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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 ellipsometffRSE) over the wave-number range from 300 to 1200 &ris used to
determine the anisotropic room-temperature optical properties of highly resistive, Si-odpee and Mg-
dopedp-type a-GaN. The approximately Lim-thick films were deposited otrplane 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 pigrathel
perpendiculat L) 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-fand p-type a-GaN. In agreement with
Perlin et al. [Appl. Phys. Lett.68, 1114 (1996] we determine the effective electron massesmas /m,
=0.237+0.006 andm,, /m,=0.228+0.008. Forp-type GaN with hole concentratiod;, =8> 10" cm™2 we
find my, /my=1.40+=0.33, 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 quantitigs (j=_L,Il), 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-type a-GaN we observe a thin carrier-depleted surface layer and additional infrared-active vibrational
modes at 574, 746, and 851 ¢t Raman measurements of the GaN films are also performed, and the results
are compared to those obtained from the IRSE investigations.

. INTRODUCTION electric constant values were seteto, = €., ;= 5.35M They
also provided the effective electron masg  /my=0.20
Recent enormous progress in the development and design0.02, which was found to be isotropic to within 30%. Per-
of group-II nitride optoelectronic devices operating in thelin et al!®fitted ir-reflectometry data af-GaN bulk crystals
blue and near-ultraviolet wavelength region demands betteind obtainedn,/mq,=0.22+ 0.02 without significant anisot-
understanding of the optical properties of GaN and its relate¢opy but assumee.. , = e, ;=5.2% The effective electron
compounds: The optical response of materials in the in- mass values determined by Barker and llegéraad Perlin
frared (ir) spectral region is of high interest because phonon; 5115 using ir reflectometry are now commonly adopted for
modes and their coupling behavior reflect physical propertieﬁ_type a-GaN. Reports on Raman observation of free-carrier
of crystals such as the lattice symmetry and quality and inéffects inp-type a-GaN are still raré>-2*and, to the best of

ternal stress, as vyeII as free-carrier paramé‘tem.lrtz_ne— our knowledge, no ir-reflectometry experiment to obtain the
type GaN(a-GaN is expected to POSSESS strpng an'SOtmpyeffective mass fronp-conductivea-GaN films has been re-
of the valence-band mass paramefets Effective electron orted <o far. Popoviat al?Z performed Raman scattering

and hole masses and their anisotropy are crucial paramete[r)s

for design and understanding of device struct§résike-  ©°n P-type GaN films with free-hole “concentratioN,

_ 7 -3 H H
wise, nondestructive measurement of free-carrier mobility~ (2~ 7)% 10""cm ?, but did not observe LPP coupling.

parameters in complex heterostructures remains a challenge® authors concluded that it may in general be difficult to
Raman, as well as ir-reflectometiyeflection and also °Pservep-type LPP modes because of the larger effegtlve
transmission spectroscopyechniques are widely used to hole massim,=0.8m, was assumedand the lower maxi-
characterize the ir optical properties of GaN film and bulkmum hole concentration available compared to the case of
material® Influence of strairt! substrate material$, and  €lectrons. Furthermore, hole plasmons are more strongly
growth orientation¥*% have been studied. The coupling of damped than electron plasmons due to the typically very low
longitudinal-optical(LO) phonons with free-carrier plasmon hole-mobility valueg u,< 20 cn/(V s)]. Demangeoet al®
excitations[LO-phonon—plasmorLPP) modeg has been studied Raman scattering mtype a-GaN films with hole
observed and studied in-type material*~?° Barker and concentrations of up to:810®¥cm™3. The lattice LO-mode
llegems* used ir reflectometry and reported the phononfrequencies were slightly shifted by the nonresonant free-
modes for wurtzite(a-GaN) films. The high-frequency di- hole gas. The effective-hole-mass value ofn@§rom Ref.
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25 and carrier concentrations and mobilities from Hall mea-effective-mass parameters and the high-frequency dielectric
surements were assumed for line-shape analysis of theonstants are knowh®: Likewise, if the carrier concentra-
weakly coupled LPP modes. Evidence for hole-mass anisotion is known from Hall measurements, mobility and
ropy was claimed from a weak discrepancy between calcueffective-mass parameters can be calculated from the ir di-
lated and measured,; LPP modes. However, Popovici electric respons&:!° But so far, Raman scattering and ir-
et al* as well as Harimat al** concluded from their Ra-  reflectometry techniques failed to measure free-carrier quan-
man studies that precise evaluationpetfype electrical trans- tities in p-type a-GaN mostly because df) the weak LPP
port parameters im-GaN, such as carrier density and mo- coupling®?*and(ii) the insensitivity of ir-reflectometry data
bility, from LPP-mode profiles alone is difficult. to small changes in thin-film optical properti&sSpectro-
AttemptS to eStimate the effeCtiVe h0|e maSSGS_and thegcopic e"ipsometry(SE) can overcome both prob|ems as
anisotropy ina-GaN have been made from analysis of ab-yill be shown in this article. SE is known as an excellent
sorption and luminescence experiments. Kosikal™ es-  technique for determination of the complex dielectric func-
timated from near-band-gap absorption coefficiemtIm,  tion € of thin-film materials®® Recent development of
=0.6, but assumed cubic symmetry and parabolic valencgo|arization-sensitive spectrophotometers in the mid- and
bands. Cunningharet al’’ chosemy, /mo=1.0 to reasonably far-ir enable the application of SE for wavelengths that
fit luminescence band-to-band transition energies to thenatch the phonon frequencies of many I1I-V semiconducting
Burstein shift inn-type a-GaN. More recently, Meret al”®  compound$®-3" Because SE determines both real and
calculated the isotropically averaged heavy-h@ie) mass imaginary parts ok simultaneously, inaccuracies due to ex-
Myn/Me~0.54 from luminescence data. A considerablytrapolation into experimentally inaccessible spectral regions,
higher value for the lower bound of the effective hole massgs necessary for Kramers-Kronig ana|ysis to obtain this in-
My /Me~2.2+0.2, was determined by Inetal®® from  formation from ir-reflectivity data, are avoidé@The analy-
analysis of the interband transition matrix element obtainegis of the ellipsometric data in the far- and mid-ir spectral
from time-resolved photoluminescence experiments and alfange for anisotropic multilayered systems with plane-
sorption data. They assumed that the effective masses of thgrallel interfaces requires the same matrix algorithm and
two uppermost valence bands are the same. Using twayonlinear regression approaches as widely used for the vis-
photon spectroscopy, Steukeal®® observed the B exci-  iple and near-ir spectral rand®&:*2 SE as well as ir-
tons associated with the heavy-hole, light-h@fg, and split-  reflectometry is an indirect technique for dielectric function
off-hole (sh) uppermost valence-band statesdarGaN, and  determination because the calculated data must be fitted to
derived isotropic effective hole masseg,,/my=1.0=0.1, the measured data by varying the model parameters under
My, /mMy=1.1+0.2, and mg,/my=1.6=0.5 under the as- appropriate physical assumptions for the spectral dependence
sumption of hydrogenlike exciton series. of 3841 A factorized model was used recently for success-
Theoretical investigations of the electronic properties offul parametrization of the anisotropic infrared dielectric
a-GaN have been performed by several methibd$Suzuki  functions of a-sapphire'® This model descended from con-
etal® employed a self-consistent full-potential linearized sideration of anharmonic lattice response effects and con-
augmented plane-wave method within the local-densitytains independent broadening values for each transversal-
functional approximation and presented their results withinpptical (TO) and LO lattice mode. The different broadening
the effective-mass approximation. Small anisotropy wasparameters account for different decay mechanisms for the
found for the conduction-band massési, ;/my=0.20, TO- and LO-phonon of the same branch. Based on coupled-
me,, /M=0.18. Strong anisotropy was obtained for the ef- optical-phonon-mode theory presented by Barker and
fective hole masses(my,/my=1.76, my,, /my=1.61, Hopfield** introduced by Berreman and Unterw&fdand
Mip, /M= 1.76, Mip. /Mo=0.14, Mgpy /Me=0.16,  further theorized by Gervais and Piri8tiKukharskif'” in-
Mgy, /My=1.04). Kim et al.” used full-potential linearized cluded effects of plasmons into this factorized form of the
muffin-tin orbital calculation to study the conduction- and long-wavelength dielectric function model. Kukharskii's ex-
valence-band effective-mass tensors, and the related Rashhended model thus allows for anharmonic coupling of LO
Sheka-Pikus parameters fow-GaN. Conduction-band phonons with free-carrier plasmon excitatidhsdumlicek
masses are in very good agreement with the generally aonce criticized the use of the anharmonic factorized f&tm.
cepted values, and valence-band mass parameters a#e found that the factorized form of Gervais and Piriou pro-
Mpny /Me=2.00, Mpn., /Me=0.33, mp, /me=1.17,  duces dielectric functions faz-quartz that differed substan-
My, /Me=0.35, Mg /My=0.15, mg,, /my=1.53, with a tially from those obtained by him using ellipsometric data
much smallermy,, value than obtained in Ref. 5. Chen and sums of harmonic Lorentz oscillator terfié® On the
et al® reported similar results from first-principles band- other hand, in a recent publication Hudek, Henn, and
structure calculations. Kirat al.” also calculated the energy- Cardon&’ use the ‘K-mode” dielectric function of Barker
dependent effective hole masses, suggesting strong changasd Hopfield** which is essentially equivalent to the factor-
of the effective masses for hole Fermi levels within the va-ized form of Gervais and Piriou, in order to model the di-
lence bands. In particular, the smai|,, value rapidly ap- electric response of uniaxial LaSrGa@nd LaSrAIlQ, con-
proaches-1.75m, for hole energies of~25 meV, and mea- sidering anharmonic lattice effects. Recently, Schubert,
surements of effective hole parameters pitype «-GaN  Tiwald, and Herzinger also preferred the factorized model
films will likely depend on the actual hole concentration. and not the harmonic Lorentz sum model in order to accu-
The influence of the carrier concentration on the LPPrately describe the anisotropic dielectric functions for
mode Raman signals or ir reflectivity usually permits thesapphire®®
determination of the free-carrier concentration if the This work reports on infrared spectroscopic ellipsometry
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(IRSE) measurement of the anisotropic dielectric response ofespectively. In this work the parametetsro ), wto,.
highly resistive,n-type, andp-type a-GaN. The GaN free- ¢« ,,, and w,o, denote the frequencies of the-GaN
carrier concentrations are obtained from Hall measurement, (TO), E,(TO), A;(LO), andE;(LO) modes, respectively,
USing the Hall data, we derive the free-carrier mobilities andand the model parar‘neteré-bo I and e, | are the h|gh_
effective masses, as well as the phonon frequencies argequency limits for polarization parallel and perpendicular
broadening values and the high-frequency dielectric contg the o-GaN ¢ axis, respectively. A slightly different but
stants for highly dopedi- and p-type a-GaN. For highly  common description of the lattice contribution to the ir di-
resistive -GaN the IRSE data are still sensitive to free- glectric function is given by the sum of harmonic Lorentz
carrier concentrations in the range-eBx 10°cm™3, which  oscillatorst4#546
were obtained assuming the effective electron mass value of
Ref. 15. We determine the frequencies of tEg(TO), S w%ojj
A;(LO), andE;(LO) a-GaN lattice modes, thE,(TO) and Ej(w)zfoc,jZ o2 —al—iol.
LPP-mode broadening values, and the anisotropic LPP-mode =1 @T0ij .
and plasma frequencies. The layer thickness is also obtainedhere S;; denotes the strengthyg;; the TO-phonon fre-
precisely. We further observe additional ir-active impurity- quency, and’;; the damping constant of théh lattice mode.
like vibrational modes in highly-Si-dopegtGaN, which oc-  Note that Egs.(1) and (2) become identical ifl’;= y1o
cur within thea-GaN reststrahlen band. We also find a thin~vy,o;<wro;. The expression fok in Eqg. (1) descends
carrier-depleted surface layer in the highly-Si-doped sampldrom consideration of anharmonic coupling effects of TO
and LO phonons in multiple-phonon-mode materfdlShe

a

@

Il. THEORY sum of harmonic Lorentz oscillators in E@) can be trans-
formed into a similar factorized form by partial fraction de-
A. GaN phonon modes composition. The parametengo ;j, however, are then tied

The crystalline structure of wurtzite-type Ga-GaN) to all other harmonic oscillator parameters and are not inde-
with two formula units in the primitive cell is described by pendent of each other. The harmonic approximation excludes
the space grougs,. At the center of the Brillouin zone the the anharmonic effect of phonon coupling and fails to de-
nine optical phonons belong to the following irreducible Scribe the typically asymmetric dielectric response function

representation®>! of multiple-mode materials especially near phonon-mode
frequencies.(For a plausible discussion using a classical
[op=1A1+ 2B+ 1E; + 2E;. two-optical-mode  oscillator model see Barker and

Hopfield**) In order to keep the physical meaningeti) in

Both A, andE; modes are polar, that is, they are splitinto Eq. (1), i.e., to yield In{€"(w)}|, ..=0, the generalized
TO and LO modes with different frequencies due to the macLowndes condition needs to be satisfféd*
roscopic electric fields associated with the longitudinal | |
phonons. The short-range interatomic forces cause the mode 2 >E _
anisotropy, that is, thé\; and E; modes possess different &~ VL0i= & YT1Oi-
frequencies. Because the electrostatic forces dominate the
anisotropy in the short-range forces, the TO-LO splitting is  If we require thate does not contain terms proportional to
larger than theé\,-E; splitting. For the lattice vibrations with 1/ for |w|— o, the inequality sign in the above expression
A, andE; symmetry, the atoms move parallel and perpen-s no longer valid and has to be replaced by the equalSign.
dicular to thea-GaN c axis, respectively. Bott\; and E;
modes are Raman and ir-active. The two nonpolar ir-inactive C. Free-carrier contribution

(1) (2 —act
E(Zz)modes EZ ZE? ) are Raman-active. Nofce that o.nIy b The contribution of one free-carrier species to the dielec-
E3” mode is within the spectral range studied in this work.iric function € is commonly written in the classical Drude

3

The B; modes are ir- and Raman-inactiy@lent modes approximatiofi52
. . . . 2
B.-lr dielectric lattice response e}:c(w) e ij] - @
The frequencies of the TO and LO modes correspond to w(o+tiyp,)

poles and zeros of the material dielectric functiefw), with
respectively’>2 The amount of the TO-LO frequency split-
ting is a measure of the polar strength of the phonon Ne2 |12
branche$:*>%% The contribution ofl polar crystal lattice wp,j= m) : )

modes to the infrared dielectric respons&’ at photon en-
ergy o can be described using a factorized model with The screened plasma frequencigs; depend on the free-

Lorentzian broadeningj &1, ), carrier concentratiol, €. ;, and the effective mass); of
| _ ) the free carrierdey is the vacuum permittivity ane the
N H wz—l—lyLovijw—wLoyij electrical unity charge The plasmon broadening parameters
€ (0)=€x oy Yp,j @re related to the inverse of the energy-averaged carrier-

. 2 z_
i=1 0"+ 1Y70,j0— T jj A
momentum relaxation timér);. We assume a constant-

where o jj, YLo,ij, @T0,j,» andyro;; are the frequency carrier-scattering regime, and substitqte,); by the optical

and the broadening value of thigh LO and TO phonon, carrier mobility s : >3
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modes(IM, w)y ,=wro,), contribute to the dielectric func-

— -1_ . .
Yp,i=7m);) _mj,uj : ®)  ton as a small perturbation only
n
Plasmons strongly interact with LO phonons whepis E(L+FC+IM)(w):E(L+FC)(w)H
in the range of the lattice TO and LO modes. LO-phonon— J ] b

plasmon(LPP) coupling has been observedrirtype a-GaN

by several authors using Raman spectrosc8p{’However,

the LPP modes can only be observed in Raman spectra when
the plasmon is not too greatly damped. Especially in the case _ )
of p doping, overdamping of plasmone (< y,) occurs be- where we introduced a broadenln%fgcr?mei%z YLo.»
cause of small free-hole densities due to high acceptor acti= ¥7o,»- For y,~0, and small Inie™" "~} values forw
vation energies and usually lower-mobility values of holes™ @, ., it follows from Eq. (8) that sw’<0 (sw’>0) if
compared to electrorf$=2* Kukharskil'’ suggested that the the frequency of the IM is within the spectral rangeo
dielectric function for semiconductors with free carriers can<oy ,<w 0 (@ 0i<wm ,<oT0i+1). If contributions

be transformed into a factorized expression similar to thatlue to IM’s are present within experimental spectra, but ne-
described above to allow for anharmonic coupling effects ofjlected during data analysis, then it can be read from(®q.
plasmon excitations with LO phonons in multiple-polar- that a new “high-frequency” limit valu€e.. ; will result
phonon-mode material&k species of free carriers,lattice  from the line-shape fit
phonon bands

. 2
» |57V'jw—5wvyj

. (9

P 3
O TV, 5] @~ Oy, 5

n

Ei(w=0)=¢€,
6](L+FC)(w) i ) 'J,,Ell

1+ ——]|. (10
@\, vj

k+1 . ~ .
: Accordingly, €., ; will be too small(too large for IM's

2% _=2
iﬂl (@™ +1Y10,ij0 = Blo,j) not considered but located withinw o ;<wm ,<®Lo,;
= €x 7K | , (w1 0i<o ,<wro,;+1). Appropriate consideration of low
k ; 2.4 _ 2 polar IM’s allows us to derive the screened plasma frequen-
w w1 i o+ (W~ WT i . . .
31;[1 ( yp's')iﬂl ( 10i] o)) ciesw,;, and one obtains for the=1 lattice phonon band
andn impurity modes

(7)
n 2 0.5
where @ o j; and y o are the eigenfrequencies and the o = Ne’ IT |1+ o), | (11)
broadening values of thek{-1) LPP modes, respectively. P €, j€M; »=1 wle’Vj '

The v, sj values are treated as the plasmon broadening pa-

. - __ H L+FC+IM) _
rameters in the long-wavelength limit. Kukharskii successs oM the requirement Ief }lo—==0, one can de

. . 2
fully applied Eq.(7), and observed the anharmonic character Ve the following constraint foy, , regardless obw;,

of LPP modes within reflection data of low to moderately K| n
and heavily doped GaA¥.For n- and p-type a-GaN (k=| = V4 Sv..=0 12
=1), the LPP-mode frequenciés,o; in Eq. (7) are the ;1 (Froi = y101) Vzl [ 12

well-known roots ofe; = €{”) + €[, if damping is neglected

(Y10,j=Y0,j=7p,;=0; =12, j=1,lI): E. SE data analysis

o ={O.5[w2 el Ellipsometry determines the complex ratiof the reflec-
LO.] LO.J = Tp] tion coefficients for light polarized paralleR() and perpen-
+(_1)i\/(wfoﬁwg1)2_4‘051'“’%01']}0'5’ (8) dicular (Rs) to the plane of incidenc®. The result of an
’ ’ ' ’ ellipsometry measurement is usually presented by the ellip-
wherew o1 (@0 2) is the screened frequency of the lower sometric parameterd and A, where tanV is defined as the
(uppey LPP mode branch. Equatiofs)—(8) connectN, m;, absolute value op, andA denotes the relative phase change
and u1; with & ""9(w). Note that only the quantitiei/m;  of the p ands components of the electric field vector upon
andNy; can be determined from the plasma frequency andeflection??
broadening parameter independently. The effective mass and
mobility parameters can on_ly b(_e obtained when the_carrier p= &=tan\I' expiA). (13)
concentrationN is known. Likewise,N can be determined Rs
when the effective mass and/or mobility values are known. . ) oy
Note further thate.. ; can affect the free-carrier parameter A'” addition to‘l’gndA, their standard deviations;” and
results when an incorrect value is assumed. oi are measuretf**The parameter” andA depend on the
photon energyi w, the layer sequence within the sample, the
dielectric functione and thicknessl of each layer, the dielec-
tric function of the substrate material that supports the layer
Equation(8) is no longer valid for materials with more stack, and the angle of incidende
than one ir-active phonon band>1). ir-active modes % In principle, the thickness and dielectric function of each
=1,..n) with small LO-TO splitting valuesdw?=w?,,  sample layer can be determined from an ellipsometry experi-
—w%oy,,, i.e., modes with low polarity such as impurity ment by comparing calculated data to measured data. Tradi-

D. Impurity modes
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tionally, point-by-point fits are performed where the dielec-S denotes the number of measureH;(A;) data pairsK is

tric function values of interest are extracted from thethe number of real-valued fit parameters, ahdandAf are
experimental data for each wavelength and independent afe calculated ellipsometric parameters at photon energy
all other spectra data points. For this procedure, the thicks o; .*%4! |ssues of parameter accessibility from spectro-
nesses and dielectric functions of all other sample constituscopic ellipsometry data have been thoroughly discussed by
ents have to be known. The dielectric function obtained fromyellison (see Ref. 38 and references therein; see also Ref.
the point-by-point fit then needs further comparison With58_) The random experimental errors-i‘t ,0-;3) were propa-
model assumptions in order to obtain values of physicallygated into the error bars on our fit parameters. These error
relevant parameters such as phonon-mode frequencies apflrs also represent finite correlation values between the fit
broadening parameters. However, fitting parametrized modgjarameters. The light propagation within the sample is cal-
dielectric functions to experimental data, simultaneously foreylated using a standard matrix formalism for anisotropic
all spectral data points, provides direct connection betweefhultilayered systems with plane-parallel interfate® The
measured data and physical parameters of interest. Paramggpphire dielectric functions, which are prerequisites for the

ric models further prevent wavelength-by-wavelength meamodel calculations, were determined previously by IR3E.
surement noise from becoming part of the extracted dielec-

tric functions. Parametric model assumptions greatly reduce
the number of free parameters. However, the use of paramet-
ric models involves a certain risk for subtle spectral features Fqour o-GaN films (samples A-D were grown on

to be subsumed by the line shape of the model func:tion(0001)a_A|203 substrates without buffer layers by plasma-
Nevertheless, parametrization©based on a physical model zssisted molecular beam epitagylBE). The thickness of

is the best choice for SE data analysis, especially when thge ,-GaN films varies between 0.8 and JuB. An approxi-
point-by-point fit method is inapplicable. The standardmately 1um-thick titanium layer was deposited at the un-
model for analyzing SE data is based on a sequence of heys|ished backside of the sapphire substrate. This layer does
mogeneous layers with smooth and parallel interfaces. Faiot affect the IRSE spectra in the spectral range studied here
anisotropic materials, the ellipsometric measurements desng is not considered during our model calculations. Samples
pend on the principal-axis dielectric functioeg, ey, and A and B were nominally undoped, whereas a high concen-
€,, the orientation of the crystal principal axes with respectyation of Mg was used to obtain prtype conductive film

to the plane of incidence, and the polarization state of thqsammec,NhNgx 10"7cm3). SampleD was Si doped and
incident light bean?®*?>%>For a general situation of optical highly n-type conductive lg~1x 109cm=3). Hall mea-
gnisotropy.and sample orientation the si.mple definitiop of g ,rements were performed on all samples, and the free-
in Eq. (13) is no longer a complete description, and a generayrier concentrations obtained there are given in Table |.
alized ellipsometry approach is need@d>>>*°Due to the The IRSE spectra were recorded at room temperature in
uniaxial symmetry of hexagonal GaN, two of its principal the wave-number range between 300 and 1200%cnith a
dielectric functions, the extraordinar (parallel to thec spectral resolution of 2 cit, and at 72° angle of incidence.
axis) and the ordinary, (perpendicular to the axis), differ A rotating-polarizer, rotating-compensator type, Fourier-
from each other. Here, point-by-point fits are inapplicabletransform spectroscopic ellipsometer was utilizéd A.
because the number of available independent param@ters \woollam Co%). Micro- Raman measurements were per-
and A for every wavelength regardless of the angle of inci-formed at room temperature on each sample. The spectra
dence is less than the amount of information wantéte  \yere recorded in the(x,x)z backscattering configuratict,
complex GaN dielectric functions; and e, and the layer \yhere thez direction was oriented along the hexagonakis
thicknessd). The only solution is the use of parametric of the GaN film. The 458-nm line of an Ar laser was used for
model assumptions. Two sets of model phonon parametegsicitation, and the incident laser power was about 100 mW.
(frequencies and broadening values offheandA; modes,  The beam was focused onto the sample surface, and the
free-carrier parametersmj,u;), and two high-frequency probe-beam spot size was about lu%. The scattered light
ValUESGOOYi are requlrEd. It has to be noted that not all of theWaS recorded with arXY Dilor Spectrometer_ The micro-
model parameters fog, and e, can be obtained from our Raman spectra were analyzed with Lorentzian line shapes to

ellipsometry data due to the crystal axes orientation of thesstimate the center frequencies of the Raman peaks.
uniaxial GaN films studied here.

Because of the high-symmetry orientation of the birefrin-
gent c-plane sapphire substrate, both crystal principal-axis

coordinate systems of sapphire am@aN coincide with the Figures 1 and 2 show experimental and calculakeand
ellipsometry laboratory coordinate system. Batlxes and A spectra of all samples in the frequency range from 300 to
the sample normal are collinear, and a single complex ratiq200 cni®, which is strongly affected by lattice and free-
as in Eq. (13) is sufficient. The Levenberg-Marquardt carrier excitations. Note the excellent agreement between
algorithn?” is used to fit the model parameters fgrande,  measured and calculated data. IRSE spectra-éf ,04(S)
of a-GaN by minimizing the following weighted test func- are included for comparison. Brackets mark the ir-active sap-
tion (maximum likelihood approagh phire phonon modes o4,, and E, symmetry. The experi-
mental spectra were recorded as described in Sec. lll, and the
1 S [[W—we2 [A —AC|2 calculated data were obtained using a two-phase model
£2= E ( ' i) +( ' i) .14 (ambient/substrajefor c-plane sapphire §), and a three-
2S5-Ki=1 o) ot phase modelambient/film/substrajgfor samplesA—C. The

IIl. EXPERIMENT

IV. RESULTS AND DISCUSSION




7370 KASIC, SCHUBERT, EINFELDT, HOMMEL, AND TIWALD PRB 62

TABLE I. Hall results and best-fit values from the IRSE data regression analysis for the free-carrier parameters and the high-frequency
dielectric constants. The error limits, which correspond to 90% reliability, are given in parentheses.

N(300 K)
(107 cm™9) My M m, m €| €|
Sample Type IRSE Hall [cm?/(V s)] (units of my)
A & 0.78 b 7t 71° 0.2# 0.2% 5.04 5.01
(0.06 (15) (15) (0.02 (0.04
B n 3.2 2 58 58° 0.2# 0.2# 4.94 4.92
0.7 (12) (12 (0.05 (0.011
C p gd 8 10 10° 1.4¢ 1.4¢ 5.22 5.37
3 3 (0.33 (0.33 (0.03 (0.09
D n 100" 100 127 122 0.237 0.228 5.20 5.18
(6) (13 (0.006 (0.008 (0.11) (0.2

%ree carriers are assumed to be electrons.

®Not detectable.

“Isotropically averaged, IRSE data have no sensitivity to free-carrier parameter anisotropy.
dAssumed values, not varied during data analysis.

anisotropic a-GaN dielectric functions were factorized function was modeled by E@9), i.e., IM’s with low polarity
through Eq(7). For sampleD, a four-phase modé¢ambient/  are included here. Figure 3 enlarges the impurity-mode re-
depletion layer/film/substratevas employed. Here, a carrier- gion of sampleD. If additional modes are neglected during
depleted thirm-GaN surface layer was considered, for which analysis of sampld®, i.e., if Eq. (7) instead of Eq.(9) is

the dielectric function was calculated by E4d). Three ad- used, the resulting fit is poor, as shown in Figa)3Further
ditional ir-active phonon modes were observed within thedetails of our sample analysis follow below. Figure 4 shows
highly-Si-dopede-GaN layer of sampl®, and the dielectric  the micro-Raman spectra of all samples and cqflane
a-Al,05(S) for comparison. The Ifg } and In{—1/e,}
spectra of all foura-GaN layers, which were obtained from

sob  4,T0) 4,00)

'E(TO) E(LO)

180 -\\J\TN

Y [deg]

400 600 800 1000 ok
.1 1 1 " 1 " L
® [em ] 400 600 800 1000
FIG. 1. Experimental{dotted line$ and calculatedsolid lineg ® [cm'l]
IRSE V¥ spectra of all samples at a 72° angle of incidefeN,
=7.8x10%cm™3; B, Ng=32x10"cm3 C, N,=8 FIG. 2. Same as Fig. 1 fax. The spectra of-plane sapphire are

X107 cem™3; D, No=1%x10*cm™3). The spectra ot-plane sap- included for comparisor{S. The transverse and longitudingl,
phire are included for comparisd®). The transverse and longitu- phonons of sapphire are indicated by bracKewid brackets, TO;
dinal A,, phonon modes of sapphire are indicated by bradiestisd dotted brackets, LD The small peak marked by an asterisk is due
brackets, TO; dotted brackets, L.O'he dip marked by an asterisk to the a-GaN E;(TO) mode; the structure marked by a cross stems
arises from thex-GaN high-frequencyA;-LPP mode. from the a-GaN high-frequencyA;-LPP mode.



PRB 62 FREE-CARRIER AND PHONON PROPERTIES QOf . .. 7371

Y [deg]

Raman intensity [arb. units]

o

-

00 e 800 1000 300 400 500 600 700 800

. -1
o [em’] Raman shift [cm' ]
FIG. 3. Experimentaldotted line$ and calculatedsolid lineg FIG. 4. Room-temperature micro-Raman spectra of unintention-

IRSE ¥ spectra of sampl® (N,=1x10cm™3) at a 72° angle of  ally doped(A, B), p-type (C), andn-type (D) a-GaN. The Raman
incidence(a) The anharmonic modgEq. (7)] with one free-carrier ~ SPectrum ofc-plane sapphire is included for comparis@). Dash-
species k=1) and one lattice LO phonon € 1) was used for the dotted lines mark the strongest sapphire-related Raman peaks.
calculation, which leads only to a poor fitb) Three additional ~ While theA,(LO) mode(dotted ling disappears, the lowek,-LPP
ir-active modes I ,1,,15) were included in the calculation, which mode (LPP) occurs at 459 cm' within the spectrum of-type
considerably improved the line-shape fit. The small @iarked by ~ sampleD (Ne=1x10"cm™3). The asterisk marks the forbidden

an asterisk stems from the unscreeneth(LO) mode, which is  A1(TO) mode(spectrumD).

assigned to a thim-GaN surface depletion layer. . .
9 I ! P Y parameters, we obtained very stable fits, because the number

of independent data points acquired during the ellipsometry

the data analysis using the factorized model, are depicted imjeasurement exceeds by far the number of fit parameters.
Fig. 5. Figure 6 compares the results of the model calculatiomote also that in contrast to ir-reflectometry experiments,
for samplesA and D between the parametrization of the ellipsometry does not have to rely on the intensity of the
a-GaN dielectric function using the anharmonic model basedight source®>®°The best-fit parameter values, and those that
on Eq.(1) and the harmonic model based on E2). In the  follow accordingly(such as the LPP mode and plasma fre-
case of the low-conductivity films, such as for sample  quenciesfor the sample#\—D are given in Table |-IV. The
both approximations provide good line-shape fits because afapphire dielectric functions were taken from Ref. 43.
¥710~"7Y10,2 and yp=Y, 01 (see Table Ill. However, for the Due to the crystal-axis orientation of the GaN films not all
high-conductivitya-GaN film (sampleD) no appropriate de- of the model parameters can be obtained here. In particular,
scription of the experimental data can be achieved using thghe ellipsometry data from theplane-oriented films have no
harmonic model approach, especially in the spectral rangsensitivity to the TO resonance frequency with polarization
where the three additional modes occur. vector parallel to the sample normal. Except for wavelengths

The model parameters that were allowed to vary duringvhere the real part of, is between 0 and 1 for wave num-
data analysis are thg;(TO), A;(LO), andE;(LO) phonon  bers above the LO-phonon frequency, the incident light
frequencies, the anisotropic broadening values of the LPBeam propagates almost parallel to the sample normal within
modes, theE;(TO) mode, and plasmon-broadening param-the film and senses mosty . The lattice displacement pat-
eters. The LPP mode frequencies were then calculated usingrn that belongs to the TO resonancejrcannot be excited
Eq. (8) and the plasma frequencies using H&). The py the ir light beam in this configuration. In contrast, the
A1(TO) phonon-mode resonance could not be found due t@ O-mode frequency irg, can be located precisely through
the geometry of the experimefgee below. Similar to the  the well-known Berreman effect in thin polar dielectric
Barker and llegems work, tha;(TO) frequency was taken films 5! The incident wave is guided along the thin-film in-
from Raman result¥! For the nominally undoped, but low- terfaces near wave numbers where the index of refraction of
conductivity n-type samplesA and B we fitted N, and u;  the extraordinary direction approaches unity. This effect
assumingm,/my=0.22. For sample€ andD we assumed causes distinct features within thepolarized reflectivity. In
the N values obtained from our Hall measurements and fittedhis spectral region the ellipsometry data provide high sensi-
wj andm;. The a-GaN layer thicknesses were also allowedtivity to the LO-phonon frequency and broadening param-
to vary. Despite the apparently large number of unknowreters fore,. The LO-mode parameters fer follow from
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600} @) |
E(TO)
500+ 1
400} 5 .
&
~— 40 i
= 300 ;'-
— i
1
200} i .
a3
100 / -
0 0 b N L ) L
500 600 400 600 800 1000
® [em™]
2 T r T r T r T FIG. 6. IRSEVY spectra of the low-conductivity sampke (N,
(b) =7.8x10%cm 3 and high-conductivity sampleD (Ng=1
' E, (LO) x10*cm %) at a 72° angle of incidence. For sam@eboth the

anharmonic mode(solid lineg and the harmonic modddashed
lines) lead to good line-shape fits, whereas for saniplenly the

use of the anharmonic model approach including contributions of
additional modeqEq. (9)] is appropriate. Experimental data are
shown by dotted lines.

—
3" 1 dicate the spectral positions of the uncoupled ir-active
— 1 a-GaN modes and are included to guide the e$amplesA
Ta’ 1 N and B reveal only a small concentration of free carriers.
— : Here, the high-frequency LPP modesg , andw gy are
virtually identical with E;(LO) and A;(LO), respectively.
AN For high-resistivitya-GaN resonant excitation of tHe, (TO)
' and A;(LO) phonons by the IRSE probe beam causes reso-
nancelike features within th& andA spectra. For example,
the features inV [A] marked by asterisks in Fig. [Fig. 2]
stem from theA;(LO)[E4(TO)] mode, but no spectral struc-
ture can be directly attributed to the;(LO) and A;(TO)
mode. Although apparently located close to EbgLO) fre-
quency, the feature i of sampleA marked by a cross is
due to theA;(LO) mode resonanc@-ig. 2). As discussed in
FIG. 5. (@ Im{e,} and (b) Im{—1/e,} spectra of alle-GaN  detail by Barker and llegermé the E;(LO) mode parameters
layers obtained from the best-fit data analysis using the anharmonizan still be obtained from line-shape analysis of the sample
model [Eq. (7) for samplesA—C, and Eq.(9) for sampleD]. dielectric response over the high-frequency edge of the re-
SampleA, solid lines; B, dotted lines;C, dashed linesp, dash-  strahlen spectral range. Th&;(TO) mode frequency and
dotted lines. broadening values cannot be obtained from the IRSE spectra.
We therefore assumedo =537 cm! from our Raman
the “strength” of the TO mode, which is in resonance dur- measurements. No information is avallable for the broaden-
ing the ir experiment. Thus, the frequency and broadeningng value, and we assumegdq ;=4 cm- 1 which is a typical
parameter of thé,(TO) mode forc-plane-oriented films are 7o, Vvalue observed here.
needed as input parameters for analysis of the ir dependence The micro-Raman spectra of samplés-C in Fig. 4 in
of ¢. the z(x,x)z backscattering geometry exhibit the allowed
The IRSE spectra of the-GaN films ona-Al,O; provide  high-frequencyA;-LPP mode(® ¢, ; dotted ling and the
high sensitivity to the frequencies and broadening values oE?) mode. Due to the large aperture of the incident micro-
the ir-activeE;(TO) mode and coupled,;-LPP(®@ ;) and Raman beam, symmetry-forbidden modes such as the
E;-LPP(@_ 0, ) modes.(Vertical lines in Figs. 1 and 2 in- E{(TO) mode(the shoulder at the low-frequency side of the

h CET
800 1000 1200

o [cm'l]
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TABLE Il. Best-fit values from the IRSE data regression analysis for the layer thickiess thew-GaN lattice phonon frequencies. The
error limits, which correspond to 90% reliability, are given in parentheses.

wTO,1 @Lo,1 @701 @Lo,|
d (nm) [E«(TO)] [E4(LO)] [A(TO)] [A(LO)]
Sample IRSE Nominal (cm™Y (cm™ (cm™ (cm™b
A 890(2) 960 560.10.2 742.10.3 537 732.50.2
560.8(0.4)
B 827(6) 1000 559.00.4) 738.41.5 537 729.11.8
557.7(0.7)
C 997(3) 1000 558.90.2) 737.50.6) 537 730.60.8
D 1414(24) 1440 559.80.3) 739 537 732.01.6)
537.3(2.7)

@Assumed value, not varied during data analysis.
®Obtained from Raman data.
This value includes the carrier-depleted surface layer.

much strongeE$? mode and theA,(TO) mode(marked by ~ even at low free-carrier concentration. The actual detection
an asterisk in spectrur® at about 537 cmt) occur. Al- limits for the determination of free-carrier parameters depend

though the laser beam was focused onto the top of th&" the effective_: carrier magss, the carrier mobilityu, and
a-GaN film, all Raman spectra are superimposed by sapphirde layer thickness d. The value Ne=(3.2+0.7)
modes(dash-dotted lines in Fig.)4The IRSE spectra of our X 10'cm™2 determined by IRSE for samplB is in very
samples are highly influenced by the sapphire substrate tog00d agreement with that obtained from Hall measurement
but the GaN dielectric response can be separated from that 0Ne=2>x10""cm™3). The slightly larger “optical” value
sapphire during data analysis using model assumptions amuld be explained by an energy-dependent effective-
described above. electron-mass value that may be smaller than g22or

The IRSE spectra of the unintentionally dopedGaN  smallN, values(a smaller assumed, value would decrease
samplesA andB (Figs. 1 and 2reveal very small free-carrier the best-fit parameter value, ; see also Sec. Il C Further
effects. Hence, the low-frequency LPP modés ;) as IRSE experiments on differently Si-dopestype a-GaN
well as the screened plasma frequencigs are very small, films grown by metal-organic chemical vapor deposition
and the high-frequency LPP modes ¢ ) differ from the  (MOCVD) indicate such a dependencerof on N, .52
lattice LO modes only by a few wave numbers. The IRSE The IRSE spectra of thp-type a-GaN film (sampleC)
best-fit values for thde;(TO) mode frequencysamplesA  are shown in Figs. 1 and 2. Following the same approach as
and B) and the values for the LPP-mode frequerigy, ,  used by Barker and llegeffsand Perlinet al'® for n-type
(samplesA and B) are in very good agreement with those a-GaN, we assumed here the Hall concentration vaNg (
observable within the micro-Raman spectfbles Il and =8X10Ycm™3) for our data analysis and fitted the hole
IV). The IRSE broadening values for the (TO) model mobility and the effective-hole-mass parameters. In the
(v10,.) and the LPP mode§, o, andy o) of sampleA  course of the data analysis we found only little information
are smaller compared to those of samBJendicating a bet- about the anisotropy & andm;,. We therefore treated both
ter crystal quality of samplé. Accordingly, the linewidth of parameters isotropically. We obtained a typical value for the
the Raman signals of sampk are smaller than those of hole mobility, =10+ 3 cn?/(V s).3?22383F0r the effective-
sampleB. For sampleA the IRSE data analysis provided a hole-mass parameter the best fit resultedmig/my=1.40
small free-electron concentration value Nf{=(7.8+0.6) @ *=0.33. This value may seem surprising as the value of
X 10'cm 3. The latter demonstrates that this optical tech-m;,/m,=0.8, given in Ref. 25, is often adoptéd>> How-
nigue possesses high sensitivity to free-carrier propertiesver, the value given in Ref. 25 was taken as the average of

TABLE IIl. Best-fit values from the IRSE data regression analysis for the broadening values of the TO-phonon modes, LPP modes, and
plasmon modes in the long-wavelength limit. The error limits, which correspond to 90% reliability, are given in parentheses.

Y70.L= YE(TO) Yo Yot VoL YTO)I= YA,(TO) Yo Yo Yol
Sample (ecm™ (cm™Y (cm™ (cm™Y) (cm™ (ecm™ (cm™ ) (cm™b
A 3.80.3 612(128 6.90.9 6007127 4b 642133 6.000.2 6007(127)
B 4.2(0.6 729147 16.91.2 709(144) 4b 803158 10.60.7) 709(144)
C 6.2(0.3 664(92) 15.40.6) 640%(90) 4b 66693 9.7(0.3 6407(90)
D 3.90.5 144(3) 28%(12) 311(11) 4p 144(3) 28%(12) 33534)

4sotropically averaged, IRSE data have no sensitivity to anisotropy of the plasmon-mode broadening value.
bAssumed values, not varied during data analysis.
‘Isotropically 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 IRSH ahlaed and
I1) by using Eqs(5) and(8).

WLo,1L WLo,21 Wp, | WLo,1 WLo,2 @p

Sample (cm™ b (cm™ b (cm™b (cm™b (cm™b (cm™ Y

A 59.82.1) 744.00.3 79.52.8 58.02.0) 734.50.2) 79.62.8
734.9(0.4

B 121.611.9 746.22.1) 162(16) 117.911.6 737.62.5) 16316)
737.7(0.2)

c 74.98.6) 740.40.9) 99.111.5 71.38.2) 733.61.0 97.711.4
735.7(0.5)

D 464.13.2 102810) 85214) 445.14.4) 104717) 871(23)

459.3(1.5

80btained from Raman data.

values given in Ref. 2Gestimated from near-band-gap ab- carrier-depleted layer. Accordingly, ttg (LO) mode is not
sorption coefficientsm,/my=0.6) and Ref. 27(m,/my  screened by free carriers within this very thin surface layer.
=1.0 was assumed there to reasonably fit luminescenof/e assumed this depletion layer to be homogeneous and
band-to-band transition energies to the Burstein shift inyithout free-carrier contribution to the-GaN dielectric
n-type a-GaN), and the effective-mass value of @@may  fynction, i.e., we used Eql) instead of Eq.(9), and we
have large error bars. A value af,/my~2.2+0.2 was ré-  gpiained a thickness of about 5 nm. Such depletion layers

cently determined by Iet al*® from time-resolved photolu- \ere observed previously on the top of MOCVD-grown Si-
minescence experiments combined with absorption data. IHopedn-type a-GaN films investigated by IRSE:% Hum-

view of recent theoretical resulisee Sec.)| the valence- licek, Henn, and Cardona found the same effect earlier in

band effective-mass parameters are further expected to shonw . : S
) 30 . " “heavily doped-type GaAs using far-ir ellipsometf. Sub-
strong anisotropy. Steuet al. observed P excitons as tracting the effect of the depletion layer through the model

sociated with the heavy-holh), light-hole (Ih), and split- . . d
f-hole (sh t val -band statesdrGaN and calculation, noA;(LO)-like resonance appears in the IRSE
off-hole (sh) uppermost valence-band statesarGaN an spectra of the highly-Si-doped sampdle This behavior is

derived isotropic effective hole masses,,/my=1.0£0.1, . .
My /M= 1.1+ 0.2, andmg,/mo=1.6+0.5 for the different well known from Raman data of materials with large free-

valence-band maxima. According to our investigations, th&@rTier concentration due to strong LPP coupﬁﬁé‘?lnstead
anisotropy of the effective-hole-mass parameters is not largétf the A1(LO) phonon, twoA;-LPP modes exist, where the
than our experimental error, i.e., the anisotropy should bélPper mode is usually strongly broadened and difficult to
less than~25%. Crucial for analysis of the energy depen-observe by Raman scattering. In the micro-Raman spectrum
dence of the effective mass is the knowledge of the positio®f sampleD (Fig. 4) the broadened low-frequenay;-LPP
of the Fermi level within the valence bands. According tomode @,oy) occurs at 459 ¢, and theA;(LO) mode
Kim et al,’ the valence bands in-GaN are nonparabolic peak is absent. The LPP mo@egg, , is difficult to observe in
because of the spin-orbit interaction. They calculated energythe Raman spectrum of samfdlebecause according to the
dependent effective hole masses and showed, e.g.nmhat IRSE results this branch should occur highly broadened
increases from 0.38, for holes at the top of the uppermost (¥1.0,2=282cnT") at 1047 cm®. Following the same ap-
valence band up te- 1.75m, for heavy-hole energies 6§25  proach as used above fertype a-GaN, we assumed the
meV. Hall concentration valueN.=1x10*cm™3) for our data
The high electron concentration in theGaN film of  analysis and fitted the electron mobility and effective-mass
sampleD causes enormous changes in the entire range of thearameters as well as their anisotropy. We obtained typical
IRSE spectra compared to the low conductive films ofvalues for the electron mobilityu,=122+13cnf/(V's),
samplesA, B, andC (Figs. 1 and 2 The free carriers effec- w1, =127+6 cn?/(V s).® For the effective-electron-mass pa-
tively screen the polar phonon modes of sapphire andameters the best fit resulted my /my=0.228+0.008 and
a-GaN. Hence, the spectral features that can be directly ath, , /my=0.237£0.006. The effective electron mass reveals
tributed to theE,(TO) mode and the high-frequengy-LPP  no significant anisotropy, and the values resemble those ob-
mode @ 2) appear strongly damped. The large dipdin  tained by Perliret alt®
observed in sample®\—C near ® o~ w0 [A1(LO)] In order to illustrate the LPP-coupling effects on our
nearly vanishes because @f o =1047cm* due to the model dielectric functions, Ife } and Im{—1/e, } spectra of
high free-electron concentration valud,=1x10*cm™3  all a-GaN layers are depicted in Fig. 5. TEg(TO) reso-
within sampleD. However, a small dip remains neao  in ~ hance appears as a strong peak in théelinspectra inde-
the IRSE spectrfmarked by an asterisk in Fig(I3]. A thin ~ pendent of the free-carrier concentration in the GaN film
depletion layer at the sample surface, where the concentréFig. 5a)]. Similar to the coupling behavior of th&;(LO)
tion of the free carriers is considerably lowered, may givemode observed by Raman spectroscopy, for high free-carrier
rise to this structure. This effect can be explained by FermiconcentratiorisampleD) theE;(LO) mode is absent and the
level pinning at surface states that are localized within théroad lower and uppé;-LPP branches occur in the energy-
band gap. The resulting band bending causes a surfadess spectrum If-1/e, } [Fig. 5(b)].
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(Ne=1.9x10cm3) than the film of sampleD (Ngo=1

information on site location and electronic structure of de-x 10'%cm3). Because of the enormous difference in the
fects or impurities. Neugebauer and Van der Walle studiedoping levels of nearly two orders of magnitude, a common
hydrogen and hydrogen complexes in GaN theoretiGally. origin of the observed structures in both samples seems un-
Many authors reported experimental observation of LVM's|ikely. Siegleet al.”? performed second-order Raman experi-

in GaN®-"! The Raman spectrum of samp@ (Fig. 4)
shows three additional features &®,=265cm?!, R,
=315cm?, and R;=658cm ! that are very close in fre-
guency to structures reported by Kascheeal. from MBE-
grown Mg-dopedx-GaN on sapphir€® All modes observed
by Kaschneet al®® exhibit A; symmetry. Disorder-activated
scattering was suggested for the mode at 315 crithe
authors further attributed the modes at 265 and 658'dm
LVM's of Mg in GaN. But Limmeret al. observed a similar
structure near 670 cnt in Raman spectra of thin MBE-
grown a-GaN films after ion implantation not only with
Mg™, but also with Ar, P*, C*, and C4 ions./° This struc-

ments on 200—-40@em-thick a-GaN layers deposited on sap-
phire, and observed a feature at 855 ¢rthat was found to
posses#\;, E;, andE, symmetry. The authors tentatively
assigned this peak to an acoustic-optical combination band.
Due to the high Si concentration, the IRSE featlyemay
stem from the ir-inactive, but disorder-activated nonpolar
E{?) mode that is located at 570 cthin the Raman spec-
trum. So far, the origin of thé, structure is not clear. The
high Si concentration in the-GaN film may give rise to an
ir-active LVM. Defect-correlated effects and intraband tran-
sitions cannot be ruled out, either. Furthermore, the spectral
positions and the damping parameters of the three additional

ture became more pronounced with increasing ion dosesgnodes are found not to change significantly at low sample

Therefore, Limmeret al.”®
LVM'’s as origin of the structure near 670 ¢th However,

assigned vacancy-related defect temperatured (T=40K).

We observe that the values, ; found here range from

none of these additional modes are observed within our 'Rsﬁpproximately 4.9 to about 5.4ee Table)l For the low-
data of sampleC, so we did not consider IM's in our data conqyctivity films, e..; can be determined with small error
analysis of samplé€. Likewise, no IM can be detected in pars whereas for high free-carrier concentrations the error

samplesA andB. Other than for samplB®, where additional

bars fore.,; increase. The latter is not surprising because the

ir-active features affect the dielectric response, exce"e”barameterSe | account for the “high-frequency” limits
agreement between measured and calculated data is obtaingflen the dielectric model functions are extrapolated to

for samplesA—C without treatment of further low-polar

modes. This is important because, as discussed in Sec. Il

shorter wavelengths than those studied here. If the free-

Rarrier contribution dominates within the narrow spectral

ignoring existent IM's would in particular affect the resulting range investigated, it is difficult to determine the constant

€.; values and hence influence our free-carrier results.

contribution of the reststrahlen range to the band-gap index

Three additional ir-active features are observed in thgy refraction. (Note that contributions due to high-energy

IRSE spectra of samplB. The anharmonie model of Eq.
(7) with k=1 andl =1 is no longer valid. Figure(3) dem-
onstrates how poor the best-fit calculation witl=1=1

would be. Figure @) presents a magnified spectrum of
sampleD, where three additional IM'$l,,, v=1,2,3) were

electronic transitions, which also affect the dispersion below
the fundamental band gap, are not considered héhe €.,

parameters of highly conductive films could be determined
with higher precision when a larger spectral range is used for
data analysis. We did not include data from shorter wave-

included within the best-fit calculation. The IM's are as- |engths because of depolarization effects there. Incoherent
sumed to be isotropic. We find only very small TO-LO split- \yaye components, which reflect off the backside of the sap-

ting values&uﬁ but large broadening value®y,, . In fact, the

phire substrate when the GaN film starts to become suffi-

amount oféw? is indeterminable, and therefore it is assumedciently transparent, complicate accurate data analysis. Device

dw?=0 throughout. Note that Eq11) is then identical with

imperfections, such as the finite focal length of the ir optics,

Eq. (5). The following IM frequencies and broadening valueshinder adequate correction of the incoherency effects in the

are obtained from the best-fit analysis of sample
l1: om1=574+5cm Y, yu1=59+17cm Y
—8y;=8cm Y
l5: ome=746x5cm Y, yy,=173+17cm?,
—8y,=59¢cm L,
l3: woyu3=851+x8cm
yms=125x42cmt, —Syz;=16cm L

To our knowledge, only Suret al.”* reported on addi-

transparency region. The increaseeof for samplesC and
D (see Table)lcompared to the nominally undoped samples
A and B may be explained by the well-known redshift and
broadening of thex-GaN fundamental band gdpbut also
of the higher-energy transitions with increasing free-carrier
concentration. Such effects on higher-energy transitions are
well known from highly doped Si* The increase and broad-
ening of the impurity- and defect-related electronic transi-
tions, such as those causing the yellow luminescence, for
increasing dopant concentration may be invoked here as an-
other reason.”®

We note finally that the phonon-mode frequency values
determined by IRSE are consistent with those obtained pre-
viously by other methods within the usual variation

tional ir-active modes ine-GaN in the frequency range be- range'®’”8It is worth mentioning that the broadening value
low 1200 cm . The strongest feature was observed by Fou<y, o, of the high-frequencye;-LPP mode increases with
rier transform infrared grazing-incidence reflectometry neathe free-electron concentratidty,, whereas the correspond-

our I3 mode at 848 cm'. But their film grown ona-Al,O,
by low-pressure MOCVD was much leagtype conductive

ing TO-broadeningyro , remains constant. This is seen as a
consequence of the anharmonicity of the LPP coupling in
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n-type a-GaN, and resembles that observed mrtype lipsometry data we further derived lattice phonon frequen-
GaAs*’ For samplesA—D the best-fit broadening values ful- cies and broadening values as well as the coupled phonon-

fill the condition of Egs.(3) and (12) for both polarizations plasmon parameters. TheGaN lattice-mode parameters are

(i=I1). in excellent agreement with previous ir reflectometry and
Raman studies as well as our Raman investigations. Three

V. SUMMARY additional ir-active modes with small polarity were observed

] . in highly-Si-dopeda-GaN at 574, 746, and 851 ¢th A
Infrared spectroscopic ellipsometry was used for measurecgrrier-depleted surface layer, similar to those reported from

ment of the ir-optical response ofGaN films deposited on  heavily doped GaAs, was found in heavily-Si-dopedaN
a-Al,O3 by MBE. A factorized model, which allows for gg well.

anharmonic coupling of LO phonons with free-carrier plas-
mons, was employed to determine tpeype andn-type
effective-mass and carrier-mobility values. We obtained for
the parallel and perpendicular effective-electron-mass pa- The authors acknowledge G. Lippold and U. Teschner for
rameters mg;/my=0.228-0.008 and mg, /my=0.237  performing Raman measurements. We thank D. W. Thomp-
+0.006, in very good agreement with earlier observationsson for technical support. We thank B. Rheidar and J. A.
The effective-hole-mass parameter was determined withowoollam for their continuing interest in this research. We
substantial anisotropy to within 25% am,/my=1.40 are indepted to J. Hunukek for providing Ref. 49 prior to its
+0.33. Even for low-dopedh-type a-GaN films the IRSE publication. The DFG supported part of the work under
data possess enough sensitivity to the electron concentratiddrant No. Rh28-3/1. Part of the work was also supported by
and mobility parameters. From line-shape analysis of the elthe NSF under Contract No. DMI-9901510.
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