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Linear and nonlinear optical properties of KNbO 5 ridge waveguides

Tomas Pliska,® Daniel Fluck, and Peter Gunter
Nonlinear Optics Laboratory, Institute of Quantum Electronics, Swiss Federal Institute of Technology,
ETH Hanggerberg, CH-8093 Zich, Switzerland

Lutz Beckers and Christoph Buchal
Institut fir Schicht-und lonentechnik, Forschungszentrum (KFA), D-5248hjuGermany

(Received 4 February 1998; accepted for publication 23 April 1998

Ridged channel waveguides in KNpOwere produced using He ion implantation,
photolithographic masking, and subsequent Aon 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 2dBcm ! is measured at a wavelength of 0.6a81. 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 x2B°. 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% Wcm 2 (13% W1). This corresponds to an improvement by a factor of 3
compared to the best results reported for KNb@aveguides up to now. €998 American
Institute of Physics.S0021-89708)00715-4

I. INTRODUCTION Waveguide devices are an alternative approach as they
offer the possibility of achieving high conversion efficiencies
Potassium niobate (KNb{) has been shown to be iy 3 simple single-pass scheffeSecond-harmonic genera-
highly suitable for electro-optical and nonlinear optical ap-tion has been demonstrated in various ferroelectric
plications due to its large electro-optical coefficiéritand waveguides, including lithium niobate (LiNG2*3

high nonlinear optical susceptibiliti€$.In particular, the fa- lithium tantalate (LiTa@),* and potassium titanyl phos-
vorable second-harmonic phase-matching properties down { '

: 15,16
850 nm without the need of periodic polihmake KNbQ an [9nate [KTIOPO,, (KTP)]. Rec.ently, results were re-
. ) . : . ported on Cerenkov-type and guided-mode frequency dou-

attractive material for efficient second-harmonic generatlorﬁ_ . ded 718
(SHG) of near-infrared laser radiation. KNR@ one of the ling in KNbG; wavegu!de y o
candidate materials for the realization of a compact blue la- Permanent waveguides in K_N@@rmed by ion |mpla12—
ser source for applications such as optical data storage, prinf@tion were produced for the first time by Bremeiral.
ing, and spectroscopy. Subsequent reports concentrated on index depth préftifés.

Second-harmonic generation with diode lasers in KhbO The influence of the ion dose on loss in planar waveguides
was first reported in Ref. 6. The development of high powewas investigated by Strohkenelt al?* The first embedded-
master-oscillator power-amplifigMOPA) diode lasers has type channel waveguides in KNg@ormed by ion irradia-
allowed the demonstration of efficient second-harmonic gention using a multiple energy implantation procedure were
eration in a single-pass geometry using bulk KNbO reported by Fluclet al?® The continuous progress of guide
crystals® Very efficient second-harmonic generation hasfabrication technology has allowed the fabrication of channel
been achieved in resonant devi¢é8.However, resonant waveguides by an alternative single energy irradiation
schemes suffer from the disadvantage that they need actiy§ocesd?
stabilization of the diode laser and doubling cavity that must |, this article we will discuss a new technology that

be provided by an electronic feedback loop. permits the manufacture of ridge waveguides in KNlth

excellent nonlinear optical properties. Results on the effec-
dPresent address: Center for Research and Education in Optics and Lasg¢fge mode index evaluation, attenuation characteristics,
(CREOL), University of Central Florida, P.O. Box 162700, 4000 Central . . .

Florida Blvd., Orlando, FL 32816-2700; electronic mail: pliska POWEr handling capabilities, and second-harmonic genera-
@mail.creol.ucf.edu tion will be presented.

0021-8979/98/84(3)/1186/10/$15.00 1186 © 1998 American Institute of Physics
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Il. THEORY OF SECOND-HARMONIC GENERATION IN frequency conversionwe find for the second-harmonic

CHANNEL WAVEGUIDES power at the guide end,
2 2

Here we will briefly summarize the relevant relations for 2o Oiat 252
second-harmonic generation in channel waveguides. We start Paulb)= €0C” Np, N2 LPL(0N(ABay az, LT,
with the definition of the nonlinear optical susceptibildy (2)
that relates the nonlinear polarization componefi2w) o wherew denotes the angular frequency of light at the funda-
the driving fieldsE;(w) andEy(w), mental wavelengthe, the permittivity constantg the speed

Pi(20) = €0 E; (@) Ex(). 1) of light, d,,,5c the effective nonlinear optical coefficient of the

material,N the effective mode index, the guide length, and
The derivation of the coupled-mode equation for secondP (0) the fundamental power coupled into guide. The fun-
harmonic generation is shown, for example, in Ref. 24. Fodamental and second-harmonic waves can be carried in
type | phase matchingj Ek) under the nondepleted pump modes of different order. The phase-mismatch functios
approximation(no depletion of the fundamental beam due togiven by

o, [sin(AaL/2)cog aBL/2)]?+[cosHAaL/2)sin(ABLI2)]?
h(AB,aw,azw,L)=eXF{—(7+%)'— [(Aa?+AB%)L2/4] ®
|
AB=Bs,—2B., We define a normalized conversion efficienggcond-

5 harmonic figure-of-merjton the basis of Eq(2) by
7T
B' N ’
SN 1 Poy(l) 202 2y
N=177 52 =—3 7 hI'. (8
A2, L Pw(o) GOC NZwNw
Aa= T_ @, ,

where; denotes the mode propagation constant, anthe Notice that# is normalized to the in-coupled fundamental
| ’

power attenuation constant. In the case of phase matchinOWer- For an ideal lossless waveguide we firdl accord-
AB=0, h reduces to ing to Eq.(4) so that the corresponding normalized conver-

sion efficiency is

h(awvaZ(u!L)
as, [sinh(AaL/2)]? 20% iy
_GX%_(T”‘“)L (Aali2)2 - @ 70 s Ng N2 ©

Equation (4) describes the reduction of the second-

harmonic power due to the linear losses. The overlap integral Normalization to the fundamental powé,(L) at the
I is given by end of the guide, defined by

_ 2
r=( [ [ a0y g20) danxy)xay © L Pol) 207 iy

TZ2ZPIL) T €® Ny N

> hT' exp2a,L), (10

w

under the normalization condition

2(x,y)dxdy=1. 6 may yield useful information itv,,=2«, . In this case, we
f f Fi(x.y)dxdy © find h=exp(~2a,L) and by comparing Eq4$9) and (10)

¢i(x,y) denotes the distribution of the main field component
of the fundamental and second-harmonic wave, respectively, 79="7. (17
i.e., ¢=E, for the transverse electri(TE) mode and¢
=Hy for the transverse magneti@M) mode. The normal- |, other words, for a waveguide with,,~2a,,, the mea-
ized nonlinear optical coefficiert of the waveguide is de- gyred conversion efficiency normalized to the fundamental
fined by power at the guide end is equal to the normalized conversion
_ efficiency of the same waveguide without propagation 3ss.
Awg(X,Y) ~ , . .
d(x,y)= Y (7) Thus, 7 provides an experimental measure of the maximum
mat attainable conversion efficiency. However, to reflect the non-
whered,4(X,y) denotes the nonlinearity of the waveguide. linear properties of a waveguide, we prefer to indicgte
dwg may spatially vary while we assume thait, is a con- becausey tends to overestimate the conversion efficiency in
stant material parameter. the presence of guide attenuation.
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(a) (®) © waveguides used for the measurement shown in Fig. 6,
He ion implantation Ar* ion sputterin g which were implanted with an ion dose odD=2.5
e _ . . .
n spaering waveguide X 10'° cm™?, all waveguides were fabricated wih=1.5

X 10'°cm™2. The etch rate of the Arion sputtering process
was 1.7 nm/min. For optical characterization waveguides
with a ridge height of up th=0.9um and a maximum
width of w=7.6 um were used.

;ndgx /7 Pl mask v After implantation and ridge etching the waveguides
arrer ud v were annealed at 180 °C for about 10 h to decrease the op-
tical loss due to defect centers generated during the ibie
irradiation?® 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 KNbO
waveguides, such as attenuation, phase-matching conditions,
and overlap integrals. The refractive index modification in
KNbO; due to ion irradiation is thoroughly discussed in
Refs. 25, 27, and 28. It was shown that the effective mode
indices of planar KNb@waveguides can be predicted with
an absolute accuracy of better thari0 2 as a function of
ion energy and dose.

) To calculate the effective mode indices of the ridged
channel waveguides, we use the effective index methdd.
FIG. 1. Schematic of the ridge waveguide fabrication prod@s$ormation The method can be outlined as follows. First, the ridge and

of a planar waveguide in a KNGsingle crystal by He ion implantation. o ateral surrounding regions are viewed as three separate
(b) Formation of a photoresist mask and subsequent sputtering with Ar

ions from a plasma ion sourc) Resulting ridge waveguide with thickness planar Wavegwdes(.Notlce t_hat in this .Channel gwde type
d, width w, and ridge height. (d) Scanning electron micrograph of a the lateral surrounding region of the ridge supports guided

I
A

) o
.'lif

KNbO; ridge waveguide with=1.3um, w=7.0um, andd=5.3 um. modes tog. The effective mode indices of these planar
waveguides are calculated for each region based on the cor-
I1l. WAVEGUIDE FABRICATION 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

of a KNbO; single crystal with MeV He ions, leads to the e rigge and surround regions. The evaluation of the effec-
formation of a refractive index barrier buried below the crys-4e index N of this equivalent guide concludes the proce-

tal surface. This means that a planar waveguide is obtaineg .o

In the next stefpFig. 1(b)], a photoresis(PR) mask defining Experimentally, the effective indices are determined by a
strips of a few_mlcrometers ,W'dth is formed on top OI the method which we refer to as the radiation angle method.
planar waveguide by photolithography. Subsequently, Ar prism coupling which is often used to measure the mode

ion sputtering in a plasma ion source is used to etch thepecira of planar waveguides does not allow efficient cou-
planar waveguide in the unshielded regions. The resultingjing into channel waveguides. Therefore, to measure the
ridge waveguide with guide thickneds guide widthw, and  eftective mode indices of our channel waveguides, we make
ridge heighth is shown in Fig. 1c). A scanning electron ;se of the inherent property of barrier waveguides formed by
micrograph of the front face of a ridge waveguide With jo, impjantation that part of the light leaks from the wave-

=13um, w=7.0um, andd=>5.3um is shown in Fig. g ige through the barrier into the substrate. The light carried
1(d). in mode (nn) tunnelling through the barrier is coherently

Both ion implantation and ion sputtering allow accurateriated into the substrate under an internal argjewhich
adjustment of the processing parameters. Therefore, the fals ajated to the effective mode indé,, by
n

rication process is very reproducible. The energy of thé He
ions, and thus the guide thickness, can be controlled to an  Nmn= Mbuik COS Omn, (12
accuracy of better than 1%. Similarly, the photolithographicwheren,, denotes the refractive index seen by the light in
masking and dry etching allow one to precisely patternthe KNbQ; substrate. Depending on crystal orientation and
ridges to a desired size. polarizationny,, can be a function 08,,,. The angled,,, is

The waveguides used in this work were all fabricatedcharacteristic for each waveguide mode and becomes larger
with He" ions of E=2.3 MeV energy resulting in a planar with increasing mode order. This radiated light from the
waveguide ofd=5.3um thickness® Except for the four waveguide appears as a pattern of semicircles if observed on

The ridge waveguide fabrication procedure is schemati
cally displayed in Fig. 1. The first st¢pig. 1(a)], irradiation
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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 parametets=5.3um, w=2.6 um, h=0.91um.

(#) TM polarization(parallel tob); (¢) TE polarization(parallel toc).

(b)

d=53pm

and guide width. Evaluating the dependence of the loss on
FIG. 2. (a) Wavelength dispersion of the effective mode indices of a ridgethese paramEt.erS IS an essentla.ll prerequisite for optimization
waveguide(TM modes with polarization parallel to the crystallographic of the Waveggldes for paramet'rlc pr.ocesses. .
axis). The full, dotted, and dashed linés-,--, ----) indicate the calculated Implantation of MeV H€ ions into a KNbQ single
dispersion, and the symbols represent the values measured by the radiatignystal has an impact on the lattice itself as well as on the
angle method at 0.86pm (A), 0.982um (#), and 1.064um (0). The  refractive indext® Besides the formation of a refractive in-
dash-dotted lin¢—---—- - -—) represents the bulk crystal refractive indgx . . . . .
Waveguide parameterst—=5.3 um, w="5.9 um, h=0.64xm. (b) Calcu- dex barrier, th(_a |mplan.tat|on_(.:auses lattice damage in t.he
lated contour plot of the modal field distribution of the waveguidgaf ~ form of vacancies and interstitials that can act as scattering
The horizontal lines indicate the discretization of the index profile. 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
a screen behind the waveguide. The effective index can beigher doses. Although annealing at 180 °C reduces the loss
obtained by measuring the radiation angle of each waveguidat visible wavelengths consideraiythere remains residual
mode. The absolute accuracy of the method i§31@ value loss due to absorption and scattering. These losses could be
comparable to the accuracy achievable with prism couplingfurther reduced by use of a higher annealing temperature.
We measured the effective mode indices of several chanFhis is, however, prevented by the structural phase transition
nel waveguides using the radiation angle method. Figtae 2 of KNbO; at 220 °C.
shows the comparison between the calculdtedicated by At near-infrared wavelengths above Quf, tunnelling
lines) and measured wavelength dispersion of the TM-moddhrough the refractive index barrier becomes the dominant
indices (polarized along théb axis) of a ridge waveguide contribution to the loss, rapidly growing towards longer
with d=5.3um, w=5.9um, andh=0.64um. All mea- Wwavelengths. Reduction of tunnelling at the fundamental
sured effective indices correspond within an accuracy of gvavelength can be achieved by increasing the ion dose
%X 104 to the calculated values which provides very goodWhiCh leads to a larger decrease of the refractive index in the
proof that the effective index method is well suited to calcu-barrier and, thus, to a stronger confinement of the waveguide
lating the effective indices of these ridge waveguides. Noticanode. On the other hand, increasing the ion dose causes
that the cut-off wavelength for the TMmode is about um  higher loss at the second-harmonic wavelength. Therefore,
so it was observed at 0.860 and 0.983, but not at 1.064 optimization of the waveguide for second-harmonic genera-
wm. Figure 2Zb) shows a contour plot of the modal field tion is a trade-off between scattering and tunnelling which
distribution of the corresponding ridge waveguide. The fieldrequires careful evaluation of the appropriate ion dose. Doses
distribution was calculated numerically using a variationalbetween 1.5 10'*° and 2.5< 10" cm 2 have been found to
technique. be optimunt?
In ridge waveguides the coupling of light from the chan-
nel guide to the surround modes is an additional source of
V. WAVEGUIDE ATTENUATION loss as the surround of the ridge supports guided modes too.
The lateral confinement of the mode is expected to increase
Losses in ion-implanted waveguides originate from threewith growing width and ridge height.
sources: scattering, absorption, and tunneffhgve have The attenuation as a function of wavelength between 0.4
recently reported in detail on losses in ion-implanted KNbO and 1.4 um of a ridge waveguide(d=5.3um, w
waveguides? A semi-empirical model based on simple =2.6 um, and h=0.91um) is displayed in Fig. 3. The
power-law functions was proposed to describe the attenuasurves indicate the approximate trends of the scattering and
tion with respect to wavelength, ion dose, guide thicknessunnelling loss, respectively. The wavelength dependence of
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FIG. 4. (a) Attenuation as a function of channel width of ridge waveguides
(d=5.3 um) measured at 0.51pm (¢, h=0.44m) and 0.870um (¢,

h=0.91um). (b) Attenuation as a function of the ridge height measured at Pjp=1mW Pip=162 mW
0.515 (¢) and 0.870um (4). Waveguide parametersi=5.3um; w

in-coupled power P, (mW)

b —T T T T T T T T T
=5.1um. The lines represent fits according to a power-law function. ©
the loss exhibits the characteristic features discussed above:

e . | SO O SR SN MY ST WU T | SRR T S N SN S T |
minimum loss at red wavelengths and an increase towards o 0?8103 o x10° . 8x103
shorter and longer wavelengths due to scattering and tunnel- time (s) time (s)

ling, respectively. The loss at blue wavelengths was mea-
sured for both TE and TM polarization. The TE modes po- ()
larized parallel taz exhibit a slightly higher loss than the TM
modes polarized parallel to.

The channel width dependence of the loss, measured at
0.515 and 0.875um, respectively, is shown in Fig.(®.
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

. . . . - FIG. 5. Measurement of the power handling capability of a Khbidge
0.870 um, shown in Fig. (lb) Again, the lines indicate waveguide.(a) Measured out-coupled power as a function of in-coupled

curves fitted according to a power-law dependence. 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

VI. POWER HANDLING CAPABILITIES switching time of 3 ms. The measurement was done for in-coupled powers

. of 1 (left) and 162 mWright). (c) Modal intensity profile of the out-coupled
One of the most prominent problems encountered whenght for 1 (left) and 162 mW(right) in-coupled power at a wavelength of

using ferroelectric oxides, such as LiNp@nd LiTaG, as 488 nm.
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 A rough method by which to detect optical damage is to
intensities in waveguides. The effect manifests itself througlobserve the output near field and the output power as a func-
distortions of the optical field distribution and throughput tion of increasing input power, usually referred to as a power
power fluctuation and decrease, often leading to completbandling capability measurement. At the onset of optical
failure of the device after seconds or minutes. Optical damdamage, waveguides tend to guide less power and the mode
age has been investigated, e.g., in periodically poled artends to show distortions. Figuréah shows the power trans-
nealed proton-exchanged LiNgOwaveguides! proton-  mitted as a function of in-coupled power in the gjinode
exchanged LiTa@waveguides® and segmented rubidium- (polarized parallel to thé axis) measured at wavelengths of
exchanged KTP waveguidé$2® Although means to reduce 457, 488, and 880 nm. The maximum intensities in the guide
optical damage have been found in the past, the effect is stilvere 1.0< 10° W cm 2 at 457 nm, 5.410° W cm 2 at 488
thought to be a matter of concern in ferroelectricnm, and 1.X10° Wcm 2 at 880 nm. The maximum in-
waveguides. coupled powers were limited by the available laser power at
Broadly speaking, a material should exhibit the follow- all three wavelengths. No sign of deviation from the ex-
ing two properties in order to be insensitive to optical dam-pected linear behavior, indicated by fitted curves, was ob-
age: a small density of impurities and a large dark conducserved. We investigated the temporal evolution of the trans-
tivity. Evidently, a small number of impurities will prevent mitted power after switching on the laser beam using an
the excitation of a large number of free charge carriers thaglectrical shutter with a switching time of approximately 3
contribute to the photorefractive effect. A high dark conduc-ms. Figure %) shows the result of this measurement with
tivity inhibits the accumulation of charges in nonilluminated in-coupled powers of 1 and 162 mW, respectively, at a
regions of the crystal, preventing the buildup of space chargaavelength of 488 nm. No sign of power fluctuation is ob-
fields that induce index changes through the electro-optiserved after switching the beam on. Figufe)Slisplays the
effect. mode intensity profiles for these two input powers.
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second-harmonic wavelength 15, (pm) a maximum walk-off angle of 4, the problem of walkoff is

900.4|25' _ 9.«150' _ .0'4,75. ' ,,'0-5|°0. — ?-5'25 eliminated in a channel waveguide. The calculation, indi-
% el ! ] cated by curves, is based on the dispersion of the effective
T wf ] mode indices derived in Sec. IV. For an ion dose f
e ef =1.5x 10" cm™?, typical of the formation of waveguides
5 sof . for second-harmonic generation, the curve for theg,TE
£ af b —TMZ interaction is shifted by about 20 nm with respect to
g 30:— ] the bulk crystal. Room-temperature phase matching in the
2 of ', waveguide is possible between 0.877 and 1.Qt¥whereas
& op [/ D=15x101%om? . ] in a bulk crystal the range extends from 0.858 to 0.982.

ey ™" 0900 0950 1000 1050 Of particular interest for blue light generation is the point at

fundamental wavelength A, (um) ©=0° because this geometry allows the generation of the
. _ shortest blue wavelength of about 0.4381 and the use of
FIG. 6. Phase-matching angle as a function of wavelength at room tempera- . . .. . .
ture in a KNbQ crystal(:--) and ridge waveguide implanted with ion doses the nonlinear (_)Ptlcal coefficieruts, _Wthh 'S. the_largeSt off-

of 1.5x 10" (—) and 2.5¢10' cm 2 (). The phase-matching angle is diagonal coefficient of KNb@ Notice that in this geometry
calculated for the TE—TMgs. The inset displays the geometry wifh  the crystal can be cut such that second-harmonic generation

denoting the direction of propagatioa, b, andc the crystal axes, ana ; ; ; 20 ; ;
and 2v» the direction of polarization of the fundamental and second- IS prowded by either a TE>TM (C axis perpendlcular to

; 2
harmonic, respectively. The data points represent measurements in diffefn€ plane of propagatiorg-cut crystal or a TM*—TE*
ently cut crystals. (b-cut crystal interaction. The accuracy of the calculated

phase-matching wavelengths is limited by the uncertainty of
éhe effective mode indices calculated from the refractive in-
dex profiles. The effective indices are known with an accu-
racy of =10 3. As a result the accuracy of the predicted

Similar power throughput measurements were carrie
out in annealed proton-exchanged LiNpQvaveguides
where the onset of optical damage was observed at about . ) o
MW at a wavelength of 633 nfif,and in proton-exchanged pf ase-matching Wavelengthsjs_’Z.S nm. The data points in _
LiTaO, waveguides where throughput degradation occurredd- 6 represent phase-matching wavelengths measured in
at about 50 mW power at 860 ninThe authors of Ref, 37 differently cut crystals.
observed an improved input-output behavior of their an- To obtain a high second-harmonic generation conversion
nealed proton-exchanged LiNg@vaveguides after irradia- efficiency in a waveguide, the phase-matching condition
tion with 1 MeV protons. The power at which optical dam- N.,= N3, has to be maintained over a long distance. Besides
age started increased to 16 mW at 633 nm after ion bearifidex nonuniformities present in the original substrate crys-
irradiation and was attributed to a decreased photovoltaital, additional nonuniformities can originate form the wave-
current. guide fabrication process. For example, width or thickness

The results shown in Fig. 5, together with the secondvariations along the waveguide axis cause spatial variation of
harmonic stability measurement shown in Fig. 12, lead us tehe effective mode indices as these depend on the geometri-
the conclusion that KNb©waveguides have excellent power cal parameters of the waveguide. Such nonuniformities re-
handling capabilities, as no sign of optical damage was obduce the effective second-harmonic interaction length and, as
served. We attribute this to the relatively high conductivity a consequence, the conversion efficiency. We investigated in
of KNbO;. Measurements of the conductivity of oxidic ma- detail the birefringence uniformity of ion-implanted KN§O
terials depend critically on various parameters such agaveguides and bulk crystals by using collinear and noncol-
growth conditions, impurity and defect density, and measurefinear second-harmonic generatfShFrom these measure-
ment conditions. Reported dark conductivity values may €Xients we concluded that the optical uniformity of the mate-
tend over sevgral orders qf maglgntu?? forgne m.aterlal. Fofial in the waveguiding layer is generally not affected by the
K.Nbo3’ a typ|cal value is 107"} cm -, while for . ion irradiation. Regarding the geometrical parameters, a
;gioﬂagld VL:NbQ’fVlvgllé_kilg_V\ig 85_10 pt|c_all storage T%tf " thickness variation of 1% or a width variation of 10% in a

» typicatvaiues o cm —are reported. 5% 5 um? 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-
A. Evaluation of phase-matching configurations laxed. The Hé ion beam is defocused to a spot size of about
Unlike other materials, e.g., LiNb LiTaOs; and 1 cn? and scanned over an area ok2 cn¥ to ensure ho-

KTiOPO, (KTP), KNbO; does not require periodic poling MOgeneous implantation. Therefore, the thickness variation
for phase-matched blue light generation since phase matcRf @ planar waveguide is expected to be well below 1%. The
ing is provided by the material birefringenteFigure 6 precision achievable by photolithographic structuring is dis-
shows the phase-matching angle, defined as the angle béactly better than 10% so that significant birefringence non-
tween the direction of propagation and theaxis of the uniformity due to width variations can be considered to be
crystal, as a function of wavelength at room temperature founlikely. As a conclusion, we find that the key for good
two different ion doses. While in a bulk crystal, angle tunedbirefringence uniformity is mainly a homogeneous substrate
second-harmonic generation in this geometry is critical withcrystal.

VII. SECOND-HARMONIC GENERATION
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@ (b) mum overlap for a width of 3um, and a decrease towards
2 w0 e e T T e § larger widths. The maximum of the curve is rather flat with a
2' 7" X" "\‘ 4 — E % variation of the overlap integral of only 10% betwe®n
g \ g =2 and 6um. This behavior can be understood by consid-
é L (W £ . .
g osf “Jt Jos ‘3 ering the horizontal components of the fundamental and
e |/ ’;; \ ] ] § second-harmonic fields as a function of the lateral coordinate
% 7 7 \ [ 1 8 y. For narrow waveguidesy<2 um) the field extends con-
T e e T e siderably into the surround and, as a consequence, the field

depth x (um) distribution is broad. The minimum width of the field distri-
bution is reached av=3 um, and with growing channel

FIG. 7. Vertical (@) and horizontal(b) field components and normalized . . .. . . .
nonlinear optical coefficient as a function of depth and width, respectively,WIdth the field distribution broadens again. For a waveguide

for the TM2,—TEZ interaction in a ridge waveguide. Waveguide param- Of d=5.3 um thickness the maximum overlap is 0,02
eters:d=5.3um, w=5.0um, h=1.0um. The dashed liné--) in (8 in-  which corresponds to an effective guide cross section of
dicates the de_pth profile of the normalized nonlinear optical coeffident 25,U«m2- The dependence on the ridge height, displayed in
(the same ordinate scale s for the field Fig. 8(b) for a waveguide wittw=5.0 um, shows a continu-
ous increase due to the growing lateral field confinement
with growing ridge height. However, as the ridge height ap-

i i . proaches the guide thickness, the growth of the overlap be-
The evaluation of overlap integrals is another key for the,gmes flat.

design of optimized waveguides for second-harmonic gen-  The yalue of the calculated overlap integral sensitively
eration. To calculate the overlap integral given by E8),  gepends on the difference of the ridge and surround effective
we use the field distributions derived by the effective indeXmnoge indices underlying the calculation of the field distribu-
method(Sec. V) and the depth profile of the nonlinear op- tjons. If, for example, one of these indices varies by 2
tical susceptibility obtained from surface second-harmonic, 15-4 the overlap integral may change by as much as 30%.

measurements discussed in Ref. 40. , This behavior clearly imposes a limit to the predictability of
The calculation shows that only the interaction betweerbve”ap integrals.

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. Thec. second-harmonic generation experiments
overlap integral’ (°>%9 roughly grows inversely proportional

to guide thickness. For practical use only waveguides with
a thicknessd>4.5um are of interest because in thinner
guides the loss is too larg?.

In Fig. 7 we have plotted the vertical and horizonta
distributions of the main field components of the
TMg—TEZ interaction in a ridge waveguide withd
=5.3um, w=5.0um, andh=1.0 um. Figure 7a) shows
the vertical components of the fundamental and secon
harmonic fields together with the depth profile of the nonlin-
ear coefficient. The modal overlap is limited to depths
<4 um whered(x)=0.92 is constarf® Figure 7b) displays

width y (um)

B. Calculation of overlap integrals

All second-harmonic experiments discussed in Sec. VI
were carried out in waveguides cut for the phase-matching
configuration withg=0° (Fig. 6). We recall that in this ge-
|ometry the waveguide axis is parallel & the fundamental
wave is polarized parallel tb, and the second-harmonic is
parallel toc (the effective nonlinear coefficiem,). In the
bulk crystals used in this work we measured by collinear
g£econd-harmonic generation a nonlinear optical coefficient
of dpa=10.5pm V'L,

The measurements were carried out with a continuous-
wave Ti:sapphire ring laser tunable between 0.78 and 0.92
the horizontal field components. pum. The laser was oscillating with about 50 longitudinal

The chamel widh dependenceof n ariap, ploted 10065 Ac0e410 Rel 4 2 mutiode pump lesde o o
Fig. 8@a) for a waveguide witth=0.9 um, is characterized Ic power Dy

by a strong increase of the overlap at small widths, maxi-(_ZN._l)/N%2 whereN is the number of independently os-
cillating laser modes.
We used an end-fire coupling geometry to launch the

{b) light into the waveguide with a microscope objective

O
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(20x). 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 of2, 3X, or 4X to
obtain an elliptical beam. Under optimized conditions launch
efficiencies of more than 80% were achievgde Fresnel
reflection loss of 15% is not includgd

The fundamental input powe?,(0) was determined by

FIG. 8. (a) Overlap integrall’ of the fundamental and second-harmonic . . .
lowest-order modes as a function of channel width. Waveguide parametergneasurmg the fundamental power behind the coupllng lens

d=5.3«m, h=0.9 «m. (b) Overlap integral" as a function of ridge height. and multiplying this power by the Fresnel transmission co-
Waveguide parameterd=5.3um, w=5 um. efficient(Tz=0.85 for an uncoated crysjand the coupling



J. Appl. Phys., Vol. 84, No. 3, 1 August 1998

100 g

SH power Pz, (MW)

0.01

20 50 100 300

fundamental input power £, (mW)

O

conv. efficiency 1 (%W-1cm2)

20

[}/ /PP I IS PP IO

aof

7

Pliska et al.

(b)

]

k\\

20

I

| J

0

2 4 6 8
channel width w (um)

0.5 1.0 1.5 20
ridge height h (um)

10 0

conv. efficiency 7 (%W1cm2)

1193

FIG. 11. (a) Second-harmonic conversion efficiency as a function of chan-

nel width. Waveguide parameterd=5.3um, h=0.9um. (b) Second-
FIG. 9. Second-harmonic power as a function of the fundamental in-coupletharmonic conversion efficiency as a function of ridge height. Waveguide
power in a 0.73 cm long KNbQridge waveguide. The line indicates the parametersd=5.3 um, w=5 um. The lines represent the calculated func-
quadratic fit to the data. Waveguide parameters5.3um, w=2.6 um, tions that are based on the respective dependencies of the atter(&agion
h=0.91um. 4) and overlap integralFig. 8).

efficiency that was assumed to Bg=0.8. the geometrical parameters of the guides. The calculated
Figure 9 displays the second-harmonic power as a funcchannel width dependence of the second-harmonic power for
tion of the fundamental input power measured in a ridged ridge waveguide is shown in Fig. (BL The calculation is
waveguide with the following parameterd=5.3um, w  based on the channel width dependence of the waveguide
=2.6um, andh=0.9um. A maximum blue power of 14 loss, shown in Fig. @), and the overlap integral, shown in
mW at 438 nm at room temperature was obtained with 34dig. 8@). The strong increase of the second-harmonic power
mW of fundamental power coupled into the waveguide. Infor small channel widths is due to the simultaneous decrease
this 0.73 cm long guide, this corresponds to a normalize®f the loss and increase of the overlap integral. Maximum
conversion efficiency of 25% Wcm™2 (13% W1). No  second-harmonic power is obtained for a width of about 3
sign of rolloff from the quadratic dependence, indicated byxm. Towards larger channel widths, the second-harmonic
the line, at higher powers is observed. The fundamentapower slowly decreases due to the decrease of the overlap
power P, (L) measured at the guide end was 205 mW. Thdntegral which is partially compensated for by the decrease
loss at the fundamental and second-harmonic wavelengtt¥ the loss.
was 0.7 and 1.3 cm, respectively(Fig. 3). The measured A series of four waveguides was produced to investigate
phase-matching wavelength corresponds within an accuradfi¢ second-harmonic power as a function of ridge height.
of +2.5 nm to that predicted in Fig. 6. Figure 11b) displays the calculated dependence, again based
Figure 10 shows the temperature tuning curve of thedn the corresponding dependence of the loss, shown in Fig.
second-harmonic signal measured with a fundamental powe(b), and the overlap integral, shown in Fig(bg The
of 200 mW. The theoretical linewidth calculated from dis- sef:ond—harmonlc power increases with Increasing ridge
persion data is 0.35 °C. The measured linewidth is 0.55 °Cheight as the loss decreases and the overlap increases.
The same linewidth broadening was measured in the sub- To investigate the stability of the blue output we moni-
strate crystal suggesting that the distortion of the tuningored the second-harmonic power as a function of time for 6
curve is due to a birefringence nonuniformity already presenb, shown in Fig. 12. We found that the average of the
in the crystal. second-harmonic power remained stable over the whole pe-
A series of measurements was carried out to evaluate théod and no degradation of the blue output was observed.
dependence of the second-harmonic conversion efficiency danly 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
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FIG. 12. Normalized second-harmonic output power as a function of time
FIG. 10. Second-harmonic power as a function of temperature. The lineneasured over a period of 6 h. The line indicates the average second-
represents the theoretical dependence calculated from refractive index datearmonic power. The blue power was 7 mW with 240 mW of fundamental
The fundamental power was 200 mW. power coupled into the waveguide.
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180 (— [d(multimode pump)=v2d(single-mode pumg) For a

waveguide of the same length without losges 1) we cal-
culate a conversion efficiency af,=125% W cm™2 (tak-

ing pump depletion into account The losses ofe,
=0.7 cm !t anda,,=1.3 cm ! reduce the expected conver-
sion efficiency to 55% W*cm 2 (h=0.38). The observed
linewidth broadening of the temperature tuning cu(ié.

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% Wem 2.

The remaining discrepancy between the calculation and mea-
FIG. 13. Normalized second-harmonic conversion efficiency as a functiorsurement = 25% w1l cm_z) may be attributed to the un-

of guide length calculated for the ridge waveguide that yielded the highesterainty of the calculated overlap integral that is very sen-
conversion efficiency in this workd=5.3 um, w=2.6 um, h=0.9 um). " L . LT

The calculation was done on the basis of a nonlinear coefficient,,gf sitive t9 small Va“at'?ns of the. eﬁef:tl\{e mOde indices
=10.5 pm V'L, The dot indicates the measured value. The lines representinderlying the calculation of the field distributions.

the following situations:(—) calculation for a loss-free waveguidé; -) The condition azwwzaw is well satisfied for our

¢ H — —1 — -1 . . . .
calculation assuming a loss af,=0.7 cm ~ and ap,=1.3cm ~ as mea-  \yayequidegFig. 3). This allows us, according to E¢L1), to
sured experimentally;--) calculation assuming a reduced interaction length

100

50

conv. efficiency 5 (%W1cm-2)

waveguide length L (cm)

due to nonuniformity of the birefringence as observed in FigiA9. indi- expgrlmentally _eSt'mate _the m?‘X'mum pOSSIble conversion
cates the reduction of the conversion efficiency due to the linear loss, anéfficiency for this waveguide. WitR (L) =205 mW we ob-
(B) the reduction due to the index nonuniformity. tain 770%77: 63% Wlcm™2 Taking the aforementioned

linewidth broadening due to birefringence nonuniformity and
large power fluctuation is mainly due to the noise of thethe uncertainty of the theoretical calculation into account, the

Ti:sapphire laser used for the measurement. measured value of, corresponds sufficiently well to the
calculated value of 125% W cm™2.
VIIl. DISCUSSION AND CONCLUSIONS It is worth briefly comparing the results of this work to

. . our results in previous work on KNhQOwaveguides. In
The generation of 14 mW continuous-wave blue power P g

with a fundamental power of 340 mW coupled into the Cerenkov-type second-harmonic generation a blue power of

S ) : 4.1 mW was obtained with a fundamental input power of 270
waveguide is the highest continuous-wave second-harmonic

. . ; ; . mW in a 1.12 cm long embedded channel waveguide. This
conversion efficiency obtained in a KNg@vaveguide. The . X 2

. - . Lo . _corresponds to a normalized conversion efficiency of
conversion efficiency in the waveguide is more than five

0 1117 ; ; _
times larger than the conversion efficiency of the substrat(g /Ol;/l\'r (lf;n ' (Ndotr:ce thaF in Cerenkov t)lfpe frleqvllJLi(tancy
crystal. It should be noted that the waveguide was not re- oubling the second-harmonic power grows linearly with

poled after the implantation. As was observed in the mea_l-n the guided-mode second-harmonlg expe_rlm_ents reported
Ref. 18, a blue power of 2.6 mW with an incident funda-

surements reported in Ref. 40, omitting the repoling procesg] )
reduces the second-harmonic power by a factor of 2. On hgrental power .Of 280 .mW was ggnerated in-a 0'52’ cm
other hand, the measured conversion efficiency is enhancd@d guide with a figure-of-merit of 10% Wem®
by a factor of 2 because of the multimode pump laser. Therel3-3% w. ) o
fore, the above conversion efficiency could be expected from N comparison to the results reported for periodically
a repoled waveguide combined with a single-longitudinal-Poled LINbG;, LiTaO;, and KTP waveguides the normal-
mode laser diode. ized conversion efficiency of our KNbQidge waveguides

A comparison between theoretical and experimental rels lower. This can be explained by the smaller nonlinear
sults of a second-harmonic measurement is complicated by @efficient, the relatively high loss, and the relatively small
number of factors, including uncertainty of the relevant ma-overlap integral of these waveguides. On the other hand, the
terial parameters such as the material nonlineatity, and good ability to control the guide fabrication process, the ex-
the waveguide nonlinearitng(x,y), propagation loss, un- cellent power handling capability, the high second-harmonic
certainty of the overlap integral, and the spectral propertiepower of 14 mW, and the stability of the second-harmonic
of the pump laser. Figure 13 shows the normalized secondiemonstrate the suitability of KNbQidge waveguides for
harmonic conversion efficiency as a function of length cal-efficient frequency conversion. For the design of further im-
culated for a waveguide identical to the one that yielded theroved ridge waveguides the following four points have to
highest conversion efficiency reported héde=5.3um, w  be considered.
=2.6um, h=0.9um). The dot in Fig. 13 represents the (i) The major limitation regarding conversion efficiency
measured efficiency in this waveguide. The calculation ids due to attenuation. Possibly the loss at the fundamental
based on a nonlinear optical coefficient ofl,,  wavelength could be further reduced by fabricating a wider
=10.5 pm V! that was derived fronfi) measuring the con- bottom confinement barrier with two implantation steps of
version in the bulk crystal of the substrated.f; slightly different energy and the same total dose. A decrease
=10.5pm V1), (i) considering the fact that the waveguide of the loss at the fundamental wavelength by a factor of 2
was not repoledd=0.7 according to Ref. 40and(iii) tak-  would result in an increase of the second-harmonic power by
ing the multimode fundamental pump into accounta factor of 1.3.
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(i) An increase of the waveguide length from 0.7 to 1.2'“K. Yamamoto, K. Mizuuchi, Y. Kitaoka, and M. Kato, Appl. Phys. Lett.
cm would lead to an increase of the second-harmonic power 62 2599(1993.

by a factor of 1.4 as can be derived from Fig. 13.

D, Eger, M. Oron, M. Katz, and A. Zussman, Appl. Phys. L&&, 2205
995.

L . . 1
(i) Figure 8b) shows that an increase of the ridge 16(Q. Chen and W. P. Risk, Electron. LeB2, 107 (1996.

height from 0.9 to 1.§m would result in an increase of the

1D, Fluck, T. Pliska, P. Gnter, L. Beckers, and Ch. Buchal, IEEE J.

second-harmonic power by another factor of 1.5. Fabrication Quantum Electron32, 905 (1996.
of ridges of this height is possible although at the technologi- D- Fluck. T. Pliska, P. Gater, St. Bauer, L. Beckers, and Ch. Buchal,

cal limit of the presently used etch process due to the smalb

etch rate of KNbQ.
(iv) Elimination of the index inhomogeneity would lead

Appl. Phys. Lett.69, 4133(1996.

T. Bremer, W. Heiland, B. Hellermann, P. Hertel, E. &ig, and D.
Kollewe, Ferroelectr. Lett. Sec®, 11 (1988.

201, zhang, P. J. Chandler, and P. D. Townsend, Ferroelectr. Lett. Bect.

to an enhancement of the second-harmonic power by a factgy®® (1990-

of 1.5. This implies that the use of high quality substrates is

a key to high conversion efficiency in waveguides.

P. Moretti, P. Thevenard, K. Wirl, P. Hertel, H. Hesse, E.t&ig and G.
odefroy, Ferroelectric28 13 (1992.
22F, p. Strohkendl, P. Guer, Ch. Buchal, and R. Irmscher, J. Appl. Phys.

Further improvement in the waveguide fabrication tech-2369, 84(1991.
nology should allow generation of a second-harmonic power D: Fluck, P. Guter, R. Irmscher, and Ch. Buchal, Appl. Phys. L&8,

of 15-25 mW with an in-coupled power of 200 mW and a,,

normalized conversion efficiency of about 50% ¥em2.
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