential and the
electron effective mass, respectively. The excitonic transitio
energies are then given by
— b
E;=E*+E°~E/—Eg,,
whereE* =E,+A;+A,=3.532 eV. The band ga, was
chosen such that the A-exciton transition energy in un- 2D,=—Ds, (78
strained GaN is 3.479 eV in the low-temperature limit as

observed in experiments on free standing GaR2, denotes D;=D2=-Ds, (7b)
the exciton binding energy and is taken to be 26 meV for all = = (70)
three transitions. [~ L=

The components of the oscillator strengths for the transi- As=A,. (70)

tions, which determine the polarization selection rules, are
obtained from momentum matrix elements of the typeUsing Eq.(5b) and Eq.(7a), we can determin®; andD,.
[(WCB|p,|WVB)|2 with I=x,y,z. Here, (¥°B=(S and To determineD {, D,, andDys;, different assumptions have
|\IIVB>:a1|X>+aZ|Y>+ag|Z> represent the orbital part of been made previousfyl.7 Shikanaiet al*® found that their
the CB and VB basis functions, respectively. The coefficientexperimentally determine®$*® and D3*P values differed
a; are obtained by determining the eigenvector$46f The  from the theoretically estimated valueg'®°” and D{*°"Y
relative values of(S|p,X)|?, [(S|py|Y)|% and[(S|p,/Z)|*  of Suzuki and Uenoyanai® Both ratiosD$*P/D'*°"Y and
were taken to be equal, in accordance with earlier theoreticah$X?/D'"e°"Y have a value of about 2.7. We obtay and
results. D, by multiplying the values of these parameters as obtained
The relation between the in-plane and the out-of-plangy Suzuki and Uenoyama by a factor of 2.7. In this way, Eq.
strain components, which are needed for the calculationg7h) continues to be satisfied as were Suzuki and Uenoyama
can be obtained as follows. Av-plane film, under in-plane  original values. The initial value obs is also obtained in
biaxial strain, is free to expand or contract in the out-of-planenjs fashion, and then slightly adjusted-15%) to fit our

direction. This implies that the out-of-plane stress componengxperimental results. Finally, we estimateby combining
oyy=0 and leads to the following relation between the straingq. (55, Eq. (6), Eq. (7c), and the D; values. The

components: deformation-potential parameter values thus obtained are
c c @, =aj=a=—445 eV, D,=—41.4 eV, D,=
e e B e —e,—0, (4 —333eV, D;=82 eV, D,=—41 eV, and Dg=

W Cpy Cu o —4.7 eV. The resulting interband hydrostatic deformation

potentials «—D;=—3.1 eV anda—D,=—-11.2 eV are
a(fomparable in magnitude to previously reported values listed

in Refs. 5 and 19. The above parameters reproduce very well
he experimentally observed EBS modification of GaN under

whereC;; are the elastic stiffness constafts.

Since we are interested in the transition energies only
k=0, the number of required parametets O, to Dg, A;)
is actually smaller. We estimate the required parameters b}

combining two previously reported experimental and theo—StOtrﬁE'_(lf blaqu_I C-plane stra;ml 5:5 dgéa)orteg ?y Sgk?\lnm
retical results of strain dependent studies®plane GaN as et al.— 1wo earlier experimental Stu on L-prane -a

follows. For GaN under isotropic biaxial strain in th@ with anisotropic in-plane strain had reporteg values to be

plane, it is possible to write a simplified analytical expres- 2% eé\{ fan_d _3I.3 ev, 4v(\ghllev the closest theoretical
sion for the strain dependence of the three excitonic trans€SUMate™ for its value is—4.0 eV.

tion energies. Fitting these expressions to a set of experimen- M-plane strain Igads to significant ch:_:mges in the (_)rlgmal
tal data, Shikanaietall® estimated A;=22 meV, A, VB states so that it is no longer possible to describe the

. . . transitions in terms of A-, B-, and C-exciton transitions of
=5 meV, and derived the following relations: . o
g unstrained GaN. We have adopted the nomencldyreE,,

Cas and E; for the three i=1) exciton transitions representing
E—(Dl— C—Dz) =38.9 eV, (58 increasing energy. Figure(@ shows the variation of these
13 three calculated transition energies with isotropic biaxial
c M-plane strain €,,=€,,). The dashed lines reveal two anti-
3— =D, | =236 eV. g N o o
D 3p,1=236 ev (5b)  crossings. Figures(B)—2(d) show thex, y, andz components
Ciz of the oscillator strengths of the three transitions. These re-
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w2 0.0 18t FIG. 3. Calculateda) E;, (b) E,, and(c) E; transition energies

0200 02 0200 02 -0200 02 as a function of in-plane straigy, ande,, for anM-plane GaN film
gy (%) at 5 K. (d) Energy differencé&,— E; as a function of in-plane strain

. . €xx and €,,. The dashed line represents the trajectery=
FIG. 2. (a) CalculatedE,, E,, andE; exciton transition ener- —0.183%,,. The black spots mark the in-plane straig, =

gies as a function of isqtropic biax_ial st_raira)&z €,,) in t_he M_ —0.56% ande,,~ —0.31%, for which the calculateB, and E,
plane of WZ-GaN. The thin dashed lines indicate two anticrossingsy, o nsition energies coincide with the ones measured by PR.
(b)—(d) Relativex, y, andz components of the oscillator strength for

the E;, E,, and E; transitions as a function of isotropic biaxial
strain in theM plane of WZ-GaN. the absolute transition energies for direct comparison with
experiments by determining all relevant deformation poten-

. L . fials.
sults suggest that for large isotropic in-plane compresswéI )
strain theE; transition is predominantlyx polarized,E, z The C-plane GaN films are mostly grown on substrates

polarized, whileE; is y polarized. For large in-plane tensile W'th similar hexagonal symmetry, which leads to isotropic

strain, theE, transition becomes predominantfypolarized, in-plane strain €= e;;). However, d_ue to the inherent

. . . lower symmetry of theM plane, a GaN film with aM-plane
E, x polarized, whileE; becomes polarized. These polar- . SR ) . . .
ization properties arise essentially from the symmetry of th orientation is likely to experience anisotropic in-plane strain.
wave functions of strain-modified VB edge statdtplane e therefore extended our calculation to arbitrary in-plane
strain lifts the symmetry in the-y plane of the wurtzite strain in the rangge,,| and|e;;|=<0.6%. The variation of the

- g E., E,, and E; transition energies with in-plane strain is
c[ytstal z;nd stepgraéeivtzhg O&:ggmlﬁ.:k'w “cl;eYH:T'k an? i‘H shown by the contour plots in Figs(é3—3(c). Figure 3d)
states ot unstrained Wes-a [)-like an | )-like states. displays the differenc&,—E,. For €,,~0.04% ande,,~
A compressive strain alonginduces a dilatation along so

; i X i —0.24%, the differenc&,—E,~0. By comparison with a
that the energy of theX)-like state is raised, while that of *gjjjar calculation forC-plane strain(not shown herg we

the |Y)-like state is lowered. Therefore, the energy for thejgentify this strain coordinate to correspond to a zinc-blende-
interband transition between the CB and {hg-like VB is  jike sjtuation, where the in-plane strain counteracts the
lower compared to that between the CB and|telike VB.  crystal-field splitting such that the top two VB states are
The situation is reversed for tensile stress alenghere the  degenerate ak=0. Therefore, for example, with a strain
energy for the interband transition between the CB and thgariation alonge,,= —0.183%,, [dashed line in Fig. @)],
|Y)-like VB is lower. While aC-plane GaN film with isotro- we will encounter only one apparent anticrossing between
pic in-plane strain does not exhibit any in-plane polarizationthe three transition energies, just as in the cas€-pfane
anisotropy?>?®an M-plane GaN film with isotropic in-plane  strain with €,,= €, .*%%

strain continues to show a significant in-plane polarization The relative values of thg, y, andz components of the
anisotropy. These calculated polarization characteristics ar@scillator strengths for the three transitions are shown by the
in general agreement with two earlier predictions in Refs. 7gray-scale contour plots in Fig. 4 fod-plane strain in the
and 8, where only relative shifts between the VB states wereange|e,,| and|e,]<0.6%. For future reference, we note
calculated(i.e., settingD,; and D,=0). Here, we estimate that these plots show that fer, ande,,< —0.2%, theE,
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X y z

FIG. 4. Relativex, y, andz components of the
oscillator strength of th&,, E,, andE; transi-
tions as a function of in-plane straiy, ande,,
for an M-plane GaN film. The white crosses in-
dicate the predominant polarization for thg,
E,, andE; transitions for the in-plane straie,
=—0.56% ande,,= —0.31%.

—06040200020406 0604020002040606 0.4-0.20.0 0.2 0.4 0.6
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E,, andE; transitions are predominantly polarized,z po- ~ gap of theM-plane film increases by 40 meM8 me\) at

larized, andy polarized, respectively. 295 K (5 K), when the in-plane polarization of the probe
light is rotated by 90° fronEL ¢ to E||c.
IV. EXPERIMENTAL RESULTS Since the PR spectrum of the M-plane sample depends

critically on the polarization anglé, we have to verify that
Figure 5a) shows the PR spectra of tiM-plane sample the angular alignment is correct. If the spectra shown in Fig.

for ELc and E[|c recorded at 295 and 5 K. The schematic 5(a) are indeed for properly alignéél|c andELL ¢ situations,
inset shows the measurement geometry, wittbeing the they represent the only two possible independent line shapes.
in-plane polarization angle relative to tlteaxis. When the  Therefore, for any othe, the line shape can be approxi-
polarization of the light is rotated by 90° froflLc (i.e., E = mated by a linear combination of the type
[x, #=90°) to E||c (i.e., E|z, $=0°) in the M plane, we
find that the spectrum is shifted to higher energies. For each AR
polarization, the spectrum consists of a single resonant fea- ( d’)_ R (
ture. To determine the corresponding transition energy, we fit
these features by Aspnes’ line-shape function with redefinedhere AR /R (AR, /R,) represents the line shape mea-

)Sif(¢),  (9)

parameter$?2° sured for¢=0° (¢=90°) with the assumptioR~R, . To
. test this, we fix the probe beam energy at 3.45(295 K),

AR ary( Ky y)me!(HIm=3lmi2) where AR|/Rj=2.3x10"* and AR, /R, =—2.25¢10 .

?( )=R (E—Ej+iKy)" ' ® We then calculate the signal strength for any otieusing

Eqg. (9). The circles in Fig. Bo) show a polar plot of the
With the exponenm=3, the generalized Lorentzian func- measuredAR/R|, which agrees very well with the calcu-
tion above mimics the first derivative Gaussian-broadenethted variation shown by the solid line. This angular depen-

excitonic transition line sha&.The fitting parameterg;, dence of the PR signal also demonstrates the lower symme-
v, @ andé denote the transition energy, broadening paramiry (twofold rotation of the M-plane GaN film.
eter, amplitude, and phase factor, respectively=0.364m To rule out the possibility that these polarization charac-

—0.147 andk,=—0.115n+1.7 are constants. The transi- teristics arise from other sources, we studied-plane GaN
tion energies obtained from fitting are 3.428 €3/498 e\j  sample, where we did not find any significant in-plane polar-
for ELc and 3.468 eM3.546 eV for E|c at 295 K(5 K). ization anisotropy as expected. Normally, when PR measure-
The error is 3 meV for all values. Thus, the effective bandments are used for characterization of IlI-V semiconductors
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py interference @)= sociated with a predominant|)X)-like VB. The high energy
CA 205K E Le % PR feature, seen fdE||c (i.e., E||2), is identified as theE,
""""""""""""""""""""""""" s transition associated with a predominant)-like VB. The

e P L 3 in-plane strain components,, and €,, of the sample are
0 those for which E;=3.498 eV in Fig. 83 and E,
z‘ =3.546 eV in Fig. 8). The out-of-plane dilatatiore,,,

g which is then obtained using E@), is matched to the ex-

perimental values,,=0.29% by varying the deformation po-
tential Ds, resulting ine,,= —0.56% ande,,= —0.31%.

For a Gaussian-broadened excitonic transition, the prod-
- uct of the amplitude and square of the broadening parameter
N e il (ay?) in Eq. (8) is proportional to the oscillator strength.

330 335 340 345 350 355 3.60 For the x-polarized E; and z-polarizedE, transitions, the
Energy (eV) parameters obtained are approximately the same. The calcu-
(b) lated relativex andz components of the oscillator strength of
the E; andE, transitions, respectively, are both about 0.97
for €,=—0.56% ande,,=—0.31%. These two facts to-
gether suggest that the theoretical result of Suzuki and
Uenoyamd which predicted|(S|p,|X)|?= [(S|p,|2)|?, is
correct.

It is instructive to compare the present situation with un-
o Bxp st_rained or compressiv_ely _strainézipla_ne GaN €,,= €yy)

Calc. 180°Y By e with regard to the polarization properties. In such cases, one
expects to see two dominant transitighsand B exciton for

FIG. 5. (a) Experimental PR spectr&ircles of the M-plane  ELc and one dominant transitiofC exciton for El|lc.2* In
GaN film for different polarizations of the probe beam relative to effect, a polarization-dependent effective band-gap change
the ¢ axis of GaN. The schematic inset shows the measuremerwould occur with a value equal in magnitude to the differ-
geometry. The plots are vertically displaced for clarity. The solidence between the lowest-energy A and the highest-energy C
lines are fits using Eq(8) extrapolated to lower energies. The ver- transition. However, to our best knowledge, this has never
tical arrows indicate the transition energies. Optical interferencebeen observed experimentally, because it is difficult to get
related features in the PR spectra at lower energlashed line  pureE||c polarization with aC-plane GaN film®%” With an
were not included in the energy range for fitting. They were iden'M-pIane film, both puréEL ¢ and pureE||c polarizations are
tified by comparison with the correspondifgspectra, an example possible, but here we see only one PR featureHor. At
of which is show_n folEL c at _the t_op(square}s (b) Polar plot of the  {ha same time, the energies of the features for ijthand
;neas.uredfps S.'gn"’lll magn:tu®r9'eg at 3'45f et:/(295bK) SS a Elc are quite different from the ones expected for un-
unction of the in-plane polarization angi¢ o the probe beam g ained GaN. Thus, although a polarization-dependent effec-
relative to thec axis. The major tick on the vertical and horizontal _. L e . .
axes corresponds tdR/R|=2x10"%. The lines represent the cal- tlve_band-gap change IS In principle pO.SS'ble even in un-
culated variation based on E€). stralneql GaN, the energies t_ogether with the polarization

properties of the PR features in the present sample can only
be explained by including the effect of in-plane biaxial com-
QPressive strain. We therefore have direct experimental evi-
dence for anM-plane strain-induced EBS modification in
an‘vaN. Note also that for unstrained GaN the effective band-

| —Fit
TR B

270°
Elc

and alloys with(002) zinc-blende orC-plane wurtzite struc-
tures, the polarization of the probe beam is not an issu
However, withM-plane wurtzite nitrides, using an unpolar-

ized probe beam or one that is polarized at an angle differe _ .
from ¢=0° or 90°, the resulting spectrum would be adap change would involve the lowestA-excitor) and

weighted sum of the two spectra far=0° and 90°. From highest-(C-exciton energy tra}nsitions, while here itinyglves
such an arbitrary resultant line shape, no meaningful EB € Iovyest- €1) a.”d next-higher- ) energy tra_nsmon.
parameter can be extracted. In fact, a spectrum measur tgctlon of the highest-enerdy, 'transmon |nvoIV|r)g th?,
with ¢=45° at 295 K(not shown heregave a transition Y)-like VB [expected at 3.58 eV in our sample as identified
energy value equal to 3.483 eV, which is quite different fromPY the black spotin Fig.®)] is not possible with PR, since
and even larger than the actual valuesEgfandE,. a significant Ely polarization is not achievable with an
M-plane film. In a polarized PL study ®-plane GaN grown
on (1100) 6H-SIC, shifts in the emission-peak positions
were also reportetf but the shift was not attributed to a
The XRD measurements show that tikplane film is  strain-induced EBS modification.
under biaxial compressive strain. Keeping this in mind and  Gil and Alemu’ have also reported a theoretical study of
comparing the PR results with the calculated oscillatothe EBS modification due to biaxial strain in tieplane of
strength components in Fig. 4, we identify the lowest-energyGaN. They predicted that for large in-plane compressive
PR feature seen fdEL c (i.e., E[|x) as theE; transition as- strain with ELc (i.e., E||x) both the lowest-energyA-

V. DISCUSSION
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exciton, according to their nomenclaturend the highest- the observed polarization properties were shown to be related
energy(C-exciton transitions would have significant oscil- to a modification of the VB of GaN due to in-plane compres-
lator strength. Their result differs from both of our results, sive strain in theM plane. By matching the spectroscopically
namely, the theoretical calculations and experimental obseestimated strain to the value obtained from XRD measure-
vations, since we do not observe the high-energy feature faments, we determined the deformation poterifiglof GaN.
ELc. However, it is likely that their choice of coordinates The experimental results also support some of the earlier
was different so that theiVl plane would correspond to the theoretical predictions regarding the influence Mfplane

A plane in our case, which might be the cause for this disstrain on the EBS of GaN. These results demonstrate the
crepancy. importance of the use of a properly polarized probe beam for

postgrowth PR characterization bf-plane nitride layers.
VI. SUMMARY

We have provided experimental evidence for the modifi-
cation of the EBS of GaN due to biaxial strain in tive
plane. We identified the PR features seen inMaplane GaN The authors would like to acknowledge the support of M.
sample for the two orthogonal polarizatiofis c andE|c by ~ Ramsteiner, A. Thamm, U. Jahn, and L. Schrottke during the
comparing them with - p EBS calculations. Their origin and course of this work.
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