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High quality Zn1�xMgxO epilayers have been grown by means of metal organic chemical vapor

deposition technique on top of ZnO templates. The grown samples were investigated by x-ray photo-

electron spectroscopy and photoluminescence. The magnesium (Mg) concentration was varied

between 0% and 3% in order to study the properties of shallow donors. The free and donor bound

excitons could be observed simultaneously in our high quality Zn1�xMgxO epilayers in the photolu-

minescence spectra. The results indicate that both built-in strain and Mg-concentration influence the

donor exciton binding energy. It clearly shows that the donor exciton binding energy decreases with

increasing Mg-concentration and with increasing built-in strain. Furthermore, the results indicate that

the donor bound exciton transition energy increases with decreasing strength of the built-in strain if

the Mg-concentration is kept the same in the Zn1�xMgxO epilayers. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4902007]

INTRODUCTION

Due to the large free exciton binding energy (60 meV)

and excellent optical properties, the wide-bandgap ZnO

related materials have attracted significant attention both in

fundamental research and for device applications. The major

research efforts have been focused on investigations and fab-

rication of ZnO related nanostructures, the p-type doping,

and optoelectronic devices based on ZnO. The ZnO epilayers

and nanostructures have been grown on various types of sub-

strates by different techniques, such as molecular beam epi-

taxy (MBE),1–4 metal-organic vapor phase epitaxy or metal

organic chemical vapor deposition (MOCVD),5–10 pulsed

laser deposition (PLD),11,12 the vapour-liquid-solid (VLS)

catalytic growth technique,13–15 magnetron sputtering,16,17

and low temperature chemical solutions.18,19 There are also

great efforts to grow p-type layers of ZnO and ZnO based

heterostructures (such as ZnMgO/ZnO, ZnBeO/ZnO, and

ZnMnO/ZnO). The growth of the latter heterostructures by

means of MBE and MOCVD has been reported.1–10,20 The

fabrication of p-type ZnO has also been reported by employ-

ment of different growth techniques. However, the realiza-

tion of light emitting diodes (LEDs) has only been

demonstrated for epilayer materials grown by MBE,21,22

MOCVD,23 and hybrid beam deposition.24 The nitrogen (N)-

as acceptors in ZnO have been questioned recently,25 and

also the efficiency of N-as acceptor dopant in ZnO layer is

very low. The quality of the p-type doping is still well below

the required level for device performance, in addition to the

instability of p-type doping. Another factor, which influences

the realization to achieve a high hole concentration in p-type

ZnO epilayer, is the high un-intentional n-type background

impurity concentration. To solve the problem, this fact may

suggest for seeking other ZnO-related alloys with a larger

bandgap energy and possible lower un-intentional back-

ground impurity concentration in comparison with ZnO.

Recent investigations of Zn1�xMgxO epilayers indicate that

the conductivity of Zn1�xMgxO layer deteriorates with

increasing Mg-concentration.26 It was concluded that the

deterioration of the electrical properties with increasing Mg

content may be caused by a combination of precipitation of

the rocksalt MgZnO second phase, a decreasing crystallinity

level, and bulk alloying effects. However, to draw a firm

conclusion about the conductivity deterioration in ZnMgO

layer, the properties of Zn1�xMgxO layer, such as effective

mass and dopant ionization energy, should also be investi-

gated thoroughly but not achieved yet.

In this study, we have investigated one important prop-

erty, the shallow donor ionization energy in Zn1�xMgxO epi-

layers, by using photoluminescence (PL) spectroscopy.

Furthermore, relative information on the background impu-

rity concentration has been derived from a comparison

among different samples from PL spectra. An AIXTRON

shower-head type MOCVD has been used to grow

Zn1�xMgxO epilayers with various Mg-concentrations. It has

been shown that the ionization energies obey the Haynes’

rule, i.e., the ionization energy of shallow impurities is line-

arly correlated to the binding energy of the exciton bound to

the corresponding shallow impurity27 for the ZnO materials.

We have deduced the shallow donor bound exciton (DX)

binding energy versus the Mg-concentration in Zn1�xMgxO

epilayers from the measured photoluminescence spectra. In

order to gain this information on the donor ionization ener-

gies, it is required that both the free exciton (FX) and donor

bound exciton can be observed simultaneously, which

accordingly require high quality Zn1�xMgxO epilayers with

low background doping levels. Such high quality

Zn1�xMgxO epilayers have been grown by means of the

metal organic chemical vapor deposition technique on ZnO

templates. The magnesium (Mg) concentration was varied

between 0% and 3%. The grown samples were investigated

by X-ray photoelectron spectroscopy (XPS) and PL. Our

0021-8979/2014/116(18)/183508/5/$30.00 VC 2014 AIP Publishing LLC116, 183508-1

JOURNAL OF APPLIED PHYSICS 116, 183508 (2014)

 [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:

130.236.83.172 On: Tue, 13 Jan 2015 11:47:45

http://dx.doi.org/10.1063/1.4902007
http://dx.doi.org/10.1063/1.4902007
http://dx.doi.org/10.1063/1.4902007
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4902007&domain=pdf&date_stamp=2014-11-13


results indicate that both the built-in strain and the Mg-

concentration will influence the binding energy of the donor

bound exciton: The exciton binding energy will decrease

with increasing Mg-concentration and with increasing built-

in strain.

EXPERIMENTS AND SAMPLES

An advanced AIXTRON closed coupled showerhead

(CCS) MOCVD system was used to grow ZnO and

Zn1�xMgxO epilayers on 2 in. sapphire wafers in our work.

Prior to any layer deposition, a 2 in. sapphire wafer was

annealed at 1100 �C for 5 min in a N2 ambient. Subsequently,

a 300 nm low growth temperature ZnO buffer layer was first

deposited on the substrate at a temperature of 490 �C, and

after that a 500 nm ZnO layer at 950 �C. Subsequently, the

temperature was lowered to the growth temperature, T

(between 700 and 950 �C), for the Zn1�xMgxO epilayer with

a thickness of 220 nm (see Fig. 1)

For all layer depositions, diethyl zinc (DEZn,

(C2H5)2Zn), bis-cyclopentadienyl magnesium (Cp2Mg), and

N2O were used as the Zn, Mg, and O precursors, respectively

(except for the low growth temperature ZnO buffer layer,

where instead tBuOH was used as O precursor), for which

high-purity nitrogen gas (at a flow rate of 9 l/s) was employed

as carrier gas. During the layer growth, the morphology evolu-

tion of the film surface was monitored by an in situ reflectance

monitor system that comprises a modulated 635 nm diode

laser beam. The typical growth rate was about 3–8 nm/min.

XPS was used to investigate the Mg composition in the

Zn1�xMgxO layers, since the x-ray diffraction measurements

were not able to determine the Mg concentration for low lev-

els than 6% in the Zn1�xMgxO epilayers. XPS measurements

were performed using a Scienta1 ESCA200 spectrometer in

ultra-high vacuum (UHV), with a base pressure of 10�10

mbar. The measurement chamber is equipped with monochro-

matic Al (Ka) X-rays in such a way that the full width at half

maximum (FWHM) of the clean Au 4f7/2 line was 0.65 eV.

All spectra were measured at room temperature with a photo-

electron take-off angle of 0� (normal emission). The XPS

spectra from all samples are shown in Fig. 2. The concentra-

tion of Mg was deduced according to the spectral weight ratio

between Mg 2p and Zn 3p after the calibration taking into

account of the corresponding atomic sensitivity factors. The

gained information on the samples employed in this investiga-

tion is summarized in Table I.

PL measurements were carried out in a variable temper-

ature cryostat, in which the temperature could be continu-

ously regulated from 1.8 K up to room temperature. A

monochromator HR460 (Jobin Yvon-SPEX) equipped with a

FIG. 1. Illustration of the ZnMgO epilayer grown on top of the ZnO

template.

FIG. 2. XPS spectra from different

ZnMgO epilayers.

183508-2 Zhao, Liu, and Holtz J. Appl. Phys. 116, 183508 (2014)
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CCD detector (Spectrum One) was used to disperse and

detect the emissions from the epilayers. A frequency-

doubled Ar-ion laser with a wavelength of 266 nm was used

as the excitation source for the normal PL measurements,

while a frequency doubled/tripled sapphire:Ti laser (with an

operation frequency of 76 MHz) with continuously tunable

wave lengths between 230 nm and 400 nm was used for the

selective PL (SPL) measurements.

RESULTS AND DISCUSSION

In order to achieve high quality Zn1�xMgxO epilayers

with the lowest possible background impurity concentration,

we have optimized the growth conditions by using two ZnO

buffer layers as a template and low growth rate. Fig. 3 shows

PL spectra for various Zn1�xMgxO samples (as listed in

Table I). These PL spectra show that typically three PL peaks

near the bandgap are predominant for all Mg-concentrations.

The PL peak at 368.76 nm can be identified as the DX in the

ZnO layer. The donor, which binds an electron-hole pair (to

form the DX), can be assigned as aluminum (Al) impurity

based on the energy position and the exciton binding energy

(the energy separation between the free exciton and the DX).

Since sapphire wafers have been employed for the ZnO and

Zn1�xMgxO epilayer growth, it is reasonable that Al is the

predominant donor impurity. The two other peaks in the PL

spectra can be interpreted as the FX and DX in the

Zn1�xMgxO band edge emission region. These peaks exhibit

a blue-shift with increasing Mg-concentration, as expected

for the excitons in the Zn1�xMgxO layer. There will be a

additional experimental outcome expounded below to support

the interpretation of the FX and DX transitions as being origi-

nating from the free exciton and the donor bound exciton in

the Zn1�xMgxO layer, respectively. Fig. 3(a) shows PL spec-

tra of samples with varying Mg-concentrations (0.38%,

0.84%, and 1.86%), which were grown at different tempera-

tures (950 �C, 850 �C, and 750 �C, respectively). On the other

hand, Fig. 3(b) shows PL spectra of samples with altered Mg-

concentrations (1.1%, 1.86%, and 2.8%) but grown at the

same temperature, 750 �C. These results imply that the FX

emission gains PL intensity relative to the DX emission as

the Mg-concentration increases.28,29

In order to draw conclusions on the origin of the FX and

DX in the ZnMgO band edge emission region, Figure 4

shows the PL and SPL spectra of the sample with a Mg-

concentration of 0.84% (Z07). With the excitation resonant

with either the DX peak in ZnO or the DX in ZnMgO, we

can clearly identify the LO-phonon-replica related to the do-

nor bound exciton in both ZnO and ZnMgO. The energy sep-

aration between the two LO-phonon-replicas is exactly the

same energy separation as between the DX transitions in

the ZnO and ZnMgO layers. With above bandgap excitation,

the PL shows a similar structure although different intensity

levels as the PL spectrum with excitation resonant with the

DX transition, as shown in Fig. 4. Furthermore, the intensity

of the LO-phonon-replica from both ZnO and ZnMgO epi-

layers shows a similar dependence on the excitation energy,

i.e., when the excitation energy is resonant with the DX tran-

sition, the corresponding LO-phonon intensity is enhanced in

comparison with the non-resonant case. These facts support

the interpretation of the DX transition in ZnMgO as being

the donor bound exciton. To find further support that the FX

and the DX peaks in ZnMgO layer really are originating

from the free exciton and the donor bound exciton, the tem-

perature dependence of the FX and DX peaks in PL spectra

is performed. As shown in Fig. 5, the FX in the ZnMgO layer

becomes predominant at temperatures above 70 K. Such tem-

perature dependence is consistent with the interpretation of

the FX and DX transitions as being originating from the free

exciton and the donor bound exciton. The similar tempera-

ture dependence has been reported earlier31 in ZnMgO

epilayer.

TABLE I. Sample information on the Zn1�xMgxO epilayers used in this

study. The donor ionization energy Eio is estimated according to

EB/Eio¼ 0.3 (Ref. 27) by using the measured DX binding energy EB.

Growth

temperature

T (�C)

Deduced Mg

concentration

(x) (%)

Deduced

DX binding

energy (meV)

DX

energy

(eV)

Estimated

Eio (meV)

Z05 950 0.38 3.36810

Z08 900 0.55 16.61 3.37525 55.4

Z07 850 0.84 17.13 3.38023 57.1

Z04 800 1.30 15.24 3.38742 50.8

Z06 750 1.86 13.65 3.40138 45.5

Z03 700 3.01 11.76 3.40987 39.2

Z11 750 1.10 14.76 3.38277 49.2

Z10 750 2.80 13.08 3.41519 43.6

FIG. 3. PL spectra from various ZnMgO epilayers, measured at 5 K with a

laser excitation of 266 nm with an excitation power of 1 mW.
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A common method to determine the ionization energy of

shallow impurities is to measure the free to bound transition

using PL spectroscopy or to determine excited states using

selective PL spectroscopy. However, these methods cannot

be applied in our case, since the free to bound transition and

the excited states cannot be detected even in our high quality

ZnMgO epilayers (see Figs. 3 and 4) due to strong emission

from ZnO layer. We can roughly estimate the ionization

energy of donors by application of Haynes’ rule, i.e., the cor-

relation observed between the ionization energy (Eio) of the

shallow impurity and the binding energy (EB) of the exciton

localized by the same shallow impurity. Meyer et al. have

shown that the ratio EB/Eio in ZnO for excitons bound to ion-

ized donors, neutral donors, and acceptors is about 0.06–0.3,

0.3, and 0.1–0.15, respectively.27 Consequently, if we know

the tendency of EB for the bound excitons in our ZnMgO epi-

layers, we can apply the Haynes’ rule to gain information on

the dependence of the ionization energy Eio on the Mg-

concentration in the ZnMgO structure, since they can be

assumed to vary correspondingly. The estimated ionization

energies were also summarized in Table I for various ZnMgO

epilayers.

In Fig. 6, the binding energies of the donor bound exci-

tons versus the Mg-concentration and the donor bound exciton

energies are summarized. Since there is a lattice mismatch

between ZnO and MgO, the built-in strain in thin ZnMgO epi-

layers cannot be avoided. In addition, ZnMgO epilayers with

the same Mg concentration, but grown at different tempera-

tures, have different built-in strain, with a smaller built-in

strain for structures grown at higher temperatures due to strong

Mg-diffusion into the buffer ZnO layer.30 In order to get an

idea of both the built-in strain and the Mg-concentration

effects, we have investigated two sets of ZnMgO epilayer

samples. For one set, the Mg-concentration was changed,

while the growth temperature was kept constant. For the other

set, both the Mg-concentration and the growth temperature

were varied. Fig. 6 clearly illustrates the effect of the built-in

strain and the Mg-concentration on the exciton binding

energy. By comparing these experimental results shown in

Fig. 6, the following observations can be made; the donor

exciton binding energy (or donor ionization energy) decreases

with (1) increasing Mg-concentration and (2) increasing built-

in strain. We would like to point out that the similar investiga-

tions were reported earlier by Neumann et al.31 Their samples

were grown by using plasma-assisted molecular beam epitaxy

and using different buffer layers and growth temperatures.

FIG. 4. PL (black line) and SPL (color lines) spectra, measured at 5 K. The

PL spectrum was measured with a laser excitation at 266 nm, while the SPL

spectra were measured with a resonant excitation at wave lengths as indi-

cated by vertical arrows in the figure.

FIG. 5. Temperature dependence of the PL spectra of the ZnMgO sample

with a Mg concentration of 1.86% (sample Z06), measured with an excita-

tion wavelength of 350 nm.

FIG. 6. The exciton binding energy versus (a) the Mg-concentration and (b)

the transition energy of the DX.

183508-4 Zhao, Liu, and Holtz J. Appl. Phys. 116, 183508 (2014)

 [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:

130.236.83.172 On: Tue, 13 Jan 2015 11:47:45



They fund that the binding energy of line I9 (donor related

bound exciton) is unchanged with increased Mg-concentration

in ZnMgO layer.

In summary, we have grown and investigated high qual-

ity ZnMgO epilayers. Both the free exciton and donor bound

exciton were observed simultaneously in the photolumines-

cence spectra of the high quality Zn1�xMgxO epilayers.

The results indicate that both the built-in strain and the Mg-

concentration influence the donor exciton binding energy.

It clearly shows that the donor exciton binding energy

decreases with increasing Mg-concentration and with

increasing built-in strain. Furthermore, the results indicate

that the donor bound exciton transition energy increases

with a decreasing strength of the built-in strain if the Mg-

concentration is kept the same in the Zn1�xMgxO epilayers.

Our results imply that the decrease of the conductivity in

ZnMgO epilayer is not due to the fact that the electronic

structure of the shallow donors is changed. Our results also

indicate that the background n-type doping concentration

decreases in ZnMgO epilayers in comparison with the

corresponding ZnO layers.

1M. W. Cho, A. Setiawan, H. J. Ko, S. K. Hong, and T. Yao, Semicond.

Sci. Technol. 20, S13–S21 (2005).
2T. Ohgaki, N. Ohashi, H. Kakemoto, S. Wada, Y. Adachi, H. Haneda, and

T. Tsurumi, J. Appl. Phys. 93, 1961 (2003).
3Y. Chen, D. M. Bagnall, H.-J. Koh, K.-T. Park, K. Hiraga, Z.-Q. Zhu, and

T. Yao, J. Appl. Phys. 84, 3912 (1998).
4A. Bakin, A. El-Shaer, A. Che Mofor, M. Kreye, A. Waag, F. Bertram, J.

Christen, M. Heuken, and J. Stoimenos, J. Cryst. Growth 287, 7 (2006).
5J. M. Pierce, B. T. Adekore, R. F. Davis, and F. A. Stevie, J. Cryst.

Growth 277, 345 (2005).
6Y. Zhang, G. Du, B. Liu, H.-C. Zhu, T. Yang, W. Li, D. Liu, and S. Yang,

J. Cryst. Growth 262, 456 (2004).
7A. Dadgar, N. Oleynik, D. Forster, S. Deiter, H. Witek, J. Blasing, F.

Bertram, A. Krtschil, A. Diez, J. Christen, and A. Krost, J. Cryst. Growth

267, 140 (2004).

8M. Pan, W. E. Fenwick, M. Strassburg, N. Li, H. Kang, M. H. Kane, A.

Asghar, S. Gupta, R. Varatharajan, J. Nause, N. El-Zein, P. Fabiano, T.

Steiner, and I. Ferguson, J. Cryst. Growth 287, 688 (2006).
9H. Chen, S. Gu, J. Liu, J. Ye, K. Tang, S. Zhu, and Y. Zheng, Appl. Phys.

Lett. 99, 211906 (2011).
10Y. Zhang, G. Du, H. Zhu, C. Hou, K. Huang, and S. Yang, Opt. Mater. 27,

399 (2004).
11W. Prellier, A. Fouchet, Ch. Simon, and B. Mercey, Mater. Sci. Eng., B

109, 192 (2004).
12E. McGlynn, J. Fryar, G. Tobin, C. Roy, M. O. Henry, J. P. Mosnier, E. de

Posada, and J. G. Lunney, Thin Solid Films 458, 330 (2004).
13Z. L. Wang, Annu. Rev. Phys. Chem. 55, 159 (2004).
14Z. L. Wang, Mater. Today 7, 26 (2004).
15Q. X. Zhao, M. Willander, R. Morjan, Q. H. Hu, and E. E. B. Campbell,

Appl. Phys. Lett. 83, 165 (2003).
16F. Chaabouni, M. Abaab, and B. Rezig, Sens. Actuators, B 100, 200 (2004).
17S. Kim, W. I. Lee, E. H. Lee, S. K. Hwang, and C. Lee, J. Mater. Sci.

42(13), 4845–4849 (2007).
18H. Q. Le and S. J. Chua, Appl. Phys. Lett. 87, 101908 (2005).
19Y. Tak and K. Yong, J. Phys. Chem. B 109, 19263–19269 (2005).
20W. Il Park, G. C. Yi, M. Kim, and S. J. Pennycook, Adv. Mater. 15, 526

(2003).
21A. Tsukazaki, A. Ohtomo, T. Onuma, M. Ohtani, T. Makino, M. Sumiya,

K. Ohtani, S. F. Chichibu, S. Fuke, Y. Segawa, H. Ohno, H. Koinuma, and

M. Kawasaki, Nat. Mater. 4, 42 (2004).
22S. J. Jiao, Z. Z. Zhang, Y. M. Lu, D. Z. Shen, B. Yao, B. H. Li, D. X.

Zhao, X. W. Fan, and Z. K. Tang, Appl. Phys. Lett. 88, 31911 (2006).
23W. Z. Xu, Z. Z. Ye, Y. J. Zeng, L. P. Zhu, B. H. Zhao, L. Jiang, J. G. Lu,

H. P. He, and S. B. Zhang, Appl. Phys. Lett. 88, 173506 (2006).
24Y. R. Ryu, T. S. Lee, J. A. Lubguban, H. W. White, B. J. Kim, Y. S. Park,

and C. J. Youn, Appl. Phys. Lett. 88, 241108 (2006).
25J. L. Lyons, A. Janotti, and C. G. Van de Walle, Appl. Phys. Lett. 95,

252105 (2009).
26Y. Ke, J. Berry, P. Parilla, A. Zakutayev, R. O’Hayre, and D. Ginley, Thin

Solid Films 520, 3697–3702 (2012).
27B. K. Meyer, J. Sam, S. Lautenschl€ager, M. R. Wagner, and A. Hoffman,

Phys. Rev. B 76, 184120 (2007).
28E. Hal Bogarudus and H. Barry Bebb, Phys. Rev. 176, 993 (1968).
29A. C. Ferreira, P. O. Holtz, B. Monemar, M. Sundaram, K. Campman, J.

L. Merz, and A. C. Gossard, Phys. Rev. B 54, 16994 (1996).
30L. L. Yang, Q. X. Zhao, G. Z. Xing, D.-D. Wang, T. Wu, M. Willander, I.

Ivanov, and J. H. Yang, Appl. Surf. Sci. 257, 8629 (2011).
31M. D. Neumann, C. Cobet, N. Esser, B. Laumer, T. A. Wassner, M. Eickhoff,

M. Feneberg, and R. Goldhahn, J. Appl. Phys. 110, 013520 (2011).

183508-5 Zhao, Liu, and Holtz J. Appl. Phys. 116, 183508 (2014)

 [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:

130.236.83.172 On: Tue, 13 Jan 2015 11:47:45

http://dx.doi.org/10.1088/0268-1242/20/4/002
http://dx.doi.org/10.1088/0268-1242/20/4/002
http://dx.doi.org/10.1063/1.1535256
http://dx.doi.org/10.1063/1.368595
http://dx.doi.org/10.1016/j.jcrysgro.2005.10.033
http://dx.doi.org/10.1016/j.jcrysgro.2005.01.054
http://dx.doi.org/10.1016/j.jcrysgro.2005.01.054
http://dx.doi.org/10.1016/j.jcrysgro.2003.10.079
http://dx.doi.org/10.1016/j.jcrysgro.2004.03.028
http://dx.doi.org/10.1016/j.jcrysgro.2005.10.093
http://dx.doi.org/10.1063/1.3662964
http://dx.doi.org/10.1063/1.3662964
http://dx.doi.org/10.1016/j.optmat.2004.03.019
http://dx.doi.org/10.1016/j.mseb.2003.10.039
http://dx.doi.org/10.1016/j.tsf.2003.12.045
http://dx.doi.org/10.1146/annurev.physchem.55.091602.094416
http://dx.doi.org/10.1016/S1369-7021(04)00286-X
http://dx.doi.org/10.1063/1.1591069
http://dx.doi.org/10.1016/j.snb.2003.12.059
http://dx.doi.org/10.1007/s10853-006-0738-8
http://dx.doi.org/10.1063/1.2041833
http://dx.doi.org/10.1021/jp0538767
http://dx.doi.org/10.1002/adma.200390122
http://dx.doi.org/10.1038/nmat1284
http://dx.doi.org/10.1063/1.2166686
http://dx.doi.org/10.1063/1.2199588
http://dx.doi.org/10.1063/1.2210452
http://dx.doi.org/10.1063/1.3274043
http://dx.doi.org/10.1016/j.tsf.2011.12.020
http://dx.doi.org/10.1016/j.tsf.2011.12.020
http://dx.doi.org/10.1103/PhysRevB.76.184120
http://dx.doi.org/10.1103/PhysRev.176.993
http://dx.doi.org/10.1103/PhysRevB.54.16994
http://dx.doi.org/10.1016/j.apsusc.2011.05.038
http://dx.doi.org/10.1063/1.3606414

	Properties of shallow donors - TP
	1.4902007

