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Spectroscopic ellipsometry is applied in order to determine the complex dielectric function (DF) for In-rich
In,Ga,_,N alloys with N-face polarity from near-infrared into the vacuum ultraviolet spectral region. The
results are compared to corresponding data for metal-face films. The optical properties of both types of
hexagonal films agree in the essential features which emphasizes that the extracted DFs do not depend on the
polarity but represent therefore bulk characteristics. Besides the band gap, five critical points of the band
structure are clearly resolved within the composition range of 1=x=0.67. Their transition energies are deter-
mined by a fit of the third derivative of the DF. With increasing Ga content, all transitions undergo a continuous
shift to higher energies characterized by small bowing parameters. Model calculations of the imaginary part of
the DF close to the band gap that take the influence of band filling and conduction-band nonparabolicity into
account are presented. A comparison to the experimental data yields the position of the Fermi energy. With the
calculated values for the carrier-induced band-gap renormalization and the Burstein-Moss shift, the zero-
density values for the fundamental band gaps are obtained. Their dependence on the alloy composition is

described by a bowing parameter of b=1.72 eV.
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I. INTRODUCTION

The revision of the fundamental band gap for hexagonal
InN from the long-accepted value of Ey=1.89 eV (Ref. 1)
down to a value of about 0.7 eV (Refs. 2 and 3) has a strong
impact on the whole In,Ga,_,N alloy system. McCluskey et
al.* corrected the previously published bowing parameter
from b~3.8 eV to b~2.6 eV assuming Ey=0.8 eV. Their
absorption studies of Ga-rich layers covered an alloy com-
position range of 0=<x=0.112, and the band gaps were cor-
rected for the pseudomorphic strain.

The first reports on a low band gap for InN initiated in-
tensive work on growing high-quality In-rich alloys. A sim-
plified analysis of absorption data for the composition range
of 0.5=x=1.0 yielded a much smaller bowing parameter of
~1.4 eV.> For those layers, grown on an AIN buffer layer,
we reported recently® preliminary results on the determina-
tion of the complex dielectric function (DF) by applying
spectroscopic ellipsometry (SE). Analyzing the imaginary
part of the DF, a bowing parameter of 1.77 eV was deter-
mined for the band gap. In addition, five critical points (CPs)
of the band structure, also known as Van Hove singularities,
were identified in the high-energy part of the spectra that
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undergo a clear blueshift with increasing Ga content.

So far, almost all optical studies were carried out on In-
face, i.e., metal-face (M-face), polar films. Several groups
succeeded recently in growing nitrogen-face (N-face) InN
films by plasma-assisted molecular beam epitaxy
(PA-MBE).”” The growth of N-face films can be carried out
at higher temperatures compared to M-face material; this is
probably going to be an advantage for the further improve-
ment of the structural quality. In situ SE studies during
growth revealed pseudo-DFs for N-face InN (Ref. 10) that
match in the essential details to the previously published DF
data for M-face layers.'""!> Successful growth of correspond-
ing high-quality N-face InGaN alloys with high In content
has been demonstrated recently.'>!'* However, a determina-
tion of the DF for N-face films and a comprehensive analysis
have not been carried out so far. In the ideal case, these
results should coincide with the previous studies of M-face
films because the DF represents a bulk property which
should not depend on the polarity.

In this paper, we report on the determination of the dielec-
tric function for N-face In-rich alloys by applying SE. The
properties are compared to the results of metal-face films
grown on different buffer layers. The experimentally ex-
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TABLE 1. Layer thickness, In content, and polarity as well as structural and electrical properties of the samples investigated.

AIN  GaN LT-InN InN InGaN FWHM XRD FWHM o scan n, ©(300 K)
Sample  (nm) (nm) (nm) (nm) (nm) X Polarity 0-20(") () (10" cm™)  (cm?/Vs)
M100 10 200 1070 1.00 M face 302 14 1.5 1200
MO77 250 315 0.77 M face 350 27 2.5 260
MO069 10 165 400 0.69 M face 320 16 2.0 140
MO067 250 285 0.67 M face 331 28 3.4 150
N100 60 550 1.00 N face 176 24 6.5 780
NO089 60 550 210 0.89 N face 407 26 7.0 190
NO77 60 550 210 0.77 N face 720 35

tracted DFs are compared to model calculations for degener-
ate nitride semiconductors. In extension of the previously
published method,” the influence of inhomogeneous broad-
ening on the determination of the transition energy at the
Fermi wave vector is evaluated. Correcting these energies for
the carrier-induced band-gap renormalization and Burstein-
Moss shift, the zero-density band gaps are estimated and
their bowing parameter is determined. The shift of the high-
energy critical points is evaluated in the second part of the
paper. The transition energies are obtained from a fit of the
third derivatives of the DF.

II. EXPERIMENTAL DETAILS

In this work, the optical properties of four M-face and
three N-face In,Ga,_ N alloy films will be compared. The
nominally undoped single-crystal epitaxial layers were
grown by PA-MBE on (0001) sapphire substrates. The layer
thickness of the nucleation, buffer, and top layers as well as
the composition and polarity are summarized in Table I. In
order to obtain M-polarity films, growth was initiated by the
deposition a 10 nm AIN nucleation layer, continued with a
thick (165-250 nm) either GaN or AIN buffer layer, and
finished by the deposition of the In,Ga,_,N film. The M-face
InN film was deposited at a temperature of 470 °C, whereas
the alloy films were grown at about 530 °C. Further details
related to the epitaxial growth have been published
elsewhere.’

The procedure to obtain the high-quality epitaxial N-face
InGaN films can be summarized as follows.”!> Prior to
growth, the (0001) sapphire substrate was thermally cleaned
at 800 °C for 10 min in vacuum. Afterward, nitridation of
the substrate surface was carried out at 550 °C for 1 h. At
first, a ~60-nm-thick low-temperature (LT) InN buffer layer
was deposited at 300 °C. Then, the temperature was raised
to 530 °C and thereafter a ~550-nm-thick InN film was
grown on the LT-InN buffer. For two samples, 210-nm-thick
In-rich alloy films were grown at 550 °C on top. Investiga-
tions of these samples by coaxial impact-collision ion scat-
tering spectroscopy, convergent beam electron-diffraction
method, as well as chemical etching revealed that the films
have N-face polarity.'

The structural properties of In,Ga;_ N layers were char-
acterized by x-ray diffraction (XRD) including ©-20 scans,
o scans, and high-resolution reciprocal space maps of the

symmetric (0002) as well as asymmetric (2025) reflexes. The
corresponding full widths at half maximum (FWHM) of the
(0002) reflexes are given in Table I. The XRD analysis
shows that high-quality wurtzite-structured InGaN epitaxial
layers were formed with their ¢ axis perpendicular to the
substrate surface. The lattice constants for the In-(M100) and
N-face (N100) InN layers amount to ¢=5.704 A (a
=3.537 A) and ¢=5.703 A (a=3.535 A), respectively, with
an accuracy of +0.002 A. They are very close to the recently
published values for strain-free InN of ¢=5.699+0.004 A
and a=3.535+0.005 A.!7 The In atomic fraction of the ter-
nary alloys were independently determined from the ¢ as
well as from the a lattice constants via Vegards law. The
values differ by less than 0.02; the average of both compo-
sitions is given in Table I. It emphasizes that the films are
nearly strain-free.

Because of the different layer thicknesses, we do not ob-
serve a correlation of the growth conditions to the structural
properties. However, room-temperature Hall measurements
revealed for the N-face InN a higher electron concentration
n, and a lower mobility u compared to the M-face sample
(see Table I).

The optical properties of all samples were investigated by
SE. The ellipsometric parameters WV and A were measured by
a commercially available ellipsometer at multiple angles of
incidence (P=62°, 68°, and 74°) and at photon energies of
up to 5 eV. For the investigations in the UV-VUYV spectral
region from 4 to 9.5 eV, we used the ellipsometer attached
to the Berlin electron storage ring (BESSY II). These data
refer to ®=67.5°. The room-temperature photoluminescence
(PL) was excited by the 514.5 nm line of an Ar*-ion laser,
then dispersed by a 2 m monochromator, and detected by a
liquid-nitrogen-cooled Ge photodiode or InGaAs photodi-
ode. All spectra are corrected for the spectral response of the
system.

III. RESULTS AND DISCUSSION

The real (g,) and the imaginary part (e,) of the complex
DF (g=¢,+ig,) were obtained by fitting the experimental
data ¥ and A using a multilayer model similar to the proce-
dure reported in Ref. 18. Atomic force microscopy revealed a
smooth film morphology with a root-mean-square roughness
below 1.5 nm for the binary layers and below 2.9 nm for the
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FIG. 1. PL spectra and imaginary parts of the DF for M- and
N-face In,Ga;_,N alloys at room temperature. The &, data have
been vertically shifted and PL curves have been normalized to equal
amplitude for the sake of clarity.

alloys. For the interpretation of ellipsometry data, the rough-
ness of the surface was treated in Bruggeman effective-
medium approximation assuming 50% of voids in a matrix
of InGaN. In this work, &; and &, were independently fitted
at every photon energy, i.e., without making any assumption
concerning the spectral dependence of & The Kramers-
Kronig consistency of the optical data was proven by nu-
merical integration of &,. Our approach is different from the
work of Kasic et al. that used a critical-point model dielectric
function (MDF) in order to determine the DF for InN
layers.!! Note that the MDF assumes an empty parabolic
conduction band that is not the case for InN due to the high
electron concentration and the nonparabolicity arising from
the low band gap.!” For films with (0001) orientation, i.e.,
with ¢ axis normal to the surface, the extracted data are very
close to the ordinary DF that was recently demonstrated by a
comparison of a-plane and c-plane InN films.!>?° Only small
deviations in the magnitude are detected for photon energies
above 8 eV, attributed to the large angle of refraction in this
range.

A. Experimental data around the band gap

Figure 1 shows representative examples of the imaginary
part of the DF (g,) around the band gap for M- and N-face
InGaN films as well as the emission spectra taken at room
temperature. Corresponding spectra for the M-face
In ¢;Ga33N can be found elsewhere.® The shape of &, for the
N-face InN film around the gap is very similar to the previ-
ously published results'” for the M-face layer. The imaginary
part of the DF becomes constant above 1 eV. The emission
maximum is found at 0.71 eV.

For the alloys, both the onset of &, and the PL peak un-
dergo a clear shift to higher energies with increasing Ga
content. The InGaN films grown on GaN buffer (x=0.69)
and on LT-InN buffer (x=0.89) exhibit a much sharper in-
crease of &, compared to the film (x=0.77) grown directly on
AIN, which shows the impact of the buffer layers. Both GaN
and LT-InN buffer layers lead to improved structural proper-
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ties of the alloy films as indicated by the x-ray data summa-
rized in Table I. For example, comparing the films with
nearly identical In content, the FWHM of the o scans
amounts to 16 (28) arc min for M069 (M067), i.e., the film
grown on GaN buffer exhibits a much narrower linewidth.
For comparison, the InN film (M100) on GaN buffer is char-
acterized by 14 arc min.

Nearly all reports on the determination of the band gap of
InN and related alloys evaluate the spectral dependence of
the absorption coefficient (@) determined by transmission
measurements most of the times. The analysis is based on the
fact that « is proportional to the imaginary part of the DF via
the relation a=we,/(nc;) (w, angular frequency of light; ¢,
vacuum speed of light). The spectral dependence of the re-
fractive index n is neglected as criticized in the report by
Butcher and Tansley.?! Then, a square-root dependence of &,
(and thus @) on the photon energy A is assumed as valid for
a three-dimensional M|, critical point with parabolic band
structure and an empty conduction band. Finally, the absorp-
tion edge (or band gap) is estimated by extrapolating the
experimental data to zero. To improve the determination of
the band gap, it is necessary to analyze directly &, as was
briefly demonstrated in our recent paper for M-face InN and
InAIN layers."

B. Influence of high carrier densities on the DF

In the following, the method for analyzing &, will be dis-
cussed in details by means of two examples: the N-face alloy
with x=0.89 and the M-face material with x=0.69. The
analysis starts from a calculation of the imaginary part of the
DF that is proportional to the joint density of states via

1 2 o
82(hw) -~ (ﬁw)g (271_)3 JBZ |Pcv| [1 f(Ec)]
X 8E, - E, - hw)dk, (1)

where P, is the momentum matrix element. The Fermi dis-
tribution function for the conduction-band (CB) electrons is
denoted by f(E,), i.e., the term [1-f(E,)] takes into account
the fact that the absorption requires empty states in the CB.
E. and E, are the CB and valence-band (VB) energy, respec-
tively. The integration is carried out in the reciprocal (k)
space over the whole Brillouin zone (BZ).

Carrier-induced band-gap renormalization (BGR) Apgr
leads to a shrinkage of the intrinsic band gap E, due to
electron-electron interaction and electron-ionized impurity
interaction.'” The CB shift resulting from the electron-
electron interaction is given by

2
AE 2e kg

e’k 4 k
e =— - TE |1 - = arctan| — | |, (2)
Alege, 8meye, T ktr

where kp=(37°n,)'” is the Fermi wave vector, krp=(2/ V)
X (kplag)'* denotes the Thomas-Fermi screening wave vec-
tor, &, represents the static dielectric constant, and ap=0.53
X 10~ lOs,mO/ m, is the effective Bohr radius [m density-of-
states effective electron mass as defined below by Eq. (5)].
An g, value of 9.5 was proposed?? for hexagonal InN with a
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band gap of 0.67 eV. It is also used as approximation for
alloys with x>0.67. For comparison, ¢,=10.4 was
reported” for GaN with a much higher gap of E,
=3.447 eV. The contribution of the electron-ion interaction
to the CB shift can be written as

4e’n,

AE (3)

ot 477808,,0316}1: '
For example, BGR (Apgr=AE, ,+AE,;) amounts to —65
and —105 meV for carrier concentrations of 2.0X 10'® cm™
(sample M069) and 7.0 X 10'® cm™ (sample NO89), respec-
tively.

For the &, calculations via Eq. (1), the curvature of the
VB and CB is needed in addition. The VB can be described
by a parabolic approximation with an effective mass for the
holes of m;,=0.5my.>* Since the CB of InN and the In-rich
alloys is highly nonparabolic (due to the low band-gap
value), we applied the formula given by Kane’s two-band
k-p model® as in previous studies,”

E w1 r2k?
E (k)= BTGR + E + 5 EZBGR + 4Ep%, 4)
0 0

where Eggr=F,+Aggr is the renormalized band-gap energy.
Note that Eggy instead of E has to be inserted into Eq. (4) in
order to account for the enhanced band interaction. Ep is an
energy parameter related to the momentum matrix element
P.,. A linear dependence on the alloy composition is as-
sumed between the values for InN and GaN of 10 eV (Ref.
19) and 13.2 eV, respectively. The density-of-states effec-
tive electron mass becomes k dependent and is calculated
from Eq. (4) via

1%k

m, (k) = dE. (/K

(5)

Finally, the energetic position of the Fermi level above the
conduction-band minimum [AE (k)] at the Fermi wave vec-
tor k. is needed. It follows from the calculation of the elec-
tron density via

400

ne= J(Ec)g(E)dE. (6)

EpGr

The density of states g(E) is obtained from Eq. (4). Ep is
adjusted in order to achieve matching with the experimental
electron concentrations of Table I. Thereby, the Fermi energy
is determined to be 59 and 165 meV above the CB at k=0
for samples M069 and N089, respectively. The energy of the
VB at kp is 11 and 26 meV lower in comparison to the T’
point [this quantity is denoted by AE,(ky)]. This means that
a small amount of the Burstein-Moss shift AE_ (k)
=AE (kp)+AE,(kp) is caused by the curvature of the VB.
Taking into account Aggr and disregarding additional
broadening effects in the first step of the calculation, one
obtains a shape for &, plotted by dashed lines in Figs. 2(a)
and 2(b) for the N-face Ingg9Gay N film and the M-face
Ing 0Gag 4N film, respectively. The VB-CB splitting at the
Fermi wave vector (Fermi energy Ej) is given for compari-
son (vertical lines). Good agreement to the extracted experi-

PHYSICAL REVIEW B 75, 205204 (2007)

- N

(3] N (3;}
L LD LLE EN
¢ ]

Imaginary part of the DF - ¢,
o
n Y

0: ' . . ]
0.7 0. 1.1 1.3 1.5
Photon Energy (eV)
2.5 e (b)
‘:’N N5 Gy 5N
w 2fF ]
(] [
Q [
S15F ]
S [ 4
= X
g 1t ; :
e
S [

-QO.S- : =
E | /i ]
0 el 0y 1 1 1

08 1 12 14 16 18 2

Photon Energy (eV)

FIG. 2. (Color online) Calculated shape of the imaginary part of
the DF without (dashed lines) and with (long-dashed lines) broad-
ening effects in comparison to the experimental data (solid lines)
for the N-face InggoGag ;N (a) and the M-face Ing 49Gag 3N films
(b). Band filling and band-gap renormalization are taken into ac-
count for calculations as explained in the text.

mental data (solid lines in Fig. 2) is achieved already. Note
that neither the band gap nor the position of Ej corresponds
to the rise of &, from zero that emphasizes the limitations of
the extrapolation method.

In the final step, the influence of inhomogeneous line
shape broadening should be considered. In order to account
for these effects, the calculated &, curves were convoluted
with a Gaussian function

1 * E' -fo)\?
exstio) == [ SZ(E'>exp[—(T> }dE’, ™)

NTJ —

where A denotes the Gaussian broadening parameter. With A
values of 60 and 80 meV, we obtain the results for the two
samples that are plotted in Figs. 2(a) and 2(b), respectively,
by long-dashed lines. Figure 2 demonstrates that inhomoge-
neous broadening has a negligible influence on an accurate
determination of the intrinsic band gap, i.e., all curves lie
upon each other at the Fermi energy. As a consequence, &,
values of 0.85 (N089) and 0.5 (M069) corresponding to the
optical transitions at ky for that the splitting between VB and
CB [E(kp)] amount to 0.91 and 1.17 eV, respectively. Using
the calculated values for Aggr and AE,(ky), we attain the
zero-density band gaps for the two samples. The correction
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TABLE II. PL peak energy and Fermi energy as well as contributions to band-gap renormalization and Burstein-Moss shift used for

determining the intrinsic band gaps E, (accuracy +0.02 eV).

PL peak Epl(kp) AE,, AE,; Apgr AE (k) AE,(kr) AE . (kp) Ey
Sample (eV) (eV) (meV) (meV) (meV) (meV) (meV) (meV) (eV)
M100 0.69 -29 -28 =57 62 8 70 0.68
MO77 0.94 1.05 =36 =30 -66 65 11 76 1.04
MO069 1.05 1.17 -36 -29 -65 59 11 70 1.16
MO067 1.08 1.27 -40 =32 =72 72 15 87 1.25
N100 0.71 0.78 -59 -47 -106 176 24 200 0.69
NO89 0.84 0.91 =57 -48 —105 165 26 191 0.82

yields values of 0.82 eV (N089) and 1.16 eV (M069). The
method for determining zero-density band gaps is corrobo-
rated by scanning tunneling spectroscopy studies of the
M-face sample.”’ Veal et al. obtained an experimental
VB-CB splitting of 1.1+0.1 eV. Taking into account the
Aggr shift of —60 meV, it corresponds to a gap of
1.16£0.1 eV, in excellent agreement with our findings.

The experimentally determined &, in Figs. 2(a) and 2(b)
shows a deviation from the calculated results in the range
between 1.3 and 1.4 eV (sample N089) and at 1.5 eV
(sample M069), respectively. This effect is attributed to the
influence of the surface accumulated electrons.?’?® The size
of the deviation depends on the relative position of the band
edges with respect to the Fermi stabilization energy (Epg).
Erg can be described as the average energy level of native
defects. In In,Ga;_,N with x>0.34, the conduction-band
edge (CBE) is below Epg.?® Thus, the native defects are
mainly donorlike and raise the electron concentration along
with Ep. With increasing Ga content, the CBE shifts to Egg.
It results in a decreasing influence of the surface accumula-
tion layer to the optical measurements. So, the deviation in
&, is smaller for Inj9Gay 3N than for Inj g9Gay 11 N. Finally,
the onset of absorption (solid lines in Fig. 2) below 0.9 eV
(a) and 1.1 eV (b) is attributed to interface formation be-
tween the buffer layer and InGaN films. The effect is more
pronounced for the N-face sample with the highest Ga con-
tent (NO77) that is therefore disregarded for the following
discussion of the band-gap shift.

C. Bowing parameter of the band gap

Table II provides a summary of the relevant parameters
for determining the intrinsic band gaps from the experimen-
tally obtained E.(k;) data for all studied samples. The final
values for E (accuracy +0.02 eV) as function of alloy com-
position are displayed in Fig. 3. For comparison, strain-
corrected band gaps of Ga-rich InGaN alloys reported by
McCluskey et al.* and Pereira et al.’° are provided in addi-
tion. In both studies, the E, values were obtained from the
analysis of absorption studies, but different criteria were
used to define the band gap. The photoreflectance
measurements®! for the range 0 <x=0.20 provided probably
the most accurate results for Ga-rich alloys. However, only
the compositional dependence was reported but not the quan-
titative gap values. These data are therefore not added to Fig.

3. Note that the dependence of Ref. 31 reproduces well the
results of Ref. 4.

Taking into account the additional data points for intrinsic
band gaps, the bowing parameter b for the InGaN material
system can be reevaluated. The transition energy Ecp of any
critical point of the band-structure gap as a function of com-
position is represented by

Ecp(x) =xEcp N+ (1 =X)Ecp gy —bx(1-x).  (8)

As already discussed in Sec. I, the bowing parameter de-
pends very sensitively on the values chosen for the two bi-
nary compounds. The splitting between the I'§ valence band
and the I'; conduction band represents the fundamental band
gaps of both InN and GaN. Reflectance and PL studies of a
strain-free homoepitaxial GaN layer*? yielded at room tem-
perature a free excitonic transition energy of 3.422 eV, from
that, with a binding energy of 25 meV, E ., gin=EGan
=3.447 eV follows. Although the carrier concentrations dif-

-

Critical Point Energy (e
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FIG. 3. (Color online) Band gap and critical-point energies of
InGaN alloys as a function of the indium content. Open circles and
triangles refer to the samples on GaN buffer and LT-InN buffer,
respectively. Full circles are attached to samples on AIN buffer.
Open and filled squares display measured band-gap values adapted
from Refs. 4 and 30. The solid lines represent the best fits for
determining the bowing parameters.
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the DF for N-face (left) and M-face (right) In,Ga,_ N obtained
from fitting ellipsometric data W and A. The alloy data are verti-
cally shifted for the sake of clarity according to the indium content.

fer appreciably for the InN samples studied here, the values
determined for intrinsic band gaps are very close. They
amount to 0.68 eV (M100) and 0.69 eV (N100). The small
difference emphasizes the reliability of the method for deter-
mining band gaps from the imaginary part of the DF. A fit of
absorption data?® for a low-carrier-density sample yielded
also 0.68 eV, whereas from the MDF analysis of SE data a
value of 0.65 eV was extrapolated.!" Applying the analysis
as described above to the ordinary and extraordinary dielec-

tric tensor components of an (1120) a-plane InN film with
n,=6x10'"® cm™, one obtains 0.69 eV.

The largest uncertainty of the intrinsic band-gap values is
probably caused by the Aggr and AE.(kp) corrections.
Therefore, we propose the use of Ey=0.68 eV for the intrin-
sic gap of wurtzite InN. Then, a fit of the current data to-
gether with the results from Ref. 4 yields a bowing parameter
of b=1.72 eV. The fit is shown by the full line in Fig. 3. It
differs only slightly from our previous studies,® where b
=1.77 eV was obtained (only based on M-face In-rich al-
loys). For comparison, b=1.51 eV is fitted with the gaps for
Ga-rich materials from Ref. 30 and the In-rich data of the
present work. Some theoretical results should be mentioned
as well. First-principles calculations yielded bowing param-
eters of 1.7 eV (Ref. 33) and 1.44 eV.3*

D. High-energy critical points of the band structure

Figure 4 provides the real and imaginary parts of the DFs
for the N-face (a) and M-face (b) InGaN alloys in compari-
son to the data of InN over the whole investigated range of
photon energies. Because of c-axis orientation normal to the
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surface, the DFs are very close to the ordinary tensor
component.'>?0 First of all, the excellent agreement of the
N-face InN data with the M-face ones should be noticed. It
provides a further proof that N-polar material can be grown
with high optical quality. Besides the gap structure, the shape
of the ordinary tensor component is strongly influenced by
contributions arising from at least five critical points of the
band structure in the energy range above 4.5 eV. The spec-
tral dependence of the imaginary part is consistent with the
results of ab initio calculations of the ordinary optical prop-
erties of hexagonal InN.% In order to achieve these results,
electron-hole interaction was taken into account over the
whole energy range. The excitonic effects cause an overall
redshift of the entire spectra and a redistribution of oscillator
strength with respect to the single-particle band structure and
DF. Ellipsometric studies''*¢37 carried out up to 6.5 eV
yielded nearly identical results as presented here.

All Van Hove singularities are as well clearly resolved for
the alloys despite a larger broadening, which confirms the
good crystalline quality of the InGaN films. As expected for
an alloy system, they undergo a continuous shift to higher
energies with increasing Ga content.

For a further evaluation of the compositional dependence
of the CP energies, it is necessary to pay special attention to
the values for the binary compounds again. Until now, tran-
sition energies of CPs for InN were estimated either from
digitizing peaks and shoulders of the &, spectra!'?2%36-37 or by
applying the MDF line shape.'! Recently, we presented a
more accurate approach to evaluate the Van Hove singulari-
ties by calculating the third derivative of the point-by-point
DF (after surface roughness correction) multiplied by the
square of the photon energy E.®!5 The resulting spectra can
be fitted®® via

d3
dE?

S ©)
(E+iT;=Ecp )"’

5
(E%8) =, "%

J=1

where d)j, G, Fj, and Ecp, j denote the phase angle, the mag-
nitude, the broadening energy, and the transition energy of
the jth CP, respectively. Both the real and imaginary parts are
fitted in order to increase the reliability of the results. The
transitions A-E5 of all samples are well represented by n=6,
whereas n=7 yields the best results for E,. It corresponds to
four two-dimensional and one one-dimensional critical
points, respectively.

A comparison of the current data for hexagonal InN with
the results from Refs. 11 and 36 is given in Table III. The
third derivative analysis with its higher accuracy yields a
slightly lower value especially for the A transition. This is
not surprising because it appears only as a low-energy shoul-
der of E| as can be seen in Fig. 4. Digitizing the shoulder
leads to an overestimation of the transition energy. In the
following, we use the data of the M-face sample (M100) for
the determination of the bowing parameter.

Prior to this, examples of the data analysis for the alloys
are given. Applying Eq. (9) to the data of the N-face
Ingg9Gay 11N layer and the M-face Ing¢9Gag3N layer, one
obtains the curves shown in Figs. 5(a) and 5(b). Both parts of
the DF are nicely reproduced. The InGaN films with identi-
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TABLE III. Comparison of transition energies at Van Hove sin-
gularities for InN at room temperature.

A E, E, E, E,
Sample (eV) (eV) (eV) (eV) (eV)
M100 4.81 5.38 6.12 7.95 8.57
N100 4.82 5.39 6.12 7.95 8.60
InN? 4.84 5.41 6.10
InNP® 4.85 5.38 6.18

#Reference 11.
PReference 36.

cal In content but different polarities (M077, NO77) show
good agreement of critical-point energies within 20 meV.
These results as well as the data for the other alloys are
plotted in Fig. 3. The small scattering of the data allows one
to determine the bowing parameters for the CPs. The third
derivative analysis of the DF yielded for GaN (Ref. 39) the
following transition energies: 6.36 eV (A), 7.00 eV (E)),
7.96 eV (E,), and 9.25 eV (E;). The E, CP lies above the
currently investigated spectral range and is therefore not in-
cluded here. The compositional dependence of the transition
energies, as indicated in Fig. 3 by the solid lines, is described
by bowing parameters of h=0.80 eV (A), 1.07 eV (E)),
1.03 eV (E,), and 0.66 eV (E;). The bowing parameters of
highly energetic CPs are considerably lower than for the
band gap. As has been demonstrated recently,' this is also
the case for InAIN alloys. The bowing parameters of CPs are
essential for parametrized models of the DF.4

IV. SUMMARY

In summary, we have determined the dielectric function of
In-rich metal- and nitrogen-face InGaN alloys from the near-
infrared into the vacuum ultraviolet spectral region. Films
grown on GaN or LT-InN buffer layers show a much sharper
absorption edge (imaginary part of the DF &,) compared to
layers grown on AIN. This is interpreted as a consequence of
an improved structural quality. Furthermore, we have calcu-
lated the spectral shape of &, in the vicinity of the band gap
including the band-filling effects (AEy, Agggr) and the non-
parabolicity of the conduction band. By analyzing the experi-
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F(@) Ing 5Gay (N . 31-_(b) Ing 65Gag 5N €,
[ s N-face £ &Y i

3rd Derivative of £2 x DF (arb. units)

FIG. 5. (Color online) Fit of the third derivative of the DF for
the N-face Ing goGag ;N sample (a) and the metal-face Ing goGag 3N
sample (b). The circles represent the experimental data and the solid
lines are the best fits.

mental data with theoretical results, the zero-density band
gaps are obtained. From that, the bowing parameter is ex-
tracted. The InGaN band gap is characterized by a b of
1.72 eV. Applying a third derivative based DF line shape
fitting procedure yields the transition energies in the range of
the highly energetic critical points of the band structure.
From the transition energies, the bowing parameters for the
compositional dependence of four critical points are derived.
It was demonstrated that the results (e.g., dielectric func-
tions, transition energies) do not depend on the polarity and
therefore growth conditions. Thus, all extracted quantities
represent bulk properties of In-rich InGaN alloys.
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