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Fabrication and Characterization of Photonic
Devices Directly Written in Glass Using
Femtosecond Laser Pulses

Catalin FloreaMember, IEEE, Member, OSand Kim A. Winick, Senior Member, IEEE, Member, OSA

Abstract—Both straight and curved waveguides are writtenina understood [12]-[15]. Furthermore, the mechanism may
variety of silicate glasses using near-IR femtosecond laser pulses.depend on the repetition rate employed for the writing process.
Writingtparlametgrslare ic(:ljentifizd _th%t produtﬁe w%vegui?clas thTaﬁ From a device perspective, this technology is still in its early
support only a single moade an leld smootn-mode protiles. e . . :

Ias%F; pulse}i/nduce%l refractive ind)t/ax change is recons[t)ructed from stages. In partlcular., fabpcated Waveggldes have_yet to be
near-field mode profile data using the scalar wave equation and by fully characterized either in terms of their propagation losses
refractive near-field profiling. Waveguide propagation losses are Of the induced refractive-index structures that are responsible
determined by throughput and Fabry—Pérot resonator measure- for waveguide formation. Waveguide loss is one of the most
ments. Both coarse and fine period gratings are written and char- jmportant parameters in practice, and the loss at a wavelength
?ﬁfﬁiﬁg} ?)??htgefetrrftggglgtﬁgIw%t?r]:éhiieeiigirc?ltjlg?ss 'dse'“m";f;'gg:gg- of 1.55um is of particular interest for photonics devices that
. A support the optical telecommunications market.
by fabricating an optical mterleav_er' . ) In this paper, we present refractive index profiles of directly
e FeTlosecond el A, 15t S¢S witen waveguides determined ndrectl rom measured mode
processing, wa\;eguide fabrication. ' field data and directly from refractive near-field profiling. Prop-
agation loss data are also determined using both throughput and
waveguide Fabry—Pérot resonator measurements. We report di-
. INTRODUCTION rectly written gratings with periods as short agu®, and we

HE USE OF femtosecond laser pulses to directly induddudy the thermal stability of 1@m period gratings. Finally,
T refractive index changes in transparent dielectric materiggully functional optical interleaver, directly written in fused
is a new and attractive technique to fabricate active and passi/i¢@. is described and characterized.
integrated optics devices in glass. Passive optical waveguides
[1], [2], Y -junction splitters [3],X-couplers [4], long-period
gratings [5], holograpic gratings [6], birefringent structures [7],
rare earth-doped waveguide amplifiers [8], and an optical in- Several glasses were investigated in this work, including
terleaver [9] have all been recently demonstrated. The usefe$ed silica, sodium—alumino—borosilicate, Nd-doped sodium—
femtosecond laser-pulse writing is of great interest since tldkimino—borosilicate, BK7, and a commercial Nd-doped
technique, unlike the continuous-wave (CW) or quasi-CW U¥ilicate laser rod. Most of the devices reported in this paper
exposure methods that are widely used for fibers, is not limitecere written using a Clark-MXR laser system that delivers
to UV photosensitive glasses. Waveguides have been writterlis0 fs pulses at 775 nm with a 1-KHz repetition rate. We
a variety of glass types, including low phonon hosts such as fichose, however, to run the system at a 250-Hz repetition rate
orides and highly nonlinear glasses such as chalcogenides [2fdnthe work reported here. Pulse energies in the range of few
addition, by appropriately choosing the wavelength of the femd’s were used for writing, although energies up to the 1 mJ
tosecond laser, large penetration depths can be achieved. Thaigje were available from the laser. The waveguide shown in
permits the formation of truly three-dimensional structures [4fig. 8 was written using a Ti:sapphire laser system, generating
[10], [11] rather than simple near-surface planar devices.  120-fs pulses at 790 nm, with a repetition rate of 238 KHz. The
Although laser-induced breakdown and damage in trargratings and the waveguide shown in Fig. 8 were written with
parent materials are well researched subjects, the mechaniBmlaser beam incident upon the top surface of the substrate.
that leads to the refractive index changes is not completéifie spot was focused inside the substrate using a lens, and
the writing was done by translating the substrate in a direction
Manuscript received April 25, 2002; revised August 15, 2002. Thigrthogolnal to that of the propaggtlng beam. Several_stralght
work was supported by the Department of the Air Force under Contragtaveguides were also written with the laser beam incident
F29601-99-C-0044 and the National Science Foundation through Grgyppon the end of the substrate. In this configuration, the spot
EcCs-glszzzoo. . . . _— .. was focused inside the sample using a lens and the writing
. Florea was with the Applied Physics Program, University of Michigan, . . .
Ann Arbor, MI 48104 USA. He is now with the IMRA America, Inc., Ann Was done by translating the lens along the direction of the
Arbor, MI 48105 USA (e-mail: cflorea@imra.com). propagating beam. Both of these writing geometries, referred
e, ety 1 e o o W A R o 10 35 transverse writing (TW) and longitucinal witing (LW),
respectively, are illustrated in Fig. 1(a) and (b). Under some
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Fig. 1. Writing geometries: (a) Longitudinal and (b) transversal.
same path [8]. The waveguides were written to within several 106 5 0 5
hundred microns of the end faces of the substrate when using x [microns]

the LW geometry in order to avoid dielectric breakdown at _ _ _ o

the substrate—air interface. The ends of the substrate wElige2. Single-mode near-field profile at 633 nm for a good-quality directly
h lished d h id E .wriften waveguide in Nd-doped sodium-alumino-borosilicate glass (25-mm
then po '_S € . _Own t(_) meet the WaVeQU' es. rom a practi | length lens, 2:J per pulse, ten scans at 20f/s). The shaded bands in
perspective, it is desirable to use a high repetition rate las@ncentric rings about the center represent 0.9, 0.7, 0.5, 0.3, and 0.13 of the
system and the TW geometry, since the former permits ragiepk value, respectively.

device writing, while the latter makes it easier to write curved
structures. Circularly symmetrical waveguides, however, ar
more easily obtained using the LW geometry. We have found
useful to characterize the writing parameters according to t
following four criteria:

— writing geometry: transverse (TW) or longitudinal

(LW); . . . . Fig. 3. Mode-profile evolution at 633 nm as a function of the pulse energy
—  pulse repetition rate: low repQUUOH rate (LRR) is S€V(same writing conditions as in Fig. 2, except for the varying pulse energy).
eral hundred Hz up to approximately 1 MHz and high

repetition rate (HRR) is approximately 1 MHz andhermal annealing on the waveguides written in a Nd-doped

above; _ _ _silicate glass laser rod and in BK7. In the case of the silicate
—  pulse energy: low energy (LE) is nanojoules and higlser rod (3.J/pulse, 25:m/s scan speed, five scans, a 25-mm
pulse energy (HE) is microjoules; focal length lens with a&~2 intensity diameter of 3.6 mm
—  scan speed: slow scan (SS) is 5-200's and fast scan pefore the lens), weak thermal annealing at approximately
(FS) is 1-50 mm/s. 140°C for 50 min did not alter the shape of the mode profiles
We suspect that cumulative heating due to successive pulggs increased the—2 full-width intensity by 15% to 25%
is present in HRR writing regime but absent in LRR. without improving the waveguide throughput. Weak annealing
at 150°C for 60 min of waveguides written in BK7 did not
lIl. NEAR-FIELD MODE ANALYSIS improve the throughput nor did it alter the mode profile. This

Near-field mode orofiles were obtained by imaging the en%bservation is consistent with the fact that it takes more energy
P y ging er pulse to write waveguides in BK7 than in the Nd-doped

g\f,éhiﬁ:vfgnﬂ;gga?n:gs?)ggg Ea)frr;yeuggg Zwéir(zfggizrz%eglﬁcate laser glass. In the BK7 glass, the mode profile size
- . ' Sarted to change only after an additional two annealing steps.
calibrated at all wavelengths at which mode profiles were m he first anneal was performed at approximately 2@0for
sured, and the effective CCD pixel size was also determined min followed by a second 60 min anneal at approximately
typical mode profile of a good-quality waveguide written in th%GOOC Some of the more weakly guiding waveguides in the
LW, LRR, HE, SS regime is shown in Fig. 2. This profile was, '

obtained for a waveguide written in the Nd-doped sodium—alu—K7 sample were completely erased after a third anneal at

. . . . . approximately 300C for 60 min. The annealing temperatures
mino-borosilicate glass using a focusing lens with a 25-m Iscussed previously and elsewhere in this paper were chosen
focal length (beam size in front of lens is 7.0 mm FWHM in P y pap

tensity), 2,:J per pulse, a scan speed of 208/s and ten scan flpmewha_t arb|trar|I¥. We. also note that it is difficult to write
I igh-quality waveguides in BK7.
repetitions.

By examining near-field mode profiles, we were able
to determine conditions that yielded smooth single-mode
high-throughput waveguides in the glasses under investigationUsing the measured near-field mode profile data, we
The near-field mode profiles can be quite sensitive to the writingave determined the refractive index profile by inverting the
parameters, as illustrated in Fig. 3. Note that for this glassalar-wave equation [16]. The refractive-index profile;, v)
the mode takes on a very complex structure at writing pulgegiven by
energies greater than approximatelydt and it is very weakly )
confined at pulse energies below approximately:l The ~ Noor — Vi/I(z,y) 1

: : ) n(z,y) X Net — ——— == 1)
mode profiles were also used to investigate the effect of weak 2n4k2\/1(x,y)

IV. REFRACTIVE INDEX PROFILE RECONSTRUCTION
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Fig. 4. Single-mode near-field profile at 980 nm for a Corning SMF-28 fiber. . . ) . . .
Fig. 6. Single-mode near-field profile at 633 nm for a directly written
waveguide (25-mm focal-length lens;3 per pulse, five scans at 28n/s).
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Fig. 7. Change in the refractive index of the directly written waveguide

Fig. 5. Reconstructed refractive-index profile for the Corning SMF-28 fiberillustrated in Fig. 6

wherek, = 2?/ )‘_ Is the fre_e-space Wayenymbeg, Is the Sl_Jb' manufacturer’s specifications. We note, however, that we were
strate refractive index\Ve is the effective index of the guided 4 ape to recover the narrow dip in the center of the refrac-

mode, and (z, y) is the mode intensity profile as a function of;yq jndex profile which is characteristic of SMF-28 fiber. The

the transvers@7 y) cqo_rdinf_;ltes, Equation (1) can be eV"J‘Iume‘évings" that appear outside of the main step of the recovered

numerically using a finite dlﬁer_enge aPproaCh- _ .. profile are an artifact of the low-pass filtering operation. This
Duetothe seqonq-order de.rlvat|ves |_nvolved in (1), obtaining ¢ \yas verified by applying the inversion procedure to the an-

accurate refractive index profiles requires excellent mode prz%'ytic expression for the intensit(r) of the LP,, mode of a

file data that is very precisely focused on the image COHeCtWeakIy guiding, round, step-index optical fiber given by [17]
(a CCD array) and is very low noise. We used extensive av-

eraging in order to obtain good-quality images, and the aver- 2

! - ¢ ' Jo(kT) 0< <
aged image was subsequently filtered using a low-pass filter I(r) = To(ray | VST >0 @
with transfer functionH (w) = /1/(1 + w*). The inversion "= [KO(W)]Q 0<r< oo
procedure was tested on a Corning SMF-28 fiber, which has Ko(va)] 77 =
an 8.3um core diameter, a step-index profile with an index
stepAn of 0.0055 and a cladding refractive index of approxW ere )

core radius;

imately1.53. The near-field single-mode profile (an average of .
25 images) of this fiber is shown in Fig. 4. The mode hasha "o refractive index of the core;

full-width intensity diameter 0f~9.5 um. This data was col- "« refractive index of the cladding;

lected at a wavelength of 980 nm by imaging the end of the /»() Bessel function of the first kind of order,
waveguide onto a CCD array using a@nicroscope objective. K,() m.OdIerd Bessel function of the second kind of order
The objective lens was placed approximately one focal length vy

behind the end of the waveguide, and the magnification of this vacuum wavelength.

imaging system was computed to be approximately 224. ThB€ mode-dispersion relationship is given by

fiber was quite short and due care was taken to only excite the
fundamental mode. As can be seen in Fig. 5, the recovered index Jo(ka) _ Ko(ya)
profile An(z,y) = n(z,y) — N.g is also step-index, with a rJi(ka)  yKi(ya)
e~ 2 intensity diameter of about m and an index step size of 9 9 2 \° 9 9

about 0.0060. These values are in very good agreement with the (£a)” + (ya)” = <7a> (néo = ma) - )

®3)
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Fig. 8. Refractive-index profile of a directly written waveguide in fused silica (TW, a 0.55 NA lengJAfulse at 150 fs, 238-kHz repetition rate, four scans at
100 mm/s) obtained using a RNF profilometer.

The inversion technique was subsequently applied to one of V. WAVEGUIDE PROPAGATION LOSSES

the Nd-doped silicate glass waveguides mentioned earlier. Me measured propagation losses for directly written wave-

pl_ot of a the near—fjeld mode profi_le at 632‘8 nm is §hown _i uides at two different wavelengths, 632.8 nm and 1560 nm.
Fig. 6. The waveguide corresponding to Fig. 6 was written wi

3. pul ing the Clark-MXR tem d ibed i e did not, however, measure the same devices at both of these
) PUISES USIng the Llark- System described eariier. o wavelengths, and therefore we do not know the dependence
focusing lens with a 25-mm focal length (laser beam diam-

. of loss upon the wavelength.
eter of 3.6 mm before the lens) was used, together with aSCafp . |oss at 632.8 nm was evaluated by making throughput

speed of 25um/s and five scans per waveguide. The Wr't'n%easurements on three different length straight waveguides all
step was followed by a weak 50 min thermal anneal at approyi;

mate_ly 140°C as described earhgr. The n_ear—fleld mode p.mf'lgubstrates. Due care was taken to assure that identical coupling
was lme_tged onto a CCD array with a43‘n|_cro_scope objective cgnditions were achieved for each of three waveguides. The
and 99 Images were averaged. As Sfen |n_F|g._6, the_wav_egu[ e different samples were mounted using the same optical
mode is almost circular and has an fu"'w'dth |nt_en3|ty di- ., setup and the back-reflection from the input face of each sample
ameter of~ 32 um. The reqonstructed ref_ractlve-|_ndex p_rom%/vas centered on a fixed pinhole, thus assuring the same angular
An(z,y) = n(z,y) — Neg is nearly step-index with a diam- ;o ment for each sample. The waveguides were written in the

eter of approximately 4@m, as shown in Fig. 7. A closer in- same Nd-doped silicate laser glass rod mentioned earlier and

spection of the refractive index change reveals a step-like r fh the same writing parameters as the ones for the waveguide

accompanied _by an a}ddltlonal _peak somewhat off-_ienter. T| fistrated in Fig. 6. These waveguides, however, were not ther-
peak-to-peak index difference is approximately 20~ ~. Al-

: . . ; mally annealed. The throughput data as a function of waveguide
I)hglcj)gg a 4%“:] dlar?{eter, s;ep—l?dzx Wé:lvgguu(jjehwnm ?}f II ngth is shown in Fig. 9. The data corresponds to a propagation
) would have & number of about 4.8 and hence, shoulg,e o apoyt 1.35 dB/cm (0.31 cm) and a coupling efficiency
be multimode at 6328 nm, we were unable to excite higher or

des. O ol lanation for this ob tion is that about 44%. We estimate that our throughput measurements
modes. Une possible explanation Tor this observation IS tha in error by no more than 5% and thus, we deduce that the

moge overIaE betvk\;een the launched pump and the higher or ce,Euracy of our reported loss value is within 20% of the actual
modes may have been poor. value. Similar measurements made on other sets of waveguides

A commercial refractwe near-field .(RNF) proﬂlt_)mete/was ..yielded points with considerable scatter about the straight line
also used to examine some waveguides written in fused sili &-\We have. in fact seen throughput variations as large as 25%
The results are shown in Fig. 8. The elliptical shape of the mo ' '

i due to the TW ¢ dt ite th i fider the same coupling conditions for waveguides written with
IS duefothe geometry used o write the waveguide. the same parameters in the same sample. At the present time, we

IRinck elektronik, Jena, Germany (http:/Avww.rinck-elektronik.de). are unable to explain the origin of these variations. It is possible
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0.00 0.50 1.00 1.50 2.00 250 overarange\ ), the corresponding changep in the rounditrip
040 - ; phase delay is given by
-0.60 | A
E 0.80 y =-0.3049x 1 0.8095 | Ap = —ﬁLNeHA)\. 9)
?; -1.00 \\\ The result given by (5) assumes that the endfaces of the cavity
% 1.20 T~ are perpendicular to the waveguide. Any deviation from perpen-
- A~ dicularity will induce additional losses in the cavity because the
140 = mode, upon reflection form an endface, will not be coupled with
-1.60 100% efficiency back into the waveguide. Assuming that the
length [cm] waveguide mode has a Gaussian intensity profile of known size

this additional loss can be quantified as a function of the angular
Fig. 9. Throughput data at 633 nm as a function of waveguide length. deviationd of the endfaces from perpendicularity [19]

np
that even a small amount of mechanical wobble of the focusing loss[dB] = 42.8 (79) (10)

lens during translation may contribute to the loss. .
The loss at 1560 nm was measured using the simpler a"HHeTeA equals the vacuum wavelength of the modss the

: . ., nominal refractive index of the waveguide equals thel /e?
more reliable Fabry—Pérot method [18]. A Fabry—Pérot cawF ll-width intensity of the gaussian mgded,eaﬁ?daquals the{ an-
is constructed out of a single-mode waveguide together wit] '

. . ) lar deviation (in radians) of the endface from perpendicularity
its polished endfaces (or mirrors attached to the endface% : . . L g
The fraction T of incident monochromatic light, which is thh the waveguide. Thus, if endface perpendicularity is not per

i : . : fectly achieved, then (7) gives an upper bound for the propaga-
transmitted _through th's cavity depends on the cavity Iossg.:gn loss rather than the propagation loss itself. We have been
and the cavity roundtrip phase delayMore precisely

able to achieve perpendicularity to within approximately Q.2
GG St ) (6)  matedihat e adon loss dus to nonperpendicularty shouid
— ol 2 iti u icularity shou
27(r1 — e VB, 4+ 4V R Rpe b sin” ¢ not contribute more than 0.2 dB/cm to the computed value of
¢ =—2LN.g (6) for samples of about 1 cm in length.
A Our measurements were performed using a single-frequency,
whereR;, R, are the endface reflectivities,is the propagation linearly polarized, diode laser (Coherent model 2010M) with a
loss in cnT!, L is the length of the cavity in cm is the wave- 0.1-MHz linewidth. This laser could be manually wavelength
length of the monochromatic lighty.g is the effective index tuned from 1530 nm to 1570 nm, and a fine tuning range of
of the guided mode, angis a constant that depends on the eB0 GHz (e.g., 0.243 nm at 1560 nm) was accessible by means
ficiency with which the light is launched into the cavity. It fol-of a PZT-controlled drive mounted on one of the mirrors of the
lows from (5) thatT is a periodic function of) with period=. laser. The signal applied to the PZT drive was changed very
T achieves its maximum valuE,., when¢ = 0 and its min- slowly in order to insure that the movement of the mirror was
imum valueT,,;,,, wheng = 7 /2. Equation (5) may be inverted sSmooth enough to produce a continuous change in the frequency

T =~

to obtain the propagation loss in termsiQf., and7,,;, of the lasing mode. Under these conditions, the roundtrip phase
delay varied almost linearly in time resulting in a sinusoidal
N {@] _ 4.34 N 1—-v1-K?2 % modulation of the light passing through the cavity as predicted
cm L[cm| KRR, by (5). A 1560-nm isolator was needed to prevent any feedback
into the single-frequency diode laser and a polarizer was used at
where the output of the waveguide in order to select only TM polarized
A light. All the measurements were done for TM polarization (i.e.,
K= 7———= (8) polarized perpendicular to the top surface of the substrate). The

max T detected signal from output of the waveguide was normalized

is the fringe contrast, anfi,.. andl,,;, are the maxima and the with respect to the input signal from the laser source so that any
minima of the transmitted light through the cavity as the phaggput-power variations, due to the wavelength tuning, could be
¢ is varied over an interval of at least A significant advantage accounted for.
of the Fabry—Pérot loss measurement technique is that the calthe Fabry—Pérot measurement technique was first tested and
culation of the loss using (7) does not require knowledge of thefined on ion-exchanged waveguides in glass. The waveguides
coupling efficiencyy. were created by Ag-exchange in a commercially available
The phase may be varied by either temperature tuning thiass and were cut and polished to a length of 2.06 cm. The
substrate, which will alter the refractive index of the glass andaveguides were single-mode at 1560 nm. A typical trace of
the waveguide length through expansion or contraction, or bye light transmitted through the waveguide during wavelength
tuning the wavelength of the monochromatic source. We expéuning is shown in Fig. 10. For the tuning range of 0.14 nm, the
imented with both techniques but found that it was easier to iphase-shift at 1560 nm, as given by (9), willhe = 27 x 3.6,
plement wavelength tuning, since during temperature tuning tivdich means the output power of the waveguide will go through
coupling conditions may change. As the wavelength is tunatbout 3.6 intensity fringes. This result is in agreement with the
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Fig. 10. Fabry—Pérot loss measurement for antAgxchanged glass
waveguide at 1560 nm.

0.60—: h Fig. 12. Phase-contrast micrsocpe image of a:f®period grating directly
0.55 ] - written in fused silica with 5:J pulse energy.
0.50 4 '
i 045 ~Yawansn \,,... up to 0.15 dB/cm of the calculated 2.1-dB/cm propagation loss
g %407 . : value reported here.
‘@ 035 _ 10 N
§ 0907 g ™ VI. G F C
2 025 Bos . GRATING FABRICATION AND CHARACTERIZATION
g @ .. . . .
3. 020+ gos In addition to waveguides, we have also fabricated gratings
5 0151 E 07 using near-IR femtosecond laser pulses. The beam was focused
(&7 N N B . A
0.10 g o8| W , inside the sample and each grating line was drawn by scanning
zgi‘ O elongn wring oy the focused laser beam through the sample in a direction per-
-0 T 0 a0 o e pendicular to the direction of propagation of the laser beam but

parallel to the surface of the sample. The depth of each grating
line is determined by the Rayleigh range of the focused laser
Fig.11. Fabry—Pérotloss measurement for a directly written waveguide in heam and the threshold intensity of the writing process. The
Nd-doped alkali-alumino-borosilicate glass at 1560 nm. scan rate was 2pm/s and only a single scan was performed for
each grating line. Gratings with a 10w period were written
measured data shown in Fig. 10. The device was used with ber®K?7 flats with pulse energies of either 2.8 or 5,.J and in
endfaces and thereforB; = R, = 0.04. The measured fringe fused silica with pulse energies of either @5, 1.01:J, 1.5uJ,
contrastkK’, was 0.0626 (6.3%), yielding an upper bound on th2.5 1.J, or 51J. A 15-mm focal-length focusing lens was used
propagation loss of about 0.51 dB/cm (0.12Thy as given by for BK7, and a 50< microscope objective was used for fused
(7). This measured loss is typical of previously reported losilica. Thee=?2 intensity diameter of the beam in front of the
values for potassium ion exchanged waveguides. focusing lens/microscope objective was approximately 7 mm.
In a similar fashion, the propagation loss of directly writte’\ phase-contrast microscope image of ayifi-period grating
waveguides in the Nd-doped sodium-alumino-borosilicateritten into fused silica is shownin Fig. 12. Also, a@a period
glass were measured. The data shown in Fig. 11 is forgeating was written in fused silica using a pulse energy pf1
1.2-cm-long waveguide written with 63 pulse energies, and a 20x microscope objective as the focusing lens.
a 25-mm focal-length lens (beam size is 3.5 mm FWHM We evaluated the quality of the written gratings by measuring
intensity), at a 20Q:m/s scan speed and ten scans. In ordéhteir diffraction efficiencies into the first order using unpo-
to improve the fringe contrast, a 95% reflector was attachéatized normally incident light at a wavelength of 632.8 nm.
to the output endface of the waveguide. The measured frinQéfraction efficiencies (i.e., sum of the power i®l and
contrastK was 21.7%, yielding a propagation loss value (an1 orders divided by the incident power) of up to 24% were
upper bound) of 2.1 dB/cm (0.49 crh). It was estimated observed in BK7 in the case of the 1A period gratings. The
that no more than 0.1 dB/cm of this loss could be attributetd;m period grating in fused silica had a diffraction efficiency
to the endfaces being nonperpendicular to the waveguidé.only 0.02%. Similar structures with a period ofuin have
Since the sample was rather short, some light from the sourbegen reported elsewhere [7], but they were viewed as induced
not coupled into the waveguide, reached the detector. Thigcrolayers and no diffraction-efficiency data was reported.
background light added a fixed bias term to the denominatorin fused silica, the relationship between diffraction efficiency
of (8). Based on the collected data, this bias could account fond writing-pulse energy was studied and the results are shown

wavelength [a.u.]
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Fig. 17. Interleaver channel tunning. Progressive phase trimming (shifting

Fig. 14. Thermal annealing of the gratings in fused si{illy and BK7(4).  from left to right on the image) can recenter the interferometric device on the

Both gratings have 1@ period and were written with 5J energy/pulse.

52 mm

21.9 mm
Radius
Curvature

ITU grid or any other performance target.

dip when the anneal temperature is raised to Z50while the
diffraction efficiency of the grating made in fused silica remains
relatively constant.

VII. OPTICAL INTERLEAVER

In order to illustrate the capabilites of the direct-write
technology, a fully functional integrated optic interleaver
was written in fused silica [9], using a LRR laser system.

A schematic diagram of the device is shown in Fig. 15. It
consists of an unequal path-length Mach—Zehnder interfer-
ometer constructed using two 3-dB couplers. The path-length
difference between the two arms is approximately 0.6 mm,
in Fig. 13 for the 10sm period gratings. The fused silica grat\Which corresponds to a channel spacing of nominally 0.7 nm
ings have shown a pronounced polarization dependence, vt wavelength of 778 nm. The writing was done in the LRR
light polarized parallel to the grating lines being diffracted abotiggime. The interleaver was characterized using a broadband
four times more strongly than the light polarized perpendiculgPurce centered around 776 nm. The output spectrum from
to the grating lines. This observation is in agreement with edt-Single arm of this device is shown in Fig. 16. The channel
lier reports [7] of highly birefringent structures. However, wéPacing can be observed to be approximately 0.75 nm. Fem-
did not see this effect in the BK7 glass. tosecond laser pulses can also be used to “trim” the optical

Thermal annealing studies were performed on theaOpe- path length of integrated optical devices such as interleavers,
riod gratings in both fused silica and BK7. The gratings wehich operate on interferometric principles. We were able to
maintained at 170C for approximately 50 h and at 25@ tune the channel positions of a commercially produced optical
for an additional 130 h. As illustrated in Fig' 14, the diffrac- 2The interleaver was provided by Translume, Inc., Ann Arbor, MI 48108 USA
tion efficiency for the grating fabricated in BK7 exhibits a slighthttp:www.translume.com).

Input

4 mm & _/ 4 mm
3 dB Couplers

3 mm long,
5 um separation

Fig. 15. Schematic of directly written optical interleaver.
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interleaver by trimming one of the arms of the Mach—Zehnder[9] K. Winick, C. Florea, A. A. Said, T. Sosnowski, and P. Bado, “Fabrica-
interferometer with femtosecond laser pulses while monitoring,  tion of photonic devices in glass using femtosecond pulses,”in OSA An-

nual Meeting, Long Beach, California, Oct. 14-18, 2001, paper ThAAL.

in realtime, the spectrum of the device output [9] Fig' 17[10] S. Nolte, M. Will, B. N. Chickhov, and A. Tuennermann, “Waveguides

illustrates how the device’s spectral response was altered by produced by ultrashort laser pulses inside glasses and crystafsgdn
this trimming process. SPIE Photonics WesBan Jose, CA, Jan. 20-25, 2002.

[11] P.Bado, “Ultrafast pulses create waveguides and microchanheksgt
Focus World pp. 73-78, Apr. 2000.
VIII. CONCLUSION [12] C. B. Schaffer, A. Brodeur, and E. Mazur, “Laser-induced breakdown
and damage in bulk transparent materials induced by tightly focused

Straight and curved waveguides have been written in  femtosecond laser pulseddieas. Sci. Technolvol. 12, pp. 1784-1794,

BK7,
sodium-alumino-borosilicate, and a Nd-doped silicate lasel*?!

fused silica, sodium-alumino-borosilicate, Nd-doped Nov. 2001. ) )
J. W. Chan, T. R. Huser, S. H. Risbud, and D. M. Krol, “Waveguide fab-

rication in fused silica using tightly focused femtosecond laser pulses,”

glass. Writing parameters were identified that produced smooth  proc. SPIE vol. 4640, pp. 129-136, 2002.
single-mode high-throughput waveguides. The induced rel4] J. W. Chan, T. Huser, S. Risbud, and D. M. Krol, “Structural changes

fractive-index profiles were recovered from near-field mode

in fused silica after exposure to focused femtosecond laser puBps,”
Lett, vol. 26, pp. 1726-1728, Nov. 2001.

profiles by inverting the scalar-wave equation and by usingis] c.-H.Fan and J. P. Longtin, “Modeling optical breakdown in dielectrics
refractive near-field profiling. Propagation losses were mea-  during ultrasfast laser processingyppl. Opt, vol. 40, pp. 3124-3131,

sured using both throughput measurements and a Fabry—Péfpt

Jun. 2001.
M. L. von Bibra and A. Roberts, “Refractive index reconstruction of

resonator technigue. The losses were found to be in the range” graded-index buried channel waveguides from their mode intensities,”
1.3 to 2.5 dB/cm for directly written straight waveguides. The J. Lightwave Technalvol. 15, pp. 1695-1699, Sep. 1997.

sodium-alumino-borosilicate glass samples that we had for thid”]

A. Snyder and J. LoveOptical Waveguide Theory New York:
Chapman and Hall, 1983, pp. 311-312.

work were of poor quality. Bulk striations were easily seen by[18] R. Regener and W. Sohler, “Loss in low-finesse Ti:LiNp®ptical
the naked eye in the glass. Although great care was taken to waveguide resonatorsAppl. Phys. B. Photophys. Laser Chewol.

avoid the obviously bad regions, one can not be sure of tht:t19

B36, pp. 143-147, Mar. 1985.
] A. Snyder and J. LoveOptical Waveguide Theory New York:

actual quality of the medium in which the waveguides were ~ chapman and Hall, 1983, pp. 420-430.
written. We are optimistic that with the proper glass under the

proper writing conditions, these losses can be reduced. Gratings

with 10-um and 2xm periods were also fabricated and shown

to be thermally stable. Finally, an optical interleaver was

demonstrated, which illustrates that the direct-write methc
can be used to fabricate complex integrated optical devices.

(1]

(2

(3]

[4]

(5]

(6]

(71

(8]
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