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1 Introduction refraction of the waveguide by approximately 0.1% com-

Diode lasers work in the near-IfB00- to 1600-nm spec- pared to the index of refraction for undoped KTP. This
tral region, where many important atmospheric INCrease is enough to create integrated optical components
molecules:? chemicals and pollutants® will absorb light. ~ SUch as optical waveguides and Bragg gratings. KTP also
Because of their spectral coverage, diode lasers are finding'@S €lectro-optic properties that enable electronic control of
applications in areas such as atomic phy&icgmote the index of refraction as a function of applied voltage
sensing->*and chemical detection systef%Diode lasers ~ &Cross the KTP substrate. o _
have many positive attributes including efficiency at con- _ The integrated optics that can be written into KTP via
verting electrical power to optical power and compact 0N exchange can be used to create a tunable external-
packaging that make them ideal candidates as sources fofavity diode laser. A Bragg grating can provide the spec-
laser detection. However, diode lasers do not always oper-trally filtered optical feedback required to control the oper-
ate in a single longitudinal mode or at the appropriate ating wavelength of the laser. Tuning the laser can be
wavelength of interest. accomplished electronically by utilizing the electro-optic
External cavity diode lasefs!®have been built enabling ~ Properties of the KTP material. A control voltage applied
tunable single-mode laser operation. These lasers rely ondCross the integrated Bragg grating will change the effec-
optical feedback to control the wavelength of the laser di- Ve Bragg period due to the change in the net index of
ode. Typically, a diffraction grating is used to spatially refraction caused by the electro-optic effect. This changes
separate the spectral components of the diode laser outputth€ spectral component of light fed back to the diode laser,
One spectral component is fed back to the diode laser, forc-thus forcing the diode laser to operate at the new wave-
ing it to operate at the wavelength of the optical feedback. 1€ngth. One advantage of building a tunable external-cavity
In the case of a Littrow configuratiorf the first-order re- ~ diode laser based on integrated optics is that the integrated
flection from the diffraction grating is used to provide the construction of the laser eliminates the need for mechani-
optical feedback. For the Littman-Metcalf configuratiblf, ~ cally moving parts. The laser is more stable against low-
the first-order reflection from the diffraction grating is in- frequency noise due to mechanical vibrations. A second
cident on a retroreflector, which directs the optical feedback @dvantage of the waveguide-based external cavity diode la-
back to laser diode via a second reflection from the diffrac- Ser is the potential compact size, on the order ok 10
tion grating. Tuning of the external-cavity diode laser is <10 mm.
accomplished by mechanically moving either the diffrac- A tunable external cavity based on waveguide structures
tion grating or the retroreflector such that a different spec- is described in this paper. Section 2 contains the details of
tral component is fed back to the laser diode. the design and construction of the integrated optics. Section
lon diffusion of rubidium(Rb) in a potassium titanyl 3 discusses the electro-optic tuning of the laser. The perfor-
phosphate KTP) crystal! creates areas of high index of mance of the waveguide-based external-cavity diode laser
refraction that coincide with the areas of high Rb concen- is presented in Sec. 4. Finally, Sec. 5 provides some brief
tration. The diffusion of Rb increases the average index of concluding remarks.
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(i) spin coat photoresist (iv) evaporate Al laser. The Bragg region is made up of a series of rectangles,
resist which were chosen to generate a back reflection to the di-
: ode laser. The shaded areas for both regions have a higher
(ii) expose . ) (v.) strip resist and ion exchange index of refraction, relative to the host KTP, due to the ion
_‘HTTTTHHHH'_ ptiotomes Rb*/ Ba® K exchange process.
] ] The properties of the waveguide structure are governed
s .2 s 5 5 52 5 | . N . .
! S Aheiir | by the difference in the index of refraction between the
areas of high rubidium concentrations. These properties are

(i) develop (vi) remove Al first estimated mathematically then verified experimentally.

ﬁfﬁ e The effective index of refraction.s of the waveguide de-

_ . . _ pends onngtp, Ngp; and the modal index of refraction
Fig. 1 SIX-Step process 'Used to create the WaVegL”de structure in nmodala which depends on the geometry of the Wavegu|de.
the KTP substrate. The first four steps of this process were done at . . . . .
the Cornell Nanofabrication Facility in Ithaca, New York. The ngp is determined by using the Sellmeier equations

(nktp=1.844+:0.001). The effective index ohg, and
Nmodal IS Measured experimentally using the following
2 Wa\/eguide Design and Construction method. A broadband Iight source such as an LED illumi-
nates a KTP waveguide with a similar geometry as that
being designed. The spectral output is measured on an op-
tical spectrum analyz€OSA) and the center wavelengih

Waveguide structures can be created in KTP using the pro-
cess shown in Fig. 1. First, a photoresist is deposited on the
?%ﬁ;grﬁggfgj}? Zt:]maer'c-ﬁgﬁ]Sh(-}tﬁéeggééfog?np; spergctggguger_\of the Bragg reflection is identified. to yvithim 0.1 nm(the
moves the photoresist material that was exposed to the ard €Solution of the OSA.The effective index can then be
lamp. Next, a layer of aluminum is evaporated onto the deétermined from the Bragg conditian =2nqA, where
remaining photoresist material and exposed KTP. TheseM is an integerthe Bragg order A is the Bragg spacing,
first four steps were performed at the Cornell Nanofabrica- and Neg—Donicrp+ Di(NRp) + Nmogar, Where D; /D, is the
tion Facility in Ithaca, New York. The remaining photore- duty cycle, the fraction of the total Bragg spacing. The duty
sist material is removed with acetone, leaving aluminum cycle for both regions is 50/50 so they have the same wave-
covering the KTP material where the KTP was exposed to guiding properties. Another way of estimating the index of
the arc lamp through the photomask. The KTP material is refraction is by modeling the actual waveguide geometry
next placed in a Rb/Ba®" bath. The rubidium diffuses into  on a mode solver to include modal index. This was not
the KTP substrate through the openings in the aluminum available.
pattern and replaces the potassiﬁ‘rﬁ_he diffusion along The resulting waveguide is single spatial mode with a
the z axis is~10* greater than along the or y direction, numerical aperture of 0.2 andM?<1.2. Fresnel reflection
creating well-defined boundaries within the waveguide. of the air/waveguide interface is9% at 800 nm. Propa-
The ion-exchange rate is well known so that the depth of gation loss is estimated to be 1.0 dB/cm for typical seg-
the waveguide can be controlled to withinl um. The mented channel waveguid&scorresponding to 21% loss
final step involved in the creation of the waveguide struc- for our waveguide. The coupling efficiency depends on the
ture is the removal of the aluminum. This is accomplished input beam. Asymmetric beam profile and astigmatism as-
by dipping the KTP substrate into a solution of potassium sociated with a 1X 3-um aperture of the diode laser leads
hydroxide (KOH). to a coupling efficiency of 31% excluding Fresnel losses at
The waveguide structure is shown in Fig. 2 and contains the front and back facets and propagation loss of the wave-
two distinct regions: a channel section and a Bragg section.guide.
The channel section is made up of a series of rnomboids, A schematic for a tunable external cavity diode laser
which were chosen to eliminate back reflection to the diode based on an integrated waveguide structure is shown in Fig.
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Fig. 2 Schematic of the waveguide-based tunable external-cavity diode laser. The diode laser is
coupled into the waveguide structure written into the KTP substrate via ion exchange. The waveguide
structure is made up of a channel section that confines the beam and a Bragg grating section that
provides optical feedback. The laser is tuned by exploiting the electro-optic properties of the KTP
crystal.
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2. Light from a diode laser is coupled into a waveguide that 0.35- Simple Bragg
has been created in KTP via ion exchange. The waveguide
contains a channel section that confines the light and a 0.30-
Bragg grating that provides the optical feedback used to
control the operating wavelength of the external cavity la- 0.25
ser. A collimating lens collects light leaving the waveguide.
The waveguide design is governed by the change in the é"
index of refraction when the rubidium replaces the potas- E
sium. A single spatial mode will propagate in the wave- 3 0.154
guide when the normalized cutoff frequengymeets the L]
conditior® &

ma
V= T(nsve—n§)1’2<2.406, (1)

. . . 07930 07931 07932 07933 07934
wherea is the width of the waveguide structure. A wave- 80 07931 07952 07933 07934
guide based on ion-exchanged KTP will support a single Wavelength (um)

spatial mode at 800 nm whex 3.6 wm.
Fig. 3 Theoretical model of the reflectivity as a function of wave-

The Bragg grating was numerically modeled in the fol- . 5 asai )
lowing manner. The reflection at the interface of two dif- length for & simple Bragg grating. The solid line is the numerical
g : modeling results for a simple Bragg grating with a duty cycle of

ferent indices of refractiolR is given by 50/50, while the dashed line represents the results of the numerical
modeling for a duty cycle of 49/51. The change in the duty cycle
2 drops the maximum reflectivity from 32 to 5%.
_ [Nrp™ Nk @)

I o cycle, while the dashed line represents the calculations for
and the transmission is given By=1—R. An electric field  the 49/51 duty cycle. The maximum reflectivity for the
at a particular wavelength is incident on the Bragg grating. 49/51 duty cycle has a peak value of 18%. During the
The electric field is propagated through a Bragg period, course of creating the mask and photolithographically ad-
keeping track of the phase. The reflection and transmissionhering the mask onto the KTP wafer, the duty cycle can
is calculated at each interface of high and low indices of change due to the tolerances associated with these pro-
refraction. These beams are again propagated through ancesses. The reflectivity of the super Bragg grating is less
other Bragg period, keeping track of the phase. This pro- susceptible to the change in duty cycle due to the manufac-
cess is repeated until the beam has gone through the entiréuring process and is thus used.
set of designed periods in such a way that the total reflec-
tion and transmission of the electric field from the entire
Bragg grating is determined. We assume that the electric

field is a vertically polarized plane wave, the change in the Super Bragg

index from that of KTP is known beforehand, and the 0.35 -
Bragg period is perfectly regular. No overlap integral was 1
used in this calculation. 0.30 Duty Cycle
A simple Bragg grating is made up of a Bragg element T 50/50
with one segment of high index of refraction and one seg- 0.25+
ment of low index of refraction. The Bragg elements are ;’ """ 49/51
repeated with a specific periodicity to create a Bragg grat- g 0.20+
ing. A simple Bragg grating with a duty cycle of 50/50 g 015_’
contains segments of high and low indices of refraction of % T
equal length. Numerical calculations were performed for a g ¢ 4¢.
simple Bragg grating with a Bragg period of 8u8n. A plot ]
of the reflectivity as a function of wavelength is shown in 0.054
Fig. 3. A peak reflectivity of 30% is expected at the wave- ]
length of 793 nm. If the length of the high index of refrac- 0.00 —y y . . , 2 ¢ ,
tion section is increased by 88 nm so that the duty cycle is 0.7930 0.7931 07932 0.7933 0.7934
49/51, the reflection from the simple Bra rating drops
ool 50 P 99 grating drop Wavelength (um)

. A super Bragg gratln.g IS Shown.'n Fig. 2. A Brggg P€- Fig. 4 Theoretical model of the reflectivity as a function of wave-
riod consists of two regions of low index of refraction and |ength for a super Bragg grating. The solid line is the numerical
two regions of high index of refraction. A duty cycle of modeling results for a super Bragg grating with a duty cycle of 50/
50/50 means there is an equa| area of high and low indices®0. while the dashed line represents the results of the numerical

: L . modeling for a duty cycle of 49/51. The change in the duty cycle
of refraction. A plot of the reflectivity as a function of drops the maximum reflectivity from 34 to 20%. The super Bragg

Wavelen_gth_ is shown in Fig. 4 for t_he super Bragg grating. grating is less susceptible to the tolerances associated with genera-
The solid line represents calculations for the 50/50 duty tion of the waveguide structures.
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Table 1 The design parameters for the 10 different waveguides cre- Control Voltage 1
ated in the KTP substrate via ion exchange. —_— —
Peak Peak Bragg Number of Reflection
Guide Wavelength Reflectivity Period Bragg Linewidth
No. (nm) (%) (uem) Periods (GHz) Electrodes:
1 793.36 89 9.44 424 29
2 792.96 72 14.16 283 24 KTP
3 793.1 85 10.30 390 29 Substrate
4 793.28 59 8.80 455 24 \4/
5 793.34 52 18.46 217 24
6 793.40 74 12.88 311 24
|- Waveguide
7 793.48 79 13.74 292 24
8 793.54 40 21.90 183 24 Fig. 5 Schematic of the electrodes that supply the control voltage
9 1548.70 74 13.61 294 26 for electro-optic tuning of the laser. The electrodes are deposited
| li i ical mi .Th
10 1550.18 87 10.24 391 31 onto a glass substrate and aligned using an optical microscope. The

glass substrate is the glued to the KTP substrate with UV cure ep-
oxy.

A total of 30 waveguides are created in a 10-mm-long : .
by 3-mm-wide by 1-mm-thick KTP substrate. Ten different cause of the optical feedback. The frequency tuning can be

waveguide structures are repeated in three clusters. The deg@lculated by starting with the Bragg conditiéh\ =nA,
sign parameters for each of the 10 waveguides are listed inWhereM is an integem is the index of refraction, and is

Table 1. the Bragg period. Using the relationship An/AV
=— (n%)/(2d), the change in frequency as a function of
3 Laser Tuning applied voltage can be written

KTP is an electro-optic crystal and thus the index of refrac- o\ 3

tion is a function of the applied voltage. This property of » _Y An’r @)

the KTP crystal can be used to tune the laser in one of the™ "9 2cMd ™’

two following ways, depending on whether the voltage is

applied across the channel section or the Bragg grating secwherec is the speed of light. FOA=8.8um, M=11, A

tion. =800 nm, andd=2 mm, the tuning response for KTP is
An optical cavity is formed between the back facet of R=Ay/V=21.2 MHz/V

the laser diode and the front of the Bragg grating. An inte- A schematic of the electrodes used to control the Bragg

ger number of half wavelengths must fit within this cavity grating spacing via the electrooptic effect is shown in Fig.

for optical power to circulate. Applying a voltage across the 5. The electrodes are made by depositing gold onto a glass

channel section of the waveguide enables the cavity lengthsypstrate. The ground planes are 6t wide while the

sulting from the electro-optic properties of the KTP sub- jide. The spacing between the electrodes jsné. A total

strate. If the cavity length is changed while the number of of eight ground planes and eight control voltage electrodes

half wavelengths remains constant, then the wavelengthare deposited onto the glass substrate. The electrodes are

must change to maintain the resonant condition for the cav- gligned using a microscope so that the waveguide is under

ity. The change in frequenci v, is related to the applied  the edge of a control voltage electrode. The glass substrate

voltageV by and KTP substrate are then joined using UV cure epoxy.
vndlr 4 Laser Performance

Ave=5—2V, 3) : : : -
2l cad A picture of the waveguide test assembly in shown in Fig.

) ) ) 6. A laser diode with a center wavelength of 796 nm is
where v is the laser center frequency, is the index of collimated using a lens with a focal length b 3.10 mm
refraction of the channel sectiohis the length of the chan- 504 a numerical aperture of NA0.68 (Thor Labs
nel section, r is the electro-optic coefficient and C330TM-B). Light is next incident on a second lens with a
=36 pm/V for KTP,| oy is the external cavity length, arl  focal length of f=4.5mm and a numerical aperture of
is electrode spacing. Fdr=1cm, |.,~5cm, d=2 mm, NA=0.55 (Thor Labs CM230TM-B. The second lens is
and A=800nm, the tuning response iR=Av/V used to couple the diode laser into the waveguide. A third
=0.43 MHz/V. lens is used to collimate the light exiting the waveguide

Light reflected by the Bragg grating provides optical structure.

feedback to the laser diode and forces the laser to operate at The KTP substrate and electrode assembly is mounted
a particular wavelength. Applying a voltage across the so that both waveguide selection and alignment can be ac-
Bragg grating section changes the index of refraction and complished. Waveguide selection is achieved using a trans-
thus changes the wavelength of light reflected from the lation stageNew Focus 9065-Xthat moves the KTP sub-
grating. The laser will operate at this new wavelength be- strate perpendicular to the beam. Alignment of the

2232 Optical Engineering, Vol. 42 No. 8, August 2003



Repasky et al.: Tunable external-cavity diode laser . . .

Waveguide based\
10k ECDL (793.3nm)
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diode laser
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788 790 792 794 796 798 800
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Fig. 7 Measured spectral output of the diode laser. The free-
running diode laser operates multimode near a center wavelength of
796 nm. The waveguide-based ECDL runs single mode with the
optical feedback forcing the laser to operate at 793.3 nm with a
sidemode suppression ratio of 35 dB. The expected operating wave-
length based on the numerical modeling of the super Bragg grating
waveguide is accomplished by using a four-axis positioner is 793.28 nm.

(New Focus 90711 The KTP substrate is temperature sta-
bilized using a commercial temperature controller to moni-
tor a thermistor and adjust the current to a thermoelectric
cooler placed below the KTP substrate and electrode as-
sembly.

The output light from the waveguide was collected by a
collimating lens and was incident on a single-mode optical
fiber. The output from the single-mode optical fiber was
input into an Advantest Q8381A optical spectrum analyzer. 5 Conclusions

The resolution of the optical spectrum analyzer is 0.1 nm. The design of a tunable ECDL based on waveguide struc-

The laser diode without optical feedback has a center wave- : . ;
. : ~ tures and integrated optics was presented. The waveguide
length of 796 nm. The diode laser was coupled into wave structures were created through ion diffusion of Rb that

guide number 4, which has a maximum Bragg reflectivity re . .
: . . places the K in the KTP crystal. Areas of high Rb con-
at 793.28 nm predicted by the numerical modeling of the centration increase the index of refraction by approximately

super Bragg grating. The optical feedback from the Bragg ~ 7, ; . ; g
grating forces the laser diode to operated at the 793.28 nm.Sé/;hiuog\gngr;%rgvg\;?i%gfe structures and integrated op

A plot of the output power as a function of wavelength is
shown in Fig. 7. The optical spectrum for the free-running
diode laser has a center wavelength near 796 nm and runs
multimode. The optical spectrum for the waveguide-based 1000 -
external-cavity diode laséECDL) is also shown in Fig. 7. ]
The output of the external cavity laser is operating at 793.3 g "
nm, which corresponds to the prediction from the numeri- £ 800 .
cal modeling and operates in a single mode. The sidemode < 1
suppression ratio is measured at greater than 35 dB. The & g
output power of the laser was measured at 3 mW.
Waveguides 1 to 8 were tested in a similar manner and
good agreement between the predicted and measured oper
ating wavelengths was seen.

The electrodes, as described in the previous section,

were aligned over the super Bragg grating contained in
waveguide number 4. Applying a voltage across the wave-
guide changes the index of refraction and thus changes the 0
Bragg grating spacing. This forces a new Bragg condition o 10 20 30 40
causing the laser to tune. A plot of the relative frequency of )
the laser as a function of voltage is shown in Fig. 8. A Thor Applied Voltage (V)
Labs plezoelectrlc_transdut_:é?ZT) voltage source was use Fig. 8 Measured electro-optic tuning of the Bragg-stabilized diode
to apply a voltage in 0.1-V mcrgments across the eI(':'Ctr()deslaser. The circles represent measurements, while the solid line is a
used to tune the laser. A Burleigh Wavemeter WA-1500 Was |inear fit to the data. A response of R=19.5 MHz/V was demon-
used to measure the relative frequency of the laser output.strated.

Fig. 6 Optical setup for the alignment and testing of the external
cavity diode laser.

The circles in Fig. 8 represent the measured values while
the solid line is a linear fit to the data. The slope of the
linear fit gives the tuning response of the laser andis
=19.5 MHz/V.

400

L)
2004 >
..I R=19.5MHz/V

Relative Frequen
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A tunable laser built at 793 nm was demonstrated. This 15. A. Yariv, “The modulation of optical radiation,” irQuantum Elec-
laser used the reflection from a super Bragg grating to pro-  "°nics 2nd ed., Wiley, New York1975.
vide optical feedback and control the operating wavelength

of the laser. Tuning via the electro-optic effect was demon-

strated with a measured

tuning response &
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