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Optical Properties of Polymer Waveguides
Dispensed on an Erbium/Ytterbium Codoped Glass
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Abstract—A composite waveguide was fabricated by dispensing of these films through conventional wet and dry etching
polymer on top of an erbium/ytterbium codoped bulk glass. techniques resulted in waveguides that were lossy. A search
The parabolic surface of the polymer layer induces a transverse ¢, giternative waveguide structures was initiated with the

graded index waveguide behavior enabling tighter lateral confine- . S L
ment of light than in a typical step-index multimode waveguide. aim of simplifying the fabrication. Recently, we observed low

Spontaneous emission of light in the 1520—1570-nm band has beerl0SS and spontaneous and stimulated emission in a composite
observed. We have also observed up to 1.7-dB enhancement oftrip-loaded Er-doped waveguide where lateral confinement

transmitted signal with 210 mW of launched 975-nm pump light \was achieved through a layer independent of the chemically
in a waveguide 1.0-cm long. complex erbium-doped glass [7]. However, the problem of
short fluorescence lifetimes in the sputtered films remained.
. INTRODUCTION In this paper, we report stimulated emission in an evanes-
RBIUM-DOPED planar optical waveguide amplifierscently pumped polymer waveguide formed on an Er-doped
(Er-POWA) operating in the 1550-nm wavelengttpulk glass substrate. Polymer waveguides are attractive be-
window are expected to play a prominent role in integrateétduse of their low loss, low cost and ease of fabrication.
optical circuits. Applications may include telephony, CATVIypically, they have been used as multimode (MM) step-
services, etc. High concentrations of erbium are required iftlex structures for optical interconnects in hybrid integrated
provide net signal gain over a few centimeters since ti§&cuits [8]. Recently, graded-index MM polymer waveguides
length of the Er-POWA is usually limited by the size of9], [10] and a planar, graded effective index MM polymer
the underlying substrate. The importance of the chemicapveguide [11] have been reported. In the latter, which are
composition of the host glass has been well documented [figrmed by a simple dispensing technique, the parabolic surface
Optimizing the glass composition continues to be an acti@ the polymer was found to produce a near-quadratic index
area of research. A variety of codopants such as ytterbiuwgveguide, thus confining light within a region narrower
phosphorous, and aluminum have been attempted to imprdlan the overall waveguide dimension. Conceivably, such
the solubility of the erbium oxide. Erbium-doped glass film@aveguides may be formed over long distances (0.5 m) and
deposited by plasma enhanced chemical vapor depositday be importantin reducing dispersion in multi-gigabit/s data
(PECVD), flame hydrolysis (FHD) and RF sputtering havBuses. This type of waveguide was used in this study.
produced short-length amplifiers on silicon substrates [2]-[4].In Section I, the steps involved in the fabrication are
The amount of erbium ions that can be incorporated infiescribed. Theoretical passive optical properties and experi-
silica using FHD and PECVD is typically limited to less tharinental active optical properties of the composite waveguide
1 w.t.%. Hence, the optimum amplifier length is in the order @re presented in Sections Il and IV, respectively. Concluding
tens of centimeters. This requires the use of bent waveguidegarks follow in Section V.
to fit the amplifier in a small substrate [3]. Gain has also been
reported in ion-exchanged waveguide amplifiers, including [l. FABRICATION

one integrated with a planar lossless splitter [3], [6]. Since For these experiments, we used an erbium/ytterbium
RF sputtering and ion-exchanged processes make use QoBloped phosphate bulk glass: (= 1.53), which is
bulk glass, the host composition can be tailored to accept hi%‘mmercially available (Kigre QX/Er [12]). The precise
erbium concentrations, high enough to produce significagépant levels are unavailable but the erbium content is known
signal gain in straight ridge/channel waveguides which afg pe in the range 0.1-0.2 w.t.% and the ytterbium content
less than 5-cm long. approximately a factor of 15 higher. A 1% 1" x 2 cm
Previously, we investigated ridge waveguides made of spytynsmission sample of the QX/Er was sliced to a 2-mm
tered Er-doped glass films. However, difficulties were eRnick piece. Both top and bottom surfaces of this glass were
countered in maintaining the spectroscopic properties of thgjished to optical standards. Using a pressurized syringe
bulk glass during sputtering. Short fluorescence lifetimes wegger computer control [13], a UV-curable polymer optical
observed in the resulting sputtered films. Further processigghesive (NOA 81 [14]) with a refractive index of 1.56 was
Manuscript received June 19, 1996; revised October 8, 1996. dispensed directly on the erbium-doped glass. The polymer
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Dispensed Polymer Waveguide (n=1.56)

2mm Erbium / Ytterbium co-doped phosphate bulk glass ( n=1.53)

Fig. 1. Cross section of dispensed polymer waveguide on the Er/Yb codoped bulk glass. The refractive indices are quoted 682 nm. The
fabricated waveguides were 1.0-cm long.
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Fig. 2. Profilometer scans of two different polymers dispensed on an Sistrate. The aspect ratio of each type of polymer is relatively constant
over a wide range of waveguide sizes.

of 180 pm (Fig. 1). Input and output facets were obtainethodes supported by the waveguide was obtained by using
by scribing and cleaving the glass substrate and the resulttgculations for a slab waveguide of height /8n. This
waveguides were 1-cm long. predicts five and three modes for wavelengths of 980 and
The aspect ratio of a waveguide formed by this method i$50 nm, respectively. The slab becomes single-moded for
determined by the contact angle at the edge, which is a functigsth wavelengths at a height of approximately:@.
of the surface tensions at the liquid/air and liquid/glass inter- The coupling between the waveguide and the single-mode
faces. As shown in Fig. 2, each polymer/substrate combinatigher depends on the overlap of the modes in both structures.
has a relatively constant aspect ratio over a wide range fife mode in the fiber is assumed to be a Gaussian defined
waveguide_ dimensions. The process is very repeatable. '_L:Jﬂ'fquely by the mode field diameter (MFD) at each wave-
examP'e’ in an array of 1(_)0_m|c_rolenses formed by th|~§,‘ngth. The MFD can be calculated from the wavelength of
technique, thg standard deviation in focal length was fourtque light, the indices of the core and cladding, and the core
to be approximately 1% [15]. diameter. The result is 5.8 and 1Q.f for wavelengths of 980
and 1550 nm, respectively, for the fiber used in the experiment.
lll. PASSIVE OPTICAL PROPERTIES Calculating the mode shape for the waveguide is slightly

Several passive optical properties of these waveguides ardifre complicated. There are two different cases to be con-
interest, in particular, the number of vertical modes, the shapiélered, one in each of the (horizontal) andy (vertical)
and size of the fundamental mode, the coupling efficienélrections. We will make the assumption that the mode is
to a single-mode fiber, the amount of mode in the substragifficiently confined in ther direction such that the height
and the overlap between the 980-nm pump and the 1550 ninthe waveguide does not change significantly in the region
signal mode in the erbium/ytterbium glass. The number of the mode and that the two directions can then be separated.
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(b)
In the y direction the mode is given by the solution of thdig- 4. 2-D profile of the fundamental mode for: (&)= 980 nm and (b)

. . . . . . A = 1550 nm in a waveguide 8m high and 18Qum wide.
simple slab waveguide. The horizontal direction displays ‘a
graded index effect which is most easily seen by using the
effective index method in calculating the vertical slab mod¢éhe WDM was butt-coupled to the input facet of the composite
As the height of the waveguide decreases, so does the effectoéymer/glass waveguide. A multimode fiber was used at the
index of the slab mode. A parabolic graded index waveguideitput facet of the waveguide to gather light which was then
has solutions which are the Gauss—Hermite modes. The firsfitttred using a monochromator and subsequently detected.
these modes is a simple Gaussian and will be the only one withe spontaneous emission spectrum in the 1520-1570-nm
which we will be concerned. The width of this mode can b&avelength region with 210 mW of launched 975-nm pump
calculated from the profile of the waveguide. Fig. 3 shows thgwer is shown in Fig. 5. The peak emission is near 1535
effect of changing the height of a waveguide while maintainingm. Bright green light was visible throughout the length of
a constant height:width ratio of 1:22.5 (the same as thige waveguide, indicating that up-conversion processes were
fabricated waveguide) on the vertical and horizontal MFD’$ccurring. This is most likely a consequence of the high
Both axes of the figure are normalized to the wavelength gfterbium concentration. The intensity of the green light did
the light being used. Using the MFD’s from Fig. 2 and th@ot diminish when the Ti Sapphire was tuned to wavelengths
fiber MFD’s, the coupling efficiency was estimated to be 0.53etween 900 and 1000 nm, which corresponds to the wide
and 0.56 at 980 and 1550 nm, respectively. The shape of Higsorption band of ytterbium. A fluorescence lifetime of 8 ms
fundamental mode for both wavelengths of interest is showyas observed in this waveguide with 210 mW of launched
in Fig. 4. The percentage of the fundamental pump and sigpalmp power (Fig. 6). It should be noted that the evanescent
mode that overlaps with the erbium/ytterbium glass is 0.3ump intensity in the erbium/ytterbium glass is not high
and 0.74, respectively. enough to significantly quench the lifetime.

The overlap between the pump and signal modes withinfiber-to-fiber losses were measured at three wavelengths
the erbium/ytterbium glass is also an important factor. Wea¥ separate the insertion losses from the losses due to the
overlap results in stronger absorption of the signal than taghium. The throughput loss was 4.2 dB @ 1300 nm, 5.8 dB
pump, thus increasing total losses while reducing the opporigr 1550 nm, and 4.5 dB @ 975 nm. Since neither erbium nor
nity for stimulated emission. In the substrate, the form of botfiterbium has an absorption band near 1300 nm, the losses at
slab modes is a decaying exponential. The major differengfyt wavelength can be attributed to coupling losses at the two
between them is the shape in thedirection as determined eng-facets and the losses inherent in the polymer waveguide.
by the graded effective index and consequently this overlapifie coupling loss was probably higher than the 3 dB estimated
high, 0.97 for this waveguide. in the last section since the cleaved end facets were seen to

be tilted at several degrees from the ideal orientation. The on-
chip erbium-induced loss was approximately estimated to be
IV. AcCTIVE OPTICAL PROPERTIES 1.6 dB @ 1550 nm and 0.3 dB @ 975 nm.

The active properties of the waveguide were studied usingThe enhancement of a transmitted signal at a wavelength of
a tunable Ti: Sapphire laser. The Ti Sapphire crystal was 1550 nm was studied. The 1550-nm laser diode was modulated
pumped from opposite ends with two 5-W argon lasers. Tl a frequency of 2 kHz so that amplified spontaneous emission
output from the Ti: Sapphire was combined with a signal frontould be ignored during the pump probe measurements. The
a 1550-nm laser diode in a fiber WDM. The output pigtail ohttenuation of the signal was found to decrease as much as
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Fig. 5. Spontaneous emission spectrum in the composite polymer/gl&ég. 7. Transmitted 1550-nm signal enhancement as a function of residual

waveguide. The pump is 210 mW launched from a Ti: Sapphire laser.
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Fig. 6. Fluorescence lifetime (time taken for the intensity to decay/io
of its peak value) in the composite polymer/glass waveguide.

Fig. 8. 2-D profile of the fundamental mode for: (&)= 980 nm and (b)
A = 1550 nm in a waveguide 2m high and 45:m wide.

1.7 dB when pumped with an estimated 210 mW. The relis inevitable. Hence, the total pump power required to attain
tionship between transmitted signal enhancement and residiaéshold pump intensity and sustain population inversion in
pump power exiting the waveguide is shown in Fig. 7. Thihe active region will be high. It is therefore advisable to work
saturation at high pump power suggests that the maximugith low erbium concentrations in such devices. Although
signal enhancement was obtained for this device. the gain coefficients and efficiencies of these evanescently-
pumped waveguides will not rival those of planar waveguides
with tight mode-field confinement, the ease of fabrication may
Dispensed polymer waveguides on glasses with low-erbilpg an attractive tradeoff.
concentrations have the potential to be used as amplifiers. Irit should be noted that the waveguide used in the experiment
composite waveguides of this kind, where evanescent fielgsnot optimal. Assuming the same refractive indices as in
are used to excite the erbium ions, weak overlap of titég. 1, if the dimensions of the polymer layer were reduced to
fundamental transverse pump mode with the active regi@ym x 45 pm, a much higher fraction of the modes propagate

V. DiscussiON AND CONCLUSION
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in the gain region while maintaining comparable coupling armhvid W. Boertjes received the B.Sc. degree (honors) in physics from the
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signal light propagating in the active region increase to g.3His work at Dalhousie was in the field of nonlinear optics.

and 25, respectively (Fig. 8). With more of the pump now

propagating in the active region, the optimum waveguide

length (to maximize signal enhancement) will be longer. Wo

is proceeding to develop longer dispensed polymer wavegui

with optimized cross sections.
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