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Deep level defects in n-type unintentionally doped a-plane MgxZn1�xO, grown by molecular beam

epitaxy on r-plane sapphire were fully characterized using deep level optical spectroscopy (DLOS)

and related methods. Four compositions of MgxZn1�xO were examined with x¼ 0.31, 0.44, 0.52, and

0.56 together with a control ZnO sample. DLOS measurements revealed the presence of five deep

levels in each Mg-containing sample, having energy levels of Ec� 1.4 eV, 2.1 eV, 2.6 V, and

Evþ 0.3 eV and 0.6 eV. For all Mg compositions, the activation energies of the first three states were

constant with respect to the conduction band edge, whereas the latter two revealed constant activation

energies with respect to the valence band edge. In contrast to the ternary materials, only three levels,

at Ec� 2.1 eV, Evþ 0.3 eV, and 0.6 eV, were observed for the ZnO control sample in this

systematically grown series of samples. Substantially higher concentrations of the deep levels at

Evþ 0.3 eV and Ec� 2.1 eV were observed in ZnO compared to the Mg alloyed samples. Moreover,

there is a general invariance of trap concentration of the Evþ 0.3 eV and 0.6 eV levels on Mg content,

while at least and order of magnitude dependency of the Ec� 1.4 eV and Ec� 2.6 eV levels in Mg

alloyed samples. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4769874]

I. INTRODUCTION

Optoelectronic devices designed to operate in the ultra-

violet (UV) part of the electromagnetic spectrum, namely,

UV-A (400–320 nm), UV-B (320–280 nm), and deep-UV

(350–190 nm) must be based on wide bandgap semiconduc-

tor ternary alloys such as AlxGa1�xN (365–200 nm) and

MgxZn1�xO (368–160 nm). Although AlxGa1�xN-based UV

emitters1 and detectors2 have been reported, MgxZn1�xO is

an interesting alternative material system for those UV appli-

cations due to several inherent, fundamental advantages that

have garnered much attention recently for potential exploita-

tion in future technologies.3–5 Perhaps, the most important

one is the large, �60 meV exciton binding energy present in

MgxZn1�xO, which is almost three times larger than that of

AlxGa1�xN and is independent of Mg content.6 This gives

rise to an intrinsically higher radiative recombination effi-

ciency at room temperature, which should translate into

much higher optoelectronic device efficiencies.6 Also, the

a-axis lattice parameter of MgxZn1�xO increases gradually

with Mg content and the lattice mismatch between the sub-

strate ZnO and MgxZn1�xO is very small only around

�0.20%–0.40% for x¼ 0.2–0.3, which aids the quality of

quantum well and superlattice structures.7,8 Furthermore, it

has been experimentally shown that the lack of internal elec-

tric field in a-plane ZnMgO/ZnO heterostructures results in

more efficient radiative recombination in quantum wells, i.e.,

no quantum confined Stark effect, as desired for emitter

applications.9

Currently, work on MgxZn1�xO is in the very early

stages in terms of applications of MgxZn1�xO for devices

applications such as UV light emitting diodes (LEDs) and

detectors.3–5,10,11 Ultimately, as with all optoelectronic devi-

ces, the presence of various defects that can create bandgap

states is of great interest since they reduce performance,

hinder reliability, and lower device lifetime.12,13 There has

been recent work on trap spectroscopy of MgxZn1�xO grown

by metalorganic chemical vapor deposition (MOCVD) that

focused on compositional ranges from 0.056 to 0.18 in which

it was found that deep acceptor-like levels having energy

levels of Evþ 0.28 eV and Evþ 0.58 eV, with concentrations

as high as �1018 cm�3, played an important role in compen-

sation of the electron concentration of these films.14 The

work presented here focuses on experimental characteriza-

tion of deep level defects within MgxZn1�xO grown by

plasma assisted molecular beam epitaxy (MBE) covering a

much wider range of alloys compositions from x¼ 0 to

x¼ 0.56, and bandgap energies that range from 3.36 eV for

ZnO to 4.56 eV for MgxZn1�xO for x¼ 0.56.

II. EXPERIMENTAL

A systematic series of a-plane oriented, unintentionally

doped (UID) MgxZn1�xO (x¼ 0, 0.31, 0.44, 0.52, and 0.56)

epitaxial layers were grown by plasma assisted MBE on

a)Author to whom correspondence should be addressed. Electronic mail:

ringel@ece.osu.edu. Telephone: þ1 614 247 7111. Fax: þ1 614 292 9562.
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r-plane sapphire substrates to facilitate trap characterization

via deep level optical spectroscopy (DLOS). The Mg con-

tent, its substitutional character, and the crystal structure,

were previously determined in these films by Rutherford

backscattering (RBS).15 In that work, uniform growth in

terms of both layers composition and atomic order as well as

excellent crystal quality of the films was confirmed along

with ideal substitutional behavior of Mg on Zn sublattice

sites within the wurtzite lattice. Growth was initiated with a

ZnO nucleation layer having a nominal thickness of 30 nm at

a temperature of 400 �C, which was subsequently annealed

at 600 �C for 10 min in order to obtain a smooth surface. Af-

ter ZnO nucleation, the ternary MgxZn1�xO layer was grown

to a thickness of 1.0 lm for each composition. Ti/Al/Ti/Au

(200/1000/400/550 Å) was used as an ohmic contact, which

was annealed at 400 �C. After the ohmic contact annealing,

semitransparent 100 Å-thick, circular Au-Schottky contacts

with a 200 lm diameter were fabricated in a coplanar geome-

try with respect to the ohmic contacts, to facilitate sub-

bandgap light penetration for the DLOS studies. The surface

underneath the Schottky contact was treated with H2O2 at

100 �C for 1 min before the metallization process to improve

the rectification behavior.

To avoid persistent photo-conductivity effects that have

been reported previously,16 all the current-voltage (I-V),

capacitance-voltage (C-V), capacitance-frequency (C-f), and

DLOS measurements were performed after at least 24 h set-

tling time in the dark. The I-V measurements were per-

formed with a Keithley 617 electrometer. The capacitance

was monitored continuously to ensure this initial condition.

All C-V and DLOS measurements were conducted at

1 kHz in order to minimize series resistance effects, which

was chosen by monitoring the C-f characteristics obtained

via an Agilent E4980A LCR meter. The 1 kHz DLOS meas-

urements were conducted with a Stanford Research Systems

SR830 Lock-in Amplifier. The DLOS measurements were

performed using monochromatized light from quartz-

tungsten halogen (QTH) and Xe lamps with photon energies

between 0.5–2.0 eV and 1.2–5.0 eV, respectively, in 20 meV

increments. A calibrated thermopile was used to determine

the optical flux at each incident energy. DLOS measurements

commenced after a thermal settling time of 80 s, to ensure

thermal emission processes from shallower bandgap states

were completed. A �1 V quiescent reverse bias followed by

a 20 s-long, 1 V filling pulse to refill all deep levels was

applied as a biasing condition in all measurements. Steady

state photo-capacitance (SSPC) data were also recorded at

each energy of light during the measurements. The measure-

ments on each sample were repeated on multiple diodes on

the same sample to confirm the obtained results. More details

about DLOS measurements can be found in previous studies,

including its application to MgxZn1�xO with lower Mg con-

tent than explored here.14,17

In order to accurately determine the concentrations of

the traps observed in the DLOS measurements for cases

where the trap concentration is an appreciable fraction (or

exceeds), the background doping (i.e., the dilute concentra-

tion approximation is violated), lighted C-V (LCV) measure-

ments were conducted with the Agilent LCR meter at 1 kHz

frequency.18 While the SSPC approach provides accurate

trap concentrations in the dilute concentration limit (for

Nt< 0.1Nd), this method underestimates the trap concentra-

tion for very high trap concentrations and LCV was found

necessary for many of the traps detected in the MgZnO

alloys here.14,18

III. RESULTS AND DISCUSSION

A. I-V, C-f, and C-V characterization of Au/MgxZn12xO
Schottky diodes

Fig. 1(a) shows the dark I-V measurements of the

Au/MgxZn1�xO Schottky diodes measured at 300 K. Very

low reverse leakage current density and excellent rectifica-

tion behavior are observed for all compositions. The reverse

dark current densities on the order of 10�10–10�12 A/cm2

obtained at �2 V for the highest three Mg content samples

having bandgaps from 4.17 eV to 4.56 eV demonstrate sig-

nificant promise for future deep UV applications, since these

values of leakage currents, which typically correlate with

low noise, high detectivity photo-detector devices, are more

than an order of magnitude lower than earlier reports on

MgxZn1�xO metal-semiconductor-metal devices.3–5,11

The room temperature, forward bias I-V characteristics

of the Schottky diodes were numerically fitted using the

standard thermionic emission theory in order to extract the

diode ideality factor (n), the Schottky barrier height (Ub),

FIG. 1. (a) I-V curves performed in the dark at 300 K for the ZnO and

MgxZn1�xO Schottky diodes (b) I-V transport parameters such as barrier

height, ideality factor, and series resistance variation with Mg content of the

Schottky diodes.
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while accounting for series resistance effects (Rs), the latter

of which has a clear effect on the saturation of the forward

current above �1.5 V forward bias.19 The numerical values

resulting from the fits as a function of alloy composition are

compiled in Fig. 1(b). A steady increase in the value of the

ideality factor from �1.15 for pure ZnO to 1.75 for a Mg

content of 56%, values which are similar to ideality factor

values reported for low Mg content (up to x¼ 0.18) non-

polar MgxZn1�xO Schottky diodes.20 In general, barrier

height values of approximately 1.0 eV were observed for all

compositions from the simple I-V analysis. In addition, the

Rs values of the Schottky diodes increase gradually with Mg

content (except for the highest Mg content) for the same de-

vice geometry, similar to what has been reported previously

in the literature.14,20 The high series resistance of the diodes

is attributed to the low net carrier concentration observed in

these unintentionally doped layers (see C-V results, below)

are consistent with the the coplanar device structure and the

large distance between Ohmic and Schottky contact metals.

Since the trap spectroscopy measurements here are

based on capacitance, accounting for the series resistance is

necessary in order to extract meaningful data. The depletion

capacitance will present a frequency dependence as follows:

Cm ¼
Ca

1þ ðxRsC2Þ2
RsG� 1 ;

where Cm is the measured capacitance, Ca is the actual ca-

pacitance, x is the angular frequency, and G is the conduct-

ance.21 If the series resistance is high, the term inside the

parentheses becomes significant, at conventional, i.e.,

1 MHz, frequencies, and as a result the measured and actual

capacitance will diverge. In order to check the frequency de-

pendence of the capacitance and to determine an appropriate

frequency for subsequent capacitance measurements, the C-f

characteristics were measured at room temperature in the

dark between frequencies from 0.1 to 2000 kHz. Fig. 2(a)

shows the C-f results at 0 V for each of the Au/MgxZn1�xO

Schottky diodes. Significant frequency dispersion is

observed for the Au/MgxZn1�xO diodes while no significant

frequency dependence is observed for the Au/ZnO Schottky

diode. As a result of the dispersion at high frequency, we

chose a frequency of 1 kHz using a lock-in amplifier and/or

LCR meter for subsequent capacitance-based measurements.

Fig. 2(b) shows the C-V measurement results performed

at 1 kHz on each sample. There is an immediate shift to

lower capacitance values for all Mg-alloyed layers compared

with ZnO. The extracted doping profiles obtained from the

C-V measurements, shown in Fig. 3, reveal this to be due to

almost an order of magnitude decrease in the net carrier con-

centration for all of the ternary alloys compared with ZnO,

from �4.0� 1016 cm�3 for ZnO to approximately

�0.6� 1016 cm�3 for the MgxZn1�xO alloys. The decrease

may be attributed to either electron compensation by deep

levels created by alloying ZnO with Mg14,20 and/or it could

be due to an increase in the donor activation energy for the

MgxZn1�xO thin films due to the shift in the conduction

band minimum as the Mg content increases.22–24 In order to

explore this further, DLOS and LCV measurements were

performed and are discussed in Sec. III B.

B. Deep level defect characterization by DLOS
and LCV

To investigate the presence of deep level defects that

may exist within the wide-bandgap of the MgxZn1�xO alloy

system, DLOS measurements were performed. Unlike con-

ventional deep level transient spectroscopy (DLTS), which

relies on observing thermally stimulated carrier emission

from traps and thus is limited to detection of traps within

approximately 1 eV of the majority carrier band edge (based

on typical measurement apparatus limits), DLOS relies on

optical stimulation of deep levels through sub-bandgap pho-

toemission, as described earlier. This enables probing of lev-

els in the n-type MgxZn1�xO bandgap anywhere from the

valence band edge up to approximately �Ec-1.0 eV for all

compositions, through the use of both Xe and quartz-halogen

based sources. DLTS studies of shallower traps in

MgxZn1�xO are the subject of ongoing work and are not dis-

cussed here.

Figs. 4(a) and 4(b) show optical cross section data

extracted from DLOS transients obtained for both the Au/

ZnO and the highest Mg content Au/Mg0.56Zn0.44O Schottky
FIG. 2. (a) C-f and (b) C-V measurements performed in the dark with an

LCR meter operating at 1 kHz.

FIG. 3. (a) Net n-type doping concentration depth profile calculated from

the C-V measurements shows uniform variation throughout the depletion

depth for all the MgxZn1�xO samples.
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diodes as representative examples of the entire sample set.

The broadness of these spectra at the lower energy ranges

shown is suggestive of electron-lattice coupling.25 To account

for this possibility when determining precise energy levels,

the Bois-Chantre model for calculating optical cross sections

from such data was employed, in which the energy associated

with the lattice coupling (Franck-Condon energy) can be

determined and accounted for when determining the true

defect energy level.26 Examples of such fits are also shown in

Figs. 4(a) and 4(b), for ZnO and for Mg0.56Zn0.44O Schottky

diodes. Three deep levels are present in the lower half of the

ZnO bandgap at Ec� 2.1, Ec� 2.8, and Ec� 3.1 eV, all of

which were determined via the Bois-Chantre fits shown in

Fig. 4(a). The associated Franck-Condon energy (dFC) values

for these levels are 0.5 eV, 0.2 eV, and 0.1 eV, respectively.

Higher dFC obtained for the Ec� 2.1 eV level can be seen

from the broad structure of the optical cross section data in the

figure for that region compared to the higher energy region

of the data. In contrast to ZnO, five deep levels are revealed

for the 56% Mg content Schottky diode, with energy levels

of Ec� 1.4 eV, Ec� 2.2 eV, Ec� 2.6 eV, Ec� 4.0 eV, and

Ec� 4.3 eV as shown in Fig. 4(b). In order to show clearly the

need of two separate fits for the higher energy side of the opti-

cal cross section, the magnified plot for that region of energy

is shown as an inset. All extracted trap energy levels as a func-

tion of MgZnO alloy composition are summarized in Table I.

A few points should be noted from the data presented in

Table I. First, while three deep levels are observed in ZnO,

two additional deep levels are seen with Mg incorporation,

suggesting an immediate influence on carrier trapping and de-

vice characteristics for the alloys. Second, there are three deep

levels whose energy levels are invariant for all alloy composi-

tions studied here, at �E5¼Ec� 1.4 eV, �E4¼Ec� 2.1 eV,

and �E3¼Ec� 2.6 eV, despite the increasing bandgap

energy with the increasing Mg content (note that the E4 level

is also observed in the ZnO sample). These levels effectively

follow the variation in the conduction band minimum as the

Mg content increases as clearly shown in Table I. Also, the

Franck-Condon energy values for the E5, E4, and E3 states

are invariant with Mg content, as shown in the table. Third,

there are two levels whose energies are invariant with respect

to the valence band maximum, at E1¼Evþ 0.3 eV and

E2¼Evþ 0.6 eV, each of which presents increasing dFC

values with Mg content, and are common in all samples

studied here. The behavior observed for E1 and E2 has been

reported previously for lower Mg content samples grown by

MOCVD, with almost the same energy values.14

With the energy levels established via the above analy-

sis, the SSPC results can be used to obtain the concentration

of each trap level observed by DLOS, which are displayed in

Fig. 5. The maximum of the DC/C0 values observed in each

FIG. 4. Optical cross section data obtained from the DLOS transient analysis

for (a) ZnO (b) Mg0.56Zn0.44O. The figure also shows the fitting of the data

with the Bois-Chantre model, taking account for the Franck-Condon energy

shift, if present. The inset shows the higher energy part of the spectrum in

more detail with associated fitting (solid line).

TABLE I. Extracted energy levels, E0, referenced to the conduction band edge, and the associated Franck-Condon energies, dFC, in parentheses, for each

DLOS-detected state for all ZnO and MgxZn1�xO compositions studied here. The values are obtained by fitting the optical cross sections to the Bois-Chantre

formalism.26 For a few cases, the dFC values could not be determined due to noise in the measurements (E5). The E3, E4, and E5 states track Ec (i.e., their ener-

gies with respect to Ec are roughly constant), whereas E1 and E2 track Ev (i.e., their energies with respect to Eg�E0¼Ev are roughly constant). All of the

energy values given in the table are in eV.

E5 E4 E3 E2 E1

E0(dFC) E0(dFC) E0(dFC) E0(dFC) Eg�E0 E0(dFC) Eg�E0

ZnO … 2.1(0.5) … 2.8(0.2) 0.6 3.1(0.1) 0.2

Mg0.31Zn0.69O 1.4 2.1(0.6) 2.6(0.3) … … 3.8(0.03) 0.2

Mg0.44Zn0.56O 1.5 2.1(0.4) 2.7(0.4) 3.7(0.2) 0.5 3.9(0.2) 0.3

Mg0.52Zn0.48O 1.4 2.2(0.5) 2.6(0.3) 3.9(0.5) 0.6 4.2(0.3) 0.3

Mg0.56Zn0.44O 1.4(0.3) 2.2(0.5) 2.6(0.3) 4.0(0.4) 0.5 4.3(0.6) 0.3

123709-4 G€ur et al. J. Appl. Phys. 112, 123709 (2012)



SSPC spectrum data provide the measured bandgap values

for each alloy in Fig. 5, giving an experimental relationship

of Eg(MgxZn1�xO)¼ 2.09xþ 3.35 eV for the composition

range studied here. From Fig. 5, it is evident that the values

of DC/C0 are around �2, which means that the trap concen-

tration is well above the dilute limit (i.e., NT>ND), for

which case the SSPC provides only a lower bound to the true

trap concentration. Thus, the LCV method, described earlier,

was used to obtain accurate NT values for this condition.14,18

The LCV method monitors the difference in total depletion

space charge density N using monochromatic light to selec-

tively photo-ionize traps where N at the depletion edge xd is

extracted from the C-V profiling.21 At each incident light

photon energy h�, traps with energy Ec�ET< h� (for elec-

tron traps) are photo-ionized, which causes an increase in N.

The difference in N for different photon energies (h�2> h�1)

at fixed xd is the concentration of traps within that energy

range (NT¼N(hv2) � N(hv1)). Selecting the photon energies

of the monochromatic light using the DLOS onsets as a

guide allows the concentration of each trap to be accurately

determined. Fig. 6(a) shows an example of the LCV profiling

data obtained for the ZnO sample. The specific illumination

energies used to selectively excite the traps were chosen

from both optical cross section and SSPC onset analyses. For

example, the concentration of the E5¼Ec� 1.4 eV level was

determined by comparing the value of N for photon energies

before the onset of the next trap (Ec� 2.1 eV) with N at

1.4 eV. The measurement yields an average trap concentra-

tion of �1015 cm�3 for the two highest Mg content samples.

The results of the LCV analysis in terms of trap concentra-

tions are shown in Fig. 6(b), and are summarized for each

DLOS-detected level for all samples in Table II.

Interestingly, substantially higher concentrations of the

E1 and E4 levels along with modestly higher (�2.5x) E2

concentrations are observed for the ZnO sample compared to

all MgxZn1�xO compositions investigated here. Moreover,

once Mg has been alloyed with the ZnO, there is a general

invariance of trap concentration for E1 and E2. This fact,

coupled with their higher concentration for ZnO implies that

these levels might not be associated with Mg-related defects

or alloy growth issues. As for the three deep levels (E3, E4,

and E5) whose energy levels follow Ec as a function of alloy

composition, the general trend in concentrations is at least an

order of magnitude dependency on the Mg content as shown

in Table II. While the source of these levels remains unclear,

separately reported RBS and high resolution x-ray diffraction

on these samples do not show evidence of any phase segre-

gation for any of the alloys studied here, and a single wurt-

zite structure is observed even at the highest Mg contents.15

While a complete determination of the physical sources for

the detected traps is beyond the scope of this study, this is

certainly a topic deserving of attention, especially consider-

ing the mid-gap positions of these levels that would imply

their importance as generation-recombination centers.

With the above comments in mind, there is some evi-

dence to create reasonable speculation about sources. In par-

ticular, there is evidence suggesting that native point defect

FIG. 5. SSPC data obtained for all the MgxZn1�xO samples. The peak val-

ues at high energies provide the Eg values used in the tabulated data. Note

that the various SSPC steps below the bandgap are indicative of the activa-

tion of the individual traps noted in the DLOS transient fitting.

FIG. 6. LCV characterization results obtained from the ZnO sample as a rep-

resentative example for all the samples characterized in this study. Figure

(a) shows the actual C-V data under illumination to excite individual traps

and (b) shows the net photo-ionized trap concentration for each illumination

energy extracted from the LCV plots. The individual concentrations of each

trap state are subsequently obtained from the step-wise differences in these

concentrations and are provided in Table II.
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sources that show acceptor-like behavior in ZnO, such as ox-

ygen interstitials (Oi), zinc vacancies (VZn), and/or antisites

such as OZn, might be related to the E1¼Evþ 0.3 and

E2¼Evþ 0.6 eV levels. Among them, only the VZn energy

positions in the ZnO bandgap have been theoretically calcu-

lated to be between the energies 0.18–0.30 eV for VZn(0/�)

and 0.34–0.87 eV for VZn(�/��) above the valence band

using local density calculations, in fair agreement with the

experimentally determined E1 and E2 energy levels experi-

mentally determined here.27,28 Furthermore, VZn has the

lowest formation energy among the native point defects in

n-type ZnO grown in either in O-rich or Zn-rich conditions

for n-type material, and prior positron annihilation studies

have confirmed that a-plane, n-type ZnO contains a VZn as

high as �2� 1017 cm�3.29,30 Interestingly, positron annihila-

tion also revealed a slightly higher VZn concentration for

Mg0.06Zn0.94O alloys, with no evidence for Mg vacancies

(noting that this is a much lower Mg content than what is

being explored here).31 Taking these findings together, and

by assuming that the E1 and E2 levels are related to VZn for

the MgZnO samples in this study, the higher VZn concentra-

tion in ZnO compared to MgxZn1�xO samples might be due

to higher energies of formation in the alloys that result from

the significantly lower Fermi level position in the bandgap

resulting from the lower net doping (see Fig. 3). However,

more work must be done to investigate the details of the

group II vacancy in high Mg-content alloys, such as sub-

lattice specific vacancies, which is beyond the scope of this

work. Finally, the lower electron concentration that has been

observed in MgxZn1�xO compared to ZnO (Fig. 2(b)) cannot

be explained to result from compensation by trapping at

acceptor-like states since the combined trap concentration of

the levels in the lower half of the bandgap is much larger in

ZnO than in MgxZn1�xO. Alternatively, this lower electron

concentration may be the result of an increased activation

energy for the donors in MgxZn1�xO compared to ZnO, as it

has been reported earlier.22–24

IV. CONCLUSIONS

Four a-plane high Mg content MgxZn1�xO (x¼ 0.31,

0.44, 0.52, and 0.56) samples together with a control sample

ZnO were grown by plasma assisted MBE. In order to investi-

gate the effects of the Mg incorporation on deep levels by

DLOS and LCV, semi-transparent Au Schottky diodes were

fabricated. I-V measurements on each Au/MgxZn1�xO devi-

ces have shown very good rectification behavior with very

low reverse current density values, �10�10 A/cm2, and a 1 eV

barrier height which seems good enough for UV detector

applications. DLOS measurements have shown that Mg alloy-

ing introduces two new traps compared with ZnO located at

Ec� 1.4 and Ec� 2.6 eV; however, the total trap concentra-

tion determined by LCV of all traps is actually reduced com-

pared with ZnO. The energy values for the E1¼Evþ 0.3 eV

and E2¼Evþ 0.6 eV traps were found to be invariant with

respect to the valence band edge, whereas E3¼Ec� 1.4,

E4¼Ec� 2.1, and E5¼Ec� 2.6 eV were all found to be

invariant with the conduction band edge in the composition

range explored here. The concentration of the dominant deep

levels E1 and E2 has shown no dependency to Mg content.

Zinc vacancy has been suggested for the origin of

E1¼Evþ 0.3 and E2¼Evþ 0.6 eV deep levels based on its

reported energy position and experimentally observed high

concentration. The concentration of E5¼Ec� 1.4 eV and

E3¼Ec� 2.6 eV levels has shown at least an order depend-

ency on the Mg content suggesting the Mg related origin for

these levels.
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