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A review on the experimental determination of the dielectric function
for hexagonal nitride semiconductors is presented. The peculiarities of nitride
samples such as surface roughness and extended interface layers alter in com-
parison to an ideal film spectroscopic ellipsometry or reflectance spectra in
a characteristic manner. It requires the application of multi-layer models for
data analysis in order to determine reliable dielectric functions. Results of
such an analysis for GaN covering a broad spectral range are given. Below
the band gap, both ordinary and extraordinary components of the dielectric
function tensor are determined for GaN as well as for AIN. The dielectric
functions of MBE-grown InN characterised by a band gap of around 0.75 eV
and a sputtered film exhibiting an absorption edge of around 1.9 €V are com-
pared with results of first-principles calculations. Good agreement between
theory and experiment is only found for the MBE-grown material providing
further evidence that InN is a “narrow” band gap semiconductor. Finally,
photocurrent measurements of a GaN Schottky-diode reveal the influence of
electric fields on the shape of the excitonic absorption edge. The interpreta-
tion is supported by results of dielectric function calculations.

PACS numbers: 78.20.Ci, 78.40.Fy, 68.35.Ct, 71.35.Cc

1. Introduction

The nitride semiconductors such as InN, GaN, and AIN have attracted con-
siderable interest due to their outstanding physical, chemical, and mechanical prop-
erties, making them ideal candidates for the application in various devices. Light
emitting diodes and laser diodes working in the green/blue to ultraviolet spec-
tral regions [1] have been already commercialised, solar-blind photodetectors [2]
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are under intensive investigation. Transistors based on AlGaN/GaN heterostruc-
tures confining a polarisation induced two-dimensional electron gas allow high
voltage, high power operation at microwave frequencies [3]. These devices have
been realised by growing the thermodynamically stable hexagonal wurtzite (a-)
phase. Compared to the a-phase, only a few studies focus on the metastable cubic
zinc-blende (8-) modification. Only recently, electroluminescence of F-GaN was
reported [4].

The binary compounds of both crystal structures, along with the related
ternary alloys, represent a huge class of materials for which experimental deter-
mination of optical constants, i.e. complex dielectric function (DF) or complex
refractive index, over an extended energy range and with the highest accuracy, is
one of the major requirements for the understanding of basic physical properties.
Let us consider a-GaN for example. Studies in the infrared spectral region by re-
flectance/transmittance (R-T) spectroscopy or spectroscopic ellipsometry (SE)
yield information on both lattice dynamics and free carrier absorption [5, 6].
Band-to-band transitions [7] and excitonic contributions [8] dominate the opti-
cal response in the visible/ultraviolet. A comparison of these data with electronic
band-structure calculations provides an important test for the accuracy of the
models [7, 8]. Although the shape of the calculated spectra agrees already well
with the experiments, the overall magnitude differs still appreciably [9].

Hexagonal InN provides another example for the necessity of such a compar-
ison. It was a long time accepted that the band gap of this compound is around
1.89 eV as determined from transmission measurements of sputtered films [10].
Recent investigations of films grown by molecular beam epitaxy (MBE) revealed a
much lower absorption edge of ~ 1 eV [11]. The determination of the DF for both
types of films over an extended energy range and a comparison with first-principles
calculations provides a clear evidence that only the lower band gap material rep-
resents bulk-like InN [12]. A more detailed discussion will be given below.

Beside the fundamental aspects, precise knowledge of the DF, especially
around and below the band gap, is of great technological relevance. It repre-
sents one of the essential quantities for the design and optimisation of the optical
waveguide in separate-confinement heterostructure laser diodes [13] or for achiev-
ing highly reflective Bragg reflectors [14] used in vertical cavity surface emitting
lasers. Furthermore, non-destructive optical methods can be developed for a fast
monitoring of the thickness and properties of grown films [15] or the in situ control
of the growth process [16].

Despite some recent achievements, the current knowledge of DF’s for ni-
tride semiconductors, even the binary compounds, is still rather poor [17]. Tt is
mainly attributed to the fact that large bulk crystals with low defect and carrier
concentrations are not available. Thus, almost all studies refer to layers grown het-
eroepitaxially by metalorganic chemical vapour deposition (MOCVD) or MBE on
foreign non-lattice-matched substrates. Sapphire, 6H-SiC, Si(111), and GaAs(111)
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substrates are used for the deposition of the hexagonal films, while cubic phase
nitrides have been reported on GaAs(001), 3C-SiC/Si(001) and MgO. In order to
achieve films of high crystalline quality, thin (~ 30 nm) GaN or AIN buffer layers
are grown at low temperatures (LT) prior the final deposition. It is obvious that
the optical properties of those films differ from the ones of the subsequently grown
top layer as demonstrated recently for a-GaN [18] and S-GaN [19], respectively.
If growth of a buffer layer is omitted, the formation of an amorphous layer [20]
or void [21, 22] between the substrate and the active film is sometimes observed.
All these peculiarities can be summarised under the concept interface layers. Fi-
nally, it should be noted that the non-ideal nitride surfaces influence the optical
spectra. Surface roughness depends critically on the growth conditions, and or-
ganic/inorganic contamination or native oxides are found on air-exposed surfaces.
Therefore, advanced models, taking into account both interface layers and surface
contributions, have to be established for the experimental data analysis in order
to get reliable DF’s.

The present paper focus only on the hexagonal compounds. In the following
sections, the basic physical quantities are defined and the fundamentals of the
experimental methods including models for data analysis are discussed. Then,
results of the DF determination for GaN are reported. Next, the anisotropy of
GaN and AIN below the band gap is analysed. Then, the DF’s of sputtered and
MBE-grown InN films are presented and compared with theoretical results. In the
final part, the influence of electric fields on the optical properties is discussed.

2. Dielectric function and band structure
2.1. Fundamental relations
The unstrained group-III nitrides with wurtzite structure belong to the
C,(P6smc) space group. Assuming that the optic axis (c-axis) is oriented normal
to the surface (#—y plane) along the z direction, which is found for most epitaxi-
ally grown films, the dielectric tensor of the hexagonal materials can be expressed

by [23]

e 0 0 g 0 0
E=10 ¢ 0]=10 e 0]. (1)
0 0 Ey 0 0 Ee

The complex quantities e, (ordinary) and €. (extraordinary) are the principal com-
ponents of the dielectric tensor and describe the response for light linear polarised
perpendicular (E L ¢) and parallel (E || ¢) to the optic axis, respectively. Their
dependence on the photon energy (Aw), known as complex dielectric function, is
given in the following form:

gj(w) = €1 j(w)+ies j(w), j=o,e. (2)
For each polarisation direction j, the real and imaginary parts of the DF obey the
so-called Kramers—Kronig relation:
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where P means the principal value of the integral. The complex refractive index
N; (along the principal axis of the crystal), used instead in many publications, is
related to ¢;(w) via

Nj(w) = nj(w)+ikj(w) = \/ej(w), j=oe. (4)
Usually, the real part n 1s likewise called refractive index, while the imaginary part

k is known as the extinction coefficient. From transmittance studies, however, only
the absorption coefficient a(w) can be extracted which is related to e3(w) via
w

a(w) = @) £9(hw), (5)

where ¢y denotes the velocity of light in vacuum.

2.2. Theoretical approaches

Although the present work is mainly concerned with the experimental de-
termination of the DF, a few theoretical results illustrating the theoretical ap-
proach should be presented before. Christensen and Gorczyca calculated the band
structures of the binary I1I-V nitrides in the framework of the local density ap-
proximation and derived from the one-particle wave functions the imaginary parts
€2.0(w) and g2 o(w) for both polarisation directions [24]. Then, the corresponding
£1(w) values are obtained from 2(w) by applying Eq. (3). In a detailed comparison
with experimental results for wurtzite GaN, Lambrecht et al. demonstrated the
usefulness of this approach, especially, if the energies of the critical points (CP)
of the band structure are considered [7, 25]. However, they found an increasing
overestimate of the theoretical intensity with increasing energy.

This problem can be solved if in addition the final state interaction between
the excited electron and hole is taken into account as demonstrated recently by
Benedict and Shirley [26]. Their calculated results for a-GaN are summarised in
Fig. 1. The full and dashed lines represent the ordinary and extraordinary com-
ponents of the dielectric tensor, respectively. The data refer to zero temperature,
and valence splitting at the I' point of the Brillouin zone was neglected (see be-
low). Beside the band gap (Fy) at ~ 3.45 eV, £2(w) shows pronounced features
(F1 to E3) above 6 €V arising from transitions in the vicinity of the critical points.
While all three contribute for £ L ¢, F5 should not be observable for the other
polarisation direction. However, the transition probability around £ is strongly
enhanced for E || ¢. Therefore concerning the anisotropy in the low-energy range,
€1e(w) > €1,0(w) is expected. A similar behaviour was calculated in Ref. [24].
Corresponding results for a-AIN and «-InN can be found in Refs. [9] and [27],
respectively, as well as in Ref. [24].

The band structure calculations discussed above do not reveal the peculiari-
ties in the gap energy range. The valence band maximum of the wurtzite nitrides is
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Fig. 1. Calculated real (a) and imaginary (b) part of the dielectric function for a-GaN

for £ 1 ¢ and E || ¢ (Data were taken from Ref. [26]). The arrows indicate critical

points of the band structure.

located at the I" point of the Brillouin zone. Due to crystal-field and spin—orbit in-
teraction it is split into three valence bands with I'y, I'Y, and I'Y symmetry (I is
the upper one for unstrained a-Gal) [8]. The corresponding interband transitions
to the lowest conduction band I'¥ are usually denoted by A, B, and €, and the
accompanying excitons by F X4, FXP and FXC, respectively. They dominate
the optical response around the band gap. The I'y — I'§ transition (and FX4) is
only allowed for light polarisation E L ¢, while I'Y — I'¢ (and FX? and FXY)
transitions contribute for both polarisation directions.

Kornitzer et al. [28] studied nearly strain-free homoepitaxial a-GaN layers by
means of reflectance spectroscopy (E L ¢) at helium temperature and determined
the A—B and B—C energetic splitting with 4.6 meV and 16.9 meV, respectively. If
instead heteroepitaxial layers are studied, all quantities such as e.g. band-to-band
and excitonic transition energies as well as their oscillator strengths depend sensi-
tively on residual strain of the investigated layers. Consequently, they depend on
the difference of the lattice constants and thermal expansion coefficients between
layer and substrate, substrate orientation, layer thickness, buffer layer growth, etc.
Tt can alter the selection rules, given above, under certain conditions (for a detailed
analysis see e.g. Ref. [8]).

3. Experimental methods and data analysis

3.1. 3-phase model

Polarised reflectance and spectroscopic ellipsometry are the most powerful
experimental methods for studying the dielectric function and band structure of
semiconductors. Both techniques are based on the determination of the elements
of the Jones 2 X 2 complex-amplitude reflection matrix [29]

Eyp
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Ey
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connecting the incident (F;) and reflected (E;) electric fields for s- and p-polarisa-
tion. Allowing data analysis for any arbitrary sample geometry (e.g. hexagonal
film on an anisotropic off-oriented substrate), the most general unified approach
to compute the reflection matrix, characterising the sample properties, is the 4 x 4
matrix method [29, 30].

Since it i1s far beyond the scope of this paper to discuss all possible layer
geometries, only the simplest case, known as the 3-phase model, should be briefly
discussed. It consists of a planar hexagonal nitride film of thickness d with ordinary
and extraordinary DF’s £, and e., respectively, on a substrate (£4) in non-absorbing
ambient (£,). The optical axis is oriented normal to the ambient-sample boundary
corresponding to most experimental studies. In this case, the off-diagonal elements
of the reflection matrix vanish (rp, = r;, = 0), while the diagonal reflection
coefficients are given by

_ Toipp + T12,ppeXp (125,) 7

Tpp = - ) (7)
L+ o1, ppriz,pp exp (125p)

Fos = T01,ss + 12,55 €XP (1265) (8)

T 14 701557125 €Xp (125;)

In Eqgs. (7) and (8), ro1 pp, T12,pp and 701,55, 712,55 represent the Fresnel coeffi-
cients for the reflection of p- and s-polarised light at the ambient-film (01) and
film-substrate interface (12), respectively. If the layers are deposited on uniaxial
substrates such as sapphire or 6H-SiC, the anisotropy of the substrate has to be
taken into account in addition which can be found in Ref. [29]. The phase shifts
Bp and 3, are given by

d €6 . 9 1/2

By = 271-X (50 — gea sin @) , 9)
d .9 oy 1/2

s = 27TX (50 — €, 81N @) , (10)

where A is the wavelength of light in vacuum, @ denotes the angle of incidence in the
ambient. From the equations given above, the following characteristic properties

should be noted:

(i) the optical response for s-polarized light depends only on the ordinary DF
of the film,

(ii) under oblique angle of incidence, all measurements using p-polarized light
depend on both, ¢, and e,

(iii) for investigations above the band gap, Egs. (7) and (8) reduce to r,, =
ro1pp and ry; = o145, if the layer thickness is much larger than the light
penetration depth.
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3.2. Reflectance measurements

In reflectance studies, the quantities
Ry =|rppl? and Ry = |rg|* (11)

are determined as a function of photon energy and angle of incidence. However, in
most studies ¢ = 0 is chosen (R, = R, = R) which should be discussed at first.
Two cases have to be distinguished, studies either above or below the band gap.
In the former one, a thick smooth and clean nitride film represents a semi-infinite
substrate, and the 3-phase model reduces to the so-called 2-phase model (ambi-
ent/substrate). Generally, in order to allow for the determination of both the real
and imaginary parts of the DF, measurements of R must cover a broad spec-
tral range (up to photon energies deep in the vacuum-ultraviolet) followed by
Kramers—Kronig transformation. If the ¢-axis lies in the surface plane, both polar-
isation directions can be studied (either E L ¢ or E || ¢). This configuration was
used by Dingle et al. for revealing the symmetry of the three uppermost valence
bands of a-GaN [31], however, DF’s were not reported. A synchrotron radiation
reflectance study up to 30 eV for wurtzite GaN with normal e-axis orientation
was reported in Ref. [7]. While the energetic positions of the CPs are already in
good agreement with calculations, the experimental magnitudes are much too low,
especially at higher photon energies. It turns out that the deviations are caused
by the peculiarities of the surface as demonstrated below.

Most reflectance studies of nitride films, however, are devoted to the deter-
mination of the real part of the ordinary DF below the band gap and refer to @ = 0
with the e-axis being normal to the surface. This special case should be discussed
in more detail. Let us assume a smooth a-GaN film (1.6 gm) on GaAs substrate
without an interlayer. Applying the 3-phase model, a reflectance spectrum is cal-
culated as shown by the solid line in Fig. 2. The reflectance of the bare substrate
(dashed line) and the envelope of the interference extrema (dotted lines) are given
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Fig. 2. Calculated reflectance (3-phase model) for a 1.6 pm thick a-GaN film on GaAs

substrate (solid line). The dashed and dotted lines represent the reflectance of the sub-

strate and the envelope of the interference extrema, respectively.
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for comparison. The following characteristic properties should be noted. First, the
envelopes are independent of the layer thickness. Second, below 2.8 eV, where the
substrate is weakly absorbing, the envelope of the maxima coincides with the re-
flectance of GaAs (R4). This can serve as a test for the applicability of the 3-phase
model for the analysis of experimental data as we will see later. Third, the only
information regarding the dispersion and absolute value of the DF & o(w) for the
a-GaN film can be obtained by analysing the spacing between the oscillations and
the height of the minima (Rp), respectively. These distinguishing features vali-
date as long as the optical constants of the film are lower than substrate ones (e.g.
GaAs, 6H-SiC, or Si). For sapphire with a lower refractive index, only the meaning
of R4 have to be exchanged for Rp and vice versa. If reflectance data are taken
at oblique incidence, then, according to Egs. (9) and (10), s- and p-polarised light
undergo different phase changes. The effect can be used to determine ¢ o(w) in

addition [32].
3.8. Spectroscopic ellipsometry

Spectroscopic ellipsometry analyses the change in the polarisation state of
light upon interaction with a sample [29]. A monochromatic, linearly polarised
electromagnetic plane wave is reflected under non-normal incidence. While the
vector components Fi, and Fi, of the incident field are in phase, the reflected
components Fy, and F,, show a phase difference A, i.e. the reflected wave is
elliptically polarised. Furthermore, the ratio of the magnitudes has changed. Both
effects can be expressed via the complex ratio p of the reflection coefficients by

p= Tep tan ¥ exp (14). (12)

rss
In standard variable angle SE, the ellipsometric parameters ¥ and A are anal-
ysed at each photon energy. Because SE studies are performed with the intent
of determining optical constants, the ratio p is often converted to the so-called
pseudo-dielectric function {¢) by means of the isotropic 2-phase model (ambi-

ent/substrate):
1—p ’
1+ tan® @ <—) : 13
5, (13)

(e) = {e1) +i{ea) = sin? @

It should be emphasised that () represents normally rather sample properties than
material properties. Only in the limiting case of a thick isotropic film (investigated
above the band gap) without any surface roughness, oxide layers, and contami-
nation etc., the quantity () obtained from Eq. (13) is identical to the intrinsic
dielectric function ¢ of the layer. Hence, all other cases require the drawing up of
appropriate models for fitting ¥ and A.

Above the band gap of the hexagonal compounds at least four quantities
(6170, €2,0, €l,e; 6276) are unknown, but ¥ and A depend mainly on the in-plane
tensor components [33]. Therefore, using layers with c-axis orientation normal to
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the surface, ¢, cannot be determined. A more promising way would be the investi-
gation of samples for which the optical axis is significantly off-normal. In this case
the off-diagonal elements of the reflection matrix r,, and rp, are different from
zero and can be detected by SE. Preliminary results of those investigations em-
ploying M-plane Alg;Gag oN(1100) grown on y-LiAlO5(100) have been reported
recently [34].

3.4. Influence of non-ideal surfaces and interfaces

In the previous section, fundamentals of data analysis were presented as-
suming an ideal single layer on a substrate or crystals in order to determine the
DF. However in reality nitride films show some peculiarities requiring a more
elaborate strategy. Optical spectra of nitrides may be essentially influenced by
surface effects, such as oxide layers, roughness and contamination, or non-ideal
film-substrate interfaces caused by e.g. buffer layers, inhomogeneous strain relax-
ation or deteriorated substrate surfaces. In the following, it is demonstrated how
to prove these effects and how to take them into account in data analysis in order
to obtain more reliable DF’s.

3.4.1. Surface contamination and ozxides

Edwards et al. [35] observed essential changes in the pseudo-DF of hexagonal
GaN, AIN, and AlGaN due to wet chemical treatments in real time. The layers were
grown by MOCVD on vicinal 6H-SiC substrates. The behaviour of {(¢) for GaN for
example was studied after treatment in methanol (MeOH), NH,OH, NaOH, and
0.01% Br in methanol in the energy range up to 5.5 ¢V. The general trend can be
summarised as follows: after each cleaning step () increased while {£2) decreased
which is explained by a removal of an overlayer typically found on air-exposed
surfaces. The analysis evidenced that half of the removed overlayer was soluble in
MeOH and H»O, and, therefore, 1s related to organic and inorganic contamination.
The remaining part of the overlayer was presumably a Ga;Os-like oxide.

The influence of a Ga»O3-like oxide is even more dramatic at higher energies.
This was revealed by Wethkamp [36] by measuring the pseudo-DF of a a-GaN

] <82>5””I””|”III””IH”IIMI(«IDI)”E

7 9
Photon Energy (¢V) Photon Energy (V)
Fig. 3. Real {e1) (a) and imaginary {(e2) (b) part of the pseudo-dielectric function of

a-GaN before (dashed lines) and after oxide removal (full lines) by thermal desorption
in UHV at 500°C for 10 minutes (Data were taken from Ref. [36]).
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sample grown by MOCVD on sapphire before and after thermal desorption at
~ 500°C in ultra-high vacuum. The change of the data shown in Fig. 3 can be
explained by a removal of ~ 1 nm thick oxide overlayer. Note that at higher
photon energies both the real and imaginary parts of the pseudo-DF increased
after treatment indicating the absorption due to the oxide. However, this surface
cleaning procedure deteriorated the surface flatness. The rms roughness 6 increased
from 0.28 nm to 0.87 nm which was determined from atomic microscopy studies
(AFM).

Both studies demonstrated the extremely high sensitivity of SE to thin over-
layers. The method can be used to assess the preparation of chemically clean abrupt
nitride surfaces. A more detailed review of ez situ and in situ cleaning procedures
for preparing device-quality AIN and GaN surfaces was presented in Ref. [37].

3.4.2. Surface roughness

The disturbing influence of surface contamination or oxides can be avoided
by a proper surface pre-treatment. But even then, reflectance and SE studies suf-
fer from the contribution caused by surface roughness. Despite a large number of
reports on optical spectra of nitrides, there are only a few works for a-GaN [15, 17,
22, 38, 39], where the influence of the surface roughness was systematically inves-
tigated. Kawashima et al. [39] reported SE spectra for two a-GaN films grown by
MOCVD on sapphire. The films exhibited the rms surface roughness of 0.18 nm
and 5.2 nm leading to essential differences in the pseudo-DF above the band gap.
At a photon energy of 3.8 eV, values of {¢1) = 6.71 and (g3) = 1.80 as well as
{e1) = 6.32 and (e2) = 2.28 were determined for the smoother and rougher sam-
ple, respectively. Hence, it can be concluded that (e2) increases with roughness,
while {(g1) decreases. This behaviour is similar to the case of surface contamina-
tion/oxides.

The above discussed experimental results demonstrated the strong influence
of surface roughness on the pseudo-DF. However, because we are interested in de-
termining a real DF for each material, we should know how to model this effect for
the analysis of SE and reflectance spectra. Two different approaches in attempting
to solve this problem are presented and compared to each other.

Starting from hypothesis concerning a transition layer on an isotropic sub-
strate surface, Sivukhin [40] proposed a model in order to explain elliptic polari-
sation of reflected light (for a review see Ref. [41] and references therein). Under
influence of the incident wave, the atoms/molecules of the substrate acquire dipole
moments and produce secondary waves. The reflected light is the result of inter-
ference of the secondary waves. From physical grounds, one can believe that the
polarisability of “surface” atoms/molecules differs from that of atoms/molecules
in a bulk, and therefore, two types of secondary radiation sources, surface sources
and volume sources, can be considered. Since experimentally one measures the field
at distances far away from the substrate compared with atomic and interatomic
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dimensions, the effect of the discrete surface sources can be approximated by con-
tinuously distributed sources, i.e., a flat-parallel layer of a polarisable effective
medium with optical properties different from those of the substrate material.

This model is intensively used in ellipsometric studies to simulate roughness.
If the mean height and correlation length of the irregularities on a rough surface are
both much less than the wavelength of light, multiple-scattering depolarisation is
not significant and the contribution of the polarisation of the rough surface to the
far-field radiation pattern can be approximated by one or more layers (overlayers)
of polarisable effective media sandwiched between a perfect substrate and a perfect
ambient [41]. Usually, a rough overlayer is considered as a mixture of the ambi-
ent and the substrate with optical constants calculated using one of the effective
medium approximation (EMA) models discussed in detail in Refs. [41] and [42].
The simplest among them is a linear model in which the effective complex DF of
a composed medium is postulated to be a linear function of volume fractions of
constituents. More common are the Maxwell-Garnett [43] and the Bruggeman [44]
EMA’s.

The second approach considers scattering of light by surface irregularities in
reflectance studies, i.e. after reflection from a rough surface, not only specularly
reflected waves occur but a part of the light is scattered into other directions.
The scattered light is not detected and hence the measured reflectance (R) of a
rough opaque substrate is smaller than that (R;) of a smooth substrate. Calcula-
tions under general assumptions about the shape of surface irregularities lead to
a relation [45, 46]

(14)

2,282
R = Rsexp (—7167 a0 ) ,

22
where ng 1s the refractive index of an ambient. The formula allows the correction
of experimental R-spectra in order to get R, once knowing é for example from
AFM measurements. Applications to nitride semiconductors demonstrating the
usefulness of this approach and its accuracy were reported recently [22, 38]. A
more detailed comparison of both models can be found in Ref. [17].

3.4.3. Interlayers and non-abrupt internal boundaries

There is a large number of reflectance, transmittance or SE investigations
dedicated to the determination of optical constants below the band gap of the ni-
trides. Even for the most intensively studied material a-GaN, the reported refrac-
tive indices and the energy dispersion (dn/dFE) deviate from each other up to 6%
and an order of magnitude, respectively [15]. One reason for the differences might
be that data analysis is carried out in most works using the simplest 3-phase model
(ambient /film/substrate) only. It neglects all non-idealities in the film/substrate
interface region introduced by the growth process. Non-ideality means the presence
of interlayers with optical constants being different from the ones of the substrate
and film, e.g. an amorphous layers [20] or void formation at the substrate sur-
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face [21, 22] as evidenced by transmission electron microscopy (TEM) studies. A
high density of stacking faults is typically found in the low-temperature a-GaN
nucleation layer grown on sapphire [47]. Finally, Micro-Raman studies on thick
a-GaN layers grown on sapphire or 6H-SiC revealed an inhomogeneous strain re-
laxation in the growth direction [48]. All these effects alter the optical properties,
and therefore, such a sample represents a more complicated multi-layer system.

Reflectance measurements over a broad spectral range and the comparison
with the expected behaviour within the 3-phase model provide a sensitive tech-
nique to prove the presence of interlayers and to draw conclusions concerning the
interface optical properties [15]. Two representative examples should be discussed
in detail [49]. Hexagonal GaN films were grown on GaAs(111)B substrates by MBE
using a rf activated plasma source to provide atomic nitrogen and an elemental
source for Ga. Oxide removal from substrate surface was carried out 620°C under
As flux. Then, for one sample a low temperature nucleation layer was generated
at 610°C by 10 min nitridation of the substrate. The other sample was directly
heated to the deposition temperature of 710°C. Both samples were grown under
N-rich conditions with an identical N/Ga ratio up to a final layer thickness of
approximately 1 pym.

3 3
S0.6F (@ 1 go6k (b) ]
5 5
Q Q L ]
5 5
=7 ~MO4E
0.2
; oobortm et L NV
1.6 1.6 2 24 28 32 36
Photon Energy (eV) Photon Energy (eV)

Fig. 4. Experimental reflectance spectra (solid lines) for two a-GaN films grown by
MBE on GaAs(111)B substrates either without nucleation layer (a) or with 10 minutes
nitridation of the substrates prior subsequent growth (b). The calculated envelopes of

Fig. 2 are shown for comparison.

The solid lines in Fig. 4a and b represent the reflectance of the two samples,
and the envelopes (dashed lines) correspond to Fig. 2. Characteristic deviations
to the simple 3-phase model are observed over the whole range. The difference
between the experimental curves and the envelope above the band gap is caused
by surface roughness. Below the gap neither for the directly grown sample nor
the nitridated sample the reflectance maxima coincide with the envelope. This
observation represents the direct experimental proof of an interlayer requiring
a multi-layer approach for the data analysis. As demonstrated in Ref. [15], an
enhanced reflectance for the maxima (Fig. 4a) indicates an extended interface
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layer with a DF (£int) being lower than for the subsequently grown bulk-like GaN
film (£gan), while the condition egan < €int < £Gass leads to a reduced reflectance
(Fig. 4b). Without going into detail, the main reason for the extended interface
in the present case is the formation of pits (voids) at the substrate surface during
the growth process. The deteriorated substrate layer can be represented by an
EMA film (GaAs with voids), treating its thickness dint and the void fraction fine
as adjustable parameters. A complete data analysis is reported in Ref. [49]. The
major result is that the nitridation process reduces strongly the void formation
and the size of the interface region. Figure 4a corresponds to fi,y = 0.64, while
fint = 0.15 1s found for Fig. 4b.

A more common substrate for a-GaN growth is 6H-SiC. In Ref. [38] a sin-
gle crystalline film grown by MBE using a low-temperature GalN buffer layer was
investigated. No evidence was found for either extended void formation or amor-
phous layers by cross-sectional and high-resolution TEM studies. However, within
30-50 nm away from the substrate/film boundary, the measurements revealed a
clearly visible strain contrast and a high density of threading dislocations of mixed
character which self-annihilate and decrease in intensity in the depth of the film.
Although this disturbed region near the boundary might exhibit a refractive index
only slightly different to GaN, it is unambiguously verified by reflectance studies.

4. Experimental results and discussion

4.1. Dielectric function of hexagonal GaN

Hexagonal GaN represents the most intensively studied nitride compound.
But it turns out that even for this material the components of the dielectric ten-
sor are not known with sufficient accuracy over a broad spectral range. For in-
vestigations above the band gap only pseudo-dielectric functions were reported
in most cases, 1.e. those data suffer from the influence of the surface peculiar-
ities. Wethkamp compared the {¢)’s of various MBE- and MOVPE-grown films
on sapphire and 6H-SiC substrates with bulk GaN crystals as obtained from SE
measurements [36]. The sample with the best crystalline quality and an electron
concentration as low as 5 x 10'® ¢m™3 which was grown by MOVPE on sapphire
substrate yielded already prior thermal desorption of the oxide the largest (e2)
value at around 6.8 eV, but even a larger value after treatment (Fig. 2).

Taking these data and correcting them numerically for the surface rough-
ness, one obtains the spectral dependence of the DF as shown in Fig. 5 by the
circles. Because experimental data refer to an angle of incidence of @ = 67.5° and
therefore to an angle of refraction of ~ 20° they correspond nearly to the ordinary
DF. The assumption is corroborated by the fact that all three critical points of the
band (Fy, Ea, and Fs3) are strongly pronounced while E5 should be missing for
E || c. Hence, the theoretical results for the perpendicular polarisation direction as
already shown in Fig. 1 are plotted for comparison (dashed lines). Concerning the
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Fig. 5. Real (a) and imaginary (b) part of the dielectric function for hexagonal GaN.

The open circles are obtained from Fig. 3 after correcting for roughness. Theoretical

results of Fig. 1 for E L ¢ are shown for comparison (dashed line).

energetic positions already excellent agreement is obtained. However, the experi-
mental magnitude is larger than calculated, especially in the range of E;. There
are two possible explanations. Figure 1 indicated a larger transition probability
for light polarisation parallel to the ¢-axis around F;. Therefore, an averaged ex-
perimental DF with increasing e contribution (corresponding to the polarisation
ratio) shows as well a larger peak value than e, alone. Secondly, the calculated
values for ¢, are still too low. Experimental results concerning the anisotropy as
discussed in the next section show that in contrast to the calculations 1 is never
less than 5 in the low-energy range neither for the ordinary nor the extraordinary
component.

Let us turn to the energy range around the band gap of ~ 3.45 eV. The full
lines in Fig. 5 represent fitted data for a 1800 nm thick GaN film grown by MOVPE
on sapphire substrate with an low-In content interface layer. The surface rough-
ness was & = 0.3 nm. XRD measurements yielded lattice constants of ¢ = 5.190 A
and @ = 3.182 A. As it can be seen in the graph these new data match nearly
perfectly with the studies of Ref. [36]. In comparison to our previous investigation
of a MBE-grown GaN film on 6H-SiC [38] the features around the band gap are

0 : 1 1
3.0 3.5 4.0 4.5

Photon Energy (eV)
Fig. 6. Absorption coefficient of o-GaN as calculated from the full lines of Fig. 5. The
film was deposited on sapphire substrate. The dashed line refers to SE investigations

without taking into account roughness [50]. Note the difference in the absolute values.
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much sharper emphasising the superior optical properties of the MOVPE film.
From the €7 and ¢4 values the absorption coefficient « can be calculated which is
shown by the full line in Fig. 6. The peak at 3.433 eV is attributed to the super-
position of the free excitonic FX# and FXP? transitions. But Fig. 6 emphasises
as well the necessity of SE data analysis concerning surface properties. Although
the qualitative shape of « is maintained if pseudo-DF’s are used (dashed line) the
absolute value is much larger [50] with the consequence that the light penetration
depth would be underestimated.

What remains is the question concerning the anisotropy in the high-energy
range. To the best of our knowledge now data were reported so far for GaN.
However, preliminary results of pseudo-DF’s for M-plane Alo.lGao.gN(lTOO) with
the c-axis orientation in the surface plane evidence indeed that the FE5 critical
point is not observed for E || ¢ [34].

4.2. Optical anisotropy of a-GaN and a-AlIN below the band gap

Although the anisotropy of €1 below the band gap (¢2 = 0) is much lower
than in the high-energy range it is easier to access. Two techniques are used. Fun-
damentals of the prism coupling technique (PCT) are found in Ref. [51]. This
method is based on the waveguiding properties of the film. However, PCT is re-
stricted to photon energies of available lasers and is applicable only to transparent
films grown on substrates with lower refractive index (e.g. sapphire) due to the
necessary waveguide arrangement. In fact, these limitations do not occur in re-
flectance and SE studies. According to Eqgs. (9) and (10), the p- and s-polarised
waves undergo different phase shifts for non-normal incidence of light because e,
enters §, but not J;. Therefore, the extrema of the interference oscillations in po-
larised reflectance measurements (detection of R, and R,) show a different energy
shift while changing the angle of incidence. The analysis yields ¢; , and €1 as
demonstrated in Ref. [32] for GaN.

In comparison to reflectance studies, SE provides an even higher sensitivity
as shown recently by us [52]. We fitted the data for GaN and AIN films on 6H-SiC
substrates taken at various angles of incidence at each photon energy. The spectral
dependences of the DF’s can be modelled by an analytic formula. It becomes clear
from Fig. 1 that the anisotropy and the dispersion below the band gap is originate
from two contribution, one arises from the band gap, but the second one is due to
the large oscillator strength around the F; critical point. Taking both contributions
into account the spectral dependence of real part of £ can be described by

2 (A E? — (hw)? A B

er(hw) = 1+ = (70111 Eé — Ehwsz 7 _1(h1w)2) (15)

with the adjustable parameters Ey, E;, Ag, and A; for the corresponding po-

larisation directions. Their values are summarised in Table. It should be noted
that the energies do not fit exactly to the critical point energies. A more detailed
discussion is given in Ref. [52].
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TABLE
Parameters of Eq. (15) for the real part e; of the or-
dinary (o) and extraordinary (e) dielectric functions
of wurtzite AIN and GaN in the transparent region.

Material | DF | Ao | Eo [eV] | A1 [eV] | Ei [eV]
a-AIN | e1,0 | 4.664 6.465 27.14 10.81
€1 | 4.944 6.398 30.28 9.461
a-GaN | e1, | 1.837 3.450 40.65 8.175
€16 | 1.929 3.504 41.89 8.164

The full and dashed lines in Fig. 7 represent these SE results for ¢, and e,
respectively, as well as previously published data for GaN extracted from PCT [51]
and AIN obtained from reflectance studies of bulk crystals [53] (open symbols
refer to the extraordinary part). In agreement with calculations the extraordinary
component is larger than the ordinary one for both materials over the considered
spectral range. If an isotropic model would be used to analyse SE data then an
averaged DF is determined. Those data lie even slightly below £  and not between
€1,0 and €1 ¢ as one could expect.

2 3 4 5 6
Photon Energy (eV)

Fig. 7. Real part of the ordinary (full lines, filled symbols) and extraordinary DF
(dashed lines, open symbols) DF. The upper (lower) curves refer to a-GaN (a-AIN).
Corresponding data indicated by triangles and circles were reported in Refs. [51] and [53],

respectively.

The representation by analytic formula allows extrapolation to zero photon
energy yielding the high-frequency dielectric constant (o0) used to describe the
interband contribution while fitting infrared spectra. For GaN and AIN we get
values of £5(00) = 5.18 and ¢.(00) = 5.31 as well as of €5(00) = 4.13 and g.(00) =
4.27, respectively. A comparison with other results is reported in Ref. [52].

4.3. Dielectric function of hexagonal InN

Among the group-III nitride semiconductor compounds, the physical prop-
erties of InN are known rather poorly. This is mainly attributed to the difficulties
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in growing high-quality crystals. A discussion of optical properties of InN demands
to distinguish between either sputtered films or epitaxial layers deposited by MBE
and MOVPE. Interband optical absorption measurements of sputtered polycrys-
talline InN films yielded a band gap of Ffy ~ 1.9 eV at room temperature [10]. This
value of the band gap has been accepted for a long time and was frequently used
as the end-point value for the extrapolation of the band gap in In,Ga;_,N alloys.
The wide use might surprise because Sullivan et al. reported an appreciably lower
value of Fy ~ 1.7 eV already in the late 80s [54]. Recent studies of epitaxial layers
grown by MBE [11, 55, 56] or MOVPE [57], however, revealed a much narrower
gap of By < 1eV.

For both types of films, reports on the DF covering a broad energy range
are scarce. Refractive index and extinction coefficient of sputtered layers were
obtained from transmittance/reflectance [58] and SE [59] studies. However, the
applied single-layer model neglects the influence of roughness and interface layers
on the spectra. Guo et al. reported optical constants for MOVPE grown InN
determined from reflectance investigations followed by Kramers—Kronig analysis.
These data suffer from the relatively low InN layer thickness (~ 300 nm) and the
neglect of sample surface roughness [60].

Here, a comprehensive SE data analysis is presented based on multi-layer
models in order to determine the InN DF’s for both single-crystalline MBE grown
and sputtered films with a high reliability. A single-crystalline hexagonal InN film
was grown on (0001) sapphire by MBE as described elsewhere [61]. The sample
consists of a 10 nm AIN nucleation layer followed by a 310 nm GaN buffer layer and
the final 960 nm InN film. Structural properties of the films were examined by high
resolution X-ray diffraction (HRXRD) measurements. The optical axis is oriented
normal to the surface. From reciprocal space maps of the symmetric (002) and
the asymmetric (20.5) Bragg reflexes the InN lattice constants were determined
amounting to ¢ = 5.686 A and ¢ = 3.552 A which is in excellent agreement with
previous studies of thick InN films deposited on GaN [62]. AFM revealed a surface
roughness value of § = 12 nm. Hall measurements at room temperature yielded
an electron density and mobility of 8 x 107 em™2 and 1500 em?/(V s), respec-
tively. The polycrystalline InN layers were deposited by magnetron sputtering of
a nitrided indium target in a reactive nitrogen plasma [10] on Si substrates with
a thickness of 1210 nm, respectively. The lattice constants are ¢ = 5.786 A and
a = 3.58 A while the roughness amounts to § ~ 8 nm.

Figures 8a and b show the spectral dependence of ¥ for the single-crystalline
MBE film and the sputtered layer, respectively, taken at different angles of inci-
dence (open circles). Remarkable differences are observed. For the sputtered layer
in Fig. 8b, ¥ shows oscillatory behaviour below ~ 2 eV due to interference, but
a smooth dependence on the photon energy at higher energy. Obviously, the film
is transparent in the low-energy range and strongly absorbing above 2 eV. In
contrast, for the MBE grown film oscillations start to evolve only below ~ 1 eV
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Fig. 8. Fit (full lines) of ellipsometric data (open circles) taken at different angles of
incidence. Curves of (a) and (b) refer to a MBE-grown single-crystalline InN film and
InN obtained by sputtering techniques, respectively. Data taken at 74° in (b) are shifted
by 15° for the sake of clarity.

indicating a much smaller band gap for this film. It is worth noting that A, not
presented here, shows similar features. The full lines indicate the fit results taking
into account the film roughness. No assumption were made concerning the shape
of the DF, 1.e. we fitted the values of €1 and ¢4 for each photon energy.
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Fig. 9. Comparison of the real (a) and imaginary (b) part of the DF as well as the
absorption coefficient (c) for hexagonal InN. The full and dashed lines are obtained from
the by point-by-point fits of the MBE-grown and sputtered layers, respectively. The
long-dashed lines represent the results of the calculations for the ordinary component

without quasi-particle corrections [28].
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Figure 9 shows the results for the real (a) and imaginary (b) part of the DF
for InN as well as the corresponding absorption coefficient (¢). The full and dashed
lines are obtained for the MBE grown and sputtered films, respectively. Similar to
the GalN studies, the data can be assumed to represent nearly the ordinary DF.
Calculations within the framework of density functional theory (DFT) in its lo-
cal density approximation (LDA) yield for this polarisation direction the spectral
dependence as indicated by the long-dashed lines [27]. Let us first focus on the
absorption coefficient (c), however. Our results for the sputtered films are in con-
sistency with previous investigations [10]. Those layers show only weak absorption
in the energy range between 1 and 2 eV. For single-crystalline InN, however, the
absorption coefficient increases continuously with the photon energy.

The main result of this work is shown in Fig. 9b where the imaginary parts
of the DF’s are compared. The MBE grown films exhibit a spectral dependence
of €9 which coincides in essential features with the theoretical results. Above the
band gap (Eg =~ 0.75 eV) the imaginary part increases very sharply indicating a
non-parabolic band structure and remains nearly constant above the band gap
up to energies of about 4 eV. The strong increase at higher energies arises from
transitions along the L-M direction in the Brillouin-zone and was also calculated
in Refs. [24] and [63]. However, its energetic position depends on the assumptions
made in the DFT-LDA procedure. For the sputtered films such a strong increase
around 4 eV is not observed, i.e. the two types of InN films differ not only in
their band gap values but in addition in the higher-energetic parts of the DF.
Therefore, we conclude that only the MBE grown films represent bulk-like InN in
the wurtzite structure. Preliminary results of ellipsometry studies on In;_,Ga,N
films [12] emphasise this conclusion. As expected for an alloy system the spectral
shape of both parts of the DF does not change very much if a low amount of Ga
atoms replace In atoms in the InN lattice. With increasing Ga-content the step-like
structure of g5 found between 1 and 2 eV shifts continuously to higher energies
reflecting the rising band gaps. But even for 43% Ga composition, the gap energy
is unambiguously below 1.9 eV the value reported for sputtered films.

4.4 Influence of electric fields on the dielectric function

It is well accepted and widely used that electric fields changes the shape of
the dielectric field. In a single particle picture the influence 1s described in terms of
the Franz—Keldysh effect giving rise to pronounced oscillations above the band gap
which allow e.g. the determination of electric field strength F in a semiconductor.
However, electron—hole interaction during the excitation process cannot be disre-
garded. It leads to bound states appearing in absorption measurements as strong
peaks below the band gap as well as to an enhanced transition probability above
the band gap known as the exciton continuum. Calculations showed that an elec-
tric field broadens the excitonic peak in the imaginary part of the DF and changes
its energetic position in a nontrivial manner [64, 65]. The characteristic field unit
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is the ionisation field strength Fj, for which the potential energy drop over one
exciton Bohr radius corresponds to the exciton binding energy. For GaN a value
of F; = 81 kV/cm is estimated. Internal electric fields in nitride heterostructures
exceeds this value appreciably due to spontaneous and piezoelectric polarisation
effects. But even in within the surface space charge region F' > Fj is normally
found.

Figure 10 shows photocurrent spectra of a Pt/GaN Schottky diode with
N-face polarity taken at a temperature of 7' = 5 K. Applying a positive for-
ward bias of 0.5 V (full line) strong peaks due to the free excitonic transitions
FXA FXE and FX© are clearly visible. In contrast the spectrum measured un-
der a reverse bias of -1 V (dashed line) does not show peaks any longer, however,
in the low-energy range the absorption edge is strongly broadened. Obviously the
field strength within the space charge region exceeds F; leading to an “exciton

dead layer” (EDL).

_____

Photocurrent (arb. u.)

3.40 3.45 3.50 3.55
Photon Energy (eV)
Fig. 10. Photocurrent spectra of a N-face Pt/a-GaN Schottky diode taken at a tem-
perature of 7' = 5 K under applied forward and reverse bias voltages of +0.5 V and
—1.0 V, respectively.

In order to get a better insight into the general behaviour, the contribu-
tion of I'y—I'¢ transitions to €3 was calculated as a function of F' in terms of Fj.
Electron—hole interaction was included using the scheme developed by Blossey [65].
The results are given in Fig. 11a, the dashed vertical line indicates the F X4 transi-
tion energy at zero field strength. For low fields, the exciton ground state undergoes
a shift to lower photon energies (Stark effect), reaching a minimum at a field of
F =~ 0.5F;. Then it moves back towards higher energies and its width increases.
For F' > F;, the ground state merges into the exciton continuum and, owing to the
large broadening and the low amplitude, discrete excitonic features are no longer
observable in the DF implying the quenching of discrete exciton states. Above the
band gap the DF shows as well oscillatory behaviour with an energetic spacing
similar to the Franz—Keldysh oscillations within the single-particle picture. Once
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knowing the imaginary part the real part as presented in Fig. 11b is obtained by
Kramers—Kronig transformation. Similar results are obtained for the two I'Y -1
(FX® and FX) transitions. Taking these data and adding the contribution of
the higher energetic critical points one gets the complete DF under the influence
of an electric field.

e (arb. u)
£ (arb. u)

P PP | FETT FETT ITET1 AT N L.
33 34 35 36 37 33 34 35 36 3.7
Photon Energy (V) Photon Energy (V)

Fig. 11. Calculated contribution of Iy — ¥ transitions to the imaginary part (a) of the
DF for a-GaN for various electric field strengths at 7' =5 K. Electron—hole interaction
(exciton effects) is taken into account. The corresponding real parts (b) are obtained

via Kramers—Kronig transformation of e2.

The extension of the EDL depends on the space charge width, i.e. on the
gate voltage. A spatial varying DF in this range causes interference effects in
the reflectance. It can be evidenced by superimposing a modulation to the bias
voltage while measuring the change in reflectance (AR) phase sensitively by a
lock-in amplifier (electroreflectance). With increasing reverse bias AR shows a
sign inversion proving interference effects. Such rotational spectra can analysed
in order to determine the doping concentration or the surface barrier height as
demonstrated recently [66].

However, the main results of this part is that that the exciton peak position
does not only depend on the strain [8] but also on the electric field strength. In
comparison to the field free case the largest deviation is found for F' & 0.5F}, which
amounts to ~ 3.5 meV for F X4,

5. Summary

It was demonstrated that peculiarities of nitride samples such as roughness
and interface layers require to establish appropriate multi-layer models for fitting
spectroscopic ellipsometry or reflectance data in order to obtain reliable dielectric
functions. Above the band gap only the ordinary component of the DF tensor was
determined for hexagonal GaN as well as for InN. Anisotropy studies in this range
require samples with c-axis orientation within the surface plane. But those studies
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have not been reported so far. For the latter compound a comparison of experi-
mental data with calculations emphasises a band gap energy as low as ~ 0.75 eV.
Spectroscopic ellipsometry provides a very sensitive technique for determining the
anisotropy below the band gap as the results for GaN and AIN showed. Elec-
tric fields alter the shape of the dielectric function around the band gap strongly.
The Stark shift has to be taken into account when analysing exciton energies.
Finally, the methods and models presented here concerning DF determination for
the hexagonal phase of the nitrides are also applicable to the cubic counterparts.
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