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Free-carrier and phonon properties of n- and p-type hexagonal GaN films measured
by infrared ellipsometry
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Infrared spectroscopic ellipsometry~IRSE! over the wave-number range from 300 to 1200 cm21 is used to
determine the anisotropic room-temperature optical properties of highly resistive, Si-dopedn-type and Mg-
dopedp-type a-GaN. The approximately 1-mm-thick films were deposited onc-plane sapphire by molecular
beam epitaxy without a buffer layer. The free-carrier concentrations are obtained from Hall measurements. The
IRSE data are analyzed through model calculations of the infrared optical dielectric functions parallel~i! and
perpendicular~'! to thec axis of thea-GaN films. We obtain the thin-film phonon frequencies and broadening
values and the optical mobility and effective-mass parameters forn- and p-type a-GaN. In agreement with
Perlin et al. @Appl. Phys. Lett.68, 1114 ~1996!# we determine the effective electron masses asme,' /m0

50.23760.006 andme,i /m050.22860.008. Forp-type GaN with hole concentrationNh5831017 cm23 we
find mh /m051.4060.33, which agrees with recent theoretical studies of the Rashba-Sheka-Pikus parameters
in wurtzite GaN. However, no substantial anisotropy of the effective hole mass is obtained to within 25%. The
ellipsometry data also allow for derivation of the model quantitiese`, j ( j 5',i), which are almost isotropic
but may vary between 4.92 and 5.37 depending on whether the films are undoped or doped. In heavily-Si-
dopedn-typea-GaN we observe a thin carrier-depleted surface layer and additional infrared-active vibrational
modes at 574, 746, and 851 cm21. Raman measurements of the GaN films are also performed, and the results
are compared to those obtained from the IRSE investigations.
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I. INTRODUCTION

Recent enormous progress in the development and de
of group-III nitride optoelectronic devices operating in t
blue and near-ultraviolet wavelength region demands be
understanding of the optical properties of GaN and its rela
compounds.1–3 The optical response of materials in the i
frared~ir! spectral region is of high interest because phon
modes and their coupling behavior reflect physical proper
of crystals such as the lattice symmetry and quality and
ternal stress, as well as free-carrier parameters.4 Wurtzite-
type GaN~a-GaN! is expected to possess strong anisotro
of the valence-band mass parameters.3,5–8 Effective electron
and hole masses and their anisotropy are crucial param
for design and understanding of device structures.9,10 Like-
wise, nondestructive measurement of free-carrier mob
parameters in complex heterostructures remains a challe

Raman, as well as ir-reflectometry~reflection and also
transmission spectroscopy! techniques are widely used t
characterize the ir optical properties of GaN film and bu
material.3 Influence of strain,11 substrate materials,12 and
growth orientations12,13 have been studied. The coupling
longitudinal-optical~LO! phonons with free-carrier plasmo
excitations @LO-phonon–plasmon~LPP! modes# has been
observed and studied inn-type material.14–20 Barker and
Ilegems14 used ir reflectometry and reported the phon
modes for wurtzite~a-GaN! films. The high-frequency di-
PRB 620163-1829/2000/62~11!/7365~13!/$15.00
ign

er
d

n
s
-

y

ers

y
ge.

electric constant values were set toe`,'5e`,i55.35.14 They
also provided the effective electron massme,' /m050.20
60.02, which was found to be isotropic to within 30%. Pe
lin et al.15 fitted ir-reflectometry data ofa-GaN bulk crystals
and obtainedme /m050.2260.02 without significant anisot-
ropy but assumede`,'5e`,i55.2.21 The effective electron
mass values determined by Barker and Ilegems14 and Perlin
et al.15 using ir reflectometry are now commonly adopted f
n-typea-GaN. Reports on Raman observation of free-carr
effects inp-typea-GaN are still rare,22–24and, to the best of
our knowledge, no ir-reflectometry experiment to obtain t
effective mass fromp-conductivea-GaN films has been re
ported so far. Popoviciet al.22 performed Raman scatterin
on p-type GaN films with free-hole concentrationNh

5(2 – 7)31017cm23, but did not observe LPP coupling
The authors concluded that it may in general be difficult
observep-type LPP modes because of the larger effect
hole mass~mh50.8m0 was assumed! and the lower maxi-
mum hole concentration available compared to the case
electrons. Furthermore, hole plasmons are more stron
damped than electron plasmons due to the typically very
hole-mobility values@mh<20 cm2/~V s!#. Demangeotet al.23

studied Raman scattering inp-type a-GaN films with hole
concentrations of up to 331018cm23. The lattice LO-mode
frequencies were slightly shifted by the nonresonant fr
hole gas. The effective-hole-mass value of 0.8m0 from Ref.
7365 ©2000 The American Physical Society
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25 and carrier concentrations and mobilities from Hall m
surements were assumed for line-shape analysis of
weakly coupled LPP modes. Evidence for hole-mass ani
ropy was claimed from a weak discrepancy between ca
lated and measuredA1 LPP modes. However, Popovic
et al.22 as well as Harimaet al.24 concluded from their Ra-
man studies that precise evaluation ofp-type electrical trans-
port parameters ina-GaN, such as carrier density and m
bility, from LPP-mode profiles alone is difficult.

Attempts to estimate the effective hole masses and t
anisotropy ina-GaN have been made from analysis of a
sorption and luminescence experiments. Kosickiet al.26 es-
timated from near-band-gap absorption coefficientsmh /m0
>0.6, but assumed cubic symmetry and parabolic vale
bands. Cunninghamet al.27 chosemh /m051.0 to reasonably
fit luminescence band-to-band transition energies to
Burstein shift inn-type a-GaN. More recently, Merzet al.28

calculated the isotropically averaged heavy-hole~hh! mass
mhh/m0'0.54 from luminescence data. A considerab
higher value for the lower bound of the effective hole ma
mh /m0'2.260.2, was determined by Imet al.29 from
analysis of the interband transition matrix element obtain
from time-resolved photoluminescence experiments and
sorption data. They assumed that the effective masses o
two uppermost valence bands are the same. Using t
photon spectroscopy, Steubeet al.30 observed the 2P exci-
tons associated with the heavy-hole, light-hole~lh!, and split-
off-hole ~sh! uppermost valence-band states ina-GaN, and
derived isotropic effective hole massesmhh/m051.060.1,
mlh /m051.160.2, and msh/m051.660.5 under the as-
sumption of hydrogenlike exciton series.

Theoretical investigations of the electronic properties
a-GaN have been performed by several methods.5–8 Suzuki
et al.5 employed a self-consistent full-potential lineariz
augmented plane-wave method within the local-dens
functional approximation and presented their results wit
the effective-mass approximation. Small anisotropy w
found for the conduction-band masses~me,i /m050.20,
me,' /m050.18!. Strong anisotropy was obtained for the e
fective hole masses~mhh,i /m051.76, mhh,' /m051.61,
mlh,i /m051.76, mlh,' /m050.14, msh,i /m050.16,
msh,' /m051.04!. Kim et al.7 used full-potential linearized
muffin-tin orbital calculation to study the conduction- an
valence-band effective-mass tensors, and the related Ras
Sheka-Pikus parameters fora-GaN. Conduction-band
masses are in very good agreement with the generally
cepted values, and valence-band mass parameters
mhh,i /m052.00, mhh,' /m050.33, mlh,i /m051.17,
mlh,' /m050.35, msh,i /m050.15, msh,' /m051.53, with a
much smallermhh,' value than obtained in Ref. 5. Che
et al.6 reported similar results from first-principles ban
structure calculations. Kimet al.7 also calculated the energy
dependent effective hole masses, suggesting strong cha
of the effective masses for hole Fermi levels within the v
lence bands. In particular, the smallmhh,' value rapidly ap-
proaches;1.75m0 for hole energies of;25 meV, and mea-
surements of effective hole parameters inp-type a-GaN
films will likely depend on the actual hole concentration.

The influence of the carrier concentration on the LP
mode Raman signals or ir reflectivity usually permits t
determination of the free-carrier concentration if t
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effective-mass parameters and the high-frequency diele
constants are known.4,31 Likewise, if the carrier concentra
tion is known from Hall measurements, mobility an
effective-mass parameters can be calculated from the ir
electric response.14,15 But so far, Raman scattering and i
reflectometry techniques failed to measure free-carrier qu
tities in p-type a-GaN mostly because of~i! the weak LPP
coupling22,24and~ii ! the insensitivity of ir-reflectometry data
to small changes in thin-film optical properties.32 Spectro-
scopic ellipsometry~SE! can overcome both problems a
will be shown in this article. SE is known as an excelle
technique for determination of the complex dielectric fun
tion e of thin-film materials.32 Recent development o
polarization-sensitive spectrophotometers in the mid- a
far-ir enable the application of SE for wavelengths th
match the phonon frequencies of many III-V semiconduct
compounds.33–37 Because SE determines both real a
imaginary parts ofe simultaneously, inaccuracies due to e
trapolation into experimentally inaccessible spectral regio
as necessary for Kramers-Kronig analysis to obtain this
formation from ir-reflectivity data, are avoided.32 The analy-
sis of the ellipsometric data in the far- and mid-ir spect
range for anisotropic multilayered systems with plan
parallel interfaces requires the same matrix algorithm a
nonlinear regression approaches as widely used for the
ible and near-ir spectral range.38–42 SE as well as ir-
reflectometry is an indirect technique for dielectric functi
determination because the calculated data must be fitte
the measured data by varying the model parameters u
appropriate physical assumptions for the spectral depend
of e.38–41 A factorized model was used recently for succe
ful parametrization of the anisotropic infrared dielectr
functions ofa-sapphire.43 This model descended from con
sideration of anharmonic lattice response effects and c
tains independent broadening values for each transve
optical ~TO! and LO lattice mode. The different broadenin
parameters account for different decay mechanisms for
TO- and LO-phonon of the same branch. Based on coup
optical-phonon-mode theory presented by Barker a
Hopfield,44 introduced by Berreman and Unterwald,45 and
further theorized by Gervais and Piriou,46 Kukharskii47 in-
cluded effects of plasmons into this factorized form of t
long-wavelength dielectric function model. Kukharskii’s e
tended model thus allows for anharmonic coupling of L
phonons with free-carrier plasmon excitations.47 Humlı́ček
once criticized the use of the anharmonic factorized form48

He found that the factorized form of Gervais and Piriou p
duces dielectric functions fora-quartz that differed substan
tially from those obtained by him using ellipsometric da
and sums of harmonic Lorentz oscillator terms.45,46 On the
other hand, in a recent publication Humlı´ček, Henn, and
Cardona49 use the ‘‘K-mode’’ dielectric function of Barker
and Hopfield,44 which is essentially equivalent to the facto
ized form of Gervais and Piriou, in order to model the d
electric response of uniaxial LaSrGaO4 and LaSrAlO4 con-
sidering anharmonic lattice effects. Recently, Schub
Tiwald, and Herzinger also preferred the factorized mo
and not the harmonic Lorentz sum model in order to ac
rately describe the anisotropic dielectric functions f
sapphire.43

This work reports on infrared spectroscopic ellipsome
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~IRSE! measurement of the anisotropic dielectric respons
highly resistive,n-type, andp-type a-GaN. The GaN free-
carrier concentrations are obtained from Hall measureme
Using the Hall data, we derive the free-carrier mobilities a
effective masses, as well as the phonon frequencies
broadening values and the high-frequency dielectric c
stants for highly dopedn- and p-type a-GaN. For highly
resistive a-GaN the IRSE data are still sensitive to fre
carrier concentrations in the range of;831016cm23, which
were obtained assuming the effective electron mass valu
Ref. 15. We determine the frequencies of theE1~TO!,
A1~LO!, andE1~LO! a-GaN lattice modes, theE1~TO! and
LPP-mode broadening values, and the anisotropic LPP-m
and plasma frequencies. The layer thickness is also obta
precisely. We further observe additional ir-active impurit
like vibrational modes in highly-Si-dopeda-GaN, which oc-
cur within thea-GaN reststrahlen band. We also find a th
carrier-depleted surface layer in the highly-Si-doped sam

II. THEORY

A. GaN phonon modes

The crystalline structure of wurtzite-type GaN~a-GaN!
with two formula units in the primitive cell is described b
the space groupC6v

4 . At the center of the Brillouin zone the
nine optical phonons belong to the following irreducib
representation:50,51

Gopt51A112B111E112E2 .

Both A1 andE1 modes are polar, that is, they are split in
TO and LO modes with different frequencies due to the m
roscopic electric fields associated with the longitudin
phonons. The short-range interatomic forces cause the m
anisotropy, that is, theA1 and E1 modes possess differen
frequencies. Because the electrostatic forces dominate
anisotropy in the short-range forces, the TO-LO splitting
larger than theA1-E1 splitting. For the lattice vibrations with
A1 and E1 symmetry, the atoms move parallel and perpe
dicular to thea-GaN c axis, respectively. BothA1 and E1
modes are Raman and ir-active. The two nonpolar ir-inac
E2 modes (E2

(1) ,E2
(2)) are Raman-active. Note that only th

E2
(2) mode is within the spectral range studied in this wo

The B1 modes are ir- and Raman-inactive~silent modes!.

B. ir dielectric lattice response

The frequencies of the TO and LO modes correspond
poles and zeros of the material dielectric functione(v),
respectively.31,52 The amount of the TO-LO frequency spli
ting is a measure of the polar strength of the phon
branches.4,31,53 The contribution of l polar crystal lattice
modes to the infrared dielectric responsee (L) at photon en-
ergy \v can be described using a factorized model w
Lorentzian broadening (j 5i ,'),45,46

e j
~L !~v!5e`, j)

i 51

l
v21 igLO,i j v2vLO,i j

2

v21 igTO,i j v2vTO,i j
2 , ~1!

wherevLO,i j , gLO,i j , vTO,i j , and gTO,i j are the frequency
and the broadening value of thei th LO and TO phonon,
of
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respectively. In this work the parametersvTO,i , vTO,' ,
vLO,i , and vLO,' denote the frequencies of thea-GaN
A1~TO!, E1~TO!, A1~LO!, andE1~LO! modes, respectively
and the model parameterse`,i and e`,' are the high-
frequency limits for polarization parallel and perpendicu
to the a-GaN c axis, respectively. A slightly different bu
common description of the lattice contribution to the ir d
electric function is given by the sum of harmonic Loren
oscillators,14,45,46

e j~v!5e`, j(
i 51

a Si j vTO,i j
2

vTO,i j
2 2v22 ivG i j

, ~2!

where Si j denotes the strength,vTO,i j the TO-phonon fre-
quency, andG i j the damping constant of thei th lattice mode.
Note that Eqs.~1! and ~2! become identical ifG i5gTO,i
'gLO,i!vTO,i . The expression fore in Eq. ~1! descends
from consideration of anharmonic coupling effects of T
and LO phonons in multiple-phonon-mode materials.46 The
sum of harmonic Lorentz oscillators in Eq.~2! can be trans-
formed into a similar factorized form by partial fraction d
composition. The parametersgLO,i j , however, are then tied
to all other harmonic oscillator parameters and are not in
pendent of each other. The harmonic approximation exclu
the anharmonic effect of phonon coupling and fails to d
scribe the typically asymmetric dielectric response funct
of multiple-mode materials especially near phonon-mo
frequencies.~For a plausible discussion using a classic
two-optical-mode oscillator model see Barker a
Hopfield.44! In order to keep the physical meaning ofe~v! in
Eq. ~1!, i.e., to yield Im$e(L)(v)%uv→`>0, the generalized
Lowndes condition needs to be satisfied:43,54

(
i 51

l

gLO,i>(
i 51

l

gTO,i . ~3!

If we require thate does not contain terms proportional
1/v for uvu→`, the inequality sign in the above expressio
is no longer valid and has to be replaced by the equal sig49

C. Free-carrier contribution

The contribution of one free-carrier species to the diel
tric functione~FC! is commonly written in the classical Drud
approximation31,52

e j
FC~v!52e`, j

vp, j
2

v~v1 igp, j !
, ~4!

with

vp, j5S Ne2

e`, je0mj
D 1/2

. ~5!

The screened plasma frequenciesvp, j depend on the free
carrier concentrationN, e`, j , and the effective massmj of
the free carriers~e0 is the vacuum permittivity ande the
electrical unity charge!. The plasmon broadening paramete
gp, j are related to the inverse of the energy-averaged car
momentum relaxation timêtm& j . We assume a constan
carrier-scattering regime, and substitute^tm& j by the optical
carrier mobilitym j :4,53
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gp, j[~^tm& j !
215

e

mjm j
. ~6!

Plasmons strongly interact with LO phonons whenvp is
in the range of the lattice TO and LO modes. LO-phono
plasmon~LPP! coupling has been observed inn-typea-GaN
by several authors using Raman spectroscopy.16–19However,
the LPP modes can only be observed in Raman spectra w
the plasmon is not too greatly damped. Especially in the c
of p doping, overdamping of plasmons (vp!gp) occurs be-
cause of small free-hole densities due to high acceptor a
vation energies and usually lower-mobility values of ho
compared to electrons.22–24 Kukharskii47 suggested that the
dielectric function for semiconductors with free carriers c
be transformed into a factorized expression similar to t
described above to allow for anharmonic coupling effects
plasmon excitations with LO phonons in multiple-pola
phonon-mode materials~k species of free carriers,l lattice
phonon bands!:

e j
~L1FC!~v!

5e`, j

)
i 51

k1 l

~v21 i g̃LO,i j v2ṽLO,i j
2 !

vk)
s51

k

~v1 igp,s j!)
i 51

l

~v21 igTO,i j v2vTO,i j
2 !

,

~7!

where ṽLO,i j and g̃LO,i j are the eigenfrequencies and t
broadening values of the (k1 l ) LPP modes, respectively
The gp,s j values are treated as the plasmon broadening
rameters in the long-wavelength limit. Kukharskii succe
fully applied Eq.~7!, and observed the anharmonic charac
of LPP modes within reflection data of low to moderate
and heavily doped GaAs.47 For n- and p-type a-GaN (k5 l
51), the LPP-mode frequenciesṽLO,i j in Eq. ~7! are the
well-known roots ofe j5e j

(L)1e j
~FC! , if damping is neglected

~gTO,j5gLO, j5gp, j50; i 51,2; j 5',i!:

ṽLO,i j 5$0.5@vLO, j
2 1vp, j

2

1~21! iA~vLO, j
2 1vp, j

2 !224vp, j
2 vTO,j

2 #%0.5, ~8!

whereṽLO,1j (ṽLO,2j ) is the screened frequency of the low
~upper! LPP mode branch. Equations~5!–~8! connectN, mj ,
and m j with e j

L1FC(v). Note that only the quantitiesN/mj

andNm j can be determined from the plasma frequency a
broadening parameter independently. The effective mass
mobility parameters can only be obtained when the car
concentrationN is known. Likewise,N can be determined
when the effective mass and/or mobility values are know
Note further thate`, j can affect the free-carrier paramet
results when an incorrect value is assumed.

D. Impurity modes

Equation~8! is no longer valid for materials with mor
than one ir-active phonon band (l .1). ir-active modes (n
51,...,n) with small LO-TO splitting valuesdvn

25vLO,n
2

2vTO,n
2 , i.e., modes with low polarity such as impurit
–

en
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modes~IM, v IM, n[vTO,n!, contribute to the dielectric func
tion as a small perturbation only

e j
~L1FC1IM !~v!5e j

~L1FC!~v!)
n51

n

3S 11
idgn, jv2dvn, j

2

v21 ig IM, n jv2v IM, n j
2 D , ~9!

where we introduced a broadening parameterdgn[gLO,n

2gTO,n . For dgn;0, and small Im$ej
(L1 FC)% values forv

;v IM, n , it follows from Eq. ~8! that dvn
2,0 (dvn

2.0) if
the frequency of the IM is within the spectral rangevTO,i
,v IM, n,vLO,i (vLO,i,v IM, n,vTO,i 11). If contributions
due to IM’s are present within experimental spectra, but
glected during data analysis, then it can be read from Eq.~9!
that a new ‘‘high-frequency’’ limit valueẽ`, j will result
from the line-shape fit

ẽ`, j~v50!5e`, j )
n51

n S 11
dvn, j

2

v IM, n j
2 D . ~10!

Accordingly, ẽ`, j will be too small ~too large! for IM’s
not considered but located withinvTO,i,v IM, n,vLO,i
(vLO,i,v IM, n,vTO,i 11). Appropriate consideration of low
polar IM’s allows us to derive the screened plasma frequ
ciesvp, j , and one obtains for thel 51 lattice phonon band
andn impurity modes

vp, j5A Ne2

e`, je0mj
)
n51

n S 11
dvn, j

2

v IM, n j
2 D 0.5

. ~11!

From the requirement Im$e(L1FC1IM) %uv→`>0, one can de-
rive the following constraint fordgn , regardless ofdvn

2,

(
i 51

k1 l

~ g̃LO,i j 2gTO,i j !1 (
n51

n

dgn j>0. ~12!

E. SE data analysis

Ellipsometry determines the complex ratior of the reflec-
tion coefficients for light polarized parallel (Rp) and perpen-
dicular (Rs) to the plane of incidence.42 The result of an
ellipsometry measurement is usually presented by the e
sometric parametersC andD, where tanC is defined as the
absolute value ofr, andD denotes the relative phase chan
of the p and s components of the electric field vector upo
reflection:42

r5
Rp

Rs
5tanC exp~ iD!. ~13!

In addition toC andD, their standard deviationss i
C and

s i
D are measured.38,40The parametersC andD depend on the

photon energy\v, the layer sequence within the sample, t
dielectric functione and thicknessd of each layer, the dielec
tric function of the substrate material that supports the la
stack, and the angle of incidenceF.

In principle, the thickness and dielectric function of ea
sample layer can be determined from an ellipsometry exp
ment by comparing calculated data to measured data. Tr
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tionally, point-by-point fits are performed where the diele
tric function values of interest are extracted from t
experimental data for each wavelength and independen
all other spectra data points. For this procedure, the th
nesses and dielectric functions of all other sample cons
ents have to be known. The dielectric function obtained fr
the point-by-point fit then needs further comparison w
model assumptions in order to obtain values of physica
relevant parameters such as phonon-mode frequencies
broadening parameters. However, fitting parametrized mo
dielectric functions to experimental data, simultaneously
all spectral data points, provides direct connection betw
measured data and physical parameters of interest. Para
ric models further prevent wavelength-by-wavelength m
surement noise from becoming part of the extracted die
tric functions. Parametric model assumptions greatly red
the number of free parameters. However, the use of para
ric models involves a certain risk for subtle spectral featu
to be subsumed by the line shape of the model funct
Nevertheless, parametrization ofe based on a physical mode
is the best choice for SE data analysis, especially when
point-by-point fit method is inapplicable. The standa
model for analyzing SE data is based on a sequence of
mogeneous layers with smooth and parallel interfaces.
anisotropic materials, the ellipsometric measurements
pend on the principal-axis dielectric functionsex , ey , and
ez , the orientation of the crystal principal axes with resp
to the plane of incidence, and the polarization state of
incident light beam.39,42,55For a general situation of optica
anisotropy and sample orientation the simple definition or
in Eq. ~13! is no longer a complete description, and a gen
alized ellipsometry approach is needed.39,42,55,56Due to the
uniaxial symmetry of hexagonal GaN, two of its princip
dielectric functions, the extraordinarye i ~parallel to thec
axis! and the ordinarye' ~perpendicular to thec axis!, differ
from each other. Here, point-by-point fits are inapplica
because the number of available independent parameter~C
andD for every wavelength regardless of the angle of in
dence! is less than the amount of information wanted~the
complex GaN dielectric functionse i and e' and the layer
thicknessd!. The only solution is the use of parametr
model assumptions. Two sets of model phonon parame
~frequencies and broadening values of theE1 andA1 modes!,
free-carrier parameters (mj ,m j ), and two high-frequency
valuese`, j are required. It has to be noted that not all of t
model parameters fore i and e' can be obtained from ou
ellipsometry data due to the crystal axes orientation of
uniaxial GaN films studied here.

Because of the high-symmetry orientation of the birefr
gent c-plane sapphire substrate, both crystal principal-a
coordinate systems of sapphire anda-GaN coincide with the
ellipsometry laboratory coordinate system. Bothc axes and
the sample normal are collinear, and a single complex r
as in Eq. ~13! is sufficient. The Levenberg-Marquard
algorithm57 is used to fit the model parameters fore i ande'

of a-GaN by minimizing the following weighted test func
tion ~maximum likelihood approach!:

j25
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S denotes the number of measured (C i ,D i) data pairs,K is
the number of real-valued fit parameters, andC i

c andD i
c are

the calculated ellipsometric parameters at photon ene
\v i .40,41 Issues of parameter accessibility from spect
scopic ellipsometry data have been thoroughly discussed
Jellison ~see Ref. 38 and references therein; see also
58.! The random experimental errors (s i

C ,s i
D) were propa-

gated into the error bars on our fit parameters. These e
bars also represent finite correlation values between th
parameters. The light propagation within the sample is c
culated using a standard matrix formalism for anisotro
multilayered systems with plane-parallel interfaces.38,39 The
sapphire dielectric functions, which are prerequisites for
model calculations, were determined previously by IRSE43

III. EXPERIMENT

Four a-GaN films ~samples A–D! were grown on
(0001)a-Al2O3 substrates without buffer layers by plasm
assisted molecular beam epitaxy~MBE!. The thickness of
thea-GaN films varies between 0.8 and 1.5mm. An approxi-
mately 1-mm-thick titanium layer was deposited at the u
polished backside of the sapphire substrate. This layer d
not affect the IRSE spectra in the spectral range studied
and is not considered during our model calculations. Sam
A and B were nominally undoped, whereas a high conc
tration of Mg was used to obtain ap-type conductive film
~sampleC,Nh;831017cm23!. SampleD was Si doped and
highly n-type conductive (Ne;131019cm23). Hall mea-
surements were performed on all samples, and the f
carrier concentrations obtained there are given in Table

The IRSE spectra were recorded at room temperatur
the wave-number range between 300 and 1200 cm21 with a
spectral resolution of 2 cm21, and at 72° angle of incidence
A rotating-polarizer, rotating-compensator type, Fouri
transform spectroscopic ellipsometer was utilized~J. A.
Woollam Co.59!. Micro- Raman measurements were pe
formed at room temperature on each sample. The spe
were recorded in thez(x,x) z̄ backscattering configuration,50

where thez direction was oriented along the hexagonalc axis
of the GaN film. The 458-nm line of an Ar laser was used
excitation, and the incident laser power was about 100 m
The beam was focused onto the sample surface, and
probe-beam spot size was about 1.5mm. The scattered light
was recorded with anXY Dilor spectrometer. The micro
Raman spectra were analyzed with Lorentzian line shape
estimate the center frequencies of the Raman peaks.

IV. RESULTS AND DISCUSSION

Figures 1 and 2 show experimental and calculatedC and
D spectra of all samples in the frequency range from 300
1200 cm21, which is strongly affected by lattice and free
carrier excitations. Note the excellent agreement betw
measured and calculated data. IRSE spectra ofa-Al2O3(S)
are included for comparison. Brackets mark the ir-active s
phire phonon modes ofA2u and Eu symmetry. The experi-
mental spectra were recorded as described in Sec. III, and
calculated data were obtained using a two-phase mo
~ambient/substrate! for c-plane sapphire (S), and a three-
phase model~ambient/film/substrate! for samplesA–C. The
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TABLE I. Hall results and best-fit values from the IRSE data regression analysis for the free-carrier parameters and the high-f
dielectric constants. The error limits, which correspond to 90% reliability, are given in parentheses.

Sample Type

N~300 K!
(1017 cm23) m' m i m' mi e`,' e`,i

IRSE Hall @cm2/~V s!# ~units of m0!

A na 0.78 b 71c 71c 0.22d 0.22d 5.04 5.01
~0.06! ~15! ~15! ~0.02! ~0.04!

B n 3.2 2 58c 58c 0.22d 0.22d 4.94 4.92
~0.7! ~12! ~12! ~0.05! ~0.011!

C p 8d 8 10c 10c 1.40c 1.40c 5.22 5.37
~3! ~3! ~0.33! ~0.33! ~0.03! ~0.06!

D n 100d 100 127 122 0.237 0.228 5.20 5.18
~6! ~13! ~0.006! ~0.008! ~0.11! ~0.21!

aFree carriers are assumed to be electrons.
bNot detectable.
cIsotropically averaged, IRSE data have no sensitivity to free-carrier parameter anisotropy.
dAssumed values, not varied during data analysis.
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anisotropic a-GaN dielectric functions were factorize
through Eq.~7!. For sampleD, a four-phase model~ambient/
depletion layer/film/substrate! was employed. Here, a carrie
depleted thina-GaN surface layer was considered, for whi
the dielectric function was calculated by Eq.~1!. Three ad-
ditional ir-active phonon modes were observed within
highly-Si-dopeda-GaN layer of sampleD, and the dielectric

FIG. 1. Experimental~dotted lines! and calculated~solid lines!
IRSE C spectra of all samples at a 72° angle of incidence~A, Ne

57.831016 cm23; B, Ne53.231017 cm23; C, Nh58
31017 cm23; D, Ne5131019 cm23!. The spectra ofc-plane sap-
phire are included for comparison~S!. The transverse and longitu
dinalA2u phonon modes of sapphire are indicated by brackets~solid
brackets, TO; dotted brackets, LO!. The dip marked by an asteris
arises from thea-GaN high-frequencyA1-LPP mode.
e

function was modeled by Eq.~9!, i.e., IM’s with low polarity
are included here. Figure 3 enlarges the impurity-mode
gion of sampleD. If additional modes are neglected durin
analysis of sampleD, i.e., if Eq. ~7! instead of Eq.~9! is
used, the resulting fit is poor, as shown in Fig. 3~a!. Further
details of our sample analysis follow below. Figure 4 sho
the micro-Raman spectra of all samples and ofc-plane
a-Al2O3(S) for comparison. The Im$e'% and Im$21/e'%
spectra of all foura-GaN layers, which were obtained from

FIG. 2. Same as Fig. 1 forD. The spectra ofc-plane sapphire are
included for comparison~S!. The transverse and longitudinalEu

phonons of sapphire are indicated by brackets~solid brackets, TO;
dotted brackets, LO!. The small peak marked by an asterisk is d
to thea-GaN E1~TO! mode; the structure marked by a cross ste
from thea-GaN high-frequencyA1-LPP mode.
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the data analysis using the factorized model, are depicte
Fig. 5. Figure 6 compares the results of the model calcula
for samplesA and D between the parametrization of th
a-GaN dielectric function using the anharmonic model ba
on Eq.~1! and the harmonic model based on Eq.~2!. In the
case of the low-conductivity films, such as for sampleA,
both approximations provide good line-shape fits becaus
gTO'g̃LO,2 andgp'g̃LO,1 ~see Table III!. However, for the
high-conductivitya-GaN film ~sampleD! no appropriate de-
scription of the experimental data can be achieved using
harmonic model approach, especially in the spectral ra
where the three additional modes occur.

The model parameters that were allowed to vary dur
data analysis are theE1~TO!, A1~LO!, andE1~LO! phonon
frequencies, the anisotropic broadening values of the L
modes, theE1~TO! mode, and plasmon-broadening para
eters. The LPP mode frequencies were then calculated u
Eq. ~8! and the plasma frequencies using Eq.~5!. The
A1~TO! phonon-mode resonance could not be found due
the geometry of the experiment~see below!. Similar to the
Barker and Ilegems work, theA1~TO! frequency was taken
from Raman results.14 For the nominally undoped, but low
conductivity n-type samplesA and B we fitted Ne and m j
assumingme /m050.22. For samplesC and D we assumed
theN values obtained from our Hall measurements and fit
m j andmj . Thea-GaN layer thicknesses were also allow
to vary. Despite the apparently large number of unkno

FIG. 3. Experimental~dotted lines! and calculated~solid lines!
IRSEC spectra of sampleD (Ne5131019 cm23) at a 72° angle of
incidence.~a! The anharmonic model@Eq. ~7!# with one free-carrier
species (k51) and one lattice LO phonon (l 51) was used for the
calculation, which leads only to a poor fit.~b! Three additional
ir-active modes (I 1 ,I 2 ,I 3) were included in the calculation, whic
considerably improved the line-shape fit. The small dip~marked by
an asterisk! stems from the unscreenedA1~LO! mode, which is
assigned to a thina-GaN surface depletion layer.
in
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parameters, we obtained very stable fits, because the nu
of independent data points acquired during the ellipsome
measurement exceeds by far the number of fit parame
Note also that in contrast to ir-reflectometry experimen
ellipsometry does not have to rely on the intensity of t
light source.32,60The best-fit parameter values, and those t
follow accordingly~such as the LPP mode and plasma f
quencies! for the samplesA–D are given in Table I–IV. The
sapphire dielectric functions were taken from Ref. 43.

Due to the crystal-axis orientation of the GaN films not
of the model parameters can be obtained here. In particu
the ellipsometry data from thec-plane-oriented films have no
sensitivity to the TO resonance frequency with polarizat
vector parallel to the sample normal. Except for waveleng
where the real part ofe i is between 0 and 1 for wave num
bers above the LO-phonon frequency, the incident lig
beam propagates almost parallel to the sample normal wi
the film and senses mostlye' . The lattice displacement pat
tern that belongs to the TO resonance ine i cannot be excited
by the ir light beam in this configuration. In contrast, th
LO-mode frequency ine i can be located precisely throug
the well-known Berreman effect in thin polar dielectr
films.61 The incident wave is guided along the thin-film in
terfaces near wave numbers where the index of refractio
the extraordinary direction approaches unity. This eff
causes distinct features within thep-polarized reflectivity. In
this spectral region the ellipsometry data provide high se
tivity to the LO-phonon frequency and broadening para
eters fore i . The LO-mode parameters fore' follow from

FIG. 4. Room-temperature micro-Raman spectra of unintent
ally doped~A, B!, p-type ~C!, andn-type ~D! a-GaN. The Raman
spectrum ofc-plane sapphire is included for comparison~S!. Dash-
dotted lines mark the strongest sapphire-related Raman pe
While theA1~LO! mode~dotted line! disappears, the lowerA1-LPP
mode (LPP2) occurs at 459 cm21 within the spectrum ofn-type
sampleD (Ne5131019 cm23). The asterisk marks the forbidde
A1~TO! mode~spectrumD!.
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the ‘‘strength’’ of the TO mode, which is in resonance du
ing the ir experiment. Thus, the frequency and broaden
parameter of theA1~TO! mode forc-plane-oriented films are
needed as input parameters for analysis of the ir depend
of e i .

The IRSE spectra of thea-GaN films ona-Al2O3 provide
high sensitivity to the frequencies and broadening value
the ir-activeE1~TO! mode and coupledA1-LPP(ṽLO,i i) and
E1-LPP(ṽLO,i') modes.~Vertical lines in Figs. 1 and 2 in-

FIG. 5. ~a! Im$P'% and ~b! Im$21/P'% spectra of alla-GaN
layers obtained from the best-fit data analysis using the anharm
model @Eq. ~7! for samplesA–C, and Eq. ~9! for sampleD#.
SampleA, solid lines;B, dotted lines;C, dashed lines;D, dash-
dotted lines.
g

ce

of

dicate the spectral positions of the uncoupled ir-act
a-GaN modes and are included to guide the eye.! SamplesA
and B reveal only a small concentration of free carrie
Here, the high-frequency LPP modesṽLO,2' and ṽLO,2i are
virtually identical with E1~LO! and A1~LO!, respectively.
For high-resistivitya-GaN resonant excitation of theE1~TO!
andA1~LO! phonons by the IRSE probe beam causes re
nancelike features within theC andD spectra. For example
the features inC @D# marked by asterisks in Fig. 1@Fig. 2#
stem from theA1~LO!@E1~TO!# mode, but no spectral struc
ture can be directly attributed to theE1~LO! and A1~TO!
mode. Although apparently located close to theE1~LO! fre-
quency, the feature inD of sampleA marked by a cross is
due to theA1~LO! mode resonance~Fig. 2!. As discussed in
detail by Barker and Ilegems,14 theE1~LO! mode parameters
can still be obtained from line-shape analysis of the sam
dielectric response over the high-frequency edge of the
strahlen spectral range. TheA1~TO! mode frequency and
broadening values cannot be obtained from the IRSE spe
We therefore assumedvTO,i5537 cm21 from our Raman
measurements. No information is available for the broad
ing value, and we assumedgTO,i54 cm21, which is a typical
gTO,' value observed here.

The micro-Raman spectra of samplesA–C in Fig. 4 in
the z(x,x) z̄ backscattering geometry exhibit the allowe
high-frequencyA1-LPP mode~ṽLO,2i ; dotted line! and the
E2

(2) mode. Due to the large aperture of the incident mic
Raman beam, symmetry-forbidden modes such as
E1~TO! mode~the shoulder at the low-frequency side of th

ic

FIG. 6. IRSEC spectra of the low-conductivity sampleA (Ne

57.831016 cm23) and high-conductivity sampleD (Ne51
31019 cm23) at a 72° angle of incidence. For sampleA both the
anharmonic model~solid lines! and the harmonic model~dashed
lines! lead to good line-shape fits, whereas for sampleD only the
use of the anharmonic model approach including contributions
additional modes@Eq. ~9!# is appropriate. Experimental data a
shown by dotted lines.
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TABLE II. Best-fit values from the IRSE data regression analysis for the layer thicknessd and thea-GaN lattice phonon frequencies. Th
error limits, which correspond to 90% reliability, are given in parentheses.

d ~nm!
vTO,'

@E1(TO)#
vLO,'

@E1(LO)#
vTO,'

@A1(TO)#
vLO,i

@A1(LO)#

Sample IRSE Nominal ~cm21! ~cm21! ~cm21! ~cm21!

A 890~2! 960 560.1~0.2! 742.1~0.3! 537a 732.5~0.2!
560.8b~0.4!

B 827~6! 1000 559.0~0.4! 738.4~1.5! 537a 729.1~1.8!
557.7b~0.7!

C 997~3! 1000 558.9~0.2! 737.5~0.6! 537a 730.6~0.8!
D 1414c~24! 1440 559.8~0.3! 739a 537a 732.0~1.6!

537.3b~2.7!

aAssumed value, not varied during data analysis.
bObtained from Raman data.
cThis value includes the carrier-depleted surface layer.
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much strongerE2
(2) mode! and theA1~TO! mode~marked by

an asterisk in spectrumD at about 537 cm21! occur. Al-
though the laser beam was focused onto the top of
a-GaN film, all Raman spectra are superimposed by sapp
modes~dash-dotted lines in Fig. 4!. The IRSE spectra of ou
samples are highly influenced by the sapphire substrate
but the GaN dielectric response can be separated from th
sapphire during data analysis using model assumption
described above.

The IRSE spectra of the unintentionally dopeda-GaN
samplesA andB ~Figs. 1 and 2! reveal very small free-carrie
effects. Hence, the low-frequency LPP modes (ṽLO,1j ) as
well as the screened plasma frequenciesvp j are very small,
and the high-frequency LPP modes (ṽLO,2j ) differ from the
lattice LO modes only by a few wave numbers. The IR
best-fit values for theE1(TO) mode frequency~samplesA
and B! and the values for the LPP-mode frequencyṽLO,2i

~samplesA and B! are in very good agreement with thos
observable within the micro-Raman spectra~Tables II and
IV !. The IRSE broadening values for theE1(TO) model
(gTO,') and the LPP modes~g̃LO,2' andg̃LO,2i! of sampleA
are smaller compared to those of sampleB, indicating a bet-
ter crystal quality of sampleA. Accordingly, the linewidth of
the Raman signals of sampleA are smaller than those o
sampleB. For sampleA the IRSE data analysis provided
small free-electron concentration value ofNe5(7.860.6)
31016cm23. The latter demonstrates that this optical tec
nique possesses high sensitivity to free-carrier proper
e
ire

o,
of
as

-
s

even at low free-carrier concentration. The actual detec
limits for the determination of free-carrier parameters depe
on the effective carrier massm, the carrier mobilitym, and
the layer thickness d. The value Ne5(3.260.7)
31017cm23 determined by IRSE for sampleB is in very
good agreement with that obtained from Hall measurem
(Ne5231017cm23). The slightly larger ‘‘optical’’ value
could be explained by an energy-dependent effecti
electron-mass value that may be smaller than 0.22m0 for
smallNe values~a smaller assumedme value would decrease
the best-fit parameter valueNe ; see also Sec. II C!. Further
IRSE experiments on differently Si-dopedn-type a-GaN
films grown by metal-organic chemical vapor depositi
~MOCVD! indicate such a dependence ofme on Ne .62

The IRSE spectra of thep-type a-GaN film ~sampleC!
are shown in Figs. 1 and 2. Following the same approach
used by Barker and Ilegems14 and Perlinet al.15 for n-type
a-GaN, we assumed here the Hall concentration valueNh
5831017cm23) for our data analysis and fitted the ho
mobility and the effective-hole-mass parameters. In
course of the data analysis we found only little informati
about the anisotropy ofm andmh . We therefore treated both
parameters isotropically. We obtained a typical value for
hole mobility,m51063 cm2/~V s!.3,22,23,63For the effective-
hole-mass parameter the best fit resulted inmh /m051.40
60.33. This value may seem surprising as the value
mh /m050.8, given in Ref. 25, is often adopted.22,23 How-
ever, the value given in Ref. 25 was taken as the averag
des, and
TABLE III. Best-fit values from the IRSE data regression analysis for the broadening values of the TO-phonon modes, LPP mo
plasmon modes in the long-wavelength limit. The error limits, which correspond to 90% reliability, are given in parentheses.

Sample
gTO,'[gE1(TO)

~cm21!
g̃LO,1'

~cm21!
g̃LO,2'

~cm21!
gp,'

~cm21!

gTO,i[gA1(TO)

~cm21!
g̃LO,1i

~cm21!
g̃LO,2i

~cm21!
gp,i

~cm21!

A 3.8~0.3! 612~128! 6.9~0.4! 600a~127! 4b 642~133! 6.0~0.2! 600a~127!
B 4.2~0.6! 729~147! 16.8~1.2! 709a~144! 4b 803~158! 10.6~0.7! 709a~144!
C 6.2~0.3! 664~92! 15.4~0.6! 640a~90! 4b 666~93! 9.7~0.3! 640a~90!

D 3.9~0.5! 144c~3! 282c~12! 311~11! 4b 144c~3! 282c~12! 335~34!

aIsotropically averaged, IRSE data have no sensitivity to anisotropy of the plasmon-mode broadening value.
bAssumed values, not varied during data analysis.
cIsotropically averaged, IRSE data have no sensitivity to anisotropy of the LPP-mode broadening value.
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TABLE IV. Value for the LPP-mode frequencies and the screened plasma frequencies derived from best-fit IRSE values~Tables I and
II ! by using Eqs.~5! and ~8!.

Sample
ṽLO,1'

~cm21!
ṽLO,2'

~cm21!
vp,'

~cm21!
ṽLO,1i

~cm21!
ṽLO,2i

~cm21!
vp,i

~cm21!

A 59.8~2.1! 744.0~0.3! 79.5~2.8! 58.0~2.0! 734.5~0.2! 79.6~2.8!
734.9a~0.4!

B 121.6~11.9! 746.2~2.1! 162~16! 117.9~11.6! 737.6~2.5! 163~16!

737.7a~0.2!
C 74.8~8.6! 740.4~0.9! 99.1~11.5! 71.3~8.2! 733.6~1.0! 97.7~11.4!

735.7a~0.5!
D 464.1~3.2! 1028~10! 852~14! 445.1~4.4! 1047~17! 871~23!

459.3a~1.5!

aObtained from Raman data.
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values given in Ref. 26~estimated from near-band-gap a
sorption coefficients,mh /m0>0.6! and Ref. 27 ~mh /m0
51.0 was assumed there to reasonably fit luminesce
band-to-band transition energies to the Burstein shift
n-type a-GaN!, and the effective-mass value of 0.8m0 may
have large error bars. A value ofmh /m0'2.260.2 was re-
cently determined by Imet al.29 from time-resolved photolu-
minescence experiments combined with absorption data
view of recent theoretical results~see Sec. I!, the valence-
band effective-mass parameters are further expected to s
strong anisotropy. Steubeet al.30 observed 2P excitons as-
sociated with the heavy-hole~hh!, light-hole ~lh!, and split-
off-hole ~sh! uppermost valence-band states ina-GaN and
derived isotropic effective hole massesmhh/m051.060.1,
mlh /m051.160.2, andmsh/m051.660.5 for the different
valence-band maxima. According to our investigations,
anisotropy of the effective-hole-mass parameters is not la
than our experimental error, i.e., the anisotropy should
less than;25%. Crucial for analysis of the energy depe
dence of the effective mass is the knowledge of the posi
of the Fermi level within the valence bands. According
Kim et al.,7 the valence bands ina-GaN are nonparabolic
because of the spin-orbit interaction. They calculated ene
dependent effective hole masses and showed, e.g., thamhh
increases from 0.33m0 for holes at the top of the uppermo
valence band up to;1.75m0 for heavy-hole energies of;25
meV.

The high electron concentration in thea-GaN film of
sampleD causes enormous changes in the entire range o
IRSE spectra compared to the low conductive films
samplesA, B, andC ~Figs. 1 and 2!. The free carriers effec
tively screen the polar phonon modes of sapphire
a-GaN. Hence, the spectral features that can be directly
tributed to theE1(TO) mode and the high-frequencyA1-LPP
mode (ṽLO,2i) appear strongly damped. The large dip inC
observed in samplesA–C near ṽLO,2i;vLO,i @A1(LO)#
nearly vanishes because ofṽLO,2i51047 cm21 due to the
high free-electron concentration valueNe5131019cm23

within sampleD. However, a small dip remains nearvLO,i in
the IRSE spectra@marked by an asterisk in Fig. 3~b!#. A thin
depletion layer at the sample surface, where the concen
tion of the free carriers is considerably lowered, may g
rise to this structure. This effect can be explained by Fer
level pinning at surface states that are localized within
band gap. The resulting band bending causes a sur
ce
n
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carrier-depleted layer. Accordingly, theA1(LO) mode is not
screened by free carriers within this very thin surface lay
We assumed this depletion layer to be homogeneous
without free-carrier contribution to thea-GaN dielectric
function, i.e., we used Eq.~1! instead of Eq.~9!, and we
obtained a thickness of about 5 nm. Such depletion lay
were observed previously on the top of MOCVD-grown S
dopedn-type a-GaN films investigated by IRSE.35,36 Hum-
lı́ček, Henn, and Cardona found the same effect earlie
heavily dopedn-type GaAs using far-ir ellipsometry.64 Sub-
tracting the effect of the depletion layer through the mo
calculation, noA1(LO)-like resonance appears in the IRS
spectra of the highly-Si-doped sampleD. This behavior is
well known from Raman data of materials with large fre
carrier concentration due to strong LPP coupling.17,18Instead
of the A1(LO) phonon, twoA1-LPP modes exist, where th
upper mode is usually strongly broadened and difficult
observe by Raman scattering. In the micro-Raman spect
of sampleD ~Fig. 4! the broadened low-frequencyA1-LPP
mode (ṽLO,1i) occurs at 459 cm21, and theA1(LO) mode
peak is absent. The LPP modeṽLO,2i is difficult to observe in
the Raman spectrum of sampleD because according to th
IRSE results this branch should occur highly broaden
(g̃LO,2i5282 cm21) at 1047 cm21. Following the same ap-
proach as used above forp-type a-GaN, we assumed the
Hall concentration value (Ne5131019cm23) for our data
analysis and fitted the electron mobility and effective-ma
parameters as well as their anisotropy. We obtained typ
values for the electron mobility,m i5122613 cm2/~V s!,
m'512766 cm2/~V s!.3 For the effective-electron-mass pa
rameters the best fit resulted inmei /m050.22860.008 and
me,' /m050.23760.006. The effective electron mass revea
no significant anisotropy, and the values resemble those
tained by Perlinet al.15

In order to illustrate the LPP-coupling effects on o
model dielectric functions, Im$e'% and Im$21/e'% spectra of
all a-GaN layers are depicted in Fig. 5. TheE1(TO) reso-
nance appears as a strong peak in the Im$e'% spectra inde-
pendent of the free-carrier concentration in the GaN fi
@Fig. 5~a!#. Similar to the coupling behavior of theA1(LO)
mode observed by Raman spectroscopy, for high free-ca
concentration~sampleD! theE1(LO) mode is absent and th
broad lower and upperE1-LPP branches occur in the energ
loss spectrum Im$21/e'% @Fig. 5~b!#.
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Local vibrational modes~LVM’s ! can provide valuable
information on site location and electronic structure of d
fects or impurities. Neugebauer and Van der Walle stud
hydrogen and hydrogen complexes in GaN theoreticall65

Many authors reported experimental observation of LVM
in GaN.66–71 The Raman spectrum of sampleC ~Fig. 4!
shows three additional features atR15265 cm21, R2
5315 cm21, and R35658 cm21 that are very close in fre
quency to structures reported by Kaschneret al. from MBE-
grown Mg-dopeda-GaN on sapphire.69 All modes observed
by Kaschneret al.69 exhibitA1 symmetry. Disorder-activated
scattering was suggested for the mode at 315 cm21. The
authors further attributed the modes at 265 and 658 cm21 to
LVM’s of Mg in GaN. But Limmeret al. observed a similar
structure near 670 cm21 in Raman spectra of thin MBE
grown a-GaN films after ion implantation not only with
Mg1, but also with Ar1, P1, C1, and Ca1 ions.70 This struc-
ture became more pronounced with increasing ion do
Therefore, Limmeret al.70 assigned vacancy-related defe
LVM’s as origin of the structure near 670 cm21. However,
none of these additional modes are observed within our IR
data of sampleC, so we did not consider IM’s in our dat
analysis of sampleC. Likewise, no IM can be detected i
samplesA andB. Other than for sampleD, where additional
ir-active features affect the dielectric response, excel
agreement between measured and calculated data is obt
for samplesA–C without treatment of further low-pola
modes. This is important because, as discussed in Sec.
ignoring existent IM’s would in particular affect the resultin
e` j values and hence influence our free-carrier results.

Three additional ir-active features are observed in
IRSE spectra of sampleD. The anharmonice model of Eq.
~7! with k51 andl 51 is no longer valid. Figure 3~a! dem-
onstrates how poor the best-fit calculation withk5 l 51
would be. Figure 3~b! presents a magnifiedC spectrum of
sampleD, where three additional IM’s~I n , n51,2,3! were
included within the best-fit calculation. The IM’s are a
sumed to be isotropic. We find only very small TO-LO spl
ting valuesdvn

2 but large broadening valuesdgn . In fact, the
amount ofdvn

2 is indeterminable, and therefore it is assum
dvn

250 throughout. Note that Eq.~11! is then identical with
Eq. ~5!. The following IM frequencies and broadening valu
are obtained from the best-fit analysis of sampleD.

I 1 : v IM,1557465 cm21, g IM,1559617 cm21,

2dg158 cm21,

I 2 : v IM,2574665 cm21, g IM,25173617 cm21,

2dg2559 cm21.

I 3 : v IM,3585168 cm21,

g IM,35125642 cm21, 2dg3516 cm21.

To our knowledge, only Sunet al.71 reported on addi-
tional ir-active modes ina-GaN in the frequency range be
low 1200 cm21. The strongest feature was observed by F
rier transform infrared grazing-incidence reflectometry n
our I 3 mode at 848 cm21. But their film grown ona-Al2O3
by low-pressure MOCVD was much lessn-type conductive
-
d

s.

E

nt
ned

D,

e

d

-
r

(Ne51.931017cm23) than the film of sampleD (Ne51
31019cm23). Because of the enormous difference in t
doping levels of nearly two orders of magnitude, a comm
origin of the observed structures in both samples seems
likely. Siegleet al.72 performed second-order Raman expe
ments on 200–400-mm-thicka-GaN layers deposited on sap
phire, and observed a feature at 855 cm21 that was found to
possessA1 , E1 , andE2 symmetry. The authors tentativel
assigned this peak to an acoustic-optical combination ba
Due to the high Si concentration, the IRSE featureI 1 may
stem from the ir-inactive, but disorder-activated nonpo
E2

(2) mode that is located at 570 cm21 in the Raman spec
trum. So far, the origin of theI 2 structure is not clear. The
high Si concentration in thea-GaN film may give rise to an
ir-active LVM. Defect-correlated effects and intraband tra
sitions cannot be ruled out, either. Furthermore, the spec
positions and the damping parameters of the three additi
modes are found not to change significantly at low sam
temperaturesT (T540 K).

We observe that the valuese`, j found here range from
approximately 4.9 to about 5.4~See Table I!. For the low-
conductivity films,e` j can be determined with small erro
bars, whereas for high free-carrier concentrations the e
bars fore` j increase. The latter is not surprising because
parameterse` j account for the ‘‘high-frequency’’ limits
when the dielectric model functions are extrapolated
shorter wavelengths than those studied here. If the fr
carrier contribution dominates within the narrow spect
range investigated, it is difficult to determine the consta
contribution of the reststrahlen range to the band-gap in
of refraction. ~Note that contributions due to high-energ
electronic transitions, which also affect the dispersion bel
the fundamental band gap, are not considered here.! Thee` j
parameters of highly conductive films could be determin
with higher precision when a larger spectral range is used
data analysis. We did not include data from shorter wa
lengths because of depolarization effects there. Incohe
wave components, which reflect off the backside of the s
phire substrate when the GaN film starts to become su
ciently transparent, complicate accurate data analysis. De
imperfections, such as the finite focal length of the ir opti
hinder adequate correction of the incoherency effects in
transparency region. The increase ofe` j for samplesC and
D ~see Table I! compared to the nominally undoped samp
A and B may be explained by the well-known redshift an
broadening of thea-GaN fundamental band gap,73 but also
of the higher-energy transitions with increasing free-carr
concentration. Such effects on higher-energy transitions
well known from highly doped Si.74 The increase and broad
ening of the impurity- and defect-related electronic tran
tions, such as those causing the yellow luminescence,
increasing dopant concentration may be invoked here as
other reason.3,75,76

We note finally that the phonon-mode frequency valu
determined by IRSE are consistent with those obtained
viously by other methods within the usual variatio
range.16,77,78It is worth mentioning that the broadening valu
g̃LO,2' of the high-frequencyE1-LPP mode increases with
the free-electron concentrationNe , whereas the correspond
ing TO-broadeninggTO,' remains constant. This is seen as
consequence of the anharmonicity of the LPP coupling
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n-type a-GaN, and resembles that observed inn-type
GaAs.47 For samplesA–D the best-fit broadening values fu
fill the condition of Eqs.~3! and ~12! for both polarizations
( j 5i ,').

V. SUMMARY

Infrared spectroscopic ellipsometry was used for meas
ment of the ir-optical response ofa-GaN films deposited on
a-Al2O3 by MBE. A factorized model, which allows fo
anharmonic coupling of LO phonons with free-carrier pla
mons, was employed to determine thep-type andn-type
effective-mass and carrier-mobility values. We obtained
the parallel and perpendicular effective-electron-mass
rameters me,i /m050.22860.008 and me,' /m050.237
60.006, in very good agreement with earlier observatio
The effective-hole-mass parameter was determined with
substantial anisotropy to within 25% asmh /m051.40
60.33. Even for low-dopedn-type a-GaN films the IRSE
data possess enough sensitivity to the electron concentr
and mobility parameters. From line-shape analysis of the
,

y

,

a

.

T

e-

-

r
a-

s.
ut

ion
l-

lipsometry data we further derived lattice phonon freque
cies and broadening values as well as the coupled pho
plasmon parameters. Thea-GaN lattice-mode parameters a
in excellent agreement with previous ir reflectometry a
Raman studies as well as our Raman investigations. Th
additional ir-active modes with small polarity were observ
in highly-Si-dopeda-GaN at 574, 746, and 851 cm21. A
carrier-depleted surface layer, similar to those reported fr
heavily doped GaAs, was found in heavily-Si-dopeda-GaN
as well.
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