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I. INTRODUCTION AND OBJECTIVES

The goal of this project was the demonstration of improved media for guided-wave and

nonlinear optical devices. The general approach taken was to "tailor" readily available

media to suit particular applications, rather than to attempt the development of entirely new

material systems. This project evolved from a previous program in single-crystal optical

fibers supported by the AFOSR, so the work reported here includes both completion of

projects begun under this previous program, as well as results of new directions pursued

after its completion.

The major effort in the present program has been the development of media suited to

frequency conversion of moderate-power (<100 mW) near-infrared diode-lasers and diode-

laser-pumped solid-state lasers. Such efficient solid-state sources of coherent optical

radiation could be applied to a number of technologically important problems. For example,

high storage density optical memories and high resolution xerographic processes would be

possible if a blue light source were found to replace bulky, inefficient argon-ion and He-Cd

lasers. Coherent room-temperature mid-infrared sources would be invaluable for a variety

of sensors, and for the detection of industrial emissions or chemical agents. It has proven

difficult to develop diode lasers in these spectral regions, so conversion of the outputs of

available near-infrared diode lasers to other wavelengths is an attractive approach.

Two essential difficulties must be addressed in any low-power frequency conversion

device: boosting the efficiency above that of simple single-pass bulk devices (which are

typically less than 1%/W) and achieving phase-matching for the desired interaction. We

have used waveguide interactions to increase the conversion efficiency, and explored quais-

phase-matching (QPM) as a broadly applicable approach to meeting the phasematching

condition. Both oxide ferroelectrics like LiNbO3 and quantum-wells in III-V

semiconductors have been investigated for these applications. Second harmonic generation

(SHG) of near-infrared lasers to produce green and blue radiation, as well as SHG of the

9 - 11 gm output of a C02 laser have been demonstrated in these materials.
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These media together constitute a significant step towards the goal of "generic"
nonlinear media for the far-infrared - ultraviolet, based on readily available materials and

fabricated with standard technologies, applicable to essentially any frequency conversion

application.

We have also carried out several other studies under the support of this program:

single-crystal sapphire fibers for energy delivery and sensor applications, techniques for

composition control of lithium niobate through vapor-phase transport, and polysilane thin

films for waveguide applications. The sapphire fibers have high melting points (2040'C),

broad transparency ranges (beyond 3 .m in the IR), good mechanical properties, and
losses below 1 dB/m for A > 0.6 .m, making them excellent candidates for medical

applications with IR lasers, e.g. surgery with 2.9 gm Er:YAG lasers. The vapor-phase-

transport (VTE) lithium niobate has excellent homogeneity and large, controllable

birefringence useful for adjusting phase-matching wavelengths in nonlinear devices. The

polysilane films, originally developed as photoresists for UV lithography, are readily spun

on a variety of substrates as waveguide-quality films, have large third-order nonlinear

susceptibilities, and can be optically patterned to produce birefringent waveguide

structures.
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II. SUMMARY OF MAJOR ACCOMPLISHMENTS

This research program involves work at the interface between materials and device
technology for guided wave and nonlinear optics. The accomplishments summarized here
span a wide range of topics, and are discussed in more detail in subsequent sections of this

report.

1. Quasi-phase-matched second harmonic generation in lithium niobate
waveguides
A technique based on in-diffusion of lithographically patterned Ti films into lithium

niobate substrates was developed to induce periodic reversal of the ferroelectric domain

orientation with periods as short as 4 .m. The associated periodic reversal in the sign of

the nonlinear susceptibility allowed quasi-phase-matching (QPM, compensation of the

phase velocity mismatch) of second harmonic generation of blue and green light in planar

and channel waveguides fabricated in the periodically-poled substrates. This process

eliminates the need for birefringence to phasematch, allowing the use of the lage d33
nonlinear coefficient (14 times the efficiency of d 15) for any interaction within the

transparency range of lithium niobate. The waveguide geometry provides an efficiency

enhancement of 2 - 3 orders of magnitude over bulk interactions.

2. Growth of periodically-poled fibers and rods of lithium niobate

Our laser-heated pedestal growth apparatus was adapted to grow crystals with volume

gratings of periodically reversed ferroelectric domains. Periodic modulation of the growth

rate through amplitude modulation of the heating laser was used to induce periodic

striations in the composition of the crystal. These striations lead to domain reversals with

periods as short as 2 jim on cooling through the Curie temperature. These structures can

be used for first order QPM any interaction within the transparency range of lithium
niobate. SHG of blue light at 408 nm was demonstrated in these crystals, with

approximately 250 domains contributing coherently to the interaction.

3. Observation of extremely large nonlinear susceptibility due to
intersubband transitions in AIGaAs quantum wells

Transitions between subbands within the conduction band of III-V quantum wells have

large oscillator strengths and characteristi energies in the mid- and far-infrared. The

second order nonlinear susceptibilities in these structures, increased by the large oscillator
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strengths and by resonant enhancements, can be extremely large if the inversion symmetry
of the wells is broken. We have measured the wavelength and bias field dependence of the
nonlinear susceptibility of wells in which the symmetry is broken by an applied electric

field, for wavelengths between 9.6 pgm and 10.8 pim and fields up to 36 kV/cm. The peak
susceptibility, 28 nm/V, is 70 times larger than that of bulk GaAs, is among the largest
measured in any medium, and agrees well with a model incorporating nonparabolicity,

band bending and resonant screening effects.

4. Tissue ablation with 2.9 g.m radiation delivered through a single-crystal
sapphire fiber

The growth of optical quality single-crystal sapphire fibers has been an ongoing

component of our research program. The properties of these fibers, including a broad

transparency range (out to 4 gm in the infrared), high melting point (2050*C), mechanical
strength and low toxicity make them attractive for delivery of IR lasers in surgical

applications. We have grown 110 pm fibers in lengths up to 2.5 m, and characterized their

absorption and scatter losses. At 2.9 pgm the total loss is - 1 dB/m, low enough for
practical applications. We demonstrated the suitability of these fibers for laser surgery by
in vitro ablation of post-mortem human arterial tissue with 6 mJ, 110 pgs pulses of 2.9 gm

radiation, 20 times lower energy than the observed damage threshold of the fibers.

5. Demonstration of optically written birefringence in polysilane thin films
We have been studying the linear and nonlinear spectroscopy of thin polysilane films to

ascertain their suitability for waveguide applications. An important outcome of the studies

is the observation that two-photon absorption induces a permanent birefringence in the
films, of magnitude An-0.03, with principal axes determined by the polarization of the

pump field. This high degree of 'memory' of the polarization state of photoexposure has
many potential applications, including the formation of birefringent gratings and variable

waveplates through photoexposure, as well as the patterning of integrated optical devices or

encoding of digital information. We have characterized such birefringent diffraction

gratings fabricated by pulsed laser holography, and have observed grating efficiencies as
high as 8%, with a polarization diffraction ratio greater than 10:1. Calculated estimates of

the related two-photon enhancement of n2, useful for nonlinear switching devices, show

that polysilanes should be comparable to the more commonly studied polydiacetylenes.

4



III. PROGRESS AND ACCOMPLISHMENTS

A. Quasi-Phase-Matched Interactions

A. 1. Introduction

The fundamental materials problem (and hence the fundamental problem) in low
power frequency conversion devices is to obtain a medium with adequate nonlinearity and

transparency that can be phasematched for interactions of interest. The latter constraint,
phasematching, is generally satisfied by using the birefringence of the crystal to offset the

dispersion. In practice, it is often difficult to obtain such a fortuitous combination of

material parameters, particularly at short wavelengths, which leads to the use of materials

like KNbO 3 that would otherwise be rejected because of other unattractive properties.

Our work has focussed on a more general technique, quasi-phasematching (QPM),
which allows effective phasematching over the entire transparency range of a crystal. In a

quasi-phasematched interaction, the fundamental and second harmonic waves have

different phase velocities, but the sign of the nonlinear susceptibility is changed every time
the waves drift out of phase by z, i.e. every coherence length, as seen in figure 1. The

modulation of the nonlinear susceptibility resets the relative phase of the driving

polarization and the generated second harmonic, so that the second harmonic power grows

monotonically with interaction length, instead of oscillating as in a non-phase-matched

interaction.

While the conceptually simplest approach to QPM, slicing the crystal into wafers
one coherence length thick and rotating every other wafer by 1800, has been demonstrated

for far-infrared interactions, it is impractical for visible interactions with coherence lengths

of several microns. As an alternative, we have periodically reversed the orientation of

ferroelectric domains (periodically-poled) in lithium niobate and lithium tantalate. The
orientation of the polar crystal axes is inverted in antiparallel domains, so that such a

periodically-poled crystal ltas the periodic sign change in the nonlinear susceptibility

necessary for QPM.

Quasi-phasematched interactions in lithium niobate are of interest for several

reasons. With an appropriate structure, one can quasi-phasematch any nonlinear interaction

over the transparency range of the material. One is thus no longer constrained by the
necessity of finding an appropriate combination of birefringence and dispersion to
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Figure 1: Effect of phasematching on the growth of second harmonic
intensity with distance in a nonlinear crystal.

(a) Curve A: perfect phasematching in a uniformly poled crystal.
Curve C: non-phasematched interaction. Curve BI: first-order
quasi-phasematching by flipping the sign of the spontaneous
polarization every coherence length of the interaction curve C.

(b) Curve A: perfect phasematching Curve B3: third-order quasi-
phasematching by flipping Ps every three coherence lengths
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phasematch a particular interaction. Since there is no longer any reliance on birefringence

for phasematching, it is possible to polarize all the interacting waves along the c-axis, so

that the relevant nonlinear coefficient is d33 . This coefficient is larger than the d15

coefficient used in birefringently phasematched interactions, leading to an 14 fold increase

in the efficiency of the nonlinear interaction for a given length of material. One thus has

access to interactions not birefringently phasematchable, can shift the phasematching

temperature of phasematchable interactions to a more convenient operating point, and can

take advantage of a significantly larger nonlinear susceptibility.

For typical visible light interactions, demonstration of QPM then requires the

fabrication of ferroelectric crystals with domain reversals every 1.5 - 10 Im which retain

the high optical quality of uniformly poled crystals. We have demonstrated two general

approaches to fabricating such crystals. In one the domain reversals are induced by

periodically perturbing the growth of fibers and small rods of lithium niobate. The other, a

planar process, involves lithographic patterning of a dopant on a substrate, a heat treatment

to drive in the dopant and create the domains, and finally a second lithographic step to

define a channel waveguide by an ion-exchange process. Both techniques have

successfully been applied to the generation of blue and green light by SHG of 800 - 1060

nm fundamental wavelengths in nonresonant, single-pass devices.

A.2. Modelling Lithium Niobate Devices

The analysis of ideal quasi-phase-matched structures is identical to that of

conventionally phase-matched devices, with the exception that for rth order QPM (domain

thickness equal to m lc ) the nonlinear coefficient is replaced by dQ = (2/mr) deff. For

interactions involving extraordinary polarized light in lithium niobate, deff = d33 = 35

pm/V, so that dQ = 22 pm/V. The efficiency of confocally focused bulk interactions scales

with the length of the crystal and with the input power, so it is convenient to define a
normalized efficiency 17, with units [%/w-cm], according to P2alPta = T L Pa,. One then

predicts a conversion efficieni-y for bulk QPM doubling of an 800 nm pump of

13 %/W-cm, 14 times larger than that of birefringently phasematched lithium niobate, if it

were possible to phase-match at this wavelength. Thus, in a I cm long bulk nonresonant

device, one expects 1.3 mW of 400 rim output for 100 mW of input power.

In a waveguide, the conversion efficiency is increased by the elimination of

diffraction effects. The efficiency then scales with the square of the length of the device
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and with the input power so that the normalized efficiency has units [%/W-cm 2] and is

defined by P2o/Po = 17 L2 Po> The normalized efficiency is inversely proportional to the

effective area of the interacting waveguide modes, which is calculated from an overlap

integral of the modes involved in the interaction, as discussed in the appended article from

Proc. SPIE. by Fejer, Magel, and Lim.1 For an effective area of 10 jim 2 (approximately

the case for 3 p.m spot size modes), the conversion efficiency for first order QPM SHG of

400 nm radiation is 3.5% /mW-cm 2 , so that a 10 mW input would generate 3.5 mW of

400 nm light in a 1 cm long device, while 100 mW of input power would produce this

same output in a 1 mm long device. It is easier to fabricate lower frequency gratings, so

one often uses third order interactions, for which the theoretical conversion efficiency is 1/9

that of the first order device, or 0.4%/mW-cm 2 .

The temperature and wavelength acceptance bandwidths of these devices are

important practical considerations. Unlike the bandwidths for birefringent phasematching,

which depend on the temperature or wavelength derivatives of the birefringence, the

bandwidths for QPM depend on the dispersion of these quantities for the extraordinary

index alone, i.e. if dne/dT were independent of wavelength, th temperature acoeptance

would be infinite. In the infrared, where these dispersions vary slowly with wavelength,

the acceptances are in fact quite large, as much as 700'C-mm for SHG of 1.06 p.m. As one

tunes towards shorter wavelengths, the temperature acceptance becomes smaller as the

wavelength dependence of the derivatives becomes larger. In the green, the temperature

acceptance is 30'C-mm, and for 430 nm radiation, it is 151C-mm. The wavelength

acceptance for 430 nm generation is 7 A-mm. Noting that diode lasers typically tune

2 - 4 APC, we see from these bandwidths that the limitation of the diode/doubler system is

the combination of the temperature tuning of the diode and the wavelength acceptance of the

QPM doubler.

A.3. Planar Lithium Niobate Devices

We have studied both planar and channel devices in lithium niobate wafers. By

patterning a thin (50 A) Ti film with a straightforward liftoff process, gratings with 4 to 25

p.m periods have been created on z-cut lithium niobate substraes. With suitable heat

treatment, the Ti is diffused into the substrate, which, on cooling to room temperature,

leads to an array of periodically reversed ferroelectric domains with a spatial period

identical to that of the grating, as shown in figure 2. Waveguide fabrication is done with a

low temperature proton exchange in benzoic acid, followed by a 350 C annealing step.

8
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Figure 2: Section of a typical channel waveguide device, with periodically
reversed ferroelectric domains at the surface, traversed by an ion-
exchanged channel waveguide.

The resulting waveguides are single mode at the fundamental wavelength, and retain the

domain distribution previously induced in the substrate. With an additional masking step

before the proton exchange, it is possible to fabricate channel guides.

We have studied the generation of both 532 nm and 410 nm radiation in these

waveguides. With prism input coupling of Nd:YAG or Styryl-9 dye lasers into planar

waveguides, conversion efficiencies in I mm long gratings were - 5%/W-cm 2. In channel

guides, single-pass conversion as large as 40%/W-cm 2 has been observed for 820 nm

fundamental wavelengths. This conversion efficiency is substantially smaller than the

350 %/W-cm 2 one predicts from the observed mode sizes, which were 3.7 p= and 3.1 ;1m

for in-plane and out of plane at the fundamental, and 2.1 and 1.5 p m in the blue. The

possible sources of the discrepancy will be discussed in the section A.6. The effective

length of these devices, as calculated from the width of the wavelength tuning curve, was

-0.9 mm, in good agreement with the actual 1 mm length of the grating, as shown in figure

3. We then attempted to scale these devices to 1 cm lengths, retaining the same fabrication

steps, but changing the mask used to pattern the titanium that induces the domain

9
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Figure 3: Wavelength tuning curve for second harmonic generation of 410
nm from an 820 nm pump in a I mm long periodically poled
waveguide device. The sinc2 dependence and the linewidth agree
with theoretical predictions.

formation. Our first 1 cm long devices had effective lengths of only 1 mm, indicating

serious problems with the homogeneity of the waveguides. The source of these
inhomogeneities was identified to be temperature gradients in the benzoic acid bath. With a
better stirred melt, our next generation of devices had an effective length of 3 mm, and
produced 30 .IW of 410 nm radiation for 25 mW input. The normalized conversion
efficiency was therefore similar to that of the 1 mm devices, if the 10 mm actual length is
replaced by the 3 mm effective length in the calculation. Recently we have generated as
much as 130 gW of 410 nm radiation in similar devices, with no apparent photorefractive

effects.

While these results demonstrate the possibility of QPM devices in the blue,

construction of a practical device requires an understanding of the phenomena that limit the
efficiency, particularly tolerances for inhomogeneities in the domain spacings and
waveguide structures, and power handling capability of the material. These issues are

discussed in section A.6.
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A.4. Fiber/Rod Lithium Niobate

The growth of fibers and small rods of oxide crystals using a laser-heated pedestal-

growth apparatus, shown in figure 4, has been an ongoing component of this program.

One of the materials grown with high optical quality in these studies has been lithium

niobate. We have succeeded in extending this work to the growth of crystals containing

volume gratings of reversed domains by appropriate modulation of parameters during

growth. For example, periodic modulation of the heat input to the molten zone leads to the

creation of domains whose spacing is given by the ratio of the pull rate to the modulation

frequency. In work with the laser-heated pedestal growth apparatus in our laboratory,

periodic domains as small as 1 gtm in size have been obtained.

take-up snl rsa
reel

guide

paaboloidal
mirror

, . .. ...

....................
CO2 laserbeamn tuff

rmdror
. ....................

Figure 4: Cross sectional diagram of focussing optics and translators used
to grow single-crystal fibers.
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The original goal of this program was to produce fibers adequate for use as single

mode waveguides for birefringently phasematched interactions at higher powers than are
readily supported in conventional channel waveguides. As periodic poling technology

advanced, this goal became less urgent, as the all-extraordinary polarization of the modes in

QPM interactions allows the use of planar waveguides, discussed in section A.3, which are
relatively damage resistant but support only the extraordinary polarization. In addition,

periodically-poled crystals seem inherently to have dramatically higher resistance to
photorefractive damage than do uniformly poled crystals. Hence the focus of the fiber
growth project has shifted to the production of "bulk" (- 1 mm diameter) crystals, suitable

for use with hundreds of milliwatts of visible power in microlaser applications.

A description of the techniques used to create periodic domains and the optical

characteristics of several fibers used for blue light generation are given in a recently

completed dissertation.2 These measurements are summarized in the Proc. SPIE I article

and the Appl. Phys. Let. 3 appended to this document. The periodic domains are created

by modulation of the power in the C02 laser beam used as the heat source in the pedestal

growth apparatus. The consequent modulation of the growth rate leads to compositional

striations (either in the Li/Nb ratio in undoped crystals or in the Mg/Nb ratio in Mg doped

crystals) which lead, through mechanisms still under investigation, to domain reversals.

The steep temperature gradients and rapid growth rate characteristic of the pedestal growth

process result in a very short dwell time above the Curie temperature for the crystal, which

in turn reduces the tendency of the striations to blur through diffusion.

Periodically-poled crystals of both a- and c-axis orientations have been grown by

this technique, with domains as small as 1 .m, adequate for first order QPM of essentially
any interaction in the transparency range of lithium niobate. The SHG curve for

fundamental wavelengths of 800 - 900 nm have been made for both extraordinary and

ordinary polarizations, and are shown in figure 5. Measurements of the width of the SHG

curve show that the effective length is typically 300 pm, nearly long enough for device

applications when the 14 fold increase in efficiency per unit length, discussed in section

A. 1, is taken into consideration. That the effective length is the same for both polarizations

strongly suggests that the problem is with the periodicity of the domain spacing rather than

with the homogeneity of the crystal, since the former affects both polarizations similarly,

while the latter generally have much stronger effect on the extraordinary polarization.

12
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Figure 5: Second harmonic power as a function of fundamental wavelength
for ordinary and extraordinary polarized radiation in periodically
poled lithium niobate rod.

Another important result of the work in the bulk crystals is the observation that the
resistance to photorefractive damage of periodically poled crystals is dramatically higher
than that of uniformly poled crystals. 100 mW of 488 nm radiation focussed to a 10 gm
spot through a 1 mm long periodically-poled crystal did not cause any measurable beam
blooming, while microwatts led to visible blooming in uniformly poled crystals. This
result can be understood qualitatively from the periodic sign change in the electro-optic
coefficient, and hence in the direction of photorefractive beam coupling, on a very fine
spatial scale in the periodically-poled crystal.
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A.5. Planar Lithium Tantalate

We have also explored the possibility of periodically poling lithium tantalate. This

crystal is of interest for its superior resistance to photorefractive damage (by two orders of

magnitude) and its lower Curie temperature (=60 0 *C), which allows direct electric field

poling of the crystals. We have poled the crystals by fabricating interdigital electrodes on a

z-cut wafer and applying a constant current source across the electrodes while cooling the

crystal through its Curie temperature. Under proper conditions, domains align with the

poling fields, yielding well defined boundaries for the reversed regions. The electrodes are

then stripped from the substrate, and a waveguide fabricated using proton exchange

through a tantalum mask.

The major process development step was the identification of conditions under

which sufficient current to produce well-defined domains could be passed through the

crystal without damaging the surface under the electrodes. We found that standard Cr:Au

electrodes were not appropriate, as the Cr had a strong tendency to electrodiffuse through

the crystal. We had much better results with Ti:Au electrodes, and low current densities

applied for a short interval just as the crystal passed through the Curie temperature.

With these techniques we fabricated our first device, designed with 13 gm domain

spacing for SHG of 950 nm radiation. An unannealed proton exchanged waveguide was

used, as literature reports indicated that, unlike lithium niobate, lithium tantalate showed no

degradation of the electro-optic coefficient after proton exchange 4 . This device did not

show any second harmonic generation with CW input radiation. Subsequent

measurements using a Q-switched laser also showed no measurable SHG. We then tried

annealing the waveguides, and found that the nonlinear coefficient was restored. It thus

appears that the structural change associated with proton exchange has a dramatically

different effect on the electro-optic and the nonlinear optic susceptibilities. This is not

surprising for these ferroelectric oxides, in which the electro-optic coefficient is almost

entirely due to ionic motion, while the nonlinear optic coefficient is almost entirely

electronic.

A second batch of devices made with annealed proton exchange waveguides also

did not work efficiently. This problem is currently being studied, with attention on the

effect of the proton exchange process on the domain distributions.
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A.6. Open Questions

While the progress in of these structures has been very encouraging, none are yet

ready for practical application. The remaining questions revolve around either spatial
inhomogeneities (waveguide structure in the planar devices, domain spacing in the bulk
devices) or the effect of the fabrication steps on the material properties (control of spatial
distribution of domains in titanium or electric field poling, effect of proton exchange on
nonlinear susceptibilities, effect of proton exchange on domain orientation in lithium
tantalate). In this section our present understanding of these effects is discussed.

In an ideal QPM structure, the dispersion of the medium is compensated by a
periodic reversal of the sign of the nonlinear coefficient, with the period of the reversal
equal to twice the coherence length. A simple way to understand the effect of QPM on the
efficiency of the device is to decompose the patterned nonlinear susceptibility into its
component spatial harmonics. For a square modulation of unit amplitude, the coefficient of
the mth odd spatial harmonic is 2/rmr.

In aperiodic devices, the peak conversion is in general reduced, essentially by the
amount that the desired Fourier component of the grating is reduced, with an accompanying
broadening of the phasematching bandwidth. The tolerance for these deviations from
periodicity depend in detail on the statistics of the deviations. The strictest tolerance is for a
simple error in the periodicity, that is, when the structure is periodic, but has the wrong
period. For a structure with N domains and coherence length 1c, the allowable fractional
error is &c€1c/I < 1/N. Of course, such an error can be compensated by changing the
wavelength of the laser or the temperature of the crystal slightly. If the domain spacing
varies linearly through the crystal, from Ic - &c to 1c + &c at the other, the tolerance is &c /I
< 6/N. If the error is random with an rms magnitude 81c, the tolerance is 1/4N. All of
these cases can be understood from the general rule that the accumulated error in position of
the Nth domain must be less than a coherence length. These considerations are discussed
in detail in the Ph.D. dissertation of Greg Magel 2 and are being prepared fo. publication.
Note that the structures are rather tolerant of random errors: a 1 mm long structure with 2

.±m coherence length can tolerate 4.5% rms jitter in the domain position. The tolerance for
taper is smaller, only 1%. The difference is more pronounced for longer structures: for a 1
cm device with 2 gm domains, the tolerances for linear taper and random error are 0.1%

and 1.5% respectively.
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The effective length of 0.3 mm observed for the bulk material corresponds to an

error in domain width of 7% if random and 3% if tapered. The latter is more consistent
with observations based on SEM photographs of the domains, and is not surprising in

view of the friction-coupled belt-drive system used to translate the crystals during growth.

QPM interactions are much more tolerant of duty cycle variations and missing

domains, and so are insensitive to the types of errors likely to occur with lithographic
fabrication techniques. In these systems, it is generally the waveguide homogeneity that

limits performance, as discussed below.

In waveguide devices two other issues arise: spatially varying dispersion due to
inhomogeneities in the structure, and the overlap of the waveguide modes with each other

and with the periodically-poled region. Because the propagation constants (described by
the "effective refractive index") of the waveguide modes depend on the dimensions of the
waveguide, and the dependence is different at different frequencies, variations in the

dimensions of the waveguide lead to variations in the phase-mismatch in nonlinear
interactions. Thus, a single periodic structure cannot quasi-phasematch the interaction over

the entire length of the crystal. The tolerance for this type of inhomogeneity in the effective
refractive index of the modes is the same as the tolerance for inhomogeneities in the

refractive index of a bulk crystal. For a constant error, the tolerance can be estimated from
A/kL < 7r, so that allowable error in the index difference between the fundamental and the

second harmonic is 3n < V2L. For a 1 cm long waveguide, the tolerance is then on the

order of 5x10 5 .

To translate this tolerance on index dispersion errors to one on structural

homogeneity in the waveguide, we must connect changes in waveguide dimension to

changes in waveguide dispersion. We have carried out this calculation for several types of

waveguide; the results discussed here for step profile waveguides are representative. In

general, the sensitivity of the effective index to the waveguide dimensions scales with the

core-cladding index difference, and inversely with the waveguide thickness. Thus, tightly

confining waveguides, which produce the smallest effective area for the modes, also

produce the greatest sensitivity to waveguide inhomogeneities. We can quantify these

notions by wr'ling the effective index as a Taylor series in the waveguide thickness:

n2- n) =AgI6(r, V) 6P + 1 g2(r, V)
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where nm and n2w are the effective indices of the modes at the fundamental and second

harmonic, 8 indicates a small deviation in a quantity, An is the core-cladding index

difference, p is a characteristic dimension of the waveguide, r is the ratio of An at the
fundamental and second harmonic wavelengths, V = (2yr p /A) T2 n An is the normalized

frequency , and g I and g2 are dimensionless functions on the order of unity.

For typical cases, g I is approximately 1/2, and we can find for An - 0.01 that the

tolerance for a fixed error is 8p/p < 1% in a 1 cm long, 3 pgm wide waveguide. For a
linear taper, the tolerance is = 6%. These tolerances, while attainable, are difficult, so it is

desirable to find conditions under which the constraints are relaxed. If gi = 0, there is no
first order dependence on p of the difference in no) and n2w, so that the tolerance scales

inversely with the square root of the length of the device, rather than inversely with the
length of the device, and "non-critical" phasematching is achieved. This noncritical point

typically falls within the single-mode operating range of the fundamental, and increases the

tolerance for variations in the waveguide width by an order of magnitude for the case
described above. We have tested these predictions by measuring the effective indices at
916 nm and 458 nm for a series of proton exchanged waveguides and plotting the

difference as a function of the depth of the waveguides. We find that a turning point occurs

at V = 2, as predicted theoretically. These results are shown in figure 6. Incorporation of
this design concept into our next generation of QPM devices is expected to yield substantial

improvements in the effective length of the devices without necessitating any improvement
in the quality of the lithography. A patent has been filed on these noncritically phase-

matched devices.

The overlap of the waveguide modes with the periodically reversed domains is

another point that must be considered in optimizing the performance of the devices. The
efficiency is reduced if the penetration depth of the domains is smaller than that of the

waveguide modes. A quantitative analysis of these effects is given in the appended Proc.

SPIE article by Fejer, Magel, and Lim. 1 We have found that under the processing
conditions that we currently use, domains shallower than their width are essentially

rectangular in cross section, while those that penetrate to a depth comparable to their period

become triangular. From our current measurements, it appears that the reduced overlap of

the waveguide modes with these triangular domains contributes to the discrepancy between

the observed and the theoretical conversion efficiency.
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Figure 6: Difference between the effective indices of refraction for the
fundamental and second harmonic mode in a lithium niobate
waveguide as a function of waveguide depth (as given by square
root of diffusion time). Solid line is theory, points are
experimental measurements. Note the appearance of a turning
point where there is no first order dependence of the dispersion
on the waveguide depth.

The waveguide fabrication process used in these devices, annealed proton
exchange, is less well characterized than several other waveguide processes, but has a
combination of low temperature processing, low-loss performance, resistance to
photorefractive damage, and retention of the nonlinear susceptibility that is not currently

available by any other process. The nonlinear dependence of both the diffusion coefficient
and the index of refraction on the proton concentration, and the "aperture effect" (effect of

the mask material on the diffusion of the protons), exacerbate the difficulties associated
with characterization of this process. The dependence of the nonlinear susceptibility on the
proton concentration further clouds the issue of waveguide optimization for QPM devices.

While we have evolved workable recipes for producing waveguide QPM devices, better
understanding of the dependence of the waveguide and nonlinear properties on the process
conditions would lead to better device designs.
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B. Epitaxially-Grown Semiconductors

Periodically-poled lithium niobate comes close to defining a generic approach to the

design of a nonlinear medium suited to the visible and NIR part of the spectrum.

However, this material system has some limitations: The multiphonon absorption at

wavelengths greater 4 gtm in lithium niobate limits its use to visible and near-infrared

interactions, and, since no technology for the growth of high quality lithium niobate films

on GaAs substrates currently exists, the pump laser must be coupled to a waveguide

fabricated on another substrate. Approaches based on epitaxially grown semiconductors

could in principle extend the accessible wavelength range to the far-infrared, and would

allow integration of the device on the same substrate as the pump. At present, these

approaches are promising, but less well-developed than the oxide ferroelectrics.

Present epitaxial growth techniques make possible control of electronic and

dielectric properties on the scale of a single atomic layer. This unprecedented design

freedom has led to widespread interest in the application of epitaxially grown

semiconductors in electronic and optical devices. The spatially varying bandgap produces

quantum wells whose unique electronic properties, e.g. 2-d excitons and intersubband

transitions, lead to a variety of interesting optical properties. We have studied the optical

phenomena associated with the intersubband transitions, and initiated studies of phenomena

based on patterning the bulk properties of HI-V and II-VI semiconductors. The samples

used in our studies to date were grown by J. S. Harris's group in Stanford's Electrical

Engineering Department. We will continue this collaboration with his group in the future,

and have begun work with the J. Gibbons group on II-VI materials.

B.1. Intersubband Transitions in HI-V Quantum Wells

Our first studies of nonlinearities in nanostructures involved far-infrared

intersubband transitions in AlGaAs quantum wells. We note that these are entirely different

from the heavily studied excitonic nonlinearities observed at the band-edge (- 800 nm) in

AlGaAs quantum wells. The bound states of electrons in the conduction band of an

AlGaAs quantum well (subbands) can be accurately pictured as the "particle in a box" states

familiar from basic quantum mechanics. Transitions between these subbands have large

dipole matrix elements (oscillator strengths on the order of me/m*, or 15 for GaAs), tunable

energy differences typically resonant with 5 - 15 pum radiation, and narrow linewidths (the

ground and excited subbands have approximately the same curvature). These large matrix
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elements and resonant enhancements lead one to expect large nonlinear susceptibilities.

Since square wells are inversion symmetric, their second order susceptibility vanishes, and

enhancement occurs only in the third order susceptibilities. Large second order

susceptibilities can be obtained in systems in which the inversion symmetry is broken either

through asymmetric composition or doping profiles, or through the application of a bias

electric field.

Our first work in this area, characterizing the absorption spectra and electric-field

induced second harmonic generation of a Q-switched CO2 laser in square AlGaAs wells

was reported in the Phys. Rev. Lett. by Fejer, Yoo, Byer, Harwit, and Harris 5 included in

the Appendix to this report. Extremely large second order susceptibilities, 70 times larger

than bulk GaAs were observed. These nonlinearities are among the largest measured in

any midium. Modelling the electronic properties of the quantum well in the effective mass

approximation, with corrctions for nonparabolicity and band bending, and calculating the

optical properties in a self-consistent (Hartree) approximation yields results in good

agreement with the experimental data. The results of calculations are shown, along with

the experimental data, in figure 7.
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Figure 7: Calculated nonlinear susceptibility for second-harmonic generation
X(2) as a function of the energy of the fundamental photon.
Squares are the experimental measurements.
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Our present work involves extension of the theoretical and experimental results to

more complex quantum wells with larger ratios of nonlinearity to loss. We are

characterizing compositionally asymmetric structures (InGaAs/GaAs/A1GaAs) grown by

the J. S. Harris group in the Electrical Engineering department, and asymmetrically doped

structures developed by L. C. West at the AT&T Holmdel Lab, both of which should

exhibit nonlinearities 1 - 2 orders of magnitude larger than the electric-field -biased wells

previously studied. Theoretical calculations indicate that asymmetric coupled wells should

have even larger ratios of nonlinearity to loss. Vvork also continues in designing samples

for measurements on quantum wells embedded in a waveguiding layer. In addition their

use in efficient application of the quadratic susceptibilities already measured, the waveguide

geometry will be useful for measurements of the resonant dispersion, AC and DC Kerr

effects, and saturation intensities associated with the intersubband transitions.

Since the sign of the nonlinear susceptibility depends on the sign of the applied

field, interesting device geometries based on spatial or temporal modulation of the nonlinear

susceptibility are possible, including QPM with periodic electrode structures. One could

also pattern the nonlinearity in quantum wells with built-in asymmetries, for example by

using impurity induced disordering to locally eliminate the quantum wells, and hence the

nonlinear susceptibility.

We are also improving the characterization equipment, setting up an FTIR

spectroscopy facility with the low-temperature group of T. Geballe, M. Beasley and A.

Kapitulnik in the Applied Physics department to cover the entire 10 - 50000 cm -1 range.

For nonlinear spectroscopy, we have obtained the components and crystals for a lithium

niobate parametric oscillator pumped with a Q-switched Nd:YAG laser, and a frequency

differencer for the signal and idler in a silver gallium selenide crystal to provide radiation

tunable from 2 - 15 gim, covering a large part of the range important for intersubband

physics.

B.2. Other Semiconductor Films

While the bulk nonlinearities in II-V and HI-V semiconductors are generally quite

large, it is difficult to use them for frequency conversion devices because, as cubic crystals,

they have no birefringence for phasematching. Building on the QPM waveguide approach

developed with lithium niobate, we have begun investigations of techniques for laterally

patterning the bulk nonlinear properties of epitaxially grown films, with the ultimate goal of
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building QPM devices monolithically on the same substrate as the pump laser. Since these

semiconductors are not ferroelectric, other means for controlling the nonlinear susceptibility

must be used. One approach is to periodically induce disorder in the films, eliminating the

nonlinearity in the randomized region and thereby achieving on-off modulation for QPM.

The studies are in their early stages, but promising approaches both for ZnO films

produced in our microfabrication lab, and GaAs films produced through MBE by the J. S.

Harris group in the Electrical Engineering department show promise.

While considerable effort will be necessary to bring these systems into control, the

payoff is well worth it, both for the large available nonlinearities

(d[GaAs] = 20dl 5 [LiNbO3]), visible operation with I-VI crystals, and for eventual

integration with laser sources.
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C. Single-Crystal Sapphire Fibers

Single-crystal sapphire fibers have been an ongoing part of this project, both as a

model system for fiber growth, and for applications requiring optical fibers with extended

IR transparency, resistance to high temperatures and chemical attack, low-toxicity, and

good mechanical properties. The growth technique is laser-heated pedestal growth, with a

12 W CO2 laser as the heat input. Details of the system appeared in previous reports, and

in the Appl. Phys. Lett. by Jundt, Fejer, and Byer6 found in the Appendix.

For typical energy delivery and sensor applications, low-loss fibers several meters

in length are required. We have grown 110 gm diameter sapphire fibers with lengths up to

2.5 meters, and characterized their optical and mechanical properties relevant to device

applications. The scatter losses, measured with an integrating sphere at several
wavelengths, were less than 0.2 dB/m for 458 nm <A < 2900 nm. The absorption losses,

measured calorimetrically and by total throughput measurements, had a minimum of 0.3

dB/m at 1060 nm, rose to 0.9 dB/m at 2936 nm, and had a pr,ounced peak at 410 nm.

The visible absorption band is probably due to a color center, and thermochemical

bleaching techniques to reduce its magnitude are beir, ,,_ *.stigat3d. The fibers are quite

strong: 4 mm bend radii have been demonstr-a.ed in 150 gtm diameter fibers.

An important potential app'ication of these fibers is as a flexible delivery medium

for 2.9 Li radiation from an Er:YAG laser for surgical applications. We have tested fibers

with a pulsed Er:YAG laser, and found that in vitro ablation of post-mortem arterial tissue

was possible with 6 mJ, 110 pis long pulses, 20 times lower energy than the observed end-

face damage threshold. These results were sufficiently encouraging that several samples

have been distributed to medical researchers for in vivo studies in animals.

Detailed studies of the dynamic response of the growth process to perturbations,

and thermal effects contributing to the growth dynamics have been carried out, and the

resulting data are currently being analyzed.
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D. Other Lithium Niobate Studies

D.1. Vapor-Transport-Equilibrated Lithium Niobate

It is well known that LiNbO 3 exists over a range of compositions, commonly

specified by the ratio Li/[Li + Nb], of 0.5 to 0.41. The birefringence, and therefore the

phasematching temperature, of the crystal depend strongly on the composition. It has not

in the past been possible to exploit this control over the phasematching, because high

optical quality crystals can be grown only from the congruently melting composition,

0.486. It was discovered by Holman, in the course of investigating the phase diagram of

LiNbO3, that the composition can be modified by vapor phase transport of lithium oxide

into the crystal from powders of known composition7. For example, heating a crystal of

congruent lithium niobate in the presence of lithium-rich powder results in a crystal

equilibrated to the phase boundary near the 0.50 (stoichiometric) composition.

In the course of our studies of LiNbO3 fibers, we measured the optical properties of

stoichiometric lithium niobate fabricated by the vapor-phase equilibration (VTE)

technique.8 The birefringence, and therefore the phasematching temperature, are increased

considerably with respect to the congruent composition. The phasematching temperature

vs fundamental wavelength are shown in figure 8 for several types of LiNbO 3 . The

phasematching temperature at 1.06 grm for the stoichiometric crystal, 2380 C, is the highest

reported to date, and is well above the annealing temperature for photorefractive damage.

We have demonstrated 45% efficient SHG of the output of a Q-switched Nd:YAG laser in

such stoichiometric crystals. It was also possible to double 954 nm input radiation to

generate 473 nm light. This is the first demonstration of blue light generation in bulk

LiNbO3. One further benefit of this process is that the final composition of the crystal is

determined by a thermodynamic equilibrium, and is therefore extremely homogeneous.

The inhomogeneities, as measured from the width of the phasematching curves for second

harmonic generation, are not resolvable for crystals as long as 4 cm.

Li order to better assess the device potential of this material, we made careful

measurements of the index of refraction as a function of temperature and wavelength, and

fit the data with a two-pole Sellmeier equation, which was verified by comparison to

parametric fluorescence measurements. These results are discussed in detail in the IEEE

J.Quant. Electron. paper by Jundt, Fejer, and Byer9 in the Appendix. Phasematching

calculations based on the Sellmeier equation show that room temperature second harmonic
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Figure 8: Comparison of predicted phase-matching conditions for different
crystal compositions. Circles depict experimental data points for
equilibrated LiNbO3.

generation of wavelengths as short as 488 nm should be possible in stoichiometric lithium

niobate.

Another interesting aspect of this technique is the possibility of producing crystals

with a Li/Nb ratio smaller than congruent. The reduced birefringence associated with such

compositions wou!d permit operation of long wavelength devices such as 1.32 pam

doublers and noncritically phasematched 1.06 p= optical parametric oscillators to operate at

reasonably low temperatures. We have carried out studies of the VTE process for

compositions within the existence range in collaboration with Peter Bordui at Crystal

Technology, Inc. We measured the phase-matching temperature for SHG of 1.06 p.m and

1.32 p.m radiation as a function of Li/Nb ratio, while the Crystal Technology group

measured the Curie temperature of the same samples, whose compositions ranged from

47% to the lithium-rich phase boundary. Because it is much easier to control the solid

composition with this vapor-phase technique than with melt growth, we know the

compositions of the samples to better than 0.01 mol%. Our results are thus of interest both

because they provide a "key" allowing the results of the past two decades of lithium niobate

research to be correlated to an absolute concentration scale, as well as showing the large

range of birefringence, and hence phasematching temperatues, accessible with the VTE

process. These results are being prepared for publication. The Crystal Technology group
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has produced VTE crystals 2 mm thick and 75 mm diameter. These samples are being

fabricated for assessment in device configurations.

Studies of VTE magnesium doped lithium niobate are also underway. It has been

observed that the birefringence of lithium niobate increases both with increasing Li/Nb

ratio, and with Mg doping. It was hoped that co-doping with both Mg and Li would
increase the birefringence more than either of the dopants alone. The VTE process is a

convenient one for studying this system, as several samples of different Mg/Nb ratio could
be easily equilibrated to a series of different Li/Nb ratios, without the need to grow a new

crystal for each data point. This study is not yet complete, but it appears from the available

data that the highest birefringence is obtained with crystals with no Mg, and a Li/Nb ratio at
the lithium-rich phase boundary.

D.2. Other Dopants in Lithium Niobate

We have undertaken studies of Nd and Zn diffusion in lithium niobate for
waveguide devices, in collaboration with R. S. Feigelson's group in the Materials Science

department. The former dopant is of interest for waveguides with gain, while the latter, a
divalent ion that raises the indices of refraction of lithium niobate, was of interest in

connection with waveguides resistant to photorefractive damage. Preliminary results of

both studies are encouraging. We have obtained diffusion coefficients and activation

energies for both species, and have found diffusion conditions under which it is possible to

maintain the optical quality of the bulk material and a smooth surface on the substrate. The

Zn diffuses rapidly, producing single-mode waveguides in approximately 12 minutes at

1100"C. Four orders of magnitude larger transmitted power without photorefractive

damage at 532 nm has been observed in planar Zn waveguides than in similar Ti-indiffused
waveguides. This is a very encouraging result for future high-power waveguides, and is

being prepared for publication. The Nd in-diffused layers also performed well. We have

produced 2 pm thick layers with 0.2 wt.% Nd, and measured fluorescence lifetimes - 100

gs, similar to that of bulk crystals. The index of refraction change induced by the Nd is not
large enough to produce a waveguide by itself, but we have followed the Nd in-diffusion

with an annealed proton exchange process to produce a waveguide in the Nd doped crystal.

These devices are currently being characterized, with preliminary results indicating losses

smaller than 1 dB/cm. Unlike waveguides fabricated in uniformly doped substrates, this

technology allows selective doping to provide gain at desired portions of the integrated-

optic device, and can be extended to other wavelengths, e.g. 1.5 i, with other dopants

like Er.
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E. Polysilane Thin Films

For future applications, polymeric materials have attracted a great deal of attention
because of the ease of manipulating these materials by spin coating and standard
lithography techniques. Although 7r-bonded carbon backbone polymers have been the
usual substances studied for nonlinear applications, the new class of silicon backbone

polymers, called polysilanes, is promising as well. These polymers consist of a long
(>1000 atoms) backbone of a-bonded silicon atoms, with two organic substituent groups
attached to each Si atom. Polysilanes volatilize upon exposure to ultraviolet light, making
them an efficient self-developing lithography material and have therefore been extensively
investigated in the earlier part of the decade as photoresists. They have also been
investigated as possible photoconductors, and as precursors to silicon carbide formation. A
review of polysilane properties has recently been published by Miller and Michl °.

Attention has recently turned to investigation of the nonlinear optical properties of
these materials. These properties should be analogous to the extensively studied carbon-
based polydiacetylene polymer system, with the delocalized electrons provided by the
conjugation of the a-bonded backbone, rather than conjugated 7c-bonds. Polysilanes,
however, have several advantages as nonlinear materials. First, because of the interest in
these materials as photoresists, the capability of fabricating thin (< 4 pm) films of excellent
quality has already been developed. Second, the a -+ a* absorption edge is typically - 3.9
eV, so the material is transparent at all visible wavelengths. Finally, this absorption band
edge is related to the unperturbed length of the silicon backbone, and can be shifted by

adding various substituent groups to the silicon backbone, making resonant enhancement
of various nonlinear effects at particular wavelengths possible.

Of special interest for nonlinear optical applications is the compound poly(di-In-
hexylsilane), a polymer with two hexyl chains attached to each Si atom. At temperatures

below 42°C, the hexane side chains undergo a crystallization which forces the Si backbone

(normally helical) into a planar zigzag conformation. This crystallization occurs only on a

microscopic scale; no evidence of spontaneous macroscopic orientation has been observed

for this compound. The higher dipole moment associated with this new orientation can be

seen in the formation of a strong absorption shifted from 313 nm (the peak for the

amorphous region) to 375 nm, and also in a dramatic increase in the X(3) nonlinearity.

Third harmonic generation measurements by Baumert et al. at IBM1' have shown this may
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be as large as an order of magnitude as the material goes through this phase transition.

They report a value of X(3) (-30.; o,co,,) = 11.2 x 10-12 esu (at X = 1.06 Jim) for the

crystalline phase.

A great deal of progress has been made in the past year in the study in the nonlinear

optical properties of polysilane polymers. As has been reported last year, we have

observed highly anisotropic birefringence caused by polymer chain scission induced

through multi-photon photoexposure, with the axes of orientation determined by the

exposing laser polarization. In contrast, polarized UV exposure induces an anisotropic

response only in a shallow skin, due to strong polymer absorption, and the net

birefringence for a film of waveguide dimensions is quite small. This high degree of

polarization 'memory' produced by nonlinear photoexposure of isotropic materials is, to

our knowledge, unique to the polysilanes. The effect can be as large as Anm0.03, and has

the potential for many useful applications, and a patent describing these applications has

been submitted. These include the formation of birefringent gratings and variable
waveplates through photoexposure, as well as the patterning of integrated optical devices or

encoding of digital information. We have characterized birefr . gent diffraction gratings

fabricated by pulsed laser holography in our laboratory, and have observed grating

efficiencies as high as 8%, with a polarization diffraction ratio greater than 10: 1, as

discussed in the appended Opt. Lett. by Schellenberg, Byer, and Miller. 12

Our earlier work has concentrated on fabrication and characterization of polysilane

films for use as birefringent waveguides and optical elements. This work was carried out

in collaboration with R.D. Miller and J. Zavislan of the IBM Almaden Research Center. It

was found that correct choice of polymer molecular weight, solvent, and spinning

conditions can produce thin films and waveguides of excellent optical quality, and that the

fabrication of birefringent gratings and optical elements was fairly straightforward. 13

More recently, we have concentrated on a spectroscopic study of the multi-photon

absorption to determine the origins of the effect. This experiment measures the polarization

state of a He-Ne probe while inducing birefringence in the polymer film by exposure to

pulsed dye laser light. The nonlinear absorption coefficient was then calculated from the

measured birefringence growth curves, and determined for a variety of wavelengths and

laser powers. In this experiment, we observe a clear quadratic dependence of the

birefringence effect on laser power, indicating that the photochemistry is caused by two-

photon absorption. Considering that two-photon absorption is also a X(3) process, it is not

surprising that this is the case. A simple mathematical model, based on polarization
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selective decomposition of an ensemble of randomly distributed polymer backbones,

describes the growth and decay of the birefringence with exposure within experimental

error. This is in marked contrast to UV induced single-photon photochemistry, which

involves rapid energy transfer of the excitations to chains of other orientations.

The spectrum of the two-photon absorption for the polymer poly(di-u-hexylsilane)

reveals some surprising features. These results have been reported in the appended Chem.

Phys. Len. by Schellenberg, Byer, and Miller14. The spectrum is generally characterized

by a broad gaussian band, centered at 570 nm (corresponding to a two-photon energy of

4.35 eV). The width of this band is -400 meV, similar to the width of the absorption

bands observed in single photon absorption (=360 meV). However, superimposed on the

broad peak is a sharp resonance at 579 nm (corresponding to a two-photon energy of 4.28

eV) with a linewidth of =30 meV. On resonance, the two-photon absorption is enhanced

by as much as a factor of 5, to a value of P- 1.5 cm/MW (corresponding to ImX(3)=lxl0-9

esu). A plot of the two-photon absorption spectrum is seen in figure 9, along with a plot of

the single photon absorption.

These measurements have concentrated on the determination of 0, which is

proportional to Im X(3). Associated with this transition should be a significant enhancement

in Re X(3) as well. Because these two components of X(3) are related through the standard

Kramers-Kronig relationship, it is possible to estimate the value of the nonlinear index of

refraction n2 for this polymer due to the two-photon resonance. A calculation of the

nonlinear dispersion for poly(di-n-hexylsilane), based on our two-photon absorption

measurements, is shown in fig. 10. The curve shows the characteristic dispersion

lineshapes due to the broad band and the sharp spike, and indicates a spectral region with

low two-photon absorption where the nonlinear index is significantly enhanced. The

values of n2 in this region (700-640 nm) are comparable with the nonlinearities observed in

polydiacetylenes.

Commercial diode lasers are available which operate in this spectral region. Although

these lasers are generally low power devices, when focussed into a waveguide with a few

microns cross sectional area, the intensity becomes high enough to drive several proposed

nonlinear switching devices. The ease of modulating the intensity of these laser sources,

combined with the ease of fabricating and patterning polysilane waveguides, suggests that

the polysilanes may have application as a material for demonstrating several nonlinear

integrated optical switching devices that have currently existed only on paper due to the lack
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Figure 9: Spectrum of the two photon absorption coefficient 10 in cm/MW

for poly(di-n-hexylsilane), calculated from birefringence growth

curves, as a function of two-photon energy (), compared with

the single photon absorption spectrum (- -- -). Solid line is a least
squares fit to 0 using the sum of two gaussians, one broad (_412

meV), the other narrow (-.33 meV).
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Figure 10: Nonlinear index of refraction n2 for poly(di-n-hexylsilane),
calculated from the measured two-photon absorption coefficient
P~.

of an appropriate nonlinear material. Preliminary measurements of n2 for this polymer have

yielded values 2-4 times higher than those calculated, although more research must be

carried out to insure this is not a thermal effect but is in fact a nonlinear optical effect.
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Single photon excitations decay both through chain scission and fluorescence, and

it is therefore expected that two-photon excitations also decay by fluorescence. As can be

seen in figure 11, emission from two-photon excitations in poly(di-a-hexylsilane) is

identical to that observed from UV excitations, in spite of the increase in the excitation

energy by more than =leV. These fluorescence experiments were carried out at the

University of Tokyo's Research Center for Advanced Science and Technology, with the

assistance of Dr. S. Kano and Y. Takahashi of the IBM Tokyo Research Lab. The laser

used was a sub-picosecond mode-locked dye laser, focussed onto the polymer film to

produce similar power densities as were found in the birefringence experiment.

Fluorescence was collected into a spectrometer with an OMA attachment. This indicated

that emission either occurs by transfer along the chain to other, lower energy chain

segments, or to local low energy traps. In view of the success of the birefringence growth

model (with no assumption of energy transfer in the two-photon case), we now expect

emission is due to conformal traps. Recent absorption measurements using low molecular

weight polymers tend to support this hypothesis, although further work must be done to

determine the exact nature of these traps.

Low temperature measurements of the two-photon fluorescence intensity as a

function of wavelength for constant power agree well with the previously measured two-

photon absorption spectrum. In this case, the excitation spectrum consists of a broad band

and a sharp spike, with the same line centers and line widths found in the birefringence

experimen. A comparison of these two results is shown in figure 12. At room temperature,

however, the fluorescence intensity is reduced by a factor of -15, and no sharp spike is

observed, in spite of the fact that a sharp spike is observed at room temperature in the

birefringence spectrum. Decay of the fluorescence with time is also observed at room

temperature (but not at low temperature). This suggests that the decay paths of fluorescence

and chain scission are complementary, and that scission occurs more rapidly with thermal

assistance.

Several models for the electronic structure of polysilanes have been proposed in the

literature. Mintmire 15 and others have extensively modeled these polymers as infinite one-

dimensional semiconductors. In this model, the lowest energy o--a* optical absorption at

=3-4 eV corresponds to the direct band gap of these materials. These band structure

calculations also predict the existence of a delocalized ic* band approximately I eV above

the a-c* transition, coincident with the energy difference we observe in two-photon

absorption. Although a direct a-x* transition is normally symmetry forbidden, it might be
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Figure 11: Upper) Absorption and emission for single photon absorption

Lower) Absorption and emission for two-photon absorption.
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Figure 12: a) Plot of [ for poly(di-n-hexylsilane) calculated from birefringence
growth curves (*) on a linear scale as a function of exposing
wavelength. The solid line is the double gaussian of fig. 9.

b) Linear plot of fluorescence for poly(di-n-hexylsilane) vs. exposing
wavelength for both 77 K (0) and room temperature (A). The solid
line is a least-squares fit of the sum of two gaussians to the low
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narrow ( -25 meV).
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allowed for two-photon absorption and could be a possible explanation for spectrum we

observe. Even though these ab initio calculations underestimate the energy of the lowest

transition by about 40%, the calculated energy shifts for various regular backbone

conformations correlate well with those actually measured for a number of polysilanes of

known structure, giving some credibility to the model and the methods used.

In fact, the polysilanes are not infinite one-dimensional chains. Several

measurements1 0 have determined that the polysilanes in the solid state are linear only over

20-50 silicons, restricted at each end by conformal kinks that electronically isolate the chain

segment. Several recent papers have discussed the similarity of the excitations in

polysilanes to it-conjugated carbon systems, such as the polydiacetylenes, in which the
lower energy transitions are excitonic in nature16. These authors suggest that the first
direct UV transition may be due to a tightly bound Frenkel exciton, in which an electron
hole pair created by the photon move together down the polymer chain. They propose the

two-photon excitation might produce a more loosely bound exciton, in which the electron

transfers one or two silicon atoms from the hole. Although the electron and hole in this
charge transfer exciton case would still travel as a pair, it would conceivably be less

probable for this type of exciton to move intact through conformal kinks at the end of a

chain segment. If correct, this may give a possible explanation for the very different

birefringence results for the two types of excitation, in which one appears to exhibit energy

transfer while the other does not. Further measurements are, however, necessary to

determine if this model is in fact a satisfactory explanation of the electronic structure of the

polysilanes.
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IV. SUMMARY

We have studied a variety of oxide, semiconducting and polymer media suitable for

guided wave and nonlinear optics, and demonstrated device applications of several. The

effort was focussed on the use of standard fabrication technologies to modify available

media to suit a broad range applications, rather than on developing entirely new material

systems for a specific application. The advantages of this approach are the large body of

knowledge already available for the basic media, and the low cost inherent in their ready

commercial availability, which make possible rapid progress towards practical devices.

Emphasis was placed on media for nonlinear frequency conversion applications, such as

periodically-poled lithium niobate for SHG of green and blue light, and SHG of 9 - 11 jItm

radiation using intersubband nonlinearities in AlGaAs quantum wells, but other media for

guided wave devices were also studied, including sapphire fibers for delivery of infrared

laser beams and polysilane thin films for birefringent guided wave devices.

Perhaps the most important result of this project is the development of "generic"

media like periodically-poled lithium niobate, which can be adapted easily to a solve a

variety of problems. For example, after our first demonstration of quasi-phase-matched

SHG of green light, it was a matter of weeks until a new set of masks were obtained to

produce the shorter periods necessary for the generation of blue light. This powerful

approach will be exploited in the near future for other devices like difference frequency

generators and parametric amplifiers in the lithium niobate system, and in the longer term

extension to other media like Il-VI semiconductors will allow integration of nonlinear

frequency convertors with diode pump lasers for truly monolithic devices.
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Quasi-phase-matched interactions in lithium niobate
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ABSTRACT

Phase-matching nonlinear interactions by periodic variations in the nonlinear susceptibility, quasi-
phase-matching, offers advantages in accessible tuning range and in choice of nonlinear coefficients over
the conventional birefringent technique. Periodically reversed ferroelectric domains can be used to create
monolithic structures with the necessary high-spatial-frequency variations in the nonlinear susceptibility.
We present two techniques for the fabrication of periodically-poled lithium niobate crystals, and results for
bulk and guided-wave second harmonic generation of blue and green light.

1. INTRODUCTION

Recent advances in HI-V diode laser technology have led to the commercial availability of near-infrared
diode lasers with single mode output powers in excess of 100 mW. The more difficult materials problems
involved in producing similar diode lasers for the visible or the mid-infrared have not yet been solved.
Thus, nonlinear optical devices suitable for frequency conversion of existing diode-laser pump sources are
of considerable technological interest. Because single-pass bulk nonlinear devices cannot operate
efficiently at the pump powers available with diode lasers, resonant enhancement of the fundamental
fields,1 ,2 or waveguide confinement 3.4 is necessary for the generation of useful amounts of output
radiation. Materials used in these devices must meet stringent requirements on their nonlinear
susceptibility, transparency, and particularly on their birefringence for phase-matching. Lithium lobate,
which has large nonlinear suscept;bilities, transparency from 350 nm - 4000 nm, well-developed
waveguide technologies, and ready commercial availability, is an attractive material for these applications.
Unfortunately, the usefulness of lithium niobate is limited by its birefringence, which is too small for
second harmonic generation (SHG) of blue light and too large for noncritical phase-matching of difference
frequency generation of mid-infrared radiation. We describe here the use of periodic poling to achieve
quasi-phase-matching, extending the applicability of lithium niobate to any interaction within its
transparency range.

2. QUASI-PHASE-MATCHING

Phase-matching, broadly defined as a means for maintaining the phase relatpnship between the waves
participating in a nonlinear interaction, is essential for efficient frequency-conversion devices.
Conventionally, the phase velocity mismatch caused by dispersion of the refractive indices is compensated
by use of a birefringent crystal to match the velocity of orthogonally-polarized waves. While birefringent
phase-matching has been used in essentially all practical nonlinear devices, it limits the choice of nonlinear
crystals to those having appropriate relationships between dispersion and birefringence, and forces the use
of only those elements of the nonlinear susceptibility tensor that couple orthogonally polarized waves.
Alternative approaches to phase-matching, such as modal dispersion 3 or the Cerenkov effect 4 in
waveguides, are generally accompanied by reduced conversion efficiency and nonoptimal output spatial
modes.

Another approach, quasi-phase-matching (QPM), was proposed early in the development of nonlinear
optics. 5.6 In QPM, the interacting waves travel with different phase velocities, but accumulation of phase
mismatch is prevented through appropriate spatial modulation of the sign or magnitude of the nonlinear
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susceptibility. Using second harmonic generation (SHG) as an example, the wavevector mismatch Ak is

given by

Ak = k2 - 2k , (1)

where the subscripts o and 2o) refer to the fundamental and second harmonic frequencies, respectively.
QPM is achieved by introducing a component of the nonlinear susceptibility with a spatial frequency equal
to Ak . In the simplest form of modulation, the sign of the nonlinear susceptibility is reversed every
coherence length (lc St/Ak), so that the sign of the coupling coefficient between the fundamental and the
second harmonic is changed at every point where a phase shift of it accumulates between the two waves.
A monotonic increase in the magnitude of the second harmonic wave then results, instead of the periodic
oscillation characteristic of non-phase-matched interactions. In a more general case, the sign reversal
occurs every m coherence lengths. The effective nonlinear coefficient for the quasi-phase-matched
interaction, dQ, is then related to the effective nonlinear coefficie it for a conventional interaction involving
the same waves, deff, by the component at spatial frequency Ak of the Fourier expansion of the square
wave, i.e.

! (2/m r)d ef form odd
0 for m even

(2)

Note that do for mth order QPM is inversely proportional to m, so that the efficiency of nonlinear devices,
proportional to (do)2, decreases as m-2.First-order interactions are thus desirable from the standpoint of
efficiency, but higfier-order QPM is sometimes used for ease of fabrication. The more general case where
the duty cycle is not 50% is discussed in section 3.

The advantages of QPM result from the decoupling of phase-matching from material birefringence.
With QPM, one can use a material for any interaction within its transparency range, adjust for phase-
matching at any convenient temperature, use any of the nonlinear coefficients (including those coupling
waves of the same polarization), and carry out interactions in waveguides that support only one
polarization (proton exchange in lithium niobate). In many materials, the nonlinear coefficients coupling
fields of the same polarization are often larger than those coupling orthogonally-polarized fields. For
lithium niobate, d33 = 34 pmo/V, 7 so that do for this polarization, 22 pm/V, is 3.7 times larger than the d31
coefficent used for birefringent phase-matching, and the efficiency of QPM devices is 13 times larger than
that of comparable birefringently phase-matched devices.

In order to be useful for device applications, the periodicity of the domains must be accurately
controlled. If the spacing of the domains deviates from the ideal structure, phase error accumulates
between the interacting waves, and the efficiency is reduced. The tolerance for such errors depends on the
statistical nature of the variations and the length, L, of the device. It can be shown that for small random
errors, the efficiency is reduced by 50% when the rms deviation, 8A, of the domain period, A, is8

8A/A = (1/ir) v (3)

while for a fixed deviation, AA, a 50% reduction occurs when

A = (2.78E vCaL Pa(4)
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Eq. (4) states essentially that the useful length of the structure is the length over which the accumulated
error in the position of the last layer is one coherence length. Note that this is a rather strict criterion, since
typical coherence lengths are on the order of microns and typical devices are millimeters long.

Because typical coherence lengths for interactions involving visible light are 1-10 .m, a major
difficulty in QPM is modulation of the nonlinear susceptibility on the rather short spatial scale necessary
for efficient interactions. The conceptually simplest approach to creation of the sign reversal, cutting the
crystal into a series of wafers one coherence length long and restacking the slices with alternating 1800
rotations, is feasible only for far-infrared interactions. 9,10 This difficulty can be avoided with monolithic
techniques based on the sign changes in the nonlinear susceptibility associated with rotational twinning, 1I
partial orientation of polymer films, 12 or reversed ferroelectric domains. 13

Our studies of QPM have been focused on lithium niobate, which undergoes a ferroelectric transition at
a Curie temperature, Tc, of approximately 1150 0C to a low temperature phase with spontaneous
polarization oriented parallel to the crystallographic z-axis. 14 Antiparallel ferroelectric domains, which are
related crystallographically to one another by a 1800 rotation around the x-axis, can easily be induced at
temperatures close to Tc, but are extremely difficult to reorient at room temperature. '4 Because the signs
of all components of the nonlinear susceptibility tensor change in adjacent domains, crystals with
appropriately-spaced periodic domain reversals (periodically-poled lithium niobate or PPLN) can be used
to achieve QPM.

Domain reversal has been induced during Czochralski growth of bulk lithium niobate crystals by
periodic perturbation of the growth conditions, either through a pulsed current passed through the crystal 15

or by rotation of the crystal in an asymmetric thermal field.' 6 Reversed domains with periods as small as
6.8 gm have been created by these techniques.

We report here two methods for producing PPLN crystals, one based on indiffusion of
lithographically patterned dopants on planar substrates, the other based on modulation of the heat input
during laser-heated pedestal growth of small diameter crystals. Frequency conversion experiments are
also described, including SHG of green and blue light in planar and channel waveguides fabricated by
proton exchange in the planar substrates, and bulk SHG of blue light in the pedestal-grown crystals.

3. PLANAR DEVICES

Waveguides enhance the efficiency of nonlinear optical interactions because they maintain high
optical intensities over long interaction lengths. Previous guided wave devices for frequency conversion
have relied on birefringence, modal dispersion, or the Cerenkov effect for phasematching. Guided wave
devices using quasi-phase-matching techniques are particularly attractive for frequency conversion
applications because they combine the high efficiency resulting from waveguides with the advantages of
QPM discussed previously.

It is convenient to define a normalized conversion efficiency, 17nor, which accounts for the effective
nonlinear coefficient of the material, the overlap of the fundamental and harmonic waveguide modal fields,
and the effects of quasi-phase-matching. The normalized conversion efficiency 7/nor of a quasi-phase-
matched waveguide frequency doubler is related to the absolute conversion efficiency, 71, by

77 = -& = i/(5o,) 

where Pw and P2w are the powers of the fundamental and harmonic, respectively, and L is the length over
which QPM occurs.
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The ideal configuration for a waveguide device which relies on periodic sign reversals of the
nonlinear susceptibility for QPM requires a sign-reversal grating with a 50% duty cycle that is constant
over the depth of the waveguide. In this case, Tinor is given by

2

r2
17nor 8 8dQ fE (y) E 2(y) dy

22n n2.CEO c a• (6)

where y is the depth coordinate, E., and E 2. are the normalized modal field distributions, and n&w and n2a,
are the corresponding modal effective indices of the waveguide. We have assumed a planar waveguide for
simplicity; the analysis for a channel waveguide requires an additonal integral in the width dimension. The
integral in Eq. (6) reflects the confinement and overlap of the modes, and is the same as appears in the
theory of conventionally phase-matched waveguide interactions. 3

In the general nonideal case, the sign reversals of the nonlinear susceptibility can be aperiodic and
can vary over the depth of the waveguide. A function g(y,z), taking the values ±1, can be used to specify
the spatial variation of the nonlinear coefficient according to defp(y,z) = Idejfg(y,z). As will become
evident from the experimental results which follow, we are interested in the nonideal periodic structure
which consists of a sign-reversal grating whose duty cycle varies over the depth of the waveguide. In this
case

2
2d2 +

7,,or , Gm(y) E20, (y) E2(y) dy-nwEA (7)

Here dQ takes the value 2 def /mir for even as well as odd m. The new quantity G,,(y) in the modal
overlap integral is the mth coefficient of the Fourier series representation of g(y,z), normalized to (2/mir),

G,, (-.) I Ag(y,z) e'i(2mrJA) z dz

S 'A(8)

For ideal, 50% duty-cycle structures with no depth dependence, Gm becomes 1 for odd m and 0 for even
m, recovering the results of Eq. (6). If the penetration depth of the domains is small compared to the depth
of the waveguide, the overlap integral in Eq. (7) can be substantially smaller than that for the ideal case.

We have investigated methods for creating arrays of periodically reversed ferroelectric domains at the
surface of lithium niobate wafers, in which planar or channel waveguides for quasi-phase-matched
nonlinear interactions can be fabricated. The conceptually simplest approach is to use an interdigital
electrode to apply a periodic electric field to a crystal heated close to its Curie temperature. The domains
will then align with the applied field, and be frozen into a periodic configuration as the temperature is
lowered. While this technique has been successfully applied to lithium tantalate, whose Curie temperature
is = 6200 C,17 it is difficult to find suitable electrode materials for lithium niobate. At temperatures close to
the Curie temperature of lithium niobate, diffusion of the electrode into the substrate is a problem.
especially in the presence of a poling field, which tends to enhance the penetration through
electrodiffusion.
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.An alternative approach was suggested by the work of Nakamura, who observed that an inverted
domain appears at the +z surface of lithium niobate plates heated to temperatures close to Tc. 18 The depth
of the domain reversal increased with both the soak time at a given temperature and the temperature at a
2iven soak time. One model that explains these results, and is also consistent with domain distributions
observed in single crystal fibers, is that the domains align with the temperature gradients in the surface
cooled bodies under the influence of thermoelectrically generated fields. 19 The influence of the soak
temperature would then be due to the reduction of the coercive field as the temperature approaches Tc,
vhile the influence of the soak time is through increased lithium outdiffusion, which reduces Tc,20 and
hence reduces the coercive field at a given temperature. We carried out further experiments, including
suppression of the counter-poling by processing the c,'ystal in a lithium-rich atmosphere, which have
tended to support this model. Note that the mechanisms leading to domain reversal in lithium niobate are
complex, and other effects due to gradients in the concentration may contribute to observed behavior, as
discussed in section 4 below. Details of these measurements are being prepared for publication. 23 The
process for periodic poling suggested by these observations is to spatially modulate the concentration of Li
by outdiffusion through a periodic mask, and to choose the thermal conditions so that the lithium-poor
regions counterpole while the remainder of the crystal does not. While this poling method does not require
the application of electric fields, and hence allows insulating mask materials, we again found it difficult to
identify an appropriate material for the mask, i.e. one that blocks Li outdiffusion but does not indiffuse
,AU he substrate and is readily removed after the thermal processing. Encouraging results with SiO 2
masks have recently been obtained by Webj6m et al.22

Since it is difficult to find an electrode or mask material that does not diffuse into lithium niobate at
elevated temperatures, a technique based on intentional indiffusion of an innocuous dopant is attractive.
We have had success with a method using indiffusion of a patterned Ti film, based on the same principle
as the poling method using Li concentration variations described abc,-e. Regions doped with Ti have a
lower Curie temperature than do undoped regions, so that periodic doping leads to periodic domain
inversion after thermal processing. This method was suggested by the observation by Miyazawa that
fabrication of Ti-indiffused waveguides on +z substrates is often accompanied by domain reversal. 23,24

We investigated a range of Ti film thicknesses, stripe widths, soak temperatures, and soak times with
the goal of reducing the Ti concentration as much as possible to minimize changes in the refractive index
while maintaining well-defined regions of domain reversal with adequate penetration depth for good
overlap with the waveguide modes. As the number of parameters is large, an optimum process has not yet
been identified, but useful results have been obtained with 50-300 A thick Ti films patterned with liftoff
lithography, process temperatures of 1000-1 100 0C, and soak times less than one hour. Bearing in mind
the isotropic nature of Ti diffusion,25 the parameters should be chosen to prevent excessive overlap of the
Ti distributions from adjacent lines. To prevent simultaneous lithium outdiffusion, the poling process was
carried out in a closed alumina boat filled with congruent lithium niobate powder. Details of processes for
specific devices are discussed later in this section. Typical results are shown in Figs. 1 and 2, which are
photomicrographs of the top (z) and L.nd (y) faces of periodically-poled wafers which have been etched for
30 minutes at room temperature in HF to reveal the domain structure. The sharply delineated domains
created by this process can be seen in Fig. 1. The triangular shape of the domains in Fig. 2 is typical for
cases where the depth of the reversed regions is comparable to the period of the structure. Domains
shallower than the period of the structure tend to be more rectangular in cross-section. As is characteristic
of diffusion driven processes, the periodic variations in the dopant concentration that cause the poling tend
to wash out if the diffusion depth is larger than the period of the structure, which limits the attainable depth
of domain reversal.

To fabricate a waveguide in the periodically-poled substrates, a low-temperature process is desirable to
prevent erasure of the domain pattern. Proton exchange, which is typically carried out at 200-300'C, is
ideal for this purpose, and has the additional advantage of reducing the photorefractive sensitivity of the
waveguide. While waveguides fabricated by this process, which guide only z-polarized modes, cannot be
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Fig. 1. Periodic domains on the z-face of a Fig. 2. End-view of periodic domains seen on y-
lithium niobate wafer revealed by etching in HF face of lithium niobate wafer. Period of pattern
acid. Period of pattern is 10 .m. is 10 .m, but sample is not the same as shown in

Fig. 1.

used for birefringently phase-matched interactions, they are well-suited to quasi-phase-matched
interactions using the d33 coefficient, which require only z-polarized modes. Initial experiments suggested
that waveguides fabricated by the conventional exchange process in molten benzoic acid had an extremely
small nonlinear susceptibility, so we instead used the annealed proton-exchange process from Ref. 26.

The first device that we constructed was a quasi-phase-matched frequency doubler for the 1.06 .m
output of a CW Nd:YAG laser. 27 The device was fabricated on the +z face of a 0.5 mm thick lithium
niobate substrate obtained from Crystal Technology, Inc. For ease of fabrication, third-order QPM was
used, so that the necessary grating period was approximately 18 .m. As the dispersion of the annealed
proton-exchanged waveguides is not well-characterized, we fabricated the device with four 1 mm long Ti
gratings with periods ranging from 15 to 22 .m arranged so that the pump beam would traverse all four
gratings. The Ti gratings consisted of a 50 A thick film patterned with liftoff lithography into 4 .m wide
bars. The heat treatment consisted of a 2 h ramp from room temperature to 1 100'C, a 30 min soak at
1 1000C, and cooling back to room temperature at an initial rate of 8 K/min. A planar waveguide was then
fabricated with a 30 min soak at 200 *C in pure benzoic acid followed by annealing in flowing oxygen at
350°C for 4 h. The resulting waveguide supported one TM mode at 1.06 pgm.

Rutile prisms were used for input and output coupling of radiation to characterize the device. The
input radiation was focused in the plane of the waveguide with an 8-cm focal length cylindrical lens. A
TM-polarized output of 0.5 nW at 532 nm was measured for 1 mW of TM-polarized CW 1.06 .m
outcoupled power, yielding a normalized conversion efficiency of 5%/W-cm 2.

To estimate the theoretical conversion efficiency, we modeled the device as a step-index guide with a
refractive index difference of 0.003 and an in-plane beam waist of 30 p.m. For waveguide depths in the
range 4 to 7 .m, the calculated efficiency is 7 to 10%/W-cm 2 , in good agreement with the observed
conversion efficiency, and approximately 1500 times larger than would have been obtained in the absence
of phase-matching.

The next devices used a finer grating to shift the operating wavelength to the vicinity of 800 nm. 28

The poling process was similar to that for the green doubler, but gratings of 6.5, 7, 7.5, and 7.75 .m
periods, with 2 .m wide Ti lines were used. The heat treatment, again carried out in a closed crucible
filled with congruent lithium niobate powder, was scaled to shorter times because of the shorter grating
period. A ramp from room temperature to 1100C in 2 h was followed by a 10 minute soak at 1 100°C and
a ramp back to room temperature with an initial cooling rate of 8 K/min. Both planar and channel
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waveguides were fabricated in these substrates. The channel waveguides were fabricated by proton
exchange through 3 tm wide channels in a 2000 A thick aluminum film deposited on the substrate. The
exchange was in pure benzoic acid for 20 min at 200'C, after which the mask was removed in a solution of
sodium hydroxide. The sample was then annealed for 3 h at 350'C in flowing oxygen. Fabrication of the
planar waveguides was identical with the exception of the masking step. The end faces of the channel
samples were polished to produce a finished device approximately 1 cm long.

Optical measurements of the planar waveguices, which supported one TM mode " ?5J nm, were
made with a CW Styryl-9 dye laser and prism coupling. The normalized convc.,,un eiliciency into the
TM0 mode at 424 nm was 2%/W-cm2 , 5 to 10 times lower than theoretical estimates.

The channel devices were characterized with dye-laser radiation launched through a microscope
objective in an end-fire geometry. With an 820-nm pump, the 1/e2 in-plane ",i. meter of the fundamental
and second harmonic modes were approximately 3.7 and 2.1 pm, respectively, and the out-of-plane
diameters were 3.1 and 1.5 gtm. The dependence of the output power on the pump wavelength is shown
in Fig. 3, along with a sinc' curve fitted to the data. The FWHM of 0.5 nm is in reasonable agreement
with the theoretical value of 0.4 nm obtained under the assumption that the dispersion of the proton-
exchanged material is the same as that of congruent lithium niobate.29 A plot of the TM polarized output
power at 410 nm vs the square of the TM input power at 820 nm is shown in Fig. 4, illustrating the
quadratic dependence up to 940 nW, the highest blue output power measured. The internal normalized
conversion efficiency, corrected for 14% Fresnel reflection at the end face, is 37%IW-cm 2. The order of
magnitude increase in efficiency over the planar device is expected from the in-plane mode confinement,
but the conversion remains smaller than the theoretical value. The discrepancy for both the planar and the
channel guides is probably due to the shallower domains that result from the short coherence length of this
interaction, which reduce the overlap with the modal fields (Eq. 7).

The first step in improving these devices is to increase the length from 1 mm to 1 cm. Since the
conversion efficiency scales with the square of the interaction length, one would expect 37%/W
conversion in such a device, and thus approximately I mW of blue output for 50 mW of infrared input. If
the aspect ratio of the domains can be increased through improved processing techniques, the better
overlap with the modal fields would yield an order of magnitude increase in the normalized conversion
efficiency, to 350%/W-cm 2 . Another order of magnitude improvement would result from the use of first-
order, rather than third-order, QPM. Such first-order devices would require further increases in the aspect
ratio of the domains, or else more strongly guiding waveguides that confine the modes to the periodically-
poled region near the surface of the device. Thus, it is interesting to investigate the tradeoff in proton-
exchanged waveguides between high proton concentrations for tight confinement and low proton
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Fig. 3. Experimental wavelength tuning curve Fig. 4. Measured second harmonic power plotted
for second harmonic generation, shown with a against the square of the fundamental power,
fitted sinc 2 curve, showing the quadratic relation between them.
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concentrations to maintain the nonlinear susc2,ptibility. Other topics currently under investigation include
mixing two near-infrared sources in a periodically-poled channel waveguide to produce mid-infrared
radiation, and the use of periodically-poled lithium tantalate waveguides for higher power applications
where photorefractive damage may limit lithium niobate devices. The question of photorefractive damage
in periodically-poled crystals is an open one, though indications exist that the magnitude of the effect is
dramatically reduced, as is discussed in the following section.

4. LASER-HEATED PEDESTAL GROWTH OF PERIODICALLY-POLED CRYSTALS

An alternative approach to the production of periodically-poled lithium niobate is to grow crystals with
reversed domains throughout their volume. Such crystals can be used in bulk optical devices, and would
simplify the design of guided-wave devices by eliminating the penetration depth problem described in the
previous section. This idea is not new; the effects of domain reversals on nonlinear optical interactions
were investigated early in the history of nonlinear crystals. 30 Among the work that has been reported are
techniques based on passing a pulsed current through the crystal either during 1 or after32 growth, growth
of a crystal rotated in an asymmetrical temperature field, 16 and growth at a periodically modulated rate. 31

The last of these techniques was empioyed during Stepanov growth, the remainder were applied to
Czochralski grown crystals. However, widespread use of periodically-poled crystals has not yet been
possible because of the difficulty in growing crystals meeting the strict periodicity criteria given in Eqs. (3)
and (4). The best optical results were reported by Xue et al.33, who demonstrated first order quasi-phase-
matched SHG of a 1.06 .m pump in a crystal containing a 6.8-.m-period domain structure,
approximately 100 periods of which contributed coherently to the interaction.

We report here on the growth of crystals up to 0.5 mm in diameter containing domain structures with
periods as small as 2 .m, and on CW SHG of radiation witn wavelengths as short as 407 nm. 34

The crystals are grown in a laser-heated pedestal growth apparatus, described in Ref. 35, which uses
the focused 10.6 .m output of a C02 laser to melt the tip of a typically 500-.m diameter source rod of
either congruent composition or nominally 5% Mg-doped lithium niobate.36 An oriented lithium niobate
seed crystal is dipped into the melt, then withdrawn at a
constant rate to pull the crystal while the molten zone is
replenished by continuously feeding in the source rod.
The ratio of the pull rate to the feed rate determines the $
diameter of the crystal. Crystals are grown either in air
or a 4:1 mixture of helium and oxygen, at a typical rate
of 2 mm/min. Leagths up to 5 cm of both x- and z-axis
crystals are easilv grown. The crystals are brownish O #A

after grov th, but can be made transparent by annealing
in dry flowing 02 for several hours at 725'C.

The domain structure of undoped crystals grown bythis technique is discussed in Ref. 19; similar resultshave been obtained with Mg-doped crystals. z-axis

crystals grow with a single domain, oriented with +z
toward the melt, while x-axis crystals have a singlt.
domain wall perpendicular to the z-axis at the center of
the crystal, dividing the crystal into two domains with Fig. 5. SEM photograph of the y face of a
the +z-axis pointing outward towards the surface. As polished and etched x-axis crystal, showing
discussed in Ref. 19, these patterns are most easily periodically-alternating domains with a period
explained with the assumption that the domain of approximately 3.5 p.m. The curvature of the
orientation is controlled by thermoelectric fields domains is due to the convex shape of the
generated by the large temperature gradients present in growth interface.
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this growth process, but composition gradients may also have an influence.

Periodically-poled crystals are grown by periodically perturbing the growth, either by rotating an
asymmetric heat input created by a rotating mask in the CO 2 laser beam or by modulating the laser power.
The period of the domain structures is given by A = Vpull/fmod, where Vpull is the pull rate and fmod is
the frequency of the modulation. Using these techniques, it hr., been possible to produce domain
structures with periods as small as 2 pm in both z- and x-axis crystals (Fig. 5). It is difficult to explain
these results in terms of a model based on thermoelectric effects; it is probable that the domain reversals
result from compositional striations induced by the periodic perturbation of the freezing interface. Models
based on composition gradients have been advanced to explain the domain structures in bulk periodically-
poled crystals. 37 While the microscopic mechanism responsible for the domain reversals remains a topic
of current research, it appears that the large axial temperature gradients, high growth rates, and short dwell
time at elevated temperatures characteristic of the laser-heated pedestal growth system aid in the formation
of well-defined domain structures with small periods.

The sample used in the nonlinear optical experiments discussed here is a 1.77-mm long piece of a Mg-
doped x-axis crystal approximately 250 gim in diameter, grown at a rate of 2 mm/min while the laser
power was modulated atfwod = 12.35 Hz. The resulting domain period, A = 2.7 g±m, was chosen so that
SHG using either the d 33 or the d22 coefficient could be first-order quasi-phase-matched within the tuning
range of a CW Styryl-9 dye laser. Figure 6 shows the phase-matching curves generated by tuning the
wavelength of the dye laser, focused with a 5x microscope objective to a 6 g.m diameter spot in the crystal.
Curves (a) and (b) were obtained by polarizing the fundamental wave along the z and y axes, respectively.
As expected, the polarization of the second harmonic was the same as that of the fundamental in both
cases. The difference in the peak wavelengths, 814.5 nm for d33 and 850.5 for d 22 , is due to the
difference between the dispersion of ne and and that of no.

Th-. quality of the sample can be estimated from the effective interaction length, leff, infen'ed from the
width of the tuning curves. 38 With the tight focus used to generate the curves in Fig. 6, left is limited by
the confocal length of the beam. To determine the limit on leff due to inhomogeneities in ge crystal, the
tuning curves were remeasured using a 65-mm focal-length lens to focus the beam, resulting in a confocal
length of 1.3 mm. In this case the FWHM of the two curves were 1.4 nm and 1.5 nm for d33 and d22,
respectively. Using the dispersion data of Ref. 29, leff = 320 gim was obtained for both d33 and d22,
corresponding to an effective number of domains N = 240. That the same effective length was obtained
for both polarizations suggests that it is limited by variations in the domain spacing rather than by
compositional inhomogeneities, as the latter generally affects the two indices of refraction differently.
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Fig.6(a). Second harmonic power vs Fig. 6(b). Same as (a), except ordinary
fundamental wavelength, for extraordinary polarization.
polarization, focusing with 5x objective.
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According to Eq. (4), the accumulated error in the position of the Nth domain is approximately
A/2 = 1.3 gm, a magnitude not unlikely given the slippage in the friction-coupled belt-drive system,
designed to pull long continuous lengths of fiber for other applications, used to translate the lithium
niobate fibers during growth.

The theoretical conversion efficiency was calculated using deff = 22 pm/V, obtained from Eq. (2) and
the value for d33 from Ref. 7, and leff = 320 p.m. The conversion efficiency for the measurement with the
65-mm lens agreed within 20% with this calculation. With the 5x objective, close to the optimum
focusing for this effective length, as much as 7 p.W of blue light was generated with 83 mW of input at the
fundamental. The normalized theoretical conversion efficiency for an optimally-focused interaction using
d33 and QPM is 5.2%/W-cm, 13.5 times larger than would be obtained for a birefringently phase-matched
interaction using d31 (were it possible to phase-match).

Photorefractive damage is an important consideration for applications of lithium niobate involving
visible radiation. 39 In lithium niobate, a bulk photovoltaic effect is responsible for the charge separation
that leads to the changes in the index of refraction that cause the light scattering. The sign of this current
changes in antiparallel domains, so one would expect the photorefractive effect to be substantially altered
in periodically-poled crystals. To test this supposition, we compared the photorefractive response of an
= 2 mm long, undoped x-grown periodically-poled sample with A = 3 .m against that of an identically-
prepared uniformly-poled sample. 488-nm radiation from an argon laser was polarized along the z-axis
and focussed to a 12-pim diameter spot inside the sample. An adjustable slit, oriented so that
photorefractive beam spreading along the z-axis would reduce the proportion of the beam transmitted, was
centered in the far-field of the transmitted beam at a very low input power and adjusted to block
approximately half the total power. The power was then increased, and the time-dependent throughput of
the slit was recorded. The results depended on the power of the input .oeam; typically an initial rapid
(100 ms - 10 s) decrease in throughput was followed by a slow recovery (10 s - 10 min) to a level
somewhat below the original low-power value. For the uniformly poled sample with 100 mW incident
power, the fraction passed by the slit dropped to less than 40% of the low power value in 100 ms. Under
the same conditions, no significant reduction in the throughput was seen with the periodically-poled
sample. As is typical of photorefractive phenomena, the behavior was a complicated function of input
power, thermochemical history of the samples, etc., so more studies are necessary to properly characterize
the effect. However, the present data support the hypothesis that the optically-induced changes in the
index of refraction are dramatically altered by the domain reversal, and suggest that periodically-poled
lithium niobate can support useful intensities of blue light at room temperature.

In future work, the crystals will be pulled with precision linear stages to improve the uniformity of the
domain structures and thus increase the effective length of the crystal. Assuming losses comparable to
bulk crystals, even the present periodically-poled crystals are adequate to produce milliwatts of blue power
from commercially available diode lasers if used in resonantly-enhanced SHG devices. 1.2 Samples are
currently being prepared for use in intracavity second harmonic generation in a 946-nm Nd:YAG laser.
Further characterization and modeling of the photorefractive effect in perodically-poled crystals are also of
interest.

5. CONCLUSIONS

Periodically-poled lithium niobate can be engineered to quasi-phase-match any nonlinear interaction
within the transparency range of the the crystal at any desired temperature, using any nonlinear coefficient.
Control over the phase-matching makes this readily-available crystal applicable to a broad range of
interactions. We have produced periodically-poled lithium niobate both by processing the surface of
uniformly-poled wafers and through the growth of crystals containing volume gratings of domains.
Domain structures with periods as small as 5 gam in the planar material and 2 pgm in the bulk material have
been produced. Quasi-phase-matched SHG of CW blue and green radiation has been demonstrated in
planar and channel annealed proton-exchange waveguides with a normalized efficiency of 37%/W-cm 2, as
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has SHG of blue light in the bulk samples. Photorefractive damage resistance at room temperature is
dramatically increased in the periodically-poled crystals. Improved single-pass waveguide devices and
resonant bulk interactions both appear capable of generating milliwatts of blue light from available laser
diodes. Infrared generation by mixing near-infrared diodes is also possible.
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Quasi-phase-matched second-harmonic generation of blue light
in periodically poled LiNbO3

G. A. Magel, M. M. Fejer, and R. L. Byer
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(Received 24 August 1989; accepted for publication 31 October 1989)

LiNbO crystals with periodically alternating ferroelectric domains have been produced using
laser-heated pedestal growth. Domain thicknesses as small as 1/pm have been achieved. This
material was applied to room-temperature, quasi-phase-matched frequency doubling tc
generate light at wavelengths as short as 407 nm, using the d3, and d,, nonlinear coefficients.
The measured conversion efficiencies and wavelength and temperature tuning bandwidths are
consistent with an effective interaction length of = 320/pm ( > 230 domains). An initial test
with high-intensity focused blue beams showed that the periodically poled material exhibits no
discernible photorefractive damage effect.

Materials with high nonlinearity, good optical quality, rotation. Quasi-phase-matched SHG in LiNbO, has been
and the ability to phase match for direct frequency doubling previously demonstrated in Czochralski-grown periodically
of GaAIAs diode lasers are in demand for the development poled LiNbO3 at A = 1.06/Am, for which 1, = 3.4/Am,- and,
of compact sources of short-wavelength light to be used in more recently, using periodically reversed domains in an in-
optical storage and other applications. Lithium niobate tegrated-optic geometry.'
(LiNbO,) has insufficient birefringence to use conventional Small-diameter single crystals of LiNbO, are produced
phase-matching techniques at these wavelengths. We have by laser-heated pedestal growth using the apparatus de-
demonstrated the capability of growing periodic ferroelec- scribed in Ref. 4. In this technique, 10.6/Am radiation from a
tric domain structures of high spatial frequency in LiNbO3. CO2 laser is focused on the tip of a typically 500-p m-diam
Using quasi-phase-matching in this material, we have ac- single-crystal source rod of LiNbO 3 to make a small molten
complished collinear cw second-harmonic generation droplet into which a seed crystal is dipped. The seed, which
(SHG) with wavelengths and nonlinear coefficients which determines the growth orientation, is then withdrawn from
would have been impossible to phase match using only the the droplet as fresh source material is supplied; the ratio of
material birefringence. the pull rate to the feed rate determines the average diameter

Quasi-phase-matching (QPM) was the first technique of the growing crystal, which in these experiments was ap-
to be suggested for compensating refractive-index dispersion proximately 250pum. Crystals are grown either in air or in a
to obtain efficient SHG.' In this technique, the nonlinear 4:1 mixture of helium and oxygen. Periodically reversed fer-
coefficient is modulated spatially with a period A = 2mie , roelectric domains with boundaries following the growth in-
where m = 1,3,5... is the "order" of QPM and 1, is the co- terface shape, as shown in Fig. 1, are created during growth
herence length, given by by modulating the freezing interface position, either by ro-

1 -- ,A /4(n, - n,), (1)
where A is the fundamental wavelength, and n, and n, are the
refractive indices at the fundamental and second-harmonic
wavelengths, respectively. The condition for QPM is

k, - 2k, - K = 0, (2)
where K is the wave vector of the nonlinear coefficient grat-
ing, having the magnitude K = 2mr/A, and k, and k2 are
the wave vectors for the fundamental and second-harmonic
waves. The effective nonlinear coefficient is determined by
the amplitude of the pertinent spatial-frequency component
of the periodic structure. If the modulation consists of alter-
nating the sign of the nonlinear coefficient dY at equal inter-
vals, then

d,ft = (2/mr)d,. (3) g
It is thus desirable to use the lowest-order QPM possible, -
where m = I and A = 2 , in order to obtain the highest 10 m
conversion efficiency, which is proportional to d fr. In
LiNbO, the sign of the nonlinear coefficient can be reversed FIG. I. SEM photograph showing periodically alternating domains with
either by rotating a slice of the crystal through 180" around period - 3.5 pm as revealed by polishing and etching the y face of a pedes"

tal-grown crystal. The crystal pull direction (along the x axis ) is tot he right
the x axis, or by creating an oppositely polarized ferroelec- in the photograph. The curvature of the domains is due to theconve% xhapetric domain, which is crystallographically equivalent to this of the growth interface. Straight lines are scratches from polishing
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tating an asymmetric heat input produced by a rotating
mask or by periodically modulating the heating power. The
period of the domain structure in pim is given by
A = vu,/f,., where vu is the crystal pull rate in/pm/s c
and f., is the frequency of modulation in Hz. Using these
techniques, we have grown domain structures with periods
as small as 2 pm, in either nominally 5% Mg-doped or un-
doped congruent material, and in crystals grown along ei-
ther the x or z axis

Modulation of the position of the freezing interface cor-
responds to a modulation of the microscopic growth rate at 4072 420

the interface. Components or dopants with an effective seg- (a) Gww d Wav" t (nm)
regation coefficient kg # I are, as a result, incorporated into
the growing crystal with a periodically varying concentra-
tion.' Sections of the length of the growing crystal with com-
position gradients of the correct sign and sufficient magni- da

tude to overcome steady-state self-generated poling fields '

form reversed ferroelectric domains. The mechanisms
through which composition gradients influence the domain
formation is a topic of current research.7 The large axial
temperature gradients and high growth rates present during
laser-heated pedestal growth, together with the high Curie 4W
temperature of the material, aid in the formation of well- 425.3
defined domain walls near the freezing interface. (b) Germ WavlsngVh (nml

The sample used in the optical experiments was a Mg- FIG. 2. Second-harmonic power vs wavelength tuning curves obtained with
doped" x-axis LiNbO3 crystal approximately 250pm in di- S x microscope objective for (a) d,, and (b) d,..
ameter, grown at a pull rate of vp,, = 2 mm/min. The heat
input was modulated using a periodically triggered electro-
mechanical shutter withf,,.d = 12.35 Hz, resulting in a do- confocal parameter of the fundamental beam within the
main structure of period A = 2.7 pum. This period was crystal was 1.3 mm. The width of the d., and d., wavelength-
picked so that SHO using either the d33 or d22 nonlinear tuning curves indicated an /, =320 pm. Tempeiature-
coefficient could be first-order quasi-phase-matched within tuned phase-matching curves for both the nonlinear coefi-
the wavelength tuning range of a cw Styryl-9 dye laser. After cients were also obtained by placing the sample in a heated
annealing in flowing dry 02 for 3 h at 725 "C to increase the mount. The temperature-tuned widths were found to be con-
crystal transparency without erasing the periodic domain sistent with the above i4, when values for dn/dT from Ref.
structure, the sample was glued into a 2 mm length of glass 10 were used. We conclude that in this sample the effective
capillary tubing and polished on the x faces to a length of length is due to the nonuniformity of the domain periods,
1.77 mm. since it is significantly shorter than both the overall length of

Figure 2 shows phase-matching curves obtained by plot, the sample and the confocal parameter of the fundamental
ting the second-harmonic power while scanning the dye ia- beam.
ser wavelength A. The d. 3 nonlinear coefficient was ad- The theoretical conversion efficiency for d33 interaction
dressed by polarizing the x-propagating fundamental wave was calculated using I4 = 320pm and d, = 22 pm/V, ob-linearly along the crystal z axis; then, without moving the tained by inserting m = I and the value for d33 tabulated bysample, the d2, coefficient was addressed by rotating the po- Kurtz et aLV into Eq. (3). The conversion efficiency mea-larization 90r so that it was parallel to they axis. The similar- sured using the 65 mm lens agreed with this calculationity of the shapes of theme two curves suggests that phase within 20%. Using the 5 X lens, which produced nearly opti-matching occurs in the SaIe region of the sample, and that ma focusing, we measured a maximum conversion effi-both n. (dj) and n. (d2) have similar optical quality, in ciency, corrected for Fresnelreflection at thecrystal faces, ofspite of the many domain walls and the modulated composi- 8 10O'. Ths efficiency was obtained with 83 mW of inputtion. We confired that the generated second-harmonic fundamental power and 6.7 pW ofblue light generated with-wavebot has thetsame polarizatiOn as the fundamental wave for in the crystal. The second-harmonic power was quadratico.QPM occurred at . 814.5 nm for with input power over the entire range measured. The nor-d and at 850.5 nm ford.. The effective interaction lengthusing d andI.- inferred from the width of these tuning curvese is limited QPM with optimal focusing is calculated to beby the depth of focus of the 5 x microscope objective (focal 0.52% W-' m for 133 times that which would be ob-length 30 mm) used to obtain them. tained were it Possible to birefringently phase match a d.,

To determine 4, as limited by the uniformity of the interaction at this wavelength.
periodicity of the domain structure, the 5 x objective was it was surmised that the photorefractive properties of
replaced by a 65 mm focal length lens. With this lens, the the periodically poled material might be altered by the rapid-
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ly alternating sign of charge transport or by fields present at In summary, we have grown periodically poled LiNb0 3
the many domain walls. This question is of great importance with domains as thin as I pm using the laser-heated pedestal
in applications of LiNbO3 at visible wavelengths. No photo- growth method. This material was used to demonstrate
refractive effect was observed in periodically poled Mg- room-temperature, cw, quasi-phase-matched SHG using ei-
doped or undoped LiNbO3 with the relatively low levels of th-r the d3.1 or d,, nonlinear coefficients, at wavelengths as
blue light generated in the SHG experiments. Therefore, a short as 407 nm. The measured conversion efficiencies and
separate experiment was performed to compare an undoped wavelength and temperature tuning bandwidths are all con-
periodically poled sample with A = 3 Am against an identi- sistent with an effective phase-matched interaction length of
caily processed undoped uniformly poled sample. In this ex- = 3 20,4m ( > 230 domains). An initial test with high-inten-
periment, extraordinarily polarized 488 nm light from an sity focused blue beams showed that the periodically poled
argon-ion laser, propagating along the x axis, was focused to material exhibits no discernible photorefractive effect.
a beam waist of radius w = 6/am in the sample. A slit was We would like to thank Professor H. J. Shaw and Pro-
centered in the transmitted beam and adjusted at very low fessor B. Y. Kim for the use of their dye laser, and Crystal
power ( - 3 /AW) to block approximately half of the light. Technology, Inc. for supplying source material. This work
The slit was oriented so that beam spreading along thez axis, was supported by the Air Force Office of Scientific Re-
characteristic of the photorefractive effect,' 2 would reduce searc',, the Joint Services Electronics Program, and the IBM
the proportion of light transmitted by the slit. When the Corp. G. A. Magel gratefully acknowledges the past support
incident power was stepped up to 100 mW in the uniformly of the Fannie and John Hertz Foundation.
poled material, the fraction passed by the slit dropped to
37% of the low-power value in < 100 ms. In contrast, at the
same power level in the periodically poled material, the
transmitted fraction stayed at 100% of the low-power value, 'J. A. Armstrong. N. Bloembergen, J. Ducuing. and P . Pershan, Phys.Rev. 127, 1918 (1962); N. Bloembergen, U.S. Patent No. 3 384433
with no sign of change for measurement intervals of several (1968).
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ed spots of persistently changed refractive index where it had A. Feisst and P. Koidl. Appl. Phys. Lett. 47, 1125 (1985).

been exposed to the blue beam, whereas there were no such 'E. J. Lim, M. M. Fejer, R. L. Byer, and W. J. Kozlovsky, Electron. Lett.
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Observation of Extremely Large Quadratic Suseptibility at 9.6-10.8 pm
in Electric-Held-Biased AIGaAs Quantum Wells

M. M. Fejer, S. J. B. Yoo, and R. L. Byer
Edward L. Ginzton Laboratory. Stanford University. Stanford, California 94305

Alex Harwit (' ) and J. S. Harris, Jr.
Stanford Electronics Laboratory. Stanford University, Stanford, California 94305

(Received 28 December 1988)

We have observed an extremely large second-order susceptibility for second-harmonic generation of
9.6-10.8-pm radiation due to intersubband transitions in electric-field-biased GaAs quantum wells. For
92-A GaAs wells with 309-A Alo.4&Gao.sAs barriers under a bias of 36 kV/cm, the peak value of the sus-
ceptibility was 28 nm/V, 73 times larger than for bulk GaAs. The magnitude and sign of the susceptibil-
ity depend on the bias field, and are in accord with theoretical predictions.

PACS numbers: 42.65.Ky. 73.20.Dx, 78.65.Fa

Transitions between the subbands of an isolated quan- second-harmonic generation of the 9.6-10.8-urm output
turn well have extremely large oscillator strengths.' of a CO 2 laser in modulation-doped AlGaAs quantum
Strong infrared absorption features associated with tran- wells are in accord with theoretical predictions.
sitions between the lowest two subbands in a GaAs quan- To calculate the nonlinear susceptibilities, we need the
turn well have been observed by several groups. 1-3 Since energy eigenvalues and dipole matrix elements for an
nth-order nonlinear susceptibilities are proportional to electron in a quantum well under an applied electric
the product of n + I dipole matrix elements, strong non- field. The wave function is the product of a Bloch func-
linear effects can also be expected.A 7 As even-order sus- tion, a plane wave in the plane normal to the layers
ceptibilities vanish in structures with inversion symme- (.i), and an envelope function V that depends only on
try, finite second-order susceptibilities can only be ob- z. Assuming vertical transitions between the subbands
served if the symmetry of the conduction-band potential and unity overlap of the Bloch functions,' we need only
is broken through either the growth of an asymmetric consider the dipole matrix elements and energies of the
well or the application of an external bias field. We re- envelope functions. The expression for the nonlinear po-
port here on the first measurement of the second-order larizability for second-harmonic generation a(2) is then
susceptibility of a quantum well biased with an external the same as that given in Ref. 8 for transitions between
field. The measurements of electric-field-induced discrete states,

an,,231:z1)(o - iy7,)(2a - n,, i,,~ +(+l~-ly,,)(2.+ n,. 1 -iy,,) -

eo,, 2eM

where (zj) m(Wi I z IVj), aj -(E, - Ej)/h, l/ytj is the
dephasing time, and e is the magnitude of the electronic the effective-mana Hamiltonian to be
charge. We have assumed that only the lowest subband 0 d I d
is thermally populated. In the low-density limit, the non- H(z)+U(z)+eFz. (2)
linear susceptibility z() is ven by .(2 -Na ( )

, where 2 dx ns(z) dz
N is the number density of conduction electrons. Since For I zI < LIZ U(z)-0 and the effective mas m,s()
at least one of the matrix elements in each term vanishes -m., while for Iz I >LlZ U(z) -Uo and m,(z) mb.
if the states ire of definite parity, the magnitude of the While the Schriding equation obtained with this Ham-
nonlinearity depends strongly on those matrix elements, iltonian is readily solved numerically, insight into the
forbidden at zero field, that are induced by the bias field. effects of the bias id on the optical properties of the

For a well of depth Uo and width L centered at z m0, system can be obtained from an approximate solution of
under a bias electric field Ft normal to the well, the en- the infinite-weU (U,- on) modeL For this analysis, it is
velope function W, obeys H(z) 9 r, -E,,,V, where we take useful to introduce a characteristic confinement energy,
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Eo 2x 2/2m.L 2, and a dimensionless measure of the strength of the bias field, *MeFL/xE0. For the range of bias
fields applied in this experiment, it is adequate to treat the electric field as a perturbation. In this case, we can obtain
wave functions correct to first order in 0 9:

. (Z) "- I 1. .osn)+ _t 0[ _ -_0" - - sin(nC) +1c os(nC) ]}(3)

for n odd, and the same expression with cos and sin
interchanged for n even. Cozz/L is a dimensionless by L/L -1.32. These scaled values, followed by the re-
length. The energy eigenvalues accurate to second order suits from numerical solutions, are E, -38 (38) meV,
in 0 are E2-152 (152) meV, E3-342 (332) meV, (z,2-22

(22) A, (Z23)--24 (-24) A. For a bias field of 36
.E "n2+02 -i- -n15 . (4) kV/cm, we find (z13)-0.74 (0.74) A, (z,1)-(Z22)

The dipole matrix elements are necessary for the cal- With Eqs. (5) and (6) for the dipole matrix elements

culation of the optical properties of the quantum well. and Eq. (4) for the eigenvalues, we can evaluate Eq. (1)
The allowed matrix elements in a symmetric square well, for the nonlinear susceptibility. Consider a well with
i.e. those between states of opposite parity, have been three bound states. The peak in the nonlinear suscepti-
given previously as bility at 2w- 03i (hA-152 meV for our example) is

dominated by the n-2, m-3 term of Eq. (1). Consid-

L ( ) 2  (m n  (5) ering only this term, we have with Eqs. (4) and (6)
LXt(1024 e 4 F

where we have neglected a correction proportional to 22. 4(2)(o,--31 /2)r I - •
45s2 eoh mwT731 4  (

From Eq. (3) we can obtain the dipole matrix elements
that are disallowed at zero field, i.e., those between states Taking N-5x l0'7 cm - 3, Ay, 3-7.5 meV, and F-36
of the same parity: for m -n, kV/cm, we find Na( 2)(2- 1,) -2.4x 10 -im/V. For

(z..) X2n 2-15 comparison, the nonlinear susceptibility of bulk GaAs, a

L ._ 24xn (6a) highly nonlinear material, is z")-3.8x10 - ") n/V.16

From Eq. (7) it can be seen that the nonlinearity is in-

for m,n odd, versely proportional to the square of the effective mass of

(z() (- )(a+m)/2 m 2+n 2 _ electrons in GaAs, reflecting the fact that the size of a
0L 2-n 2 ) 2  (6b) quantum well in resonance with a photon of a given ener-

gy increases with decreasing effective mass. The non-
and the negative of the latter expression for m,n even. linear susceptibility is also inversely proportional to the
Despite the derivation of Eqs. (3) and (4) as expansions linewidth of the resonant transition. The magnitude of
in powers of 0, the dipole matrix elements calculated the discontinuity in the cmduction band does not appear
with Eqs. (5) and (6) agree to within several percent in the expression, as might be expected in the effective-
with numerical calculations for 0 on the order of I width approximation. Finally, we note that the magni-
(fields of 200 kV/cm for a 92-A GaAs well).'o tude and sign of the nonlinear susceptibility are propor-

For wells of finite depth, the wave function spreads tional to the applied bias field.
into the barrier region, and the above analysis is no While the simple Hamiltonia in Eq. (2) is useful for
longer valid. For the purpose of discussion, it is ade- a qualitative discussion of the nonlinear susceptibility,
quate to use the effective-width approximation," where the nonparabolicity of the conduction band must be in-
we replace L in the expressions for the infinite well with cluded in quantitative calculations '7 We approximate
L,, where L, is chosen to yield the mrrect ground-state the nonparabolicity with an energy-dependent effective

energy for the finite well at zero bias. For a 92-A GaAs mass defined by hk 2 2m()-E(k), chosen to agree
well, with Alo.4 Gao.s2As barriers, we take the materi- with the quartic dispersion relation for GaAs given in

al parameters at gO K to be m, -0.067mo, mb -0.107 Ref. 12. The reduction in the energy of the eigenstates
x mo1,2 the direct-bandgap energy E,,. - 1.507 eV in the caused by the nonparabolicity affects the magnitude of

well' 3 and E,.b- 2 .163  eV in the barrier,'2' '4  a (2) both by shifting the location of the resonances, and

and the conduction-band discontinuity as 0.63(Eo.b by reducing the magnitude of the dipole matrix elements

-E.,,).' With these parameters, we find that the by reducing the barrier penetration of the wave func-

ground-state energy of the unbiased well is 38 meV, re- tions. For our 92-A example, E3 shifts by 42 meV,

suiting in an effective width of 4-122 A. The quanti- significantly reducing the separation of 12, and 9131/2

ties of interest for the calculation of optical properties approximately doubling aa)(e-oi,/2).
can then be obtained by scaling the infinite-well results The in -itude of the intersubband nonlinearity can
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be obtained experimentally from a measurement of 10-7

electric-field-induced second-harmonic generation. We
used a sample grown by molecular-beam epitaxy in a
Varian Gen-l1 system. A 0.5-pm, n-2x101'-cm 3- 104
doped GaAs buffer layer followed by fifty periods of the
superlattice was grown on a 500-pm, n-7x 106-cm 3-

doped substrate. A period of the superlattice consists of 104
a 309-A Alo.4gGao.52As barrier and a nominally 92-A ............... .....................
GaAs well. The :enter 132 A of the barrier is doped at
6x 10 1rC -c , while !he well is undoped. The structure ,-o10
is capped with a 1.3-Mm GaAs layer, the first 500 A of 100 110 120 130 140

which is doped at Ix 101 cm- 3, the next 0.75 jm at ,,[mV)

2x10'7 cm- 3, and the top 0.5 pum at 2x10" cm - 3 . FIG. i. Calculated nonlinear susceptibility for second-
The dopant in all layers is silicon, harmonic generation Z() as a function of the energy of the

The sample was first characterized by infrared absorp- fundamental photon. Squares are experimental measurements.
tion measurements on a Digilab FTS-40 Fourier-trans-
form infrared spectrometer. The wafer was oriented at
Brewster's angle in a beam polarized in the plane of in-
cidence. At 80 K an absorption line was observed at 112 of the second-harmonic radiation that depended on the
meV with FWHM of 5 meV. The integrated absorption applied voltage was measured.
strength was 0.50 as large as predicted from the theoreti- The total second-harmonic output is the coherent sum
cal oscillator strength, which is accounted for in the of the contributions from the quantum-well layer and the
remainder of the calculations by using a similarly re- substrate. For a fundamental beam propagating at an
duced effective doping density. Measurements of the angle & to f, it can be shown that the total second-
much weaker absorption of the 1-3 transition have not harmonic power generated in the sample P2, is given by
yet been obtained. P2.cP.AXJ|)+DZJ|)tcos(9)0- Ill 1 (8)

The transition energies and dipole matrix elements
were calculated by numerical solution of Eq. (1) with a where A and B are possibly complex geometry-dependent
quartic dispersion relation, including a first-order pertur- factors, t is the ratio of the transmission coefficients for
bation calculation of the energy shift due to band bend- radiation polarized normal and parallel to the plane of
ing. The macroscopic susceptibilities, related to the po- incidence, and Z4 ) is the nonlinear susceptibility of bulk
larizationA42 " by ,0) -Z)(E ) where the GaAs. *, the angle between a (1001 axis of the crystal
angular brackets indicate averaging over one period of and the intersection of the plane of incidence with the
the structure, were calculated in a self-consistent field suiface of the wafer, and y, the angle between the funda-

approximation " carried out to second order in the ap- mental electric field and the plane of incideace, are as-
plied fields. Many-body effects were neglected, and the sumed to be smalL As can be seen from Eq. (7), to first
numerical calculation was simplifid by neglecting cou- order XH) is proportional to the applied bias field F. It is

pling of the different subband transitions. The major then clear from Eq. (8) that P,. is a quadratic function
differences between this calculation and the simple result of the bias voltage V and that the minimum of the para-

Z (2).,Nfa(2), where f is the frction of the structure bola sift linearly with # and y.
filled by the quantum wells, are a blue shift of the r"o- P2, was measured for several waveMlegts as a func-
nances, and an overall reduction in the magnitude due to tion of V at * -7-0. The expected parabolic depen-

the difference between the bulk linear suscptibilities of denc is obeyed, with wavelenth-depedet curvature
the well and barrier. The magnitude of the econ-order reflecting the dispersion of *if. The minima of the par-

susceptibility for F-36 kV/cm, calculated with the abolas fall at V-V- 3 V, rather that at V-0 as pre-

empirical values for fl2 1 and Mt, the theoretical value dicted by Eq. (8). That y is the same for all the wave-

for fa)3, and h rlt-7.5 mV, is plotted versus fundamen- lengths suggests that the shift is a result of built-in
tal frequency in Fig. 1. 1 asymmetry in the well, rather than misorentation of the

The harmonic generation measurements were made sample or imperfect polarivsL We note that measure-
with a grating-tuned, rotating-mirror. Q-switched CO2 meats of the quadratic Stark shift of the 1-2 transition
laser focused to a spot of approximately 50 pm diameter showed a similar offe." Repeating the measurement of
at the sample. The aser output was typically a train of Pi. vs V for several values of r at a fixed wavelength
200as.long pulses with a peak power of I kW and a showed a linear depeenm of Ye on , as predicted by
100-Hz repetition rate. The bias voltage was applied Eq. (8). For fundamental wavelngths lme to the ab-
every other laser pulse, and the second-harmonic output sorption peak. deviatios from the parabolic dependence

was monitored with a boxcar integrator operated in an of P2. vs V attributed to the Stark shift of the peak.

active baelingsubtractic mode, so that only the portion were obmv at high him d.1043
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-Characterization of single-crystal sapphire fibers for optical power
delivery systems
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Sapphire single-crystal fibers with diameters of I 10pm and lengths of over 2 m have been
grown by the laser-heated pedestal growth method. The fibers are free of imperfections such as
voids and bubbles. The minimum loss of 0.5 dB/m was measured in the near infrared at 1064
nm. Absorption loss at 2936 nm was 0.88 dB/m with a damage threshold higher than 1.2 kJ/
cm 2 for 1 10-ps-long pulses making tissue ablation feasible with fibers several meters in length.

Sapphire (a-Al20 3 ) has long been recognized as a good tion. Inclusions, inhomogeneities, and surface irregularities
material for optical components due to its wide transparency increase the scattering losses. We could not detect any inho-
range (240-4000 nm), high melting temperature (2053 "C), mogeneities in the volume of the fibers with optical micros-
low solubility in water, and favorable mechanical and chemi- copy, nor were any scattering centers apparent under laser
cal properties. Sapphire single-crystal fibers are well suited illumination, which suggests that diameter variations are the
for sensor applications in high temperature or chemically most important factor influencing the scattering loss.
hostile environments, ' as well as for use in medical power Variations in diameter can be caused by several sources.
delivery systems operating at the 2936 nm Er:YAG wave- Heating power fluctuations and variations in the diameter of
length2 where silica glass fibers are highly absorbing. the source rod or the feed rate affect the molten zone volume

In this letter we report on the optical properties of sin- which in turn affects the diameter of the fiber. A diameter
gle-crystal sapphire fibers prepared with the laser-heated measurement system' recorded the variations in the diame-
pedestal growth method (Fig. 1).3 The fibers are grown by ter of the fiber during growth. The diameter variations,
dipping an oriented single-crystal seed into a molten droplet which typically have a maximum at a spatial period of 5 mm
produced above a feed rod' by CO2 laser heating (Fig. 1 ). By for I 10-pm-diam fibers, roll off rapidly, for shorter periods.
carefully controlling the ratio of the speeds at which the This is fortunate, since short-period variations efficiently
source rod iR pushed into and the fiber is pulled out of the couple power to higher order modes and ultimately lead to
molten zone, a reduction ratio of source rod to fiber diameter scatter loss.6 The rms diameter variation is 2-3 % for spatial
of 3.5 is typically obtained. A 6-cm-long, 0.4-mm-diam periods shorter than 15 mm. Even though an active stabiliza-
source rod g-nerates a 70-cm-long, I 10-pm-diam fiber. The tion loop kept the laser power constant to within 0.5%, we
sapphire fibers were typically grown in air at a speed of 4 believe that the main source for diameter variations are laser
mm/min. The cross section of the c-axis fibers is roughly power fluctuations, amplified by the resonant response of
circular with slight deviations reflecting the trigonal symme- the molten zone.7 Further studies of the growth dynamics
try. are in progress.

Longer fibers were grown by using a two-step reduction. Scatter losses were measured by launching laser light
A fiber grown from an 800-pm-diam source rod was used as into the fiber and measuring scattered radiation along the
the source material for a second step with a diameter reduc-
tion ratio of 3.5. The resulting 120-jum-diam fibers were as
long as 2.5 m (Fig. 2). For the remainder of this letter, data
given are for c-axis fibers with a diameter of 110 pm. -OW snc, sW

The fibers grown are unclad (core index = 1.78) and %W
therefore highly multimod&. Despite the large numerical ap- f
erture, the measured modal power distribution after propa- p "-, t

gating a laser beam through a 0.71-rm-long fiber has a full I*O

angle at half intensity of only 1. This distribution was only
weakly sensitive to bends in the fiber and input launching .......

conditions. .... .....
Low propagation loss is necessary for optical applica- 'I".."'

tions of sapphire fibers. Two effects, scattering and absorp- ~ tI

tion, contribute to the total loss. Absorption can arise from .............. ..
point defects in the crystal and from impurities. Since there ..
is no contact of the liquid zone with crucibles or dies during
the growth process, contamination of the crystal with metal-
lic impurities during growth is not a problem, suggesting
that impurities in the source material, gaseous species FIO. 1. Cin-w..diagrarm offhcming opi-m an tranl ato ud to
(H 20), or color centers are responsible for extrinsic absorp- grow ,ingcrpW L
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TABLE I. Scattering and absorption losses for a fiber grown in air. The data
point in parentheses is for a fiber grown in an oxygen atmosphere.

Wavelength Scattering loss Wavelength Absorption loss
(nm) (dB/m) (nm) (dB/m)

458 0.16±0.03 458 17.4 +0.8
488 0.17 0.03 488 6.30 0.1
515 0.16+-0.03 515 4.6 -0. 15
633 0.13 0.03 633 1.3 _-_0.2

1064 0.18 - 0.035 1064 0.28 + 0.08
2936 1.7 ±0.2(0.88+0.2)

lens onto the plane of an aperture which let pass light from a
small section of the arc that had a well-defined spectral emis-
sion. One end of the fiber was positioned in the aperture; the
other end was placed inside an integrating sphere. The wave-
length dependence of the ouput of the sphere was measured

FIG. 2. Photograph of. 0-/um-dian c-axis single-crystal sapphire fiber. with a I m spectrometer and photomultiplier detector. The
The ruler unit is mm. wavelength dependence of the throughput of the measure-

ment system was removed by normalizing the data to the
signal obtained by directly imaging the aperture onto the
input of the integrating sphere. The overall scale factor was
set by comparison with the 633 nm data point in Table I.

fiber with a photodiode in a 6-cm-diam integrating sphere.' The resulting curve for the attenuation constant a in a c-
As the scatter losses are dependent on the modal power dis- axis fiber is shown in Fig. 3, along with the absorption losses
tribution,6 there is no unique loss figure for a given wave- measured at the laser wavelengths. There is a broad absorp-
length. Since the angular distribution of the output light was tion band centered at 400 nim (corresponding to a photon
found to be largely insensitive to moderate fiber bending, we energy of 3.1 eV) with a peak absorption of 18 dB/m (0.04
expect the loss measurements, taken near the output end of cm- i). An absorption band centered at 3 eV with a full
the 0.7 I-m-long fiber, to be representative of those for actual width at half maximum of 1.5 eV, similar to the observed
applications. Results of scatter loss measurements at wave- band, has previously been reported in r-irradiated sapphire
lengths ranging from 458 to 2936 nm are shown in Table I. crystals.' 1.12 The type of color center responsible for the ab-
The scatter losses for all the wavelengths measured are the sorption has been attributed to hole (or V-type) centers.
same, 0.16 dB/m, within experimental accuracy. The Two hole (V , one hole (V 2-),and VoH centers 3 all ab-
change in throughput of a fiber bent in a loop with a radius of sorb near 3.0 eV. i4 Bauer and Whitmore15 propose a hole
13 mm was found to be less than 1%. trapped on an anion which is adjacent to a substituional

Calorimetry was used to measure absorption losses in divalent iron impurity. The absorption bands of all of these
fibers.9 The calorimeter consisted of two identical capillary centers were reported to be bleached when the samples were
tubes each 30 cm long, one containing the sample and the annealed at a high temperature. We are currently investigat-
other serving as a reference. The absorbed laser light heated ing annealing as a means of reducing the 3.0 eV absorption in
the fiber, and the resultant temperature difference between the sapphire fibers.
the two capillary tubes was measured with six thermocouple The possibility of laser surgery using sapphire fibers was
junctions in series. The responsivity of the calorimeter was
measured with a heating wire in place of the fiber. The guid- 20
ed power was calculated from the measured output, taking 004
into account the Fresnel reflection loss and attenuation as -
the light travels from the point of measurement to the end of a 15

0.03the fiber.
The results of the absorption measured by calorimetry 1 o

at six different wavelengths for a fiber grown in air are shown * 0.02
in Table I. A lower absorption loss of 0.88 dB/m for 2936 nm
light was measured for a fiber grown in an atmosphere of Cc 001
pure oxygen, probably due to reduced OH incorporation,' Io

From the data in Table I, it can be seen that absorption domi- ,0
nates scattering losses in the visible and the mid-infrared. In 200 400 600 800 1000 1200

the near-infrared, absorption is small and comparable in awvnlth (nto)

magnitude to the scatter losses. FIG. 3. Loss coefficient in I IO-.m-diam fiber, The solid line depicts the

The absorption in the UV-visible region of the spectrum attenuation constant measured with the arc lamp apparatus. Circles are ab-

was measured using an arc lamp. The arc was imaged by a sorption losses from Table I measured by laser calonmetry.
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invs'stigated with a Quantronix model 294 Er:YAG laser tered at 400 nm. Laser light at 2936 nm was guicea wtn a

operating at 2936 nm with a pulse duration of ; 10 /,s and a total loss of I dB/m, and a damage threshold of 1.2 kJ/cm2

repetition rate of 3 Hz. To establish the damage threshold, for a I 10-,us-long pulse. Ablation of post-mortem arterial

th" flash lamp energy was slowly increased. The energy inci- tissue was demonstrated with incident fluences at the fiber

dent on the input end of the fiber was estimated by recording surface well below the damage threshold. Power handling

the ouput of the fiber and correcting for propagation losses, might be improved by reducing impurities in the fiber and

No damage was observed for 130 mJ pulses falling on the improved end polishing techniques or by tapering the fiber.

I 10-,ur-diam input face of the fiber. Assuming uniform in- The sapphire fibers are well suited for medical applications
tensitv across the end face yields a damage threshold in ex- due to their nontoxicity, chemical inertness, and mechanical
cess of 1.2 kJ/cm2 (an intensity of II MW/cm2 ). Ablation strength.
of post-mortem human arterial tissue was observed with 6 The authors wish to thank Greg Magel for helpful dis-
mJ per pulse at the output of the fiber. Assuming a fiber cussions. The assistance of Janet Brooks and Michel Digon-

deli% ery system 4 m in length with a loss coefficient of I dB/ net with the Er:YAG measurements is appreciated. This

m. reflection losses of 8% at each end, and with an output work was funded by the Air Force Office of Scientific Re-

energy of 6 mJ per pulse, the incident fluence on the fiber search, contract AFOSR-88-0354 and by the National

would be at least seven times below the damage threshold. Science Foundation, contract DMR 87-21735-Al through

We conclude that sapphire single-crystal fiber power deliv- the Center for Materials Research at Stanford University.

ery systems are feasible for medical applications.
Because the Er:YAG laser exhibited spiking and operat-

ed in multiple transverse modes, the local damage threshold
of the sapphire fiber surface is probably higher than the aver- 'R. R. Dils, J. Appl. Phys. 54, 1198 (1982).
age value of )I MW/cm2 . Furthermore, the surface damage 2L. Esterowitz. C. A. Hoffman, and D. C. Tran, SPIE Proc. 605.32 (1986)

threshold of sapphire has been shown to depend strongly on 'M. M. Fejer, J. L. Nightingale. G. A. Magel, and R. L. Byer, Rev. Sci

absorbing defects or impurities in the surface layer." We Instrum. 55, 1791 (1984).

believe that the surface absorption could be reduced by im- 'The source rods were manufactured from HEM-sapphire supplied by
Crystal Systems Inc., 27 Congress St., Salem, MA 01970.

proving the polishing techniques and by annealing the pol- 'M. M. Fejer, G. A. Magel, and R. L. Byer, Appl. Opt. 24, 2362 (1985).

ished surface, " leading to a considerable increase in damage 6D. Gloge, Bell Syst. Tech. J. 51, 1767 (1972).

threshold. Alternatively, the damage threshold could be in- 'M. M. Fejer, Ph.D. dissertation, Stanford University, Stanford. CA, 1986.
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"D. H.Jundt, M. M. Fejer, and R. L. Byer, SPIE Proc. 1084, 39 (1989).

The tensile strength of sapphire fibers is ten times that of 'Dietrich Marcuse, Principles of Optical Fiber Measurements (Academic,
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Chain scission induced by two-photon exposure produces a permanent birefringence in polysilane polymer films, which can be
used for the formation of birefringent optical elements. Spectroscopy of the effect for polytdi.n-hexylstianei reveals an unex-
pected sharp resonance at 580 nm. A comparison of several polystlanes indicates the effect only occurs in polymers with s, mmet-
nc or near symmetric sideproups. Models to explain these observations are introduced and discussed.

1. Introduction These polymers have a long catenated a-bonded sil-
icon backbone with two sidegroups. usually carbon

The nonlinear optical properties of low-dimen- based, attached to each Si atom in the backbone chain
sional materials have been a subject of great interest [9]. They are soluble in most hydrocarbon solvents
in recent years [ 1]. "hese include quantum wells and and thin films of excellent optical quality can be fab-
wires [ 2 1, fabricated by epitaxial growth of semi- ncated with conventional spinning and coating tech-
conductors. and their natural analogs in the form of niques. In spite of the a-bonded nature of the back-
perovskites (31 and polymers (4]. These materials bone, the polysilanes show extensive electronic
can be prepared with third-order nonlinear optical delocalization. resulting in strong transitions for ex-
susceptibilities large enough to allow their consid- citations polarized parallel to the backbone. The
eration for applications to harmonic generation (51 lowest energy transition is believed to be a a-a" ex-
or optical switching [61. The most commonly stud- citation [ 101, with the a* excited state even more
ied polymer systems for switching applications are delocalized than the ground state [ I I]. The oscil-
highly conjugated carbon based polymers, such as the lator strength of the a-oa* transition in solution has
polydiacetylenes [7]. These polymers show exten- been measured to beA'0.1 (per Si-Si bond) [10].
stve electron delocalization, allowing large transition and absorption coefficients as large as ( 1-2 ) x 10'
dipole moments and therefore large nonlinear opti- cm-I in the solid state are typical. The linewidth of
cal susceptibilities. Unfortunately, polydiacetylene this transition ( 350 meV) is believed to be in-
compounds generally absorb strongly at visible homogeneously broadened by a distribution of chain
w, avelengths, making them useful for optical devices segment lengths and is comparable to the linewidth
only in the near-infrared. Optical quality films have of the lowest energy exciton transition in polydiace-
also proven difficult to fabricate, although some tylenes (4]. Unlike conjugated carbon compounds.
progress has been made in this area [ 81. however, polysilane absorption maxima occur in the

In contrast to the polydiacetylenes, thin films of near UV, between 300 and 400 n-i. and films are
polysilane polymers are more readily formed, and completely transparent at visible wavelengths.
are transparent throughout the visible spectrum. Decay ofthe e state when excited by UV photons
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occurs primaril% through fluorescence or photo- gence with an orientation determined by the polar-
chemical reactions. Decay by polymer backbone ization of the exposing laser.
scission reduces the polymer molecular weight. -k comparison of net birefringence induced by both
Jhanging both the solubility and optical propertes, single-photon and two-photon exposure is seen in the
T% pical scission quantum yields for polysilanes in the log-log plot of fig. L. The slope of bire'ringence
solid state are low (about 1%) [9]. The large UV growth is :, I in both cases. implying a similar pho-
_sc:ilator strengths and photolabilitv, combined with tochemical reaction rate. In both cases. An reaches
,w.ceptional stability in an oxygen plasma environ- a saturation value, implying completed scission of
ment. make these materials useful as photoresists most of the well aligned chain segments, and sub-

2 ]. Ahich suggests the possibility of optical wave- sequently decays as chains of other orientations
guide fabrication through lithographic patterning, undergo photochemistry. However. the slope of the
Photoconductivity [ 131 and high hole mobilities birefringence decay is quite different for the two ex.

, I are also observed during direct excitation in the posure paths. indicating different rates of energy
LV. transfer or photochemistry for chain segments not

The large L'V oscillator strengths and electronic aligned with the exposing laser polarization. Fur-
.eiocalization also give rise to large optical nonlin- thermore. the net saturation birefringence that can
.ar susceptibilities. Recent publications have de- be induced with two-photon exposure can be as large
scrioed measurements of Z tor polysilanes to be as ,n= O.03 in films several microns thick. , hiie the
on the order of l0-'-l10-' esu for third-harmonic net value of An induced by UV exposure for films of
generation [ 15] and four-wave mixing processes similar thickness is considerably less.

161. T., o-photon absorption. being a 3 1 phenom- This high degree of polarization "memor pro-
enon. should therefore be strong as well for this class
o f polmers. We have observed this to be the case.
Aith .''-3.2x 10- 1 .-su at 560 nm. and the pri-
mar% excitation decay paths of energy transfer. poly- • Two-ftoWExpsure

mer chain scission. and UV fluorescence very sim- U .'v E.PO
ilar to those observed with single-photon exposure 3

Ho, ever. we observe a remarkable difference be-
::een single-photon excitation in the UV and multi- 0.01
photon excitation at visible wavelengths: a strong, ,
permanent birefringence is induced in thick polymer
films by nonlinear photoexposure. Even though sim- -
ilar processes of chain scission (reducing the UV ab- Z

sorption strength at the original maximum) and en- o
ergy transfer to longer chain segments (resulting in •
fluorescence depolarization) occur for both linear e
and nonlinear exposure [ 17], the relative rate of
scission for chain segments excited by energy trans-
fer (e.g. those aligned perpendicular to the exposing 0
laser polarization) for two-photon excitation is ob- to", 1 io1 1o0 1o0 ." 05

served to be significantly slower than that observed Incident Exposure (i/cm -)

for UV excitation. As the UV absorption of the par-
allel chain segments decreases anisotropically througU-- Fil. I. Birefrinsce (AA) versus incident exposure in .cm)-- for polarind OTV (46) and polorized pulsed laser (e i exo:osure.
nonlinear photoexposure. the corresponding index T otole 325 a Ua powr esed ar 0. eThe conunuous 32S niUV power densiI was 0.2 W/cm-. ,,~k
of refraction at visible wavelengths is reduced ani- the 575 am pulsed Lasr intensity tusins 8 ns pulses at !,0 Hz)
sotropicaily as well, inducing in the film a birefrin- was 1.6GW/cm2 .
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duced by nonlinear photoexposure of isotropic ma- Ten different laser dyes were used to span the wave-
terials is. to our knowledge, unique to the potysi- length range 545-723 nm. A He-Ne probe at 632.3
lanes. and has the potential for many useful nm (spot radius :25 gim) with polanzation on-
applications. These include the formation of bire- ented +45: to the dye laser polarization was over-
fringent gratings and variable waveplates through lapped with the dye laser at the polymer film. The
photoexposure [ 18 ], as well as the patterning of in- He-Ne beam subsequently passed through an ana-
tegrated optical devices. lvzer oriented at - 45 to the exposing laser. and the

transmitted power was measured using a calibrated
photodetector. Data were acquired from the photo-

2. Experimental detector with an IBM PC. and the net birefringence
calculated using the approximation

An optical ellipsometry measurement was used to .*'
characterize the birefringence growth and decay. ..An= P1)
Films of high molecular weight (Afw 2.3 X 106 by mtdv'Pmax
gel permeation chromatography) poly(di-n-hexyl- where d and . are the total ilm thickness and ave-
silane)I were prepared from solutions in isooctane5% by weight). The solutions were passed through length in microns. and P... ts the maximum trans-( 5 g smitted power with the analyzer oriented at -. 5:.a I um filter. and spun onto quartz waters using spin This relation is correct within 1% as long as Xn-'d!
speeds of 3000 rpm. This procedure produced films < 0. 15.
that were approximately I ptm thick, although the ex- The growth of the birefingence was monitored at
act thickness depended on spinning acceleration and various wavelengths and laser powers. Because ex-
solution viscosity. After spinning, the films were
baked at 100-C for 10 min. and cooled to 103C for posure induces irreversible birefringence in the poly-mer. a new location on the film was used for eachat least a day to allow substantial sidechain crystal-
lization. Film thickness was measured with a Tencor exposure Care was taken so that the spot size and
alpha-step 2000 stylus profilometer at the minimum power. and hence the intensity, remained constant
force setting. for all the exposures in each set of measurements.For comparison, an exposure using the same ellip-

The experimental configuration is schematically soretryaranenwsmae using an unmocused
represented in fig. 2. A polarized. pulsed dye laser sometry arrangement was made using an unfocused

beam(puse wdthtt 8nsspotradus %275gm) polarized continuous wave He-Cdl laser ( spot radiusbeam (pulse width =8 ns; spot radius =275 lai) =388Mam) at 32S nm in place ofthe dye laser beam.
was focused onto the polymer film to produce power Typical data from a UV and two-photon exposure
densities (0.2-2.5 GW/cm') which were large are data from a UV and a-ot e -

enuhto induce significant two-photon absorption. are shown in fig. 1. As mentioned above. the bire-
enough nfringence grows from an isotropic background until

a saturation value is reached. For two-photon ex-
Poly W Phote.tem posures at yellow wavelengths ( % 580 nm). An is

verticlly f aM flm an initially proportional to exposure (slope L I on a log-
Pulsed Dye substrate log plot), but saturates quickly at %0.03 and begins

to decay slowly with continued photoexposure. This
corresponds to rapid photodegradation for chain
segments aligned with the laser polarization. fol-

olowed by slower degradation for chains of other on-
entations excited either directly or by energy trans-

log" P, fer. Similar behavior is observed with polarized U V
_'__-__ \ exposure, but the net birefringerce saturates at a

much low!r value (An-O.005). This is principally
Fig. 2. Schematic diagram of the ellipsometry setup for measur- because UV-induced photochemistry occurs only in
ing the powth ofbirefringlencetmducedbytwo-photonabsorpuon a small skin depth of a few hundred nanometers. and
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not over the entire thickness d of the film. due to uration occurs for intensities 1> 1.S GW/cm. Sim-
strong polymer absorption. ilarly. for fixed p, and intensity, the exposure dose

-kt low values of birefringence. the scission of non- is inversely proportional to ( .). the nonlinear ab-

aligned chain segments excited by energy transfer is sorption coefficient. Relative values of # calculated

negligible, and An is proportional to the number of from the exposure needed to induce a fixed birefrin-
aligned polymer backbone segments undergoing scis- gence can therefore be normalized by companng the

sion p, per unit area in time t. This in turn is related absolute change in UV absorption (also propor-
:o muiti-pnoton absorption by tional to the number of bonds broken) for both LA
At? cry :Pc UPb, Iq[- q ( .)I:It, (2) and two-photon exposure to infer the number of ex-

citations. This treatment assumes similar scission

•.here q is the scission quantum yield (generally quantum }.ieids for both two-photon and UV

0.01 in the solid state), p,~b is the number of pho- excitation.
tons absorbed per unit area. ( is the laser intensity in A spectrum of # for poly (di-n-hexylsilane) cal-
\W cm-. ji is the two-photon absorption coefficient culated by the method outlined above is shown on

!n cm/W. t is the exposure time in s. and z is the film a loganthmic scale as a function of two-photon ex-
:ickness in cm. citation energy in fig. 4. The squares are data. nor-
The exposure time t) needed to induce a fixed malized to the previously measured value of

:irefringence (i.e. fixed p,) for a given g(,.) is in- Z =3.2x 10- 0 esu (corresponding to I=0.45 cm/
.ersely proportional to the square of the exposure MW) at 560 nm [ 17 ]. The spectrum show s a sharp
.ntensity tor a two-photon process. This is the case peak at 579 nm (corresponding to a two-photon en-

:'or our measurements. as can be seen from the plot ergy of 4.3 eV). on top of a broad backgiound cen-
or,, "ersus I for a Fixed wavelength shown in fig. 3. tered at 570 nm. The solid line is a least-squares fit

The data are well fit on a log-log scale by a straight of the sum of two Gaussians to the data. ith the
1,ine of slope - 2. agreeing well with the proportion- linewidths of 33 and 410 meV for the sharp and broad

alit, expected from a two-photon process. until sat- features. respectively. The width of the broad band
is comparable to that observed for single photon ab-
sorption. shown as the dotted line in fig. 4. The sharp
spike. however, seems to bear little resemblance to

t 2.68 x1 I any feature observed in the single-photon absorption
case. Although it is not unusual for two-photon ab-
sorption spectra to show transitions normally for-

A ibidden for linear absorptions. the narrow linewidth

S:"of the multi-photon transition inducing the birefrin-

gence suggests a more localized or site-selective ex-
.6 citation, without inhomogeneous broadening by the

_ distribution of chain segment lengths.
The induced birefringence is not unique to poly( di-

0" n-hexylsilane). Thin films of polysilanes with a va-

riety of substituent groups were prepared and ex-

posed at 573 am using the ellipsometry arrangement
07 log 1o0 .°40 described above. The results are presented in table

Intensity (W/cm) 1. Detectable birefringence was not induced in com-
(pounds with grossly unsymmetrical sidechains. such

Fig. 3. Log-lot plot of exposure time i needed to produce a fixed as poly (methylphenylsilane).
birefnngence ofAnmO.OI as a function of intensity. For intenst- We have also measured fluorescence produced by
ties below I GW/cml. the solid line of slope -2 fits the data well.
confirming the iwo-photon nature of the transitiOn. At higher in wo--oho excitation for solid films of polydi-n-
tensities, some devauon is observed, ndicatingl saturation of the hexylsilane). For this experiment. Lhe laser was a

process. Spectra Physics sub-picosecond dye laser system. fo-
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Wavelength tim)

One Photon 40 350 00

:Two-Photon iOO 00 0 0 550 500 1

t _.

-10/

- .1

2_.5 10 3 .5 4 0 -4.5 5 0

Energy (eV)

Fig. ,. Spectrum of the two-photon absorption coefficient $ in cm/MW for poiy(di-n-hexylsilane ), calculated from bire'ffnglence gprowth
curves. as a function of" two-photon energy, (a•), compared with the sinllephoton albsrption spectntin (.-). Solid fine ,s a lesst-squares
fit tto 0 using the sum of two (Gau•stians. one broad ( 7s 41:2 meV ), the other narrow (:v, 33 meV).

cused onto the polymer films to produce intensities observed for on-resow,.nce UJV excitations in polyv-
of" z 440 MW/cm-. Emission was collected by anf= I silanes [ 19, 20 ].
lens. and focused into a 0.5 in spectrometer with an The spectrum of #(A) (plotted on a linear scale in
OMA detetor. Spectra from the OMA were col- fig. 5a) iscomplementedbytheexcitationspectra of

lected and analyzed using an IBM PC. The two-pho= the integrated fluorescence ( plotted in fig. 5b )..-At

ton induced emission is broadband (A,.e,, % 10 nmn 77 K. the fluorescence excitation spectrum mimics

at room temperature), with line center at % 380 rim. identically the sharp peak and broad backgr'ound seen

The emission spectrum :s identical to that observed in induced birefringence at room temperature. with
with UJV excitation. and the average degree of flu- the respective linewidths of" z 2'; and % 235 meV -At

orescence anisotropy (%0.2) produced at the two- room temperature. however. only a broad spectrum

photon resonance (579 nm ) is quite similar to that of width _- 295 meV is observed. and the integrated
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Table I

Estimates o1'd for aious pol-siianes

Polymer Bacicbone EfTective d
structure ( nm I cm/ MW I

poiyi dcl.,rbutvlsiiane -, 3 helix 313 0.01 I
polyi di-n-pentylslane) -,'3 helix 313 *) 013
polvl di-n-hexvisilane) planar zigzag 374 0.42
polvi di-n-<ctvsi lane) planar zigzag 374 3.31
Poly ( di-tsohexyisilane) amorphous 313 1011

polyi di-tetradec.lsiiane i TGTG' 345 1l0011
PoI methvlhexvlsilane) amorphous 306 < 0.0006
polyi etnyhexvisiiane ) amorphous 306 < 0.0013
poiy ( pentyihexyisliane ) amorphous 316 0.01 8
polyl metifvlphen', siiane) amorphous 345 < 0 0005
polyt di-pn-but ipnenysiiane ) planar zigzag 400 301.2

SlL measured at 1.o GW 'cm" and t. = i'"3 nm. The values of 8 are calculated from birefinngence growth curves. and -,'resent oniv
:xcitations wnich iead to chain scission. Different scission yields for the vanous poimers may lead to different measure, nis :or :ne
, erail ivAo-photon absorption.

,mission intensit. when exciting at 5-9 nm is re- literature on the nature and energy leveis or :ne ex-
iuced by a tactor of : 15 from the spectrum at :ited states. ,Mintmire [221 and others '-31 have
K. A hile no decay in torescence inttnsity %%as ob- extensively modeled these pol.mers as one-dimen-
sered for exposures at 77 K. fluorescence was ob- sional semiconductors. In this model, the lowest en-
served to decay within seconds for exposures at room ergy a-a optical absorption at z 3-4 eV corre-
terperature. This decrease in fluorescence corre- sponds to the direct band gap of these materials.
lates well with the birefingence growth curves, and These band structure calculations also predict the
:s therefore probably caused by a reduction of the existence of a delocalized x" band approximately I
population of the fluorescing species through pho- eV above the a-o transition, coincident %.ith the
tcchemical reactions. The temperature dependence energy difference we observe in two-photon absorp-
a:so suggests thermal assistance for the two-photon tion. Although a direct a-n* transition is normally
r-amn scission process. symmetry forbidden. it might be allowed far two-

These fluorescence measurements are essentially photon absorption and could be a possible expia-
qualitative agreement with measurements of two- nation for the spectrum we observe. E%en though

-noton induced fluorescence in solid films of poly(di- these ab initio calculations underestimate .ne energy
,-nexylsilane) recently published by Thorne et al. of the lowest transition by about 40% [ _22 1. the cal-
' 1]. However. the published spectra apparently do culated energy shifts for vanous regular backbone

-it have sufficient resolution to determine if the conformations correlate well with those actually
, "arp resonance we observe for relatively thick films measured for a number of polysilanes of known
(.,:curs in the thin films ( 100 nm) used in their mea- structure, giving some credibility to the model and
urements. Further measurements are needed to re- the methods used.
olve this question. Photoconductivity studies of various poiysilanes

have suggested. however, that the lowest energy ab-
sorption is due to the formation of a highlk mobile

I. Discussion "exciton-like system" (131. If true. the electronic
structure would be similar to that observed in the

Although the highest occupied molecular orbital polydiacetylenes. for which the lowest energy ab-
if polysilane polymers has been conclusively deter- sorption has been unambigtously assigned to .xci-
tned to involve the delocalized a-bonded conju- ton formation [24!. Resonant two-photon absorp-

Lated backbone [ 9. 10 1. there s some debate in the tion with a linewidth comparable to the single-photon
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transfer. as seen from the rate of birefnngence decay
-" 3J " in fig. 1. are quite different. indicating some addi-

tional mechanism must be considered to full% ex-
plain the excitation dynamics of the system. Fur-

thermore. although the linewidth of the broad
6r component of the two-photon absorption (410 meV)

-" is comparable to the linewidth of the UV absorption
(350 meV). the presence of the sharp resonance at
room temperature in the two-photon spectrum is un-

" _ _ _ _ _ _ _like any observed by single-photon absorption.

K The width of the UV absorption features for
b) polysilanes has generally been attributed to an in-

:: K homogeneous distribution of chain-segment lengths
7- .10]. In this case. the narrow linewidth of the to-

photon absorption feature at 579 nm suggests some
, - kind of highly site specific or localized excitation.

This could involve site specific photochemistr. as is
. found in photochemical hole burning [26 ]. or tne

. o. creation of some site specific excitonic complex. For
- .., -,,,,- _ example. a bi-exciton. consisting of a bound pair of

Wavelengt ., -. - excitons. can give rise to highly resonant "giant to-
Wvavelength mnm) photon absorptions" in quantum confined semicon-

ductors [271. In the polysilanes. a bi-exciton ma
Fg. 5 a) Plot ofd calculated from btrefnngence growth curves take the form of two electron-hole pairs on the same

0) on a linear scale as a function of exposing wavelength. The chain or nearby chains. The broad spectrum we ob-
soid line :s the double Gaussan of fig. 4 1 b) Linear plot of flu-
.rescence versus exposing wavelength for both ' 7 K 10 ) and serve in this case might arise from a distribution of
-orn temperature (A). The solid line is a least-squares fit of the chain-segment mismatches, with two identical long
sum of two Gausstans to the low-temperature data. adding one chains being energetically favorable [ 2). causing the
-road feature ( z234 meV) and one narrow ( %25 meW). sharp resonance for those specific configurations. For

tfxciton linewidth has also been observed for the po- two interacting dipoles on neighboring chains. bi-ex-

l. diacetvlenes. and has been attributed to the for- citon properties would be highly dependent on the

lattice structure and substituent group. as we obser", em n o n o f a n exc to n . In so m e po lydiacetylenes, th e f r t o p o o b o p i n x i a i n t a s e o ltwo-photon resonance is observed 0.2-0.3 eV below for two-photon absorption. Excitation transfer ,,ouid
two-hotn rsonnceis bsered .2-.3 V blow also be expected to be weak. as both chains w~ould

the strong single-photon exciton transition, while one also e eta b aweks ot chainopaper [25]1 reports two-photon absorption 0.5 eV need to have identical patterns of conformatiornal
aoe th5repongle -photon nasition.5 adefects for transfer of both excitations as a boundabove the single-photon exciton transition. If an ex-

citon model is assumed for the UV transition in po- pair.

1%silanes. it is possible that the two-photon absorp- At this time, there are insufficient data to con-

tion we observe is also due to the formation of an clude which of the above models are the most prob-

exciton. able explanation of the unusual two-photon absorp-

As seen in fig. 1. the birefringence growth process tion we observe. Each model has elements which

is indeed quite similar for both single-photon and agree with our data. but each raises questions that.

two-photon excitation. Furthermore, both excited as yet. are unanswerable. Only more thorough char-

states decay through similar processes of energy acterization of photoconductivity and spectroscopic

transfer. backbone scission. and UV fluorescence. as properties of a variety of di-alkyl substituted poi%-
would be expected if both excited states were similar silanes will allow the determination of whether the

exciton-like states. However. the rates of energy band-to-band model or the exciton model is more
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Birefringence is shown to be induced in polysilane thin films by the process of chain scission induced by nonlinear
absorption at visible wavelengths. This writable birefringence is easy to control and can be used for the fabrication
of birefringent gratings and other optical devices.

Birefringent optical materials have been used in many Absorption of UV photons causes scission of the
devices to control the propagation of light. Such de- polymer backbone, reducing the molecular weight and
vices generally use materials with natural birefrin- changing both the solubility and optical properties. 6

gence, such as quartz or lithium niobate, in their con- The large UV oscillator strengths and photolability,
struction. Elements with intricate patterns, such as combined with the ease of fabricating thin films, make
birefringent gratings, are generally difficult to fabri- these materials useful as photoresists. 7  Polarized
cate. Although such gratings have been the subject of emission studies suggest that each chain is composed
much speculation,' and some progress has been made of various chromophoric segments, each with charac-
toward their construction with liquid crystals,2 there is teristic segment-length-dependent electronic proper-
a need for a solid material that is easy to manipulate ties, and that these segments interact by rapid energy
and has polarization properties that are easily con- transfer.8 Energy transfer from any excitation to the
trolled for the fabrication of such devices, longest (low-energy) chain segments therefore occurs

We have discovered that birefringence can be easily quickly, giving these a higher probability of scission or
controlled in a class of polysilane polymers. We have decay by emission.
observed that by exposure of these materials to optical The a conjugation also gives rise to large optical
radiatior. they can retain the memory of the polariza- nonlinearities. Recent studies have described mea-
tion of the light used for exposure, creating a birefrin- surements of xW" for various polysilanes and found the
gence in thin films of the polymer when exposed
to polarized laser light. The birefringence can be
as large as An - 0.03, which is useful for diffraction 6
gratings and for patterning of integrated-optical de-
vices. 5

Unlike most polymers, linear polysilane polymers
have a long catenated silicon backbone, with two side "

4groups, usually carbon based, attached to each silicon Q

atom in the backbone chain.3 Polysilanes are general- 1
ly soluble in most hydrocarbon solvents, such as 3
hexane, making possible the fabricat' on of thin films j.
of excellent optical quality by conventional spinning 0 2
or coating techniques. Electronic and structural
properties can vary significantly with tbh %ide group.4.5

Common to all polysilanes, however, ir a degree of
electron delocalization along the a-boncaed backbone.
This delocalization results in large oscillator strengths 0 350 400 450 500
for excitations polarized parallel to the backbone.
Absorptions as large as 1-2 X 105 cm - t for the long- Wavelength (nm)
wavelength transition (centered at 300 to 400 nm, de- Fig. 1. Linear absorption spectrum of a 700-nm-thick film
pending on the side group and backbone conforma- of poly(di-n-hoxyuilane). The absorption peak at 374 nm
tion) are typical Figure 1 shows a representative corresponds to the backbone conformation of a crystalline
absorption spectrum of a thin film of poly(di-n-hexyl- phase, while the weaker peak at 313 nm corresponds to an
silane). amorphous phase.

0146-9592/90/040242-03$2.00/0 0 1990 Optical Society of America
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0030 energy transfer to chain segments of other orienta-
tions seems to be significantly enhanced. The net

025 Viube ExIomuv ------ % birefringence that can be attained is therefore signifi-
cantly smaller.

0020- The ability to write a controlled birefringent pat-
tm,•. tern in thin films immediately makes several applica-.f0 015• tions realizable. As an example of one of these appli-
cations, we have investigated the possibility of fabri-

0010• cating birefringent gratings. A grating with index
modulation of 0.03 in a film a few micrometers thick

0005 can have diffraction efficiencies as large as 75%. If
this modulation occurs only for one polarization, only

0000 that particular polarization will be strongly diffracted.
0 1 1 10 io0 1000 I000 Exposure to an interference pattern at power levels

large enough to cause nonlinear chain scission shouldIncident Exposure ( J / cm 2) therefore generate birefringent holograms. To dem-
Fig. 2. Birefringence induced in a 700-nm.thick film of onstrate this, the experimental arrangement shown in
poly(di-n-hexylsilane) using 8-nsec polarized laser pulses at Fig. 3(a) was constructed to write an interference pat-570 nm, with a peak power of 150 MW/cm 2 and a 10-Hz tern in a thin film of poly(di-n-hexylsilane) supported
repetition rate. Also shown is the weak birefringence in- by a quartz substrate. A Quanta-Ray pulsed dye la-
duced by polarized UV exposure, with a continuous power ser, operating with Rhodamine 590 dye, was used todensity of 50 mW/cm2 . generate a number of polarization gratings under a

variety of conditions. The best diffraction was ob-
tained with exposures of the order of 150 MW/cm2 for

nonlinearities to be of the order of 10-11-10-12 esu for 10 sec at 10-Hz repetition rate.
third-harmonic generation 9 and four-wave mixing1 0  Figure 3(b) is a photograph of a grating produced inprocesses. This suggests that two-photon'absorption, this experiment observed between crossed polarizers.
being a X13) phenomenon, should be large as well. We The dependence of the diffraction of a polarized He-
have found this to be the case. Using pulsed dye Ne laser caused by such a grating is shown in Fig. 4.
lasers we have observed strong nonlinear absorptions We did not observe ideal diffraction from these grat-
at visible wavelengths, with x(3) - 3 × 10-10 esu for the ings, probably owing to the short coherence length of
process when exposed at 560 nm.1  The decay paths the laser and the absence of ideal vibration-isolation
for the visible excitations appear similar to those seen conditions for grating formation. The diffraction ob-
with UV excitation: the two-photon excitation re- served, however, is fit well by a sinusoidal (solid)
sults in photodegradation and UV fluorescence. The curve, which indicates the birefringent nature of the
UV emission spectrum in this case is identical to that grating: light polarized parallel to the exposing laser
observed from single-photon excitation. polarization is efficiently diffracted, while diffraction

We have observed, however, one remarkable differ- for orthogonally polarized light is significantly re-
ence between single-photon and multiphoton excita- duced. The residual light diffracted at the polariza-
tion: a permanent birefringence is induced in the tion orthogonal to the exposing laser polarization is
polymer film by nonlinear photoexposure. This bire-
fringence seems to be caused by preferential scission Pulsed
of chains or chain segments aligned parallel to the Dye Laservertically
exposing laser polarization. As the molecular weight polarze
and UV absorption are reduced by photodestruction, 570 nm
the corresponding index of refraction at visible wave- o f - 2 m
lengths is reduced anisotropically as well. Meniscus

The growth of birefringence in a 700-nm-thick film BensB earn
of the polymer poly(di-n-hexylsilane) as a function of Splitter
exposure to 5 70-nm pulsed laser light is shown in Fig.
2. This was measured by ellipsometry of the film
using a He-Ne laser concurrently with the pulsed dye
laser exposure. The birefringence eventually satu-
rates near a maximum value of An - 0.03. Subse-
quent exposure causes the induced birefringence to
decrease, as chain segments of other orientations
eventually decay as well.

Closer examination shows that birefringence is also (a) (b)
induced by exposure to polarized UV light. For the Fig. 3. (a) Holographic arrangement for the fabrication of
curve marked UV in Fig. 2, birefringence was ina- birefringent gratings and (b) photomicrograph of a region of
sured with the same ellipsometry apparatus during polysilane exposed in this arrangement. The photograph
exposure to a polarized He-Cd laser light at 325 nm. was taken after exposure, with the sample between crossed
The growth and decay behavior are different from polarizers oriented at *460 to the exposing laser polariza-
those observed with nonlinear, pulsed laser exposure: tion, which was oriented parallel to the interference fringes.
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10 be overcome by drawing on the diversity of com-
pounds found in this class of polymers. The structur-
al variety within this class of polymers, coupled with

8 the ease of material synthesis and film fabrication,
suggests that many applications not yet conceived will

6be found for this research.

Z, This research was supported by U.S. Air Force Of-
fice of Scientific Research contract 88-0354. F. M.

4 Schellenberg thanks M. Fejer and E. Gustafson for
helpful discussions.
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Abstract- Lithium-rich lithium ninobate of excellent optical homo- lure of 238°C, well above the I 10°C annealing temper-
geneity can be fabricated by a vapor transport equilibration (VTE) ature [8] for the photorefractive effect. A conversion ef-
technique. The high optical quality, uniformly birefringent crystals ficiency of 42 percent for SHG of 1064 nm was achieved
n,acriti.ally phase match for second harmonic generation of 1064 nm
Nd:YAG radiation to 532 nm at 238"C. The refractive indexes and in an 8 mm long sample using a Q-switched laser with
their temperature dependence have been measured to derive temper- pulse energies around 1 mJ [9].
ature-dependent Sellmeier equatl,;ns which predict noncritical phase In order to assess potential device applications of this
matching for wavelengths as short as 976 nm to generate blue at 488 material, it is necessary to obtain Sellmeier equations with
om at room temperature. The Selimeier equations accurately predict temperature dependent parameters adequate for the pre-
experimental phase-matching temperatures over a wide temperature
range.diction of phase-matcir temeratures In this paper we

present the two sets of parameters required to completely

L ITHIUM niobate exists over a solid-solution range of characterize the temperature dependence of the indexes n,,

44-50 mole percent LiO. However, only crystals and n,. The Sellmeier equation used is of the form

grown from melts of the congruent composition have good A, + BI F
optical quality and uniform birefringence [1), [2]. Unfor- n- = A, + X 2  A + B3F - AX" ( I
tunately, crystals of this composition suffer from photo- -- A3 + B2F)2 +

refractive damage when used in nonlinear optical appli- The parameters A, through A 4 and B, through B, are
cations involving visible radiation, e.g., second-harmonic constants depending on the material, X is the vacuum
generation (SHG) of the 1064 nm output of a Nd: YAG wavelength in nm, n stands for either n. or n, and the
laser 131. While lithium-rich compositions have greater temperature dcpendence enters through the parameter F
birefringence and hence higher phase-matching tempera- where F = (T - TO) (T + To + 546). To is a reference
tures. they cannot be grown from the melt without bire-varitios tat recudeappicaionof uch temperature, in our case 24.50C. All temperatures are
fringence variations that preclude application of such measured in degrees centigrade. Sellmeier equations of
crystals to optical devices. Crystals grown from melts this form have been given previously for lithium niobate
doped with several percent MgO have been used in such crystals grown from stoichiometric melts (solid compo-
applications, as they are less susceptible to the photore- sition approximately 48.7 mole percent LiO [101) and
fractive effect [4]. However, the useful length of MgO congruently grown crystals (approximately 48.4 percent
doped crystds is limited by birefringence variations cnretygoncytl apoiaey4. ecncaused by variations in the MgO concentrations [5]. Thus, Li 20 [ 10] ) [ 111-[ 13]. Note that literature values for the

Li20 content of these compositions vary by several tenths
there is a need for crystals that are optically homogeneous of a percent [1], [10]. Values given in this paper, taken
and that phase match above the annealing temperature for from ( 10], are representative of current results.
the photorefractive effect. The samples used in the present work were fabricated

It has recertly been shown that lithium niobate of com- by heating to 1 1 C in a closed crucible partially filled
positions close to stoichiometric with excellent o l with a powdered mixture of LiNbO3 and Li3NbO4. There
quality can be produced by a vapor phase transport equi- is a net transfer of lithium from the powder into the crystal
libration (VTE) technique [6], [7]. The fhLl-width at half- through a series path of vapor tsport and solid-state
maximum intensity for SHG of 1064 nm in a 20 mm sam- diffusion that continues until the crystal composition

pie was shown to be 0.4 K, comparable to the width ex- reaches that of the phase boundary, approximately 49.9

pected for a perfectly homogeneous crystal 71. Phase mole percent Li20 1101. Material processed to this lith-
matching for this interaction was observed at a tempera- ium-rich phase boundary is highly birefringent, exhibiting

a phase-matching temperature of 238"C for second-har-
Manuscnpt received May 22. 1989; revised July 18. 1989. This work monic generation (SHG) of 1064 nm radiation, compared

was supported in part by the U S Army Research Office under Contract
DAAL 03-SBK-01 13, by the Joint Services Electronics Program under to -8°C for the congruent composition 17], [2].
Contract N00014-84-K-0327. and by the Air Force Office of Scientific Re- Index of refraction measurements were obtained by the
search under Contract AFOSR-88-0354. minimum deviation prism technique. using a lithium-rich

The authors are with the Applied Physics Department. Stanford Uni-
versity. Stanford. CA 94305 crystal fabricated into a prism of apex angle 36.6* with I

IEEE Log Numb.r 8931626 X 10 mm optical faces. The optic axis was aligned with
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the axis of the prism to better than 0.5*. The uncertainties TABLE IMEASURED INDEXES OF REFRACTION FOR VAPOR TRANSPORT EQUILIBRATEDin he index of refraction measurements are dominated by LITHIUM NIOBATE AT RoOM TEMPERATURE
the errors in aligning the axis of the thin prism to the ro- W ng -q

tation axis of the goniometer. Table I shows the measured W.nh no
ordinary and extraordinary indexes of refraction for lith- U64 2.144±f o.o . 3632.8 2.1890 ± 0.0004 2.2878 ± 0.0005ium-ich lithium niobate at room temperature. 514.5 2.2270 t0.0004 2.3334 ±0.0004The temperature dependence of the indexes was mea- 501.7 2.2329 ±0.0004 2.3405 ±0.0004

496.5 2.2352 ± 0.0005 2.3437 ± 0.0004
sured using the same prism by recording the change in the 488.0 2.2398 ± 0.0004 2.3495 ± 0.0004
deflection angle for temperatures up to 3000C. Fig. 1 47.7 2.2469 ± I.00 2.3W4 ± 0.0005shows the measured changes in refractive index for two 465.8 2.2530 ± 0.0004 2.3658 ± 0.0004

457.9 2.2584 ± 0.0004 2.3719 ± 0.0004wavelengths, 325 and 1064 nm, together with a parabolic 454.5 2.2608 ± O.0U04 2.3751 ± 0.0005
least square fit of the form 325.0 2.467 ± 0.0005 2.636 ± 0.002

n(250C + AT) - n(25 0C) = XT
0.04

+0.5Y(AT) 2  (2) no 325 //m
n325 nm0.03-

where n is the refractive index, AT is the temperature
above 25 C, and X and Y are the rtsutiug parameters of o 0.02 5n-i n,1064nm
the fit. Taking the derivative of (2) with respect to the ,4
tempderature. the temperature derivative of the index of " 0
refraction is

0.00dn T.Od(25 0C + AT) = X + YAT. (3) noe,4,
-0.01

0 100 200 30WThe parameters X and Y for the four wavelengths for which Teff ,htus (0C)the temperature dependence was measured are shown in Fig. 1. Change of refractive index with temperalure for Iwo wavelengths.
Table 11. The reference temperature is 25"C. The solid line represents the result

A nonlinear least-squares routine (Levenberg-Mar- from a parabolic approximation.
quardt method [14]) was used that simultaneously opti-
mized the 14 parameters for the Sellmeier equations forn,, and n,. The input consisted of the refractive index data TABLE II

PARAMETERS FOR THE REFRACTIVE INDEX CHANGE WITH TEMPERATURE
from Table I, and dn/dTvalues evaluated at 50, 150, ar'd OBTAINED sY TAKING THE DERIVATIVE OF THE PARABOLIC APPROXIMATION
250*C using the coefficients from Table If. To improve OF FIG. I
the accuracy of the infrared indexes and the birefringence, Waveleng X ne e Yn
two additional data points were included in the fit: the (nm1 (16K-1) (10- K-2) (10-6K-) (10- K-2)
phase-matching angle for SHG of 1064 nm radiation at 1064 38.5 11.5 1.41 2.14632.8 43.1 20.2 512 4,74
22°C, 22,55', and the signal wavelength, 575.5 nm, for 454.5 62.2 22.2 19.3 6,64
parametric fluorescence with a 476.5 nm pump at "4C. 325.0 129 71.3 87.1 41.9
Table III shows the parameters for the temperature depen- L a.MC + AT) ,, X + Y AT
dent Sellmeier equations for no and n, for lithium-rich
lithium niobate.

T,, test the validity of the predictions based on the pa- TABLE lit
rameters given in Table 111, several phase-matching tem- PARAMETERS FOR THE TEMPERATURE-DEPENDENT SELLMEIF.R EQUATION

peratures were experimentally determined. In addition, the Parameter ne no
temperature dependence of the signal wavelength for op- Al 4.5U ± 0.007 4.913 ± 0.006
tical parametric fluorescence was determined for pump A2 (9.17 10.16 )x 104  ( 1.163±0.013) 105
wavelengths 514.5, 488.0, and 476.5 nm[ 15]. The agree- A3 2.148 ± 0.025) x 10 2 ( 2.201 ± 0.015) x 10,

ment of the prediction with the experimental data for the A4 (3.03 ± 0.59 ) x 10-2 (.4 ±.44 ) x 1
8

0I (1.93 ±0.55 )xl 1
- (9.4 ±!2.9 )xlO

"3

parametric fluorescence, shown in Fig. 2, is better than 6 82  (5.3 ±0.77 x 10-5  (3.98 ± 0.30 )X I 0"

K for all points and 3.6 K on average. The temperatures [7B3 (2.72 ±0.15 )x 10' (16 t 0.72 )x 108

measured for SHG with the pump-wavelengths 954, 1064, n2 .,A 1 . A2+BI F 2 X gvenuinm_ A, + +*83F -A4)L vdnd 1318 nm were -62.5, 238, and 520"C, respectively, 2 2 F , (T-24.5) (T,570 5)
as shown in Fig. 3. While the SHG for 1064 nm is in very 2+F)

good agreement, the predicted phase-matching tempera-
tures for 954 and 1318 nm are off by -23 and - II K, temperatures much below O*C or higher than 400"C. The
respectively, suggesting that the form assumed for the experimental data presented here for SHG with a pump
temperature dependence of the indexes is inadequate for wavelength of 1064 nm agrees well with previously pub-
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Fig 2 Signal waselength of optical parametric fluorescence for three dif- Fig. 4 Sensitivity of the phase-matching temperature Tr,, to change% in
I rcnt pump wa elenv i s. The solid lines are calculated using the Sell- the vapor transport equilibration temperature Tr.....
nicter paranieter, ot rable Ill. The encircled data point at 444*C was
ucd to niprose the accuracy -" the parameters, as described in the text.

tween 1060 and I 150'C, the molar percentaC_ of LiO

1400 depends linearly on the processing temperature. with a

congruent slope of -1.7 x 10 - 3 mole percent/K. A change in the
10 composition processing temperature thus leads to a slightly different

E 30 grown from
gto*nfrom melt Li2O concentration which shifts the phase-matching tem-

c 1 200 peratures for nonlinear interactions. To estimate the sen-
r sitivity of the phase-matching temperature to processing

conditions, we assume that the coefficients of the Sell-
39 11ra00 meier equation may be linearly interpolated between those

l 00 ai1tooc for congruent material f121 and those from Table Ill for
1000 congruent the lithium-rich material. Fig. 4 shows the sensitivity of

C w.fhsMgO the temperature for noncritical phase matching to a change
KO0100 0 100 200 300 400 500 600 in processing temperature, calculated under this assump-

Phae.matching temperture(0 C) tion. For example. an increase in processing temperature
Fig 3 Comparison of predicted phase-matching conditions for different by 10 K leads to a decrease of the phase-matching tem-

~rIstal compositions Circles depict experimental data points for equi- perature for SHG of 1064 nm by 2.3 K.
brated LiNhO, To summarize, we measured the temperature depen-

dence of the refractive indexes of vapor transport equili-
brated lithium-rich lithium niobate and calculated the coef-

ltshed data 7. However, the phase-matching tempera- ficients for temperature-dependent Sellmeier equations for
ture we observed for ShG of 954 nm was 25.5 K lower the ordinary and extraordinary indexes of refraction. The
than reported in 71. The reason for the discrepancy s not phase-matching temperatures for a wide range of inter-
clear, but may be due to the use of material from different actions can be predicted to within a few kelvins in the
boules. or differences in processing conditions. temperature range 0 to 400C. The equilibrated samples

Fig 3 compares the range of wavelengths that phase- have excellent optical homogeneity and allow for non-
match noncritically for SHG for different types of lithium critical phase matching for wavelengths as short as 488
niobate crystals. The curves for the crystals grown from nm at room temperature. Interpolation between the Sell-
stoichiometric and congruent melts were calculated using meier coefficients for lithium-rich and congruent lithium
the parameters from ( I I] and 1131. For the material doped niobate allows estimation of the phase-matching temper-
with 5 percent magnesium oxide, we used the parameters atures for other compositions of lithium niobate that can
from 116). The graph clearly shows that much shorter be produced by the VTE technique. We are currently
wavelengths can be phase matched 'hith he vapor trans- studying phase-matching temperatures of samples with

port equilibrated material thar with the other composi- different LiO concentrations in order to produce crystals
tions. For example, SHG of 976 nm to generate blue ra- useful for other interactions, and to develop composition
diation at 488 nm phase matches at room temperature for dependent Sellmeier parameters.
lithium-rich lithium niobate.

The lithium-rich phase boundary at high temperatures ACKNOWLEDGMENT
is not vertical, but moves toward lower Li,O concentra-
tions with increasing temperature 1101. For device fabri- The authors would like to thank Y.-S. Luh for help %k ith
cation, it is important to know the change in phase-match- the vapor equilibration technique, P. Bordui for helpful
ing temperature for small variations in the processing discussions, and U. Keller for providing a source at 1318
temperature. It is shown in 1101. that for temperatures be- nm.
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