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Design and Fabrication of Low-Loss Hydrogenated
Amorphous Silicon Overlay DBR for Glass
Waveguide Devices

Jaeyoun Kim, Kim A. Winick Senior Member, IEEECatalin Florea, and Michael McCoy

Abstract—\We report a methodology for the design of low-loss, of a low-index-contrast waveguiding structure, direct surface
high-reflectivity, amorphous silicon, overlay DBRs for glass wave- corrugation requires very deep and/or long gratings to achieve
guide devices. In order to improve the DBR reflectivity while min- a high reflectivity. The UV grating writing technique, which

imizing the DBR-induced loss, we theoretically determine the op- . del di tical fib . that the a b it
timum overlay thickness and establish an iterative deposition pro- IS widely used In optical fibers, requires that the glass be sut-

cedure to achieve this value. Details of the design criteria, measure- @bly photosensitive. Photosensitivity, however, is not usually
ment of the design parameters, and a numerical analysis of the re- present in multicomponent glass substrates that also have

sulting overlay DBR structure are presented. The deposition and good rare-earth doping and waveguide fabrication properties.
characterization methods for low-loss overlay materials are also Hussellet al. proposed a new technique that simplifies DBR

discussed. We apply the procedurestoimplementamultiple—wave-]c brication bv d it | f to-etch material
length source consisting of an array of overlay DBR waveguide abrication by depositing an overlay or an easy-to-etch materia

lasers on a single Er/Yb-doped glass substrate. The lasing wave-On top of the waveguide [5]. A grating is subsequently etched
lengths of the laser array are linearly related to the width of the into the overlay rather than into the waveguide surface itself.
mask openings used to fabricate the waveguides. One laser with\\jith proper choice of the overlay material, the etching can be
an 8.5-mm-long gain section and a 1.5-mm-long overlay DBR had simpler and faster (e.g~y 60 nnymin for amorphous silicon

a launched pump power threshold of 29 mW and an 8.5% slope _ . L . o

efficiency. Good agreement is observed between theory and mea—W'th reacuye ion etching). If the rgfraguve index of the overlgy
surement results. is much higher than the effective index of the waveguide
mode, then the structure shows an additional advantage of
a significantly enhanced interaction between the waveguide
mode and the overlay. This enhanced interaction permits the
fabrication of short DBRs which have high reflectivities [6].

. INTRODUCTION Furthermore, compared with glass, the overlay may have
ITH the rapid growth of wavelength-division multi- desirable thermooptic [7] and/or nonlinear optical properties
plexed (WDM) networks, the integration of distributed8] Which permit electrical or all-optical control of the DBR
Bragg reflectors (DBRs) with glass waveguides has attractéljuctures. The thinness of the overlay should also allow the
substantial research interest. Integrated DBRs enable €{8lings to be under-coated or conformally over-coated with
fabrication of wavelength filters and single/multiple-waveOther electrooptic or thermooptic materials [9]. This type of
length lasers in glass waveguides. Glass waveguide DBfting may not be an option for deep ion-milled gratings.
are usually implemented by ion-milling [1], [2] or throughConeseet al, however, pointed out that the higher overlay
direct UV-induced modulation of the glass’s refractive indekefractive index can also cause an additional loss whose value
[3], [4]. lon-milling is the dominant method for corrugatingdepends on the overlay thickness [6]. Achieving a high DBR
multicomponent glass surfaces, but the method has a fEgflectivity, while limiting the loss, requires careful control
technical drawbacks. The ion-milling process is slowe% of the overlay thickness and its complex refractive index. To
nm/min reported in [1]) than other dry etching techniques félate, only two groups have been reported overlay DBRs [3],
semiconductor processing. The process also generates gl Hussellet al. demonstrated amorphous silicon overlay
that deforms the photoresist mask and consequently limits tHBRs on lithium niobate waveguides, but did no work with
etch depth. A more serious problem is the similar etch ra@ass. Pissadakit al. reported DBRs on ion exchanged glass
of photoresist and glass that makes the fabrication of de@gveguides fabricated in indium oxide and tantalum oxide
gratings difficult without the additional deposition of a metaPVverlays, but was only able to achieve modest reflectivities of

layer on top of the photoresist pattern. Moreover, in the ca@Bout 40% with relatively long (25 mm) DBRs. Neither Hussell
nor Pissadakis incorporated their gratings into a functional
device.
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Eg?ngﬁdoi/”etﬁ;acggg overlay is employed to enhance the evanescent coupling of the
guided mode Y — field for filtering and sensing applications [18], [19].
\l\ B Overlay The complex refractive index and the thickness of the overlay

........................ are the two most important parameters that control characteris-
tics of the propagation mode of the overlay/waveguide struc-
ture. It is important to take the imaginary part of the refractive
index into consideration, since the overlay material often ex-

Waveguide hibits high loss in optical regime. Once the complex refractive
index is fixed by the material selection, the overlay thickness

( Fundamental / becomes the main parameter that controls the mode character-
Mode Profiles Substrate istics (profile and complex effective index) of the overlay/wave-

guide structure. By making the overlay thicker, one can enhance
Fig. 1. Schematic diagram of overlay/waveguide structure showing thBe interaction between the waveguide mode and the overlay
enhanced interaction between the overlay and the guided mode. kpgough redistribution of mode power from the waveguide into
enhancement can improve the DBR reflectivity after the patterning a gratlﬂqe overlay. The enhanced interaction results in higher reflec-
on the overlay.

tivity when the overlay is corrugated to form a DBR. A tradeoff

exists, however, between interaction enhancement and propaga-
overlay thickness. For the latter, we utilized previous repofgn loss. The redistribution of mode power into the overlay may
that studied how propagation loss is related to the overlay-icrease the propagation loss if the optical loss of the overlay
duced changes of the mode profile and the overlay charactefigsterial is higher than that of the waveguide. On the other hand,
tics [6], [11]. Based on these results, we devised an approachftghe overlay is too thin, then the interaction becomes weaker
achieve an appropriate overlay structure that consists of the fghq the DBR will exhibit low reflectivity. With the waveguide
lowing four steps: characterization of the waveguide, measugraracteristics and the overlay refractive index determined, the
ment of the complex refractive index of the overlay materiabve”ay thickness should be chosen to yield a high degree of
mode analysis of the combined overlay/waveguide structuggeriay/waveguide interaction while maintaining an acceptable
and control of overlay thickness. To illustrate this approach, WRopagation loss.
have implemented low-loss overlay DBRs and an array of mul-The mode characteristics can be highly sensitive to the
tiple-wavelength Er/Yb overlay DBR glass waveguide lasergyer|ay thickness near the desirable value. A simplified modal
We will present the overlay design procedure in Section Il @fnalysis of an overlay/waveguide structure clarifies this issue.
this paper, DBR fabrication details in Section Ill, and active ar]qg_ 2(a) shows the overlay/waveguide structure approximated
passive device performance in Section IV. by four, planar, step-index layers (substrate, waveguide,

overlay, air) and the corresponding material parameters. The

complex effective index of the overlay/waveguide was obtained

Il. OVERLAY DBR DESIGN ISSUES by solving the complex characteristic equation [20]. The

reflectivity of the corrugated overlay DBR was estimated by
modeling the DBR as a multiple stack of high- and low-index

Fig. 1 shows a sketch of the overlay/waveguide structud@yers, which yields the following expression for the reflectivity
The waveguide underneath the overlay may have a refractifdfor TE polarization [21]
index profile that is either step-index or graded. The overlay
material is usually selected so that its refractive index is much
higher than the effective index of the unperturbed (i.e., without
overlay) waveguide mode. This selection enhances interaction
between the mode and the overlay. By choosing the propenereN.; is the real part of the effective index of the guided
overlay thickness and complex refractive index, it is possible toode without the overlay)l N.¢ is the change in the real part
control the propagation characteristics of the waveguide modethe effective index of the guided mode when the overlay is
as a function of wavelength or polarization state. This concegdded, andn is the number of grating periods. Fig. 2(a) and
of overlay/waveguide structures for mode control evolved frofi) illustrates the mode characteristics as the overlay thickness
the theory of metal-clad waveguide polarizers [12]. The usevaried from 0 to 28 nm. As the overlay thickness is increased
of semiconductor and dielectric claddings was proposed fisom zero, the mode characteristics change gradually. When the
low-loss operations in an optical regime [13], [14]. Comprehemverlay thickness reaches 25 nm, the additional propagation loss
sive theoretical studies of overlay/waveguide structures also kde to the overlay becomes 0.67 dB/cm and the corresponding
to a better understanding of their mode characteristics [6], [Li&flectivity of a Bragg grating with 5000 periods is 65.13%.
The overlay/waveguide structure has been utilized for glagéth a 3-nm increase in overlay thickness, the additional loss
waveguide applications, including filtering [15], polarizatiorincreases to 3.1 dB/cm and the reflectivity becomes 98.19%. For
discrimination [16], and detectors [17]. The overlay DBR#his structure, the desirable overlay thickness lies in the range of
integrated with waveguides are especially relevant to the wa2k—28 nm depending on the desired propagation loss and DBR
reported here [5], [10]. A closely related structure that utilize®flectivity. The results clearly indicate that deposition thickness
the same concept is the side-polished fiber device where @mtrol with nanometer accuracy is required.

A. Modal Study of Overlay/Waveguide Structure

1)

R = tanh? <%m>
eff
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Substrate Waveguide Ar' ibrated deposition system with closed-loop control may elimi-

(n=1.5200) ' (8 pm wide, n=1 .5238) (n=1) | nate the need for this iterative approach. If the DBR grating has
10}k i 4 a duty cycle of 50%, then the DBR-induced loss should be half
L o of the overlay-induced loss.
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i Y% Overlay ] Ill. OVERLAY DBR FABRICATION ISSUES
0.6 \ 4 (n=3.4+i-0.0014)7 . .
- i 3 . A. Overlay Material and Deposition

04r A ] The selection of the overlay material is important since the

02 LY i [ 250m | | complex refractive index of the overlay determines the modal
1 4 """" 28nm | | and loss characteristics of the overlay/waveguide structure. A

0.0 ol . _ S good overlay film material must have a high refractive index
-15 -10 -5 0 5 (compared to the underlying substrate), low loss, and be com-
Position [um] pact and smooth with low scattering losses. In addition, the de-

@ position and etching of the overlay by conventional semicon-

ductor processing techniques should be easy. We choose amor-

o[ Addi‘tional ‘Loss de/cﬁ] ' i phous silicon because it meets all of these requirements. It ex-

L . hibits a high refractive index (2.9-3.4), low inherent loss in the
infrared, is easily deposited by sputtering or plasma-enhanced
chemical vapor deposition (PECVD), and may be etched using
A A , . . well-developed reactive ion etching (RIE) techniques. We have
' Index Change (x10"4) 99.89% found that PECVD of amorphous silicon is preferred over sput-

tering, since the silane gas (SiiHused in this process results in

hydrogenation of the deposited silicon film. The hydrogenation
reduces the otherwise high infrared absorption loss of amor-

phous silicon by passivating the silicon dangling bonds with

o 5 10 15 20 25 30 hydrogen radicals [24]. The hydrogenated amorphous silicon
Overlay Thickness [nm] (a-Si:H) also has some desirable thermooptic [7], electrooptic

®) [25], and nonlinear optical properties [8] which may permit

electrical or all-optical control of the DBRs.

Fig. 2. (a) Overlay/waveguide structure and the calculated mode profiles. (b) : :
Calculated additional loss, index change, and DBR reflectivity for 5000 periods For our PECVD process, we maintained the chamber pressure

Mode Intensity Profile [a.u.]

»
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as a function of overlay thickness. at 430 mtorr, the RF plasma power at 90 W (70 jiow?), the
silane flow at 100 sccm, and the substrate temperature 8250
B. Iterative Approach to a Target Thickness We measured the complex refractive index# ix) of the hy-

We have established the following iterative procedure fJo9enated amorphous silicon (a-Si:H) film using the two-layer
achieve the target overlay thickness. First, the index profile t{terference-fringe measurement technique [26]. For this mea-
the waveguide is obtained by a refractive near-field (RNF) meSdrement, an approxmgtely 500-nm-thick layer of a—Slle was
surement. The complex refractive index of the overlay mater@§Posited on a 1-mm-thick glass substrate to form a thin etalon
is also experimentally determined (details in Section |||-A)9f silicon. The spectral transmittance qf this etalon was then
Next, a finite difference method (FDM) is used to calculate tH@€asured across a 1000-nm range using a spectrophotometer.
mode characteristics (i.e., the real and imaginary parts of thB€ transmission data for etalons made with PECVD a-Si:H
effective index and the mode profile) of the overlay/waveguiddd Sputtered amorphous silicon exhibited typical interference
structure. In order to effectively analyze the structure thiinge patterns asshown inFig. 3. The-ix and the film thick-
simultaneously contains elements measured in nanomefdfSS were estimated by least-square fitting the fringe pattern to
(overlay) and in micrometers (waveguide), we adopt a variaﬁ'%e_ theoreucall curve for a two-layer (a-Si:H/glass) etalon. The
step-size FDM scheme [22]. The full vectorial nature of thgStimatedu + i« of the PECVD a-Si:H layer was found to be
computational scheme allows the polarization dependence3td0+¢0-0014 at 1530 nm. Incomparison, thet-ix of the sput-
be determined. Finally, as a function of overlay thickness, t&€d, nonhydrogenated amorphous silicon was +0.0048,
additional propagation loss is computed from the imaginalgd'cat'”g aloss which is n_earl_y three times larger. C(_)pSldermg
part of the effective index and the reflectivity from the real path'€ real part of the refractive index, the sputtered silicon film
using (1). also appears to be Ies_s compr_:lct. Wg also note that a recent study

Each iteration cycle consists of a short-duration overlay dBas reported that a-Si:H thin films withvalues as low as 10
position, followed by a waveguide throughput measuremeG@" P€ achieved provided the PECVD process parameters are
The process is terminated when the target overlay thicknes@Riimized [27]. This is a topic for future work.
achieved as determined by the throughput loss measurements. In .
this way, the iterative approach ensures the implementationff Patterning and Pattern Transfer
a low-loss overlay DBR (detailed application in Section IV-B). For patterning of a photoresist grating on the a-Si:H overlay,
Note that arin situmonitoring technique [23] or a precisely cal-we used a Lloyd mirror setup [28]. It was important to measure
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Fig. 4. Schematic diagram of a glass waveguide laser with the overlay DBR.
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Planar waveguide lasers fabricated on rare-earth-doped

Fig. 3. Interference fringe pattern obtained for transmission through lass have attracted considerable research interest as lightwave
silicon/glass etalon. sources for fiber-optic WDM networks. Their advantages
include the use of high rare-earth-doping concentrations to

I_?f_hieve compact devices and the potential to integrate a host

ferring the pattern into the overlay by RIE. We measured % optic%I cgrggorlwents 02 a Bsingle dSlIJbStrate' Sevezral g3|2aSS
grating period by illuminating the photoresist grating with a aveguidae ~ asers [1], [31] ang laser arrays 2], .[. ]
He—Ne laser beam and measuring the diffraction angle of t gve bgen fabricated ‘.N'th. DBRs |mpIem_ented by'lon—mlllhng
first-order backward-diffracted beam. The photoresist grati Lijv-mduced refr:actllve |Indeth ﬁd“Lf‘t'°W-. In[;[g; sechog,
pattern was then transferred into the overlay by RIE with @ V°© | em%ns_,trattle that low- OS.(Sj 'gh-re ectg{t‘)'/_' SI can V\?
the primary etching gas. RIE is an isotropic etching process tﬁ pncate N giass waveguides Uusing a-sI.H overiays. Ve
may reduce the duty cycle of the grating as it etches the overf k)s”?“e this techn_ology by applylr!g the design and _fabrlcatlon
vertically. Since a reduction in the duty cycle of the gratmpechnr:qlées\(()gSectlcl)nsIljlggd ||” to mplemggtellmultlple—wave—
will result in a lowered DBR reflectivity, we added Ckilas ength, Er—Yb, overlay- glass waveguide laser array.

the secondary processing gas. During the RIE, the radicals from

CHF; form a polymer layer around the a-Si:H surface and coA. Waveguide Modal Analysis

sequently induce anisotropy into the etching process. We main- . . .
taiged a}é:E : CHF; gas flgz\/ ratio of 25:28932cm, a chamber We fabricated the Wa\_/egwdesomg)n ar}r. alkali phosphate
pressure of 50 mtorr, and a 13.56-MHz RF plasma power g%ss wafer co-doped with 1,01 Er**ions/cm® and

0 34+; H

200 W (160 mwcm?). The flow ratio was chosen based on re-" x|10/2 Yb +_|gns/DcBrr§.| Fig. é shows a_dsketch Off the d
peated RIE trials performed at different flow rates followed boverfy werggw € h aﬁer. rI1X \lxvavegkm es were forme
inspection of the resulting overlay grating’s cross section usirj¥ K —Na” ion exchange throug .A Mmask openings ranging
a scanning electron microscope (SEM). im width from 15to 3_.0um. Following the ion exchange, the

wafer was diced and its end faces were polished perpendicular
to the waveguides. In order to estimate the waveguide prop-
C. Overlay Grating Thickness Measurement agation loss, we used the Fabry—Pérot fringe measurement

technique on identical waveguides fabricated in undoped glass

Once fabrication of the overlay DBR was completed, we aof the same composition [33]. The measurement results of the

curately determined its thickness by measuring the diffractiovaveguides fabricated under the same conditions on an un-
efficiency of the zeroth-order backward-diffracted beam asdmped wafer showed that the propagation loss is approximately
function of incidence angle. The measured values were fittéd3 dB/cm near 1530 nm. We performed a modal analysis on
to the theoretically predicted curves generated using a rigordhe waveguide fabricated using au8i-wide mask opening.
coupled-wave analysis (RCWA) [29]. The diffraction efficiencylhe refractive index profile of the glass waveguide (without
depends on grating depth, period, shape, duty cycle, and theaeerlay) was measured using a commercial RNF scanning
fractive indices of the grating and substrate. The grating depttachine. Fig. 5 shows the two-dimensional (2-D) refractive
and duty cycle have the strongest influence on the diffractiamdex profile of the waveguide with a measurement resolution
efficiency. With the refractive indices and the grating period abf 0.4 xm in depth and 0.8:m in width. The waveguide has
ready determined by techniques described in Sections IlI-A aadnaximum index change (with respect to the substrate) of
l1l-B, we measured the duty cycle by taking a top-view SEN8.8x 10> and exhibits a near-Gaussian refractive index profile
scan of the grating. Since the grating cross-section usually &gt is 8um in depth (/e point) and 16.8um in width (1/e
sumes a trapezoidal shape, due to residual anisotropy in the RIEwidth). The FDM grid size for the waveguide portion was
etch, we used a multiple-layer approximation of RCWA [30khe same as the RNF resolution and the vertical grid size for
The application of this method is described in Section IV.  the overlay portion was varied from 0.5 to 1 nm. The FDM

the period of the photoresist grating before permanently tral
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is not a high reflector for the TM mode. Based on the above
modeling results, we chose a target overlay thickness of 47 nm,
corresponding to a 77.2% DBR reflectivity and 1.49 dB/cm
additional propagation loss, for a 2.5-mm-long DBR.

B. Optimum Thickness Deposition

With the target thickness determined, we performed the iter-
ation cycle described in Section Il. We set the duration of each
incremental PECVD to be 2 min. In order to compensate for
the changes in free-space/waveguide coupling and variations in
the collecting efficiency for each throughput measurement, we
excluded one waveguide from deposition by protecting it with
metallic cover and measuring the overlay/waveguide throughput
relative to this reference waveguide. Fig. 8 shows the changes in
measured additional loss due to a 1-cm-long overlay as a func-
tion of the total deposition time. The optimum thickness was
achieved for a total deposition time between 10-12 min. The
measured additional loss after the final deposition was 3 dB/cm
indicating that we missed our desired target thickness by ap-
proximately 1 nm. We proceeded with the final film that will

8 Additional Loss [dBA ' T yield DBR reflectivities of 89.2% and 99.6% for lengths of 0.25
6r ftional Loss [dB/cm] [ and 0.5 cm (approximately 5000 and 10000 periods), respec-
4r ] tively. The thickness of the overlay was experimentally con-
2r ./-’ ] firmed after the DBR was fabricated by measuring diffraction
or X X ] efficiency as described in Section IlI-C. Fig. 9 shows the mea-
12" Index Change (x10™) 99.6% | surement results superimposed with the RCWA calculations.
o ] The inset is the cross-sectional profile of the grating used in
6 73923/./. ] this analysis which was obtained from a top-view SEM scan
3t o 175 ‘/5'1/ o of the structure. The excellent match between the experimental
Ofg———9s——9s—o—<— """ and calculation results confirms that the overlay thickness was
0 10 20 30 40 50 in the vicinity of the targeted 48 nm.

Overlay Thickness [nm] o
C. DBR Characteristics

Fig. 6. Additional loss, index change, and DBR reflectivity for 5000 periods ; ; ; ;
as a function of overlay thickness calculated by 2-D fully vectorial FDM. Th Wwe pattemed a photoreS|st grating and reactive ion etched

complex refractive index of a:Si-H and the RNF-scanned index profile of Fig.%51€ pat_tem into th_e 48'nm'thi0k (_)V€r|ay using the proced_ures
are utilized for the mode solution. of Section IlI-B. Fig. 10 is a top-view SEM scan of the a-Si:H

overlay DBR seen over the slightly recessed waveguide surface.
calculation yields two TE mode-solutions near 1530 nm, witfhe grating period was approximately 503 nm. The setup used
one barely above cutoff. With the same computational grtd measure the spectral response of the overlay DBR consisted
size in the glass and a grid size of 20 points in the overlayf a broad-band amplified spontaneous emission (ASE) source
we obtained the fundamental TE and TM mode solutions &sth polarization control and an optical spectrum analyzer
the a-Si:H overlay thickness was varied from 0 to 50 nnfOSA). Light from the polarized ASE source was launched
The corresponding propagation loss and change in maddé& the overlay DBR waveguide and an OSA scan of the
effective index (the real part) of the fundamental TE modekroughput power was collected. Fig. 11 shows the results
are plotted in Fig. 6. These results are qualitatively similar for a TE-polarized ASE input and a 2.5-mm-long DBR. This
those obtained using the simplified four-layer analysis given device exhibited a 13-dB transmission dip (95% reflectivity)
Section II-A. Note that both the change in effective index andgith a 3-dB bandwidth of 0.61 nm. The reflectivity is in good
the propagation loss increase very rapidly when the overlagreement with the calculated results given in Section IV-B
thickness approaches about 50 nm. Mode profiles for 48- aofi89.2%. Note that the nonuniform spectral response in the
50-nm-thick overlays are also shown in Fig. 7 and illustrathort-wavelength regions which lie immediately outside of the
the change in mode characteristics as a function of overldip is not due to the DBR, but is a result of absorption by the
thickness. It is observed that the peak of the mode intensédgbium ions in the substrate. A TM-polarized input resulted
profile is shifted toward the overlay as the overlay thickness less than 2% reflectivity. The large reflection bandwidth is
increases. The profiles are also deformed due to the presenceafsistent with the high reflectivity and short length of the
the overlay. As indicated in Fig. 7(d), the modal characteristigsating. The length of our high-reflectivity overlay DBR is
of the TM mode are much less affected by the presence the shortest reported to date in glass. It is also the first report
the overlay even though the TE and TM modes were nead§ an a-Si:H overlay DBR on glass. The determination of the
identical in the absence of the overlay. Thus, the overlay DBBBR-induced loss by direct measurement of the reflected light
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Fig. 7. Two-dimensional mode profiles of the overlay/waveguide structure showing the deformation of the mode as a function of overlay thickiegseeThe
of deformation parallels that of the index change and additional loss in Fig. 6.
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Cumulative Deposition Time [min] Fig. 9. Measurement of the zeroth-order backward diffraction efficiency for

grating depth estimation. The results were fitted to the theoretical prediction of
_Sriigprous coupled-wave analysis. The cross-sectional profile and the duty cycle

Fig. 8. Measured changes in additional propagation loss due to the a Lie determined based on the top-view SEM scan.

overlay as a function of deposition time.

was unsuccessful due to the difficulties we had in determinify Multiple-Wavelength Laser Array

other sources of loss in our measurement setup. Throughpufs depicted in Fig. 4, the laser array was completed by
measurements, however, indicated that the DBR loss waitaching an external reflector to the waveguide facet on the
approximately 2 dB/cm at wavelengths near the transmissiside opposite to the overlay DBR. The multiple-layer dielectric
dip. Considering the fact that only half of the overlay remainmirror had a 95% reflectivity near 1530 nm and 86% transmis-
after formation of a grating with a 50% duty cycle, the loss ision near 980 nm. Index-matching liquid was used to reduce the
approximately 0.5 dB/cm higher than theoretically predicte@resnel loss at the waveguide—air—mirror interface. We pumped
For our 2.5-mm DBR, the DBR-induced loss is 0.5 dB, whicthe overlay DBR waveguide laser with a multimode laser diode
is comparable to the splicing loss between fibers with slightthat was temperature-tunable near 980 nm. The pump beam
different core sizes. was coupled into the waveguide from the external reflector
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waveguide laser. The inset shows the OSA scan of the output spectrum.

Fig. 11. A 13-dB transmission dip was observed from a 2.5-mm-long a-Sifd) Multiple-wavelength characteristics of the laser array. The lasing
overlay DBR. The 3-dB bandwidth is 0.61 nm. wavelength is in good linear relation with the mask opening for the waveguide

fabrication.

side using a 4« microscope objective lens and the laser output

was collected with a 2@ microscope objective lens. We usedion-milled in glass) waveguide laser reported by Calliceatt

a multiple layer dielectric filter to block the residual pumml. [31] had a 15-mW output power when pumped by two laser
beam at the output. In order to accurately determine the laséodes with 150 mW of total launched pump power. The glass
performance, we measured the launching efficiency of theaveguide DBR laser reported by Madasaghyal. was 3.2 cm
pump beam using an undoped waveguide sample. We obseneed), including a 0.5-cm DBR section (ion-milled in glass),
lasing from all six a-Si:H overlay DBR lasers. The best lasingnd lased with a 13% slope efficiency and a 60-mW launched
performance was obtained from a waveguide formed throutireshold power when pumped by an unspecified source [32].
a 3um-wide mask opening. The lasing characteristics @ur laser exhibited a low lasing threshold with a shortest
this waveguide are presented in Fig. 12(a). This laser had BBR thus indicating that a high level of interaction exists
8.5-mme-long gain section. We reduce the length of the overlagtween the waveguide and the surface corrugation. The slope
DBR section from 2.5 to 1.5 mm by RIE in order to increasefficiency is lower than values reported by others for Er/Yb
the slope efficiency of the laser. The reflectivity of the overlalpBR waveguide lasers but it can be increased at the expense
DBR was reduced to about 50% accordingly. The launcheflthe lasing threshold which is low in our case. Furthermore,
pump power threshold was 29 mW and the slope efficiency wag expect that the slope efficiency can be improved by using
8.5%. The inset of Fig. 12(a) is an OSA scan of laser outpatnarrow linewidth pump source tuned to the optimum pump
with a spectral resolution of 0.07 nm. The laser output was Meavelength. Due to the limitation in our pump source, we were
polarized. The best performance was obtained when the diods able to investigate the laser’'s performance at high pump
pump wavelength was tuned to 974 nm. In comparison, tpewers. We, however, expect that the slope efficiency would
17-mm-long, ion-milled DBR, glass waveguide laser reportetbt be degraded at these higher pump power levels based on
by Veaseyet al. [2] showed a slope efficiency of 26% and grevious reports of a laser with similar characteristics [2].
launched pump power threshold power of 50 MW when pump€&dy. 12(b) shows the multiple-wavelength characteristic of the
by a Ti:sapphire laser operating at 974 nm. A 22-mm-long DBRser array. Note that the lasing wavelengths are linearly related
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to the width of the ion-exchange mask opening and the averag¢s]
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channel spacing between adjacent wavelengths is on the order
of 0.15 nm.

We have demonstrated that short low-loss DBR reflector

[9]
V. CONCLUSION

can be incorporated into low-index-contrast glass waveguides

by using a high refractive index overlay. In order to minimize
the loss induced by the overlay and ease fabrication, we s

lected the overlay material to be a-Si:H deposited by PECVD.

PECVD a-Si:H has low inherent infrared absorption becaust?

the dangling bonds are passivated with hydrogen. In order to

balance the enhanced reflectivity of the overlay DBR with[13]
the increased overlay-induced loss, we established an analyti

procedure to compute the reflectivity and loss as a function of

overlay thickness. Waveguide characterization by 2-D RNF,

scanning, overlay complex refractive index characterization by

fully vectorial 2-D FDM were adopted for these theoretical

calculations. Using these results, a target value for the overlay7]

thickness was chosen and an iterative procedure, based on

propagation loss measurements, was instituted to deposit filmsgg

of the appropriate target thickness. A 2.5-mm-long overlay
DBR was fabricated which exhibited a 13-dB transmission[lg]
dip (95% reflectivity) with a 3-dB bandwidth of 0.61 nm.

The procedure was also successfully applied to fabricate
multiple-wavelength array of seven Er/Yb overlay DBR lasers.

Bol

Each laser contained a gain section of length 8.5 mm and an
overlay DBR section of length 1.5 mm. Lasing was observed?!
from all seven of the waveguide lasers with an average wave-
length channel spacing of 0.15 nm. The lasing wavelengtf??]
was linearly related to the width of the mask-opening used
for waveguide formation. The best laser among the seve[23]
had a launched pump power threshold of 29 mW and a slope
efficiency of 8.5%. In the future, the thermooptic and nonlineary4;
properties of a-Si:H may be used to demonstrate electrical and

all-optical control of overlay DBR.
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