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ABSTRACT 

The synthesis and luminescence characteristics of Eu 2+ activated calcium magnesium chlorosilicate, CasMg(SiO4)4C12, 
have been reported and analyzed. The emission spectrum of Eu 2§ is composed of two separate bands with peaks at 507 and 
428 nm, which result from the Eu 2§ centers in different crystallographic sites. At room temperature, the excitation spec- 
t rum of the very strong 507 nm emission shows not only the broad 4fL4f%d excitation bands, but also the fine structure 
resulting from the splitting of 4f ~ configuration in the 4f%d excited state. This structure is explained by the high covalency 
degree of the cat ion--anion bonds in this system. Efficient energy transfer between the two inequivalent Eu 2§ centers has 
been evaluated quantitatively. 

The luminescence of Eu 2+ activated phosphors usually 
results from the ground 4f~(8S7/2) level to the 4P5d excited 
configuration, and, therefore has a broad band character 
that depends strongly on the nature of the host lattice. The 
emission color of Eu 2+ can vary in a broad range from ul- 
traviolet to red. Since the 4f-5d transition is an allowed 
electrostatic dipole transition, the absorption and emis- 
sion of Eu ~+ are very efficiency in many hosts, which 
makes the Eu 2§ doped phosphors of  practical importance 
in fluorescent and duplication lamps. In an octahedral site, 
the absorption of Eu 2+ arises from the crystal field split eg 
and t2g states of a 4P5d configuration, which can be further 
split when the site symmetry becomes lower. 

For the host lattices which have more than one crystallo- 
graphic site available for divalent europium ions, the 
energy transfer usually takes place between the inequi- 
valent Eu 2+ centers. This phenomenon has been observed 
by many researchers (1-3), and was discussed by Blasse 
et al. (4-6). These authors have shown that the energy 
transfer occurs even at a very low concentration, owing to 
the parity allowed transition of Eu 2§ For example, the 
critical energy transfer distance in a Rb2ZnBr4: Eu system 
is about 35 A (4). 

In this paper, the synthesis and spectral properties of di- 
valent europium ions in a new calcium magnesium chloro- 
silicate hosts, CasMg(SiO4)4C12, with a cubic crystal struc- 
ture, are reported and discussed. The luminescence of 
Eu 2+ appears as two broad bands due to the different cen- 
ters in inequivalent crystal sites. The energy transfer be- 
tween the two kinds of Eu 2§ ions is observed and evalu- 
ated quantitatively, which gives a critical transfer distance 
of 25A. 

Structure Description 
The luminescence host of calcium magnesium chloro- 

silicate, Ca~Mg(SiO4)4C12, has a cubic crystal structure with 
space group of Fd3m (7). The unit cell parameter 
a = 15.06 A. There are eight formula units involved in one 
unit cell, and the stereostructure of the atom arrangement 
in an unsymmetric  unit is illustrated in Fig. 1. In the crys- 
tal lattices, there exist three kinds of cation sites; two Ca 
sites and one Mg site. The crystal field environments for 
the three sites are very different. Ca atoms occupy both an 
octahedral site with six oxygen nearest neighbors and a 
polyhedral site surrounded by six oxygen and two chlo- 
rine atoms, which are named as Ca(I) and Ca(II) sites, re- 
spectively. As to the Ca(I) site, besides the six nearest oxy- 
gen neighbors, there are also six chlorine atoms at the next 
nearest anion positions at a distance of about 5A, which 
will influence the crystal field at Ca(I) site through nephe- 
lauxetic and covalent effects. Therefore, this site may have 
a pseudo-12-coordination character. The site symmetry for 
Ca(I) is C2v, whereas that for Ca(II) is C1. According to the 
crystal structure given in Ref. 7, the site ratio of Ca(I) 
against Ca(II) is 1:3. Mg atoms occupy a position of regular 
tetrahedral symmetry with four oxygen ligands at an iden- 
tical distance of 1.86 A. This character is very special in the 
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crystal structure of silicate materials, and results from the 
cooperative polarization of magnesium by nearest oxygen 
and next  nearest chlorine atoms. As a consequence of the 
polarization effect, the covalency of the Mg-O ionic bond 
increases considerably. In other words, the ionic polariza- 
tion from chlorine atoms disturbs the bonding orbitals of 
magnesium and oxygen atoms, which makes the two ions 
bond by the uniform sp 3 hybridized orbitals to get regular 
Mg-O tetrahedral structure. In addition, most of  the bonds 
of cation and anion are covalent intermediate bonds, 
which makes the structure very stable. The distance be- 
tween nearest Ca(II) and Mg is about 3.25 A, and that be- 
tween Ca(I) and Ca(II) is 3.73 A. 

Experimental 
The powder polycrystal sample of CasMg(SiO4)4C12 was 

synthesized by a high temperature reaction. The starting 
materials of CaCO3, MgO, SiO2, and CaC12 of reagent grade 
were mixed together by a mole ratio of CaCO3:MgO:SiO2: 
CaC12 = 7:1:4:1.5. A small amount  of high purity Eu203 re- 
placing CaCO3 was added in the mixture. The well mixed 
raw materials were fired at 1000-1150~ for 2-4 h in a reduc- 
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Fig. 1. Stereostructure of atom arrangement in an unsymmetric unit. 

139, No. 2, February 1992 �9 The Electrochemical Society, Inc. 



J. Electrochem. Soc., Vol. 139, No. 2, February 1992 �9 The Electrochemical Society, Inc. 6 2 3  

ing atmosphere. The product  was then washed with de- 
ionic water to remove the extra CaC12 and other water solu- 
ble components.  

The crystal structure of the sample was checked using a 
DfMax-rA x-ray diffractometer, and the diffraction pattern 
was in excellent  agreement  with that reported earlier (7). 
This indicates that the products in this study are cubic 
CaeMg(SiO4)4C12. Emission and excitation spectra were 
measured using a Hitachi MPF-4 spectrofluorimeter 
equipped with a microcomputer  in correcting the energy 
distribution of light source and the responding sensitivity 
of photomultiplier.  A 75 W xenon lamp was used as the ex- 
citation lamp. All the measurements  were performed at 
room temperature.  The luminescence decay of Eu 2§ was 
measured at l iquid nitrogen temperature, 77 K, using a 
double-beam Spex-1403 spectrometer. A 337.1 nm N2 
pulse laser was used as the excitation source. The signal 
from the spectrometer  was introduced into the 162/165 
boxcar integrator and then processing datamate, the decay 
curve was plotted by the on-line plotter. 

Results and Discussion 
Optical spectra.--The Eu 2+ activated Ca~Mg(SiO4)4C12 

compounds are efficient green emission phosphors under 
either ultraviolet or blue light excitation. The emission 
spectra of Eu 2§ in CasMg(SiO04C12:0.1 Eu with different 
excitation wavelengths of 330 (a), 380 (b), and 490 nm (c) 
are shown in Fig. 2. The emission spectra are similar upon 
different excitation wavelengths. With ultraviolet light ex- 
citation, the spectrum consists of both a very strong green 
band with a peak at 507 nm and a half  width of 56 nm, and 
a weak blue band with max imum at about 428 nm. These 
two bands are due to the Eu ~+ ions in different crystal 
sites; the strong 507 nm band is assigned to Eu(II), and the 
weak 428 nm band is ascribed to Eu(I). 

The excitation spectrum for 507 nm emission band is de- 
picted in Fig. 3. The very broad excitation spectrum 
extending from 220 to 500 nm mainly has two charac- 
ters. Several broad bands are due to the parity allowed 
4f 7 (ss~m)-4f%d transitions: the subband with peak at about 
250 nm is due to the ground 8Sv2 to crystal field split % 
(4f%d) state, the ones at 350, 375 and 430 nm vicinities are 
corresponding to the t2g (4f%d) state. In addition, fine 
structure is observed on the low energetic excitation 
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Fig. 2. Emission spectra of CosMg(SiO4)4CI2:O.IEu with excitation 
into 330 (a), 380 (b) and 490 nm (c). 
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Fig. 3. Excitation spectrum of Eu 2+ 507nm emission in 
CasMg(SiO4)4CI2:O.IEu. The arrows indicate the positions from Eu 3§ 
ground levels. 

bands, which can be resolved at room temperature. This 
fine structure is assigned to the splitting of the 4f 6 config- 
uration in the 4f%d excited state into seven 7Fz levels. 
Ryan et al. had suggested that the appearance of this struc- 
ture is possible when the exchange interaction between 
the six 4f electrons and the 5d electron is small (8). The 
energy intervals are in good agreement  with the result ob- 
tained from ground state splitting of Eu 3+ ions. A compari- 
son between the theoretical values and the experiment  re- 
sults is given in Table I. The arrows in Fig. 3 represent the 
relative positions obtained by the energy level diagram of 
Eu a+ ion (12), which coincide with the experimental  curve. 
This character has also been reported by several authors in 
other systems at 1.8 and 4.2 K (5-6, 8-9). Contrary to non- 
structure excitation spectrum, the fine structure in which 
the position of the lowest excited level 4f6(TF0)5d can be de- 
termined accurately makes the precise determination of 
the Stokes shift of Eu 2§ possible. From the results repre- 
sented in Fig. 2 and 3, the Stokes shift in this system gives 
a value of 600 cm -1, which is much smaller than the result 
obtained from broad band excitation. 

The excitation spectrum of the weak band is depicted in 
Fig. 4. In contrast to Fig. 3, the vibrational fine structure is 
not observed. The two excitation bands at 280 and 360 nm 
correspond to the ground 8Sv2 to the e~ and t2g states of 
4f%d configuration. Compared with Fig. 3, the halfwidths 
for the two bands are much  smaller. The 8Sv2-eg band has 
no apparent fine structures, and the one from the transi- 
tion of 8Sv8 to t2g shows three overlapped subbands with 
very small spacing. Referring to the excitation subband at 
370 nm, the Stokes shift for this center emission is about 
3700 cm -1. 

Table I. Comparison of theoretical and experimental results of 
Eu2+SSTa - 4f6(TFj) 5d transitions in CaaMg(Si04)4CI2 host. 

Termina l  Exper imenta l  Theoretical  m hE 
level X(nm) E(cm -1) Mnm) E(cm -1) (cm 1) 

~ o 492 20325 492 20325 -- 
481 20790 483 20700 90 

~ 466 21459 466 21441 18 
448 22231 449 22282 -51 

~ 427 23419 428 23388 39 
407 24570 410 24390 180 ~ 5  

VFG 393 25445 394 25396 49 
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Fig. 4. Excitation spectrum of Eu 2+ 428  nm emission in the same 
sample as Fig. 3. 

From the crystal structure described above, these two 
excitation spectra can be interpreted accordingly. For the 
Eu(I) site, which .refers to Eu 2§ ion in Ca(I) position and 
surrounded by six oxygen atoms in an identical spacing of 
2.36 A, the site symmetry is nearly an octahedral one with 
small distortion so that the 5d orbitals degenerate into two 
parts as eg and t2g levels with no further splitting. Whereas 
for Eu(II) site, the eight-coordinated position with C~ site 
symmetry, the site environment  deviates from an octahe- 
dron remarkably, therefore, the split eg and t2g levels are 
further split by the lower site symmetry, which makes the 
energy levels complicated and the excitation bands 
broaden. It is worth stating that the nephelauxetic and co- 
valent effects from chlorines at next  nearest anion sites to 
Ca(I) will weaken the crystal field at Ca(I) sites. The crystal 
field splitting of the 4P5d level of Eu~+(I) will become 
smaller, which will shift the lowest 4fe5d state to higher 
energies. As a result, both the excitation and emission 
bands are situated at shorter wavelengths. This is probably 
the reason that the 6-coordinated Eu(I) gives rise to a 
shorter wavelength emission band than the &coordinated 
Eu(II). The fluorescence lifetime for the 507 nm emission 
band is about 0.5 ~s, which does not change much with in- 
creasing concentration. This result is in accordance with 
the change of ' " ~ " ' " emlsszon intensity, see Fig. 5, which implies 
that the concentration quenching is small. The fluo- 
rescence lifetime for 428 nm emission is difficult to meas- 
ure correctly, owing to the very weak emission. 

Ryan et al. (8) have pointed out that the weak exchange 
interaction of the 4f 6 and 5d electrons is responsible for the 
existence of 7Fj splitting from the 4f%d configuration. The 
exchange interaction is dei0endent on the degree of locali- 
zation of the 5d electron near the Eu 2+ core. This locali- 
zation has a strong relation with the degree of covalency 
present in the interaction of the 5d electron with surround- 
ing coordinates. For the CasMg(SiO4)4CI2 host, most of the 
cation-anion are linked via covalent intermediate bonds, 
the degree of covalency is much higher than in ionic crys- 
tals and, therefore, the exchange interaction between six 
4f electrons and 5d electron becomes very weak. This 
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Fig. 5. Dependence of Eu 2§ integral emission intensities as a func- 
tion of concentrations for excitation at 330 nm. 

weak interaction makes the 7Fj splitting from 4ff configu- 
ration observed and well resolved at room temperature. 

As predicted from the crystal structure, the population 
of Eu 2§ in Ca(I) site is much less than that in Ca(II) site. 
Figure 5 shows the dependence of relative emission inten- 
sities of Eu(I) and Eu(II) centers on the Eu 2+ concentra- 
tions. Both emission intensities increase with increasing 
concentration at lower activator contents, and the ratio be- 
tween intensities of the tw0-emission bands is nearly con- 
stant at a value of about 0.04.At higher Eu 2§ concentrations, 
the luminescence of Eu(I) is quenched. This probably results 
from the energy transfer from Eu(I) to Eu(II). 

Energy transfer.--The 4fL4f%d transition of Eu 2+ is an al- 
lowed electric dipole transition, so that energy transfer 
from Eu(I) to Eu(II) will occur via electric dipole-dipole in- 
teraction. Due to the good spectral overlap between the 
Eu(I) emission band and the Eu(II) excitation bands, the 
energy transfer between these two inequivalent Eu 2+ cen- 
ters is expected to be very efficient. Unfortunately, the 
fluorescence decay characteristics of the Eu(I) center is 
difficult to measure accurately owing to the limited popu- 
lation of this center. For energy transfer between inorganic 
ions via electric dipole-dipole interaction, the critical dis- 
tance of energy transfer according to the well known For- 
ster-Dexter multipolar interaction theory (10, 11), can be 
expressed as (13) 

4 . 8 •  10 -16"P 
R~ = 0.63 • 1028 SO 

E* 

Here P is the oscillator strength of activator ion, SO is the 
spectral overlap integral, and E is the energy at the maxi- 
mum spectral overlap. For an Eu 2§ 4fL4PCFj) 5d absorp- 
tion band, P is taken as 0.01, according to the result given 
by Meijerink et al. (5). From Eu(I) emission and Eu(II) ex- 
citation spectrum, the spectral overlap integral, SO, is esti- 
mated at about 1.0 eV -1. With these values, the critical dis- 
tance for energy transfer in this system is calculated at 
about 25/k. 

Assuming all of the europium ions, which are added as 
Eu203, enter the CasMg(SiO4)4C12 and Eu 2§ in Ca(I) and 
Ca(II) positions, neglecting the concentration quenching 
of the luminescence from Eu(I) center, which is reasonable 
since the distribution coefficient of Eu(I) center is small, 
the integral emission intensity of Eu(I) ions should be pro- 
portional to the doping concentration of Eu z§ According 
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to the result represented in Fig. 5, the critical concentra- 
t ion Xc, which is regarded as the concentration at which 
the actual emission intensity is about 1/2 of the value from 
the proportional line, is 0.07 mol. 

The critical distance for energy transfer can be calcu- 
lated from Xc using the equation (13) 

2( 3V ~/3 
Rc = \4~NXc/ 

where V is the uni t  cell volume and N is the number  of 
molecules in a uni t  cell. For CaaMg(SiO4)4C12 host, V is 
equal to 3419.3 A a and N equals 8. This gives a critical dis- 
tance of 23 A. This result is in good agreement with that 
obtained using the Forster-Dexter theory. This reveals that 
the Eu(I)-Eu(II) energy transfer is very efficient. 

Conclusion 
This paper has shown that Eu 2§ activated CasMg 

(SiO4)4C12 is an efficient green emission phosphor under  
both UV and blue light excitation, and that the two crystal- 
lographic sites for Eu 2§ in this host give rise to different 
spectroscopic behavior. The excitation spectrum of Eu(II) 
center shows a fine structure of the splitting of 4f%d ex- 
cited state into seven 7F~ levels, which can be resolved 
even at room temperature. This phenomenon has been in- 
terpreted by the high covalency degree of the anion-cation 
bonds in CasMg(SiO4)4C12 lattices. The fine structure gives 
an opportunity in determinating the lowest excited 4f6(TF0) 
5d level, which consequently makes a precise determina- 
tion of the Stokes shift possible. The Stokes shift for Eu(II) 
emission in this system is about 600 cm -1, which is much 
smaller than that reported in literature for the broad band 
excitation spectrum and is comparable with the result for 
similar condition given by Meijerink (5). The analysis of 

Eu(I) center emission gives rise to a Stokes shift of about 
3700 cm -~. 

Energy transfer between the two inequivalent Eu 2+ cen- 
ters has been discussed. From the relative emission inten- 
sity and the Forster-Dexter theory, the critical energy 
transfer distance has been calculated. The results in these 
two approaches are in good agreement. The obtained 
critical distance is about 25 A, which reveals that the 
energy transfer in this system is very efficient. 
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Comparison of Single and Tri-Layer Technologies for Volume 
Production of Sub-Half Micron Gate GaAs MESFETs 
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ABSTRACT 

Both single and trilayer technologies have been evaluated for the production of sub-half micron gate-length devices 
on 3-in. diameter GaAs substrates using deep ultra-violet photolithography. The trilayer technique is capable of fabricat- 
ing 0.4 ~m gate-length devices with yields exceeding 86%. However, the single layer process has the advantages of fabri- 
cating 0.5 ~m gate-length devices with greater simplicity, reduced cost, and east of rework. The improved gate resolution 
and yield of the trilayer process are attributed to the very thin top layer resist, planarized surface, and the reactive ion etch- 
ing in process. The trilayer process also has the potential for fabricating 0.25 ~m gate-length devices with good uniformity 
and high yield. We compare dc and microwave characteristics of devices fabricated with both single and trilayer tech- 
niques. These data indicate no device degradation resulting from the more complicated trilayer process. 

Although GaAs monolithic microwave integrated cir- 
cuits (MMICs) offer the advantages of reduced size, higher 
reliability, and broader bandwidth,  one of the major obsta- 
cles for inserting these circuits into systems is their high 
cost of fabrication. Therefore, a high volume and high 
yield manufacturing process is essential to the success of 
GaAs MMIC technology. Despite the recent advances of 
high electron mobility transistors (HEMTs) and hetero- 
junct ion bipolar transistors (HBTs), ion implanted GaAs 
MESFETs remain the industry 's  workhorse due to their 
greater ease of fabrication. In  order to improve MESFET 
performance and extend their applications to millimeter- 
wave frequencies, the gate length must  be reduced to di- 
mensions less than one-half of a micron (1-2). 

1 Present address: AVANTEK, 3175 Bowers Avenue, Santa Clara, 
California 95054-3292. 

As gate length decreases, standard photolithography be- 
comes increasingly difficult and limits products yield and 
throughput. E-beam direct-write lithography is routinely 
used for submicron applications. However, because of its 
high capital cost and extremely low throughput,  E-beam 
lithography is mainly a research tool. 

Optical photolithographies with single and multilayer 
resist techniques have been used to fabricate sub-half mi- 
cron gates on GaAs MESFETs (3-5). These processes were 
performed on 2 in. diameter GaAs wafers with yelds less 
than 50% for 0.25 ~m gate-length devices. In this study, we 
compare single and trilayer processes for the fabrication of 
0.25-0.50 ~m gate features. Eleven lots, containing a total of 
thirty-two wafers, were used for this evaluation. In  addi- 
tion to the yield and gate length uniformity, the resolution 
capability of both processes is reported. 




