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Abstract—The optical, photoluminescent (PL), and electroluminescent (EL) properties of Zn2 Si0 5 Ge0 5 O4 :Mn (ZSG:Mn) have
been studied in order to determine its viability as a light source
for integrated optics systems. ZSG:Mn thin films were deposited
at room temperature by RF-sputtering on Si substrates. EL devices (ELDs) were fabricated using transparent indium-tin oxide
electrodes. ELDs using as-deposited ZSG:Mn films emitted bright
orange light with a broad spectrum at 590–660 nm. Annealing at
700 C resulted in a color shift to green emission in a band from
510 to 550 nm and peaking at 520 nm. Ridge waveguides fabricated by induction-coupled plasma etching yielded an optical loss
of 3.8 dB/cm at 633 nm. Prism coupling experiments revealed a
decrease in the film refractive index as the result of the anneal.
The combination of strong PL, EL, and low waveguide loss demonstrates the strong potential of transition metal- and/or rare-earthdoped ZSG as a robust light source for integrated optic systems.
Index Terms—Electroluminescence, manganese, optical code
division multiple access (OCDMA), optical waveguides, photoluminescence, prism coupling, zinc silicate germinate.

I. INTRODUCTION

will be useful in a future optical code division multiple access
(OCDMA) communication system. Furthermore, the most
prevalent plastic optical fiber has its attenuation minimum in
the red, a wavelength region of strong emission in as-deposited
ZSG:Mn thin films.
In Section II, we present the PL and EL properties of
ZSG:Mn, which reveal the existence of broad spectral peaks
that may be shifted in the visible regime as a function of
annealing temperature. Section III contains the evaluation of
the ZSG:Mn refractive index as a function of annealing temperature, utilizing the prism coupling technique. This method
not only provides the film refractive index and thickness, but
also gives insight into any index gradients and nonuniformity
with the theoretical
by comparing the propagation constant
value based on a fixed index. Section IV presents the fabrication
of channel waveguides through inductively coupled plasma
(ICP) etching and gives the results of initial loss measurements.
Section V discusses the potential system applications of the
ZSG:Mn components.

R

ECENTLY there has been a great deal of progress
in oxide thin-film phosphors for electroluminescent
displays. Alternating current (ac) electroluminescent devices
(ELDs) achieving 180 cd m at a 60-Hz refresh rate have been
reported [1] in sputtered Mn-doped Zn Si Ge O (ZSG)
films. Very high ELD efficiency of 10 lm/W has been reported
GeO :Mn thin-film oxide phosphors.
[2] for Y O
Furthermore, strong photoluminescence (PL) in Zn SiO
doped with rare earths such as Eu and Tb has also been
reported [3]. The combination of intense electroluminescence
(EL), the potential to incorporate a variety of transition metal
and rare-earth dopants and high optical transparency has led
us to consider the zinc silicate-germanate (ZSG) material
system as a light source for integrated optics applications.
Initial investigations reported here quickly revealed that the
room-temperature sputtered material had excellent waveguiding properties. This work demonstrates the initial feasibility
of integrating EL devices and optical waveguides using the
ZSG:Mn (and similar) material systems. The broad EL emission
band, characteristic of transition metal dopants in phosphors,
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II. PL AND EL
ZSG:Mn films were deposited on 4-in bare Si wafers for EL
measurements and on oxidized Si wafers with a 2.5- m thermal
oxide to act as a lower cladding for planar and channel waveguide
structures. The films were deposited at room temperature using
a Denton Discovery 18 sputtering system. The films were
target
RF sputtered from a 99.9% Zn Si Ge O :Mn
supplied by SCI Engineered Materials Inc. The sputtering
conditions were 250 W ( 5.5 W cm ), 40 sccm Ar, 3 sccm
Ar/O mix (80:20), 5 mTorr, and a plasma-induced dc bias of
285 V. The three-cathode system is set up in a confocal
configuration with a target center to a substrate center distance
of 10 cm and a target angle optimized for 5 film thickness
variation. The 6-in substrate platen was rotated at 12 rpm. Films
12.5 nm min, which yielded
were sputtered at a rate of
1.5 m films after 120 min of sputtering. Sputtering of
the films at elevated substrate temperature (350 C produced
increased optical scattering in the films. An SEM cross section
of the planar waveguiding structure is given in Fig. 1. We use
the convention of naming the indices of refraction of various
for air,
for the ZSG:Mn layer, and
layers as follows:
for the SiO layer. Selected films were furnace annealed
in an N atmosphere for 90 min primarily at a temperature of
700 C. X-ray diffraction (XRD) analysis revealed that a 700 C
anneal results in the formation of polycrystalline ZSG, as can
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Fig. 3. PL spectra for the as-deposited and annealed (700
ZSG:Mn films.
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Fig. 1. SEM photomicrograph showing the cross section of a ZSG:Mn planar
waveguiding structure.

Fig. 2.

XRD spectrum of as-deposited and annealed (700 C) ZSG:Mn.

be seen in Fig. 2. Prominent ZSG peaks are clearly visible in
the annealed sample while none are present in the unannealed
sample. The peaks are attributed solely to the ZSG:Mn layer
since the underlying amorphous SiO layer is much thicker
than the XRD penetration capability. The surface roughness,
measured by atomic force microscopy, was 3.63 nm for the
as-deposited film and 1.86 nm for the annealed film.
ZSG:Mn PL was measured using a 325-nm He–Cd laser
for excitation. This pump wavelength is not within the peak
efficiency pumping spectrum [4] found at 200–300 nm for
Zn SiO :Mn, but the ZSG:Mn PL signal is still very intense and
is fully adequate for PL characterization. The emission spectra
were analyzed by an Acton Research spectrometer equipped
with a photomultiplier sensitive in the UV-visible spectrum.
All PL measurements were performed at 300 K. PL spectra
for unannealed and annealed samples are shown in Fig. 3. The
two components of ZSG, Zn SiO :Mn and Zn GeO :Mn, are
known to exhibit [5] broad emission bands, peaking at 525 and
537 nm, respectively. The PL from the as-deposited sample
390 to
contains two multipeak bands in the blue (from
450 nm) and in the yellow–red region (from 560 to 680 nm).
Annealing at 700 C results in PL emission from two closely
spaced peaks at 524 and 542 nm. After annealing at 800 C, a
single PL peak at 531 nm is observed.

Fig. 4.

Schematic diagram of the ELD structure.

Fig. 5.

EL spectra for the annealed and unannealed ZSG:Mn devices.

A dc ELD was utilized to characterize EL emission. The device structure shown in Fig. 4 uses a ring electrode for the bias
electrode and therefore emission area. A detailed description of
the ring ELD fabrication sequence has been previously reported
[6]. The EL spectra for both unannealed and 700 C annealed
devices (along with corresponding photographs of EL emission)
are shown in Fig. 5. EL emission occurs and was measured
just above the onset of electrical breakdown ( 2 MV cm) of
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the ZSG:Mn layer. DC ELD operation was stable up to cata3 MV cm operation. The
strophic electrical breakdown at
Mn excitation method in ELDs is impact excitation by hot electrons ( 2 eV) generated by the high applied field. With proper
EL device design, excitation might originate from other sources
such as electron-hole-based recombination (p-n or p-i-n junction). However, impact excitation mediated EL alone can deliver high efficiency ( 1 lm W) from an ac-ELD device [1]
using a ZSG:Mn layer. A strong shift of the emission spectrum
was measured between the unannealed EL device (red emission)
and 700 C annealed EL device (green emission). These results
are consistent with the spectra measured from alternating current ELD ZSG:Mn devices [7]. The red emission from the unannealed ELD is produced by two peaks at 600 and 635 nm. The
green emission from the 700 C annealed ELD is due to a single
broad line with a peak at 520 nm. This peak is also observed
by PL excitation. However, the second PL peak at 542 nm (see
Fig. 3) is either not produced in EL excitation or is much reduced
(and contained in the shoulder of the primary peak). The shift
of EL emission from red to green with annealing is attributed
to a decrease in crystal field [8] strength due to the crystallization of the ZSG host. This leads to a decrease in splitting of the
configuration and therefore increased energetic spacing beA energy level transition of
tween the light emissive T
Mn .
It should be noted that most ELD structures are inherently
optical waveguides because of the high refractive index of the
emissive layer. ELDs are most commonly utilized for flat panel
display applications. In EL displays [9], the light out-coupling
5%-10%. Although this is a disadvanefficiency is only
tage for display usage, this effect is ideal for integrated optic
systems. Use of an ELD device as a lateral emitter [10] can
yield light intensities so strong that such devices were developed by several groups as a linear array light source [9] for electrophotographic printer applications. However, for integrated
optic usage, a key additional attribute is required, namely high
optical transparency for waveguiding, a topic discussed in the
next sections.

III. EVALUATION OF THE REFRACTIVE INDEX
The refractive index of ZSG:Mn has been evaluated using the
prism coupling method [11]. The refractive index was measured
at 632.8 and 1553.3 nm. A Metricon Corporation 2010 Model
2010 prism coupler with multiwavelength capabilities, which
can measure the properties of both the waveguide core and
cladding, was used to evaluate the planar waveguide structures.
To achieve prism coupling it is necessary that the components of
the phase velocities of the waves in the propagation direction be
the same in both the waveguide and the beam. This requires that
a phase-matching condition be satisfied [12]. The condition is
met when the following relation between the wave propagation
constants and the angle of incidence can be satisfied:
(1)

where
(2)
(3)
is the refractive index of the prism,
is the effective index,
is the free space wavelength, and
is the angle of the incident light relative to the axis normal to the prism base. The refractive index and film thickness are determined by minimizing
the error sum
(4)
are the observed propagation constants,
where
are the solutions of the dispersion equation for a given combiis the physical width of
nation of film index and thickness,
the core layer, and is the mode index.
The unannealed ZSG:Mn sample had a higher than expected
standard deviation in the evaluation of the film refractive index
and thickness. The standard deviation of between 1.5% and
2.0% for the film thickness was found by utilizing the fact
that having more than two propagating modes for a planar
waveguide structure results in an overdetermined solution, thus
providing a self-consistent mechanism for evaluating error.
The presence of this high standard deviation is thought to be
the result of an index gradient in the film [13] and made it
necessary to use an assumed value for the SiO cladding layer
instead of doing a dual-film analysis. The index gradient is
likely the result of film stress. The refractive index and thickness of the ZSG film was measured by evaluating both the TE
and TM modes. Using only the TE modes, the refractive index
1.77 and
1.74
of the unannealed ZSG was found to be
with thicknesses of 1.47 and 1.5 m at wavelengths of 632.8
and 1553.3 nm, respectively. Using TM mode evaluation, the
refractive index was found to be 1.77 and 1.74 with thicknesses
of 1.48 and 1.51 m at the same wavelengths of 632.8 and
1553.3 nm, respectively. The slightly thicker film measurements for the TM analysis are likely a result of overcoupling,
so the film thickness and refractive index measured using TE
modes at 632.8 nm were used to construct a dispersion diagram.
Dispersion diagrams are useful in determining whether the
match
experimentally observed propagation constants or
those given by a theoretical evaluation based solely on refractive index and thickness. Following Boyd [14], the dispersion
diagrams are generated by numerically solving the constraint
equation
(5)
where

(6)
is 1 for TE modes and
for the TM modes. The
and
represent the
subscript is the layer index and the values
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smaller standard deviation allowed us to measure both the
core and cladding refractive indices and thickness. In all cases,
the annealing process produced a lower refractive index. The
calculated and measured effective indices for the annealed
ZSG:Mn film at 632.8 and 1553.3 nm are given in Fig. 6(c)
and (d), respectively. At 632.8 nm using TE modes, the analysis
yielded a refractive index of 1.72 and a film thickness of 1.52 m
for the core layer and corresponding values of 1.46 and 2.5 m
for the SiO cladding. At a wavelength of 1553.3 nm, the core
refractive index and thickness were 1.69 m and 1.533 m,
respectively, with a cladding refractive index of 1.45 and a
thickness of 2.42 m. As mentioned above, the thinner cladding
layer measurement in the infrared is thought to be the result
of overcoupling, therefore the measurement at 632.8 nm is
probably more accurate. Using the TM modes, slightly higher
refractive indices of 1.72 and 1.69 at 632.8 and 1553.3 nm,
respectively, are likely to be correct. The thickness of 1.53 m
at 632.8 nm and 1.54 m at 1553.3 nm were measured. The
measured results for the annealed and unannealed films are
summarized in Table I.
IV. CHANNEL WAVEGUIDE FABRICATION
MEASUREMENTS

Fig. 6. Dispersion diagrams for ZSG:Mn planar waveguides. (a) As-deposited
film at 632.8 nm. (b) As-deposited film at 1553.3 nm. (c) A 700 C annealed
film at 632.8 nm. (d) A 700 C annealed film at 1553.3 nm. The individual data
symbols are experimental values obtained using the prism coupling technique.

mode number. Solutions are found by iterating
between a
to a value just below . The dispersion
value just above
diagrams for the unannealed waveguide samples are given in
Fig. 6. The theoretical and experimental results at 632.8 nm are
given in (a) and those taken at 1550 nm in (b).
The ZSG:Mn sample annealed at 700 C yielded more
consistent results in the prism coupling analysis, indicating
that the anneal removed the refractive index gradient. The

AND

LOSS

ZSG:Mn channel waveguides were fabricated using
Cl Ar-based inductively coupled plasma (ICP) etching. This
work was conducted using a PlasmaTherm 790 plasma reactor
operated in the inductively coupled plasma (ICP) mode. The
etch mask used consisted of a 1.8- m–thick layer of Shipley
1818 positive photoresist. An ICP power of 500 W and an RF
power of 100 W were found to give acceptable initial results
for waveguide testing and material evaluation. The gas flow
rates were 15 sccm Cl and 5 sccm Ar. An SEM photograph
of a typical waveguide is shown in Fig. 7. It was found that the
material etched fairly slowly. This was not surprising, however,
as the material is highly insulating. Further study is needed to
find the optimum etching parameters for this material.
Optical characterization of channel waveguides was performed using the outscattering technique [15]. The waveguide
loss measurement setup consists of one of several laser sources,
a focusing lens and microscope having a Gamma Scientific
model 700–10-40A eyepiece with optical fiber pickup. An
8 (0.15 N.A.) long working distance objective was used to
collect the outscattered light from the propagating modes. The
collected light is focused into a 3-mm-diameter fiber probe
conveying it to a photomultiplier tube. An infrared camera
connected to a monitor is used to observe the waveguiding
channels. Scattering from the input edge of the waveguide was
avoided by taking the measurement far from the input. Excellent facets for end fire coupling were easily achieved due to the
cleaving characteristics of 100 Si substrates. An unannealed
ZSG:Mn waveguide ( 5 m) propagating 632.8 nm light is
shown in Fig. 8. The completely black square in the center of
the waveguide is the shadow of the fiber-optic pick-up. Coupling into adjacent waveguides and scattering from pinholes
is clearly visible. The defect density is expected to decrease
dramatically after further optimizing the sputtering conditions.
The results from a typical 5- m ZSG:Mn waveguide are given
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TABLE I
ZSG:MN REFRACTIVE INDEX AND THICKNESS MEASUREMENTS USING THE PRISM COUPLING METHOD

Fig. 7. SEM photomicrograph of a ZSG:Mn channel waveguide fabricated by
inductively coupled plasma etching.

Fig. 9. Channel loss in a typical 5-m ZSG:Mn waveguide at 632.8 nm.

annealing process resulted in an inhomogeneous polycrystalline structure, which provided effective scattering centers.
Functional waveguides on annealed ZSG:Mn requires further
study of the annealing process and possibly the use of other
deposition techniques (such as atomic layer epitaxy) which can
provide good crystallinity and light guiding capability.
V. POTENTIAL APPLICATIONS

Fig. 8. ZSG:Mn waveguide propagating 632.8 nm light.

in Fig. 9, showing a loss of 3.8 dB/cm. While this loss is high
when compared to silica waveguides, it is of the same order of
magnitude as semiconductor waveguide structures. Losses of
less than 1 dB/cm are expected to be achieved when sputtering
conditions, lithographic techniques, and etching are optimized,
making ZSG:Mn a viable material for ZSG:Mn integrated
optics.
Planar and channel waveguides fabricated using annealed
ZSG:Mn exhibited much higher loss. It is possible that the

OCDMA communication systems have been shown to be
very valuable in a wide range of systems including wireless,
LAN, and metro applications. Traditional OCDMA systems
rely on encoding the information signal in the time domain by
a pseudorandom sequence. While this proves efficient, the need
for longer code lengths as the number of simultaneous users
increases, without sacrificing performance, necessitates shorter
and shorter pulses. These systems must rely on mode-locked
lasers making the scheme too expensive to compete with other
access schemes [16].
Frequency-encoded OCDMA (FE-OCDMA) systems have
been proposed which relax the constraints on pulse length by
using noncoherent broad-band optical sources and spectral
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encoding to add another coding dimension [16], [17]. We propose a new integrated optic system incorporating a broad-band
ZSG:Mn light source and arrayed waveguide gratings on
a single chip to achieve spectral spreading without using
complicated epitaxy or flip-chip bonding techniques [18] and
eliminating the need for bulk optics and diffraction gratings.
The devices may either be “hard-coded” to produce a single
optical code or incorporated into a dynamic system.
While the visible spectrum is not useful in conventional
optical communication systems, it is commonly used in plastic
optical fiber (POF). The reported attenuation minima for polymethylmethacrylate (PMMA) optical fibers are at 570 and
650 nm [19]. It is believed that emission at both of these
wavelengths is easily achieved using the ZSG:Mn material
system by adjusting anneal time and temperature. POFs have
shown themselves to be very inexpensive and useful in a variety of applications [20], [21]. The proposed spectral encoding
system has the potential to be much less expensive than previously proposed OCDMA systems and have a smaller parts
count.
VI. SUMMARY
The optical properties of zinc silicate-germanate films doped
with Mn have been investigated for integrated optics applications. Strong EL emission was observed in the red region of the
spectrum for as-deposited ZSG:Mn films. Upon anneal a shift
to green emission was observed. Ridge waveguides were fabricated using plasma-assisted etching. Channel loss of 3.8 dB/cm
was measured at a wavelength of 633 nm. Prism coupling was
utilized to measure the refractive index at 633 nm and 1.5 m.
We anticipate that robust light sources for selected wavelengths
can be fabricated using ZSG layers doped with a combination
of rare earths and transition metals.
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