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We investigate the optical properties of AlxGa1–xN:Mg with aluminum content of 0.61� x� 0.733

in comparison to undoped and silicon doped reference samples. The ordinary dielectric functions,

excitation, and emission spectra are reported at different temperatures. A comprehensive analysis

yields quantitative data on the valence band structure of the ternary alloy, i.e., splitting and order

of valence bands with different symmetries. Finally, the near band gap emission in AlGaN:Mg is

found to be most probably dominated by donor to free-hole recombination. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4897449]

I. INTRODUCTION

Increasing interest in ultraviolet (UV) light emitting

diodes has led to great efforts in the development of doped

AlxGa1–xN layers. While n-type doping with silicon has fre-

quently been reported with reasonable success,1–4 p-type doped

AlxGa1�xN is apparently much harder to achieve. For imple-

mentation of doped AlxGa1�xN layers into functional devices

like light emitting diodes or laser diodes, the optical properties

of the doped injection layers have to be understood in detail.

Very important are therefore the knowledge of the dielectric

function, splittings and oscillator strengths of interband transi-

tion energies, and recombination mechanisms. Yet there are no

data available how doping, especially by the acceptor candi-

date Mg, influences these important optical properties.

Here, we present a systematic study on optical properties

of AlxGa1�xN:Mg (x¼ 0.61, 0.66, and 0.733) and compare

to Al0.66Ga0.34N:Si and unintentionally doped (UID)

Al0.66Ga0.34N. By a combination of spectroscopic ellipsometry

and photoluminescence excitation spectroscopy (PLE), we are

able to determine the valence band sub-structure of the sam-

ples which is supported by kp theoretical calculations. This

allows to analyze localization effects in the emission proper-

ties correctly. With Mg doping, the luminescence spectra

change their structure from broad unstructured bands in UID

or Si doped to structured emission in Mg doped samples. The

corresponding luminescence mechanism in AlxGa1�xN:Mg

is discussed, where we propose a neutral donor to free-hole

transition being responsible for the new arising bands at the

low energy wing of the near band edge emission.

II. STRUCTURAL PROPERTIES AND EXPERIMENTAL

Three Mg-doped AlGaN samples with different Al

composition were grown on (0001) sapphire substrates by low

pressure (50 Torr) metal organic chemical vapor deposition.5

A thin AlN buffer layer of about 80 nm thickness grown at

600 8C was used to initiate the growth. A 1 lm AlN layer

grown at 1200 8C was used as high temperature template fol-

lowed by a 1.2 lm thick Mg-doped AlGaN layer grown under

1000 8C. Trimethyl aluminum (TMA), trimethyl gallium, and

ammonia were used as Al, Ga, and nitrogen sources. High pu-

rity H2 served as the carrier gas. Biscyclo-pentadienyl magne-

sium (Cp2Mg) was used as source for Mg doping. The

magnesium concentration in the semi-insulating layers was

estimated to be on the order of 5� 1019 cm�3 from growth pa-

rameters. The three Mg-doped AlxGa1–xN samples were

grown under the same conditions, except the flow rate of

TMA which was varied leading to different aluminum compo-

sitions (x). A TMA flow of 12 sccm led to x¼ 0.610, 20 sccm

to x¼ 0.660, and 35 sccm to x¼ 0.733, respectively.

Additionally, an unintentionally doped (UID) Al0.66Ga0.34N

sample and a silicon doped Al0.66Ga0.34N sample have been

investigated for comparison.

The Al composition and the structural quality of the

samples were determined by high-resolution x-ray diffrac-

tion (Bede D1 HR-XRD) using Cu Ka radiation. Rocking

curves were recorded for the symmetric (002) and the skew-

symmetric (102) reflections, as well as reciprocal space

maps (RSM) for the asymmetric (105) reflections (not shown

here). According to the (105) asymmetrical XRD RSMs

obtained from the three Mg-doped AlGaN samples, the

AlN template reciprocal lattice points are not in vertical

alignment with that of the AlGaN epilayers, indicating that

AlGaN is not pseudomorphically strained on the AlN tem-

plate. The Al composition was calculated and is summarized

in Table I together with lattice parameters and rocking curve

full widths at half maximum (FWHM) values. The (002) and

(102) rocking curves are presented in Fig. 1. For the (002)

rocking curves a detector slit of 0.5 mm was used, while for

the (102) rocking curves the detector was open. This fact is

visible by the presence of a part of the AlN layer reflex in
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the (102) data only (on the right hand side in Fig. 1). We

found no definite links between FWHM and the Al content.

The densities of screw threading dislocations (TDs) and

edge TDs were estimated to be 6 – 9.5� 108 cm�2 and

1.2 – 1.7� 108 cm�2 from FWHMs of rocking curves,

respectively.

All samples have been studied by temperature depend-

ent photoluminescence (PL) spectroscopy, and spectroscopic

ellipsometry. PL was excited by an ArF* excimer laser

(k¼ 193 nm), while the sample was mounted inside a tem-

perature variable liquid helium cooled cryostat. Emitted light

was dispersed by a grating monochromator and detected by a

liquid nitrogen cooled charge-coupled device camera.

Spectroscopic ellipsometry was performed at two different

setups. In the spectral range from 0.5 to 6.5 eV, we used a

commercial variable angle spectroscopic ellipsometer

(Woollam). Data for photon energies between 4.9 and 9.8 eV

were recorded by an ellipsometer6 mounted at the synchro-

tron beamline U125/2-NIM at the Berlin electron storage

ring for synchrotron radiation (BESSY II, Germany). While

the angle of incidence was varied for the laboratory setup, at

the BESSY II ellipsometer it was fixed to 67.58. All ellipso-

metric data presented here refer to room temperature

(T¼ 295 K) except for Fig. 6 and the lower trace in Fig. 7.

The ordinary dielectric function was extracted from the ellip-

sometric parameters W and D using a multi-layer fit proce-

dure as published earlier7 employing model dielectric

functions. Finally, PLE was recorded at the synchrotron light

source DORIS III at DESY, Hamburg (Germany) using the

superlumi station at beamline I at 10 K (and at 295 K for the

upper trace in Fig. 7). Details can be found elsewhere.8,9

III. RESULTS AND DISCUSSION

In order to get a first insight into the expected emission

and absorption properties in the range of the fundamental

band gap, it is essential to consider the valence band ordering

at the C points of the Brillouin zone and the polarization

dependent transition probabilities into the conduction band.

We use the known alloy composition and lattice parame-

ters (Table I) of the biaxially compressively strained films to

calculate the valence band structure and thus the transition

energies (Table I). Theoretical model calculations by the kp

method are performed using an approach published earlier

making use of exciton transition energies.10 A band gap

bowing of b¼ 0.9 eV (Ref. 11) is adopted describing the

transition from the conduction band to the valence band

having C9 symmetry according to Eq. (1). Unstrained lattice

parameters are interpolated linearly between values from

Ref. 12 for GaN and Ref. 13 for AlN. All used parameters

are summarized in Table II. For the alloy composition range

investigated in this study, the valence band order is the same

as for AlN. We thus have a lowest energy transition between

the conduction band and valence band with C7 symmetry (to

distinguish the two transitions involving C7 valence bands,

we label them in indices asþ and – by increasing energy).

The relative oscillator strengths of these transitions were also

TABLE I. Summary of structural properties of the AlxGa1–xN:Mg layers and

results from kp theoretical calculations. Ej (j¼C7þ, C9, C7–) are the transi-

tion energies (at T¼ 10 K), Oj,? the relative oscillator strengths for E ? c

and Oj,k these for E k c for the transitions from the conduction band to the

valence band indicated in the index.

Al content x 0.610 0.660 0.733

TMA flow (sccm) 12 20 35

a (Å) 3.119 3.119 3.120

c (Å) 5.083 5.066 5.049

�xx �7.4� 10�3 �6.1� 10�3 �4.0� 10�3

�zz 4.4� 10�3 3.1� 10�3 2.7� 10�3

(002)FWHM (arc sec) 380.4 414.5 337.8

(102)FWHM (arc sec) 599.3 679.3 608.4

EC7þ (eV) 5.002 5.120 5.278

EC9
(eV) 5.031 5.181 5.378

EC7� (eV) 5.043 5.191 5.387

OC7þ ;? 0.015 0.005 0.002

OC9 ;? 0.500 0.500 0.500

OC7� ;? 0.485 0.495 0.498

OC7þ ;k 0.971 0.991 0.996

OC9 ;k 0.000 0.000 0.000

OC7� ;k 0.029 0.009 0.004

FIG. 1. XRD x-rocking curves for (002) reflections (black curves) and

(102) reflections (red curves) of the three Mg-doped AlGaN samples grown

on (0001) sapphire substrate, with the corresponding FWHM value of the

(002) and (102) Bragg peaks given on the left side.

TABLE II. Parameters entering in kp theoretical calculations. For

AlxGa1–xN, the parameters are linearly interpolated.

GaN AlN

EC9
(room temp.) 3.412 eV (Ref. 14) 6.183 eV (Ref. 15)

EC9
(low temp.) 3.478 eV (Ref. 14) 6.255 eV (Ref. 15)

b 0.9 eV (Ref. 11)

Dcf 12.3 meV (Ref. 16) �221 meV (Ref. 15)

Dso 16.7 meV (Ref. 16) 13 meV (Ref. 15)

a – D1 �6.5 eV (Ref. 16) �6.9 eV (Ref. 10)

a – D2 �11.2 eV (Ref. 16) �15.2 eV (Ref. 10)

D3 4.9 eV (Ref. 16) 8.3 eV (Ref. 10)

D4 �5.0 eV (Ref. 16) �4.15 eV (Ref. 10)

a 3.18926 Å (Ref. 12) 3.11197 Å (Ref. 13)

c 5.18523 Å (Ref. 12) 4.98089 Å (Ref. 13)

143103-2 Feneberg et al. J. Appl. Phys. 116, 143103 (2014)
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calculated and found to decrease for increasing aluminum

concentration for E ? c (Table I, OC7þ;?). The ellipsometric

results presented here are therefore mainly sensitive to tran-

sitions from lower energy valence bands, the onset will be

dominated by the valence band having C9 symmetry as dis-

cussed in Ref. 17. The calculated energy situation at room

temperature is presented in Fig. 2. There, symbols represent

the values for the specific samples and the continuous lines

an unstrained reference case. In PLE, we find the absorption

onset dominated by the transition from the highest valence

band as will be discussed below.

A. Dielectric function

The complex ordinary dielectric functions (DFs,

�e ¼ e1 þ ie2) of the three Al0.66Ga0.34 N layers are compared

in Fig. 3. We observe no clear excitonic features at the band

edge, i.e., in e2 there is a step-like increase around the band

gap which can be interpreted as broadened excitons superim-

posed to the onset of the exciton continuum. Differences

between the energy positions of the absorption onsets are

attributed to small differences in aluminum concentrations or

strain. This is in line with x-ray diffractometry results and

most likely caused by different Al intake due to chemical

variations of the gas phase by presence of Si or Mg dopants.

More striking are the changes of the above gap absorption

due to different dopants. While both UID Al0.66Ga0.34 N and

Al0.66Ga0.34 N:Si reach a value of e2¼ 1.76 at 5.5 eV, the

Al0.66Ga0.34 N:Mg layer has only e2¼ 1.48. Its absorption

remains weaker for increasing photon energies up to around

7.8 eV where the situation changes. Redistribution of oscilla-

tor strength also is observable at these higher photon ener-

gies. At around 8.5 eV Si doping seems to decrease, while

Mg doping increases the oscillator strength, while all kind of

doping leads to increasing broadening of features. The rea-

son for the observed redistribution of oscillator strength

remains unclear at the moment. The behavior of e1 (related

to the refractive index) below the band gap is determined by

the energy position and amplitude of the high energy feature

E1(B) at around 7.5 eV rather than by the amplitude of e2

above the gap.

In a next step, we compare the ordinary DFs of

AlxGa1–xN:Mg layers with x¼ 0.61, 0.66, and 0.733 with

those of GaN and AlN.15 Please note that x¼ 0.66 refers to

the same sample as in Fig. 3. In Fig. 4 the DFs are upshifted

(not to scale) to make the energy positions of their features

better visible. High energy features are again shifted due to

the concentration of the layers, visible both in e1 and e2. The

exact energy values for the features in the DFs were obtained

by a method described in detail earlier.11 In the same

FIG. 2. Transition energies (T¼ 295 K) of the strained samples (open

circles) and unstrained reference values (continuous lines) calculated by kp

theory. The relative oscillator strength of the lowest transition (marked C7þ,

black) is close to zero for E ? c, an absorption experiment is therefore sensi-

tive to the transition marked as C9 (blue).

FIG. 3. Ordinary dielectric functions of the samples with x¼ 0.66. The dif-

ferent dopants are given in the figure.

FIG. 4. Ordinary dielectric functions of the AlGaN:Mg samples with

x¼ 0.61 (black), 0.66 (blue), and 0.733 (red) in comparison to GaN and AlN

(both dotted). The curves are vertically shifted to enhance visibility.

143103-3 Feneberg et al. J. Appl. Phys. 116, 143103 (2014)
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reference already critical points for AlxGa1–xN

(0.11� x� 0.53) have been analyzed which we adopt here.

The resulting energies as a function of alloy composition are

presented in Fig. 5. The nonlinear interpolation of the high

energy features is expressed by the usual bowing relation

also valid for the band gap

EðAlxGa1–xNÞ¼ xEðAlNÞþð1�xÞEðGaNÞ�bxð1�xÞ; (1)

where b denotes the bowing parameter and E represents the

energy of the discussed feature. For the different transitions

these bowing parameters are b¼ 0.9 eV (E0, fundamental

band gap), 0.2 eV (E1(B)), 0.1 eV (E1(C)), and 0.5 eV (E2).

The labeling is done according to Ref. 15. Corresponding

interpolation curves are also shown in Fig. 5. Note, that

already in zincblende AlxGa1–xN alloys the behavior that E2

was shifting to smaller energies with increasing aluminum

content, while all other contributions show an upward shift

confirmed by both experiments and theory.18

B. Valence band splitting

Next, we contribute experimentally to the ongoing

discussion of the valence band sub-structure in AlGaN. The

calculated results in Fig. 2 (at room temperature) show an

order of the valence bands as in AlN.9 Ellipsometry results

show unambiguously the absorption onset related with the

C9 valence band.19 This transition is shown as a function of

temperature in Fig. 6 for the Mg doped sample with

x¼ 0.733. The overall shift of the characteristic energy

amounts to 75 meV from low to room temperature and

follows the Vi~na relation.20 This is very similar to the value

for AlN which is reported to be 74 meV.21

Additional data obtained by PLE at low temperature are

compared in the next step. The direct comparison of spectra

obtained by both techniques is presented in Fig. 7. The PLE

detection window was shifted from the low temperature

value of 3.59 eV to 3.44 eV at room temperature. In Fig. 7, it

can be clearly seen that the PLE onset occurs at lower energy

than the absorption onset characterized by the dielectric

function. This behavior can be explained by comparison

with calculated transition energy values (marked by arrows

in Fig. 7). The PLE onset obviously is related to the transi-

tion with participation of the C7þvalence band.

FIG. 5. High energy features of the ordinary dielectric function as a function

of alloy composition for AlxGa1–xN. Black symbols refer to the results from

Ref. 11, red symbols to the data points of this work.

FIG. 6. Imaginary part of the dielectric functions obtained at different tem-

peratures for Al0.733Ga0.267 N:Mg. The e2 traces for T¼ 295 K and 10 K are

compared to excitation spectra in Fig. 7. The temperature dependence of the

absorption onset is reported in the upper tableau. An overall change of

�75 meV is found.

FIG. 7. Direct comparison of photoluminescence excitation spectra (black

and red curves) and the imaginary part of the dielectric functions (green

curves) at low and room temperature for Al0.733Ga0.267 N:Mg. PLE monitors

are at 3.59 eV (low temperature) and 3.44 eV (room temperature).

Photoluminescence is also shown for comparison (in blue). The arrows mark

the calculated transition energies between conduction band and the first two

valence sub-bands.

143103-4 Feneberg et al. J. Appl. Phys. 116, 143103 (2014)
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The experimental configuration used for recording PLE

is sensitive to a superposition of light absorption polarized

along E ? c and E k c.9 The relative oscillator strengths

given in Table I for the transition from the highest valence

band into the conduction band (OC7þ,?) are therefore lower

limits. In Fig. 8, we demonstrate PLE spectra of all three

AlxGa1–xN:Mg samples and mark the calculated transitions

by arrows.

An estimate of the relative absorption strength based on

adding oscillator strengths according to Malus’ law for an

angle of incidence of 358 on the sample surface9—corre-

sponding approximately to 158 inside the sample—yields for

about 50% increased values for the lowest energy transition

and a reduced value for the transition related to the valence

band with C9 symmetry compared to the oscillator strength

for E ? c. An additional but unknown factor increasing the

PLE sensitivity to the highest valence band is the lumines-

cence mechanism of the channel observed to record PLE

spectra. The detection windows for PLE were centered at

3.59 eV (x¼ 0.733), 4.07 eV (x¼ 0.66), and 3.49 eV

(x¼ 0.61), respectively, representing low energy defect

recombination bands to allow for measuring the full band

gap spectral region. If the monitored low energy defect band

is strongly associated with the highest valence band, a

further increase in PLE sensitivity to this transition would be

natural.

The corresponding PL spectra are also shown in Figs. 7

and 8. A significant Stokes shift is found, i.e., an energy sep-

aration between the characteristic energy of the PLE edge

and the peak position of PL. At low temperature (Fig. 8), the

energy distances of 146, 164, and 118 meV are found

for increasing aluminum concentration. Additionally, for

Al0.733Ga0.267 N:Mg we measure a value of 103 meV at room

temperature (Fig. 7). The photoluminescence signal can

therefore not be related to band-to-band or free exciton

recombination, but additional localization effects have to be

considered.

C. Temperature dependence of emission

Photoluminescence spectra were recorded at variable

temperatures from T¼ 5 K up to room temperature for all

samples. In Fig. 9, a comparison of the near band-gap signals

from the differently doped samples at same aluminum con-

centration (x¼ 0.66) is shown. We observe a continuous

energy shift to lower energies with increasing temperature

due to increasing electron-phonon interaction. The UID and

the silicon doped samples exhibit very similar behavior.

Both show a broad unstructured PL band, whose peak ener-

gies decrease for about 30–40 meV for the full temperature

range. This is lower than the decrease of the band gap due to

electron-phonon interaction which amounts to 75 meV for

the ordinary absorption edge in the samples with x¼ 0.733

(see above). In contrast, the Mg doped sample exhibits a PL

band containing several distinguishable sub-structures. At

above� 100 K a lower energy contribution dominates the

spectrum. The overall peak shift amounts to 72 meV, while

the high energy wing undergoes a shift similar to the spectra

from UID and Si doped samples. We assign the small abso-

lute temperature dependent shift to localization in the ternary

alloy material22 which is as well a probable cause for a part

of the observed large Stokes shifts.

FIG. 8. Low temperature (T¼ 10 K) comparison of photoluminescence

(blue curves) and photoluminescence excitation (PLE, red curves) spectra of

AlxGa1–xN:Mg. All spectra are normalized and shifted vertically. The origi-

nal PLE spectra are superposed by averaged curves (black) to enhance visi-

bility. The arrows mark the calculated low temperature interband transition

energies related to the highest valence band (with C7þ symmetry, black

arrow) and the second valence band (with C9 symmetry, blue arrow). PLE

monitors are at 3.49 eV, 4.07 eV, and 3.59 eV for increasing x.

FIG. 9. Normalized photoluminescence spectra of Al0.66Ga0.34 N at different

selected temperatures (from bottom to top: 5 K, 50 K, 100 K, 200 K, and

295 K, respectively). The spectra are normalized and shifted vertically for

better visibility. For the Mg doped sample (top, blue) the maxima of the low

energy contribution dominating at elevated temperatures are marked by

symbols as a guide to the eye.
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 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

134.94.122.242 On: Mon, 27 Oct 2014 12:59:13



The obvious influence of Mg doping on the PL spectra

is the occurrence of the distinguishable low energy side

band. This finding is in agreement with earlier published

work by Suzuki et al.23 who presented comparable spectra of

Al0.94Ga0.06 N:Mg, namely the occurrence of an additional

peak after Mg doping at lower energy than the main near

band-gap contribution. The origin of this peak was however

not unambiguously clarified yet. Suzuki et al.23 discussed

the possibility of a free-electron to neutral acceptor (e– A0)

transition as origin of the band. The acceptor ionization

energy EA can then be estimated by the distance DE of the

low energy shoulder to the main near band gap recombina-

tion because both bands would be subject to the same local-

ization effects.

To test this hypothesis, we extract the energy differences

between main near band gap emission peak and the Mg

related shoulder in all our AlxGa1–xN:Mg samples.

Temperature dependent spectra are shown in Fig. 10. The

spectra were fitted by several Gaussian bands to account for

the different contributions including phonon replicas. The

distances between these bands are within fitting accuracy

(610 meV) constant as a function of temperature and are

DE¼ 50 meV for x¼ 0.61, 45 meV for x¼ 0.66, and 85 meV

for x¼ 0.73. However, the fits for sample A (x¼ 0.61) are

less reliable as peak assignment is difficult in the PL spectra

because no clear change in the dominant peak is found for

this sample. Here, we suspect already at low temperature the

Mg-related peak to be dominant and measure the distance

DE instead to the weak high energy shoulder. Nevertheless,

the relative low values of DE are in conflict to expected Mg

acceptor activation energies of>250 meV. Earlier reports

relying on cathodoluminescence spectra yielded values of

EA� 700 meV for our alloy concentration range.24

Alternatively, Mg related bound exciton emission was

mentioned by Suzuki et al.23 as a possible origin. In favour

of this interpretation are the small values of DE which then

resemble exciton localization energies which are according

to Haynes’ rule25 dependent on the acceptor ionization

energy. The latter cannot be directly determined from DE
alone. However, it remains unclear why the acceptor bound

exciton would increase in relative intensity with increasing

temperature. For acceptor bound exciton emissions we

expect the opposite behavior.

We therefore put forward a third interpretation.

Incorporation of Mg acceptor centers in AlGaN lowers the

Fermi energy. Thus facilitated incorporation of compensat-

ing donors like SiAl and ON is probable, similar to the case

of AlN.26 We propose the acceptor centers introduced by Mg

doping are optically inactive around the band edge, i.e., they

mainly contribute to nonradiative centers23 or cluster.27 The

additionally introduced donors would therefore probably

dominate the emission properties of such AlGaN layers. We

are well aware of the ongoing discussion if SiAl and ON are

incorporated as shallow donors or deep DX centers in AlN

and high Al content AlGaN,28,29 however a neutral donor to

free-hole transition (hþD0) would be possible in both cases

supported by an increased hole concentration due to Mg dop-

ing. The energy distance from the additional luminescence

band to the main near band gap recombination would then

resemble the donor ionization energy ED instead of EA. Our

estimated values between 45 and 85 meV are in reasonable

agreement to earlier published donor activation energies in

AlGaN of similar composition both for SiAl (Ref. 30) and

for ON.31 The temperature dependence of the PL spectra

(Fig. 10) also supports the interpretation of the low energy

wing recombination bands as hþD0 transitions. From

Arrhenius analysis of the peak intensities we estimated the

activation energies of the hþD0 transitions. It is found that

the activation energies are identical to DE values as given

above. This means the donor activation is the most important

quenching process of the hþD0 recombination channel while

the decreasing intensity of the main near band gap emission

can at the same time be explained by a possible large lattice

relaxation of shallow donors to DX centers and/or by

increasing nonradiative recombination via deep centers

introduced by Mg doping.

IV. SUMMARY

We have studied the optical properties of AlxGa1–xN:Mg

thin films with aluminum content of 0.61� x� 0.733 in

comparison to unintentionally and silicon doped

Al0.66Ga0.34 N layers. We have discussed differences in the

dielectric functions of Al0.66Ga0.34 N due to different dopant

incorporation which occur partly as additional broadening

mechanism above the band gap. Additionally, the aluminum

concentration dependence of high energy features in the

dielectric function was determined where we complemented

earlier published results.11 The valence band ordering of

the Mg-doped samples was determined by means of

FIG. 10. Normalized photoluminescence spectra of AlxGa1–xN:Mg at differ-

ent selected temperatures (from bottom to top: 5 K, 50 K, 100 K, 200 K, and

295 K, respectively). The spectra are shifted vertically for better visibility.

In the spectra for x¼ 0.733 and 0.66 the transition to the dominating low

energy transition at elevated temperatures is clearly visible. For x¼ 0.61 the

same transition dominates at low and at room temperature.
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spectroscopic ellipsometry and photoluminescence excita-

tion spectroscopy. We have shown that the ordinary dielec-

tric function is sensitive to the transition involving

the valence band with C9 symmetry, while PLE sets already

in for the higher valence band with C7 symmetry.

Photoluminescence spectra of all samples were presented at

different temperatures. We identified a low energy wing of

the near band-edge emission as being caused by Mg doping

and discussed its origin. The most likely identification of the

band is a neutral donor to free-hole transition mirroring

the donor activation energy rather than the Mg-acceptor

activation energy. Estimated donor activation energies are in

good agreement to earlier found values for similar aluminum

concentrations.
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