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We report on the application of infrared spectroscopic ellipsometry (IR-SE) for wavenumbers from 

333cm-1 to 1200cm-1 as a novel approach to non-destructive optical characterization of free-carrier 
and optical phonon properties of group III-nitride heterostructures. Undoped α-GaN, α-AlN, α-
AlxGa1-xN (x = 0.17, 0.28, 0.5), and n-type silicon (Si) doped α-GaN layers were grown by metal-
organic vapor phase epitaxy (MOVPE) on c-plane sapphire (α-Al2O3). The four-parameter semi-
quantum (FPSQ) dielectric lattice-dispersion model and the Drude model for free-carrier response 
are employed for analysis of the IR-SE data. Model calculations for the ordinary (∈ ⊥ ) and 
extraordinary (∈ ||) dielectric functions of the heterostructure components provide sensitivity to IR-
active phonon frequencies and free-carrier parameters. We observe that the α-AlxGa1-xN layers are 

unintentionally doped with a back ground free-carrier concentration of 1–4 1018cm-3. The ternary 
compounds reveal a two-mode behavior in ∈ ⊥ , whereas a one-mode behavior is sufficient to explain 
the optical response for ∈ ||. We further provide a precise set of model parameters for calculation of 
the sapphire infrared dielectric functions which are prerequisites for analysis of infrared spectra of 
III-nitride heterostructures grown on α-Al2O3.

 

1 Introduction

The wide band gap semiconductor systems of the group
III-nitrides have gained considerable interest because of
their potential application for optoelectronic devices
covering the visible (VIS) spectrum with extension to
near-ultraviolet (UV) wavelengths. Recent progress has
enabled fabrication of GaN-based blue-light emitting
diodes and laser devices, as well as high-power, high-
temperature electronic devices  [1], [2], [3], [4]. How-
ever, many of the physical properties of the ternary thin-
film compounds AlxGa1-xN and InxGa1-xN, such as the
lattice phonon-mode frequencies, or the anisotropy of
electron and hole effective masses, are either unsecured
or still unknown.

Optical phonon frequencies of AlxGa1-xN, and cou-
pled longitudinal optical (LO) phonon-plasmon modes
in n- and p-type doped GaN have been investigated by
Raman spectroscopy  [5], [6], [7], [8], [9], [10]. Hayashi
et al.  [5] reported first  Raman investigation of wurtzite
AlGaN layers grown by MOVPE on c-plane sapphire.

The modes observed followed the wurtzite GaN a
AlN selection rules, and a one-mode behavior w
stated for the mixed crystals. In most of the subsequ
Raman studies, the one-mode behavior is favored o
that of a two-mode behavior.

Infrared (IR) optical investigations of III-nitride het-
erostructures, especially on heavily anisotropic su
strates such as α-Al2O3, have not been exhaustive, an
more detailed studies are needed  [11],  [12],  [13],  [1
Nevertheless, very recently Wisniewski et al. presented
experimental evidence of a two-mode behavior fro
near-normal IR-reflectometry data for hexagon
AlxGa1-xN layers grown on 6H-SiC substrates  [14]. Th
two transverse modes observed were assigned to 
AlN-like and GaN-like E1(TO) phonon frequencies. The
authors extrapolate the Al (Ga) impurity mode in Ga

(AlN), and obtained 643cm-1 (622cm-1), respectively.
Yu et al. presented near-normal IR-reflectometry data
α-AlxGa1-xN grown on sapphire that also indicated 
two-mode phonon behavior  [13]. A disorder-activate
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Raman-active E2 mode with polarization parallel to the
layer interfaces was assigned to the second TO mode
[13]. In view of the results presented by Wisniewski et
al., and those reported in this work, the second mode
observed by Yu et al. is most likely the second E1(TO)
phonon frequency in α-AlxGa1-xN rather than a disor-
der-activated Raman mode. Wetzel et al.  [11] investi-
gated a Al0.15Ga0.85N/GaN/AlN heterostructure on c-
plane sapphire by near-normal IR-reflectometry, and
reported on several unidentified features within the rest-
strahlen band of sapphire. In particular, a transverse res-

onance occurred near 651cm-1, which we now would
interpret as the second AlN-like E1(TO) mode. The
authors there were indecisive whether the resonance
would belong to the A1(TO) or E1(TO) frequency, but
the A1(TO) mode is forbidden for the c-plane oriented
wurtzite sample structure.

Many authors have treated the IR optical response of
the group-III nitride layers isotropic, despite the wurtz-
ite structure and the fact that the Berreman resonance
[15] at the A1(LO) frequency was observed generally
[11],  [13],  [14]. The observation of the Berreman effect
in near-normal incidence reflectometry data is most
indicative of the fact that the AlGaN layers need to be
considered anisotropic. Wisniewski et al. have this
structure mistakenly interpreted as the E1(LO) mode
which cannot be excited by the IR light beam incident
on c-axis oriented uniaxial layers  [16]. Instead, the
dielectric loss for polarization parallel to the film normal
is probed by the p-polarized components of the incident
light, which is known as the Berreman effect (The
reflected p-polarized IR beam changes its amplitude and
phase across the wavenumber range where the film
dielectric function parallel to the growth direction is
near to zero.  [15],  [16]) Wetzel et al. also used isotropic
treatment of their AlGaN crystals due to their small
angle-of-incidence IR-reflectometry setup, but assigned
E1(TO) and A1(LO) modes to their spectra  [11].
Because the E1 and A1 modes belong to different crystal
directions, proper assignment of these modes requires
anisotropic data treatment, and data analysis in  [11] is
entangled.

Spectroscopic Ellipsometry (SE) is known as excel-
lent technique for measurement of thin-film optical
properties. In contrast to reflectometry, ellipsometry is
not or only little influenced by intensity fluctuations and
the spectral intensity distribution of the light source.
Hence, as long as some of the IR-beam reaches the
detector, IR-ellipsometry is not influenced by atmo-
spheric absorption lines. In general, ellipsometry is
superior to reflectometry because two parameters,
instead of one, are determined independently at each

wavelength and angle of incidence. The ellipsome
parameters can be measured with high accuracy, 
small systematic errors. Both real and imaginary parts
the complex dielectric response function of materia
can be measured without the necessity to perform f
ther Kramers-Kronig analysis. The two parameters a
place tighter constrains to model calculations than t
single rather unsecured intensity parameter. Therefo
determination of the optical properties from very th
layers can be achieved by ellipsometry   [17]. Rece
development of polarization sensitive spectrophotom
ters in the middle- and far-IR now makes feasible t
application of SE to photon energies that match t
phonon energies of group III-V semiconducting com
pounds  [18]. Within the IR spectral range, resona
excitation of phonons by the SE probe beam stron
affects the state of polarization of the reflected bea
thereby providing high sensitivity to lattice properties o
thin films. Raman scattering of light by optical phono
or plasmon excitations tends to be weaker than refl
tion and absorption processes, because higher-o
optical interactions are involved in the scattering proce
whereas reflection and absorption involve the lowe
order of interaction between electromagnetic waves a
elementary excitations  [19]. Light scattering in thin lay
ers, and especially in multilayered semiconductor stru
tures is extremely weak, and difficult to detect. Th
figure changes for resonant Raman scattering, but str
light sources with wavelengths that match the band g
of the materials are required. Sometimes, informati
from buried layers may still not be accessible when t
embedding materials absorb the Raman beam.

In this paper we report on recent results of IR-S
investigations on III-nitride heterostructures grown b
MOVPE on c-plane sapphire. We demonstrate that IR
ellipsometry allows non-destructive characterization 
free-carrier and phonon properties of multilayer sam
ples, even if the optical response is heavily anisotro
as in the case of the wurtzite nitrides investigated he
We discuss issues of data analysis and parameter ac
sibility, and compare our results to recent findings 
other authors. In particular, we address the two-phon
behavior problem in AlGaN, and the electron effectiv
mass anisotropy in silicon-doped wurtzite GaN.

2 Theory

The SE parameters Ψ and ∆ are defined by the complex
ratio of the p- and s-polarized reflectance coefficients rp

and rs, respectively  [17]

, (1)
2  MRS Internet J. Nitride Semicond. Res. 4, 11 (1999).
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and depend on the angle of incidence Φa, the thick-

ness d of each layer, on the anisotropic dielectric func-
tions ∈ j of the substrate, and on the anisotropic
dielectric functions of all layers of the heterostructure
[17] [20] [21]. In the infrared spectral range lattice

dynamics (∈ L), and free-carrier properties (∈ FC) con-

tribute to ∈ j = ∈ j
L + ∈ j

FC . The four-parameter semi-
quantum (FPSQ) model for multiple (l) polar phonon
mode materials is used here to calculate ∈ j for electric
field polarization E along j = “x”, “ y”, “ z”  [22],  [23]

, (2)

 
where ωTOi, ωLOi, γTOi, and γLOi are the transverse

optical (TO) and LO-phonon frequencies and broaden-
ing parameters, respectively. Free carrier absorption
affects the high-frequency conductivity, and contributes
to ∈ j  [24]

, (3)

 
where n is the carrier concentration, and mj* their

effective mass. (e is the electron charge. ∈ 0 is the vac-
uum dielectric constant.) We assume that the complex

average momentum lifetime <τm*> = <τm(1-iωτm)-1>

equals <τm>(1 - i ω<τm>)-1  [24]. We substitute <τm>
with the carrier mobility µj

. (4)

 
For the wurtzite III-nitrides, different lattice modes

[(A1): E || c; (E1): E ⊥  c], as well as different values mj*
and µj for E || c (∈ z = ∈ ||), and E ⊥  c (∈ x = ∈ y = ∈ ⊥ ) are
considered. Model calculations are employed for analy-
sis of the IR-SE data  [17], and the model parameters (d
and ωTOi, ωLOi, γTOi, γLOi, ∈ ∞j, n, mj* , µj; of each layer
[j = “⊥ ”, “||”]), are varied until calculated and measured
data match as closely as possible. The free carrier model
requires 5 input parameters (n, m||*, µ||, m⊥ *, µ⊥ ), but
provides information, at best, to four of those. In partic-
ular, only the ratios m⊥ ,||*/N, and 1/(µ⊥ ,||N) affect the
dielectric response ∈ ⊥ ,||. If the carrier concentration is

known, the remaining parameters may be obtain
Likewise, if the effective masses are known, carri
mobility and concentration may be determined. No
that the lattice-mode parameters and the high-freque
dielectric function also affect the optical free-carrie
response. In particular, the high-frequency dielect
constants screen the plasma excitations and LO mod

Note that although the number of unknown param
ters is apparently large, the number of independent d
points acquired during the ellipsometry experime
exceeds by far the number of fit parameters. During 
course of the analysis of the sample presented here
successively build a data reference basis for the differ
AlxGa1-xN compounds investigated. We started to me
sure and to thereafter model the optical response of 
sapphire substrate, and continued to determine the A
and GaN dielectric functions. In doing so, the number
unknown parameters for analysis of the more comp
heterostructures was reduced to those of the ternary 
ers, or in the case of the doped GaN, to the free-car
parameters only. As a result, we obtained very sta
fits. There is, however, a limitation of parameter acc
racy due to limited sensitivity caused by the geometry
the experiment. Strong absorption of the incident pol
ized light at the A1(LO) and E1(TO) frequencies leads to
resonant structures within the Ψ and ∆ spectra. The lat-
ter modes can be determined precisely. Due to the s
metry of the samples (the wurtzite group-III nitrid
films have their c-axes parallel to the sample normal
the A1(TO) and E1(LO) modes are forbidden, and can
not be excited by the IR probe beam. Although claim
by other authors  [11],  [14], resonance features due
these modes cannot be observed in IR reflectometry
ellipsometry experiments. Nevertheless, both ordina
and extraordinary dielectric functions influence th
complex reflection coefficients (and therefore the elli
sometric parameters, see Eqs. C5 and C6 within 
Appendix C in  [20]), and the A1(TO) and E1(LO) fre-
quencies can still be obtained from the line-shape ana
sis of multiple angle-of-incidence data. However, th
error bars for these frequencies will be much larger th
for the A1(LO) and E1(TO) frequencies.

3 Experimental

Undoped AlN, GaN, and AlxGa1-xN epilayers (x = 0.17,
0.28, 0.5), and Si-doped n-type GaN epilayers with
wurtzite structure ([ 0 0 0 1 ] || to the substrate norm
were grown by MOVPE on c-plane sapphire  [25],  [26],
[27]. TEGa, TMAl, and ammonia were used as precu
sors. Prior to the epilayers an AlN-buffer layer wa
deposited. The free-electron concentration n, and the lat-
eral mobility µ⊥  of the n-type GaN layers were deter
mined from electrical Hall measurements. All sampl
 MRS Internet J. Nitride Semicond. Res. 4, 11 (1999). 3
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were measured at room temperature for wavenumbers

from 333cm-1 to 1200cm-1 with 2cm-1 resolution, and at
multiple angles of incidence (55° - 75°) with a rotating-
polarizer, rotating-compensator, Fourier-transform-
based variable angle-of-incidence spectroscopic ellip-
someter  [18].

4 Results and Discussion

Figure 1 and Figure 2 show experimental data (sym-
bols), and best-fit calculations (solid lines) of Ψ and ∆
for (a) c - plane sapphire (α-Al2O3), (b) undoped α-
GaN(793nm)/α-AlN(80nm)/α-Al2O3, (c) α-
Al0.17Ga0.83N(556nm)/α-AlN(49nm)/α-Al2O3, (d) α-
Al0.28Ga0.72N(535nm)/α-AlN(126nm)/α-Al2O3, (e) α-
Al0.50Ga0.50N(316nm)/α-AlN(61nm)/α-Al2O3, and (f)
α-AlN(243nm) /α-Al2O3. (The thickness information
corresponds to our best-fit values. Data from 72° angle
of incidence are shown only, and presentation of further
angle-of-incidence data is suppressed to add clarity to
the figures.) Excellent agreement is obtained between
the best-fit calculation and the experimental data.
Because sapphire was the substrate for the III-nitride
films, we first determined ∈ || and ∈ ⊥  for α-Al2O3 pre-
cisely. (The existing knowledge on the IR dielectric
response had to be revised, and details will be given in
Ref.  [23].) Following the common notation  [22],  [28],
our best-fit values {ωTO, ωLO, γTO, γLO} for the (Eu)
and (A2u) phonon modes of sapphire are given in Table
1. Equation (2) then reproduces ∈ || and ∈ ⊥ . The rest-
strahlen bands of sapphire, indicated by the brackets
below spectra (a) in Figure 1 and Figure 2 dominate
spectra (b) - (f). However, the lattice modes of the III-
nitride films affect the IR-SE data, especially at the (E1)
ωTO (solid arrows), and (A1) ωLO (dotted arrows) fre-
quencies.

The Ψ and ∆ spectra (f) from the 243nm-thick single
layer of AlN are sufficient to calculate ∈ || and ∈ ⊥  (best-
fit values in Table 2 and Table 3). The AlN buffer layer
in the GaN (b), and the α-AlxGa1-xN samples (c) - (e)
can be clearly identified by the resonant absorption at
the AlN phonon mode frequencies. The vertical lines
mark (E1) ωTO, and (A1) ωLO for α-AlN. Spectra (c)
allow derivation of the α-GaN dielectric functions. Note
the sharp resonance near (A1) ωLO due to absorption of
p-polarized light near the LO-phonon frequency for E||c,
which is well-known as the Berreman-effect  [15]. (Dot-
ted arrows at spectra (b) in Figure 1 and Figure 2;. See
Table 2 and Table 3 for the best-fit parameters of α-
GaN.) Spectra (c) - (e) of the α-AlxGa1-xN compounds
are influenced by free-carrier effects. Table 4 contains
the free-carrier parameters obtained from IRSE data

analysis or Hall measurements. The dotted arrows
Figure 1 and Figure 2 denote the high-frequency co

pled LO-phonon-plasmon modes at ~ 811cm-1 (x =

0.17), ~ 870cm-1 (x = 0.28), and ~ 830cm-1 (x = 0.50)
observed here. The free-carrier  effective mass w
assumed to be isotropic, and set at a fixed value
0.22m0. No significant anisotropy was obtained for th
mobility, and hence we assumed µ⊥  ~ µ|| = µ. 

In Figure 1 and Figure 2, the GaN-like (E1
GaN) ωTO

frequency shifts gradually toward that of AlN with

increasing x. A second (E1
AlN) TO mode occurs below

the AlN (E1) ωTO frequency (solid arrows). The best-fi
lattice mode parameters for α-AlxGa1-xN are given in
Table 2 and Table 3. As mentioned above, the (A1) TO
and (E1) LO modes cannot be directly observed in th
type of IR-SE experiment. These parameters follo
from the lineshape analysis of the IR-SE spectra, a
contain much larger error bars. Similar to Wisniewski et
al.  [14], and Yu et al.  [13], we observe two transvers
resonances of E1 symmetry within the ternary α-
AlxGa1-xN compounds. Two polar modes are include
in Equation (2) for calculation of the AlGaN dielectri
response perpendicular to the c-axis, i.e., for ∈ ⊥ . In
agreement with the assignment of Wisniewski et al., we
identify one mode as the AlN-like E1 transverse-optical

sublattice vibration in wurtzite AlGaN (“E1
AlN” in Table

3). The GaN-like sublattice vibration frequencie

(“E1
GaN” in Table 3) are in good agreement with the E1-

modes observed by Hayashi et al. using Raman scatter-
ing  [5]. Assuming a linear dependence of the GaN-li
and AlN-like E1 modes on the alloy composition x, we
estimate the impurity modes for Al (Ga) in GaN (AlN

as IAl = 630cm-1 (IGa = 605cm-1). These findings agree
well with the results obtained by Wisniewski et al. for

AlGaN films grown on 6H-SiC (IAl = 643cm-1
, I

Ga =

622cm-1)  [14]. Both the different lattice mismatch an
the isotropic treatment of the reflectometry data m
cause the deviations between the impurity mod
obtained here and those reported by Wisniewski et al.
Besides the two E1(TO) frequencies in Table 3, two
E1(LO) frequencies are given which follow from the
best-fit analysis of ∈ ⊥ . The LO frequencies are used a
parameters to model the amount of polarity of th
respective phonon branch. The low-frequency LO mo
is silent according to the best-fit line shape of ∈ ⊥  (∈ ⊥
remains less than zero between the GaN-like E1(TO)
and the high-frequency E1(LO) mode). For polarization
parallel to the layer c-axis, i.e., for ∈ ||, we did not
4  MRS Internet J. Nitride Semicond. Res. 4, 11 (1999).
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observe such a two-mode behavior. There, a single polar
lattice mode was sufficient to model the ellipsometric
data. To the best of our knowledge, the A1(TO) phonon-
mode behavior of wurtzite AlGaN has not been dis-
cussed within reports of IR investigations. Wisniewski et
al.  [14], Yu et al.  [13], and Wetzel et al.  [11] did not
attempt to extract anisotropy information from the near-
normal IR-reflectometry data, and treated their samples
isotropic. Grille, Schnittler and Bechstedt have studied
the lattice dynamics of random wurtzite-AlGaN alloys
using a modified random-element isodisplacement and a
rigid-iron model. There the authors obtain a two-mode
behavior for the E1(TO) mode, and a one-mode behavior
for the A1(TO) mode. As well, both E1(LO) and A1(LO)
modes obey a one-mode behavior  [29]. Furthermore, a
second E1(LO) mode is always existent within this
model, but silent throughout the compositional range
(zero spectral weight)  [30]. These recent theoretical
results agree excellent with our observations reported
here. 

Figure 3 shows experimental data (symbols), and
best fit calculations (solid lines) of Ψ from Si-doped n-
type α-GaN/α-AlN/α-Al2O3 samples [(a) undoped,

same as (c) in Figure 1, (b) n = 7 1018cm-3, dGaN =

950nm, dAlN = 80nm, (c) n = 1 1019cm-3, dGaN =
920nm, dAlN = 80nm]. The concentration of free carriers
increases from top to bottom in Figure 3, where the lat-
tice resonance bands of the substrate and the epilayers
are screened gradually, as can be seen from spectra (a) -
(c). The strong resonance at the GaN (A1) ωLO fre-
quency in (a) disappears in spectra (b), (c) due to cou-
pling of LO phonon-plasmon modes. However, a small
dip still occurs in spectra (b), (c) which indicates a sur-
face-depletion layer (ddep), where the carrier density is
too small for screening of the LO phonon resonance [(b)
ddep ~ 20nm, (c) ddep ~ 10nm]. The lattice modes of the
GaN and AlN layer, as well as those of the sapphire sub-
strate, can still be identified. The vertical lines indicate
the (E1) ωTO, and (A1) ωLO frequencies of GaN (dash-
dotted line), and AlN (dotted line). The lattice parame-
ters for spectra (b), (c) are found to be consistent with
those for the undoped epilayer. The remaining free-car-
rier best-fit parameters are given in Table 4. The lateral
mobilities µ⊥  are found to be in fair agreement with
electrical mobility data extracted from Hall measure-
ments. The vertical mobility is higher than the lateral
mobility, which can be explained by the columnar
growth of the GaN films. The free-carrier concentration
was assumed from Hall measurements. We could not
observe substantial anisotropy of the free-carrier effec-
tive mass. However, there is a small indication that the

effective mass m*
⊥  ~ 1.01m*

|| .. 1.05m*
||. No significant

change of the electron effective mass with increase
carrier concentration is obtained. These results fro
GaN films agree with those reported by Perlin et al.
obtained from IR-reflectometry investigations on n-type
bulk GaN crystals  [12].

As can be seen in Figure 3, deviations between 
calculated and measured data increase with increas
concentration of silicon as dopant, and hence with t
increase of the number of free carriers. We have ide
fied additional IR active resonance structures within S
doped MBE and MOVPE wurtzite GaN samples grow
on c-plane sapphire similar to those investigated he
We will report in a follow up manuscript on furthe
results about the IR optical properties of Mg-dopedp
and Si-doped n-type α-GaN films  [31].

5 Conclusion

To conclude, we have used IR-SE for non-destruct
optical characterization of lattice and free-carrier pro
erties of group-III nitride heterostructures. The IR-S
data provide sensitivity to thickness, optical lattic
modes, and free-carrier properties of each layer with
the sample. Model calculations allow quantification 
anisotropic phonon frequencies, carrier effective mas
and concentration, as well as optical mobility values. 
far, simple approximations are used for parameterizat
of the materials dielectric response. Further studies w
consider frequency dependence of carrier life-time, 
well as anharmonicity in the plasmon-LO-phonon co
pling mechanism.
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FIGURES

Figure 1. Experimental data (symbols), and best-fit calculat
(solid lines) of Ψ from (a) α-Al2O3 (c-plane), (b) undoped α-

GaN, (c) α-Al0.17Ga0.83N, (d) α-Al0.28Ga0.72N, (e) α-

Al0.50Ga0.50N, and (f) α-AlN. Vertical arrows indicate

frequencies at which resonant excitation of E1(TO) (solid

arrows), and A1(LO) phonons (dotted arrows) occur. Th

vertical lines denote the modes of the AlN-nucleation layer (f),
as these are present in spectra (b) - (e) as well. The angle of
incidence is Φa = 72°. Spectra are to scale, but shifted fo

convenience by 60° each. The brackets below spectra (a)
indicate the sapphire A2u phonon frequencies (TO: solid, LO:

dotted). See also Figure 2. The sapphire phonon modes
given in the text. 

Figure 2. Same as Figure 1 for cos∆. The brackets below
spectra (a) indicate the Eu modes of sapphire. See text fo

further explanation. 
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TABLES

Figure 3. Experimental data (symbols), and best-fit calculat
(solid lines) of Ψ from differently Si-doped n-type α-GaN
films. Vertical lines indicate the E1(TO), and A1(LO) phonon

frequencies of the GaN epilayer (dash-dotted), and the A
buffer layer (dotted).  

Table 1. Room temperature transverse and longitudinal opt
phonon frequencies and broadening parameters for α-Al2O3 in

units of cm-3 (∈ ∞⊥ = 3.077, ∈ ∞||= 3.070)  [23].

ωTO ωLO γTO γLO

Eu 384.99±0.09 387.60±0.08 3.3±0.1 3.1±0.2

439.10±0.06 481.68±0.05 3.1±0.1 1.9±0.1

569.00±0.04 629.50±0.05 4.7±0.1 5.9±0.1

633.63±0.04 906.6±0.1 5.0±0.1 14.7±0.1

A2u 397.52±0.16 510.87±0.02 5.3±0.2 1.1±0.1

582.41±0.06 881.1±0.1 3.0±0.1 15.4±0.1

Table 2. IR (A1) lattice-mode best-fit parameters for ∈ || of the AlxGa1-xN samples investigated here. The (A1) ωTO (ωLO) frequencies

have large, ≤±25% {small, ≤±1%} uncertainty due to the c-plane orientation of the III-N films (a) Isotropically averaged between
“||” and “⊥ ”). See also Table 3.

∈ ∞ ωTO [cm-1] ωLO [cm-1] γTO [cm-1] γLO [cm-1]

AlN 4±1 660±71 890±5 15±3a) 23±4a)

GaN 4.5±0.4 534±18 735.8±0.2 4±1a) 8±2a)

Al0.17Ga0.83N 4.4±0.5 555±25 762±3 20±12 60±12

Al0.28Ga0.72N 4.4±0.5 569±35 779±4 100±10 163±22

Al0.50Ga0.50N 4.2±0.5 597±28 813±6 50±10 50±10

Table 3. IR (E1) lattice-mode best-fit parameters for ∈ ⊥  of the AlxGa1-xN samples investigated here. The (E1) ωTO (ωLO) frequencies

have small, ≤±1% {large, ≤±25%} uncertainty due to the c-plane orientation of the III-N films (a) Isotropically averaged between
“||” and “⊥ ”). See also Table 2.

∈ ∞ ωTO [cm-1] ωLO [cm-1] γTO [cm-1] γLO [cm-1]

AlN 4.3±.3 665±0.2 900±3 15±3a) 23±4a)

GaN 4.6±.1 562.0±0.3 742.0±0.6 4±1a) 8±2a)

Al0.17Ga0.83N E1
AlN 4.5±0.3 640±2 770±5 60±13 15±2

E1
GaN 569±2 630±5 15±2 60±13

Al0.28Ga0.72N E1
AlN 4.5±0.3 641±2 786±5 15±2 65±3

E1
GaN 573±2 624±5 60±3 13±2

Al0.50Ga0.50N E1
AlN 4.4±0.3 648±2 821±5 23±3 55±3

E1
GaN 583±2 618±5 62±3 28±3
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Table 4. Free-carrier parameters obtained from the IRSE data analysis and Hall measurements of the AlxGa1-xN films investigated

here. (a) assumed values from Hall measurements; b) isotropically averaged between “⊥ ”, and “||”, but varied during IRSE best-fit

analysis; c) assumed values, fixed during best-fit analysis; d) sample not measured)

N [cm-3] µ⊥  [cm2/Vs] µ|| [cm2/Vs] m*
⊥  [m0] m*

|| [m0]

IRSE Hall IRSE Hall IRSE IRSE IRSE

GaN:Si (7 1018) a) 7 1018 100±10 170 250±10 0.22±0.01 0.20±0.01

GaN:Si (1 1019) a) 1 1019 100±10 260 160±10 0.22±0.03 0.20±0.01

Al0.17Ga0.83N 1.9 1018 2.6 1018 100±10 b) 75 100±10b) (0.22)c) (0.22)c)

Al0.28Ga0.72N 2.9 1018 3.1 1018 100±10b) 69 100±10b) (0.22)c) (0.22)c)

Al0.50Ga0.50N 1 1018 - d) 160±10b) -d) 160±10b) (0.22)c) (0.22)c)
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