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We have studied thé(LO) structure of InN thin films from a lown,=6.7x 10'7/cn) to a very high
(ne=9.6x 107% cn) carrier concentration using Raman scattering experiments. Theoretically we investigated
this structure using a wave vecigpidependent dielectric functias(q, w) which takes into account the coupling
of longitudinal-optical(LO) phonon and degenerate electrons with nonparabolic energy dispersion. Interaction
of the phonon and undamped wave-vector-dependent plasmon yields two coupled modes with energies much
different from the observed structure and thus cannot explain the origin of this structure. However, phonon
interaction with electron-hole pair excitations forms a well-defined structure i(dmw)~* which begins to
emerge at smaller values gffrom the electron-hole pairs spectrum when the higher-energy coupled mode
becomes Landau damped. With increasing values, dhe peak position of this structure moves towards the
experimental value. This peak structure is formed by a comparatively wéatative to the plasmoninter-
action between the LO-phonon and electron-hole pair excitations. Experimentally it is observed that the energy
of this structure increases with increasing value of electron density.
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[. INTRODUCTION clear, although it has been observed in a wide variety of InN
films with different thicknes$:'° It is also not an artifact of
Recently, INN semiconductors have become a focus fothe disorder in the film because this feature is observed in
extensive investigation of its optida? and electrical films with different mobility and phonon damping. On the
propertie§” because of their potential applications in laserother hand, if plasmon are strongly damped, then it can ruin
diodes, high-temperature, and high-power electronic deviceghe LO-phonon—plasmon mode interaction. In that case, the
The band gap, the most important physical property, of th@bserved structure could be the unscreened LO phonon of
INN semiconductor films has been under intense reinvestigghe system.
tion due to the controversy in the experimentally observed Another important feature of this LO-phonon-like struc-
values which vary over a large range from 0.6 @éfs. 1,3  ture is that it has been observed in films with a wide range of
to 1.9 eV(Ref. 8 and in the origin of its variatiof! Most  carrier densitie$®?*where the plasmon mode energy shows
of the measurements that have been made provide diredtsignificant variation. This suggests that the observed struc-
qualitative and quantitative estimates of various physicafure does not arise from any of the coupled modes due to the
parameter® of the system, which are required for device interaction of the long-wavelengtly — 0) plasmon and LO
characterization. The elementary excitations of the systerphonon, which are dependent on carrier density.
play an important role in these measurements, leading to The LO-phonon-like structure of the InN materials is
their extensive investigation using both theorefizal and  completely generic and also seems to be independent of the
experimental technique&.® geometry of the films. It is true that a sufficiently deep-
The behavior of the LO-phonon excitations in these ma<harge-depleted regiofdepletion widthw= 10 nm on the
terials is particularly intriguing because of their Fréhlich film surface or at the surface-substrate interface may lead to
interactio® with conduction-band electrons, which also the emergence of the unscreened LO phonon in InN semi-
makes its experimental observaft®®® and interpretation conductors. But even in films of smaller depletion regfons
more difficult and challenging. However, many experiments(W=5 nm) this LO-phonon-like structure has been also ob-
reveal a well-defined structure whose energy vati#from  served. Moreover the characteristic resonant peak found in
574 cm? to 596 cm! and so far the origin of this wide degenerate semiconductors due to the band gap transition
variation in the energy is not very well understood yet. These&an also not account for this structure as the latter’'s energy is
values, however, match with the theoretically calculated enmuch smaller than the direct-band valiig~0.70 e\).1.9.10
ergy of the LO phonott—*” and therefore this structure has  One of the common features of this structure is a struc-
been directly identified with the excitation of the LO-phonontural asymmetry, which for a purely collective excitation
mode. In principle, the coupling of plasmon and LO-phononshould be absent, as observed forBenode at 490 citt of
mode should create two coupled modes with energies quiteiN films. Asymmetry is a signature of the quantum
different from the fundamental modésrovided none of the interferencé>?®due to the overlap of discrete and continuum
fundamental modes is heavily dampedhd suppress the un- states. In degenerate semiconductors, continuum states are
screened LO phonon. So the origin of this structure and itgreated when a finite momentum, delivered to the electronic
association with the LO phonofunscreenedis still not  subsystem, excites a number of electron-hole pdit$P9.
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The macroscopic electric field associated with charge separess~0.5 um. The optical absorption edge of MBE samples
ration of these excitations interacts with the LO phonon andvas 0.6-0.7 eV, whereas in the PSMBE samples it ranged
thus distorts the spectral symmetry of the mode. Transfer ofrom 1.5 eV to 1.9 eV. The variation of optical absorption
momentum to the electronic subsystem can arise from variedge in PSMBE samples is attributed to high electron degen-
ous dynamical processes in the films. Elastic electron scagracy in the samples where a carrier-concentration-dependent
tering, which is inevitable in these systems, may provide aMoss-Burstein shift leads to the higher values of the optical
significant momentum transfer to the electronic subsy&tem absorption edgé?
and thus can modify the spectral features of the optical spec- We have investigated the influence of different excitation
trum. Collisional damping of the electrons from randomly energy on the Raman spectra of the films where the
distributed ionized and other impurities can also produceconduction-band electron density varies over a very wide
nontrivial effects in the spectral line shapésThe electron range—h,=6.7x 107/cn-9.6x 10?% cm®. From the mobil-
relaxation due to scattering from the LO phonon may lead tdty data, it is also evident that there is a large variation in the
a momentum transferge, of the order of q., level of disorder of these films. In this paper, we investigate
~ V'Zme*wLoﬁ_l which varies from 1 cm™? to 7  various phonon modes, with two very different Raman exci-
X 10° cmt when the electron density increases from 6.7tation energy under similar experimental setup, of the InN
X 10" to 9.6X 10%°/cn. Here,m, is the effective mass of thin film samples having such an extensive variation in the
the electron and, ¢ is the LO-phonon energy of InN semi- carrier density and level of disorder.
conductors. For films with carrier densitiefi,<3 The Raman spectra of InN films were recorded in back-
X 10'%/cn®, the value offe, is larger than the plasmon cutoff Scattering geometryz(x, -)z] using a Renishaw micro-
wave vector. So in such cases there is a possibility that pla®kaman system with visibl¢514.5 nm=2.41 ey and near
mon could be fully damped, and then the optical spectrum isnfrared (785 nm=1.58 eV laser excitation lines as shown
determined by the weaker interaction between the LOin Figs. 1a) and Xb), respectively. The scattering geometry
phonon and EHPs excitations rather than by the phonon plasised in the experiments can only exci® (high) and
mon mode interaction. A;(LO) phonon modes of InN. In general, the Raman spectra
Experimental observations of symmetry-forbidden modesf MBE samples show sharp phonon modes at the expected
in the InN films also suggest a violation of momentum con-energies of theE, (high) 490 cn* and A,(LO) ~587 cnit
servation in these systems. In the backscattering configuranodes as shown by hatched sphere and solid sphere, respec-
tion z(x, -)z, for example, onlyE, and A,(LO) modes are tively. The PSMBE samples show similar values for these
allowed by symmetry, but a significant intensity of phonon frequencies but the peaks are broad and the band
A;(TO)—a symmetry-forbidden mode—has been invariablyshape is strongly dependent on the carrier concentration. The
observed in these experimeRtg* A symmetry-forbidden films grown with two different growth techniques are of dif-
excitation can show up due to the presence of a large disoferent thickness, doping levels, and structural quality. It
der in the samples, from internal reflection at the interfacesseems from Figs.(&) and 1b) that these parameters strongly
and also from misalignment of the crystal symmetry axisinfluence the Raman spectra of the films. It is interesting to
with the probing axis in experimental settings, which is al-note that the energy absorption edge of 1.5-1.9 eV, in
ways difficult to overcome. Opaqueness of INN semiconducPSMBE samples, is closer to the excitation end@jjl eV
tors can also account for t@elastig absorption of a large or 1.58 e\ compared to 0.6-0.7 eV in MBE samples. This
wave vector of the incident and scattered photons. The scatnay lead to near-resonance enhancement of the Raman sig-
tered wave vectors in this case are no longer real bumhal similar to the observations in AIN, InAIN, GaN, and
complexX® and the momentum absorbed by the system can beelated nitride films® Furthermore, theA; (TO) mode
estimated from the optical absorption coefficient of the film.~445 cn which is forbidden in this scattering geometry is
also observed in all the PSMBE samples, perhaps due to
II. EXPERIMENT their polycrystalline nature. Due to the penetration of near-
infrared energy into the sapphire substrate, in the case of
We investigated InN samples over a wide range of carrierelatively thinner films(thickness~0.5 um) grown by the
density where the plasmon energy varies fromo,<w o  PSMBE technique, we also observed sapphire peaks as
t0 wp> w 0. The InN films used in this study were grown at marked by an asterisg) in Fig. 1(b).
~470 °C by molecular beam epitaxfMBE) at Cornell The excitation source energy in the Raman experiment
University"* and by Plasma Source Molecular Beam Epitaxyhas a very strong influence on the spectral intensity of the
(PSMBE at Wayne State UniversityWSU).!° Both the  modes as well as on the excitation of the new modes which
WSU and MBE samples were grown arplane sapphire otherwise could be absent. In Figblone observes a strong
substrates except in MBE samples there is an additionainhancement in the intensity of the LO-phonon-like mode in
buffer layer structure consisting f200-nm-thick GaN on  comparison to theE,(high) mode, particularly in MBE
10-nm-thick AIN. The MBE-grown samples were 0.6p  samples wheren, varies from 6.%107/cm® to 1.2
thick with electron mobilities ranging from~900 to  x 10'%cm?. There is the appearance of an additional broad
1300 cni/(V s), and were of lower carrier concentration peak around~540 cn! which is absent with 514.5 nm ex-
(Ng<10' cm3) compared to the WSU samples whetg  citation energy. This peak gains intensity with increasing car-
>10%°°cm™ and electron mobilities~15-100 crd/(V s). rier concentration and its energy value suggests thaBi a
Films grown at WSU are comparatively thinner having thick- (high) mode which also has been observed by otfers.
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phonon frequency, respectively. We use the energy of un-
screenedw =590 cm! from theoretical calculations on
InN films'>-1” and wrq is determined from Lyddane-Sachs-
Teller relationwro=w oVe../ g9, While the anharmonicity pa-
rametery is taken as a variable parameter to fit the calculated
width of the LO-phonon structure with the experimental one.
For the phonons dielectric function, we took@éndependent
dispersion because of the smaller LO-TO splittiigy o
—wto)/ wro In INN semiconductors. The electronic counter-
part in the random phase approximation for damped elec-
trons is given by

gel(0, ®) = &, + V(Q) x(q, 0 +iT). (3

Here, ., is the high-frequency dielectric constant of the ma-
terial and we us¥ £.,,=6.7 ande,=9.5 in our calculations.
V(q)=4m€?/g? is Fourier transform of the Coulomb interac-
tion potential between the electrons. Collisional damping ef-
fects of the electrons are calculated through the Mermin’s
descriptio® for the susceptibility function by employing

O—A,(LO) structure
@—E,(high)

3

intensity ( arbi. units)

& — A (LO) struchirs 5 particle-conserving expression
@—=E (high) = _ X(q,0+iT)
* s x(qo+il’) = , 5 —. (4
= 1- ir {1_x(q,w+|F)J
8 w+il xX()
Here, the temperature-dependent Lindhard funéfiois
given by
Aqw+il) =2 f(kT {
X(@w+il) % kD B Eethoril
1
+ . ] L (5)
4 Ek+q—Ek—ﬁw—|F
17 3
y. M_,..,_.._....r'l W w wheref(k,T) is the Fermi-Dirac distribution functiork, is
400 500 500 700 the electron dispersion for wave vectorando is the elec-

tron spin index. The use of the Lindhard functigf(q, »

o _ +iI') instead ofy(q, w+iI") defined in Eq.(4) violates par-
FIG. 1. Raman spectra of InN thin films excited with 514.5  tjcle conservatio?f and the effect of this violation will be

nm and(b) 785 nm laser wavelengths for various values of electrondirecﬂy reflected in the shift of the onset of Landau

(b) o (cm™)

density. damping® which thus leads to a shift in the peak positions
IIl. THEORETICAL DISCUSSION OF THE and also a change in the spectral intensity. The carrier den-
LO-PHONON-LIKE STRUCTURE sity in some of the samples we investigated is quite high,

=10° cn?, so the electron dispersion deviates significantly

mc:cri]et::‘?Jr?rzligg rb\mtahglisnctltje?z:cttriltfnSop}eeclterca:ltlrtlalrr]:iacse?(fc}thaetigrc::;J ‘;ﬁsr om the parabolic behavior. We employed in our calcula-
y ions a nonparabolic dispersidrgiven by

LO phonons in InN semiconductors by employing a wave-

vector-dependent dielectric functios(q, w). The total di- 72K? e 1 h2K? (12

i i EK)=—=Ey+—5+-|| E +4E,— E
electric function of a coupled electron-phonon system can be * 9 0 g Py O g/
written as 2m 2me” 2 2me

(6)

which correctly takes into account the electron’s effective
mass(me0 is the bare electron massariation with electron
density. At smaller electron densities, the nonparabolic ef-
fects can also not be neglected for larger values of the wave
(0Po— 020) vectork. The best fit for the effective mass is obtained by
varying the parametef, from 7.5 eV to 15 eV depending on
the value of the Fermi energyHowever, in our calculations
Here, w o/y and wro are the unscreened LO-phonon we have taken a fixed value &,=10 eV. In what follows,
resonant-frequency and -dampifgparameters and TO- in equations only, we express all the energy tefls E,,

S(q! w) = Sph(ql w) + Sel(q' w)! (1)

where g,4(q, ) and e¢(q,w) are the lattice(phonon and
electron dielectric functions, respectively. The photfoit
contribution is given by

eph(Q, @) = (@omal—iwy)’
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wp andfiw) and damping paramete(k and y) in terms of ~ ample, the value of plasmon energy relative to the LO-
Fermi energ)EF=ﬁ2kF2/2me* and wave vectorék andq) in phonon energy determines the interaction strength between
terms of Fermi wave vectds-. Defining variables:=k? and  the two modes of the system. Similarly, the Fermi energy
x=cog)=kq (here § is the angle between wave vector level decides the electron scattering mechantérasd thus
andq), the phase-space summation in E5).after using Eq.  affects the mobility and other electrical transport properties

(6) can be rewritten as of the system. For a given electron density, we determine the
o (o chemical potential at room temperature from E®). which
LG o+iT) = 3nem* def(E(e) - . TIVE(2) we then used to evaluate the electron dielectric function Eq.
2EEmy Jg (3). Figure Za) shows Ims(q,w)™* for our lowest-electron-
E densityn,=6.7x 10'"/cm® sample, calculated from Eq1),
X {1 + —P—,—z } at differentq values. In order to see a weak EHP’s spectrum
VE," +4Epe in the presence of high-intensity coupled modes, we choose a
1 [ 1 small value of the collisional damping parametdr,
X dx - =16 cm?, while the phonon damping parametgris ad-
L AGeX) +ho+iT el P ping barame s

justed to fit the calculated width of the LO-phonon-like

1 structure with the experimental structure. Values of both

+ A(Q,2,%) —ﬁw—iF]’ () these parameters strongly influence the spectral features—
" intensity, width, and peak positions of the coupled modes,

where etc.—of the Raman spectfaAt this low value of carrier
— pa— density ng,=6.7x10'/cm®, the Fermi energy (Eg
E(e) =Eg+te——+ —( A\ /ES +4E,—& - Eg) =0.056 eV is comparable with the thermal enerdiT
my 2 Mo =0.025 eV, so thermal broadening effects can significantly

and the intraband excitation energyq,e,x) of an electron d_ampen tr_le spectrum, particularly the small-wave-vector
in a nonparabolic conduction band according to 8j.can  Single-particle excitation spectrum.
be written as For small values of], one expects three distinct excitation
spectra in the system if the electron collisional and phonon
dampings are small(1) the g-dependent EHP excitation
spectrum,(2) the lower-energy coupled mode ai(8) the

172 L 12 higher-energy coupled mode. These features are very generic

I 1 2 m .
+ 2qxxs)] - —{Eg+4Ep—s} . (8) of the electron-phonon system and expected to exist at all
2 My values of carrier density but with very different intensities.

For a given electron density, a nonparabolic dispersion af! "€ coupled modes for InN semiconductors are not experi-
tally very well understood yet, as they have been found

fects the highest filled energy level of an electron because df'€" naer , _ :
few samples with high carrier densit@s® The inten-

the deviation of its energy-dispersion curvature compared td! & o ) X
the parabolic dispersion. So the determination of the chem#ity Of the EHP excitation spectrum is strongly influenced by

cal potential, which depends on the energy dispersion anH“e collisional damping of the electrons and for small damp-

temperature, becomes important. Particularly at low electrof'd the well-defined upper edge of this broad spectrum
densities, temperature strongly influences the value ofropagates gradually with increasing valuesjoAt a small

_ —1
chemical potential. So in the Fermi-Dirac distribution func- Wave Vectom=5.2x 10> cm™, most of the spectral strength

tion, which modifies the value of the plasmon mode of thelS exhausted by the coupled modes and only a small fraction
system and thus changes the energies of the coupled mod

* - 1 *
A(g,e,x) = mR(q2 +20x\e) + E[Eé + 4Eme(s +of

&f the intensity is contributed by the EHP excitations. At

it becomes important to employ an appropriate chemical posmaller values of, the LO phonon interacts with the elec-
tential in the calculations. From the energy-dispersion rela{fonic subsystem mainly via two channels—EHP excitations

tion given by Eg.(6), the temperature and.-dependent and plasmons. Interaction With'EHP's is much we'ak(.er owing
chemical potential is determined by a nonlinear equation (© the weaker Coulomb potential of the EHP excitations. So
. the II_O phono? (;nalnl(yj/ mtEracts with the pla?mon arr:d thg
ke (7, = E resulting coupled modes have energies similar to that ob-
Ne = ﬁf ds\’E(s)[l +ﬁ]f(a8) ~wT). tained by the interaction with the long-wavelength plasmon.
0 A P In Fig. 2(a), one clearly observes the Landau damping of the
9) lower-energy coupled mode followed by the Landau damp-
ing of the higher-energy coupled mode @ssalues are in-
creased. Once both the coupled modes of the system are
damped, the LO structure begins to appear from the region of
The low carrier densities here we mean that the plasmodamped higher-energy coupled mode which eventually be-
energy is smaller than the LO-phonon energy. In a degenecomes a well-defined structure at larger values).of
ate semiconductor material, the value of carrier density de- The character of the each coupled mode strongly depends
termines the energy scales of an electron interaction witlon the value of plasmon energy relative to LO-phonon en-
various other electric-field sources of the system. For exergy. At n,=6.7x10Y/cm®, the plasmon energy

A. Landau damping modes at low carrier density
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FIG. 2. (a) Spectral features of the coupled modes plotted as a functian(ofn™?) for ang=6.7x 10*” cm 3 sample at different wave
vectors, labeled against each curve. Both coupled modes are clearly observed for smaller v@ldlesarfd (c) The spectral intensities of
the lower- and higher-energy coupled modes plotted as a functignasfd(d) the experimental spectfaolid curve of the LO-phonon-like
structure and theoretical fittin@lotted curve for it.

wp=424 cm* is smaller than the LO-phonon energy, so thefurther increase in the value, the EHP spectrum approaches
character of the lower-energy coupled mode is plasmon likethe higher-energy coupled mode. Figufe)Zhows the Lan-
which means that its energy varies wig) as seen in Fig. dau damping of the higher-energy coupled and the emer-
2(b). On the other hand, the higher-energy coupled mod@ence of the LO structure, which begins to form a well-
[Fig. 2c)] is phonon like and almost dispersionldgsg.  defined peak near the LO-phonon energy. Two interesting
2(a)]. At a small value ofj=5.2x 10° cmi’%, the upper edge features of the Landau-damped higher-energy coupled mode

of the EHP spectrum is away from the resonance frequenc§'® (1) an emergence of a peak structure near the undamped
of the lower-energy coupled mode, so there is not much iniNode energy and2) a spectral asymmetry on the higher-

teraction between EHP excitations and the coupled mode§Nergy side of this structure due to the broad background
As q increases further, the upper edge of the EHP spectru pectrum of the EHP excitations. After Landau damping of

begins to enter into the lower-energy coupled spectrum an € higher-energy mode, there is no coupled mode left in the

i R , ystem.
:EE ﬁ)r\:\?éﬁir? é/regrsllagolL\gllzgesnfggeLa’lggalugia{nog Igr?]_ﬁ)r(iﬁiss The cutoff wave vectoq, for this almost-dispersionless
lower-energy mode becomes Landau damped, leading to tygher-enfrgz COUpleﬂ mode can be determllned et
broad spectrum which is a mixture of the damped coupled @ ~E(K/=wr,, herew, is the energy of the higher-energy
mode and EHP excitations. At a larger value @£1.8 coupled modew, can also be estimated from the higher-
X 10° cm™l, the spectrum becomes very broad across thenergy zero of the equatiari(q, w)=0; here,e’(q, w) is the

range where the lower-energy coupled mode existed. With eeal part ofe(q,w) defined by Eq(1). Using Eq.(6), E(k
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+q)—E(k):wE can be solved forg, by defining b:(Eg ing Drude model for the dielectric function. The second,is

+4Epm*/mo)1 24 E,+ zw;' and which determines the width of the LO-phonon-like structure.
N / For this particular case, the values BE140 cm® and y
m* \ 12 =6.0 cmL.
c= [(w;‘)2+ w,ﬁ'<E§+4Ep—> }
€ e r‘r’b
We finally get B. Landau damping of modes at high carrier density

1 12 In Fig. 3(@) we show Ime(q,w)™* calculated fom,=9.6
Qe=-1+ {1 + —ﬂi[b -vb?- 4c]} : (100 X 10?%cn® for different values of] shown by a label against
2m each curve. In order to see various modes at such a high

In deriving Eq.(10), it is assumed that the energy of the ~ density, we usd’=300 cnT* and y=20 cnT™. At this value

e i - Al
higher-energy coupled mode is dispersionless. Physicall)f,)f electron density, the energy scal@ =10 220 cm" and

— 1
this cutoff wave vector for the higher-energy coupled modi’P_m?S cm) of the degenerate electron gas are much

also defines the point at which the new peak structure begi igher than;he phon%n sylstem—ezg(tjo ehnergy. He(rj\ce,.the .
to form on the lower-energy side of the higher-energy'meracuon etween the plasmon and phonon modes is quite

coupled mode which at larger values @fdevelops into a weak, and as a result the higher-energy coupled mode is

sharp peak structure. The-dependent behavior of the plasmon like, while the lower-energy coupled mode is pho-

higher-energy coupled mode changes with electron densi%;n like. Because of the stronger electron degeneracy, the

as we discuss in the subsequent sections. With increasi ermal b_roadening effect.s on the spectrum are not signifi-
values of carrier density, this mode begins to develop nt at this value of density. The plasmonlike higher-energy

: : ; : roupled mode shows significant dispersion with increasing
g-dependent dispersion, and at higher electron density whe - ) L
0> w0, the mode becomes plasmon like and its energ)yaluesq.At q=9.2x 1P cm%, the EHP excitation spectrum

aries appreciably witly. So the above relation, E¢L0), for 2" be seen _approaching this ’?“Ode from the lower-energy
;/helcutoﬁ:fpwa\;e v)(/az\tlgtlis only validehan I<wLOqL ) side, which will Landau-damp this coupled mode at a larger
b .

Figure 2d) shows the experimental Raman spectrumValue ofq. Because of 'ghe stronger intensjty_ of thi_s mode,
(solid curve for our lowest electron densityn,=6.7 the lower-energy mode is not visible on this intensity scale.
.=6.

— —1 i
X 10%/cm?® sample along with our calculated values shownHowever, atq=9.2x10° cm _a peak structure begins to
by the dotted curve. Thg-nonconserving mechanism in the appear on the lower-energy side of the spectrum which trans-

Raman scattering intensity is taken into account by folding e{orm_s into a sharp peak a=3.1x 1.07 e,
g-conserving response functisr® Figure 3b) shows thg behavior of the !ower—energy
coupled mode as a function gf The plasmon like mode is
-1 very intense at this value of density, so in order to see the
e(q,0) |’ (1D EHP spectrum and the lower-energy coupled mode, we cal-
culated Ime(q, w)™* at a smaller value of damping parameter
with a Yukawa-type impurity potential weight functitif'© ('=30 Cm_l)_ With increasing values ofq, the EHP’s
dr \2 quickly damp this mode and gt=1.5x 10° cm ™ a structure
F(g) = <ﬁ> . (12 begins to form at the energy of the lower-energy coupled
a"+QFr mode. Since the lower-energy mode shows negligible disper-
where the function Sw) depends on the scattering Sion with increasing), one can use Ed10), after replacing
mechanisn?® The weighted scattering cross section for the@n, With wro energy, to determine the critical wave vector at
Raman scattering processes fog up to Qr which this mode becomes Landau damped.
=wp\3m*/ (2E¢k?) (qer is Fermi-Thomas screening wave  In Fig. 3(c), the plasmonlike higher-energy coupled mode

vector expressed in units of the Fermi wave vedtgris ~ ShOws strong energy dispersion with increasing wave vector
given by g, which eventually becomes Landau damped arognd

=1.6X 10" cmL. After damping of the higher-energy mode,
the structure which emerges near the lower-energy coupled
mode[Fig. 3(b)] starts building its intensity with increasing
wave vector. In Fig. @) we show the buildup and dispersion
Hereqgmaxis the cutoff wave vector chosen in such a way thatof the LO-phonon-like structure at this high value of electron
convergent results fol(w) are obtained and we find that density.

Omax= 5.0t Was sufficient to obtain a convergent result. For  In Fig. 3(e), we plot the experimental Raman spectrum
the scattering mechanigfhwhich is incorporated by the (solid curve for our highest-density samplen,=9.6
function S(w), the best fit of Eq(13) to the experimental x10?°/cm?, and the corresponding theoretical spectrum
intensity is obtained by “forbidden” impurity-induced (dotted curve calculated using Eq(13) with a forbidden
Frohlich mechanism. While calculating latq, w)™%, two pa-  impurity-induced Frohlich mechanism. The best fit for the
rameters are varied: The first I§ although this parameter intensity is obtained by using foy=25 cnitin Eq.(2). The
does not much affect the spectral features of the LO-phonorexperimental data show a broad spectrum in the energy range
like structure, we estimate it from the optical reflectancefrom 470 to 640 ¢t which includes LO-phonon-like struc-
measurements data for the corresponding carrier density ut4re, E;(high), and alsoA;(TO) modes. In addition to these,

L(gw) = qu(w)lm{

Amax
l(w) =f dgqR(a)L(q, w). (13
0
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FIG. 3. (a) Spectral features of the coupled modes plotted as a functian(ofm™?) for a n,=9.6x 10?° cm® sample at different wave
vectors, labeled against each curve. Both coupled modes are clearly observed for smaller w@ldlesarfd (c) The spectral intensities of
the lower- and higher-energy coupled modes are plotted as a funct@pr(@)f Buildup and dispersion of LO-phonon-like structure, ded
the experimental spectfaolid curve of the LO-phonon-like structure and theoretical fittifdptted curve for it.

the sapphire peak at 578 Chis also observed. Our high- in the backscattering geometry configuration of
electron-density samples are found to be polycrystalline withc-axis-oriented films. Similarl,(high) is another forbidden
much larger disorder than the low-density samples, whictnode whose energy*tis around 540 ciit which lies in the

can lead to a substantial off-axis scattering. It is well middle of E;(high) andA;(LO) modes. Activation of such a
known that the presence of a disorder breaks the translationaiode [B,(high)] when superimposed withe,(high) and
symmetry of crystal, which can lead to the activation of for- A;(LO) modes including the sapphire peak can create a very
bidden Raman modes of the systefq(TO) is not allowed broad spectral intensity aroun@,(high) mode. At a low
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FIG. 4. (a) Spectral features of the coupled modes plotted as a functian(ofn™?) for a ng=1.3x 10*® cm 3 sample at different wave
vectors, labeled against each cur(iel and (c) The spectral intensities of the lower- and higher-energy coupled modes are plotted as a
function of g, and(d) the experimental spectfaolid curve of the LO-phonon-like structure and theoretical fittifaptted curve for it.

electron density, Fig. @), the theoretical calculations of the and both the coupled modes show appreciable energy disper-
Raman spectral intensity for th&,(LO) mode are in good sion with g. LO-phonon-like structure emerges from in be-
agreement with the experimental results; however, at highetwveen the two coupled modes bands. The experimental spec-
electron densities, the comparison is tentative, but cannot Heum (solid curve for n,=1.3x 10'®/cm® along with the
completely satisfactory. theoretical valuegdotted ling calculated using Eq13) with
the forbidden impurity-induced Froéhlich mechanism and
C. Landau damping of modes at intermediate carrier density =7 e and['=173 en™ are shown in Fig. @).
When the electron density is such that the plasmon
mode’s energy is close to the LO-phonon energy, the energy
exchange between the two modes becomes very efficient.
Both the coupled modes in this case will have a mixed char- We observed that in order to nullify the effects of a strong
acter of phonon and plasmon. Figur@4shows Ims(q, @)™ plasmon waves electric field on the LO-phonon mode, the
calculated fom,=1.3x 10'®/cn?® at different values off as  plasmon needs to be Landau damped. The electronic sub-
shown by the labels. In this case the values of damping pasystem is then left only with the incoherent excitations due to
rameters ard’=173 cn* and y=12 cni’. At this value of  the EHP's and this state can only be achieved by exciting the
electron density, the plasmon energy=539 cm! is close  electronic subsystem with larger than the cutoff wave vec-
to theA;(LO) phonon energy. It is interesting to contrast thetor. In this situation, the LO phonon is left to interact with a
behavior and dispersion of the coupled modes at this intemweak electric field of the EHP excitations whose spectral
mediate electron density with the low- and high-densitystrength is broadly distributed in intensity over a wide range
cases. In Figs.@) and 4c) we show the Landau damping of of energy. Energetically those EHP excitations, which are
the lower- and higher-energy coupled modes, respectivelyesonant with the LO-phonon energy, interact strongly with

IV. EMERGENCE OF THE LO-PHONON-LIKE
STRUCTURE
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phonons and give rise to a buildup of the structure as weesults. At higher values ofi, the correlation between the
clearly observed in Figs.(2) and 4a). A signature of this peak position and electron density could not be established
mode begins to appear with an asymmetric spectral featurgue to the activation of other forbidden modes. Note that the
on the lower-energy side of the LO-phonon energy everabove slow increase in the energy of the LO-phonon-like
when g is less than the cutoff wave vector of the higher-structure is not consistent with the rapid variation of the

energy coupled mode and becomes quite prominent when coupled modes energy with carrier density.
becomes larger than the cutoff wave vector. At this stage the

spectral strength of the coupled mode is significantly
smeared out and this new mode emerges out of the EHP
spectrum. _ In this paper we have discussed the LO-phonon-like struc-

It is expected that if both polak(LO) and nonpolar- tyre of InN films for a wide range of electron density. The
E,(high) modes of the system are excited then they will in-experimentally observed structure is investigated by studying
teract in a qualitative different way with conduction band a wave-vector-dependent dielectric function of an electron—
electrons. This interaction will modify the modes energy and_O-phonon system. It is found that when the higher-energy
their widths. Figures (8 and 1b) show how the energies of coupled mode becomes Landau damp, the LO phonon inter-
the polar LO-phonon-like structure and nonpdigthigh)  acts with a weaker field of the incoherent excitations of the
modes are affected due to the variation of the electron derEHPs. This interaction creates a structure which begins to
sity. Due to the nonpolar character of tBg(high) mode, emerge out of the EHP spectrum whgbecomes larger than
there is no interaction of this mode with the conduction-bandhe cutoff wave vector of the higher-energy coupled mode
electrons and as expected the energy and broadening of ttasd becomes more mature at larger valueq.dExperimen-
mode remain unaffected as electron density is varied. On thilly it is found that the energy of this structure depends on
other hand, theA;(LO) mode strongly interacts with the the electron density and found to increase with it.
conduction-band electrons and the magnitude of this interac-

V. SUMMARY

tion depends on the value of electron density. The energy of ACKNOWLEDGMENTS
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