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Cathodoluminescence from Thin Film Zn2GeO4:Mn Phosphor
Grown by Pulsed Laser Deposition
Lizandra C. Williams, a,z David Norton,a John Budai,b and Paul H. Hollowaya,*
aDepartment of Materials Science and Engineering, University of Florida, Gainesville,
Florida 32611-6400, USA
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Low voltage cathodoluminescent~CL! characteristics of Zn2GeO4 :Mn thin-film phosphors grown by pulsed laser deposition were
investigated. The effects of substrate heating~600-750°C! and substrate type~MgO, Si, and yttria-stabilized zirconia! on the
cathodoluminescent properties were studied. A characteristic green emission peak at 540 nm was observed at substrate tempera-
tures of 650, 700, or 750°C. However, the emission was red shifted to 650 nm for a substrate temperature of 600°C. The red shift
in emission wavelengths from 540 to 650 nm was attributed to a change in ionic state of the activator from Mn21 to Mn41. While
the spectral position was independent of substrate type, the relative intensities of the cathodoluminescent emission peak varied
with both substrate type as well as substrate temperature. At a substrate temperature of 600°C, the crystal structure of the film was
mixed polycrystalline and amorphous. However, at substrate temperatures ranging from 650-750°C, the films were only polycrys-
talline with varying degrees of crystallinity that correlated with the CL intensity.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1767159# All rights reserved.
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Recently, oxide phosphors have gained attention as potent
placements for conventional cathodoluminescent phosphors i
voltage display applications such as vacuum fluorescent dis
~VFDs! and field emission displays~FEDs!.1 Conventional sulfid
phosphors such as ZnS: Cu, Al emit gases which may poten
damage the cathode and decompose under electron beam ex
leading to a decrease in luminous efficiency. Both effects can
riorate the display device.1,2 Oxide phosphors are being conside
as an alternative since they are more stable in a vacuum en
ment under irradiation of electrons and may emit fewer har
gases to compromise the integrity of display devices.1

Previous research has shown that electroluminescent phos
may sometimes be used as suitable cathodoluminescent phos
One example of this is zinc gallate (ZnGa2O4 :Mn), which has
shown promise as an electroluminescent and cathodolumine
phosphor.1,3,4 Zinc gallate has a spinel crystal structure and an
cal bandgap of about 4.4 eV.1 Similarly, zinc germanate has an o
tical bandgap of about 4.68 eV.5 The crystal structure of zinc ge
manate is rhombohedral. Thin-film zinc germanate doped
manganese (Zn2GeO4 :Mn) has been evaluated as an electrolu
nescent phosphor,5,6 but its cathodoluminescent properties have
been reported.

In this study, the low voltage cathodoluminescent propertie
thin-film zinc germanate doped with manganese (Zn2GeO4 :Mn) are
examined. Pulsed laser deposition was used to grow Zn2GeO4 :Mn
on magnesium oxide~MgO!, yttria-stabilized zirconia~YSZ!, or sili-
con ~Si! substrates. The structural properties as well as catho
minescence~CL! and photoluminescence~PL! spectra of the film
are reported. The variation of the CL emission spectra with
deposition temperature and crystalline quality of film was
studied.

Experimental

A Zn2GeO4 ablation target doped with 1.5 atom % Mn was p
pared by mixing and ballmilling ZnO, GeO2 , and MnO2 powders
which was then calcined in air at 1000°C for 8 h in covered alumin
crucibles. The powder mixture was then milled again for 60 min
pressed into 2.5 cm diam targets. The targets were sintered in
1250°C for 36 h. In addition, ZnO powder was milled, pressed
targets, and sintered. A Zn2GeO4 :Mn/ZnO mosaic target wa
formed to control the cation ratio of Zn/Ge in the films. The a
ratio of the target was 75% Zn2GeO4 :Mn and 25% ZnO. Single
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crystal~100! MgO, polycrystalline YSZ, and single-crystal Si-~100!
substrates were cleaned by a solvent wash in a sonicator pr
deposition.

The films were grown using an excimer KrF laser with a wa
length of 248 nm. The energy of the laser was 130 mJ/pulse
number of pulses and pulse frequency during deposition was 1
pulses at 10 Hz, immediately followed by a second cycle of 20
pulses at 20 Hz. Four different deposition temperatures~600, 650
700, and 750°C! were maintained by a substrate heater and a
mocouple attached to the substrate stage. The substrates w
lowed to reach the desired temperature before film growth
menced. The oxygen partial pressure in the system was main
at 100 mTorr during all film growth.

The crystal structure was investigated using X-ray diffrac
~XRD! with Cu Ka radiation ~0.15406 nm wavelength!. CL was
measured in an UHV chamber using a Kimball Physics EF
electron gun operated at 4 kV and 8.5mA and an Ocean Optic
S2000 optical spectrometer. The detected spectral range was
850 nm.

Results and Discussion

The XRD data in Fig. 1 show the effect of the deposition t
perature on the structural properties for film grown on MgO
strates. At 600°C~Fig. 1d!, ~223! and ~550! weak diffraction peak
for Zn2GeO4 are evident indicating that some structural order ex
However, the weak peak intensity and the broad maximum atu of

Figure 1. XRD pattern for films grown on MgO substrate at different de
sition temperatures:~a! 750, ~b! 700, ~c! 650, and~d! 600°C.
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;18° suggest that the majority of the film was amorphous
respect to XRD. The presence of additional Zn2GeO4 diffraction
peaks in the XRD pattern shown in Fig. 1a-c indicate that the
grown at 650, 700, and 750°C are polycrystalline and exhibit b
long-range order. Additional diffraction peaks at 2u of ;28° and 36°
for films grown at 750 and 700°C are attributed to an impurity G2
phase. The shoulder diffraction peak at 2u of ;41°, detectable onl
in film grown at 750 and 700°C, also results from the GeO2 impurity
phase. XRD patterns from films grown on Si are shown in Fig
which are comparable to the results for films grown on MgO
600°C, the presence of weak~223! and~550! Zn2GeO4 peaks and
broad peak at 2u of ;18° in the diffraction pattern indicate that t
film structure is mixed amorphous and polycrystalline. Again,
XRD patterns shown in Fig. 2a-c indicate that the films grow
temperatures from 650-750°C are polycrystalline with better
range order. Figure 3 presents the XRD pattern for films depo
on YSZ substrate at different deposition temperatures. For film
posited at 600°C~Fig. 3d!, only a weak~550! diffraction peak is
present, which indicates that Zn2GeO4 is again mixed amorphou
and polycrystalline. Additional diffraction peaks from Zn2GeO4
were observed from films deposited at higher temperatures.
crystalline Zn2GeO4 films were formed at 650 and 700°C. The d
fraction pattern for the film grown at 750°C~Fig. 3a! reveals a
strongly preferred~110! texture.

In summary, the XRD data show improved crystallinity
films deposited atT > 650°C. The quality of the diffraction pea
was good for films deposited at 650 and 700°C on MgO an
substrates. This can be correlated with the Zn content in the

Figure 2. XRD pattern for films grown on Si substrate at different dep
tion temperatures:~a! 750, ~b! 700, ~c! 650, and~d! 600°C.

Figure 3. XRD pattern for films grown on YSZ substrate at different de
sition temperatures:~a! 750, ~b! 700, ~c! 650, and~d! 600°C.
-

The Zn to Ge atomic percent ratio was measured using energ
persive X-ray fluorescence~EDX! with a JEOL JSM 6400 scanni
electron microscope~SEM! at a primary beam energy of 5 ke
These ratios, given in Table I, were measured for films deposit
T > 650°C. All of the deposited films exhibited a low Zn/Ge ra
ranging from 0.31 to 0.89, suggesting a Zn deficiency. The abs
values of these ratios are considered to be subject to large
because the sensitivity factors for the Zn and Ge La signals use
were from look-up tables using different transitions and higher
mary beam energies. Neither factor could be accurately correct
the quantification program. Nonetheless, the relative changes
ratios correlate well with the changes in the crystalline quality
CL intensities~see below!, suggesting that they are valid trends.
fact that the XRD patterns indicate that Zn2GeO4 with varying de-
grees of crystallinities was present is consistent with these
having large absolute errors, but accurate trends. As shown in
I, films deposited on MgO and Si substrates at 650 and 700°C
a higher Zn/Ge ratio than films deposited at 750°C. Because o
low Zn/Ge ratio for films deposited at 750°C on MgO or Si s
strates, the crystalline quality decreases. The Zn/Ge ratio is h
~0.89! for the ~110! textured film deposited at 750°C on YSZ, a
this film has the best diffraction pattern, indicating the highest c
talline quality.

With respect to luminescent properties, the characteristic PL
EL emission wavelength of Zn2GeO4 :Mn is a broad peak with
maximum at 540 nm.5,6 The CL emission spectra for Zn2GeO4 :Mn
on MgO deposited at various temperatures are shown in Fig. 4
highest 540 nm CL intensity came from films that were grow
650 and 700°C. For the 600°C sample, no CL emission at 540
noted. Rather, the emission peak has shifted to 650 nm. Th
emission spectra from film deposited onto Si substrates are sho
Fig. 5. CL emission at 540 nm resulted only from the film grow
750 and 700°C. Films grown at temperatures of 600 and 650°
not show any detectable CL emission at 540 nm, but did s
emission at 650 nm. The CL emission spectra from film depo
onto YSZ are presented in Fig. 6. The highest CL intensity, in
case, results from the film grown at 750°C. In contrast to the re
for films grown on MgO and Si, the intensities for CL emission fr

Table I. ZnÕGe atomic ratio in deposited Zn2GeO4 :Mn film vs.
deposition temperature on various substrates.

750°C 700°C 650°C

MgO 0.31 0.60 0.36
Si 0.42 0.47 0.57
YSZ 0.89 0.65 0.44

Figure 4. CL emission spectrum of Zn2GeO4 :Mn on MgO substrate at va
ous deposition temperatures.
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the films deposited at 700 and 650°C on YSZ are less than that
the film grown at 750°C. There was no CL response at 540 nm
the film grown at 600°C, but again the emission peak was sh
and broadened to 650 nm.

A relationship between the CL emission maximum intensity
the film crystal quality and stoichiometry is obvious. The film w
the best CL emission intensity at 540 nm was the~110! textured film
grown on the YSZ substrate at 750°C, which also exhibited the
crystal quality. The films deposited at 700 and 650°C on M
which were determined to have good crystal quality and Zn/G
tios ;0.5 also exhibited the highest CL emission intensities at
nm for films deposited on this substrate. For films deposited o
Si substrate, the CL emission was also highest for the film with
best crystal quality which again correlated with higher Zn/Ge ra
The fact that higher Zn/Ge ratios lead to brighter CL emissio
consistent with observation of better crystallinity for the Zn2GeO4
crystal structure.

The highly textured film grown on the YSZ substrate at 75
had the highest crystallinity, highest Zn/Ge ratio, and the bes
properties. It has been suggested that grain boundaries may lim
luminescent performance of a phosphor,7 which is consistent wit
emission from more randomly oriented polycrystalline film be
lower when compared to the textured film on YSZ.

A red shift in wavelength of emission from green to red has
been noted in Mn- doped ZnGa2O4 phosphors.8 It was reported tha
Mn41 ions in the octahedral sites led to red emission, while M21

ions that occupied the tetrahedral sites in the spinel structur

Figure 5. CL emission spectrum of Zn2GeO4 :Mn on Si substrate at vario
deposition temperatures.

Figure 6. CL emission spectrum of Zn2GeO4 :Mn on YSZ substrate at var
ous deposition temperatures.
t

e
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sulted in green emission.8 At 600°C, where the Zn2GeO4 :Mn films
exhibit mixed short and long-range order, the dominant CL emis
was at 650 nm. It is postulated that the Mn41 ions are responsib
for red emission at 650 nm. The rhombohedral crystal structu
Zn2GeO4 has only tetrahedral sites.9 Therefore, a change in subs
tution site must occur to accommodate the change in valency o
in Zn2GeO4 :Mn. The Mn41 ions may substitute for Ge41 at the
lower temperature. This substitution is possible since the ionic
of both ions are 0.39 Å.10 At higher deposition temperatures~650,
700, and 750°C!, the films develop a polycrystalline structure a
the Mn21 ion gains enough energy to move into the expected t
hedral site and substitute for Zn21. This is again possible since t
ionic radii of these atoms are close, 0.60 Åvs.0.66 Å for Zn21 and
Mn21, respectively.10 The Mn21 activator ions resulted in emissi
at 540 nm, as expected.

The excitation wavelengths for the Mn21 and Mn41 ions in
ZnGa2O4 were different.8 The photoluminescence~PL! emission
and the excitation~PLE! spectra for a Zn2GeO4 sample that emi
green light are shown in Fig. 7. The emission excited with 325
radiation showed a peak at 545 nm. The excitation spectrum,
tored at 545 nm, exhibited an excitation peak at 310 nm with a s
shoulder at 265 nm. The results are similar to what has been
for a green emission from Zn2GeO4 :Mn.5 The PL emission an
excitation spectra for Zn2GeO4 samples that have longer wavelen
emission are shown in Fig. 8. The PL emission for these sam
when excited with 325 nm radiation, results in a broad peak a

Figure 7. ~a! Green emission spectrum of Zn2GeO4 :Mn excited with 325
nm radiation and~b! excitation spectrum monitored at 545 nm.

Figure 8. ~a! Red emission spectrum of Zn2GeO4 :Mn excited with 325 nm
radiation and~b! excitation spectrum monitored at 625 nm.
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nm with a smaller peak showing at 535 nm. The excitation s
trum, monitored at 625 nm, exhibited a peak at 270 nm with a s
shoulder at 330 nm. The difference in excitation spectra for g
~540 nm! and red~650 nm! luminescence indicates that excitation
different states are responsible for each type of emission. T
consistent with the Mn ion exhibiting different valence states
substituting for either Zn or Ge, depending upon the temper
during deposition.

Conclusions

Zn2GeO4 :Mn was successfully pulsed laser deposited
MgO, Si, and YSZ substrates and the cathodoluminescent and
toluminescent properties of the film were characterized. The ch
teristic green emission peak for the Zn2GeO4 :Mn phosphor film
was observed at 540 nm for films deposited atT > 650°C. The
intensity of the cathodoluminescence varied with the depos
temperature, being high from films deposited at 650-700°C for M
and Si substrate samples, and being highest for films deposi
750°C for YSZ substrate samples. The film deposited at 750°C
YSZ had a strongly preferred~110! texture and the largest Zn/G
atomic ratio of 0.89. All other films that resulted in the character
green CL emission at 540 nm were more randomly polycrysta
The numerical value of the ratio of Zn/Ge ratio was discussed
concluded to have large errors, but to accurately represent tre
the change in concentrations of Zn and Ge with deposition pa
eters. Higher ratios were shown to be consistent with improve
in crystallinity and CL intensity.

A shift to red emission at 650 nm was noted for all films gro
at 600°C. This shift in emission is attributed to a change in
valence state of the activator from Mn21 to Mn41. A distinct differ-
-
-

t

n

ence was noted in the PL excitation spectra, indicating that diff
excited states are responsible for green and red emissions
change in valence state was suggested to result from a change
substitution site for the Mn ion. The Mn21 ion substitutes for th
Zn21 in Zn2GeO4 :Mn, resulting in green emission. However, wh
the Mn41 ion substitutes for the Ge41 ion, the emission is red
shifted to 650 nm.
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