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The LO phonon-plasmon coupling of InN for the £,(LO) mode has been found; however, the decoupling for
the A;(LO) mode has been reported in many issues. Several reports have discussed the electron- and phonon-
scattering mechanisms, while there is no detailed investigation on the broadening factors of mode energies
even for E;(LO) phonon-plasmon coupled scheme. In this issue, the studied InN layers grown by the
molecular-beam epitaxy method have residual electron density obtained by Hall measurements in a range from
8X10'7 to 1 X 10" cm™>. The electron density measured by infrared reflectance measurements is almost con-
stant with a temperature variation from 5 to 300 K. The dependence of the observed broadening factors of the
E;(LO) phonon-plasmon coupled modes on the electron density is found to show the characteristic properties
of the level anticrossing, in particular, for the increase of these broadening factors around the level anticrossing
region with the temperature increase from 5 to 300 K. Compared to the recent report on the LO phonon-

plasmon coupled modes for A;(LO), smaller broadening for £,(LO) is observed here.
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I. INTRODUCTION

The progress in the InN growth by the molecular-beam
epitaxy (MBE) method led to the decrease in the residual
electron density (n,) to the order of 10'7 cm=. Recent re-
searches report the band-gap energy values (E,’s) of
0.63-0.8 eV (Refs. 1-3) and 1.4 eV (Ref. 4) and the effec-
tive electron mass values (m,’s) of 0.04my—0.14my. % We
found that E, of about 0.67 eV and m, of 0.046m, around
10 K are in good agreement with the photoluminescence and
absorption spectra, and obtained the experimental transition
matrix element of about 1.0%%/2m, Ry.° In most of the re-
ports, n,/m, was obtained from the energy of the higher-
energy branch of the E;(LO) phonon-plasmon coupled
(LOPC) modes by the analysis of infrared (IR) reflectance or
spectroscopic ellipsometry with assumptions of the complete
LOPC for the E,(LO) mode and the agreement of n, from
the optical spectra with Hall electron density (ny). Since the
nonparabolic conduction band edge structure has been re-
ported, the LOPC analysis based on the dispersion of m, is
now required.

The LO phonon-plasmon coupling in degenerate polar
semiconductors has been investigated in detail.'®-'?> Giehler
and Jahne reported a strong LOPC feature in the mode
broadening factor for CdS.!"" Singwi and Tosi theoretically
stated that the overdamping leads to the crossing of the two
modes in general: disappearance of the anticrossing of the
LOPC states.'> Experimental overdamping features are ob-
served for several materials.!’'!3 However, there are few
reports on the dependence of the broadening factors on
temperature. At present, most of the InN layers have
the threading dislocation density more than 10'° cm™2 or
more.'*1> There are studies reporting the electron scattering
at dislocations of InN as a main factor on electron mobility
from its dependence on temperature.'®!” The energetic prop-
erties of InN phonon modes are studied in detail;!® however,
there are few detailed reports on the effect of the phonon or
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electron scattering at crystal defects on the broadening fac-
tors of plasmon and LOPC modes. There is a controversial
matter of the LO phonon-plasmon coupling condition of InN.
Although Kasic et al. and Darakchieva et al. reported the
coupling of the A;(LO) mode with plasmon by spectroscopic
ellipsometry measurements,>!® the decoupling for the A,
mode was reported by Raman measurements.!”-?>-23 In-
ushima er al. reported no coupling of the A,(LO) mode for
an ny range of 1.8X10"¥-1.5x10" cm™ by Raman
spectra.?’ As for the origin of this decoupling, there are sev-
eral discussions: the Fano interference effect of the quasicon-
tinuum electronic state and the zone-center LO phonon®” and
the scattering with large wave-vector transfer by charge-
density fluctuation.?? In the measurements of the ellipsom-
etry on InN, the broadening factors of LOPC modes were
assumed to be isotropic.’ Further, A;(TO) mode energy ob-
tained from Raman measurements was utilized.>'® There-
fore, the difference in the coupling behaviors between the
E;(LO) and A,(LO) modes was not investigated in view of
the broadening factors. Although the energetic LOPC behav-
ior was found for E,(LO) phonon-plasmon system in many
reports, the dependence of the broadening factors of the
LOPC modes on 7, has not been investigated even for this
mode. As for the dependence of the phonon properties on
temperature, Pomeroy et al. reported that phonon lifetime of
InN decreases from 0.4 to 0.6 ps with the increase in the
temperature range from 80 to 300 K.>* However, the depen-
dence of the broadening factors for the LOPC modes has not
been investigated. As a fundamental knowledge for the scat-
tering condition of the LO phonon-plasmon system for InN
layers of present status, we investigate the dependence of the
broadening factors of the E,(LO) phonon-plasmon coupled
states on the electron density and crystal temperature by
s-polarized IR reflectance measurements, and discuss the
scattering of LOPC states.
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II. EXPERIMENTAL AND SPECTRUM ANALYSIS
METHOD

Crystal growth was performed by plasma assisted MBE
method. InN epitaxial layers were grown at 500—630 °C on
InN buffer layers grown around 450 °C or GaN epitaxial
layers'* on a-Al,O5 (sapphire) (0001) substrates. We found
the dislocation density of the order of 10° or 10'® cm=2.1415
A few samples with n in the order of 10!” cm™ had the +c¢
surface polarity. The other samples had the —c polarity. The
thickness of the typical samples was about 2 um or larger,
which was measured by a scanning electron microscope or a
confocal optical microscope. Hall measurements were per-
formed at room temperature (RT); ny was in a range of 8.3
X 10"7-1.8 X 10" cm™. Most of the samples had larger Hall
mobility than 1000 cm?/V s. X-ray rocking curves were ob-

tained for (0002) and (1012) diffractions at RT.

IR reflectance measurements were carried out using a
Fourier transform IR (FTIR) measurement system and a cry-
ostat. The incidence angle of the IR light was 30° inclined
from the surface normal. The s polarization of the incident
light was selected by a polarizer made of KRS-5. The reso-
lution of the system was 2 cm™!. During the measurements,
nitrogen gas was flowed along the optical path of the FTIR
system. The reflectivity was calculated using the reflectance
spectrum of a gold film on a glass plate. The sample tem-
perature was controlled at 5 or 300 K.

The reflectance spectra of multilayer structures were cal-
culated by the transfer-matrix method. We analyzed the di-
electric function for the component normal to the ¢ axis. For
a-Al,O3, the phonon energies and their broadening factors
obtained from the least-squares fit of the experimental spec-
trum were almost the same with the former reports: within
3 cm™! for phonon energies.>>?® As the dielectric constants
of &(0) and &(0), 3.06¢, and 9.33g, were adopted, respec-
tively.?>2¢ Here, g, stands for the value in the vacuum.

The dielectric functions of InN and GaN layers were ana-
lyzed with the use of the following widely used formula, in
which the energies of the E;(LO) phonon-plasmon coupling
were explicitly expressed:>20

(E>—E* +ivy,E)(E>—E* +ivy_E)
(E* + i,E)(E* - Efo + iyroE)

e(E) = g() (1)

Here, E, and E_ represent the energies of LOPC+ and
LOPC- modes, respectively. These E, are expressed as
{(E2+ B} o2 (B2 + E2 )2 —4E2E2)/2)2. E, is the plasma
oscillation energy of 7i\n,e?/&()m,. The broadening factors
for TO phonon energy (Etq), plasmon energy, E,, and E_ are
denoted by v, (j=TO, p, +, and —). For GaN, &() of
5.04g, was taken from Ref. 26. For InN, it was obtained by
the spectrum fitting for the oscillation structure with the use
of the film thicknesses of InN and GaN. Some of the param-
eters for GaN were obtained using a single GaN layer on the
substrate, where Erg of 560 cm™!, Yps Vs> and y_ of 140, 7,
and 135 cm™!, respectively, and n, of 1X 10! cm™ were
obtained using m,/mq (m,) of 0.2. The ratio of Er and the
LO phonon energy was taken from Refs. 5, 7, and 26. These
values were utilized in the following analysis.
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FIG. 1. IR reflectance spectra at 300 K in an energy range from
the LOPC region to the electronic band edge energy region. The
solid curves are the best-fit functions by the formula of the sum of
Eq. (1) and the dielectric function for the electronic band-band tran-
sition represented in the former issue (Ref. 9).

The effective mass of InN was calculated with the use of
the dependence of the conduction-band (CB) electron energy
(E,) on electron wave vector (k,),%%’

w1 X 7242
+ = E,+4E, -E,|. (2
Zmo 2 8 2m0

The formula m,=%k,/ (dE,/dk,) was also utilized. The wave
vector at the Fermi surface is expressed by k, z=(37°n,)""3.
Here, the band-gap energy E, was taken as 0.675 eV at cryo-
genic temperature. The parameter E, was taken as 14 eV,
which gives the transition-matrix element of 1.042/2m, Ry
and m, of 0.046 at the conduction-band bottom.”

Ec(ke) = Eg +

III. RESULTS
A. Overall reflectance spectrum characteristics of InN layers

Figure 1 shows the reflectance spectra at 300 K for the
samples with the thickness of about 5 um or larger. The
increase in the fundamental absorption edge with the in-
crease in ny is shown. From the analysis of the absorption
and photoluminescence spectra for samples with the thick-
ness of about 1 wm and ny of about (0.8—1) X 10'8 cm™3, we
have obtained the consistent fitting of the photoluminescence
and absorption spectra by taking account of the Burstein-

Moss effect and the nonparabolic CB energy structure ex-
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TABLE L. Characteristic properties of InN layers. The values except for y, and n,/ m; are at 300 K or RT.
The data of y, and n,/ m: are obtained from the spectra at 5 K. Equation (2) is used for the calculation of n,.

E695 has the +c surface polarity.

Sample 1D E695 E626 E472 E312 E230
n/m, (10" cm™) 0.60 0.97 2.6 3.7 10.0
n, (10" cm™) 0.30 0.50 1.5 22 7.4

¥, (em™) 80 98 123 62 162

e(®)/ g 7.0 7.0 7.1 7.4 9.0

Hall mobility (cm?/V s) 2030 1300 1150 1200 730
FWHM of XRD rocking 380 530 370 450 1400
curve for (0002) (arc sec)

FWHM of XRD rocking 1100 1330 1450 670 2200

curve for (1012) (arc sec)

pressed in Eq. (2).” With the same model function, we fitted
the reflectance spectra. The solid curves in Fig. 1 are the
best-fit functions for the respective spectra. They agree well
with the experimental results. This result indicates that the
present CB edge energy structure is applicable to the inves-
tigation for LOPC properties.

From the interference oscillation structure of the reflec-
tance spectra, we obtained e() for each sample. For E626
with n, of 1 X 1019m: cm™3, we obtained 7.0 (x0.3)s,, which
agrees with the former result of 6.7&.'8 The values for typi-

cal examples are listed in Table I. This constant increases
with the increase in the residual electron density. It is esti-
mated that the crystal defects generating electrons in the CB
bottom are a candidate origin of the increase in g(). The
decrease in g(®)/g, from 9.0 to 7.0 for the fitting of the
spectrum of E230 causes the decrease in n,/ m: by 20% and
almost no change in the broadening factors. For samples
with smaller ne/m: than 5X 10" cm™, this effect of the
variation in (%) on the parameters is smaller.

Figure 2 shows magnified spectra in a region from
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200 to 1000 cm™!. Figures 2(a)-2(c) are the spectra at
300 K. The TO and LO phonon energy positions for a-Al,O4
and GaN are indicated by arrows in Fig. 2(a). These figures
show that the eminent structures of the spectrum edge posi-
tions are not for the phonon modes of a-Al,O5 substrate or
those of GaN layers. The edge position around 475 cm™!
agrees with the E,(TO) phonon energy of InN. We conducted
least-squares fits of the experimental spectra in both the en-
ergy regions for LOPC— and LOPC+ modes. Here, in addi-
tion to the E,(TO) phonon energy, n,/m,, v,, y_, and ¥, of
InN were adjusted.

For samples with smaller n,/m, than 1X 10" cm™, we
took account of nonuniform electron distribution in InN lay-
ers: electron accumulation (EA) regions just above the
InN/GaN interface and around columnar crystal domains
along the ¢ axis. Electrons were supposed to be accumulated
in the dip of the bended CB bottom within the thickness of
tens of nanometers around the surface and interface.?®? This
bending is generated by the levels of high-density crystal
defects including dislocations around the interface and co-
lumnar grain boundaries. These models are in accordance
with the observation of high-density dislocations of the order
of 10° or 10'° cm™2 and the columnar structures observed by
tunneling electron microscopy or atomic force micros-
copy.'>!* We found that the effect of the surface accumula-
tion was minor to above two factors. This may be caused by
the large broadening of the plasmon around the surface. The
detail will be discussed elsewhere. The account of these EA
structures brings us the decrease of n, in the order of
10"%m, cm™ for the bulk region except for the EA regions.
This factor does not affect the interpretation of the final re-
sult shown later for the dependence of the broadening factors
on n,/ m: For samples with larger n,/ m: than 1
X 10" cm™3, the model of a single InN layer with a uniform
electron distribution fits the spectra. This result is ascribed to
the large sheet electron density of the order of 1015m: cm™2
compared to those of EA structures of 10'm, cm™2. The
solid curves in Fig. 2 are the best-fit functions at 5 and
300 K. The small deviation at the Reststrahlen band for Figs.
I(a) and 1(d) was ascribed to the rough surface from the
analogy of the GaAs case reported by Holm and Palik.3°

B. Dependence of the broadening factors of LOPC
modes on electron density

The dependence of y, and y_ on n,/ m: at 5 K is depicted
in Fig. 3(a). The increase in 7y, and the decrease in y_ with
the increase in n, are shown in this figure. This feature is
interpreted in the scheme of LOPC as follows. Figure 4
shows the calculated dependence of £, E_, and E, on n,/ m:
under a condition of E,=14 ¢V and E,=0.675 V. Here,
ne/m: is taken as the abscissa in accordance with the quan-
tity directly obtained by the IR reflectance spectra. The ob-
tained adjusted parameters of n,/ m: and 7, at 5 K are listed
together with the other properties measured at RT in Table 1.
Figure 4 indicates that for InN, the plasmonlike property
of the LOPC- mode appears below n, of (3-4.5)
X 10"m, cm™ where the energy level anticrossing takes
place. For the region of larger n, than this value, it is thought
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FIG. 3. Dependence of the broadening factors on electron den-
sity: (a) y, (@) and y_ (O) at 5 K, (b) Ay, (®) and Ay_ (O), and
(c) Avy,. The electron densities are taken as the average values of
those at 300 and 5 K. The typical error ranges for ordinate quantity
are drawn for some typical samples.

that the LOPC— mode shows the screened or bare LO pho-
non (B-LO) property.3*3! On the other hand, for higher-
energy mode, this 7, value of (3—4.5) X 10"m_ cm™ is the
boundary between the LO phonon behavior and the plasmon
one. As the experimental result, we obtained Y of around
80 cm™! or larger and yro of 3—5 cm™!. This result is inter-
preted as follows. As the character of the LOPC+ mode
transfers from the LO phononlike character to the plasmon-
like one,'® v, increases with the increase in n,. For the
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FIG. 4. Calculated anticrossing behavior of plasmon and
E;(LO) phonon energies. E, of 14 eV and E, of 0.675¢eV are
adopted in the calculation. Two solid curves and a line correspond
to the IR active modes for the present experimental geometry.
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LOPC- mode, y_ decreases in accordance with the transfer
from the plasmonlike property to the B-LO one. Therefore, it
is thought that the two broadening factors of the respective
two modes in reflectance spectra of InN are interpreted to
obey the LO phonon-plasmon coupling or the screening of
the macroscopic electric field of the LO phonon by electrons.

C. Effect of temperature increase on the broadening
factors

We compare the effect of the temperature increase from
5 to 300 K on the spectrum between samples E626, E312,
and E230 K. For E626 and E230, the spectra of these two
temperatures are almost identical, while the spectrum of
E312 varies with temperature, in particular, for an energy
range of 600—900 cm~!. For E312, with the temperature in-
crease we detected an increase in 7y, from 50 to 86 cm™' and
a slight increase in ng/m: from 2.9Xx10" to 3.7
X 10" cm™3. The increases in 7y, and y_ with the increase in
temperature from 5 to 300 K are denoted by Ay, and Avy._,
respectively. Figure 3(b) shows that the dependence of Ay,
and Ay_ on n, /m For samples showing the increase in
n./m, * with the temperature increase, the average values for 5
and 300 K are taken for the abscissa; the error bars indicate
the variation of n,/m, with the temperature increase. The
peak positions of Ay, and Avy_ are located around 7,/ mZ of
3-4.5x 10" cm™. This value corresponds to n,=(1.5-2.3)
X 10" cm™ from Eq. (2). The variation of E, of 10-14 eV
(Refs 1 and 3) leads to the variation of n, by 40%. This
n,/ m agrees with the theoretical anticrossing region of
(3 4. 5) % 10" cm™ shown in Fig. 4. The increase in n, /m
for E312 with the temperature increase contributes to an in-
crease in y, by about 10 cm™! at most, which was estimated
from the dependence of vy, on n, of Fig. 3(a). Sample E472
has Ay, of 29 cm™!, while it has no variation of n, with the
temperature increase. Thus, the increase in n, does not ex-
plain the increase in Ay;’s.

With account of the dependence of y, and y_ on n,/ m
we ascribed this enhancement of Ay,’s in the antlcrossmg
region to an enhancement of the scattering rate of LOPC
states: depopulation of LOPC states, the excitation and de-
excitation transfer between LOPC+ and LOPC- states, and
so forth. As shown in Fig. 3(c), Avy, is also enhanced around
the anticrossing region to a value of 25 cm™'. This result
indicates that LOPC characterizes the scattering of electrons
Thus, the enhancement of Avy,, Ay,, and Ay_ at n,/ m of
(3—4.5) X 10" cm™ reveals the strong electron- phonon cou-
pling around the energy anticrossing point.

IV. DISCUSSION

As shown in Fig. 3(b), the peak value of Ay, around the
anticrossing region is larger than that of Ay_. There are two
possible explanations. The first candidate explanation is
based on the fact that v, increases with the increase in tem-
perature in the anticrossing region, and this increase is larger
than that for phonons, which was shown by Pomeroy et al.
for InN with the use of Raman spectra: the increase from
4 cm™' at 80 K to about 8 cm™' at RT for the uncoupled
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A,(LO) phonon.?®* The y_ value of 20 cm™! for E230 indi-
cates that the B-LO phonon has the small broadening factor.
The small increase in y_ for samples with high n,/m, such as
E230 agrees with the fact that the broadening factors of the
LO phonon and TO phonon have smaller dependence on
temperature. Since the lower-energy branch transfers from
the plasmonlike mode to the B-LO phonon mode with the
increase in n,, the smaller Ay_ than Ay, and Ay, indicates
that the LOPC— mode around the anticrossing region is
nearly dominated by the B-LO phonon mode: the depen-
dence of the broadening factor of the LOPC+ mode shows
plasmonlike property as a main factor in the anticrossing
region. The increase in the broadening factors with tempera-
ture was attributed to the Frohlich interaction, anharmonic
lattice vibration, the scattering at crystal defects, and so
forth. However, there is an unclear point: why the B-LO
phonon mode is dominant at the anticrossing point, where
LOPC modes are not pure plasmon or phononlike mode en-
ergetically. The peak of Ay, around the anticrossing point is
thought to be caused by the high scattering rate of plasmons
by the strong LO phonon-plasmon coupling. The second pos-
sible reason for the smaller Avy_ is the smaller rates of de-
population and excitation transfer for the LOPC— mode than
those of the depopulation and deexcitation transfer for the
LOPC+ mode. Since all of the LOPC+, plasmon, and pho-
non states are located at higher energy levels than the
LOPC- mode, these energy differences would lead to thresh-
old energies for the cross sections of the depopulation and
excitation transfer processes. These increases in the scatter-
ing rate with the increase in temperature would be caused by
the excitation of the lattice vibration modes or increase in the
phonon occupation factor, leading to the increase in the
Frohlich interaction, the anharmonic lattice vibration, the
thermal excitation of electron kinetic energy, and so forth.
The excitation and deexcitation processes between LOPC
states are also possible because such transfer processes
around the level anticrossing point have been observed for
various physical systems: Landau-Zener transition between
molecular states, collisional excitation and deexcitation
transfer of atomic states in magnetic field, and so forth.

Giehler and Jahne obtained a result of mode broadening
factors for CdS at 300 K.!' They showed the enhancement of
the broadening of the coupled modes around the anticrossing
point by 40—60 cm™! compared to values at very large n, for
the higher branch (LOPC+) and at very small n, for the
lower branch (LOPC-). They utilized the classical dielectric
function consisting of the sum of a term of polar-optical
phonon and a free-carrier Drude-type one. Although we uti-
lized explicit expression of the LOPC modes of Eq. (1), the
physical meaning of the obtained broadening factors at
300 K is thought to be the same: the enhancement of LOPC
around anticrossing region. Thus, the enhancement of Avy;’s
only around the anticrossing region and the larger Ay, than
Avy_ show the characteristic feature of the strong LOPC.

In Fig. 3(a), there is some scattering of data points in a
range of 70—120 cm™! for the LOPC— mode in the n,/ m:
region of less than 1X10'"” cm™, which corresponds to
about 5% 10" cm™ of n,. Figure 5 shows the v, values as a

function of full width at half maximum (FWHM) of (1012)
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FIG. 5. Relationship between 7, and the FWHM of (1012) dif-
fraction peak in x-ray rocking curve.

diffraction peak. We find that y, increases with the increase

in FWHM of (1012) diffraction peak with some extent of
scattering of the data points, but has no correlation with that
of (0002) diffraction peak in Table I. This result means that
the edge dislocation affects the electron scattering rate. There
are issues on the dominant contribution of electron scattering
at dislocations in the dependence of Hall mobility on
temperature.'*!> Thus, in the present status of InN crystal
quality, the scattering at crystal defects such as dislocations
is estimated to contribute to the increase in 7, in addition to
the intrinsic carrier scattering by Frohlich interaction. It was
reported that the edge-type dislocation had a density of 2
X 10'° cm™? for a sample made by our MBE system, which
means that dislocations exist every 70 nm. This means that
the electron scattering at dislocations cannot be neglected
also for our samples. Although at low temperature we stated
that LOPC modes are established despite these high-density
dislocations, the effect of these scattering on the temperature
dependence of the broadening factor is unknown. At present,
we have no information of the effect of the temperature in-
crease on the scattering by distorted lattice vibrations at de-
fects.

Recently, Chang et al. reported the LOPC modes for the
A; mode and the damping time of 60—120 fs, which corre-
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sponds to 270-560 cm™! as mode energy broadening, for n,
of 2 X 10'® cm™. This broadening is larger than our result of
about 100 cm™ for the E 1 mode. For other reports, there are
no clear evidences of the establishment of LOPC for the A;
mode. Although the mechanism of charge-density fluctuation
in crystal was proposed, the mechanism on the anisotropy in
the scattering process is not uncovered.

The increase in &()/e, with the increase in n,/m, indi-
cates the degradation of crystal quality of these samples with
the increase in crystal defects. However, the broadening fac-
tors of small y_, Ay_, and Ay, of samples with high n,/ m:
agree with the tendency of other samples dominated by the
LOPC scheme. Thus, the electron-phonon interaction behav-
ior is preserved even for our samples with high residual elec-
tron density, though the crystal quality affects e()/&,,.

V. CONCLUSION

IR reflectance spectra of InN samples were investigated
for an n,/m, range of 4 X 10'8—1 X 10?° cm™>. The broaden-
ing factors of the plasmon and higher- and lower-energy
branches of LOPC of the E;(LO) mode for these typical InN
samples showed the clear behavior of the coupled system,
despite the high dislocation density of order of 10° or
10'9 cm™2. It was shown that the increase of these broaden-
ing factors with the temperature increase was enhanced in
the level anticrossing region of LOPC+ and LOPC- modes.
This ne/m: position of about (3—4.5)% 10" cm™ agrees
with the theoretical estimation. These increases in the broad-
ening factors are also evidence of the establishment of strong
LO phonon-plasmon coupling for the E;(LO) mode. Com-
pared to the recent report on the LOPC for A,(LO), smaller
broadening for E;(LO) was observed here.
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