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Abstract This paper reports structural, optical and ca-
thodoluminescence characterizations of sintered Zn;_,Mg,O
composite materials. The effects of MgO composition on
these film properties have been analyzed. X-ray diffraction
(XRD) confirms that all composites are polycrystalline with
prominent hexagonal wurtzite structure along two preferred
orientations (002) and (101) for the crystallite growth. Above
doping content x = 10 %, the formation of the hexagonal
ZnMgO alloy phase and the segregation of the cubic MgO
phase start. From reflectance and absorption measurements,
we determined the band gap energy which tends to increase
from 3.287 to 3.827 eV as the doping content increases. This
widening of the optical band gap is explained by the Bur-
stein—Moss effect which causes a significant increase of
electron concentration (2.89 x 10'%-5.19 x 10% cm_3).
The luminescent properties of the Zn;_ Mg, O pellets are
studied by cathodoluminescence (CL) at room and liquid
nitrogen temperatures under different electron beam excita-
tions. At room temperature, the CL spectra of the Zn;_
Mg, O composites exhibit a dominant broad yellow-green
light band at 2.38 eV and two ultraviolet emission peaks at
3.24 and 3.45 eV corresponding to the luminescence of the
hexagonal ZnO and ZnMgO structures, respectively. For the
doped ZnO samples, it reveals also new red peaks at 1.72 and
1.77 eV assigned to impurities’ emissions. However, the CL
spectra recorded at 77 K show the presence of excitonic
emission peaks related to recombination of free exciton (Xy),
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neutral donor-bound excitons (D°X) and their phonon repli-
cas. The CL intensity and energy position of the green, red
and ultraviolet emission peaks are found to depend strongly
on the MgO doping content. The CL intensity of the UV and
red emissions is more enhanced than the green light when the
MgO content increases. CL imaging analysis shows that the
repartition of the emitting centers in Zn,;_,Mg,O composites
is intimately connected to the film composition and surface
morphology.

1 Introduction

During the last few years, zinc oxide (ZnO) has gained
much interest in research activity and industrial applica-
tions ranging from transparent electrodes (TCO) in solar
cells [1, 2], gas sensors [3, 4], spintronic devices [5, 6],
light-emitting diodes (LEDs) [7, 8] to surface acoustic
wave devices [9], based specially on its wide direct band
gap (3.35 eV) and large exciton binding energy (60 meV)
at room temperature [10]. To extend its optoelectronic
application in the infrared and ultraviolet wavelength
regions, many researchers have attempted to introduce
proper ions such as Cd, Co and Mg into the ZnO lattice to
adjust the energy band structure [11-15]. Acharya et al.
[11] reported the growth of wurtzite Zn; _,Cd,O (x < 0.25)
on glass substrates by the spray pyrolysis technique. They
found that the optical band gap could be tuned from that of
ZnO (3.25 eV) to 2.94 eV at Cd doping content x = 25 %.
Therefore, ZnMgO thin films have been prepared by many
techniques such as spray pyrolysis, pulsed laser deposition,
molecular beam epitaxy (MBE), metalorganic vapor-phase
epitaxy (MOVPE) and sol-gel process [16]. Reports have
demonstrated that the ternary alloys Zn;_Mg,O with a
wide range of Mg composition x from 0 to 49 % still
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maintained their hexagonal lattice structure due to the
similar ionic radius of Mg2+ (0.57 1&) and Zn>" (0.60 1&),
and the corresponding energy band gap could be increased
from 3.34 to 4.19 eV [17, 18]. Ohtomo et al. [13] have
reported the first synthesis of high-quality, single-phase
Mg, Zn;_,0O thin films with Mg concentrations up to 33 %
at due to the non-equilibrium nature of pulsed laser depo-
sition (PLD) growth. Chunming Jin [18] has evidenced the
epitaxial growth of hexagonal MgZnO films on sapphire
(0001) substrates with single-crystalline quality where the
band gap of these films can be controlled from 3.36 to
4.12 eV by changing the Mg content. The effect of
increasing Mg content in the ZnO films was found to
reduce the defect emission and to improve strongly the
bright excitonic photoluminescence at room temperature.
Many recent papers [16-23] have demonstrated that the
optical and luminescent properties of ZnMgO films are
very sensitive to the defect density, chemical stoichiometry
and crystalline microstructure that depend strongly on the
growth temperature and the Mg doping concentration.
Single-phase and polycrystalline Zn;_,Mg,O pellets were
synthesized using solid-reaction method which had extre-
mely high green and orange with increase of MgO alloying
[22]. Recently, Lui et al. [23] have observed S-shaped
temperature dependence of the near-band PL emissions and
Stokes red shifts of about 365 meV in high-Mg-content
single-phase wurtzite Mg,Zn;_,O (0.27 < x < 0.55) epi-
layers. They explained these behaviors in terms of local-
ized exciton emissions caused by the Mg compositional
fluctuations. In this paper, we study the effect of MgO
doping contents on structural, optical and luminescent
properties of Zn;_,Mg,O composites prepared by the
solid-state reaction technique.

2 Experimental details

The Zn,_,Mg,O composites were prepared by using a
conventional solid-state sintering method. Different weight
contents of MgO (x = 0-40 %) were added to ZnO powder
(purity ~99.99 %) which was homogenously milled in an
agate mortar and then calcined in air at 500 °C for 3 h. The
Zn,_,Mg,O powders were pressed into pellets (of 1 mm
thickness and 6 mm diameter) and sintered at a high tem-
perature of 1200 °C for 24 h with a heating rate of 10 °C/
min. The pellets were then cooled slowly to room tem-
perature. X-ray diffraction (XRD) with Cu—Ko radiation
wavelength of 0.15406 nm was used to determine the
crystal structure of the ZnMgO samples in the scan range
20 = 20°—60°. The optical properties of the ZnMgO pel-
lets were examined in the wavelength range 200-1800 °C
by using the UV-VIS-NIR spectrophotometer
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(SHIMADZU UV-3101PC). The luminescent properties
were studied by cathodoluminescence (CL) spectroscopy
and monochromatic imaging under electron beam energy
and beam current / = 5 nA. The CL spectra were recorded
at room and liquid nitrogen temperature by using a Gatan
MonoCL2 system installed on a Cambridge S-360 SEM
coupled with a multialkali photomultiplier detector [24].

3 Results and discussions
3.1 Structural properties

Figure 1 shows the XRD patterns of doped ZnO samples
with different MgO contents. For undoped ZnO sample, we
noticed the appearance of five prominent diffraction peaks
at 20 = 31.81°, 34.47°, 36.31°, 46.60° and 56.63°, which
can attributed to the (100), (002), (101), (102) and (110)
planes of hexagonal wurtzite ZnO (JCPDS card 36-1451).
It reveals that the MgO doping does not affect the hexag-
onal structure of all doped ZnO samples, but secondary
phases can be formed at higher concentration. Also, the
degree of texture is strongly influenced by the level of
MgO doping concentration. One can observe that all the
composites have (002) and (101) as the preferred orienta-
tions for the crystallite growth with texture coefficient
about 47 and 26 %, respectively [25, 26]. With doping
content up to x = 20 %, two distinct diffraction peaks
appear at 36.7° and 42.3° corresponding, respectively, to
(111) and (200) planes of cubic MgO phase (JCPDS card
No. 78-0430). The intensity of the rock-salt cubic peaks is
found to increase significantly compared to hexagonal ones
which contribute quantitatively about 15 % of textured
grains. This result indicates a strong segregation of the
MgO phase in the ZnO wurtzite structure. The limit solu-
bility of MgO in the ZnO host lattice is found to be 10 %
which agrees well with the result of Kumar et al. [27] in
Zn;  Mg,O (x <20 %) systems synthesized by sol-gel
method.

In Fig 1b, one can see clearly the presence of small peak
at 34.68° which can be identified to the (002) reflection
plane of the ZnMgO hexagonal structure [28-30]. Zheng
et al. [30] showed single-crystalline wurtzite structure of
Zng 51Mgp 490 films where the (002) diffraction peak
appeared close to the angles 20 = 34.7°. Furthermore, it
has been reported that up to 15 mol % addition of MgO,
the formation of alloy ZnMgO phase takes place [31].
Recently, Singh et al. [32] have obtained by the sol-gel
method single-wurtzite Zn;_,Mg,O thin films for Mg
content x < 25 %; above this concentration, phase segre-
gations are initiated and a mixed phase of hexagonal and
cubic crystal structure is observed.
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Fig. 1 a XRD patterns of Zn,_ (a)
Mg, O composites, b enlarged 1600 —
detail of diffraction spectra ) s — x=0%
~ 2 5]
3 S|= S — x=10%
] ¥ N|E > — x=20%
c =3 o = —
N o1 2 - — x=30% e
1200 S 3 — x=34% 5
© s ] —— x=36% N
2 J 2 N —— x=40%
3 =
= S
S 800+ *
2 I W . A e
> I G W " A
i
(a)
400 -
0 "‘ T T ﬁu‘l T Ll T 1
30 35 40 45 50 55 60
20 (degree)
b
(b) =
(=]
o
5’ x=20%
(= - —209
S N x=30%
8’ x=34%
% x=40%
=
(=)
N
34.4 34.6 34.8
Table 1 Lattice constants. MgO (Wi%)  a (A) c (A) ex o ¢, (GPa) D (nm)
biaxial strains, stress and the
average grain sizes for all the 0 3.2448 5.1984 —0.00154 —0.00156 0.355 109.554
compositions 10 3.2475 5.1868 —0.00072 —0.00379 0.860 101.511
20 3.24974 5.1834 —0.000048 —0.00444 1.007 100.620
30 3.2501 5.1828 0.000065 —0.00456 1.035 89.558
34 3.2506 5.18327 0.000242 —0.004479 1.016 48 465
36 3.2508 5.18294 0.000304 —0.004544 1.030 46.259
40 3.2509 5.18151 0.000329 —0.004817 1.092 42.978
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Fig. 2 Variation of texture coefficient versus MgO doping content
for all crystallographic orientations

Furthermore, it shows that the (002) peak is slightly
shifted to higher diffraction angles where its width is
found to increase from 0.07° to 0.22° with increasing
MgO content from x =0 to 40 %, respectively. This
indicates a decrease in the c-axis lattice parameter which
can result from the partial incorporation of Mg>" ion in
the host ZnO matrix at the substitution Zn>"sites [27, 33].
The lattice constants (a, c), the average grain sizes
(D) and the biaxial residual stress (o,,) in all ZnMgO
samples were calculated and are reported in (Table 1).
The variation of texture coefficient versus MgO doping
content for all crystallographic orientations is presented in
the Fig. 2.

When the doping content is increased (x = 0-40 %), the
average grain size is found to decrease from 109.55 to
42.97 nm. Moreover, one can point out that the crystalline
quality deteriorates with the increase of MgO content. In
fact, the residual strain (&) is compressive below
x = 20 %, and above this concentration it becomes tensile
and increases gradually. The biaxial stress (g,,) along the
c-axis is increased from 0.35 to 1.03 GPa as the doping
concentration is varied from 0 to 40 %.

3.2 Optical properties

To investigate the optical properties of the fabricated
ZnMgO composites, we have recorded at room temperature
the diffuse reflectance (R) spectra in the UV-VIS-NIR
region (200-2400 nm). Figure 3 presents the reflectance
spectra of the ZnMgO samples for different MgO doping
contents. One can see that the average reflectance is found
to vary from 75 to 93 % in the visible region for all the
samples. The same behavior is observed in the UV region
in which the reflectance increases about 50 to 70 % as the
MgO doping content increases. It shows that below a
wavelength of 400 nm, the reflactance spectra tend to shift
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Fig. 3 Reflectance spectra of Zn;_,Mg,O pellets measured at room
temperature
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Fig. 4 Absorption coefficient spectra of Zn;_ Mg,O pellets mea-
sured at room temperature

toward shorter wavelengths. This decrease starts from the
absorption edges situated near the optical band gap. Here, it
must be noticed that all ZnMgO samples have very low
transparency in the wavelength range 200-1800 nm. It is
well known that for weakly absorbing samples, the Kub-
elka—Munk function [34, 35] is commonly used to deter-
mine the optical absorption coefficient («) from the diffuse
reflectance R which is given by the relation:

_F(R)_(1-R)’
T M)

where t+ &~ 1.2 mm is the thickness of Zn;_,Mg,O pellets.

Figure 4 shows the absorption coefficient of Zn,_,Mg,O
pellets measured at room temperature. When the doping
concentration is increased, we observe clearly a blue
shifting of the absorption spectra toward the UV region,
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indicating an increase of the band gap. After that, we used
Tauc’s procedure to evaluate precisely the optical band gap
from the plots (ahv)® versus the photon energy hv. As
shown in Fig. Sa—g, the existence of linear segment on
these plots verifies the existence of direct optical transition
where its extrapolating to the axis of photon energy [cor-
responding to (ohv)® = 0] permits determining the band
gap energy Eg (see Table 2). We see that the values of Eg
increase from 3.28 eV to 3.41, 3.52 and 3.82 at Mg doping
content x = 0, 20, 36 and 40 %, respectively. Nidhi Ad-
hlakra et al. [36] have reported similar results for doped
ZnO samples with MgO concentrations between 0 and
50 %. However, this increment in the band gap Eg is
believed to be caused by the Burstein—Moss effect [37-39].
Shan et al. [37] have demonstrated that the Mg doping in
ZnO leads to an obvious increase in the carrier concen-
tration and a blue shift of the band gap. From the XRD
analysis, the texture coefficient of hexagonal ZnMgO phase
is very low (<8 %) and its contribution to the increase in
Eg should be neglected. This exclusion is well verified
since the band gap broadening is not described by Vegard’s
law for solid ternary alloys [38]. As shown in Fig. 6a, the

Photon Energy (eV)

Table 2 Variation of the band gap and Urbach tail energies of Zn;_
Mg, O composites

MgO content (x %) Eg (eV) Ey (eV)
0 3.287 £ 0.013 0.768
10 3.365 £ 0.012 0.726
20 3414 £ 0.015 0.531
30 3.435 £ 0.102 0.633
34 3.495 £ 0.122 0.779
36 3.523 £ 0.125 0.819
40 3.827 £ 0.123 0.886

band gap widening AE, compared to that of ZnO bulk film
(Ego = 3.3 eV) is perfectly described by a linear fit with
the carrier concentration (n*), as given by the relationship
of Burstein—Moss effect [39]:

ho(3\*
AEg = Z) n?h 2
g 8m<) n (2)

T

where h is the Planck’s constant (4.13 x 107" eV s); m*
is the electron mass (9.11 x 107! kg) and n is the electron

@ Springer



1506

Z.J. Othman et al.

(a)

0.6

0.5 1

0.4 1

0.3 1

AEg (eV)

0.2 1

0.1 1

o++——m—rv

0.0E+00  2.0E+13  4.0E+13  6.0E+13  8.0E+13
2/3 -2

n*"" (em”®)

(b)

Electron concentration (cm'3)

6.0E+20

4.0E+20 A

2.0E+20 |

=

—

—

1.0E+17
0

10

20

30

40

50

MgO content (%)

Fig. 6 a Fitted band gap broadening AEg with the Burstein-Moss model. b Variation free electron concentration with the increase of MgO

content

concentration ~which varies from 2.89 x 10" to
5.19 x 10*° cm™ as the doping content x is increased
from 10 to 40 %, respectively (see Fig. 6b).

We have determined the Urbach tail Ey of the com-
posites from the linear slope of the curves Ino vs the photon
energy and use the equation [40]:

hy — E
% = agexp (_g)

= ®)

The Ey value has been calculated and is presented in
Table 2. We see that the Urbach energy decreases from
0.76 to 0.53 eV when the doping level increases from O to
20 % and then increases to 0.88 eV for x = 40 %. These
values are higher and can be correlated with the increase of
structural stress in our prepared Zn;_, Mg, O materials.

However, the change in the Urbach tail energy above the
doping content x = 20 % may be caused by the MgO
segregation phenomenon and also by the increase in free
electron concentration which acts as scattering centers.
This phenomenon may be due to the compositional inho-
mogeneity and/or crystalline imperfection in ZnMgO, as
suggested by Akihiro Wakahara [41] in eptixaial Zn;_
Mg, O films grown on sapphire substrates at 500 °C by
pulsed laser deposition.

3.3 Cathodoluminescence properties

Figure 7a shows the CL spectra of the Zn;_,Mg,O com-
posites measured at room temperature under an electron
beam energy of 20 keV. The spectrum of ZnO sample is
dominated by the near-band edge (NBE) emission at
382 nm (3.24 eV) corresponding to the excitonic recom-
bination. A broadened peak at 4 = 520 nm (2.38 eV) is
observed which corresponds to yellow-green luminescence
(YL/GL). The origin of this emission band is attributed to
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Fig. 8 CL imaging of Zn;_,Mg,O composites taken at 4 = 382 nm

the presence of various intrinsic defects, such as zinc in-
terstitials and oxygen vacancies, where the oxygen
vacancies are major defects generating green light in wide
band gap ZnO [14, 21, 24, 42-44]. Minami et al. [44]
proposed that the yellow-green emission in ZnO might be
associated to a transition within a self-activated center
formed by a double-ionized zinc vacancy (VZ,,)_2 and a
single-ionized interstitial Zn;" at the one and/or two near-
est-neighbor interstitial sites. Ogawa et al. [14] have
attributed the green emission of ZnO to the recombination
of electrons of the singly ionized center (Vg) with the
photoexcited holes in the valence band. Therefore, it must
be pointed out that the CL spectra of the doped ZnO films
are found to depend significantly on the MgO composition.
For all Zn,_,Mg,O samples (x > 10 %), the spectra
exhibit additional CL red peaks at 1.71 and 1.77 eV, which
are assigned to Cr and Fe defect emissions incorporated in
the MgO material [45-48]. El Hichou et al. [43] ascribed
the red emission (670-700 nm) to oxygen defects in
F-doped and Sn-doped ZnO thin films prepared at 450 °C
by the spray pyrolysis method. It reveals also a weak UV
emission around 3.46 eV for doped ZnO with MgO content
equal to x = 10, 20 and 30 %. This emission is blue shifted
about 120 meV than that of free exciton in ZnO bulk film

(3.35 eV). The CL intensity and energy position of the UV
peaks are found to depend strongly on the crystalline
quality and on the MgO doping content. It is clearly seen
that the addition of MgO in ZnO leads to enhancement of
the near-band gap emissions. Figure 7b shows the CL
spectra recorded at 77 K with exciting electron beam
energy E = 20 keV in the wavelength range 300450 nm.
The spectra display violet peaks at 3.35, 3.31, 3.23 and
3.17 eV that are attributed to ZnO hexagonal structure.
These peaks are identified as free exciton emission (FX,)
and neutral donor-bound exciton (D°X) and its phonon
replicas (denoted by D°X-1LO and DX-2LO), respec-
tively. Similar results have been reported by Jesse Huso
[49] and Zhang et al. [50] at the measured temperature of
82 K. Moreover, it shows weakly and broad UV peaks
centered at 3.57 eV, which correspond to deep emission of
the ZnMgO alloy phase. Heitsch et al. [51] have observed
the same luminescence bands in MgZnO/ZnO hetero-
structures grown by PLD. Its peak energy position was
seen to red shift from 3.57 to 3.53 eV when the MgO
content was increased from x = 10 to 36 %, respectively.
This behavior is in contrast with the optical band gap
increase in our Zn;_, Mg, O composites. This effect can be
due to the reduction in crystalline quality and/or to the
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band gap renormalization caused by many-body interac-
tions of electron density which produces a slight downward
shift on the conduction band [50]. In Fig. 8 the CL imaging
analysis shows that the repartition of the emitting centers in
ZnMgO is intimately connected to the film composition
and surface morphology.

We observe that the luminescent centers of NBE emis-
sion at 382 nm are seemingly homogeneous for all the
samples. These images show that the increase in MgO
content leads to great enhancement of the UV lumines-
cence of the ZnO bulk material. This emission is found to
strongly be affected by the presence of defect-related green
luminescence. Further CL studies will be carried out for
better understanding the effect of Mg composition on the
optical properties of Zn;_,Mg,O composites.

4 Conclusion

Zn;_,Mg,O composites were synthesized by a solid-state
reaction method at sintering temperature of 1200 °C. The
effect of MgO doping (x = 040 %) on the structural
and optical properties of Zn,_,Mg,O composites was
investigated. XRD analysis indicates that all the com-
posites have prominent polycrystalline hexagonal wurtz-
ite structure of ZnO with highly textured grains along
the (002) and (101) growth directions. Above doping
content x = 10 %, the formation of hexagonal ZnMgO
alloy phase and the segregation of the cubic MgO phase
start. Decreases in grain size and crystalline quality are
observed with the increase of doping MgO content.
Interestingly, there is an increase in the band gap energy
from 3.287 to 3.827 eV for the composition range
x = 0-40 %, respectively. This blue shift in the band
gap is found to depend on the electron concentration as
suggested by the Burstein-Moss effect. At room tem-
perature, the CL spectra are dominated by a broad yel-
low-green emission band at 2.38 eV and ultraviolet peak
at 3.24 eV corresponding to the luminescence of the
hexagonal ZnO structure. Weak CL peaks also appear in
the UV range (3.44-3.45 eV) as the doping MgO content
is increased (x > 20 %). The CL spectra recorded at
77 K showed an enhancement of the UV emissions than
the green light related to oxygen defects. The CL spectra
exhibit clearly the emission peaks of free exciton (FX,),
neutral donor-bound excitons (DOX) and their phonon
replicas. The MgO incorporation into ZnO film gives rise
to new red emissions (1.68-1.8 eV) and improves the
UV emission around 3.57 eV related to the ZnMgO alloy
phase. CL imaging shows intensive and more homoge-
nous repartition of the emitting centers at 382 nm in
highly doped ZnMgO composites.
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