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Linear and nonlinear optical properties of KNbO 3 ridge waveguides
Tomas Pliska,a) Daniel Fluck, and Peter Günter
Nonlinear Optics Laboratory, Institute of Quantum Electronics, Swiss Federal Institute of Technology,
ETH Hönggerberg, CH-8093 Zu¨rich, Switzerland

Lutz Beckers and Christoph Buchal
Institut für Schicht-und Ionentechnik, Forschungszentrum (KFA), D-52425 Ju¨lich, Germany

~Received 4 February 1998; accepted for publication 23 April 1998!

Ridged channel waveguides in KNbO3 were produced using He1 ion implantation,
photolithographic masking, and subsequent Ar1 ion sputtering. We investigated the linear and
nonlinear optical characteristics of the waveguides. The effective mode indices are derived from the
refractive index profiles using the effective index method. The losses are investigated as a function
of wavelength and of the geometrical parameters channel width and ridge height. A minimum loss
of 2 dB cm21 is measured at a wavelength of 0.633mm. We investigated the power handling
capabilities at visible and near-infrared wavelengths. Second-harmonic generation in these
waveguides is studied both theoretically and experimentally with regard to its dependence on the
guide fabrication parameters. Phase-matching configurations for blue light second-harmonic
generation are evaluated on the basis of the dispersion of the effective mode indices. Overlap
integrals are calculated on the basis of the field distributions derived from the refractive index
profiles. The minimum effective guide cross section is 25mm2. A continuous-wave
second-harmonic output power of 14 mW at 438 nm was obtained with an in-coupled fundamental
power of 340 mW in a 0.73 cm long waveguide, yielding a normalized internal conversion
efficiency of 25% W21 cm22 (13% W21). This corresponds to an improvement by a factor of 3
compared to the best results reported for KNbO3 waveguides up to now. ©1998 American
Institute of Physics.@S0021-8979~98!00715-4#

I. INTRODUCTION

Potassium niobate (KNbO3) has been shown to be
highly suitable for electro-optical and nonlinear optical ap-
plications due to its large electro-optical coefficients1,2 and
high nonlinear optical susceptibilities.3,4 In particular, the fa-
vorable second-harmonic phase-matching properties down to
850 nm without the need of periodic poling5 make KNbO3 an
attractive material for efficient second-harmonic generation
~SHG! of near-infrared laser radiation. KNbO3 is one of the
candidate materials for the realization of a compact blue la-
ser source for applications such as optical data storage, print-
ing, and spectroscopy.

Second-harmonic generation with diode lasers in KNbO3

was first reported in Ref. 6. The development of high power
master-oscillator power-amplifier~MOPA! diode lasers has
allowed the demonstration of efficient second-harmonic gen-
eration in a single-pass geometry using bulk KNbO3

crystals.7,8 Very efficient second-harmonic generation has
been achieved in resonant devices.9,10 However, resonant
schemes suffer from the disadvantage that they need active
stabilization of the diode laser and doubling cavity that must
be provided by an electronic feedback loop.

Waveguide devices are an alternative approach as they
offer the possibility of achieving high conversion efficiencies
in a simple single-pass scheme.11 Second-harmonic genera-
tion has been demonstrated in various ferroelectric
waveguides, including lithium niobate (LiNbO3),

12,13

lithium tantalate (LiTaO3),
14 and potassium titanyl phos-

phate @KTiOPO4, ~KTP!#.15,16 Recently, results were re-
ported on Cerenkov-type and guided-mode frequency dou-
bling in KNbO3 waveguides.17,18

Permanent waveguides in KNbO3 formed by ion implan-
tation were produced for the first time by Bremeret al.19

Subsequent reports concentrated on index depth profiles.20,21

The influence of the ion dose on loss in planar waveguides
was investigated by Strohkendlet al.22 The first embedded-
type channel waveguides in KNbO3 formed by ion irradia-
tion using a multiple energy implantation procedure were
reported by Flucket al.23 The continuous progress of guide
fabrication technology has allowed the fabrication of channel
waveguides by an alternative single energy irradiation
process.18

In this article we will discuss a new technology that
permits the manufacture of ridge waveguides in KNbO3 with
excellent nonlinear optical properties. Results on the effec-
tive mode index evaluation, attenuation characteristics,
power handling capabilities, and second-harmonic genera-
tion will be presented.

a!Present address: Center for Research and Education in Optics and Lasers
~CREOL!, University of Central Florida, P.O. Box 162700, 4000 Central
Florida Blvd., Orlando, FL 32816-2700; electronic mail: pliska
@mail.creol.ucf.edu
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II. THEORY OF SECOND-HARMONIC GENERATION IN
CHANNEL WAVEGUIDES

Here we will briefly summarize the relevant relations for
second-harmonic generation in channel waveguides. We start
with the definition of the nonlinear optical susceptibilitydi jk

that relates the nonlinear polarization componentPi(2v) to
the driving fieldsEj (v) andEk(v),

Pi~2v!5e0di jkEj~v!Ek~v!. ~1!

The derivation of the coupled-mode equation for second-
harmonic generation is shown, for example, in Ref. 24. For
type I phase matching (j 5k) under the nondepleted pump
approximation~no depletion of the fundamental beam due to

frequency conversion! we find for the second-harmonic
power at the guide end,

P2v~L !5
2v2

e0c3

dmat
2

N2vNv
2 L2Pv

2 ~0!h~Db,av ,a2v ,L !G,

~2!

wherev denotes the angular frequency of light at the funda-
mental wavelength,e0 the permittivity constant,c the speed
of light, dmat the effective nonlinear optical coefficient of the
material,N the effective mode index,L the guide length, and
Pv(0) the fundamental power coupled into guide. The fun-
damental and second-harmonic waves can be carried in
modes of different order. The phase-mismatch functionh is
given by

h~Db,av ,a2v ,L !5expF2S a2v

2
1avDLG @sinh~DaL/2!cos~abL/2!#21@cosh~DaL/2!sin~DbL/2!#2

@~Da21Db2!L2/4#
~3!

Db5b2v22bv ,

b i5
2p

l i
Ni ,

Da5
a2v

2
2av ,

whereb i denotes the mode propagation constant, anda i the
power attenuation constant. In the case of phase matching,
Db50, h reduces to

h~av ,a2v ,L !

5expF2S a2v

2
1avDLG @sinh~DaL/2!#2

~DaL/2!2 . ~4!

Equation ~4! describes the reduction of the second-
harmonic power due to the linear losses. The overlap integral
G is given by

G5S E E d̄~x,y!fv
2 ~x,y!f2v~x,y!dxdyD 2

~5!

under the normalization condition

E E f i
2~x,y!dxdy51. ~6!

f i(x,y) denotes the distribution of the main field component
of the fundamental and second-harmonic wave, respectively,
i.e., f5Ex for the transverse electric~TE! mode andf
5Hx for the transverse magnetic~TM! mode. The normal-
ized nonlinear optical coefficientd̄ of the waveguide is de-
fined by

d̄~x,y!5
dwg~x,y!

dmat
, ~7!

wheredwg(x,y) denotes the nonlinearity of the waveguide.
dwg may spatially vary while we assume thatdmat is a con-
stant material parameter.

We define a normalized conversion efficiency~second-
harmonic figure-of-merit! on the basis of Eq.~2! by

h[
1

L2

P2v~L !

Pv
2 ~0!

5
2v2

e0c3

dmat
2

N2vNv
2 hG. ~8!

Notice thath is normalized to the in-coupled fundamental
power. For an ideal lossless waveguide we findh51 accord-
ing to Eq.~4! so that the corresponding normalized conver-
sion efficiency is

h05
2v2

e0c3

dmat
2

N2vNv
2 G. ~9!

Normalization to the fundamental powerPv(L) at the
end of the guide, defined by

h̃[
1

L2

P2v~L !

Pv
2 ~L !

5
2v2

e0c3

dmat
2

N2vNv
2 hG exp~2avL !, ~10!

may yield useful information ifa2v52av . In this case, we
find h5exp(22avL) and by comparing Eqs.~9! and ~10!

h05h̃. ~11!

In other words, for a waveguide witha2v'2av , the mea-
sured conversion efficiency normalized to the fundamental
power at the guide end is equal to the normalized conversion
efficiency of the same waveguide without propagation loss.13

Thus,h̃ provides an experimental measure of the maximum
attainable conversion efficiency. However, to reflect the non-
linear properties of a waveguide, we prefer to indicateh,
becauseh̃ tends to overestimate the conversion efficiency in
the presence of guide attenuation.
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III. WAVEGUIDE FABRICATION

The ridge waveguide fabrication procedure is schemati-
cally displayed in Fig. 1. The first step@Fig. 1~a!#, irradiation
of a KNbO3 single crystal with MeV He1 ions, leads to the
formation of a refractive index barrier buried below the crys-
tal surface. This means that a planar waveguide is obtained.
In the next step@Fig. 1~b!#, a photoresist~PR! mask defining
strips of a few micrometers width is formed on top of the
planar waveguide by photolithography. Subsequently, Ar1

ion sputtering in a plasma ion source is used to etch the
planar waveguide in the unshielded regions. The resulting
ridge waveguide with guide thicknessd, guide widthw, and
ridge heighth is shown in Fig. 1~c!. A scanning electron
micrograph of the front face of a ridge waveguide withh
51.3mm, w57.0mm, and d55.3mm is shown in Fig.
1~d!.

Both ion implantation and ion sputtering allow accurate
adjustment of the processing parameters. Therefore, the fab-
rication process is very reproducible. The energy of the He1

ions, and thus the guide thickness, can be controlled to an
accuracy of better than 1%. Similarly, the photolithographic
masking and dry etching allow one to precisely pattern
ridges to a desired size.

The waveguides used in this work were all fabricated
with He1 ions of E52.3 MeV energy resulting in a planar
waveguide ofd55.3mm thickness.25 Except for the four

waveguides used for the measurement shown in Fig. 6,
which were implanted with an ion dose ofD52.5
31015 cm22, all waveguides were fabricated withD51.5
31015cm22. The etch rate of the Ar1 ion sputtering process
was 1.7 nm/min. For optical characterization waveguides
with a ridge height of up toh50.9mm and a maximum
width of w57.6mm were used.

After implantation and ridge etching the waveguides
were annealed at 180 °C for about 10 h to decrease the op-
tical loss due to defect centers generated during the He1 ion
irradiation.26 Finally, the end faces of the crystal were pol-
ished to optical quality to allow end-fire coupling.

IV. INDEX PROFILES AND EFFECTIVE MODE INDICES

Knowledge of the refractive index profiles and the cor-
responding effective mode indices and mode intensity distri-
butions forms the basis for the evaluation of the linear and
nonlinear optical characteristics of ion-implanted KNbO3

waveguides, such as attenuation, phase-matching conditions,
and overlap integrals. The refractive index modification in
KNbO3 due to ion irradiation is thoroughly discussed in
Refs. 25, 27, and 28. It was shown that the effective mode
indices of planar KNbO3 waveguides can be predicted with
an absolute accuracy of better than61023 as a function of
ion energy and dose.

To calculate the effective mode indices of the ridged
channel waveguides, we use the effective index method.29,30

The method can be outlined as follows. First, the ridge and
its lateral surrounding regions are viewed as three separate
planar waveguides.~Notice that in this channel guide type
the lateral surrounding region of the ridge supports guided
modes too.! The effective mode indices of these planar
waveguides are calculated for each region based on the cor-
responding irradiation parameters. Next, the structure is con-
sidered from a bird’s-eye view as a symmetric planar wave-
guide with a top-hat index profile where the refractive
indices are replaced by the corresponding effective indices of
the ridge and surround regions. The evaluation of the effec-
tive index N of this equivalent guide concludes the proce-
dure.

Experimentally, the effective indices are determined by a
method which we refer to as the radiation angle method.
Prism coupling which is often used to measure the mode
spectra of planar waveguides does not allow efficient cou-
pling into channel waveguides. Therefore, to measure the
effective mode indices of our channel waveguides, we make
use of the inherent property of barrier waveguides formed by
ion implantation that part of the light leaks from the wave-
guide through the barrier into the substrate. The light carried
in mode (mn) tunnelling through the barrier is coherently
radiated into the substrate under an internal angleumn which
is related to the effective mode indexNmn by

Nmn5nbulk cosumn , ~12!

wherenbulk denotes the refractive index seen by the light in
the KNbO3 substrate. Depending on crystal orientation and
polarizationnbulk can be a function ofumn . The angleumn is
characteristic for each waveguide mode and becomes larger
with increasing mode order. This radiated light from the
waveguide appears as a pattern of semicircles if observed on

FIG. 1. Schematic of the ridge waveguide fabrication process.~a! Formation
of a planar waveguide in a KNbO3 single crystal by He1 ion implantation.
~b! Formation of a photoresist mask and subsequent sputtering with Ar1

ions from a plasma ion source.~c! Resulting ridge waveguide with thickness
d, width w, and ridge heighth. ~d! Scanning electron micrograph of a
KNbO3 ridge waveguide withh51.3mm, w57.0mm, andd55.3mm.
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a screen behind the waveguide. The effective index can be
obtained by measuring the radiation angle of each waveguide
mode. The absolute accuracy of the method is 1023, a value
comparable to the accuracy achievable with prism coupling.

We measured the effective mode indices of several chan-
nel waveguides using the radiation angle method. Figure 2~a!
shows the comparison between the calculated~indicated by
lines! and measured wavelength dispersion of the TM-mode
indices ~polarized along theb axis! of a ridge waveguide
with d55.3mm, w55.9mm, and h50.64mm. All mea-
sured effective indices correspond within an accuracy of 8
31024 to the calculated values which provides very good
proof that the effective index method is well suited to calcu-
lating the effective indices of these ridge waveguides. Notice
that the cut-off wavelength for the TM22 mode is about 1mm
so it was observed at 0.860 and 0.982mm, but not at 1.064
mm. Figure 2~b! shows a contour plot of the modal field
distribution of the corresponding ridge waveguide. The field
distribution was calculated numerically using a variational
technique.

V. WAVEGUIDE ATTENUATION

Losses in ion-implanted waveguides originate from three
sources: scattering, absorption, and tunnelling.31 We have
recently reported in detail on losses in ion-implanted KNbO3

waveguides.32 A semi-empirical model based on simple
power-law functions was proposed to describe the attenua-
tion with respect to wavelength, ion dose, guide thickness

and guide width. Evaluating the dependence of the loss on
these parameters is an essential prerequisite for optimization
of the waveguides for parametric processes.

Implantation of MeV He1 ions into a KNbO3 single
crystal has an impact on the lattice itself as well as on the
refractive index.33 Besides the formation of a refractive in-
dex barrier, the implantation causes lattice damage in the
form of vacancies and interstitials that can act as scattering
and absorption centers. The losses due to these defects are
dominant at visible wavelengths and increase towards the
ultraviolet. As the amount of lattice damage grows with in-
creasing ion dose, absorption and scattering increase towards
higher doses. Although annealing at 180 °C reduces the loss
at visible wavelengths considerably,26 there remains residual
loss due to absorption and scattering. These losses could be
further reduced by use of a higher annealing temperature.
This is, however, prevented by the structural phase transition
of KNbO3 at 220 °C.

At near-infrared wavelengths above 0.7mm, tunnelling
through the refractive index barrier becomes the dominant
contribution to the loss, rapidly growing towards longer
wavelengths. Reduction of tunnelling at the fundamental
wavelength can be achieved by increasing the ion dose
which leads to a larger decrease of the refractive index in the
barrier and, thus, to a stronger confinement of the waveguide
mode. On the other hand, increasing the ion dose causes
higher loss at the second-harmonic wavelength. Therefore,
optimization of the waveguide for second-harmonic genera-
tion is a trade-off between scattering and tunnelling which
requires careful evaluation of the appropriate ion dose. Doses
between 1.531015 and 2.531015 cm22 have been found to
be optimum.32

In ridge waveguides the coupling of light from the chan-
nel guide to the surround modes is an additional source of
loss as the surround of the ridge supports guided modes too.
The lateral confinement of the mode is expected to increase
with growing width and ridge height.

The attenuation as a function of wavelength between 0.4
and 1.4 mm of a ridge waveguide~d55.3mm, w
52.6mm, and h50.91mm! is displayed in Fig. 3. The
curves indicate the approximate trends of the scattering and
tunnelling loss, respectively. The wavelength dependence of

FIG. 2. ~a! Wavelength dispersion of the effective mode indices of a ridge
waveguide~TM modes with polarization parallel to the crystallographicb
axis!. The full, dotted, and dashed lines~—,•••, -----! indicate the calculated
dispersion, and the symbols represent the values measured by the radiation
angle method at 0.860mm ~m!, 0.982mm ~l!, and 1.064mm ~L!. The
dash-dotted line~–•••–•••–! represents the bulk crystal refractive indexnb .
Waveguide parameters:d55.3mm, w55.9mm, h50.64mm. ~b! Calcu-
lated contour plot of the modal field distribution of the waveguide of~a!.
The horizontal lines indicate the discretization of the index profile.

FIG. 3. Attenuation as a function of wavelength of a ridge waveguide. The
line represents the approximate trends of scattering and tunneling loss, re-
spectively. Waveguide parameters:d55.3mm, w52.6mm, h50.91mm.
~l! TM polarization~parallel tob!; ~L! TE polarization~parallel toc!.
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the loss exhibits the characteristic features discussed above:
minimum loss at red wavelengths and an increase towards
shorter and longer wavelengths due to scattering and tunnel-
ling, respectively. The loss at blue wavelengths was mea-
sured for both TE and TM polarization. The TE modes po-
larized parallel toc exhibit a slightly higher loss than the TM
modes polarized parallel tob.

The channel width dependence of the loss, measured at
0.515 and 0.875mm, respectively, is shown in Fig. 4~a!.
Fitted power-law functions are indicated by curves. A series
of ridge waveguides was used to investigate the dependence
of the loss on the ridge height at wavelengths of 0.515 and
0.870 mm, shown in Fig. 4~b!. Again, the lines indicate
curves fitted according to a power-law dependence.

VI. POWER HANDLING CAPABILITIES

One of the most prominent problems encountered when
using ferroelectric oxides, such as LiNbO3 and LiTaO3, as
second-harmonic generators is optical damage, in general at-
tributed to light induced refractive index changes. Optical
damage can be particularly detrimental at the high optical
intensities in waveguides. The effect manifests itself through
distortions of the optical field distribution and throughput
power fluctuation and decrease, often leading to complete
failure of the device after seconds or minutes. Optical dam-
age has been investigated, e.g., in periodically poled an-
nealed proton-exchanged LiNbO3 waveguides,34 proton-
exchanged LiTaO3 waveguides,35 and segmented rubidium-
exchanged KTP waveguides.34,36 Although means to reduce
optical damage have been found in the past, the effect is still
thought to be a matter of concern in ferroelectric
waveguides.

Broadly speaking, a material should exhibit the follow-
ing two properties in order to be insensitive to optical dam-
age: a small density of impurities and a large dark conduc-
tivity. Evidently, a small number of impurities will prevent
the excitation of a large number of free charge carriers that
contribute to the photorefractive effect. A high dark conduc-
tivity inhibits the accumulation of charges in nonilluminated
regions of the crystal, preventing the buildup of space charge
fields that induce index changes through the electro-optic
effect.

A rough method by which to detect optical damage is to
observe the output near field and the output power as a func-
tion of increasing input power, usually referred to as a power
handling capability measurement. At the onset of optical
damage, waveguides tend to guide less power and the mode
tends to show distortions. Figure 5~a! shows the power trans-
mitted as a function of in-coupled power in the TM00 mode
~polarized parallel to theb axis! measured at wavelengths of
457, 488, and 880 nm. The maximum intensities in the guide
were 1.03105 W cm22 at 457 nm, 5.43105 W cm22 at 488
nm, and 1.13106 W cm22 at 880 nm. The maximum in-
coupled powers were limited by the available laser power at
all three wavelengths. No sign of deviation from the ex-
pected linear behavior, indicated by fitted curves, was ob-
served. We investigated the temporal evolution of the trans-
mitted power after switching on the laser beam using an
electrical shutter with a switching time of approximately 3
ms. Figure 5~b! shows the result of this measurement with
in-coupled powers of 1 and 162 mW, respectively, at a
wavelength of 488 nm. No sign of power fluctuation is ob-
served after switching the beam on. Figure 5~c! displays the
mode intensity profiles for these two input powers.

FIG. 4. ~a! Attenuation as a function of channel width of ridge waveguides
(d55.3mm) measured at 0.515mm ~L, h50.44mm! and 0.870mm ~l,
h50.91mm!. ~b! Attenuation as a function of the ridge height measured at
0.515 ~L! and 0.870mm ~l!. Waveguide parameters:d55.3mm; w
55.1mm. The lines represent fits according to a power-law function.

FIG. 5. Measurement of the power handling capability of a KNbO3 ridge
waveguide.~a! Measured out-coupled power as a function of in-coupled
power for the wavelengths of 457, 488, and 880 nm. The curves indicate
fitted linear functions.~b! Temporal evolution of the out-coupled power at
488 nm after switching the beam on using an electrical shutter with a
switching time of 3 ms. The measurement was done for in-coupled powers
of 1 ~left! and 162 mW~right!. ~c! Modal intensity profile of the out-coupled
light for 1 ~left! and 162 mW~right! in-coupled power at a wavelength of
488 nm.
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Similar power throughput measurements were carried
out in annealed proton-exchanged LiNbO3 waveguides
where the onset of optical damage was observed at about 5
mW at a wavelength of 633 nm,37 and in proton-exchanged
LiTaO3 waveguides where throughput degradation occurred
at about 50 mW power at 860 nm.35 The authors of Ref. 37
observed an improved input-output behavior of their an-
nealed proton-exchanged LiNbO3 waveguides after irradia-
tion with 1 MeV protons. The power at which optical dam-
age started increased to 16 mW at 633 nm after ion beam
irradiation and was attributed to a decreased photovoltaic
current.

The results shown in Fig. 5, together with the second-
harmonic stability measurement shown in Fig. 12, lead us to
the conclusion that KNbO3 waveguides have excellent power
handling capabilities, as no sign of optical damage was ob-
served. We attribute this to the relatively high conductivity
of KNbO3. Measurements of the conductivity of oxidic ma-
terials depend critically on various parameters such as
growth conditions, impurity and defect density, and measure-
ment conditions. Reported dark conductivity values may ex-
tend over several orders of magnitude for one material. For
KNbO3, a typical value is 10212 V21 cm21, while for
LiTaO3 and LiNbO3, well known as optical storage materi-
als, typical values of 10218– 10219 V21 cm21 are reported.38

VII. SECOND-HARMONIC GENERATION

A. Evaluation of phase-matching configurations

Unlike other materials, e.g., LiNbO3, LiTaO3, and
KTiOPO4 ~KTP!, KNbO3 does not require periodic poling
for phase-matched blue light generation since phase match-
ing is provided by the material birefringence.5 Figure 6
shows the phase-matching angle, defined as the angle be-
tween the direction of propagation and thea axis of the
crystal, as a function of wavelength at room temperature for
two different ion doses. While in a bulk crystal, angle tuned
second-harmonic generation in this geometry is critical with

a maximum walk-off angle of 10, the problem of walkoff is
eliminated in a channel waveguide. The calculation, indi-
cated by curves, is based on the dispersion of the effective
mode indices derived in Sec. IV. For an ion dose ofD
51.531015 cm22, typical of the formation of waveguides
for second-harmonic generation, the curve for the TE00

v

→TM00
2v interaction is shifted by about 20 nm with respect to

the bulk crystal. Room-temperature phase matching in the
waveguide is possible between 0.877 and 1.014mm whereas
in a bulk crystal the range extends from 0.858 to 0.982mm.
Of particular interest for blue light generation is the point at
w500 because this geometry allows the generation of the
shortest blue wavelength of about 0.438mm and the use of
the nonlinear optical coefficientd32 which is the largest off-
diagonal coefficient of KNbO3. Notice that in this geometry
the crystal can be cut such that second-harmonic generation
is provided by either a TEv→TM2v ~c axis perpendicular to
the plane of propagation,c-cut crystal! or a TMv→TE2v

~b-cut crystal! interaction. The accuracy of the calculated
phase-matching wavelengths is limited by the uncertainty of
the effective mode indices calculated from the refractive in-
dex profiles. The effective indices are known with an accu-
racy of 61023. As a result the accuracy of the predicted
phase-matching wavelengths is62.5 nm. The data points in
Fig. 6 represent phase-matching wavelengths measured in
differently cut crystals.

To obtain a high second-harmonic generation conversion
efficiency in a waveguide, the phase-matching condition
Nv5N2v has to be maintained over a long distance. Besides
index nonuniformities present in the original substrate crys-
tal, additional nonuniformities can originate form the wave-
guide fabrication process. For example, width or thickness
variations along the waveguide axis cause spatial variation of
the effective mode indices as these depend on the geometri-
cal parameters of the waveguide. Such nonuniformities re-
duce the effective second-harmonic interaction length and, as
a consequence, the conversion efficiency. We investigated in
detail the birefringence uniformity of ion-implanted KNbO3

waveguides and bulk crystals by using collinear and noncol-
linear second-harmonic generation.39 From these measure-
ments we concluded that the optical uniformity of the mate-
rial in the waveguiding layer is generally not affected by the
ion irradiation. Regarding the geometrical parameters, a
thickness variation of 1% or a width variation of 10% in a
535 mm2 channel guide leads to a loss of 30% of second-
harmonic power compared to the case of a perfectly uniform
waveguide. These tolerances can be considered as rather re-
laxed. The He1 ion beam is defocused to a spot size of about
1 cm2 and scanned over an area of 232 cm2 to ensure ho-
mogeneous implantation. Therefore, the thickness variation
of a planar waveguide is expected to be well below 1%. The
precision achievable by photolithographic structuring is dis-
tinctly better than 10% so that significant birefringence non-
uniformity due to width variations can be considered to be
unlikely. As a conclusion, we find that the key for good
birefringence uniformity is mainly a homogeneous substrate
crystal.

FIG. 6. Phase-matching angle as a function of wavelength at room tempera-
ture in a KNbO3 crystal~•••! and ridge waveguide implanted with ion doses
of 1.531015 ~—! and 2.531015 cm22 ~---!. The phase-matching angle is
calculated for the TE00

v→TM00
2v. The inset displays the geometry withb

denoting the direction of propagation,a, b, andc the crystal axes, andv
and 2v the direction of polarization of the fundamental and second-
harmonic, respectively. The data points represent measurements in differ-
ently cut crystals.
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B. Calculation of overlap integrals

The evaluation of overlap integrals is another key for the
design of optimized waveguides for second-harmonic gen-
eration. To calculate the overlap integral given by Eq.~5!,
we use the field distributions derived by the effective index
method~Sec. IV! and the depth profile of the nonlinear op-
tical susceptibility obtained from surface second-harmonic
measurements discussed in Ref. 40.

The calculation shows that only the interaction between
the lowest-order modes at both wavelengths gives rise to a
significant overlap integral whereas interactions with higher-
order modes involved are of no practical importance. The
overlap integralG (00,00) roughly grows inversely proportional
to guide thicknessd. For practical use only waveguides with
a thicknessd.4.5mm are of interest because in thinner
guides the loss is too large.32

In Fig. 7 we have plotted the vertical and horizontal
distributions of the main field components of the
TM00

v→TE00
2v interaction in a ridge waveguide withd

55.3mm, w55.0mm, andh51.0mm. Figure 7~a! shows
the vertical components of the fundamental and second-
harmonic fields together with the depth profile of the nonlin-
ear coefficient. The modal overlap is limited to depthsx
,4 mm whered̄(x)50.92 is constant.40 Figure 7~b! displays
the horizontal field components.

The channel width dependence of the overlap, plotted in
Fig. 8~a! for a waveguide withh50.9mm, is characterized
by a strong increase of the overlap at small widths, maxi-

mum overlap for a width of 3mm, and a decrease towards
larger widths. The maximum of the curve is rather flat with a
variation of the overlap integral of only 10% betweenw
52 and 6mm. This behavior can be understood by consid-
ering the horizontal components of the fundamental and
second-harmonic fields as a function of the lateral coordinate
y. For narrow waveguides (w,2 mm) the field extends con-
siderably into the surround and, as a consequence, the field
distribution is broad. The minimum width of the field distri-
bution is reached atw53 mm, and with growing channel
width the field distribution broadens again. For a waveguide
of d55.3mm thickness the maximum overlap is 0.04mm22

which corresponds to an effective guide cross section of
25mm2. The dependence on the ridge height, displayed in
Fig. 8~b! for a waveguide withw55.0mm, shows a continu-
ous increase due to the growing lateral field confinement
with growing ridge height. However, as the ridge height ap-
proaches the guide thickness, the growth of the overlap be-
comes flat.

The value of the calculated overlap integral sensitively
depends on the difference of the ridge and surround effective
mode indices underlying the calculation of the field distribu-
tions. If, for example, one of these indices varies by 2
31024, the overlap integral may change by as much as 30%.
This behavior clearly imposes a limit to the predictability of
overlap integrals.

C. Second-harmonic generation experiments

All second-harmonic experiments discussed in Sec. VII
were carried out in waveguides cut for the phase-matching
configuration withw50° ~Fig. 6!. We recall that in this ge-
ometry the waveguide axis is parallel toa, the fundamental
wave is polarized parallel tob, and the second-harmonic is
parallel toc ~the effective nonlinear coefficientd32!. In the
bulk crystals used in this work we measured by collinear
second-harmonic generation a nonlinear optical coefficient
of dmat510.5 pm V21.

The measurements were carried out with a continuous-
wave Ti:sapphire ring laser tunable between 0.78 and 0.92
mm. The laser was oscillating with about 50 longitudinal
modes. According to Ref. 41 a multimode pump leads to an
enhancement of the second-harmonic power by a factor of
(2N21)/N'2 whereN is the number of independently os-
cillating laser modes.

We used an end-fire coupling geometry to launch the
light into the waveguide with a microscope objective
(203). Precise matching of the field distributions of the la-
ser beam and waveguide mode is essential to obtain a high
coupling efficiency. When using waveguides with an ellipti-
cal mode profile the laser beam profile was adjusted by using
a prism pair with an aspect ratio of 23, 33, or 43 to
obtain an elliptical beam. Under optimized conditions launch
efficiencies of more than 80% were achieved~the Fresnel
reflection loss of 15% is not included!.

The fundamental input powerPv(0) was determined by
measuring the fundamental power behind the coupling lens
and multiplying this power by the Fresnel transmission co-
efficient ~TF50.85 for an uncoated crystal! and the coupling

FIG. 7. Vertical ~a! and horizontal~b! field components and normalized
nonlinear optical coefficient as a function of depth and width, respectively,
for the TM00

v→TE00
2v interaction in a ridge waveguide. Waveguide param-

eters:d55.3mm, w55.0mm, h51.0mm. The dashed line~---! in ~a! in-
dicates the depth profile of the normalized nonlinear optical coefficientd̄
~the same ordinate scale as for the field!.

FIG. 8. ~a! Overlap integralG of the fundamental and second-harmonic
lowest-order modes as a function of channel width. Waveguide parameters:
d55.3mm, h50.9mm. ~b! Overlap integralG as a function of ridge height.
Waveguide parameters:d55.3mm, w55 mm.
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efficiency that was assumed to beTC50.8.
Figure 9 displays the second-harmonic power as a func-

tion of the fundamental input power measured in a ridge
waveguide with the following parameters:d55.3mm, w
52.6mm, andh50.9mm. A maximum blue power of 14
mW at 438 nm at room temperature was obtained with 340
mW of fundamental power coupled into the waveguide. In
this 0.73 cm long guide, this corresponds to a normalized
conversion efficiency of 25% W21 cm22 (13% W21). No
sign of rolloff from the quadratic dependence, indicated by
the line, at higher powers is observed. The fundamental
powerPv(L) measured at the guide end was 205 mW. The
loss at the fundamental and second-harmonic wavelengths
was 0.7 and 1.3 cm21, respectively~Fig. 3!. The measured
phase-matching wavelength corresponds within an accuracy
of 62.5 nm to that predicted in Fig. 6.

Figure 10 shows the temperature tuning curve of the
second-harmonic signal measured with a fundamental power
of 200 mW. The theoretical linewidth calculated from dis-
persion data is 0.35 °C. The measured linewidth is 0.55 °C.
The same linewidth broadening was measured in the sub-
strate crystal suggesting that the distortion of the tuning
curve is due to a birefringence nonuniformity already present
in the crystal.

A series of measurements was carried out to evaluate the
dependence of the second-harmonic conversion efficiency on

the geometrical parameters of the guides. The calculated
channel width dependence of the second-harmonic power for
a ridge waveguide is shown in Fig. 11~a!. The calculation is
based on the channel width dependence of the waveguide
loss, shown in Fig. 4~a!, and the overlap integral, shown in
Fig. 8~a!. The strong increase of the second-harmonic power
for small channel widths is due to the simultaneous decrease
of the loss and increase of the overlap integral. Maximum
second-harmonic power is obtained for a width of about 3
mm. Towards larger channel widths, the second-harmonic
power slowly decreases due to the decrease of the overlap
integral which is partially compensated for by the decrease
of the loss.

A series of four waveguides was produced to investigate
the second-harmonic power as a function of ridge height.
Figure 11~b! displays the calculated dependence, again based
on the corresponding dependence of the loss, shown in Fig.
4~b!, and the overlap integral, shown in Fig. 8~b!. The
second-harmonic power increases with increasing ridge
height as the loss decreases and the overlap increases.

To investigate the stability of the blue output we moni-
tored the second-harmonic power as a function of time for 6
h, shown in Fig. 12. We found that the average of the
second-harmonic power remained stable over the whole pe-
riod and no degradation of the blue output was observed.
Only the temperature of the waveguide was actively stabi-
lized. We measured a root-mean-square signal-to-noise ratio
of the second-harmonic output power of 3%. This relatively

FIG. 9. Second-harmonic power as a function of the fundamental in-coupled
power in a 0.73 cm long KNbO3 ridge waveguide. The line indicates the
quadratic fit to the data. Waveguide parameters:d55.3mm, w52.6mm,
h50.91mm.

FIG. 10. Second-harmonic power as a function of temperature. The line
represents the theoretical dependence calculated from refractive index data.
The fundamental power was 200 mW.

FIG. 11. ~a! Second-harmonic conversion efficiency as a function of chan-
nel width. Waveguide parameters:d55.3mm, h50.9mm. ~b! Second-
harmonic conversion efficiency as a function of ridge height. Waveguide
parameters:d55.3mm, w55 mm. The lines represent the calculated func-
tions that are based on the respective dependencies of the attenuation~Fig.
4! and overlap integral~Fig. 8!.

FIG. 12. Normalized second-harmonic output power as a function of time
measured over a period of 6 h. The line indicates the average second-
harmonic power. The blue power was 7 mW with 240 mW of fundamental
power coupled into the waveguide.
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large power fluctuation is mainly due to the noise of the
Ti:sapphire laser used for the measurement.

VIII. DISCUSSION AND CONCLUSIONS

The generation of 14 mW continuous-wave blue power
with a fundamental power of 340 mW coupled into the
waveguide is the highest continuous-wave second-harmonic
conversion efficiency obtained in a KNbO3 waveguide. The
conversion efficiency in the waveguide is more than five
times larger than the conversion efficiency of the substrate
crystal. It should be noted that the waveguide was not re-
poled after the implantation. As was observed in the mea-
surements reported in Ref. 40, omitting the repoling process
reduces the second-harmonic power by a factor of 2. On the
other hand, the measured conversion efficiency is enhanced
by a factor of 2 because of the multimode pump laser. There-
fore, the above conversion efficiency could be expected from
a repoled waveguide combined with a single-longitudinal-
mode laser diode.

A comparison between theoretical and experimental re-
sults of a second-harmonic measurement is complicated by a
number of factors, including uncertainty of the relevant ma-
terial parameters such as the material nonlinearitydmat and
the waveguide nonlinearitydwg(x,y), propagation loss, un-
certainty of the overlap integral, and the spectral properties
of the pump laser. Figure 13 shows the normalized second-
harmonic conversion efficiency as a function of length cal-
culated for a waveguide identical to the one that yielded the
highest conversion efficiency reported here~d55.3mm, w
52.6mm, h50.9mm!. The dot in Fig. 13 represents the
measured efficiency in this waveguide. The calculation is
based on a nonlinear optical coefficient ofdwg

510.5 pm V21 that was derived from~i! measuring the con-
version in the bulk crystal of the substrate (dmat

510.5 pm V21), ~ii ! considering the fact that the waveguide
was not repoled~d̄50.7 according to Ref. 40!, and~iii ! tak-
ing the multimode fundamental pump into account

@d(multimode pump)'&d(single-mode pump)#. For a
waveguide of the same length without losses~h51! we cal-
culate a conversion efficiency ofh05125% W21 cm22 ~tak-
ing pump depletion into account!. The losses ofav

50.7 cm21 anda2v51.3 cm21 reduce the expected conver-
sion efficiency to 55% W21 cm22 (h50.38). The observed
linewidth broadening of the temperature tuning curve~Fig.
10!, present already in the substrate crystal, accounts for a
further reduction of the conversion efficiency by a factor of
1.5 resulting in a expected efficiency of 37% W21 cm22.
The remaining discrepancy between the calculation and mea-
surement (h525% W21 cm22) may be attributed to the un-
certainty of the calculated overlap integral that is very sen-
sitive to small variations of the effective mode indices
underlying the calculation of the field distributions.

The condition a2v'2av is well satisfied for our
waveguides~Fig. 3!. This allows us, according to Eq.~11!, to
experimentally estimate the maximum possible conversion
efficiency for this waveguide. WithPv(L)5205 mW we ob-
tain h0'h̃563% W21 cm22. Taking the aforementioned
linewidth broadening due to birefringence nonuniformity and
the uncertainty of the theoretical calculation into account, the
measured value ofh0 corresponds sufficiently well to the
calculated value of 125% W21 cm22.

It is worth briefly comparing the results of this work to
our results in previous work on KNbO3 waveguides. In
Cerenkov-type second-harmonic generation a blue power of
4.1 mW was obtained with a fundamental input power of 270
mW in a 1.12 cm long embedded channel waveguide. This
corresponds to a normalized conversion efficiency of
5% W21 cm21.17 ~Notice that in Cerenkov-type frequency
doubling the second-harmonic power grows linearly withL.!
In the guided-mode second-harmonic experiments reported
in Ref. 18, a blue power of 2.6 mW with an incident funda-
mental power of 280 mW was generated in a 0.58 cm
long guide with a figure-of-merit of 10% W21 cm22

(3.3% W21).
In comparison to the results reported for periodically

poled LiNbO3, LiTaO3, and KTP waveguides the normal-
ized conversion efficiency of our KNbO3 ridge waveguides
is lower. This can be explained by the smaller nonlinear
coefficient, the relatively high loss, and the relatively small
overlap integral of these waveguides. On the other hand, the
good ability to control the guide fabrication process, the ex-
cellent power handling capability, the high second-harmonic
power of 14 mW, and the stability of the second-harmonic
demonstrate the suitability of KNbO3 ridge waveguides for
efficient frequency conversion. For the design of further im-
proved ridge waveguides the following four points have to
be considered.

~i! The major limitation regarding conversion efficiency
is due to attenuation. Possibly the loss at the fundamental
wavelength could be further reduced by fabricating a wider
bottom confinement barrier with two implantation steps of
slightly different energy and the same total dose. A decrease
of the loss at the fundamental wavelength by a factor of 2
would result in an increase of the second-harmonic power by
a factor of 1.3.

FIG. 13. Normalized second-harmonic conversion efficiency as a function
of guide length calculated for the ridge waveguide that yielded the highest
conversion efficiency in this work~d55.3mm, w52.6mm, h50.9mm!.
The calculation was done on the basis of a nonlinear coefficient ofdwg

510.5 pm V21. The dot indicates the measured value. The lines represent
the following situations:~—! calculation for a loss-free waveguide,~•••!
calculation assuming a loss ofav50.7 cm21 and a2v51.3 cm21 as mea-
sured experimentally,~---! calculation assuming a reduced interaction length
due to nonuniformity of the birefringence as observed in Fig. 9.~A! indi-
cates the reduction of the conversion efficiency due to the linear loss, and
~B! the reduction due to the index nonuniformity.
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~ii ! An increase of the waveguide length from 0.7 to 1.2
cm would lead to an increase of the second-harmonic power
by a factor of 1.4 as can be derived from Fig. 13.

~iii ! Figure 8~b! shows that an increase of the ridge
height from 0.9 to 1.8mm would result in an increase of the
second-harmonic power by another factor of 1.5. Fabrication
of ridges of this height is possible although at the technologi-
cal limit of the presently used etch process due to the small
etch rate of KNbO3.

~iv! Elimination of the index inhomogeneity would lead
to an enhancement of the second-harmonic power by a factor
of 1.5. This implies that the use of high quality substrates is
a key to high conversion efficiency in waveguides.

Further improvement in the waveguide fabrication tech-
nology should allow generation of a second-harmonic power
of 15–25 mW with an in-coupled power of 200 mW and a
normalized conversion efficiency of about 50% W21 cm22.
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