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Optical properties of Si-doped InN grown on sapphire(0002)
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The carrier concentration dependence of the interaction between free carriers and longitudina(ldpjical
phonons of InN is studied by Raman scattering and Fourier transform infrared measurements. InN is grown on
a sapphirg000)) surface by plasma-assisted molecular beam epitaxy. The carrier concentration is varied from
1.8x10% to 1.5x 10 cm 2 by Si doping. The infrared reflection spectra, to which the vibration inathe
plane contributes, reveal a linear coupling between t{&®&) phonon and the plasma oscillation of the free
carriers. From the plasma frequency the electron effective mass is estimatednt}) €.085m, for the
intrinsic InN. The Raman spectra, to which the vibration alongdlagis contributes, reveal that the A.O)
phonon and free carriers couple nonlinearly, where a Fano interference between the zone-center LO phonon
and the quasicontinuum electronic state along ¢hexis is prominent. With these results, the anisotropic
electronic structure of InN is discussed.
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I. INTRODUCTION couples strongly with the longitudinal opticdlO) phonons
via their macroscopic longitudinal electric fie(Brohlich in-

Among lll-nitride semiconductors, InN is a key material teraction) and forms a plasmon—LO- phonon coupled mode.
for optical and high electron mobility device applicatidris.  In an earlier study of InN which contains a carrier concen-
most of the reports so far InN has been grown on a sapphirgation of the order of 1¥ cm™3, InN shows a strong plasma
(000) substrate and it is a degeneratéype semiconductor reflection in the infrared reflection spectra in tleeb
with a carrier concentration higher than*i@m3. Its crys-  plane!®'? and, from the plasma frequency vs free carrier
tal structure is hexagonal with theeaxis parallel to the sub- concentration relation, it was reported that the electron effec-
stratec axis. The band gap energy was reported in earlietive mass depends strongly on the free electron
studies to be 1.9 e¥? With the recent development of a concentratiort®
molecular beam epitaxfMBE) growth method of InN, how- On the other hand, the contribution of plasma oscillation
ever, the crystal quality has been greatly improved, whichto the A (LO) and E(LO) phonons was not reported in the
has enabled us to reveal that the band gap energy of InRaman spectr&l Few attempts have been made to explain
should be much smaller than 1.9 &\Recently Davydov why the A(LO) mode does not have a Fhiich interaction
et al. observed strong luminescence of InN at 0.9 eV, fromwith the plasma oscillatio’*?> The coupling with the
which they concluded that the band gap energy of InN wag, (LO) phonon observed by infrared measurements was also
0.7 eV>® This value, however, poses several problems to beot clear®'® This is due to the fact that when the carrier
solved. One is that it is contradictory to the bond and bandoncentration decreases, the electron effective mass becomes
criterion that InN should have a wider band gap energy thasmaller and the plasma frequency is close to or even smaller
InP (1.42 e\j.” Another is the high carrier concentration of than 1000 cm?, and accordingly the reflection from the
InN. In spite of the great effort to grow high quality InN, substrate obscures the coupling.
there has been no report of semiconducting InN. Moreover, One of the best methods to make clear the strength of the
one of the authorgT.l.) found that some InN became super- Frohlich interaction in InN is to investigate the phonon spec-
conductors below 3.4 K, and that it showed an anisotropigra as a function of carrier concentration. Recently Higashi-
superconductivity at 1.5 RK.From the angle dependence of waki et al. succeeded in growing high quality InN with a low
the magnetoresistance between the applied field and the crysarrier concentration (2 10'® cm™2) and high electron mo-
tal ¢ axis, it was concluded that the electronic structure ofpjlity (1500 cnfV~*s ') using a low-temperature-GaN/
InN was anisotropic. low-temperature-InN composite buffer structure on sapphire

As for understanding the phonon structure of InN, many(0002.%° In this study we used this buffer structure to grow
optical measurements have been ddhe.InN has four at-  Si-doped InN, and were able to vary the carrier concentration
oms per unit cell and belongs to thé Gspace group, from  from 1.8x 108 to 1.5x 10" cm™3 without deteriorating the
which one A, one g, two E, and two B optical phonons crystal quality. The infrared reflection spectra obtained at a
are predicted at th&' point of the Brillouin zone. Among normal incident configuration reveal the electron phonon in-
them, A and E phonons are both Raman- and infrared-teraction between the;8.O) phonon and the plasma oscil-
active polar modes, Eis a Raman-active nonpolar mode, lation of free carriers. The Raman spectra obtained at back-
and B, is a silent mode. When free electrons exist in polarscattering configuration reveal the non-linear coupling
semiconductors, the plasma oscillation of the free carrierbetween the ALO) phonon and the free carriers. With the
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results of these studies, the electron effective mass of intrin-  2x10°
sic InN and the anisotropy of the electronic structure of InN
are discussed.

Il. EXPERIMENTAL PROCEDURE -‘é

The samples were grown on sapph{@®01) by plasma- "'g 1x10° g
assisted MBE. Nitrogen radicals were supplied by a rf<3 £
plasma cell. The MBE growth started with a thermal clean- 8
ing and nitridation of the sapphire substrate at 850 °C for 30 =
min. 10-nm-thick low temperature GaN and 10-nm-thick low
temperature InN layers were grown sequentially at 380 °C. -
After that a 250-nm-thick InN layer was grown at 480 °C. Si 0
doping was done in order to change the carrier concentration ’ PhotonEnerg): )

The doping concentration was controlled by the evaporation

temperature of the Si-effusion cell from 1120 to 1340°C. FIG. 1. Square of the absorption coefficient of nondoped InN
The obtained InN had a carrier concentration)(from 1.8  together with the photoluminescence spectrum. The measurements
X 10" to 1.5x 10* cm™2 and a mobility () from 1000 to ~ were done at room temperatures.

_1 _l . e .
1600 cnfV"*s %, The maximum mof);llty was obtained at gap semiconductor. The band gap energy is estimated to be

a carrier concentration of 3?01018.(:m ) . 0.64-0.67 eV. The photoluminescence spectrum was ob-

High resolution x-ray diffraction and reciprocal space ;inaq 1y the use of a combination of Yttrium aluminum
mapping were performed in a Philips high resolution diffrac-gamet laser (1.0am) and an InSb photocell which had
tometer with ClK , radiation. No tetragonal metal In phase sensitivity from 0.4 to 1.1 eV. The luminescence was Lorent-
was detected. All of the samples investigated had metalligjan with the peak energy of 0.64 eV and the full width at
conduction and they did not show any resistivity anomaly ahalf maximum(FWHM) of 0.1 eV. The peak position of the
temperatures above 0.5 K. Infrared spectra were measured jifiminescence coincided with the band gap energy obtained at
a normal reflection configuration with a resolution of ropom temperature by the absorption measurement. These re-
1 cm™* at room temperature. The Raman spectra ware takeguits are essentially the same as those reported befobeit
at two excitation wavelengths of 488 and 633 nm using &he band gap energy obtained here is the smallest.
combination of charge-coupled device detector and a single- |t was reported that InN had strong plasma reflection for
path monochrometer with notch filters. The resolution of theg| ¢ axis and that effective mass?, of InN depended
Raman measurement was 1 ththroughout the experi- strongly on carrier concentratidf.The analysis was based
ments. on Drude model where the carrier concentration was larger

than 5.5<10'® cm 3. As will be explained later, when the
. RESULTS carrier concentration is in the order of 2@m™3, we have
to take into account the coupling between the plasma oscil-
lation and the E(LO) phonon'?**When the carrier concen-

All of the InN films investigated had a hexagonal struc-tration is at the order of 8 cm~2, we have to consider the
ture and theirc axes were perpendicular to the sapphirecontribution of the infrared-active optical phonons of the
(000 planes. The lattice constants of INN were determinedsybstrate sapphire for the determination of the plasma fre-
using four nonsymmetric reflections with large diffraction quency.
angles, and we obtained 3(@3A for the a axis and 5.70%) Figure 2 shows the reflectivity spectrum of nondoped
A for the c axis as averages for the investigated samplesinN(250 nmy/buffer layer$20 nm)/sapphire at [ c axis. The
These values were much smaller than those reported Byset shows the reflectivity of the substrate sappllifi©1) at
Tansleyet al. (a=3.548 A, c=5.760 A),> whose samples E| ¢ axis. In the spectrum there is a sharp reflectivity mini-
were prepared by sputtering methods. The orientation ofnum at 460 cm?, and a structure due to plasma oscillation
INN[1210] was parallel to AJO5[ 1010]. is observed at 550 cit. When the carrier concentration in-

In order to evaluate the crystal quality of InN investigatedcreases, the reflection minimum shifts several értoward
here, we measured absorption and photoluminescence spahe higher energy side and the structure around 550*cm
tra of pure InN, which are shown in Fig. 1. The absorptionbecomes deeper. As seen in the inset of Fig. 2, the infrared
spectrum was obtained using gulm-thick freestanding InN  active phonons of sapphire are so dominant that we have to
film. The film was fixed on an optically flat KRS-5 substrate. consider the refractive index of sapphire for a determination
As reported beforé’ the low temperature InN buffer layer of the plasma frequency of InN.

did not stick firmly to the GaN/sapphire substrate. Hence the For the analysis of the optical reflectivity of InN, a stack-
1-pm-thick InN film peeled off smoothly from the substrate, ing structure of air/InN/AJO; is taken into account. Here we
which let us determine the absorption coefficient without anytreat the simplest case of normal incidence in the principal
optically complex contribution from the sapphire substratedirection. From normal incidence, all wavevectors involved
The square of the absorption coefficient had a linear depern the problem are collinear. In this case the boundary con-
dence on the photon energy, as expected for a direct-banditions for the incident light are given as follow3:

A. Fourier transform infrared measurements
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FIG. 2. Reflection spectrum of nondoped InN on sapphire at FIG. 3. Plasma frequency of InN as a function of the carrier
EL c axis. The solid line is obtained by E¢f) with several fitting  concentration together with the effective electron mass. The dashed
parameters given in the text. The inset shows the reflection spedine is drawn from Eq(8) usingm?, =0.085n, ande,., =6.7.
trum of substrate sapphire on tf@001) surface.

d=280 nm, which is in good agreement with the total film

Eog+Eo =Eq+Ey,, (1)  thickness of the 250-nm InN film and the 20-nm low-
temperature GaN/InN buffer.

No(Eoi — Eor) =N1(E4i—Eyq,), 2 As seen in Fig. 2, the reflection spectrum is well repro-

duced by Eq.(6). The parameters determined for the best

Elieikﬁld+Elre—ikﬁld:E2’ ) fitting are €,, =6.7, which is the same as that reported

beforel? and ey, = 10. 5 From the Lyddane-Sachs-Teller re-
A KR CiKkhedy 2 lation, w =600 cm ! is obtained for E mode. w
ny(Eqe ™M= Eye M9 =noEy, @ —0.062 eV, y=0034eV, wro=479cm ", and r
where, suffixesi and r represent incident and reflected =4.8 cm . These frequencies of;Eagree well with those
waves, respectively. The suffixes 0, 1 and 2 are for air, InN'eported beforé! The small energy of' indicates that the
and sapphire, respectivelyis the film thickness of InN, and lattice vibration in thea-b plane has a long lifetime and
k is the wave vector of radiation. From these equations, weupports the good crystal quality.gives the optical mobility

obtain the reflectivityR of InN as follows: in the a-b plane of 430 crAV~'s™! from y=elu.m}, ,
) which is almost one-third of that obtained from Hall mea-
R Eor 5) surement.
Eoi The reflectivity spectra of other samples with differegt
are well reproduced using E¢6) without changing the fit-
and ting parameters except, andy. That is, the total reflectiv-
A Khed L A A ikhed ity, which is determined by, , does not depend on,.
Eor _(N1—np)(ny+ng)€™ 4+ (ny+ny)(ng—ny)e ™™ The deep reflection minimum observed around 460 tm
= (ﬁz_ﬁl)(ﬁl_ No)€KMI+ (Ry+1Ny)(Ny+ng)e kmd’ shifts to 467 cm*? at the largesh,, but the FWHM and the

(6)  depth do not depend am,, which indicates thal' andd are

constants. This result indicates that Si doping does not
In this equatlonn2 is the refractive index of sapphlre and is Change the Ephonon structureeol 10.5 is satisfied in all
obtained from the reflectivity spectrum of sapphire usingof the investigated samplesp andy depend om,, and the
Kramers-Kronig relationsn; is assumed to be the linear obtainedw,, is plotted in Fig. 3 as a function af,. The
combination of the dielectric functions of free carriers square ofw, does not depend linearly an,. Usingng, the

(Drude model and the E infrared active mode of InN; electron effective mas:(;, ) is given as follows:
2 2 2
- [0) (€0, — € ) 0T Ne€
A [ — . e — ®
o(wtiy)] w2 —iTo—o €1 Mgy

Here,e,., andey, are the high and low frequency dielectric The carrier concentration dependencerdf is also plotted
constants of InN in thea-b plane, respectivelyw, is the in Fig 3. The effective mass is nonlinear, as reported
plasma frequencyy is the damping factor of the plasma before!® but the value is stabilized around 0.085 at n,
oscillation, wrg is the frequency of HTO), andT is the  <8x10'%m 3. The error bars ofnf, in Fig. 3 are due to
damping factor of E{TO). For the fitting procedure, the film the uncertainty ofn, determined by Hall measurements
thicknessd is dominant for the determination of the reflec- (=5%). Asshown in Fig. 3,0, is fitted well by Eq.(8) of
tion minimum at 460 cm*. The best result is obtained at m%, =0.085m,. We therefore conclude that pure InN has an

235204-3



T. INUSHIMA, M. HIGASHIWAKI, AND T. MATSUI PHYSICAL REVIEW B 68, 235204 (2003

20F
@
K|[c-axis E, =
A(LO) 'E
L =
g 1.5 e
§ B
= o hed
= 1ot £
[ w»
g g
é A=633 nm €
05 o
=
«®
2=488 nm E
00 1 1 1 m
300 400 500 600 700
Raman shift (cm”) L L L L
400 500 600 700
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INN observed by 488-nm excitation and 633-nm excitation. The
Raman spectra were taken at a backscattering configuration where FIG. 5. Sample dependence of the Raman spectra of InN excited
the wave vector of the laser was parallel to the crystakis. by 633 nm.ng(cm %) and u.(cn? V~1s 1) of the samples shown

in the spectra are, from bottom to top, X.80'%, 1280(nondopedt
mg, of 0.085m,. At ne>8x10" cm 3, w, deviates from  2.2x10'8, 1390; 2.2 10! 1520; 2.5¢10® 1570; 3.0<10%,
Eq. (8), which might be due to the nonparabolicity of the 1600; 3.7 10' 1490; 4.7 10", 1500; 7.0<10', 1340; 7.6
conduction band originated from thep interaction between X 10%, 1280; 1.1x10', 1020; and 1.5 10'°, 1000.
the conduction and valence bands as is observed in narrow
band gap semiconductofs.

The fitted v becomes small with increasing, and
reaches a minimum an,=4.7x10%¥cm 3, where y
=0.014 eV, which givesu,=1240 cnfV 1s 1. This is
very close to the 1500 chV~'s ! obtained by Hall mea-
surement at room temperature.

There is another remarkable change in the Raman spec-
trum when the excitation energy changes from 488 nm to
633 nm. The Raman intensity of ;ALO) obtained by
633-nm excitation is four times stronger than that by 488 nm.
The background with positive slope with the Raman shift,
which increases up to 1200 ¢rh becomes dominant at
633-nm excitation. The big change of the Raman spectrum
should be due to the resonance Raman effect bechuse
=633 nm is closer to the band gap energy of InN.

The micro-Raman spectra of InN have a strong excitation Figure 5 shows the carrier concentration dependence of
energy dependence. In Fig. 4 we compare the Raman spectige micro-Raman spectra obtained by 633-nm excitation. In
of nondoped InN obtained by 488- and 633-nm excitationthis figure each Raman spectrum is obtained under the same
energies. The laser direction is parallel to the hexagenal experimental condition and is plotted on the same scale. The
axis and the Raman spectra are observed in a backscatteriggrk noise was subtracted systematically. The Raman spec-
configuration. In this configuration the following three trum consists of two components: a discrete structure due to
modes are Raman active. One is the stror&@ Eode at Raman active phonons and a linearly increasing background
490 cmi 1. The FWHM of this mode is 4 cmt. The posi-  with positive slope against the Raman shift. The background
tion and FWHM of this mode do not show an excitation intensity increases as, increases, while the slope of the
energy dependence. Hence Fig. 4 is drawn so as to fix thieackground becomes less steep. The background part of the
E?) peaks at the same intensity. The second is fierfiode  Raman intensity should originate from the free carriers of
at 87 cm! (not shown in the figure The third is the InN.

A,(LO) which is expected to be observed at around As for the discrete structure, there is littlg dependence,
590 cni ! from anab initio calculation?* As seen in Fig. 2, Which indicates that the crystal quality is kept almost con-
nondoped InN hasw,=500 cn!, and therefore the stantagainst Sidoping. The peak position and FWHM of the
A;(LO) mode should couple with free carriers linearly and E(22) phonon do not show any, dependence. The, depen-
be observed as plasmon—LO-phonon cougldP) modes.  dence of the frequency of the, L O) mode is small, but it is
Assuming spherical electron mass, PLBnd PLP (lower  not impossible to evaluate the shift from 586 to 589 ¢ras
and upper plasmon—-LO-phonon coupled moddwuld be n, changes. The mode denoted bybecomes a clear peak,
observed at 310 and 700 crh respectively. Since we could but its position is almost constant against the increase, of
not observe any intensity around there as is shown in Fig. 4, Davydov et al. assigned the origin of peak as PLP

we assign the peak around 590 thas A(LO). Under using Mg-doped InN! As shown in Fig. 5, then, depen-
488-nm excitation the peak is observed at 583 ¢niThis  dence of the Raman shift of peak is negligible, which
peak shifts to 586 cm' under 633-nm excitation. The shape reveals that the origin ofr is not PLP . Kasic et al. as-

of A;(LO) is asymmetric, and the FWHM is 10 crh signed this peak as a disorder-activateg{ PO) peak, and
There is another weak band around 433 émwhich is de-  determined its energy to be 443 th'? Their assignment is
noted by« in Fig. 4. based on the FWHM of peak, which is much wider than

B. Raman scattering measurements
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that of E?). In Fig. 5, the FWHM of peaky is 10 cm %,
similar to that of A(LO). Moreover the line shape of peak 20 |
a is asymmetric like A(LO), which indicates that the
physical origin of peaky is similar to that of A(LO).

To understand the mechanism of the appearance o-%’ 15
A;(LO) under strong plasma reflection, one of the authors §
(T.1.) proposed the presence of an extended carrier-depleteS
layer at the sample surfat®Kasicet al. denied this by pre- 10
cise infrared spectroscopic ellipsometry measureménts.

They assigned the ALO) peak as the lower branch of the
large-wave-vector LO-phonon-plasmon coupled méthe 5
PLP~ mode approached ALO)] arising through a noncon-
servative wave-vector scattering process. Their assignmer .
was based on one samplergf=2.8x 10'° cm™3. If we ap- 400 500
ply their mechanism to our data shown in Fig. 5, the peak
denoted as /(LO) has to show a strong. dependence,

because in smalh, samplesw, is much smaller than the FIG. 6. Raman spectra of nondopet, € 1.8x 10 cm3) and
frequency of A(LO). The data shown in Fig. 5 do not sup- si-doped (,=1.5x 10" cm~3) samples. The solid lines represent
port their assignment. We will discuss the origin of(RO) theoretical fits to the Fano profiles of E®).
together with peakr in Sec. IV. A peak, denoted bg in Fig.
5, becomes observable at 550 cthwith the increase off,. long-range Coulomb forces, but they are coupled to optical
At present we cannot assign the origin of this peak. Davydoyphonons and Fano resonances are expected. The Raman in-
etal and Kasicet al’? reported a peak at around 561 tensity in the case of #0 is determined by the scattering
cm™*. The relationship between these two peaks is not clearate (r; %) in channelL and whenr, > w, the Raman spec-
trum is linear in energyn. Now, when the free electrons in

IV. DISCUSSION InN spread in the-b plane, they should have a strong inter-
. . . . .action with the A(LO) phonon because of the out-of-phase
Germanium and Si are nonpolar materials and their optiy;hation of In and N atoms along theaxis in the unit cell.

cal phonons ak=0 are not infrared active. Consequently |, yiq case the Raman intensB(w) is expressed with the
they do not split ak=0 into LO and TO components. There ., mpination of the Fano interfererféand the contribution
is no Frdilich scattering mechanism, or LO-phonon— of channell 0 as follows:

plasmon coupled mode. In these nonpolar semiconductors

the interaction between free carriers and phonons is nonlin- 1

ear and optical phonons are observed as Fano interference, S(w) =

showing an asymmetric shape at the initial positions. On the

other hand, in polar semiconductors, Hlioh interaction is and

so strong that only plasmon—LO-phonon coupled modes are

observed? The results shown in Fig. 5 indicate that the LO w—wo—Aw

phonons of INN observed around 590 c¢indo not couple e (10

with free carriers. They have a strong excitation energy de- F

pendence, their peak positions shift a little mschanges, Wwhereqis the Fano asymmetry parameter for the coupling of

and they are shaped asymmetric at their original positionthe phonon to the electronic continuumy is the frequency

These features are essential to the Fano interference asdkthe A(LO) phonon,Aw is the shift of the phonon energy

observed in nonpolar semiconductors. due to the electron-phonon interaction, dnglis the width
Here we discuss the Raman spectra shown in Fig. 5 basgu@rameter related to the transition rate between the con-

on the Fano interference. As seen in Figs. 4 and 5, when thgnuum and discrete states, determines the slope of the

penetration depth of the irradiation og increases, the Ra- background spectrum.

man intensity increases, where the spectrum is linear with The fittings of the Fano interference to the Raman spectra

the Raman shift. This feature was observed in the Ramaaf the non-doped and the most heavily Si-doped InN are

spectra of highF, superconductofdand the mechanism was shown in Fig. 6. The fitting parameters are common to both

explained by Zawadowski and CardoffaAccording to  spectra: q=9, wo=586cm?, Tr=6cm?’, and T

them, the Raman intensity is dominated by the scattering=400 K. Aw=0 for the nondoped InN andw=3 cm ?

between different parts of the Fermi surface of degeneratéor the Si-doped InN. As forr , we can reproduce the Ra-

semiconductors. When the light produces pair excitationsnan spectra using, =0.3 for the nondoped InN and,_

with different angular momentum quantum numbgrshe  =0.18 for the Si-doped InN. The factef is related to the

electron-density fluctuations with=0, which corresponds transport lifetime, and becomes smaller when the impurity

to isotropic excitation, are screened by plasma oscillationsoncentration increases. Hence E9). explains well the re-

and result in weak Raman intensity. The excitations with sult of Fig. 5 that the Raman slope becomes less steep

#0 do not form plasma oscillations and they are free fromagainst the increase of;.

@
E, A (LO)

Si-doped

non-doped

600 700

Wavenumber (cm™)

(€)
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In the highly Si-doped InN, the Fano interference is alsoneously doped GaAs, where LO-phonon—plasmon coupled
observed at peak and the parameters q ahg are similar modes are observed, a strong Fano interference is dominant
to those obtained for the ALO) mode. This fact indicates in a periodically delta-doped multilayer-structure of G&As.
that peaka is an optical phonon with the same representadn such a system, electron motion in the direction normal to
tion as that of A(LO). Hence we assign peakas A (TO), the doped layers is quantized in the form of minibands and
though this mode is forbidden at this scattering configurahence the Fano-like interferences between electronic mini-
tion. It becomes observable at 433 chin the Raman spec- bands and the LO phonon were reported.
tra due to the increase of lattice imperfections in heavily
Si-doped InN. As for the uncoupled;ATO) phonon energy, V. CONCLUSION

Davydovet al. reported it to be 447 cm'" using InN grown In this paper we present the carrier concentration depen-

on (1102) sapphire.' Then we assign the most appropriate gence of the interaction between free carriers and LO
energies for A(TO) and A(LO) as 447 and 586 cnt, phonons of InN, studied by Raman scattering and Fourier

respectively. From Lyddane-Sachs-Teller relatieg)/e~|  transform infrared measurements. The infrared reflection

=1.72, which is larger thagy, /€.., =1.57. _ spectra reveal linear-coupling between thgLB®) phonon
Next we consider why InN has a strong nonlinear free-3q the plasma oscillation of the free carriers. The obtained

carrier—LO-phonon interaction rather than Rioh interac- phonon energies for £TO) and E(LO) phonons are 479

gon along thec axisr; or why tlhe g)t;fitatior;s with #0 E';l:’e and 600 cm?, respectively. From the plasma frequency the
dominant in InN. The most plausible explanation is the an<e o effective mass is estimated torb = 0.085 m for
isotropic electronic structure of InN. This structure was ob-

; . the intrinsic InN. The Raman spectra reveal that th€L®
served in InN by the magnetoresistance measurements, al P heLo)

) . onon and free carriers couple nonlinearly and the Fano
was reported befor®? If the anisotropy is strong along the B P y

s th lina bet the elect ; | th interferences are prominent between the zone-center LO
axis, tne coupling between the electrons moving alongethe gionon and a quasicontinuum electronic state alongcthe

:I\xist b?_comes incothfer”ent. ((j:%nslequently, thce: crllargbe f_delcr;si is. From these results, we decide that the most appropriate
uctuations are not foflowed by long-range .oulomp he S'energies for A(TO) and A(LO) are 447 and 586 cnt,

and_the phonon polarization _f|eld 'S not screeped by fr_e?espectively. From these considerations, we propose an an-
carriers. Instead, a broad continuum of free carrier excltat|ori1Sotropic electronic structure of INN

appears along the axis. In this case Fano type coupling
between the electron-excitation continuum and the LO pho-
non takes place when the excitation energy of the electron in
the continuum overlaps with that of the LO phonon. The The authors are grateful to Professor H. Harima of Kyoto
experimental conditions required to observe the Fano-typinstitute of Technology for his advice, to the Ministry of
coupling can be easily fulfilled in InN because the electronicEducation for the Grant-in-Aid for Scientific Research
states are uniformly spread in theb plane, as shown in Fig. (C)14550306 and to the financial support of the Nippon
2, while there are many stacking faults in InN, as shown inSheet Glass Foundation. The low temperature measurement
the broad luminescence in Fig. 1, which should be along thevas carried out at the High Field Laboratory for Supercon-
C axis. ducting Materials of Tohoku University. We also appreciate
There are several reports that the Fano interferences atke support of Dr. Ohkubo of Jasco Corporation and Mr.
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