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Raman analysis of the E1 and A1l guasi-longitudinal optical
and quasi-transverse optical modes in wurtzite AIN
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Dimitri Alexson, and Robert J. Nemanich®
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This article presents a study of the quasi-longitudinal optical and quasi-transverse optical modes in
wurtzite AIN which originate from the interaction of phonons belonging to &fe and E1
symmetry groups. In order to analyze the allowed quasi as well as pure Raman modes, the modes
were observed in a rotating crystallographic coordinate system, and the Raman tensors of the
wurtzite crystal structure were calculated as a function of the crystallographic rotation. The
frequencies of the quasimodes of wurtzite AIN were also analyzed in terms of the interaction of the
polar phonons with the long range electrostatic field model. The experimental values of the Raman
frequencies of the quasiphonons concur with these expected from the model, implying that the long
range electrostatic field dominates the short range forces for polar phonons in AIN99®
American Institute of Physic§S0021-89709)03407-9

INTRODUCTION TO phonons relative to that of the LO phonons, as is sche-
R ¢ h 0 b ful and . matically depicted in Fig. ). Moreover, the TO phonons
aman spectroscopy nas proven to be a usetul an IrBelonging to a different symmetry are grouped together in a

e ! e rlatively narow fequency ange: the same holds for e LO
y NP phonons. One consequence of the dominant electrostatic

tlgatlon_ of matgrlal q“"?‘"ty_g‘s well as in the study of phorlonfield interaction is that the phonons exhibit nearly pure lon-
dynamics and interactiorts® Due to the long range electro- .. . . . =
gitudinal or transverse character: essentially no mixing oc-

static field associated with the longitudinal opticdlO) L7 .
; . . ; urs between the transverse and the longitudinal atomic vi-
phonons, various types of interactions are allowed in the W . . ,
. rations. The other consequence is that under certain
semiconductors, ~among them  the phonon—plasmonro agation and polarization conditions, phonons of mixed
coupling® Another is the possibility of interaction between propag P ' P

! ; . Al andE1 symmetry character exist and can be observed in
polar modes belonging to different symmetry groups which ;

. . . the Raman spectra. These mixed symmetry modes are
result in the creation of new mixed-symmetry phonons re-

. ) . termed quasi-LO and -TO modes. The frequencies of such
ferred to as quasimodésThis article presents a study of the : :
LO and transverse opticTO) quasimodes in AN crystal- quasimodes are predicted by the theory to be between the

. . o . . values of the puré1 and the puré€el for each of the LO
lite which originate from the interaction of phonons belong-

. . and the TO bands.

ing to theAl andE1 symmetry groups; the study focuses on

. ; Alternatively, for the case where the short range inter-

the mode-selection rules and mode-frequency calculations a . . o .
: ) . atomic forces are dominant, the LO-TO splitting will be
well as on the Raman technique which enables observation T
of the modes small and in this case the TO and LO mode of each symme-

The theory developed by Loudon formulates that intry group will occur in a relatively narrow band as shown in

uniaxial materials the polar phonon characteristics may bglg' Ub). The theory predicts that the phonons will exhibit

. : . : i essentially pure symmetry charact@ither A1 or E1). A
affected via two interaction mechanisms: one due to the lon onsequence is that under certain propagation conditions the
range electrostatic field, and the other due to the short ran q propag

field which exhibits the anisotropy of the vibrational forcegpehcm.Ons W'" exhibit mixing of the transverse apd longitudi-
nal vibrations for a given symmetry. These mixed LO-TO

O .

constants.’ The phonon dynamics and th_us thg Raman PG odes are termed quakit and A1 modes. The frequencies
tra depend on which of the two mechanisms is the dominant . . .
) ; of such quasimodes are predicted by the theory to be in
Interaction.

... .bands between the values of the TO—LO modes of the pure
For the case where the long range electrostatic field i

1 or E1 phonons.

o e et ey ey, [N AN EL(TO) arcas(T0) R feencies r
P g rang y rouped together ir-60 cmi * frequency range, thE1 (LO)

a significant frequency separation between the group of th 1(LO) in ~20 cmi* range, and the LO—TO group splitting

is ~220 cm L. The frequency scheme of AIN thus implies
a’AIsc:( with: U.S. Army Research Office, P.O. Box 12211, Research Trianglethe dominance of the long range electrostatic force interac-
Park, NC 27709-2211. ; i ; ;

YAlso with: Department of Materials and Science Engineering, North Caro-tlpn' The mode miXing in AlN.may oceur if the pr_opagat.lon
lina State University, Raleigh, NC 27695. direction(q vectop of the quasipolar phonons, their polariza-
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FIG. 2. A micrograph of the wurtzite AIN crystallite, size500x25%25
FIG. 1. Raman frequency scheme and directions of phonon vibratiofefor: um. Along thec axis is the face of th€1010 plane, the face of thé€0001)
the case when the long range electrostatic field is the dominant interactiomlane is at the base of the hexagonal crystallite.
and(b) when the anisotropy of the short range dominates the interaction.

EXPERIMENT
spans between the and thea; (or a,) crystallographic
axes' This plane is referred as to the mixing plane. For
example, the purd1l phonon has a-direction polarization
while the pureE1l phonon is polarized in the basal plane;
thus a quasiphonon with theevector between the and the
a, axes would exhibit a mixed polarization fL—E1 sym-
metry. When they vector lies along the crystallographic axes
or in thea;—a, plane only pure phonons are observed in the Y
spectra.

Arguello et al. investigated the long range electrostatic N N
field interaction and the quasimodes in the WZ materials: a
ZnO, ZnS, and Cd&.In their study a frequency shift was
observed for the quasimodes relative to that of the pure \
modes, in agreement with Loudons’ theory. Filippidisal.
have carried out plane-wave pseudopotential calculations to
investigate the optical modes in GaN and Alheir model 0
and experiment concerning th&1(TO) mode agree with
that of Loudons™®

In our study we investigate the behavior of the quasi-TO //
and the quasi-LO in AIN crystallite. We present calculations B
of the WZ Raman tensors as a function of rotation angle
from which the allowed modes, pure and quasi, can be de- TO‘/\"‘-.q
duced and analyzed for different crystal orientations. The
experimental values of the quasifrequencies agree well with ¥
those predicted by the phonon—electrostatic field interaction :
model. The motivation behind the present study was to gain o
information on the Raman frequencies from scattering geom- P Lo
etries which are not along the crystallographic directions. As c
mentioned above, Raman spectroscopy has been successfully
utilized in the characterization of the group lll-nitrides
semiconductors and has proven useful in studies of the stre§45- 3. The geometry of the experimental setup. The laboratory coordinate
state of films grown on the axis. However for films grown  SYSt€M is:X, ¥, andZ (X is out of the paper planeThe crystal-rotating

. . . . . system is:.c, a;, anda, (a, out of the paper plane coinciding with the
on other CrVStaIIOQraphlc directions, a technlque which po'axis). N is the normal to the surface and coincides with &heaxis. The
tentially might minimize film—substrate interfacial stress, theangle of rotation about th¥ axis is 6, while the angle of refraction and
contribution of the long range electrostatic field to the Ra-Phonon propagation ig. The dashed line represents the propagation of the

man shift has to be taken into consideration. This contribyPnonon with ag vector; the arrows represent its LO and TO components.
. . . The Raman spectra were acquired in a backscattering geometry frorh the
tion has to be deconvoluted in order to isolate the Ramaﬁhe inset to the figure describes thé& —E1 mixing of the LO and the TO

shift due to stress. components.

The micro-Raman scattering experiments were carried
out at room temperature utilizing the 514.5 nm line of the ion
argon laser and the J-Y U1000 scanning double monochro-
mator. The spot size of the laser on the sample wasum

a-axis polarization
) of EI symmetr
LO% )’“ y "

-
c-axis polarization
of Al symmetry
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in diameter. The experimental error of the Raman peak posurface(and coincides with tha, axis). The AIN crystallite
sition and the angle of rotatiofi is 0.5 cm !, and =5°,  was rotated through an angiabout theX axis such that the
respectively. The AIN crystallite, depicted in Fig. 2, was quasiphonon propagation direction, theector(q), as well
grown via the sublimation process and its size~8§00 as its LO and one of its two TO components lay in the
x25%25 um.? In the Fig. 2, the face of the (10) plane is mixing c-a; plane(the other TO is along thX axis). The
along thec axis while the face of th€0001) plane is at the micro-Raman spectra was acquired in a back scattering ge-

base of the hexagonal crystallite. ometry from theY axis for various values of.
In order to investigate the polarization conditions upon
RESULTS AND DISCUSSION which the quasimodes appear in the spectra, the Raman ten-

In this study we observed the AIN quasi-TO and -LO sors, R, of the rotating crystalrelative to a fixedX,Y,Z

modes by rotating the crystallite relative to the Iaboratoryl.aboratory coordlnate syst_e)na_re calculated via the rota-
; . . A “tional transformation equatiott:

coordinate system as schematically depicted in Fig. 3. In Fig.

3, theX, Y, andZ are the axes of the fixed coordinate labo- .,

ratory systemwhereX is out of the paper planewhile the Ry=TxRTx", (€

¢, a;, anda, are the axes of the rotating coordinate system

of the crystal(wherea, is out of the paper plane and coin- whereTy is the rotation matrix about th¥ axis'? The Ra-

cides with theX axis), andN is the normal to the crystallite man tensors of the WZ structure take the form:

h 0 0
Al (6)=| O h cos 6+bsir? ¢ b sin @ cosé—h sin 6 cosé
0 bsin#coséd—hsinécosd h sir® 6+b cos 6
|
0 dsind dcosé the laboratory coordinate system; however, it is not neces-
El,(9)=| dsing 0 0 sary for the present study. F@=0 the crystal coordinate

system coincides with that of the laboratofgt;=Y and
dcos# O 0 c=Z, see Fig. 3 and Eq.(2) takes the usual forrh®®
For the first set of experiments we chose the Raman

0 _ 0 0 . setup such that the incident light is polarized alongXreis
El,(0)=| O 2dsingcosy  d(cos 6—sin’ ) and the scattered light has bothand Z polarization direc-
0 d(co?6—sirtg) —2dsindcosd tions, expressed in Raman notation as:
) _
0 fcos§ —fsing Y(XZ>Y'
E2(¢9)=| fcosd 0 0 This choice of polarization implies that theX and theXZ
—fsing 0 0 components of each of the Raman tensors will contribute a
Raman signal provided they are not zero. Figure 4 presents
f 0 0 the Raman spectra for this setup for rotatioAs:0°, 35°,
E2(9)=| 0 —fcofd fcoshsing |. and 70°. Inspection of Eg2) indicates that th&e2 mode

should appear in the spectra since ¥ and theXZ com-
ponents of its tensors are not zero; our spectra displagZhe
The tensors describe the in-crystal projections, due to thenode at 655 cm’. This mode is nonpolar and as such no
rotation, of the incident and scattered polarizations of thechange in frequency is expected as a function of the rotation.
light. The group theory analysis indicates that thé is a  The XZ component of th& 1y is nonzero, and although the
nondegenerate mode and thus has a one matrix representpvector of the mode lies in the—c mixing plane its polar-
tion, while theE1 andE2 are both doubly degenerate modesization is not: it is in theX direction (TO componentand

and therefore each mode representation requires two matitihus no symmetry mixing is expected. This analysis indicates
ces. The entries of each matrix, i.e., the consthnts d, and  that the spectra should exhibit the pued (TO) with no

f, are related to the Raman cross section which determineshange of frequency upon rotation. The p&®(TO) in our

the Raman intensity of each of the mod@dMoreover, for  spectra is at 669 cit and is independent of rotation.

each polar mode the direction of the polarization is indicated Next we investigated th&1 mode which contributes a

in the subscriptsAl is polarized along the axis whileE1 is  signal to the Raman spectra via the nonzero value ofXs
polarized alonga; and a,, the latter which coincides with tensor component. The pufel mode has solelg polariza-

the X axis (Elyx). The polarization direction of the polar tion; however, upon rotating the crystal quasimodes are cre-
modes, like the Raman tensors, can be expressed in termsated for which their TO and LO components have a

0 fcosfsing —fsirte
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EI(TO) 1 i ¥ i T i T I

Raman Intensity (A.U.)
Raman Intensity (A.U.)

850 860 870 880 890 900 9110 920 930
Raman Shift (cm™)

580 600 620 640 660 680 700
Raman Shift (em™) 6=90°.

FIG. 5. The normalized Raman spectra of the quasi-LO modes for rotation
angle #=15°, 35°, and 70°. The pur&1(LO) is also presented for which

FIG. 4. The Raman spectra for rotation angte0°, 35°, and 70°. The pure
A1(TO) is at 608 crn?, and the quasi-TO modes are at 614 and 620%cm

All intensities are normalized to that of tH&2 mode. same path as that of the incident and scattered photons. To
find the angleB of that path the index of refraction has to be
taken into account via Snell’s lawt, sin #=n,sinB, where

c-polarization component oAl symmetry as well as an for air n;=1 and for AIN n,=2.2 which is the accepted

a,-polarization component &1 symmetry. This situation is Value in the visible range and of negligible anisotrdp@ur
schematically depicted in the inset to Fig. 3. In Fig. 3, thecalculations yield a value g=15° for the rotationf=35°,

TO component of the quasimode lies in the mixing plane an@nd from Eq.(3), wgro)=612cni !, a value which concurs

is Composed oAl andE1 po|arizati0n symmetry compo- with our experimental flndlng of 614 CT'IJI. For the 70° ro-

nents; the quasi-TO mode will have mostig symmetry for ~ tation, 3=25° andwqr0,=619 cn *, a value which is simi-

q vectors near the axis and mostlyE1l symmetry forq  lar to the experimental result of 620 ctn

vectors near the axis. The frequency of the quasi-TO, ac-  Last we investigated the quasi-LO Raman mode. In or-

cording to Loudons’ theory, should be between the fre-der to observe this mode the incoming polarization of the

quency of the pureAl(TO) mode and that of the pure lightwas set at th& direction such that the Raman geometry

E1(TO) mode. As can be seen in Fig. 4, the frequency of th&vas

A1(TO) mode shifts from its pure value at 608 chioward

that of theE1(TO) mode as a function of the rotation angle: Y( ZX)V

for #=35° the peak of the quasi-TO is at 614 chrand for Z)

6=70° is at 620 cm'. The spectrum o®=70° exhibits a

small peak of the purd1(TO) and is attributed to an inter- This Raman geometry enables the observation of the

nal reflection. quasi-LO modes since tl#Z component of th(Elal Raman
The frequencies of the quasi-TO can be calculated vidensor is nonzero fo6>0 as is indicated by Eq2). In this
the relatiory° configuration they vector of the phonon as well as its polar-

3) ization directions lie in the mixing plane. Figure 5 presents
the Raman spectra of the quasi-LO mode far15°, 35°,

where g (see Fig. 3is the propagation angle of tlievector  and 70°, and the pur&1(LO) mode at=90°; the Raman

of the quasiphonofn) in the crystallite, and is related to the peak positions are at 913, 912, 908, and 890 tmespec-

angle of rotationé via Snell's law and the momentum- tively. Taking into account the index of refraction and utiliz-

conservation law of the Raman scattering effect as is dising the equation for the quasi-LO frequenctes,

cussed next. The conservation law states that in the scatter-

ing mediumg=k; —ks, wherek,; andkg are wave vectors wé(Lo)= wil(Lo) cog(90—B)+ wémm Sif(90—8), (4

of the incident and scattered photons, respectiVel Thus,

for our backscattering geometry tigevector lies along the where way (o) is 890 cmi* and wgy (o) is 916 cmi',* we

w5 (T0)= Wg1(T0) COF(90— B) + why 10, SIM(90-B),
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950 strong angular dispersion of the quasi-TO mode frequency, a
E1(LO) 4 disparity in the TO Raman frquency vfalues of thin films is
900 N'AI(LO) expected to pe observgd; Ie;s disparity is expgcteq for the LO
-~ mode. A similar effect in which the frequency is shifted from
‘-E 80 | LO its pure value is also expected to occur in films grown on
) crystallographic directions which do not coincide with the
>, axis. As Raman spectroscopy is widely used in the determi-
g 800 nation of stress in thin films via the Raman frequency shift,
1 the possible additional shift due to the electrostatic field ef-
g 750 fect has to be considered.
2
g 700 [ TO CONCLUSIONS
5 (B1(T0) The R_aman tensors of the WZ_ struct_ure were calculated
I~ 650 - as a function of the crystallographic rotation and the allowed
modes for various rotations were studied. The LO and TO
AN(TO)y quasimodes of AIN crystallite were observed and analyzed in
600 T | . . . terms of the phonon-electrostatic field interaction model.
0 18 36 54 7 ) The Raman selection rules as well as the experimental values

of the Raman frequencies concur with the model, implying
the dominance of the long range electrostatic field in AIN.
FIG. 6. The behavior of the quasi-LO and -TO modes as a function ofThe quasi-TO mode exhibits a Sh'ft. of 12 chrelative to its
phonon propagation angje(measured from the axis). The lines represent  pure value for the mode-propagation angt®5° measured

the TO and LO quasifrequencies calculated using Loudons’ model equationfom the a axis. For the same propagation direction, the
(3) and (4); the dots represent our experimental values for the LO and TO, i-LO m xhibi hif m-1
modes, the value of the putel(LO) is from Ref. 4(presented by a tri- quasi-LO ode exhibits a shift of5 ¢ '
angle, while theX's represent the data points of the quasi-TO from Ref. 9. ACKNOWLEDGMENTS

Angle of Phonon Propagation p°
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