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Mn-doped ZnO, MgO and Zng 75Mgo 250 samples ([Mn] = 0.1 at.%) were produced by conventional solid-state
technique and investigated by means of XRD, EPR, absorption, photocurrent, photo- and cathodoluminescence
methods. It was shown that Zng.75Mgo.250 solid solution with hexagonal structure has the bandgap of E; ~3.65
eV. The quenching of host defect-related luminescence in ZnO:Mn and in hexagonal Zng75Mgp 250:Mn was
observed, while the Mn-related emission being absent. The energy level of MnZi center in hexagonal

Zng.75Mgp.250:Mn was found to be at 2.16 eV below conduction band (c-band) bottom and all excited states of
MnZ; ions, including the lowest one, reside in c-band, as it takes place in ZnO:Mn. It is concluded that the
necessary condition to obtain Mn-related light emission in Mn-doped alloys is to make deeper the lowest excited
level of MnZ! ions. One of the solutions is to produce Zn;_4Mg,O:Mn solid solution with the bandgap energy
larger than 4.0 eV using nonequilibrium fabrication approaches.

1. Introduction

Wide-bandgap semiconductors doped with transition metal ions, in
particular, with manganese are promising materials for luminophores in
which the emission can be excited both by UV light and high electric
field. In the latter case, free electrons accelerated by an electric field
impact some of their energy to excite substitutional transition metal ions
which then relax radiatively back to their ground state. Mn-related
emission has been observed in many wide-bandgap II-VI compounds.
Doped with manganese ZnS, ZnSe and CdS materials are known to
demonstrate bright photo- and electroluminescence in 590-560 nm
(2.1-2.2 eV) spectral range. This emission was shown to originate from
intra-shell *T; — ®A; transitions in photo- or electro-excited Mn?* centers
[1-4]. However, no such emission was observed in Mn-doped ZnO.

Zinc oxide, a II-VI semiconductor with direct bandgap energy of
E¢~3.3 eV at room temperature, is considered as a promising material
for versatile device fabrication due to its low cost, high chemical sta-
bility, non-toxicity and high radiation resistance. This compound at-
tracts much attention due to its possible application for blue/UV-lasers,
light-emitting diodes and photodetectors. Large exciton binding energy
(60 meV) allows obtaining bright UV emission and optical lasing at room

temperature. In addition, ZnO demonstrates visible emission which
spectrum and intensity can be controlled by certain treatments as well as
by doping with different impurities.

One of the extensively investigated impurities in zinc oxide is man-
ganese because of ZnO:Mn is considered as a potential high-temperature
ferromagnetic. At the same time, manganese dopant in zinc oxide acts as
a luminescence “killer” and results in the quenching of both excitonic
and defect-related visible luminescence [4-8], but, in contrast to ZnS:
Mn and ZnSe:Mn, this quenching is not accompanied by appearance of
Mn-related emission [4,5,7,8]. Meanwhile, EPR and absorption spectra
studies testify that MnZ; centers are formed in ZnO under manganese
doping [9,10] and photoionization of these centers, namely
MnZ}—»Mng; transitions take place, which gives rise to the formation of
a broad unstructured absorption band arising below the onset of
band-to-band transitions as well as to the appearance of photoconduc-
tivity in the same spectral region, i.e. 400-620 nm (3.0-2.0 eV) [7,8,
10-12]. The production of free electrons due to the photoionization of
Mn%,f centers indicates that all excited states of these centers reside in
the c-band, which results in the nonradiative relaxation of Mn3; ions
back to the ground state [8].

A similar situation is observed in bulk CdSe:Mn as well as in CdSe:Mn
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quantum dots (QDs) with particle size d > 3.3 nm, in which exited states
of Mn%é’ ions reside in the c-band [7]. Doping of this material with
manganese caused the quenching of excitonic luminescence, while
Mn-related emission was absent. At the same time, the photo-
luminescence (PL) band caused by Mncq 4T, -°A, transitions appears in
CdSe:Mn quantum dots with a diameter of 3.3-2.5 nm, when band-gap
value Eg becomes larger than the energy of MnZ{—Mng§ transition and
Mn2§ ion excited states put down to the band gap. This PL band is
observed at about 570 nm (2.18 eV), its position being independent of
dot size [7].

In ZnO:Mn quantum dots, however, Mn-related emission has not
been observed, which can be accounted for by insufficient enlargement
of band gap AE, [7,13].

It is known that the bandgap of ZnO-based materials can be essen-
tially extended by alloying zinc oxide with magnesium oxide. One might
expect that Mn-related emission caused by 4T,-%A, transitions in MnZ;
ions could be obtained in Zn; ,Mg,O alloys with hexagonal structure. To
verify this assumption, in the present work hexagonal-structure Zn;.
xMgxO:Mn ceramics were prepared and their optical characteristics were
investigated.

2. Experimental details

Ceramic samples of Zn;_,Mg,O:Mn (x = 0, x = 0.25 and x = 1) were
prepared by conventional solid-state technique. The required ratio of
Zn0 (99.99% purity) and MgO (99.98% purity) was mixed with distilled
water or MnSO4 aqueous solution and dried at room temperature. Then,
the mixtures were compacted under compressive load to form rectangle-
shaped samples. These latter were sintered in air at 1100 °C for 3 h and
cooled with the furnace down to room temperature. The average sizes of
sintered samples were 6 x 4 x 2 mm®.

In all samples, Mn content was 0.1 at.%. As the solubility limit of Mg
in ZnO under the formation of solid solution at thermodynamic condi-
tions was shown to be observed at x = 0.2 [14-17], so x = 0.25 was
chosen to obtain reliable hexagonal-phase ZnMgO with the largest
bandgap energy [17].

The X-ray diffraction (XRD), electron paramagnetic resonance (EPR),
diffuse reflectance, photocurrent (PC), photoluminescence (PL) and
cathodoluminescence (CL) spectra of prepared ceramics were measured
at 290 K. XRD patterns were recorded using X’Pert PRO MDR X-ray
diffractometer with CuK, radiation (A = 0.15418 nm). EPR spectra were
obtained using the upgraded X-band Varian E—12 spectrometer with a
sensitivity limit of about 102 EPR centers. Diffuse reflectance spectra
were recorded with respect to the BaSO4 standard by means of a double-
beam spectrometer UV-3600 UV-vis NIR (Shimadzu Company) equip-
ped with an integrating sphere ISR-3100. Based on the Kubelka-Munk
ratio, recorded spectra were converted to absorption ones using stan-
dard software. The PC spectra were registered using a home-made setup
with sensitivity down to 1 x 107! A. Photoluminescence was excited
using a 337-nm N, laser source. The CL measurements were carried out
on a Leica 440 SEM at an accelerating voltage of 20 kV. The CL spectra
were recorded in 200-1000 nm spectral range by using a Hamamatsu
PMA-11 CCD camera and corrected for the response of the collection
system.

For diffuse reflectance, PC, PL and CL registration, the samples were
cut transversally and these characteristics were recorded from the
cleaved surface. For PC measurements, ohmic indium electrodes were
melted on the cleaved surface and direct electric field of 10 V/cm was
applied.

3. Results and discussion

XRD patterns of Zng 75Mgp.250:Mn as well as ZnO and MgO ceramics
are shown in Fig. 1. These patterns demonstrate that both ZnO-based
hexagonal phase {(100), (002), (101) and (102) peaks} as well as
MgO based cubic one {(111) and (020) peaks} are present in
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Fig. 1. a) XRD patterns of ZnO:Mn (1), Zng 75sMgp.25s0:Mn (2) and MgO:Mn (3)
ceramics; b) detailed presentation of some XRD reflexes of the same ceramics.

Zng 75Mgp.250:Mn samples.

The shift of hexagonal phase peaks toward higher angles with respect
to ZnO ones is clearly seen in Fig. 1,b. For instance, the (002) and (102)
peaks shift from 3.517° to 34.752° and from 47.608° to 47.652°,
respectively (Fig. 1,b, curves 1,2). At the same time, the position of the
cubic (020) reflex moves to the lower angles with respect to MgO ones, i.
e. from 42.917° to 42.707° (Fig. 1,b, curves 2,3). This transformation of
XRD patterns indicates that both hexagonal (Zn,Mg)O and cubic (Mg,Zn)
O solid solutions are formed simultaneously during the sintering pro-
cess. No Mn-related phase was detected and the shift of XRD peaks due
to manganese doping was not observed.

The presence of Mn-doped hexagonal and cubic phases in the ob-
tained ceramics is confirmed by the EPR experiment. The EPR spectra of
the same samples are shown in Fig. 2. The EPR spectrum of MgO:Mn
(curve 1) shows the equidistant sextet from Mnl%/[*é centers in a cubic MgO
lattice. The signal from ZnO:Mn sample corresponds to the para-
magnetic centers with lower-symmetrical surroundings, being charac-
teristic for Mn%,f centers in the hexagonal ZnO lattice (curve 2),
respectively.

The EPR spectrum of Zng 75Mgp 250:Mn ceramics (curve 3) consists
of two Mn-related components. One of them is quasi-equidistant sextet
being characteristic for manganese paramagnetic centers in cubic crystal
fields. Its comparison with the signal from MnZME centers in MgO (curve
1) allows the assignment of this component to Mnf,ﬁé ions situated in the
cubic MgZnO phase. Another, more complicated EPR signal, is caused by
paramagnetic centers with lower-symmetrical surroundings. Its
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Fig. 2. EPR spectra of MgO:Mn (1), ZnO:Mn (2) and Zng ;5Mgp >50:Mn
(3) samples.

similarity with the signal of MnZ; centers in ZnO ceramics allows the
ascription of this EPR component to MnZ; ions in the hexagonal ZnMgO
phase. Thus, EPR spectra testify that the incorporation of Mn atoms in
the Zng 75Mgp 250 host occurs both in hexagonal ZnMgO and in cubic
MgZnO phases via the formation of MnZ{ and Mnj, centers, respec-
tively. The higher intensity of the EPR component from Mn%; ions in the
hexagonal Zng 75Mgp 250 phase indicates its dominant contribution to
ceramic structure.

Optical absorption and PC spectra of Zng 75Mgp.250:Mn and ZnO:Mn
ceramics are shown in Fig. 3,a and Fig. 3,b, accordingly. The absorption
spectra for undoped ZnO and Zng 75Mgo 250 are also shown in Fig. 3a
(curves 3, 4), whereas PC spectra of these samples were not obtained
because of too high dark conductivity.

One can see that optical absorption and PC spectra in Mn-doped solid
solution are similar to ZnO:Mn ones: side by side with excited by UV
light intrinsic absorption and PC, broad unstructured extrinsic bands are
observed in a visible spectral region. In Zng 75Mg250:Mn samples, both
intrinsic and extrinsic bands are blue-shifted with respect to those in
ZnO:Mn ceramics.

Band-gap value E; for investigated samples can be estimated from
the free exciton position as well as from the position of intrinsic PC
maximum which coincides with that of free exciton [18]. The latter are
hardly visible in absorption curves for doped ceramics, but reveal
themselves distinctly in PL (Fig. 3b) and cathodoluminescence spectra
shown below. Taking into account exciton binding energy in ZnO (60
meV) which has been shown to be, in fact, the same for hexagonal
Zn1.xMgxO solid solution [19], one can obtain Eg; = 3.32 eV for ZnO:Mn
sample and Eg> = 3.65 eV for Zng 75Mgp 250:Mn ceramics. So, the in-
crease of band-gap value for Zng 75Mgo 250 with respect to ZnO is AE; =
0.33 eV.

For each sample, the onsets of Mn-related absorption and PC bands
coincide and are detected at 620 nm (2.0 eV) in ZnO:Mn and at 575 nm
(2.16 eV) in Zng75Mgp 250 ceramics. Thus, MnZ; energy level, Eyp,
resides at 2.0 eV below the c-band bottom for ZnO:Mn (which is in
accordance with literature data [4,8,10-12]) and at 2.16 eV below the
c-band bottom for Zng 75Mgp 250:Mn samples (Fig. 4a and b).

The coincidence of absorption and PC spectra onsets indicates that,
in prepared Zng 75Mgp.250:Mn solid solution as well as in ZnO:Mn ce-
ramics, all excited Mn%:{ ion states, including the lowest one, reside in-
side c-band, which implies the absence of Mn-related emission [8]. This
conclusion is confirmed by the analysis of obtained PL and CL spectra
(Figs. 5 and 6, respectively).

Recorded under Ny laser excitation (337 nm) PL spectra of undoped
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Fig. 3. Normalized optical absorption (a) and photoconductivity (b) spectra of
ZnO:Mn (1), Zng 75Mgp.250:Mn (2), ZnO (3) and Zng 75Mgo.250 (4).

ZnO Zn;-sMg,,sO

c-band
c-band A
2.0 eV i 2.16 eV
3.32 aV 3.65 eV
At
—— Mnj, et
—— Mnj,
v-band y
v-band
a) b)

Fig. 4. Energy level diagram for MnZ; centers in ZnO:Mn (a) and hexagonal
Zng,75Mgo,250:Mn (b) ceramics.

Zng 75Mgo 250 ceramics demonstrate bright emission in the 400-650 nm
spectral range (Fig. 5, curve 1) which, as previous studies have shown,
consists of some overlapping bands related to native defects and residual
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Fig. 5. PL spectra of undoped (1) and Mn-doped (2) Zng 75Mgp 250 ceramics
(Aexe: = 337 nm).

Cu impurity [20]. This defect-related emission is quenched by Mn
doping and no new PL band appears (Fig. 5, curve 2) as well as it takes
place in ZnO:Mn [4-8].

CL spectra of ZnO:Mn, Zng 75Mgg.250:Mn and MgO:Mn samples are
shown in Fig. 6. High intensity of excitation by electron beam enables to
observe the emission from ZnO:Mn as well as from both hexagonal and
cubic phases in solid solution which is imperceptible under laser exci-
tation, and defect-related CL for MgO:Mn sample is also recorded. In CL
spectra of ZnO:Mn samples exciton PL band at 380 nm and characteristic
for undoped ZnO emission in the visible spectral region related to native
defects and residual Cu impurity [20] are present (Fig. 6,a).

The CL spectra of Zng 75Mg(.250:Mn sample exhibit exciton emission
from the hexagonal phase at 350 nm, the weak broad band in 400-650
nm spectral region and relatively intense red one peaked at 750 nm
(Fig. 6,b). The former is obviously defect-related emission in hexagonal-
phase solid solution [20] and the latter is quite similar to 750 nm band in
MgO:Mn ceramics (Fig. 6,c). This red band is usually observed in MgO
doped with manganese and has been shown to result from radiative
transitions in Mnﬁé centers [21]. So, one can believe that the emission
band at 750 nm in solid solution originates from Mn-related centers in
the cubic phase (Fig. 2, curve 3). Any emission band that could be
related to MnZ;; centers was observed in neither PL nor CL spectra of the
prepared solid solution. This means that the distance of the first excited
manganese level from the ground one in hexagonal ZnMgO exceeds
2.16 eV, while in the cubic phase of solid solution and MgO this distance
(splitting manganese levels in the crystal field) is less and does not
change noticeably due to MgO doping with Zn. So, obtained increase of
Eg in hexagonal zinc-magnesium solid solution prepared under ther-
modynamic conditions is insufficient to put down the lowest MnZ
exited state inside the band gap.

Although there are many reports on Mn intra-ionic luminescence in
different hosts, such as ZnS nanoparticles [22] or CdS [23], Mn-related
luminescence is scarcely observed in oxides [24]. In some cases, such as
for ZnO [25], InpO3 [26] or SnO2 [27], Mn doping is involved in the
reduction or promotion of oxygen defect centers or excitonic emission
depending on the Mn concentration.

It should be noted that nonequilibrium processes, such as PLD or
MBE technique, enable the magnesium solubility limit to be exceeded
and hexagonal-phase ZnMgO alloy with E; > 4.0 eV to be prepared
[28-311]. Perhaps, such an increase of E; would ensure the disposition of
the lowest Mn%,f excited state in the band gap, which should result in the
appearance of Mn-related emission. However, to our best knowledge,
the influence of Mn doping on the characteristics of these films has not
been reported. So, further investigation of ZnMgO:Mn alloys ought to be
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performed.
4. Conclusion

Zng.75Mgo 250:Mn samples with manganese content of 0.1 at% were
prepared under thermodynamic conditions by sintering ZnO and MgO
powders for 3hin air at 1100 °C. Zinc-magnesium oxide alloy consisting
of a dominant hexagonal phase with band gap E; = 3.65 eV and some
cubic phase was obtained. Hexagonal phase absorption and photocur-
rent (PC) spectra exhibit broad unstructured bands in the visible spectral
region. These bands originate from the photoionization of MnZ; ions and
demonstrate the same onset at 575 nm (2.16 eV) which is blue-shifted
with respect to ZnO:Mn one at 620 nm (2.0 eV). Thus, the Mngz, en-
ergy level in the prepared hexagonal-phase alloy is settled at 2.16 eV
below the c-band bottom. The coincidence of absorption and PC spectra
onsets indicates that excited states of MnZ; ions, including the lowest
one, reside in the c-band, which implies the absence of the emission
caused by 4T;— ©A; transitions in MnZi ions. This conclusion is
confirmed by the analysis of photo- and cathodoluminescence spectra
observed in obtained ceramics. It is assumed that preparation of ZnMgO:
Mn samples by nonequilibrium techniques, which enable the production
of hexagonal-phase solid solution with Eg > 4 eV, could put down the
lowest MnZ," ion excited state to band gap and should result in the
appearance of Mn-related emission.
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