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The effect of Mg incorporation on structural and optical characteristics of rhombohedral Zn,GeO, doped with manganese was
systematically studied, fixing the concentration of manganese at 2 atom %. The phosphors were prepared by a high-temperature
solid-state-reaction technique. The structural properties were studied using X-ray diffraction (XRD) and optical properties were
characterized by diffuse reflectance spectra (DRS), photoluminescent excitation (PLE), and photoluminescent (PL) emission
spectra. The XRD and DRS analyses reveal that Mg can be successfully alloyed in Znj gg_1.96,Mg;.96.G€04:Mng o4 up to x
= 0.30 and forms a solid solution. The PL emission was maximum when 5 atom % Zn was replaced with Mg in comparison to an
Mg-free Zn; o6GeO4:Mny o, sample. The mechanism of luminescence is identified as resonant transfer from a subbandgap state in
the host to Mn?**. The PLE and DRS spectra of Zn; g¢_; 06:Mg; 06:Ge04:Mng o4 (0 < x < 0.5) exhibited a blue shift with an
increase in Mg concentration. The cell volume was found to be a monotonously increasing function of Mg concentration up to

x = 0.25, beyond which it varied randomly.
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Thin-film electrolumlnescent devices are mostly based on sulfide
phosphors (ZnS, SrS, etc) Recently, oxide phosphorsS have been
considered as potential substitutes due to their extreme stability in
vacuum, moisture insensitivity, and nondegradation under electron
bombardment. Several oxide phosphor hosts like ZnGa204,
Zn,GeOy, Zn,Si0y4, Y,03, etc., have been extenswely studied.”
Among them, Zn,GeO, doped with Mn is an excellent green-
emitting phosphor. Rhombohedral Zn,GeO, is similar to Zn,SiO4
but has a lower crystallization temperature. Thin films of
Zn,GeO,:Mn”* grown using radio frequency (rf) magnetron sputter-
ing and pulsed laser degyosition techniques also show good lumines-
cent characteristics.”>""> The green emission in Zn,GeO,:Mn?* is
due to the transitions in 3d° electrons of Mn>* that substitute tetra-
hedral Zn?* sites."® Several methods can be adopted to enhance the
luminescent properties of these phosphors. Codoping is one such
efficient approach. In Zn,GeOy,, codopants that substitute Ge** and
Zn?* can provide positive results. Among the various ions (Mg?*
Cd**, Ba®*, etc.) that can replace Zn>* in Zn,GeO,, Mg?* is a better
choice because its ionic radius is more comparable with Zn** than
other ions. In the present work, the effect of Mg?* codoping on
structural and luminescent properties of Zn,GeO4:Mn is studied in
detail.

Experimental

The samples were prepared by conventional high-temperature
solid-state reaction of constituent oxides, namely, ZnO (Alfa Aesar
99.99%), MgO (Alfa Aesar 99.99%), and GeO, (Alfa Aesar
99.999%). Manganese was added in the form of manganous acetate
[Mn(CH3COO),]. The powders were mixed stoichiometrically in
ethanol medium and calcined in air at 1200°C for 12 h in a tube
furnace to obtain Znj gg_1 96,Mg1 96:Ge04:Mny o4 (x wWas varied from
0 to 0.5). All samples were doped with 2 atom % of Mn, which was
the optimized concentration of Mn in Zn,_, GeO4:Mn,, phosphor
which has maximum photoluminescence (PL) emission intensity.
The crystal structure of the powder phosphors were analyzed using
X-ray powder diffraction (XRD) using Cu Ka radiation (Rigaku,
Japan). The diffuse reflectance spectra (DRS) were recorded to ana-
lyze the bandgap using a Jasco V-570 spectrophotometer with an
integrating sphere attachment. The reference used was BaSO,. The
room-temperature photoluminescent emission (PL) and excitation
(PLE) spectra were recorded using Spex Fluoromax-3 spectro-
fluorimeter equipped with a 150 W xenon lamp in the range
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200-800 nm. The Zn/Ge atomic ratio was measured using energy-
dispersed X-ray analysis (EDX) with a JEOL JSM 6490 scanning
electron microscope. The relative luminescence quantum efficiency
(QE) of phosphor was measured using a standard lamp phosphor,
BaMgAl(O;; (BAM), of known quantum efficiency (90%). For the
calculations, integrated PL intensity of BAM and phosphors were
measured at identical conditions such as sample weight, instrument
settings, temperature, and excitation wavelength (300 nm).

Results and Discussion

Figure 1 shows the XRD patterns of
71 96-1.96:Mg1 06:Ge04:Mng oy (0 < x < 0.5). The standard spec-
tra of undoped Zn,GeO, (JCPDS card no. 11-0687) is plotted for
reference. The XRD pattern clearly implies that Mg is randomly
substituting Zn in Zn; 94GeO4:Mng 4 for concentrations up to x
= 0.25, forming a single phase and preserving the hexagonal sym-
metry of the host lattice. No traces of constituent oxides were found
in the diffraction patterns. The peaks other than that of Zn,GeOy,
were identified to be of orthorhombic Mg,GeO4 (JCPDS card no.
36-1479). But above x = 0.25, phase segregation commences,
limiting the solid solubility of Mg in Zn; 94GeO4:Mng (4. In wurtzite
Zn;_ Mg, O, Mg is found to be soluble up to x = 0.33. 16-18
As the crystal structures of Zn,GeO, (rhombohedral) and Mg,GeO,
(orthorhombic) are different, substitution of Zn with Mg does not
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Figure 1. XRD patterns of Zn; g6_1 96,M81 06:G€04:Mng gy, 0 < x < 0.5.
* represents peaks of Mg,GeO,.
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Figure 2. Variation of c-axis length with Mg concentration.

occur for all concentrations and results in phase separation. Alloying
is observed up to x=0.25 and the lattice constants of
71, 96_1.96:Mg1 96,Ge0,4:Mn 4 are expected to change as Zn** and
Mg?* have different ionic radii (0.60 and 0.57 pm, respectively) for
four coordination.'”

The c-axis len§)th and cell volume was calculated from the ob-
served XRD data,” the variation of which with Mg concentration is
shown in Fig. 2 and 3, respectively. The c-axis length of Zn,GeOy, is
9.53 A and that of Mg,GeO, is 4.91 A. The c-axis length shows a
contraction with increased Mg substitution up to x = 0.25. But for
x =0.30, 0.35, and 0.5, c-axis length increases. This is because as
Mg concentration increases, simple substitution of Mg terminates
and starts to segregate into different phases. However, cell volume
increases continuously up to x = 0.25 and decreases for x = 0.30,
0.35, and 0.5, which is due to an elongation in the a parameter up to
x = 0.25. The difference in cell volume is assumed to be due to the
difference in ionic radii of Zn?* and Mg?*, which also gives rise to
a difference in c-axis length.

The variation of full width at half-maximum (fwhm) of the (410)
XRD peak with Mg concentration is plotted in Fig. 4. There is
gradual variation in the fwhm value up to x = 0.25, which indicates
Mg alloying in the Zn,GeOy lattice. However, it shows a sudden
increase at x = 0.30 and 0.35, for which phase segregation takes
place, and for x = 0.5 it again decreases. The substitution of Mg at
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Figure 3. Variation of cell volume with Mg concentration.
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Figure 4. Variation of fwhm with Mg concentration.

Zn sites is expected to broaden the XRD peak and, interestingly,
maximum broadening is observed for x = 0.35 at which phase seg-
regates.

The c-axis length, cell volume, and fwhm show almost similar
behavior with Mg substitution. A sudden change at x = 0.30 and
0.35 is observed for all parameters which is due to the inbuilt strain
caused by Mg substitution in the lattice. Because of this strain,
phase segregates, and above x = 0.35 Zn,GeO, and Mg,GeOy is
separately formed; beyond x = 0.35 these parameters randomly ap-
proach the previous value for which solid solution exists. Therefore,
it can be concluded from the XRD studies that phase segregation
occurs due to the inbuilt strain in the lattice due to Mg substitution
and that Mg replaces Zn substitutionally.

Figure 5a shows the DRS spectra of Zn; g5_ 96,GeO04:Mn o4 for
the various Mg concentrations and the variation of bandgap with Mg
concentration. As the Mg doping percentage increases, the absorp-
tion edge blue-shifts. The bandgap of pure Zn,GeOy,
Zn; 9sGeO4:Mng gy, and  Zny g6-1.06,Mg1.96:Ge04:Mng g4 samples
were calculated from the [(k/s)hv]*> vs hv plots, where k and s
denote the absorption and scattering coefficients, respectively. The
bandgap of pure Zn,GeQ, is found to be 4.57 eV and that of Mn-
doped Zn,GeOy is 3.44 eV (Fig. 5b). The reduced bandgap for the
7Zn 96GeO4:Mny) o4 sample is due to the formation of subbandgap
states (discussed later). In the normal case Mg>* replaces Zn>* in
7Zn 96GeO4:Mny) o4, but there is a limit to this simple substitution
because Zn,GeO, (rhombohedral) and Mg,GeO, (orthorhombic)
crystallizes into different crystal structures. Therefore, the substitu-
tion of Mg?* at Zn>* sites creates strain in the lattice due to the
reduced size of Mg?*, which results in the blue shift of the absorp-
tion edge.

Figure 6 shows PL emission spectra of
Zn1<96_1<96ng1‘%xGeO4:Mn0'o4(O sx s 05) PL emission inten-
sity is found to increase for x = 0.05, 0.10, 0.15, and 0.20 and de-
crease beyond x = 0.25 compared to the undoped sample, the maxi-
mum being observed for the sample doped with 5 atom % Mg (x
=0.05). The green luminescence at 535 nm is observed from T,
— 6A1 transitions of 3d> electrons of Mn%*, which substitutes the
tetrahedrally coordinated Zn®** ions in rhombohedral Zn,GeO,,
as the host provides only tetrahedral sites for substitution.
When Mg is codoped in Zn; ¢¢GeO4:Mn o4, luminescent intensity
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Figure 5. (a) The DRS spectra of Zn; g6_; 96,GeO04:Mng o4, Mg (arrow indi-
cates x variation from 0 to 0.5 in steps of 0.05, final one being x = 0.5). (b)
Bandgap of pure Zn,GeO, and Zn; 9sGeO4:Mny 4. Inset shows the variation
in bandgap with Mg concentration.
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Figure 6. PL emission spectra of Zn, gs_; 96, Mg 96,GeO4:Mng o4 (0 < x
< 0.5), Nex=300 nm. Inset shows variation in integral intensity with respect
to Mg concentration.

z
c
3
_ £
2 &
g 2
3 @
g c
& ]
g £
2
2 200 300 400 500 600 700 800
[
£ Wavelength (nm)

T T 1
300 350 400 450

Wavelength (nm)

L]
200 250

Figure 7. PLE spectra of pure Zn,GeO, monitored at 507 nm. Inset shows
the emission spectra when excited at 266 nm.

varies due to the change in effective crystal field of tetrahedrally
coordinated Mn?* ions. When Mg?* is incorporated in the lattice it
creates excited state energy levels (consisting of 3s and 3p) near the
excited state of Mn?* [comprising of 4T1(4G), 4T2(4G), 4A|(4G),
and 4T|(4P), shown later]. Therefore, transition from the Mg
levels to ground state of Mn?>* becomes more permissible,
because the transition is more spin allowed compared to 3d” transi-
tions of Mn2+”! However, when concentration of Mg is increased,
luminescent intensity decreases because effective transfer of
charge via excited states of Mg does not take place due to inbuilt
strain in the lattice. The quantum efficiency of the phosphor
(Zn; 36xMgp 09gGe04:Mny ) that showed maximum luminescent in-
tensity is 41%, relative to BAM phosphor.

Figure 7 shows excitation and emission spectra of undoped
Zn,GeOy4. Undoped Zn,GeO, shows absorption at 266 nm with a
shoulder at 251 nm for emission at 507 nm. Pure Zn,GeO, shows a
broad emission from 300 to 650, peaking at 507 nm when excited
with 266 nm. But when Mn?* is added the emission becomes nar-
row and shifts to 535 nm and excitation maximum shifts to 335 nm
in addition to 266 nm (bandedge) and 285 nm (direct excitation of
Mn?*) absorption, indicating the presence of a subbandgap. The
green luminescence from the undoped sample is a signature of in-
trinsic defect levels in the lattice during its synthesis.

Figure 8 shows PL excitation spectra of Zn; ¢¢GeO4:Mny o4 and
the inset shows a variation of PLE peak wavelength with respect to
the Mg concentration. PLE shifts to a lower wavelength as Mg
concentration is increased, which is consistent with the results ob-
tained from DRS spectra. The spectra shows a shoulder at 285 nm,
while the peak wavelength is at 335 nm for the x = 0 sample. The
shoulder at 285 nm and peak at 425 nm is evidently direct excitation
of tetrahedrally coordinated Mn>* ions.?

The bottom of the conduction band of Zn,GeO, is comprised of
Ge 4p orbitals, with a small contribution from Zn 4s and 4p orbitals,
and the upper part of the valence band is composed of O 2p levels.”
The mechanism for the emission at 535 nm is identified as band-to-
band absorption and nonradiative transfer to a center, from which
resonant transfer to activator takes place. This center lies nearly
1 eV below the conduction band and is likely to be an oxygen defect
which is also observed in the DRS spectra (Fig. 5). This can be
formed via migration of octahedrally coordinated Ge** ions to
tetrahedral-position-forming Ge>* ions.?* Because the vapor pres-
sure of Zn is high and high-temperature solid-state reaction is em-
ployed for the phosphor synthesis, Zn evaporation takes place, leav-



J10 Journal of The Electrochemical Society, 155 (1) J7-J10 (2008)

340
~335{ ®e__

£ 330 e,
=

5 325
< S

o 320 .

[ "
& 315 .

e
0 10 20 30 40 50
Mg Concentration (at.%)

Intensity (arb. units)

T T T
300 400 500 600

Wavelength (nm)

1
200

Figure 8. PLE spectra of Zn; ¢sGeO,: Mny 4. Inset shows variation of PL
excitation with Mg concentration in Zn,GeO4:Mn.

ing behind a vacancy and thereby occupying Zn vacancy sites by
Ge** ions migrated from the octahedral sites. This is also confirmed
from EDX data. In all the samples, the cation (Zn/Ge) ratio was
found to be less (1.3 for x = 0) than the actual value (1.96 for x
=0). In ZnO, a donor level 0.8 eV below the conduction band is
observed, which gives rise to green luminescence and is created due
to oxygen vacancy.25 When Mn is added to the Zn,GeO, host, it
creates excited-state energy levels near this center in such a manner
that the charge transfer to Mn takes place through absorption via this
center along with band-to-band absorption (266 nm). Another pos-
sibility is Zn vacancy, which could form an acceptor level above the
valence band. This is also observed in ZnO, where an acceptor level
nearly 0.8 eV above the valence band is formed due to Zn
Vacancy.25 But resonant transfer from a low-lying level to excited-
state levels of Mn®* is not possible. Another possibility is defect
generated due to germanium. But that defect level is not perturbed
by adding Mg, replacing Zn in the tetrahedral position. Because the
ionic radii of Mg?* and Ge** is not comparable, hardly a chance
exists for Mg to replace Ge in Zn,GeQOy,. Therefore, this trap level
could be due to oxygen deficiency. The energy levels and the mecha-
nism of PL emission in Zn,GeO4:Mn is schematically represented in
Fig. 9.

When Mg is added to the system, it creates energy levels near the
excited-state levels of Mn?* and also perturbs the V, level, thereby
shifting the absorption edge. Therefore, the DRS and PLE spectra
show a blue shift when Mg is incorporated to Zn,GeO4:Mn host
matrix.

Conclusion

In  summary, Mg-doped Zn;¢sGeO4:Mnygs  phosphor
was prepared by solid-state reaction. The structural analysis
reveals the formation of solid solution up to x =025 in
711 96-1.96:Mg1 96,Ge04:Mn (4. Beyond x = 0.25, phase segregation
occurs. The absorption edge as observed from DRS and PLE spectra
of Mn and Mg-doped samples indicates the presence of a subband-
gap and was found to be blue shifted with an increase in Mg
substitution. The PL emission spectra exhibits an increase in
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Figure 9. Energy-level scheme describing the excitation and emission
mechanism of Zn,GeO,:Mn?>* phosphor.

luminescent intensity with Mg concentration at x =0.05 in
711 96-1.96:Mg1 96,Ge04:Mn o4 phosphor. The phosphor can be used
as an active layer in ACTFEL devices.
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