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Abstract. Magnesium-oxide-doped stoichiometric lithium Moreover, the ability of PPLN crystals subject to these dam-
niobate has been produced using the technique of top-seedade mechanisms to achieve lifetimes comparable to those
solution growth from a lithium-rich melt. Optical tests, per- of the lasers which pump them has not yet been proven.
formed with a combination of argon-ion laser lines, haveln order for periodically poled nonlinear optical materials
confirmed a previously published result (at 532 nm) thato gain wider acceptance, they must be produced in a form
this material has superior resistance to photorefractive danwhich is free of these damage mechanisms even when op-
age. This material has been shown, for the first time, to berated at room temperature. In this paper, such a material
amenable to periodic poling. Optical parametric oscillatoris demonstrated: periodically poled, magnesium-oxide-doped
tests have shown that this material maintains the advarstoichiometric lithium niobate (PP-MgO:SLN). This material
tages of periodically poled, congruent, un-doped lithium nio-shows better resistance to photorefractive damage than the es-
bate while showing no evidence of photorefractive damagéablished material, PPLN, while retaining its advantages. In
under typical operating conditions. Operating wavelengthseparate work, MgO:SLN has been shown to have greatly re-
as a function of quasi-phase-matching period and temperaluced GRIIRA in comparison with congruent lithium niobate
ture have been measured for the optical parametric oscillatofCLN) [5, 6], suggesting that the periodically poled version of
providing useful new information about refractive-index dis- this material will have superior resistance to damage caused
persion in this material. This work establishes periodicallyby GRIIRA.

poled, magnesium-oxide-doped stoichiometric lithium nio- PPLN is produced from wafers of CLN. Because the con-

bate as a viable material for nonlinear optics. gruent composition is lithium-poor (with a INb ratio of
48.6%/51.4%), the base material contains a large number
PACS: 42.70.Mp; 42.65.Yj; 77.84.Dy of intrinsic defects. These intrinsic defect sites, and the im-

purities which occupy some of them, are considered to be

major contributors to the photorefractive effect and green-
Periodically poled lithium niobate (PPLN) has been de-nduced infrared absorption in the material [4]. In addition,
veloped into one of the most versatile nonlinear optical matethe intrinsic defects also produce a high internal field which
rials over the past 10 years. Electric-field poling has been thimcreases the size of the external field needed to produce do-
method of choice for engineering the material, as first demormain inversion [7]. In principle, if the material were grown
strated by Sony and perfected by several other groups [1-3)ith perfect stoichiometry and purity, it might be expected
Although PPLN (for the remainder of this paper, when wethat there would be no photorefraction or GRIIRA. A closely
use the acronym ‘PPLN’, we assume that the lithium niobateelated material, lithium tantalate, has been shown to be free
has the congruent composition, with no magnesium oxidef photorefraction and GRIIRA when grown with nearly per-
doping) has proven very useful in the frequency conversioffiect stoichiometry [5, 8]. By contrast, lithium niobate grown
of diode lasers and diode-pumped solid-state lasers becausith a nearly stoichiometric composition has proven to be
of its large nonlinear coefficient, its performance at highmore susceptible to photorefractive damage than congruent
average powers can be limited because of two damage medithium niobate [9]. However, the damage in stoichiometric
anisms, the photorefractive effect and green-induced infrarefithium niobate (SLN) can be eliminated by the addition of
absorption (GRIIRA) [4,5]. Proven methods for mitigating a small amount of MgO dopant to the melt [10], requiring
these effects create serious practical problems for PPLNa significantly smaller concentration- (1L mole %) than the
based devices because of the need to heat the PPLN crystamount needed to accomplish the same result in congruent

material (5%) [11]. Because high levels of MgO doping typic-
*Corresponding author. ally lead to difficulties in the growth of high-quality crystals,
(Fax: +1-925743-1117, E-mail: djpbamford@aol.com) MgO-doped SLN has been identified as a promising alter-
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native to CLN and MgO:CLN for nonlinear optical interac-
tions [10]. The fact that MgO:SLN tends to be single domai
as grown, and has a shorter absorption edge than CLN, ad
to its appeal. Considerable effort has been dedicated to t
development of a new crystal-growing technique, the doubl
crucible Czochralski method, which is capable of producing
MgO:SLN in large volumes [9, 12].
Electric-field-periodic-poling of MgO:CLN has been re-
ported to be significantly more difficult than poling of un-
doped CLN, raising concerns about the deleterious effects ¢
magnesium doping on the ability to control domain merging
at MgO concentrations high enough to eliminate photorefrac
tivity [13, 14]. Although periodic poling of MgO:CLN has
been carried out using the corona-discharge method, the ar
over which high-quality periodic poling could be achieved
(~ 100 mn?) was significantly smaller than the wafer-scale
areas patterned using electric-field poling on CLN [15]. In
this paper the production of PP-MgO:SLN is demonstrate
for the first time using electric-field poling.
The remainder of this paper is organized as follows. First
production of MgO:SLN crystals using top-seeded solutio
growth is described. Next, results of optical damage testin
?errel aﬂlﬁz?n J Qﬁagﬁ g_']flse?; [e))(()ﬁﬁgr;reengI?o?/vp()aa(jttg)r/n(:lig?a?lfstglfstrr%af:,g‘ 1. Photograph of an as-grown boule of Mg-doped nearly stoichiometric
performance of PP-MgO:SLN inside the cavity of an optical
parametric oscillator (OPO), compared with that of a control
sample of PPLN. A final section summarizes and concludeblg-doped crystals. A picture of one of the MgO:SLN crystals
the paper. is shown in Fig. 1.

1 Material growth 2 Optical damagetesting

Several nearly stoichiometric un-doped and Mg-dopedSimple comparative experiments to measure resistance to
LiNbO3 crystals were grown at Deltronic Crystal Indus- photorefractive damage in single-domain material of differ-
tries using the top-seeded solution method and a melt witent compositions were carried out at Gemfire Corporation.
a lithium-rich composition (58% LO, [Li]/[Nb]=1.38). Radiation from a continuous-wave argon-ion laser operating
Transparent crack- and inclusion-free single crystals wer@ the all-lines configuration (Coherent Innova 90) was fo-
produced with a slow pull rate of®mnyhr in thez-direction.  cused into samples with optically polished end faces. In the
An automatic diameter control (ADC) system was not em-all-lines configuration, laser power appears at a variety of
ployed since the growth process was slov2-85.0 g/hr. The  wavelengths, with most of the power at 514 nm and 488 nm.
distribution coefficient of Mg in the SLN crystals was found No filter was used. The spot sizes at the beam waist were ap-
to be 0.9. The proportion of the melt solidified was limited proximately 2qum (vertical) and 17um (horizontal). Testing

to 0.1—0.2 to ensure that the melt composition would notwas performed at room temperature with no external heating
reach the eutectic composition (otherwise, the uniformity ofor cooling of the crystal. The output beam mode shape was
the [Li]/[Nb] ratio in the solid would have been compro- monitored using a Spiricon beam analyzer. The output power
mised). The concentration of Mg in the solid was believed toof the laser was set to a feuWV and slowly increased. At low

be higher by a factor of 1.02 at the bottom of the boule tharpower levels, the output beam mode shape was the same as
it was at the top of the boule because of the changing methe input mode shape as there was little or no photorefractive
composition, assuming a constant distribution coefficienteffect. As the power increased, the photorefractive effect dis-
Crystals weighing up to 1000 g were grown from 5000 g oftorted the beam shape, causing it to fan out inztaérection.

melt. The novel double-crucible Czochralski (DCCZ) methodThe power threshold for beam fanning was used as a compar-
with automatic powder-supply system [9] should be appliechtive measure of the photorefractive response of that material.
in practical production to grow homogeneous crystals within some cases, no damage was observed at the highest power
a high solidification ratio. Concentrations of Li, Nb and Mg in levels which could be produced with the argon-ion laser. The
the grown crystals were analyzed using inductively coupledesults are summarized in Table 1.

plasma atomic emission spectrometry (ICP-AES) [16]. It Table 1 shows that the threshold for photorefractive dam-
was found that the un-doped crystals grown from a lithium-age in MgO:SLN is at least three orders of magnitude larger
rich melt exhibited a slightly larger value of thjei]/[Nb]  at a mixture of argon-ion laser wavelengths than the corres-
ratio (0.993) than the 1 mole % Mg-doped crystals9®6).  ponding threshold for un-doped CLN. The table also shows
The Curie temperatures of the grown crystals were measurdblat MgO:SLN is superior to MgO:CLN under these test con-
using differential thermal analysis (DTA), and were found toditions, because the latter material began to show damage at
be~ 1200°C for the un-doped crystals ard1205°C forthe  the highest power level used in this test. These results can
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Tablel. Observed thresholds for photorefractive beam distortion in a vai
iety of materials from different suppliers

Material [supplier] Power for fanning  Intensity for fanning
(mW) (kw/cn®)
CLN [Crystal Technology] 2 (37
5% MgO:CLN [Yamaju] 1866 350
SLN [Deltronic] 10 19
1% MgO:SLN [Deltronic] > 1860 > 350
CLT® [Yamaju] 15 28
a8The observed beam distortion was the formation of a donut-shape ’
mode.

b No beam distortion was observed at the highest power used in the test.
¢ Congruent lithium tantalate.

be compared qualitatively with those reported by Furukawe
and co-workers, who used a similar technique (visual ob
servation of beam fanning) but a different laser wavelengtt
(532 nm) [10]. The orders-of-magnitude superior damage re
sistance of MgO:SLN relative to SLN and CLN, shown in
Table 1, is consistent with the earlier work. The slightly rig.2. Photograph of a patterned structure on MgO:SLN, with a QPM
higher damage resistance of SLN relative to CLN, showrperiod of 293 um. This view shows the-z-surface which had the uniform
in Table 1, is not consistent with the earlier work. Furtherelectrode
study of damage threshold as a function of laser wavelength
is needed to resolve this discrepancy.
on top of the patterned photoresist, and electrically contacted
to a metal electrode using filter paper soaked with a saturated
3 Periodic poling aqueous solution of LiCl. The-z-face of the wafer (which
was not metallized) was similarly contacted. The metal elec-
Periodic poling of SLN and MgO:SLN was performed at trodes, in turn, were connected to a computer-controlled high-
Gemfire Corporation using a modified version of Gemfire'svoltage power supply. The applied voltage was monitored by
previously established process for patterning CLN [2]. a high-voltage probe (Tektronix P6195 A) and displayed on
Poling experiments were performed orbOnm-thick, a digital oscilloscope (LeCroy 9314). Current flow in the cir-
50-mm-diameter wafers of SLN and 1% MgO:SLN cut from cuit was monitored from a series-resistor chain and sampled
the boules grown at Deltronic Crystal Industries. The coby an analog—digital converter, whose output was transferred
ercive fields of the materials were first determined usingo the computer for control of the pulse length.
the technique of applying a slow ramping voltage to an un- A single high-voltage pulse of 2kV was applied, and
patterned sample at room temperature, with electrical corautomatically shut off under computer control when the ap-
tact to the bare crystatz-surface achieved using LiCI3®  propriate amount of charge had been transferred to the crys-
liquid-electrolyte contacts. The coercive field was determinedal, after about 100 ms. After the wafer was poled, the do-
from the voltage at which a measurable current flow was obmain quality was characterized by etching in HF for about
served in the poling circuit, scaled to the thickness of thés min. Differential etching in thetz-directions revealed the
wafer. The coercive field for un-doped SLN was determinedQPM grating, as shown in Fig. 2. A 5-mm-wide sample with
to be 66kV/mm, in reasonable agreement with a previ-a length of 2 mm (having good poling quality over90%
ously published measurement [7]. For MgO:SLN, a value obf its surface) was cut from the wafer and polished for
~ 3.5kV/mm was determined. This is dramatically lower optical testing.
than the coercive field for CLN, which was measured to be
21 kV/mm using the same technique. From the observed cur-
rent flow and the measured poled area, the charge transfér OPO testing
required to achieve domain reversal was determined to be
very similar to the value for CLN;- 1.56 wC/mmv. The PP-MgO:SLN sample was tested in an OPO cavity at
To prepare a sample of MgO:SLN for periodic poling, Lightwave Electronics. For comparison, a control sample
a grating pattern was photolithographically defined on theof PPLN (prepared at Lightwave Electronics), of the same
+z-face of a wafer using photoresist. The pattern containetength, with a similar range of QPM periods, and contain-
the following quasi-phase-matching (QPM) periods: 28.2jng the same anti-reflection coating, was tested in the same
28.5,28.7,28.9, 29.1, 29.3, 29.5, 29.7, 29.9, 30.2, 30.4, 30.6)PO cavity.
30.8 and 30 um. The pattern was oriented with the grating The OPO was pumped by &-switched neodymium
lines parallel to they-axis [2]. Care was taken to minimize yttrium—aluminum-garnet (Nd:YAG) laser at 1064 nm with
thermal shocking of the MgO:SLN during processing, to min-pulse length of 25ns at 10 kHz, as shown in Fig. 3. For the
imize the introduction of defects that can otherwise distort th@®©PO resonator, a two-mirror linear cavity was used with
poled pattern [2]. A metal coatingNiCr/Au) was deposited the cavity mode waist centered in the nonlinear crystal. The
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Temperature| Power Meter not operate at crystal temperatures below A00Thus the
Controller ] improved resistance to photorefractive damage of MgO:SLN
Power  was qualitatively confirmed at the 1% MgO doping level.

Lens Filters Meter A second, more detailed set of OPO experiments was car-
1064nm ried out on coated crystals. To decrease the susceptibility to
Laser surface damage, the PP-MgO:SLN crystal was re-polished,
i i Fa ~1.5pm and an AR coating was applied, both at Deltronic Crystal In-

oot Oven dustries. The coating was expected to lower the oscillation

Crystal 9 p

Fig.3. Schematic diagram of the optical parametric oscillator used foth-re-ShOId by eliminating the Fresnel reflection loss, while also
sample characterization. The OPO was pumped by an acousto—opticaJ[?lsmg the .Surface_c.lamage threShOId' The control sample of
Q-switched Nd:YAG laser at 1064 nm, while the crystals tested were PP-PLN was included in the polish and coating runs. Both sam-
MgO:SLN and PPLN ples had the same length after polishing.
The re-polished and coated crystals were inserted into
the OPO cavity (output coupling 10%, average pump power
input mirror was highly reflecting at the signal wavelength800 mW, peak pump power.8kW). The expected increase
(1440-1640 nm), while the output coupler was 90%—94% rein resistance to surface damage was observed; no such dam-
flecting over the same range. Two sets of experiments witage was seen on either crystal under any OPO operating con-
different focusing conditions were carried out. In the first setditions. Figure 4 shows the tuning data for the PP-MgO:SLN
of OPO experiments, the pump laséMq = 1.05) was fo- crystal as a function of grating period for different tempera-
cused to a spot size of 53n in the center of the crystal. In tures. The OPO was tuned by translating the crystal trans-
the second set of OPO experiments, the pump laser spot sizersely across the beam so that the pump interacted with the
was 42um. Lifetime testing (operation over many hours atdifferent grating sections [17]. For a given QPM period, the
a constant pumping level) was not carried out in either case.OPO wavelengths for PP-MgO:SLN were identical to those
The first set of OPO experiments was carried out orcalculated for PPLN with a slightly shorter (0.7 um) QPM
a PP-MgO:SLN crystal without any anti-reflection coating.period. The OPO would not operate on the2g@m and
Average pump powers as high as 400 mW (several times th28.5-um gratings at 50C, or the 28-um grating at 100C.
observed OPO oscillation threshold) were used. The higfrhis failure to oscillate can be attributed to the limited band-
gain of PP-MgO:SLN and the high peak power of te  width of the OPO mirrors and crystal AR coatings below
switched pump laser made oscillation possible in spite of th&420 nm, and possibly also to strong absorption at idler wave-
14% reflection loss on each surface of the crystal. (Similengths greater than2yum [17].
lar PPLN OPOs using un-coated crystals have been operated Figure 5 shows the OPO output power as a function of
with great success [17].) At 15, operation at signal wave- the input pump power. For this measurement, the temperature
lengths between 1440 nm and 1600 nm was obtained by vargf the crystals was 15@C. The PPLN crystal, with a QPM
ing the grating period, which was reasonably close to theeriod of 290 um, produced a signal wavelength of 1503 nm.
operating wavelengths for a PPLN OPO with a similar set ofThe PP-MgO:SLN was positioned to operate on th&28n
periods [17]. The crystal experienced surface damage befograting period to match the signal wavelength of the PPLN.
guantitative data could be obtained. The maximum surfacBoth crystals had the same oscillation threshold, but PP-
fluence of 045 Jcn? in a 25-ns pulse was below the com- MgO:SLN had a slightly lower slope efficiency.
monly accepted damage threshold of 8@ in a 10-ns pulse
for lithium niobate [18], but that threshold depends on the
actual surface finish and experimental details. The un-coated
PP-MgO:SLN crystal was operated near the damage thres .
old since damage did not occur at all operating locations ol

Tuning vs. Grating Period & Temperature
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the crystal. ——200C
In spite of the damage, important qualitative datawereob 1650 | [ —8— ]ggg
tained from the first set of OPO experiments: the OPO dic [ —&—50C

reach threshold, preliminary phase-matching data were alg  4g00 [
quired and OPO oscillation was observed at the lowest crystic
temperature tested (3C). Reaching threshold was signifi- 2
cant because it proved that crystals produced by top-seedig 1550 [
solution growth were uniform enough to be used in nonlineas i
frequency conversion devices. The phase-matching dataweg 45099 L
significant because there was no prior refractive-index daté [
on which to base the OPO design. Since the Sellmeier equ
tion for MgO:SLN was not known, the Sellmeier equations
for CLN [19] were used as a starting point in predicting the I
OPO operating wavelengths. Because a sample of PPLNpr 1400 Lo b s o o L w0 1 10w v L
ducing a similar range of signal wavelengths was available 28 285 29 295 30 305 31

we concluded that the existing OPO mirrors could be used t Grating Period, um

compare the performance of PP-MgO:SLN and PPI,‘N .O”C%gA. Signal wavelength vs. QPM period and temperature for PP-
the surface-damage problem was solved. OPO oscillation gigo:SLN with 1064-nm pump. The scatter in the data at°f00s
30°C was significant because a similar PPLN OPO coulgrobably attributable to experimental error

1450 [
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Power out vs. Power in operable without degradation down to room temperature with
140 P T T T T T 0.1 W of average pump power [3].
] The reason for the lower slope efficiency (in Fig. 5)
. and lower output power (in Fig. 6) for PP-MgO:SLN is not
1 known. Possible contributing factors include greater material
] inhomogeneity, and poorer periodic poling quantity, of the
] first-generation PP-MgO:SLN material in comparison with
] PPLN which has benefited from years of development work.
] The temperature dependence of photorefractive damage
] can be complicated in an OPO because both the power of
1 the parasitic green radiation which initiates the damage, and
the properties of the material, are functions of temperature.
For instance, in a separate OPO experiment photorefraction
was observed at 100°C while it was not observed at both
higher and lower temperatures, due to increased conductiv-
ity at higher temperatures and decreased green generation at
lower temperatures [22].
Although no degradation of OPO power was seen in
Power in (mW) this experiment, evidence of photorefraction was observed
Fig.5. Power out vs. power in for OPOs using PPLN and PP-MgO:SLNVisually in the form of fanning and scatter in the visi-
PPLN: QPM period=29.0 um, signawavelength=1503 nm. PP-MgO:SLN:  ple beams that are produced by extraneous nonlinear in-
QPM period=29.7 um, signalwavelength= 1503 nm teractions during OPO operation. For PPLN, these effects
were observed at temperatures below 100while for PP-
MgO:SLN they were observed only at temperatures below
Figure 6 shows the OPO signal power out as a functior35°C and even then the effects were less pronounced than
of temperature. For the conditions of this experiment, OPQhey were in PPLN.
operation of both crystals was un-affected at temperatures Figure 7 shows the temperature dependence of the OPO
down to room temperature. It has previously been shown thatignal wavelength for both crystals over the range of tempera-
the photorefractive damage (caused by parasitic radiation étires covered by the photorefraction tests. To ensure the best
the second harmonic of the pump laser) occurring at lowpossible comparison between the two materials, the QPM
temperature operation can lead to excess loss which termperiods were chosen so that the operating wavelength would
nates OPO operation. This damage does not occur if the puniie approximately the same for both materials at each tem-
power is below a certain threshold value [3,20]. For con{erature. Because the OPO mirrors and crystal AR coatings
gruent un-doped LN, this threshold is believed to correspontiave a relatively flat spectral response over the range of ob-
to an average second-harmonic intensity of 10@W? [21].  served signal wavelengths (1475 nm to 1520 nm), the cavity
For example, in a previous experiment using a similar set-uppsses were relatively independent of wavelength. Because
with PPLN, the OPO was inoperable because of photorefrache product of signal and idler frequencies changes by only
tion below~ 100°C with 1 W of average pump power, but 4% over this range of signal wavelengths, the OPO gain was

F Pout (mW) PPLN
120 - | —a— Pout (mW) PP-MgO:SLN

100 - T=150°C
80 |

60 |

Power out (mW)

100 200 300 400 500 600 700 800 900

| NS A A

Photorefractive Test in OPO Tuning over Range of Photorefractive Test
160 F——r—T———————T 1530 —+———TTT—TT T T T T T
L fanning r b
140 L & scatter _____ ] PPN | [ PPLN// ]
L .- - == 1520
2 120} \_\/__v_'_/*/‘/—: [ // ]
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g 100 | l PP-MgO:SLN ] £ 1510 g
(o] - 3 E
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3 2 A
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Fig.6. OPO signal power vs. temperature. The PPLN and PP-MgO:SLN Temperature, 'C

crystals both operated without degradation of OPO power down to roofRig. 7. OPO signalwavelength vs. temperature over the range covered by
temperature, but there was an indication of photorefraction in the visiblhe photorefractive test shown in Fig. 6. The QPM periods wer8 |2®
beams at lower temperatures and 297 um for PPLN and PP-MgO:SLN, respectively
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