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Optical phonon modes and interband transitions in cubic AjGa;_N films
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We present a comprehensive study of the phonon mode behavior and the optical interband transitions of
cubic ALGa N films (0=x=0.20) using spectroscopic ellipsometry from the midinfrared to the vacuum-
ultraviolet spectral rang€0.05—-8.5 eV. The ~0.5-um-thick Al,Ga _,N layers were grown by radio-
frequency plasma-assisted molecular-beam epitaxy and possess free-electron concentrations in the range of
6X10%°-1x10%° cm 3. A two-mode behavior for the transverse-optical phonon gfa] _,N is observed,
which is consistent with theoretical predictions. Due to the high free-electron concentration, the observed
AlL,Ga N fundamental band-gap ener@y is subject to a strong Burstein-Moss shift and band-gap renor-
malization. We quantify the amount of both band-gap shifting mechanisms, and provide an estimate for the
composition dependence of the 8la, N band-gap energl,, which depends approximately linearly on the
alloy composition withE, (eV)=3.19+2.77 at room temperature and for carrier-depleted material. For
cubic GaN, the_-point interband transitiot,; shifts to lower energies with increasing free-electron concen-
tration, whereas the interband transiti&® remains unshifted. Increasing Al content induces a blueshift
(redshify of the E; (E,) transition of AlGa N for x<0.12. Due to strong broadening effects, both transi-
tions cannot be differentiated anymore fox0.16.

DOI: 10.1103/PhysRevB.65.184302 PACS nunt®er63.20—e, 71.20.Nr

. INTRODUCTION Al,Ga _,N, which may serve as cladding layer material for
advanced optical devices. So far, most experimental studies
Strong stimulated emission from optically pumped cubicof 8-Al,Ga _,N have concentrated on structural properties
GaN/AlGaN double heterostructures in the blue spectrahnd the optical characterization of the fundamental band-gap
rangé'? has encouraged further studies of cubic binary andegion®>~*° Our investigations comprise the midinfrared
ternary group-lil nitrideS™*® Compared to the thermody- (mid-ir), the near-infrarednear-iy to ultraviolet (uv), and
namically stable hexagonakj phase, the metastable cubic the vacuum-ultravioletvuv) spectral range, where the lattice
(B) phase of the group-lll nitrides is expected to possesyibrations, the fundamental band-gap transitiey and the
superior electronic properties: lower carrier scattering resultinterband transitiong&; and E, of g-Al,Ga_,N occur, re-
ing in higher carrier mobility, higher doping efficiency, and spectively.
smaller effective electron masses. Technological advantages The vibrational properties g8-Al,Ga, 4N have been in-
for device applications of the cubic modification are thevestigated theoretically and experimentally by few groups so
availability of low-cost, large-area, and highly electrically far. Grille et al. studied the lattice dynamics of cubic group-
conductive substrates, such as GaAs, and easy cleavage I8f nitrides using a modified random-element isodisplace-
epilayer and cubic substrate, which is favorable for makingnent (MREI) approach and a rigid-ion mod¥l. For
laser facets. Furthermore, strong spontaneous polarizatigh-Al,Ga 4N the authors predicted a two-mode behavior for
fields are avoided in cubic group-Ill nitride heterostructuresthe TO phonon and a one-mode behavior for the LO phonon.
Those polarization fields are present in hexagonalContrary to the results of Grillet al, Liu et al. calculated a
Al,Ga, _,N/GaN heterostructures used in light emitting di- one-mode behavior for both the TO and LO modes of
odes, where the polarization field effects can seriously reg8-Al,Ga,_,N using the MREI approach as wéfl.Besides
duce the optical recombination efficiency. Due to the metathe GaN-like TO-phonon mode, Harimet al. observed a
stable nature, however, the growth of single-phase cubigery weak feature in Raman-scattering spectra of two
nitride films of sufficient homogeneity and crystal quality is Al,Ga _4N films (x=0.11 and 0.75 which the authors at-
still difficult, and in general the crystal quality of cubic ep- tributed to the AIN-like TO-phonon mod@.Frey et al. re-
ilayers grown so far is inferior to that of the hexagonal ni-ported a single TO-phonon mode using Raman measure-
trides. ments, which were performed on the same sample set
Among the cubic group-Iil nitrides, GaN has been studiednvestigated in the present wotklhis mode was assigned to
most extensively, whereas many fundamental physical proghe GaN-like TO phonon, since its frequency revealed a
erties of ternary cubic group-lIl nitrides are still unknown. composition dependence very similar to that calculated by
This work is focused on the optical properties gt  Grille et al* for the GaN-like TO mode.
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So far, three groups have reported the composition depeo01) GaAs substrate at 835°C by molecular-beam epitaxy
dence of the fundamental band-gap ener@y of using a radio-frequency plasma nitrogen sodfcélhe
B-AlGa N (direct gap at thel’ point of the Brillouin  growth rate of the AlGa, N films was~80 nm/h, result-
zone using spectroscopic ellipsomet(@E). Okumuraet al.  ing in a film thicknessd between 450 and 480 nm. Prior to
found a linear increase dg, vs Al content in the whole the growth of the AlGa,_,N films, (290—380-nm-thick
composition rang@ This result was consistent with the linear B-GaN buffer layers were deposited at 720°C in order to
composition dependence of the highest emission energynprove the crystalline quality of the ABa N epilayers.

Ec =3.2+1.6x observed in cathodoluminescend€L) The Al contents determined by Rutherford backscattering
spectra of AjGa;_,N films, measured at 77 KUsing SE  spectroscopy are consistent with those obtained from high-
and CL, Aset al. observed a linear dependence of the bandresolution x-ray diffraction(HRXRD) measurements. The
gap energy on the Al content for<0.2° However, Suzuki  cubic nature and the crystalline quality of the films were
et al. reported a parabolic composition dependence of thedentified by HRXRD experiments. Reciprocal space maps
Al,Ga,_,N fundamental band-gap energy with a positive show the comparatively good structural layer quality of the
bowing parameter of about 1.1 eV fortk<1.°? Nakadaira fully relaxed AlLGa _N films3 Further details concerning
and Tanaka found that the photoluminescefile) peak en-  these characterizations and the growth procedure were re-
ergy of a near band-gap emission approximately obeys thgorted in Refs. 3 and 28 and references therein. The free-
relationshipEp, = 3.20+ 1.85 for x<0.42'%In good agree-  electron concentratiol,, in the ALGa,_,N layers are esti-
ment with this result, Wiet al. observed that near the band mated to be in the range betweenx&0* and 1

gap emission lines in low-temperature PL spectra ofx10°%m 2 by means of mid-ir SHsee Sec. IV A High
Al,Ga,_yN (0=x=0.25) shift approximately linearly to residual oxygen contents, which were detected by secondary
higher energies with increasing Al contéhtBand-structure  jon mass spectroscopy measurements of aGalL ,N/GaN
calculations of Pugtet al predict a band-gap composition multi-quantum-well structure grown under conditions similar
dependence for unstrained ,&a N (x<0.57) without to those of the AlGa _,N samples studied here, may ac-
significant band-gap bowin. count for these high free-electron concentration values. For

The higher-energy interband transitiols and E, of  comparison, four (0.66—1.05)m-thick Si-doped 3-GaN
B-AlLGa N (0<x<1) have not been investigated so far. films (R,-R,), directly grown on the GaAs substrate, are
In [11-V compounds, the band-structure critical poi@P) E;  included in our studies as well. These films possess free-
is associated with transitions near thepoint and/or along electron concentrations froM,<1x10cm 2 (R;) up to
the (111) direction’® The origin of the CP structurg, is  ~6x10"%m~2 (R,), which were determined by Hall-effect
more complex and has been attributed to more than one reneasurements. A summary of relevant sample details is
gion of the Brillouin zoné? For 8-GaN, Logothetidi®t al.  given in Table I.
assumed that th&, CP corresponds mainly to excitations ~ All samples were measured at room temperature by vari-
near theX point of the Brillouin zoné? able angle-of-incidence SE for photon energies frsi.05

SE in the mid-ir spectral range has recently proven to be & 8.5 eV. The SE spectra in the mid-ir range were taken
powerful tool for the investigation of lattice vibrations and petween 400 and 6000 ¢ni(~0.05—-0.75 eV) with a spec-
free-carrier properties of hexagonal thin-film group-Ill ni- tral resolution of 2 cm?, and at 50° and 70° angles of
tride heterostructures and of cubic group-Ill phosphide andncidenced using a rotating-polarizer, rotating-compensator,
arsenide thin film$?~2* For near-ir to vuv wavelengths, SE Fourier-transform based ellipsometer. A 25-W globar was
has been employed to study interband transitions and to dersed as the light source. Details of the mid-ir ellipsometer
termine dielectric function spectra of several binary and terysed here are described in Ref. 29. For the spectral region
nary group-Ill nitride compound$:*>~*’In the present work  from 0.75 to 5.5 eV, i.e., from the near-ir to the uv range, a
we use SE from the mid-ir to the vuv spectral range in ordefotating-analyzer ellipsometer equipped with a 75-W Xe
to investigate the optical properties of0.5.um-thick  |amp as the light source was employed. Measurements were
B-AlGa N films for 0<x=<0.20. Numerically inverted taken at®=60° and 70° with a spectral resolution of 0.01
mid-ir SE data provide the TO-phonon mode behavior ofev. The near-ir-uv ellipsometer system was equipped with an
B-AlLGa,_,N. The free-carrier concentrations in the automated compensator, which allows accurate determina-
B-AlLGa ;N films are estimated from the frequencies of thetion of the ellipsometric parametex. SE measurements in
plasmonlike modes. Based on a parametric-model analysige vuv spectral rangés.5—8.5 eV, wavelengths 225-146
from the near-ir to the uv spectral range, the dependence ¢fm) were carried out using a rotating-analyzer ellipsometer
the B-Al,Ga,_«N fundamental band-gap energy on the Al with an automated compensator and a dry nitrogen purged
content is determined upon correction for Burstein-Mosssample chamber. The spectra were recorded at60° and
shift and band-gap renormalization. Finally, we detect thezo° with a spectral resolution of 0.02 eV. A deuterium lamp
interband transitionsE; and E, of B-Al,Ga _,N for x was used as the light source.
=<0.12 in the vuv spectral range.

Ill. THEORY
Il. EXPERIMENT A. Spectroscopic ellipsometry
Four unintentionally dopeg3-Al,Ga N films with x Using SE, the complex dielectric functions of thin-film

=0.07, 0.12, 0.16, and 0.28amplesA—-D) were grown on  materials and film thicknesses in a multilayered sample can
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TABLE I. TO-phonon mode parameters for cubic GaN andG¥, N films, derived from the analysis of mid-ir ellipsometry data. The
numerical uncertainties correspond to 90% reliability and are given in parentheses. The alloy composition values were obtained from
Rutherford backscatteringRBS) and high-resolution x-ray diffractiotHRXRD) measurements. The film thicknedsnd the free-electron
concentratiorN, values result from the near-ir-uv and the mid-ir SE data analysis, respectively.

Sample X d(um) N, (cm)~3 o(TO®™N(cm)~? YTOMN (ecm)™t  o(TO"N)(em) ™t  y(TOAN)(cm)™*
RBS, HRXRD SE Hall or SE SE Ramah SE SE SE

R, 0.00 0.67 <1x10" 553.0(0.2 555 5.7(0.5

R, 0.00 0.98 1.410%®  553.4(0.2 7.5(0.4)

Rs 0.00 1.05 5.K10° 552.3(0.3 9.6 (1.0

R, 0.00 0.88 6.X10° 553.1(0.3 8.9(0.7)

A 0.07 0.46 10®  554.3(0.1) 557 14.4(0.6) 647.4(0.4) 13.6(1.5

B 0.12 0.48 x107° 561.2(0.1) 562 16.2(0.5 648.7(0.6) 16.6(3.2)

C 0.16 0.47 *K10*  563.8(0.1) 565 17.9(0.4) 650.9(0.5) 17.3(2.3

D 0.20 0.46 10*  567.3(0.1) 567 19.7(0.4) 653.6(0.5) 15.1(2.2)

aR,-R,, Hall; A-D, SE;m* =0.15m, was assumed for the SE data analysis.
PReference 3.

be determined. The standard ellipsometric paramélteasid evant parameters such as phonon mode frequencies. The
A are related to the complex reflectance ratjtf number of unknown parameters in the regression analysis
can be reduced considerably if appropriate parametric-model
(1) line-shape functions are used to describe the dielectric func-
tion for the layer material of interest. Thereby, all measured
I . - spectral data points are simultaneously involved in the re-
}’(‘;rr‘e“rger'?tpp%rl‘;rssé grggt‘a%:ég;:tgg;'%'grgeefrl]%?g&gg) ?g';']eents gression analysis. In the case of a parametric-model analysis,
plane of incidence, respectively. A common representation oﬁhe measureq data are dwgctly_co_n nected to the physmal pa-
the ellipsometric p:arametem an.dA is the pseudodielectric ameters of Interest a}nd, in principle, the layer th|cknesse§
function (z) given by can also be obtained independently. Furthermore, parametric
models prevent wavelength-by-wavelength measurement
noise from becoming part of the extracted dielectric function,
a possible error source for point-by-point fitted spectra. Fur-
ther details of the SE data analyses performed here are de-
Only in the case of an air ambient over a bare semiscribed in Refs. 20, 31, and 32.
infinite substrate with a perfectly smooth and uncovered sur- A three-layer model was employed for the SE data analy-
face, the measured pseudodielectric and the intrinsic sulsis of our ALGa,_,N samples from the near-{i—5 e\) to
strate dielectric function are identical. For layered samplesthe vuv (6—8.5 eV} spectral range. This model consists of
the SE data need to be analyzed using appropriate layer mogir/surface-roughness layer/8a _,N film/GaN buffer
els. layer/GaAs substrate. The surface-roughness effects were
considered by a top layer with optical constants, which were
calculated using a linear effective-medium approximation.
In order to extract the dielectric function of the layer ma- Here, we assumed a linear average of 50% void and 50%
terial of interest from the measured SE data, first a model has|, Ga, _,N to simulate the effective optical constants of the
to be established, which consists of a sequence of para”%ﬁ_jrface-roughness layer. For the mid-ir spectral range,
layers with perfectly abrupt interfaces and spatially homogesurface-roughness effects are negligible due to the large
neous dielectric functions, bound between a semi-infinitgyrobing wavelengths, and thus a two-layer model is suffi-
substrate and the ambient. Then, a regression analysggent for the mid-ir SE data analysis. Prior to the analysis of
(Levenberg-Marquardt fitting algorithnis performed, where  the ALGa,_,N layers, the GaAs dielectric function was de-
model parameters are varied until calculated and experimenermined by SE from the mid-ir to the vuv spectral range
tal data match as closely as possible. A direct way of obtainusing several reference samples.
ing the material’'s dielectric function of intere§h our case
that of AL,Ga;_,N) is to numerically invert the experimental
SE data for each wavelength and independently of all other C. Model dielectric function
spectral data point§point-by-point fi). This procedure re-
quires in our case the knowledge of thg @k, ,N and GaN
layer thicknesses as well as the dielectric function of GaN The contribution ofs ir-active polar lattice phonon bands
and that of the GaAs substrate. The dielectric function obto the dielectric response of semiconductor materials,
tained from the point-by-point fit needs to be further com-£("(w), can be described by a factorized form with Lorent-
pared to line-shape models in order to obtain physically relzian broadening®

Rp )
p=—=-=tanV¥ exp(iA),
Rs

_ 2

. ©

B. SE data analysis

1. midinfrared range
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s spectral rangésee below. Local line-shape analyses using
eW(w)=e..[] S _ (3)  Lorentzian oscillators were then employed to simulate the
k=1 ook~ 0"~ lwytokK wavelength-by-wavelength  inverted data, i.e., the

Al,Ga, _,N mid-ir dielectric function spectra, thus providing
The parametersorox, Yok, @ok, and yok denote  the TO and plasmon mode parameter values for the

the frequencies and damping values of ktle TO- and LO- A, Ga,_,N films. Details of the point-by-point fit procedure

phonon modes, respectively, aed is the high-frequency for ir ellipsometry data analysis were also discussed recently
dielectric constant. The free-carrier contribution to the matein ref. 23 and references therein.

rial’s dielectric function,e")(w), is commonly written in
the classical Drude approximation as 2. Near-infrared-ultraviolet range

2 2
Wok— O~ lwYLok
2

w2 In the near-ir-u1.0-5.0 eV as well as in the vuy6.0—
eF(w)= —ew(+. (4)  8.5e\) spectral range, the 463 _,N (GaN) dielectric func-
@(w+iyp) tion was parametrized using a modified CP model dielectric
function (MDF) approach®>° Within this MDF approach
the contribution of each CFC) to the material’'s dielectric
function is described by line-shape functions, which depend
on the photon energg =% w,

The screened plasmon frequensy and plasmon damp-
ing vy, are related to the concentratidh the effective mass
m*, and the mobilityu of the free carriers by the following
equations®

5 7

The parameterg;, I';, andA; denote the transition en-
ergy, the Lorentzian broadening, and the magnitude of the
CP structure within the dielectric function spectrum, respec-
Vo= , (6) tively. The phase anglé; is related to the amount of mixture

m* u of two adjacent CP’s. Within the standard CP model, the
exponenty; is related to the dimensioé of the van Hove
singularity corresponding to the Cl;=1— /2. Here, we
employed a modification of the CP model approach, where

and

wheree is the electrical unity charge arj, is the vacuum
permittivity.

Mid-ir SE data possess high sensitivity to TO-phonon™ . :
mode parameters of thin films, because the TO vibrations arg] '|:s treated as an adjustable paraméter.

X . RN or the near-ir-uv spectral range, the, 85 _,N (GaN)
excited resonantly by the ir probe beam resulting in d|st|nc:tdielectric function was parametrized by
mid-ir SE spectral features. The TO-phonon mode frequen-
cies can be well obtained from the spectral positions of the 2 o
maxima of In{e(w)} with &(w)=8® (w)+&F)(w), even e(w)=c+CotAp/(E;—E). ®
in the case of strong phonon and plasmon damping. Sensi-
tivity to longitudinal phonon mode frequencies of individual ~ The pole[third term in Eq.(8)] allows for contributions of
layers in complex heterostructures is provided by the wellhigher-energy CP’s to the material’s dielectric function from
known Berreman-polariton effect in thin polar dielectric spectral regions outside the range investigated here. The
films3® The ir radiation excites surface polaritons of trans-best-fit values for the phase angle weg#g~= for all
versal magnetic character at the boundary of two medisamples studied. Using E() for the parametrization of the
whose dielectric functions fulfill certain conditiof$®’ The ~ Al,Ga _,N dielectric function in the near-ir-uv spectral
incident wave is guided along the thin-film interfaces neamrange, the AlGa N fundamental band-gap energy and
wave numbers where the index of refraction approachethe thicknesses of all sample layers were determined. The
unity. In this spectral region, the ellipsometry data have higtthickness of the surface-roughness layer obtained from the
sensitivity to the longitudinal phonon frequency and damp-SE data analysis in the near-ir-uv spectral range was between
ing parameters. 4 and 7 nm for all AjGa, _,N samples and was kept constant

The consideration of two TO-LO-phonon bari@y. (3)]  during the SE data analysis in the vuv spectral range.
for the parametrization of thg-Al,Ga _,N dielectric func-
tion has proven to be insufficient to model the experimental 3. Vacuum-ultraviolet range
SE data of our AlGa ,N samples in the mid-ir
(400-6000 cm?) spectral range. Increasing the numier
of TO-LO-phonon bands, however, has made phonon mod
assignment very d|ff|pult. T_herefore, the experimental mIOI"rdescribe contributions from the CP structukgsandE, oc-
SE data were numerically inverted using the wavelength-byéurring within this spectral rang&:
wavelength approach. The thickness values of the '
Al,Ga, _,N epilayer and GaN buffer layer, which are prereg-
uisites for the point-by-point data inversion procedure, were e(E)=c+ 2 C. . (9)
taken from the parametric data analysis in the near-ir-uv 12 )

For the parametrization of the &ba, N (GaN) dielec-
tric function in the vuv spectral range, a sum of two CP
gxpressions was employed far<0.12 (see Sec. IV € to
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FIG. 1. Real and imaginary parts of the pseudodielectric func-
tion of sampleB, measured from the mid-ir to the vuv spectral
range. The observed phonon mode and interband transition energies
are marked by vertical arrows, together with the assignment accord-
ing to the SE data analyses. Solid and dashed arrows refer to the
Al 1Ga gd\ layer and the GaN buffer layer, respectively. Note the
different scales on the left and right axes.

In the regression analysis, we assumed=1, i.e., thek,
CP was assumed to be excitonic, which considerably reduces
correlations among the parameters of both CP’s. The expo-
nent w, of the E; CP term was allowed to vary during the
regression analysis, and the best-fit values for this parameter
were obtained as=0.4 for all AlL,Ga, ,N (x=<0.12) and
GaN films. Forx=0.16, a single CP contribution was used to
model the experimental SE datsee Sec. IV ¢

_zm Il i 1 L

600
w (cm'l)

800 1000

IV. RESULTS AND DISCUSSION

Flgure_ 1 presents experlmental _elllpsor_netry c_jata of FIG. 2. Pseudodielectric function spectra of samjide&) and
sampleB in terms of the pseudodielectric function, which are g () measured in the mid-ir spectral range. The spectral positions
typical for all Al,Ga _,N/GaN heterostructures studied here. of the optical-phonon modes of GaN and,AGa, s\ are marked
In the mid-ir, the spectra are dominated by features originatpy dashed and solid arrows, respectively. The noise in the lower
ing from lattice vibrations of the heterostructure componentsart of the spectra is mainly due to decreasing intensity of the ir
AlGaN and GaN. In the transparency region of the heterotight source for small wave numbers.
structure, i.e., between the reststrahlen bands and the funda-
mental band gaps of the sample layer materials, pronounced i i
Fabry-Perot interference oscillations occur due to multipler@ of all ALGa N films reveal a two-mode behavior for

internal reflections within the heterostructure. Between aboul® AIXG%;XN TO-phonon forx=0.20, The GaN-like TO
7.0 and 7.5 eV¢,) reveals an asymmetric double structure, Mode (T ") appears as a distinct peak and the AN-like

IN
which originates from the optical interband transitiogg 10 mode (TO™) appears as a weak, but well-resolved
andE, of Al Ga,_,N. shoulder. In Fig. 3, the, spectra of all A|Ga, _N films are

displayed in the range of both Aba ,N TO-phonon
modes. In order to determine the TO mode frequencies and

A. Phonon modes and free-carrier properties

Figure Za) shows measured mid<e,) and{e,) spectra
of sampleD. For comparison, in Fig.(®) the(e) spectra of
the reference sampl, are depicted, whose GaN film pos-

damping values, the AGa N and GaNe, spectra were
locally described by Lorentzian line shapeslid lines in
Fig. 3. The TO-phonon mode parameters of all@& N

and GaN films derived from the Lorentzian line-shape best-

sesses optical properties similar to the GaN buffer layers iffit calculations are listed in Table I. In Fig. 2, the two TO-

the ALGa, N samplesA-D. In the mid-ir spectral range
the material’s dielectric functions of all £6a,_,N and GaN

films were obtained from wavelength-by-wavelength nu-

merical inversion of the measuréd) spectra. The, spec-

phonon mode positions of the AlGa, g\ epilayer(sample
D) and the TO and LO frequencies of the GaN buffer layer
are marked by vertical arrows. In tlag spectrum of the GaN
sampleR;, a weak shouldefasterisk in Fig. Boccurs at the
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theoretical predictions of Grillet al.!* and Raman-scattering
results reported in Refs. 3 and 16. For the GaN-like TO
mode, the phonon frequencies determined by SE are consis-
tent with both the Raman-scattering results obtained for the
same sample seand the theoretical mode behavior calcu-
lated in Ref. 14. For the AIN-like TO mode, however, the
approximate linear dependence of the phonon frequency on
the Al content(dashed line in Fig. ¥shows a stronger in-
o crease v than theoretically predicted.In u-Raman spec-
Ny tra taken from the same sample set and depicted in Ref. 3,
] - . ~ TO . . V) the AIN-like TO mode is submerged by a broadband, which
540 560 580 @ 620 640 660 680 is characteristic for highly damped plasmon excitations in
w (cm™) the frequency region between the TO and LO mode as
shown, e.g., for N-type cubic GaN by Ramsteimgral.*!
FIG. 3. Imaginary parts of the 4Ba_,N (GaN dielectric  Thys, the AIN-like TO mode was not detected in Ref. 3. The
functions for sampleA-D andR, near the GaN-like and AIN-like  primary measurement quantity of infrared ellipsometry is the
TO-phonon mode. Symbols, wavelength-by-wavelength '”Verte‘gielectric function from which the infrared-active mode pa-

data; lines, beSt'f't. spectra using local Lorentzian line Sha.pes' ThFameters can be obtained most directly upon its line-shape
phonon-mode positions resulting from the best-fit calculations are

marked by arrows. For convenience, the spectra of sanfjed, analysis. Phonon modes of. small po!arity, potentiqlly inac-
B, andC on the left(right) side are shifted vertically by 260, 160, CQSSIbIe by Ra_man_—scatterlng techniques, can still be re-
50, and 10(38, 18,—5, and—8), respectively. trieved frome with high accuracy.

Free-carrier plasmons interact with long-wavelength LO
low-frequency side of the GaN TO-phonon mode peak. Simi{honons via the electric fields associated with both types of
lar features centered at about 545 Chare present in the, elementary excitations. Hall-effect measurements in van der
spectra of the GaN samplé&,—R, as well (not shown in  Pauw geometryrevealed that all AlGa, _«N films possess
Fig. 3). As the origin, we suggest a disorder-induced latticedegenerated free-electron gases with concentrations of
vibration due to the Si doping of the GaN films, but no clear~10?° cm* and mobilities of about 20 cffVs. For such
assignment of the observed feature can be given yet. small free-carrier mobility valuesy,~w, and the plasmon

The composition dependences of both @& _,N TO-  excitations are highly damped. As demonstrated by Giehler
phonon mode frequencies are shown in Fig. 4 together witiend Jahr® for CdS and GaPs=1), the upper of the two
coupled LO-phonon-plasmon mode branches (LPEhen
655F ' ' T 4 becomes plasmonlike foo,>w o, and the lower branch
(LPP™) represents a LO phonon screened by free carriers,
whose frequency approaches asymptotically the TO-phonon
mode frequency. Because for GaN-rightAl,Ga_,N a
strong GaN-like TO-LO phonon band dominates the mid-ir
dielectric functior*® the situation should be similar to that of
CdS and GaP. Figure 5 shows the spectral region, where the
high-energy plasmonlike mode branch appears as a strongly
broadened maximum of Im{1/e), which is localized be-
tween 2500 and 3100 cm for all Al,Ga,_N layers. For
the following estimate of the free-carrier concentration in the
AlLGa N layers, we neglect the weak AIN-like TO-LO-
phonon band and approximate the mid-ir dielectric function
by &(w) =M (w)+&F(w) with s=1. Only in the case of
550 F . weak plasmon damping, the frequencies of the longitudinal
L —— modes(LO phonons, plasmons, and LPP modesrrespond
0.00 005 010 015 020 to the maxima of Im{ 1/e). For high plasmon damping val-
X ues andw,>w o— 7o, the spectral position of the high-
energy maximum of Im{ 1/e) is approximately given by

500

o4

400

q w >

S

6501

645

A\
—\XT

FIG. 4. Composition dependences of the GaN-like and AIN-like , > =7 » ) .
TO-phonon freqFl)Jencies, dgtermined by the mid-ir SE data analysigwp_ 7P/4)i/i' Eor _our ALGal,_XN films .Wlth ©@p=7p
(full symbolg. For comparison, the GaN-like TO mode frequencies ~ 3000 €M ~, this yields a redshift of the high-energy maxi-
obtained from Raman-scattering measurements on the same sam@i&!m of Im(— 1/¢) with respect to the plasmon frequency of
set are includedopen circles, Ref. )3 Open triangles: Raman data about 0.13,. Considering this correction, the free-electron
from Ref. 16. Solid lines: calculated &a, N TO-phonon mode ~concentrationdN, of the ALGa _,N films were estimated to
behavior, Ref. 14. The observed approximately linear compositiofPe in the range betweerx610™ and 1x 10°%cm™ 3. For this
dependence of the AIN-like TO phonon frequen@ashed ling  approximation we used Ed5), set the high-frequency di-
shows a stronger increase xshan theoretically predicted. electric constant., to 5.0, and assumed the effective elec-
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Im {-1/¢}

I Il 1

500 3000 3500

1500 2000 2
-1
w(cm )

FIG. 5. Im(—1/¢) for all four Al,Ga, N films (samplesA-D)
in the spectral range of the plasmonlike mode branch. Symbols,
wavelength-by-wavelength inverted data; lines, best-fit spectra us-
ing a local Lorentzian line shape. Because theGa _,N hetero-
structures become transparent above thgGAJ_,N reststrahlen
band, the wavelength-by-wavelength numerical data inversion fails
for wave numbers-200 cni ! above the maximum of Imf 1/g).
The positions of the maxima of Im(1/¢) upon correction for plas-
mon damping effectéarrows yield the free-electron concentration
values of the AlGa, _,N films.

tron massmy to be 0.18n, for all Al,Ga_,N films, which

is the only available experimental value f@-GaN#* an
average of several calculatedf values is listed in Ref. 45.
The N, values obtained from this approximation are in good
agreement with results from Hall-effect measurements per- E (eV)

formed on the same sampl@s.

e . . . _ FIG. 6. Real(a) and imaginary part¢b) of the pseudodielectric
Carrier-depleted surface layers can be identified at mfra]Enctions of all ALGa,_,N samples A-D) and of the GaN sample

red Wavelengths upon _the Berreman effect, where a guide , from the near-ir to the uv spectral range. The optical properties
surface polariton is excited near t_he LO-phonon frequency Obf the highly resistive GaN film of sampR, are similar to those of
the near-surface sample area. This Berreman polariton causgs gan buffer layers in samples—D. Symbols, experimental

a subtle feature in the elliposometric spectra, which can b@aya: solid lines, best-fit calculated MDF spectra. The fundamental
used to quantify the depletion layer thickness and the Unpang-gap energies of Aba,_ N and GaN are marked by arrows
coupled LO-phonon mode frequency of the layer materialang vertical dash-dotted lines, respectively.

First ir-ellipsometric measurements of thin depletion layers

(=10-20 nm in the Schottky approximationvere per-  range of the uncoupled LO-phonon modes. Neglecting the
formed on high-quality cubicr(-type GaAs (Ref. 24 and  gyrface depletion layers does not affect the spectral regions

hexagonal f-type GaN (Ref. 49 Ill-V compounds. HOw-  of the TO-phonon and plasmonlike mode frequencies, which
ever, large TO lattice-resonance broadening causes oOVefre of current interest here.

damping of the surface polariton, and its spectral features
will then fall within the data noise, as it is likely the case for
our AlLGa, N films. Here we do expect a carrier-depleted
surface layer due to the high free-carrier concentration, but In Fig. 6 the measured and best<fit;) (a) and(e,) (b)

no appreciable signature in the data around thgAl_,N spectra of all AlGa, N samples are depicted in the near-
LO mode could be observed. Therefore, we treated thé&-uv region. For comparison, the spectra of the highly resis-
AlL,Ga N layers to be homogeneous, and their dielectrictive GaN reference samplR; are included as well, which
functions ¢ were determined through the wavelength-by-possesses free-carrier properties similar to those of the GaN
wavelength numerical inversion of the SE data. Subtle feabuffer layers in sampled—D. The best-fit spectra shown in
tures, caused by the surface depletion layers, may therelfyig. 6 were calculated using the CP MDF approach as de-
propagate intae of the ALGa _,N films, but only in the scribed in Sec. Ill. Two types of interference oscillations can

B. E, transition
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crystalline quality of this film(see Table Il forl"y values.
The best-fit values for the band-gap energy paraniejere

listed in Table Il and plotted vsin Fig. 8 (full square$. For
comparison, the band-gap energy values of the GaN refer-
ence filmsR,; and R,, obtained from our SE data analysis,
are included in Fig. 8 as wellR;, closed triangleR,, in-
verted closed triangje For the highly resistive GaN filrR;

with N.<1x10'cm 3, E, was determined as 3.183
(+£0.003) eV, which is in very good agreement with the
GaN band-gap energy values reported by Peetas*’ and
Kohler et al®® using SE as well. With increasing free-
electron concentration, we observe a strong blueshift of the
GaN band gap. For the highly-conductive GaN film with
Ne=6.2x10%m 2 (sample R,), this blueshift is deter-

7 t mined as 185 meV with respect to sampBlg This observa-

6 . R, tion can be well explained by the presence of band filling
2
1

effects (Burstein-Moss shift, BMpaccompanied by many-
body effects. Burstein-Moss shifts of the fundamental band
gap have been observed for several group-Ill nitride materi-
als, e.g., fora-GaN anda-InGaN#°~5! The amount of such

a band-gap blueshift can be roughly estimated for the case of
extreme degeneracy by relating the Fermi ené&gyvith the
free-electron concentratiod, as follows>?

o 1 B | hZ
AEGMS=——(37N¢)?". (10
2mg

- e
2 l A ] In addition to the BMS, high impurity and high carrier
! densities lead to the formation of band tails and to correla-
tion effects among the free carriers, respectively, both result-
ing in a band-gap reduction. These band-gap renormalization
(BGR) effects thus act oppositely to the BMS and can be
estimated by the following empirical relationship>®

3.0 3.5 4.0 4.5 5.0

E (eV) AEBCR= — oN13, (12)
FIG. 7. Real (a) and imaginary parts(b) of the best-fit
Al,Ga, N (GaN) MDF obtained from the near-ir-uv SE data
analysis. The AlGa, 4N (GaN) fundamental band-gap energies are

marked by arrows.

For m¥ =0.15m,,* and under the assumption that BMS
and BGR effects are negligible for the highly resistive GaN
sampleR;, the BGR coefficientr for cubic GaN was ob-
tained as 5.%10 8 eVcm, averaged between those ob-
tained from the highly degenerated GaN filifgemplesR;
be observed in the AGa _,N SE spectra. For photon ener- and R,). This value is consistent with the BGR coefficient
gies below the GaN band-gap-@.2 eV, marked by vertical «=5.7x10"8 eVcm determined by Ast al. from low-
dash-dotted lines in Fig.)pthe interference oscillations arise temperature PL spectra of a highly Si-doped cubic GaN
from multiple reflections within the whole epitaxial layer film.>* For hexagonah-type GaN, Yoshikawat al. observed
stack. In the spectral range between Exeenergies of GaN a BGR coefficient ofx=4.7x10"8 eVcm?®®
and ALGa, _,N, the interference oscillations are mostly due The presence of a strong BMS attenuated by many-body
to internal reflections within the ternary layer. effects may further be responsible for the significantly blue-

In the near-ir-uv spectral range, the complex@#,_,N  shifted band gap of our AGa _,N films compared to the
dielectric function spectra, the energy and broadening pa- Al,Ga, _,N band-gap energy values observed by Okunatra
rameterd’, of the fundamental band-gap transition, and theal.® and Suzuket al® using SE(see Fig. 8°° Unfortunately,
thicknessd of the AL,Ga,_,N epilayers(see Table) were the authors did not mention about the free-carrier concentra-
determined by the SE data analysis. Figure 7 exhibits the region in their ALGa,_,N epilayers. The effective band-gap
and imaginary parts of the dielectric functions of all blueshift of our AlGa _,N films, originating from BMS
Al,Ga N films near the fundamental band gap. With in- [Eq. (10)] and BGR[Eq. (11)], can be tentatively estimated
creasing Al content, the band gap clearly shifts to highemusing the BGR coefficient obtained from the analysis of our
energies. For the film with the highest Al contemt<0.20)  degenerated GaN samples and assumirig=0.15m,. The
the band-gap structure is considerably broadenéq ( resulting band-gap energy values for sampleD are in-
~300 meV), which may indicate a comparatively lower cluded in Table Il and depicted in Fig. 8 as closed circles.
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TABLE Il. Energy and broadening values of the interband transitBpsfundamental band gapE,, and E, for cubic GaN and
AlL,Ga _,N films. The numerical uncertainties correspond to 90% reliability and are given in parentheses.

Sample X E, (eV) Iy (MmeVv) E, (eV) E, (eV) I'y (meV) ', (meV)
RBS, HRXRD SE SE SE SE SE SE
R, 0.00 3.183(0.003 19 (6) 7.235(0.007 7.572(0.009 312(11) 130 (4)
R, 0.00 3.209(0.003 55(2) 7.106(0.007 7.568(0.007 241 (14 179 (6)
Rs 0.00 3.289(0.01) 125(13 7.005(0.007 7.556(0.01) 278(16) 257 (10
R, 0.00 3.368(0.005 110(11) a a a a
A 0.07 3.601(0.010 81(15 7.131(0.00% 7.438(0.013 332(1Y) 215(12)
3.403
B 0.12 3.773(0.007 62 (9) 7.145(0.01) 7.398(0.029 334(26) 407 (11)
3.504
C 0.16 3.857(0.010 89 (15 7.042° (0.003 268° (7)
3.603°
D 0.20 3.938(0.02) 293(29) 7.080° (0.006 347°(7)
3.762

aNo data available.
bUpon correction for BMS and BGRsee text
°E, andE, transitions cannot be differentiated.

Including the band-gap value measured for the highly resisspectral range have been performed. In Fig. 9, we present the
tive GaN film R, the alloy composition of the AGa_,N measured pseudodielectric function spec¢symbolg of all
band-gap energy upon correction for BMS and BGR obey#l,Ga, _ N samples in the vuv spectral range. The best-fit
approximately the linear dependengEg(x) =ag+a;x with () spectra(solid lines were calculated using the CP MDF
ap=3.19(x0.02) eV anda;=2.77(x0.16) eV for 0O=x for Al,Ga _,N and GaN, as described in Sec. Ill. For com-
=<0.20. This band-gap energy dependence on the alloy conparison, the(e) spectra of the GaN reference samples
position is displayed by the solid line in Fig. 8. Pughal. = R;—R; are included in Fig. 9 as well. Due to the small pen-
employed a semiempirical pseudopotential method in ordeetration depth of the vuv probe beam in this spectral region,
to calculate the composition dependence of the band-gap ethe measured pseudodielectric function and the dielectric
ergy for unstrained3-AlGaN and observed no significant function of the top layer material are nearly equivalent, ex-
band-gap bowing’ These band-structure calculations further

predict a direct-indirect crossovenat 0.57, which is shown 55
in Fig. 8 by the composition dependences of the band gaps at r.,”

the I and X points of the Brillouin zongdashed lings As - B- Al Ga, N ’ o]
can be seen from Fig. 8, for<0.20, the linealEy(x) rela- 501 ’ 1
tionship found by our SE data analysis taking into account X Loemmm "
the BMS and BGR corrections agrees excellently with the , ]
composition dependence of the band gap afithmoint, cal- 4.5 ’ °

culated by Puglet all’ The linear coefficiena, obtained for
our AlLGa, N films, however, is significantly larger than
those observed by Okumuet al® (a;=1.6 eV for 0<x
<1) and Nakadaira and TandRaa;=1.85 eV for 0<x
=<0.23) for near band-gap CL and PL emissions, respec- 35t
tively. Suzukiet al® reported a small positive bowing param-
eter(1.1 eV) for the Al,Ga, _«N band gap in the whole com-
position range. Fow-AlGaN, the band-gap energy values 3.0 : : : : :
reported so far vary widely. Upon a detailed analysis of the
existing data considering the influence of different growth X
conditions, Leeet al>’ recommended the intrinsic band gap
bowing parameter for unstrained-AlGaN to be 0.62
(+£0.45) eV.

E, V)

FIG. 8. Composition dependence of the fundamental band-gap
energyE, at room temperature, determined by several authors us-
ing SE. Full symbols, this worksquares, as measured; circles, cor-
rected for BMS and BGN; triangle, sampR, as measured; in-
verted triangle, samplR,, as measuredopen circles, Ref. 8; open
triangles, Ref. 9. The dashed lines show results from semiempirical

So far, neither experimental nor theoretical investigationgseudopotential calculations for the,Sla _,N band gaps at thE
of the B-Al,Ga, _,N optical response for€x<1 in the vuv  andX points of the Brillouin zone, Ref. 17.

C. E; and E, transitions
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<€>
S
8

75 8.0 85

75F _ o )
sof /\ﬂ E (V)
“iC
75F l l FIG. 10. Second derivates of tife,) spectra depicted in Fig.
50k 1 9(b). Symbols, experimental data; solid lines, best-fit calculated
“IB 1 MDF spectra. Both interband transitions are marked by arrows. For

A 75¢ x=0.16, the E; and E, transitions cannot be differentiated
\07‘“ 50F4 l anymore.

0 | | ‘ | | _ _
50F f (®) . .
l 60 65 70

7.5 3
5 OE /"\l\\ observed in thée,) spectra of the samples andB as fea-
7'5 _Ra J tures caused by the AlGaN interband transitiéhsand E,.

3 l 1 Figure 10 shows the second derivatives of the measured
5.0 -R/N' (symbols and best-fit(solid lineg (e,) spectra, which are
75F E depicted in Fig. ®). The derivatives were calculated by lo-
50 ;Rm cally fitting a third-order polynomial to thée,) spectra us-

ing 25 data points centered around the spectral point of in-
60 65 70 75 80 85 terest. For all GaN films and ABa _,N samplesA and B,
E V) the E; andE, CP features can be clearly resolved. The best-
fit calculations for these samples were performed using one
FIG. 9. Real(a) and imaginary partg) of the pseudodielectric  cp expression for each of the two interband transitions as
functions of all ALGa N films (A-D) and of the GaN samples iyen py Eq.(9); the best-fit values for the transition energy
Ry—Rs in the vuv spectral range. Symbols, experimental data; SOII(gnd broadening parameters are listed in Table Il. Kor
o et o s y e LoDy b v =016 GamplesC andD), th E, andE CP featres ae
E, andE transitilons ca|2f1not be differer)lltiated aﬁymo/re' ’ considerably broad(_ened, and a S'.”g'eT spectral featurg oceurs
! 2 ' only. Therefore, a single CP contribution to the MDF is suf-
ficient to model the experimental data of thesgQ@4d, _,N
cept for contributions from surface contaminants, roughnessiims in the vuv spectral range.
and native oxideg® First, we concentrate on the interband transitions of
The vuv (g,) spectrum of the highly resistive GaN p-GaN. For the sampleR;—R;, the E; transition energy of
sampleR; shows an asymmetric double structure, whichGaN is in the range between 7.24 and 7.01 eV and reveals a
consists of a shoulderlike feature at7.2 eV and a maxi- strong dependence on the free-carrier concentration of the
mum at ~7.6 eV (both marked by arrows Logothetidis  film. The increase of the free-electron concentration from
et al!® derived vuve, spectra of3-GaN using SE and ob- N,<1x10"cm 3 (R,) to No=5.1x10%m 3 (R;) leads to
served a spectral structure peaking~af.0 and~7.6 eV, a redshift of theE; CP energy of 0.23 eV. Our results for the
which is quite similar to the double structure found in theGaN E; CP energy are consistent wig initio calculations
(e,) spectra of ourB-GaN reference films. The authors at- of the long-wavelength dielectric function @-GaN, which
tributed this double-peak structure to the optical interbandncluded the electron-hole interaction and provided a distinct
transitionsE,; andE, of 8-GaN by comparing the energetic peak ine, at 6.8 e\?® and with SE data from Janowit al.,
positions of both transitions with band-structure calculationswhich show a peak i, at ~7 eV®°. Furthermore, Logo-
We follow this assignment and identify the double structurethetidis et al® determined theE, CP energy at RT as
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6.93 (=0.13) eV forB-GaN, but did not give information w (cm‘l)

on the free-carrier concentration of their film. For wurtzite 43 484 565 645 726 | 8066 24197 40328 56459 72590
material, theE, interband transition was reported to be be- @ -70° sample B

tween 6.9 and 7.0 eV, i.e., in the same energy range as fo 150

B-GaN185961-63according to the work by Kubalket al.,® 100

who studied the doping dependence of EheCP energy in %

n- and p-type GaAs, a carrier-depleted surface layer influ-

ences the CP energy for samples with intermediate free- ¢

carrier concentration valuds, such as here for sampR, 0

(for largeN the depletion layer is too small, and for smill e

the optical effects are negligibleSecond-order perturbation-  _ 5o

theory calculations within the parabolic band model, which @

included free-carrier screening of substitutional impurity po- -i00

tentials in bulk material, lead to the dependence of the rela- S ST

tive CP energy shift oiN : AExNY2%° A carrier-depleted 005 006 007 008 0'02 (eV)l s

surface layer causes unscreening of impurities and subse-

quent band bending, which results in an electric field near the FIG. 11. Complex dielectric function of the ¢/Gay g\ film

surface. Kuballet al. explained deviations from thé\E (sampleB), determined by the SE data analyses from the mid-ir to

« N2 dependence in GaAs as the result of a carrier-depletethe vuv spectral range.

surface layer, which enhances thg CP redshif* For our

GaN films studied here, the observed dependence oEthe of ~0.7 eV for both theE; andE,; interband transitions of

CP energy orN may be influenced in a similar manner by «-AlN relative to those ofe-GaN, which agrees well with

impurity screening in bulk material and carrier-depleted surSE measurements reported by the same authors. According

face layer effects. Quantitative analysis shall be the subjedp these results for hexagonal materials, with increasing Al

of further studies on well-defined surfaces of cubic GaN. content and at constant free-electron concentration one
In contrast to theéE, transition, theE, CP energy of GaN should expect thé&,; and E, interband transitions of cubic

shows no significant dependence on the free-carrier conced,Ga N shifting towards those of8-AIN, which, how-

tration. For all three GaN sampl&; —R3, the E, transition  ever, are still unknown but are presumed not to differ much

was observed at-7.55-7.58 eV, which is in excellent from those observed forw-AIN at ~7.8 and 8.8 eV,

agreement with th&, CP energy value found by Logotheti- respectively’’

dis et al. for 3-GaN at RT (7.580.06 eV)!® For a-GaN, Provided that the free-carrier-inducegl, CP shifting

the E, interband transition is reported to be in the rangemechanisms for AlGa, _«N are similar to those observed for

between 7.8 and 8.0 &V, %i.e., significantly higher in en- GaN, the alloy-induced shift of thE; CP is superimposed

ergy than for cubic material. Since tH®, CP structure in by the free-carrier-induced shift, and hence, only a qualita-

B-GaN is not attributed to a single interband transition buttive discussion of the results obtained for our,@& N

composed of several CP’s in different regions of the Bril-films is possible here. In fact, th&; transition of our

louin zone, a detailed analysis of this structure is quite diffi-AlgoGayedN film (sample A) with Ne~7x10%m3 is

cult. Nevertheless, the considerable increase of the broadehlueshifted by~0.13 eV compared to the GaN filrR;

ing value of theE, CP feature with increasinly, observed (Ng=5.1x10" cm™3). Considering that A;/Ga g\

for our GaN films may indicate that the separation betweerisampleB) possesses a larger free-carrier concentration and

the transitions contributing to the, CP feature varies with thus a stronger free-carrier-inducéy CP shift than the

N.. For GaAs, several authors reported the dependence @fl /Ga o3\ film (sampleA), the alloy-inducedE, CP blue-

the E, CP on doping and thus on the free-carrier concentrashift for the sampleB is significantly larger than that for

tion with ambiguous results. While Cardoeaal®® found  sampleA. Thus, we can constitute that fe<0.12 the alloy-

the E, CP energy in GaAs to be independent of the free-induced blueshift of th&, CP energy increases with increas-

carrier concentration, LuKest al® observed a power-law ing Al content, as is expected.

dependence of the, CP energy. In contradiction to the expected monotonic blueshift of
Now we discuss theE; and E, CP behavior in theE, transition with increasing Al content, tHe, CP’s of

Al,Ga _,N. For hexagonal AlGa, _,N, Wethkampet al®*®”  the Alyo/GayodN and Al 1 GaygdN films are found more

determined the composition dependence of Eheand E,  than 0.10 eV below that of GaN. Again, since the spectral

CP’s in the entire composition range using SE and found afeature attributed here to tHe, CP is composed of several

approximately linear increase of both transition energies withinterband transitions with similar transition energies, a de-

increasing Al content. Likewise, Cobet al®® observed the tailed analysis of thé&, spectral region is difficult. The ob-

E; and E, CP’s in a-AlgGaygN shifting towards higher served behavior of th&, CP feature for our AlGa _«N

energies by 0.11 and 0.09 eV, respectively, compared télms is unexpected but not unusual. Studying@é, _,As

a-GaN. Furthermore, Benediat al®? calculateds(w) of  with SE in the entire composition range, Logothetielisal °®

the end componentsr-GaN and «-AIN within a first-  observed redshifts of the, CP features with increasing Al

principles electronic structure scheme and found a blueshiftontent as well.

50

TOGa.N

AIN
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For x=0.16, the interband transitioris; andE, cannot retical predictions. The fundamental band-gap ené&tg\of
be differentiated anymore, and a single broad maximum octhe highly n-conductive AlGa, _,N films depends approxi-
curs in the(e,) spectra(Figs. 9 and 10 which is obviously mately linearly on the Al content withE, (eV)=3.19
blueshifted forx=0.20 (sampleD) with respect tox=0.16  +2.77% upon consideration of the strong Burstein-Moss shift
(sampleC). and band-gap renormalization effects. This composition de-
Finally, Fig. 11 depicts the complex dielectric function of pendence of the band-gap energy agrees excellently with re-
Al 1 Ga g\ (sampleB) exemplarily, which was obtained cent theoretical predictions. The interband transitinof
from the measured pseudodielectric function given in Fig. 1cubic GaN becomes redshifted with increasing free-electron
performing SE data analyses from the mid-ir to the vuv speceoncentration, whereas the energetic position of the inter-
tral range. band transitiorE, of GaN is found to be independent of the
free-electron concentration. Fe0.12, thek, (E,) transi-
V. SUMMARY tion of Al,Ga, _,N shifts to higher(lower) energies with in-

. N , creasing Al content.
In summary, we studied the vibrational properties and the

optical interband transition&,, E;, and E, of cubic
AlLGa N films (0=x=0.20) grown by radio-frequency
plasma-assisted molecular-beam epitaxy. Spectroscopic ellip- This work was supported by DFG under Grants Nos. Rh
sometry from the mid-infrared to the vacuum-ultraviolet 28-3/2 and As 107/1-3 and by NSF Contract No. DMI-
spectral rang€0.05—8.5 ey was employed for our investi- 9901510. The authors thank Professor M. Grundmann, Pro-
gations. Cubic AlGa _,N for x<0.20 shows a two-mode fessor W. Grill, and Professor B. Rheintder for continuing
behavior for the TO-phonon, in agreement with recent theointerest.
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