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Potassium titanyl phosphate (KTP) is a unique nonlinear-optical material that is being widely used for second-
harmonic generation of Nd lasers emitting near 1 Atm. KTP is also attractive for various sum- and difference-
frequency and optical parametric applications over its entire transparency range from 0.35 to 4.5 um. Its combina-
tion of large electro-optic coefficients and low dielectric constants makes KTP potentially useful for various electro-
optic applications, and, in particular, it has a figure of merit for an optical waveguide modulator that is nearly a
factor of 2 larger than that for any other inorganic material. Low-loss optical waveguides can be formed in KTP,
and several electro-optic and nonlinear-optic devices have been fabricated that confirm that KTP is also a superior
material for many optical waveguide applications.

1. INTRODUCTION

Potassium titanyl phosphate (KTiOPO4; KTP) is a relative-
ly new material that has been shown to have superior proper-
ties for several nonlinear-optical applications and, in partic-
ular, for frequency doubling the 1-kim radiation of Nd la-
sers."12 Its high nonlinear-optical d coefficients, high optical
damage threshold, wide acceptance angles, and thermally
stable phase-matching properties make it useful for this
purpose, and its large linear electro-optic r coefficients and
low dielectric constants make it attractive for various elec-
tro-optic applications, such as modulators and Q switches.3

KTP also has an electro-optic waveguide modulator figure of
merit that is nearly double that for any other inorganic
material.3 Recently low-loss optical waveguide fabrication
processes were developed for KTP that, together with its
large figure of merit, suggest that this material is also prom-
ising for integrated-optic applications. 4 This paper reviews
the basic characteristics of KTP, such as crystal structure
and crystal growth (Section 2), linear and nonlinear-optical
properties, including various new frequency-conversion ap-
plications in bulk material (Section 3), electro-optic and
dielectric properties (Section 4), optical waveguide fabrica-
tion processes and characteristics (Section 5), and, finally,
new nonlinear-optical applications and optical waveguide
device properties (Section 6).

2. STRUCTURE AND CRYSTAL GROWTH

KTP belongs to the family of compounds that have the
formula unit MTiOXO 4, where M can be K, Rb, Tl, NH 4, or
Cs (partial) and X can be P or As. Solid solutions exist
among the various members of this family, with only slight
changes in lattice parameters. All members are orthorhom-
bic and belong to the acentric point group mm (space group
Pna2l). For KTP the lattice constants are a = 12.814 A, b =
6.404 A, and c = 10.616 A, and each unit cell contains eight
formula units. The structure is characterized by chains of
TiO6 octahedra, which are linked at two corners, and the

chains are separated by P0 4 tetrahedra (see Fig. 1).5 There
are two chains per unit cell, and the chain direction alter-
nates between [011] and [011]. Alternating long and short
Ti-O bonds occur along these chains, which result in a net z-
directed polarization and are the major contributor to
KTP's large nonlinear-optic and electro-optic coefficients.
The K ion sits in a high-coordination-number site and is
weakly bonded to both the Ti octahedra and P tetrahedra.
Channels exist along the z axis ([001] direction) whereby K
can diffuse (through a vacancy mechanism) with a diffusion
coefficient several orders of magnitude greater than in the x-
y plane.

KTP decomposes on melting ( 1150'C), and hence nor-
mal melt processes cannot be used to grow this material.
However, large single crystals of KTP can be grown by both
hydrothermal and flux techniques. The hydrothermal pro-
cess has been commercialized and consists of sealing nutri-
ent and seed crystals in a Au tube, inserting the tube into a
high-pressure-high-temperature autoclave and growing
crystals at constant pressure ( @ 1.724 X 108 Pa or 25,000 psi)
and at a constant temperature with a fixed gradient
(n600'C at the nutrient end and 550 0C at the seed end)
for approximately 6 weeks. 6 This process is similar to
quartz crystal growth except for the higher temperatures
and pressures needed for KTP. Unfortunately, because of
equipment restrictions, which are due to the high tempera-
tures and pressures needed for growth, KTP crystal size is
limited to approximately 20 mm X 20 mm X 60 mm, with a
seed running down the middle of the crystal. Recent re-
search aimed at optimizing nutrient composition suggests
that hydrothermal growth is possible at lower temperatures
(350-500'C) and pressures (1.4 X 108 Pa or 20,000 psi)
with essentially no change in growth rate. 7 These lower
temperatures and pressures will permit the use of larger
autoclaves and, when the process is fully optimized, will
result in the growth of significantly larger crystals.

The flux technique is essentially a high-temperature solu-
tion growth process in which the KTP crystallizes out of a
molten KTP/flux composition when cooled. Depending on
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Fig. 1. KTP crystal structure: (a) a-c projection, (b) a-b pr
tion. Shaded elements are the Ti octahedra, open elements ar
P tetrahedra, and open circles are the K. The short Ti-O bond
shown as bold lines.

the specific flux used, crystal growth can occur from app
imately 7000C to approximately 10000C, and common fl
used are various potassium phosphates, with the K-
ratio varying from 1 to 3, tungstates, and halides.8'l
significant advantage of using the flux process is th,
operates at atmospheric pressures and hence does nol
quire sophisticated pressure equipment. However, to a
growth striations and flux inclusions, uniform temperat
and high levels of temperature control are required.
obtain these conditions, well-insulated furnaces and
pipes have been used.'3 Typical crystal sizes obtaine
date are in the 60 mm X 55 mm X 30 mm range. Grc
times vary from approximately 10 days (using a heat pip
2 months (with a well-insulated furnace and good temp
ture control).

Because KTP belongs to the polar point group mm, ff
electric domains can be present, which will decrease noi
ear-optic conversion efficiencies and increase electron
switching voltages. Domains have been observed in 
hydrothermally grown' 4 and flux grown' 5 crystals. 01
various type of domain walls that have been detected, N

oriented parallel to crystallographic (100) planes are com-
mon in hydrothermally grown material. These walls have
relatively low energy, and crystals with these walls can be
poled at temperatures ( 5000 C) that are significantly below
the Curie temperature (9360C). Because the crystal-growth
temperature when the hydrothermal process is used is also
significantly below the Curie temperature, the use of multi-
domain seeds will result in the growth of multidomain crys-
tals. In the current hydrothermal crystal-growth process
only single-domain seeds are used, which ensures single-
domain crystal growth. Because the flux process occurs
near the Curie temperature, single-domain crystal growth is
more difficult to guarantee.

The KTP crystal morphology is similar for both flux- and
hydrothermal-growth processes, and specifics depend on
seed size and orientation. The morphology is shown in Fig.
2 and generally consists of (100) planes, of the (201) and
(011) series of planes that form relatively sharp caps along
the c or polar axis, and of the (011) and (110) series of planes
that form shallower caps along the b axis. Other higher-
order planes can also be present, but usually these form
smaller faces. The (100) planes form natural surfaces that

(b) readily cleave at room temperature when mild concentrated
pressure is applied. This morphology is similar to that of
KDP and has attractive properties relating to various appli-
cations. As will be discussed in Section 3, phase matching
for various nonlinear processes requires propagation in the
principal planes. The natural crystal morphology permits
long paths and large apertures to be obtained in these direc-
tions when natural (100), (201), and (011) entrance and exit
faces are used.

Although the linear-, nonlinear-, and electro-optical prop-
erties of KTP crystals grown by the flux and hydrothermal
techniques are similar, differences have been observed in
some of the dielectric properties and in the high-power opti-
cal-damage characteristics. From measurements done in
our laboratory, the low-frequency dielectric constants,
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Fig. 2. Natural KTP crystal morphology.
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which are dominated by K-ion conduction through a vacan-
cy mechanism, vary over 4 orders of magnitude, depending
on the growth process. Some hydrothermally grown materi-
al has very low conductivities (resistivities >10"1 Q cm),
whereas flux-grown material exhibits higher conductivities
(resistivities in the 108-Q cm range). The specific origins of
these variations are not well known but are thought to be
related to impurity ions and/or to crystal defects. Relative
to optical damage, it appears that hydrothermally grown
KTP has somewhat higher damage thresholds than flux-
grown material. Again the origins of these differences are
not understood. Some specific experimental data on dam-
age are given in Section 3.

3. NONLINEAR-OPTICAL APPLICATIONS IN
BULK KTP

KTP is a widely used material for frequency-doubling
Nd:YAG lasers and other Nd-doped laser systems emitting
near 1.06 pm.16 Some of its superior properties for this
important application are shown in Table 1, where some
previously unpublished thermal data are also given.' 7"18 Al-
though a few specific characteristics of other materials are
better, KTP has a combination of properties that make it
unique for second-order nonlinear-optical applications and
second-harmonic generation (SHG) of Nd lasers in particu-
lar. Its large nonlinear coefficients are phase matchable,
resulting in a high figure of merit. 2 "19 This property, com-
bined with low absorption and a wide acceptance angle,'9'2 0

makes it the preferred doubling crystal when the available
peak power is limited. The unusually large temperature
bandwidth of KTP is particularly advantageous for main-
taining pulsed energy stability of the converted beam.2 0

The temperature bandwidth of KTP, combined with rela-
tively good thermal properties, also gives KTP an exception-
ally good figure of merit for doubling high average-power-cw
or quasi-cw beams. 2 ' Recent experiments on intracavity
frequency doubling2 2'2 3 have also shown that KTP is much
less susceptible to bulk damage than, e.g., MgO:LiNbO 3 at
relatively high average-power levels. This property, com-
bined with a low absorption loss at 1,um, renders this materi-
al a prime choice for all intracavity frequency-doubling ap-
plications. Earlier observed discoloration effects (forma-
tion of gray tracks) induced by (thermal) self-focusing,
causing degraded conversion efficiency followed by cata-
strophic damage,2 4 were recently overcome by a thermal
stabilization technique at temperatures above 100"C.2 5 It
can therefore safely be stated that KTP, with its superior
qualities described above, has turned a wide variety of fre-
quency-doubled Nd lasers into mature sources of green
light.2 6 Mode-locked systems emitting picosecond green
pulses with >2 W of average power are now routinely used,
with or without pulse-compression techniques, for synchro-
nously or hybridly pumping other laser sources in order to
generate femtosecond pulses.27 In purely cw systems, intra-
cavity frequency-doubled Nd:YAG lasers deliver as much as
10 W of green power23 and have successfully replaced the Ar-
ion laser as a cw pump source for tunable dye lasers used in
ophthalmology.2 8 Cw-pumped, intracavity-doubled, and
Q-switched Nd:YAG lasers reliably generate in excess of 20-
W green output. 23 These systems, which permit efficient
production of high average-power UV beams (by frequency

doubling the green output),2 9 are now routinely used for
general laser surgery.26 Efficient intracavity-doubling of
flash-lamp-pumped systems with KTP has led to the pro-
duction of >10-mJ green pulses in a single transverse mode
at a 10-Hz repetition rate.30 Possible applications of this
green source include the pumping of vibronic solid-state
laser materials such as Ti:sapphire. In another pulsed con-
figuration, >50% extracavity doubling efficiency has led to
the generation of approximately 200 mJ in 120-Asec-long
green pulses without optical damage to the doubling crys-
tal.3' Finally, at the low end of the power spectrum, there is
an increasing interest in miniature green solid-state laser
sources for a variety of applications, including optical scan-
ning, optical data storage, laser printing, and display tech-
nology. In this category intracavity doubling of a GaAlAs
diode-pumped Nd:YAG laser with a 5-mm-long KTP crystal
has resulted in >10 mW of green power for only 200 mW of
optical pump power (corresponding to 1 W of electrical pow-
er).32 The overall electrical efficiency of this green laser
approaches 1%. For comparison, an air-cooled ion laser
operating in this region of the spectrum has a typical electri-
cal efficiency of only 0.001%. Recent advances in intra-
cavity-doubled miniature Nd:YAG lasers, utilizing KTP as a
doubler, have led to 0.1-W green output power.3 3

Despite its proven superior qualities as a doubling crystal
for 1-pAm Nd lasers, only a few other applications have been
addressed during the decade following the discovery of this
remarkable material. Phase-matched SHG of the 1.325-pm
line of Nd:YAG in KTP has been reported,1 2 16 as well as
sum-frequency generation of the signal and idler generated
by a parametric LiIO 3 oscillator, 34 but few or no quantitative
data are available at these wavelengths. Recently paramet-
ric downconversion near 1 m in KTP was used for the

Table 1. Nonlinear-Optical and Thermal Properties
of KTP

Property Value

Nonlinear-optical coefficients (pm/V) d3l = 6.5
d32 = 5.0
d33 = 13.7
d24 = 7.6
d15 = 6.1

Temperature bandwidth (C cm) 250
Angular bandwidth (mrad cm)a 15-68
Spectral bandwidth (A cm)a 5.6
Walkoff (mrad)a 1
Temperature coefficients of refractive in- An, = 1.1 X 10-5

dex (C-1) Any = 1.3 X 10ff
An, = 1.6 X 10-5

Transmission range (m) 0.35-4.5
Optical absorption (%/cm) <0.6 (at 1.064

Am)
<2 (at 0.532 Am)

Thermal expansion coefficients (C-') a, = 11 X 10-6
a2 =9 X 10-6
a= 0.6 X 10-6

Thermal conductivity (W/cm°C) k = 2.0 X 10-2
k2 = 3.0 X 10-2

k3 = 3.3 X 10-2

Pyroelectric coefficient (nC/cm2 °C) 7

Specific heat (cal/g °C) 0.174

a For SHG near 1.0 Am, propagation in the x-y plane.

J. D. Bierlein and H. Vanherzeele



Vol. 6, No. 4/April 1989/J. Opt. Soc. Am. B 625

Table 2. Sellmeier Equation Coefficients

Index A B C D

nx 2.1146 0.89188 0.20861 0.01320
ny 2.1518 0.87862 0.21801 0.01327
n, 2.3136 1.00012 0.23831 0.01679

generation of squeezed light, both in a two-mode optical
parametric oscillator3 5 36 and an amplifier37 38 configuration.
One reason for the lack of interest in KTP for applicators at
wavelengths other than 1 m is that accurate Sellmeier
equation fits to the refractive indices were not available,
making it difficult to predict the phase-matching angles for
various nonlinear interactions.3 9 This is a significant prob-
lem, as it does not permit crystals to be cut properly. Re-
cently this situation was corrected when different sets of
Sellmeier equations for both flux-grown and hydrothermally
grown KTP were published.40-4 3 Both sets in Refs. 41 and
42 (for flux-grown KTP and both flux-grown and hydrother-
mally grown KTP, respectively) are constructed from a fit to
observed phase-matching data. Our set43 (for hydrother-
mally grown KTP), as well as the one in Ref. 40 (for flux-
grown KTP), is obtained from index measurements by using
the minimum deviation method. However, in Ref. 40, only
16 wavelengths between 404.7 nm and 1.064 pm were uti-
lized; we used 47 wavelengths ranging from 350 nm to 2.4 pm.
Our one-pole Sellmeier equations, with an IR correction of
the form

n2 = A + B/[1 - (C/X)2] - DX2, (1)

where X is the vacuum wavelength in micrometers and A, B,
C, and D are given in Table 2, will be used in this paper.
They accurately predict phase-matching angles for SHG and
various sum- and difference-frequency mixing processes
over the entire transparency window of hydrothermally
grown KTP. (See, e.g., Refs. 43 and 44 and the angle-tuning
curves given in this paper.) As an example, let us consider
SHG. The exact expressions for the effective nonlinear
second-order coefficients' 9 deff of KTP can be simplified
because of the large difference between n, and n, or ny and
the small difference between nx and ny,. The approximate
expression for a type-II interaction, the only efficient one,
is4 0

deff(II) (d24 - d15 )sin 24 sin 20

- (d15 sin 2 0 + d2 4 cos 2 O)sin 0. (2)

In Eq. (2) 6 and 0 are polar coordinates referring to the z axis
and the x axis, respectively, in the x-y plane. According to
Ref. 2, d15 = 6.1 pm/V and d24 = 7.6 pm/V near 1,pm. Both
tensor elements have the same sign. From the Sellmeier Eq.
(1), we have calculated the phase-matching angles for collin-
ear type-II SHG in the principal planes. The results, which
are summarized in Fig. 3, clearly demonstrate that type-II
SHG in KTP is phase matchable over a large wavelength
range. Only in the x-y plane is the birefringence too small
to compensate for the dispersion in a type-II phase-match-
ing process over a broad spectral range. According to Eq.
(2) and from a glance at Fig. 3, it will be clear that phase
matching in the x-z plane generally is more efficient than in
the y-z plane (provided that the interaction is indeed phase

matchable in both planes). The phase-matching curve
Ak(a, X) = 0, where X is the wavelength and a is the phase-
matching angle (either 0 or 0), shows an interesting feature.
In the x-y plane the slope [(Ak)/Oaa] is small; this corre-
sponds to quasi-angle-noncritical phase matching, which en-
sures the double advantage of a large acceptance angle and a
small walkoff angle. On the other hand, in both the x-z and
the y-z planes the slope [(Ak)/aX] is almost zero for wave-
lengths in the range 1.5-2.5 pm; this corresponds to quasi-
wavelength-noncritical phase matching, which ensures a
large spectral acceptance. Wavelength-noncritical phase
matching is, of course, highly desirable for frequency conver-
sion of short pulses. This property, however, is most often
encountered in organic nonlinear-optical materials.4 5 The
possibilities of quasi-angle-noncritical phase matching and
of wavelength-noncritical phase matching are additional ad-
vantages that make KTP attractive for applications in the
near- to mid-IR region.

During the past year the availability of improved Sell-
meier equations has led to the demonstration of many new
applications for KTP. These include SHG of an IR dye
laser down to 495 nm and sum-frequency mixing of a
Nd:YAG and an IR dye laser down to 459 nm.4 46 Angle-
noncritical intracavity sum-frequency mixing of the laser
(1.06 m) and pump (809 nm) radiation in a miniature
Nd:YAG laser has also been reported recently.4 7 Cascade
tripling of the 1.32-pm Nd:YAG line, a type-II process that is
almost angle-noncritically phase matchable, has been re-
ported to generate the shortest wavelength (440 nm) ever
observed in KTP.42 At the other end of the spectrum, the
first observation of widely tunable IR generation by para-
metric three-photon interaction in KTP was recently report-
ed.43 Here we would like to report further investigations of
parametric processes; we will address frequency-difference
mixing applications as well.

Except for its large nonlinearity, there are several other
key features that make KTP attractive for optical paramet-
ric generation (OPG), optical parametric amplification
(OPA), optical parametric oscillators, and difference-fre-
quency mixing. First, a high damage threshold (15 GW/cm2

single shot for a 1-nsec pulse at 1.064 m) was reported
previously. 4 0 We measured a damage threshold of 30 GW/
cm2 at 526 nm for 30-psec pulses at a 10-Hz repetition rate in
hydrothermally grown KTP and approximately a factor of 3
less for flux-grown material. 43 Second, adequate birefrin-
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Fig. 4.

gence in the y-z and the x-z planes permits phase matching
for the more effective type-II process over a large wavelength
range, which almost covers the entire transparency window
from 350 nm to 4.5 pm (with a small absorption band at 2.8
pm in hydrothermally grown crystals).43 Finally, the exist-
ing growth and polishing methods yield sufficiently long
crystals of high optical quality.

From the Sellmeier Eq. (1), we calculated phase-matching
angles for difference-frequency mixing between a tunable
dye laser and the 1.053-pm radiation of Nd:YLF,

Xdye - XYLF- = M\R, (3)

for collinear propagation in the x-z plane.4 4 The results are
summarized in Fig. 4. The lower curves indicate the dye-
laser wavelength, and the upper curves give the correspond-
ing IR wavelength generated by frequency-difference mix-
ing with the 1.053-pm radiation. Sets (A) and (B) corre-
spond to different polarization schemes: for (A) the 1.053-
pm radiation is an extraordinary beam, giving rise to an
ordinary IR beam; for (B) the opposite is true. The dye laser
is an ordinary beam in both cases. Thus only one extraordi-
nary beam is involved in these interactions, thereby mini-
mizing walkoff problems. From a glance at Fig. 4, it is
obvious that a large tuning range (from 1.2 to 4.4 pm) can be
realized in KTP, given a dye laser that is tunable from 560 to
850 nm. Picosecond pulses in the IR with average power >1

mW at a 100-MHz repetition rate have been obtained in this
way.4 4 Experimental details will be given in a forthcoming
publication. Mixing with the 1.32-pm radiation from
Nd:YLF (or Nd:YAG) is also a possibility. For diagnostic
purposes (e.g., pulse-width measurements), the IR beam
generated in this way can be upconverted to the visible part
of the spectrum by sum-frequency mixing (cross correlation)
with the remaining dye-laser beam in KTP4 4:

MIR + Xdye = XVIS . (4)

The corresponding phase-matching curve is shown in Fig. 5.
Alternatively, SHG can be used in KTP for upconverting IR
radiation with a wavelength in the range 1-3.4 pm, as shown
in Fig. 3.

As an OPG, an OPA, or an optical parametric oscillator,
KTP can most usefully be pumped by a Nd:YLF (YAG or
glass) laser or its second harmonic. Obviously any other
source with intermediate wavelength, such as a dye-laser
oscillator-amplifier (e.g., near 600 nm), would also be a suit-
able pump. Figure 6 represents the calculated angle-tuning
curve in the x-z plane for a 1.053-pm Nd:YLF pump (an
ordinary beam):

XYLF = Xe-' + Xi7' (5)

where s and i refer to signal and idler, respectively. Again,
two types of interaction can take place, as is schematically
indicated by (A) and (B). For (A), radiation with a wave-
length longer than the degeneracy point (the idler) is polar-
ized as an ordinary beam, and the corresponding signal is an
extraordinary beam. On the other hand, for case (B), the
idler is an extraordinary beam, and the signal is an ordinary
beam. Obviously, type (B) has a larger deff but a narrower
tunability than type (A). In both types of phase matching
the tunability is large, thus making KTP attractive as a
tunable near- to mid-IR source. Note the vertical slope of
the tuning curves near 43° in configuration (A), indicating
wavelength-noncritical phase matching (as discussed above
for SHG). As a result, large bandwidths are available in this
wavelength region. Because of the large nonlinearity of
KTP, short crystals can be used as a parametric device,
which is a distinct advantage if pulse broadening due to
group-velocity dispersion has to be avoided.4 8 As a com-
bined result, the generation of mid-IR picosecond (or even
subpicosecond) pulses should potentially become practical.
As another example, Fig. 7 illustrates the calculated tuning
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Fig. 6. Angle-tuning curve in the x-z plane for a KTP parametric
generator pumped by a 1.053-,m beam.

J. D. Bierlein and H. Vanherzeele



Vol. 6, No. 4/April 1989/J. Opt. Soc. Am. B 627

1.20-

1 1.15-
E

= 1.10-

C

- 1.05-

31.00-

0.95

4.5 -

4.0 -

) 10 20 30 40 50 60 70 80 90

Phase-Matching Angle (deg)

= = 90
3.5 

3.0 1

2.5

2.0

1 .5

1.0

0.5

4.5

4.0

3.5

3.0 -

2.5

2.0

1.5

1.0

I I I I I l

25 30 35 40 45 50

Phase-Matching

I I I
55 60 65
Angle (deg)

0

(C)

40 45 50 55 60 65 70 75 80 85 90

Phase-Matching Angle (deg)

Fig. 7. Angle tuning curves in (a) the x-y plane, (b) the y-z plane,
and (c) the x-z plane for a KTP parametric generator pumped by
the second harmonic of a Nd:YLF laser (526 nm). The dots in (b)
and (c) represent the experimental data.

curves for a 526-nm pump (second harmonic of Nd:YLF) for
collinear phase matching in the x-y plane ( = 90), the y-z
plane ( = 90), and the x-z plane ( = 0). Except for
propagation in the x-y plane, the type-II interaction in-
volves only one extraordinary beam (the signal beam). This
means that for a single resonant optical parametric oscillator
we can advantageously resonate the idler, thereby avoiding
walkoff problems. From Eq. (2) and looking at Fig. 7, we

can see that phase matching in the x-z plane is generally
somewhat more efficient than in the y-z plane. However,
phase matching in the x-z plane is not possible near the
degeneracy point when we pump with the second harmonic
of Nd:YLF. As a result, the tuning curve in the x-z plane
has a gap from 1.007 to 1.103 ,m. For many applications
this small gap will not present a significant drawback. How-
ever, if fully continuous tunability is required for a 526-nm
pump, phase matching in the y-z plane should be used. On
the other hand, if tuning near the degeneracy point is of
primary interest, we should phase match in the x-y plane.
Regardless, it is clear that a broad (14 000-cm-') tuning
range can be achieved with one crystal. This feature makes
KTP particularly attractive as an OPG or an OPA, especial-
ly because such a device does not require any external dielec-
tric mirrors whose bandwidths inevitably would limit the
tunability.

From the Sellmeier equations, we also calculated walkoff
and group-velocity dispersion effects for a 526-nm pumped
crystal. The walkoff (signal beam) typically is less than 50
mrad in both the y-z and x-z planes and rapidly decreases
for phase-matching angles approaching 900. This amount
of walkoff is not excessive for a crystal in which the birefrin-
gence is much larger than the dispersion and hence offers a
large tuning range. The exponential amplification of a
parametric process leads to signal and idler pulses that can
be significantly shorter than the pump pulse, except if pulse
broadening occurs as a result of group-velocity dispersion in
the crystal. In KTP the difference in group velocity be-
tween, e.g., a 526-nm pump pulse and a typical signal (idler)
pulse at 753 nm (1.75 m) is approximately 1 psec/cm (5
psec/cm) for phase-matched propagation in both the y-z
and x-z planes. Hence short crystals are desirable for the
generation of short parametric pulses.

We have experimentally investigated OPG and OPA in
KTP by using the second harmonic of a picosecond Nd:YLF
system as the pump. In the past, passively mode-locked
lasers were commonly used as a pump source to provide,
sufficiently high peak power for exponential gain. 48 Howev-
er, these lasers are known to operate erratically, with large
shot-to-shot fluctuations in the output energy. The more
recently developed hybridly mode-locked solid-state lasers
have alleviated this problem to some extent, but even these
systems do not fulfill the stringent stability requirements of
a parametric process.49 We therefore used a different laser
system, the details of which are described elsewhere.25 Ba-
sically, the system consists of a cw harmonically mode-
locked Nd:YLF laser that simultaneously pumps a synchro-
nously mode-locked dye laser and seeds a Nd:YLF regenera-
tive amplifier. The output of the regenerative amplifier is
first amplified at 10 Hz in two single-pass linear amplifiers,
then spatially filtered (in vacuum), and finally frequency
doubled. In this way, as much as 40 mJ (at 526 nm) in a 30-
psec (FWHM) pulse with a smooth Gaussian beam profile
and an excellent pulse-to-pulse stability is available. On the
other hand, the dye laser typically generates nearly band-
width and diffraction-limited pulses with a duration of 1
psec (FWHM). With different sets of mirrors and a variety
of dyes, this laser is tunable from 560 nm to 1.1 m. During
the course of this research, several KTP crystals were used.
They were cut parallel to the natural (201) or (011) faces for
propagation in the x-z or y-z planes, respectively. For both
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Fig. 8. Single-pass amplification at 630 nm in a 20-mm-long KTP
crystal, pumped by 526 nm as a function of pump energy. The
squares represent the experimental data.

cuts the normal to the entrance face makes an angle of 58.8°
with the z axis. The crystals are mounted on top of a rota-
tion stage, which permitted angular positioning with an ac-
curacy of better than 0.50. Frequency measurements were
performed with a 0.64-m Czerny-Turner grating monochro-
mator.

The experimentally observed angle-tuning data in the y-z
plane and the x-z plane are superimposed upon the calculat-
ed curves in Fig. 7. Good agreement between calculated and
observed data is obtained over the entire tuning range (600
nm-4.3 pm), thus validating the accuracy of our Sellmeier
equations. For these experiments, 3-mm-long crystals were
used.

To evaluate KTP as a parametric amplifier when pumped
by the SHG of YLF, we carried out single-pass amplification
measurements in a 20-mm-long crystal with a (201) cut.
The crystal was seeded by nanojoule pulses from the dye
laser tuned at X, = 630 nm. The corresponding idler had the
wavelength Xi = 3.2,pm. Thus amplification was studied in
a less favorable case (signal and idler far from the degenera-
cy point at 1.053,pm and a relatively small deff). The single-
pass power gain over an interaction length 1, neglecting
pump depletion and ignoring both linear and nonlinear ab-
sorption, is given by (MKSA units)

G = cosh2(l), (6)

r = ( s2l Xi) deff- (7)

In Eq. (7) the subscripts s, i, and p refer to the signal, idler,
and pump, respectively; Ip is the peak-on-axis irradiance of
the pump. In the regime of strong amplification Eq. (6)
reduces to the familiar result

G = /4 exp(21r). (8)

As an example, for 1 = 1 cm and Ip = 10 GW/cm 2 , we obtain G
= 4 X 106. Figure 8 represents the experimentally measured
gain as a function of pump energy. The solid curve repre-
sents the gain calculated from Eqs. (6)-(8). From these
results it is obvious that exponential amplification does in-
deed take place, with a saturation setting in at a pump
energy of approximately 5 mJ. In this example an amplifi-
cation >105 has been obtained at 630 nm with only 5 mJ per

pump pulse. This is approximately what we can expect
from a well-engineered dye-laser amplifier with three stages
of amplification. This illustrates the great potential of KTP
as an easily tunable and yet efficient parametric amplifier
for (sub) picosecond pulses. The weak scatter in the experi-
mental data illustrates the high stability of the pump source
and the potential of this technique for the production of
stable, tunable, high-peak-power short pulses.

OPG data obtained with 20-mm-long KTP crystals cut for
propagation in the x-z plane also indicate a high-energy-
conversion efficiency. With a 4-mJ pump, a single crystal
typically generates 100-AJ signal pulses in the range 750-950
nm (data not corrected for Fresnel losses). Outside this
range the energy of the signal pulses decreases steadily at
longer wavelengths because of the gap in the phase-match-
ing curve (see above) and at smaller wavelengths because of
the combined effect of the decreasing efficiency of the para-
metric process if tuned away from the degeneracy point and
the (weak) absorption of idler pulses near 2.8 ,m. Further
application of the signal (the idler) is possible by frequency-
difference mixing of the idler (the signal) and the pump in a
second KTP crystal. In this crystal the walkoff produced in
the first crystal is compensated for. With this scheme ener-
gy-conversion efficiencies exceeding 10% have been reached.
We emphasize that these are results obtained with crystals
of rather poor optical quality and lacking antireflection coat-
ings. Optical damage in KTP was not observed during the
course of this research and evidently does not present a
problem for this application.

Currently data for third-order X(
3

) nonlinear-optical prop-
erties of KTP are rather scarce. The nonlinear index of
refraction n2 of KTP has been measured and compared with
those of other materials,5 0 and observation of stimulated
Raman scattering (SRS) in KTP has also been reported.5'
This lack of X(3) data is unfortunate, not only because X(

3
)

properties may be useful but also because they could be
limiting the efficiency of second-order processes, which in-
volve high-peak-power radiation. For example, two-photon
absorption in the green could be one of the limiting factors
(other than pump depletion) responsible for the onset of
saturation of the gain in the OPA configuration represented
in Fig. 8. Therefore we recently started a x(3) characteriza-
tion of KTP. In preliminary experiments we have observed
strong stimulated polariton scattering in our 20-mm-long
crystals at high pump intensities at 526 nm. The efficiently
generated first and second Stokes are in agreement with
earlier reports on SRS in KTP.5' Although SRS in KTP
eventually could become a practical wavelength-conversion
technique, it should be noted that this effect does not com-
pete with OPG or OPA pumped at 526 nm. This is brought
about because of the differences in polarization schemes in
both processes: for OPG the 526-nm pump (propagating in
the x-z plane) is polarized along y, whereas for efficient SRS
the pump has to be perpendicular to y. A full characteriza-
tion of SRS and other X(

3
) properties in KTP is in progress

and will be reported in a future publication.

4. ELECTRO-OPTIC AND DIELECTRIC
PROPERTIES

In addition to having attractive nonlinear-optical character-
istics, KTP has promising electro-optic and dielectric prop-
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Table 3. Electro-Optic and Dielectric Constants of
KTP

Constant Low Frequency High Frequency

r13 (pm/V) +9.5 +8.8
r23 (pm/V) +15.7 +13.8
r3 3 (pm/V) +36.3 +35.0
r5l (pm/V) 7.3 6.9
r42 (pm/V) 9.3 8.8
r., (pm/V) +28.6 +27.0
rc2 (pm/V) +22.2 +21.5
Eli' 11.9 11.6
C22' 11.3 11.0
E33' >17.5 15.4

ments of greater than 104 for high-temperature flux-grown
material. Even for samples that show little or no enhance-
ment at room temperature, it becomes significant at elevat-
ed temperatures when the K-ion hopping rate increases. As
will be shown in Section 5, some divalent ions can readily be
exchanged for K, which results in K-ion vacancy formation
and in subsequent increases in the low-frequency dielectric
constants (and ionic conductivity and diffusion rate).

The dc resistivity is also highly anisotropic,3'53 generally
being much lower along the polar axis, and varies considera-
bly, depending on crystal growth and impurity in a manner
similar to the low-frequency dielectric constants. In fact,
this dc behavior essentially mirrors the low-frequency con-
ductivity (=27rfe"). Resistivities measured are in the 108-Q
cm range for the z direction in flux-grown crystals to 10"1-

erties that make it potentially useful for various electro-
optic applications. The measured electro-optic coefficients
and dielectric constants are given in Table 3 and are com-
pared with other electro-optic materials in Table 4.3 In
Table 3,

(9a)

and

(9b)

are the effective electro-optic coefficients used in amplitude
modulation for propagation in the y and x directions, respec-
tively. In Table 4, k is the thermal-retardation coefficient
and , n, and r are the appropriate high-frequency parame-
ters for the particular modulator configuration listed. The
term n 7 r2 /E is a figure of merit for bulk crystal applications
and corresponds to a bandwidth-to-driving-power ratio.
Table 5 compares KTP with other materials for optical
waveguide modulator appliations and clearly shows that
KTP has a figure of merit, n3 r/feff, where ceff is the geometric
average dielectric constant (llE33) 

5
, which is nearly 2X

greater than that for the other materials listed.
The room-temperature frequency response of the electro-

optic coefficient is essentially flat, except for possible piezo-
electric resonances near 1-10 MHz, depending on sample cut
and dimensions, from dc to the tens-of-gigahertz range. A
similar frequency dependence is observed for the dielectric
constants Ell and 22, and the loss tangents for these two
components are relatively low. However, the frequency re-
sponse of the dielectric constant 33 (both 33' and 33") can
exhibit a strong Debye-like low-frequency enhancement, de-
pending on the crystal-growth process and the impurity lev-
el, as shown in Fig. 9. This enhancement is associated with
K-ion hopping through vacancy transport and, as Fig. 9
shows, can vary from essentially no enhancement for low-
temperature hydrothermally grown material52 to enhance-

Table 5. Electro-Optic Waveguide Materials

r Eeff n3r/eeff
(pm/V) n (ee33) /2 (pm/V)

KTP 35 1.86 13 17.3
KNbO3 25 2.17 30 9.2
LiNbO3 29 2.20 37 8.3
Ba2NaNb5Ol 5 56 2.22 86 7.1
SBN (25-75) 56-1340 2.22 119-3400 5.1-0.14
GaAs 1.2 3.6 14 4.0
BaTiO3 28 2.36 373 1.0
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Fig. 9. Frequency dependence of dielectric constants 33' and 33"
for (F) flux-grown and (H) low-temperature hydrothermally grown
KTP.

Table 4. Electro-Optic Modulator Materials

Phase Amplitude
r k n

7
r2/e r k n

7
r2/e

e n (pm/V) (10-6/C) (pm/V)2 (pm/V) (10-6 /0 C) (pm/V)2

KTP 15.4 1.86 35.0 31 6130 27.0 11.7 3650
KD*P 48 1.47 24 9 178 24 8 178
LiIO3 5.9 1.74 6.4 24 335 1.23 15 124
LiNbO3 27.9 2.20 28.8 82 7410 20.1 42 3500
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1.01 Rb-exchanged guide is shown in Fig. 10, which clearly shows

the error-function distribution. Figure 11 shows a phase-

contrast photomicrograph of a 6-pAm-wide channel Tl-ex-

changed waveguide. Note the sharp boundaries at the edge

0.8 [Rb of the guide and the uniformity across the guide. A summa-
0.8 - = f c (Z/44) ry of the refractive indices that can be induced by the various

0 [Rb]o exchanged ions, optical attenuation, and process conditions
'F DF _ _are given in Table 6. All the results given in this table are for
r a: \-J z-cut substrates. Because the ion-exchange rate or diffu-

sion constant for the Rb, Cs, and Tl ion-exchange processes

0.6 is several orders of magnitude greater in the z direction than
o t in the x-y plane, devices requiring well-defined channels will
ca_ i _ be restricted to z-cut substrates.
c \ Because the ion-exchange rate depends on substrate ionic
c conductivity, variations in conductivity will result in varia-
U. 0.4 - tions in waveguide properties. Such variations have been
X Aobserved, and they have caused some problems with device

*\ Sfabrication. To improve the guide uniformity and reduce
Ei the effects of variations in substrate conductivity, we added

0. a divalent ion salt to the monovalent nitrate salt bath. For
z 0.2 _> 

0 1 23 4 56
Depth Z ( m)

Fig. 10. Depth profile for Rb ion exchange in KTP.

1012 Q2 cm for the x-y plane in flux-grown crystals and for all
three directions in low-temperature hydrothermally grown
material.

5. OPTICAL WAVEGUIDE FABRICATION AND
PROPERTIES

As was shown in Section 4, KTP has an optical waveguide
modulator figure of merit that is nearly 2X greater than that
for any other inorganic material; hence this material should
be useful for integrated-optic applications provided that
low-loss optical waveguides can be fabricated. Optical
waveguides have been fabricated in KTP by using an ion-
exchange process that is similar to that used in forming
waveguides in glass substrates. 4 54 The KTP substrates are
first cut and then polished by using a process similar to that
used for LiNbO 3 and GGG substrates (before liquid-phase
epitaxy for magnetic bubble memories). For fabricating
channel waveguides, a suitable metal mask (e.g, Al, Au, Ti) is
applied to the polished surface. This mask has a pattern
with open areas where the waveguide is wanted. The ion-
exchange bath consists of a molten nitrate salt of Rb, Cs, or
TI or various mixtures of these salts heated to between
30000 and 400'C. The masked KTP is immersed in the
bath for the time required to form the waveguide, typically
30 min-4 h.

The waveguides formed in this way have an exchanged-ion
concentration depth profile (and refractive-index profile)
that is close to a complementary error-function distribution,
as is expected for a diffusion-controlled process. A typical

depth profile, measured using an electron microprobe, for a Fig. 11. Top view of a TI-exchanged channel waveguide in KTP.
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Table 6. Ion-Exchanged Waveguides in KTiOPO4

Process
Salts: RbNO3, CsNO3, TlNO3
Temp: 315-400'C
Time: 0.5-4.0 h

Surface Refractive-Index Increase (An, = Any = An,)
Rb: An= 0.020
Cs: An = 0.023
Ti: An = 0.23

Attenuation (Rb, Tl) <0.4 dB/cm

Table 7. Effect of Divalent Ion on KTP Waveguide
Properties (Rb+/M++ Ion Exchange, 300'C, 2 h)

Ionic Radii
M (A) Depth (m) An

None (3250C) - 0 0
Ca 1.18 1 0.007
Sr 1.30 7 0.018
Ba 1.47 15 0.025
K 1.55

ions of the appropriate ionic radii, small amounts of the
divalent ion will substitute for K in the KTP lattice, result-
ing in the formation of K-ion vacancies. These vacancies
increase the ionic conductivity near the surface, which in-
creases the monovalent ion-exchange rate and hence reduces
the effect of variations in substrate conductivity. The alka-
line-earth ions have the appropriate ionic radii to substitute
for K, and the results of forming waveguides by using these
ions (20 mol %) with Rb are shown in Table 7. As is obvious
from this table, the effectiveness of the divalent ion, which
corresponds to a divalent-ion-K-ion exchange rate, in-
creases as its ionic radius approaches that of K. For this
particular substrate, without the divalent-ion salt addition,
essentially no waveguides are formed, even at a higher ex-
change temperature.

An example of the effectiveness of the divalent ion on the
exchange rate is shown in Fig. 12. Here a 20/80 Ba(NO 3)2/
RbNO3 (molar ratio) bath was used, and the KTP sample
was treated at 3500C for 2 h. The waveguide depth is nearly
100 m. Without the Ba salt the waveguide depth would
vary from less than 1 to approximately 8 pm, depending on
substrate conductivity. Figure 12 also shows the effect of
the highly anisotropic diffusion properties of KTP. Essen-
tially no latteral diffusion is observed for this 6-pum-wide
channel waveguide, although it is approximately 100 m
deep. Such an anisotropic diffusion characteristic will have
potentially significant device advantages, such as in fabri-
cating high-density guide arrays, optimizing electric-field
overlap for modulators and switches, optimizing optical-
field overlap for nonlinear waveguide devices, and fabricat-
ing modulated index guides.

6. WAVEGUIDE DEVICES AND
APPLICATIONS

KTP has several potential advantages for optical waveguide
devices compared with other materials in addition to having
a much larger modulator figure of merit. Its high optical-
damage threshold suggests that KTP waveguide devices
could be used to control or convert high-intensity optical

beams with input wavelengths extending from the visible to
the IR. Also, KTP waveguide devices should be much less
susceptible to piezoelectric and pyroelectric instabilities be-
cause these effects have not been observed in bulk device
applications, and hence device thermal and mechanical sta-
bility should be much better.

Several demonstration electro-optic and nonlinear-optic
devices have been fabricated by using KTP with the above
waveguide fabrication process. The measured V7. for sever-
al single-channel phase modulators that have been fabricat-
ed indicates that the waveguide fabrication process does not
alter the electro-optic coefficient. Using a 6-pm-wide chan-
nel waveguide and a 0.2-pm MgF 2 buffer layer, and coupling
to the r2 electro-optic coefficient, we observed a Vl of 6 V
cm at 6328 A, which is close to the theoretically predicted
value for KTP's bulk electro-optic and dielectric con-
stants.54 These devices are dc stable for both hydrother-
mally and flux-grown substrates. In some devices the Vl
was lower than 6 V cm at low frequencies and increased to 6

Fig. 12. End view of a Ba/Rb-exchanged channel waveguide in
KTP.
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V cm at high frequency. Evidently, some ionic-conduction
effects are occurring in these samples, which suggests that
the dc conductivity of the Rb-rich optical waveguide is lower
than that of bulk KTP. Limited data on the dielectric
properties of bulk RbTiOPO 4 indicate such a lower conduc-
tivity, a result that is not totally unexpected because Rb has
a larger ionic radius compared with K, giving a lower ion
hopping rate.

A Mach-Zehnder modulator was also fabricated on a 1-
mm-thick, z-cut KTP substrate by using 6-pm-wide Rb-
exchanged waveguides and traveling-wave electrodes that
show a bandwidth of nearly 16 GHz.55 This modulator was
fabricated with a 0.4-pm SiO 2 buffer layer, a 1-cm electric-
field interaction length, and a 25-pm electrode gap and had a
V,, of 10 V at a 1.3-pm input wavelength and 5 V at 0.633 pm.
In addition to being dc-bias and thermally stable, this modu-
lator did not show any instabilities due to optical damage or
photorefraction, which are commonly observed in other ma-
terials, even with inputs of as great as 1 mW.

The nonlinear-optical properties of KTP waveguides have
also been evaluated by measuring the SHG output, using a
diode-pumped Nd:YAG input at 1.064 and 1.31,pm. Using a
6-pAm-wide Rb-exchanged channel waveguide, we measured
conversion efficiencies to the green in the 4% W-' cm-2
range.56 (Conversion efficiencies given have been normal-
ized to input power in the guide and to guide length.) This
conversion efficiency is close to the best values measured
(4.8%) for Ti:LiNbO 3 waveguides. At 1.31-prm input we
recently measured conversion efficiencies of approximately
1% W-1 cm-2 . Additional experiments aimed at evaluating
parametric processes, using resonant structures and extend-
ing the phase matching to shorter wavelengths, are ongoing.

7. CONCLUSIONS

We have reviewed the crystal structure and crystal growth of
KTP and its linear- and nonlinear-optic, electro-optic, di-
electric, and optical waveguide properties. KTP is an im-
portant material for SHG of the Nd:YAG and other
Nd:doped lasers and has been shown to have attractive prop-
erties for sum- and difference-frequency mixing and OPG.
It also has large electro-optic coefficients and low dielectric
constants that make it potentially useful for integrated-
optic applications as well. Low-loss optical waveguides can
be formed in KTP by using a relatively simple ion-exchange
technique. These guides have high optical-damage resis-
tance, are thermally stable, can be fabricated with refrac-
tive-index increases as great as 0.23, and have electro-optic
properties similar to bulk material. Several optical wave-
guide electro-optic and nonlinear-optic demonstration de-
vices have been fabricated. These devices confirm that
KTP is also a superior material for many optical waveguide
applications.
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