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42o/o' efficient single-p ass cw se c on d-h armonic gen eration
in periodically poled Iithium niobatJ
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we present a fur-wa 
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sampres thar \a'ere rnTil"#:lJ;T?"JTrt#r;*:tiil,P"l"d'tt'T:T niobate with a 6 s-Pm domain period'
Nd:yA6 .""0,,0-nu"*-c. seneration. these sampres "*ili:i ;;:l :H:'fiT,i:ilffiT ffi,:x,,l, 

t;:"1?
measured conversion efficiency of 8 5Eolw in the low-oower limit, "oa p"oarr""ai.i w "i"''liil.,o ""rp"r'ortt6 5 lv of cw input, which corresponds to 42% power conversion efficiency. @ rssz ooti"*l s""i"; ofAmerica

Since the first demonstration il 1991r of the use of a direction parallel to the k vector of the electrodeelectric fields applied throuqh llthogrzphicury d"fiiJ i..fir,c. a" fhese domains spread beyoad th€ e1ec-electrodes for patterninr oI the do'ma^in "ti,";;;; ;f t"t"a".La ""J""-"""iir"iitJi'ln unscreened spon-ferro,electrics for . quasi-phase--atchea 
_rnteractioos, ianeous polarizati". .h;;;" 

-i: 
ieposited upon thesteady progress has been rePorted' Today quasi- "urru""- j'tt" "-,rurt..t".*'iii" .rr*g" lowers the av-phase-matching (QPM) sampl'es 

. *9. -b."i"c ;id+ iiage-field- in the substrate, slowing the transversefabricated with this tecbnique i1 rltrriu# ni"uai"e g;tl, or tlr" domains. Domain gro*th can be made(LiNbo3 )'2-{ Liraor. s'6 ""a .rrp rn"r. ii ."a i" "": i" u ."ii-u*iurg lr .aiii"i'il "n optrmum polins
*""s}-r^'^-|"::::lvperiodicallvporJiirttor,i'Fifrr ii"rushensrh or20.75kv/mm,rherierdatwhichrhe
ilT".::,',""T;,i",f"Tiltl 1':'":. 

*' o:.::':. ir"ry:,5i:::Ll?:",J.,,ffi1,T*:'nli,tl"":ii.,t;Material dispersion dictates_that the period of the oi ao-uio nucleation sites must be increased as thedomain structure used for QPII t"ust le tea.,""d-rs iomain period i" ."a.r."Jioi,-,rriform domain patternthe output wavelenn'h is reduced. Infrared interac- quality.' n"ru."o." i+-i*ilaeliu".tt er aetails on *,istions in LiNb03 tlpicallv reouire s"*f r". *irr, l"-"i" ;;l"i;f "i;;;;',.;_?; j ilr;;:"'ii:'."_bination of opt!periods of 15-30 &m' whereas visible interactions mumpolingfields with sufflcienrly high nucleation siiegenerallv require domain oeriods of ?-1t r,;:;; l'"i"rt:.y ̂ iiE*"d ".� ; f;il;;;;irbrm samples on athe period is decreased ro jess than 10 t;,-i;r;;: ili,".."ut".tions between domains during. poli"g d"ii tl;;; 
'}he 

processing steps for obtaining 6.b-7.cm-periodvariations in the domain a"ty cy"ie, tlmiting if;e pPiN 
-on a wafer scale are described next. The *alength and overall conversion "rii.i"".v or ui.i[iJugt i iu." or un optical-grade z-cut LiMo3 wafer wassamples.t. Atthough infrared. samplJs;;;;;;Tt- ffigr^pni"uliy fu?;fu;t; i periodic array ofcated on a wafer scalerl with lengths as..gr€at as "p"tft.gh nichiome ,;rip"i ;i;il tie grating k vector50 mm' visible light samoles t't.""" u*" rifili"i t" il**tr"t to^tt " crystallographic .r axrs. .[he wafers,

,",1"111;: 
t 10mm owing to issu"s ordo*ui;;;i;"; il1i.."_-ir.gll..r rechnorogy,_rnc., h_ad a b00-pm

^ .l: *. Letter we present a^method ror rabricating liTi:fl'"'Hffi;:ir"1lt-i lt ?;ti, i'3#"1? $i:full wafers of PPLN with a 6.5-pm d"-; ;;;;;a: oi^irr.o*" "t";p"" *ere b0 nm thick, I ,rr,m wide,60 mmwe than present the resurts 
. of .""-d-h;t;;;;l i""e, *a.lrr,i " p"ri;;il.b ;; 

' 
with l_pm_widegeneration (sHG) ex'oeriments-. pe.rormJ *iin siil?es, the electric-field poling modelra predicts asamples made with this merhod- rh;;";;;L.;;;; io'#i' a"ty ;y"r;;ii;;. Tilflou,grr a 502, domain53mm long and 05mm rhick ql-d^w;; 

""""a 
r"i i"iv.v,"r" is_ preferabre, the ro*ei duty cycle wassingle-pass cw 1064-nm Nd:yAG sHG. iir" 6.t-r,il if,#"n ro, reducrion of the merging of domajns. Thedomain period was chosen for. phase. o,ur.tt g ui il"l'tri""a *;i";;;;;;;;""i3Jriirr, " 0.b_pcm_thick

l^2j9 c,iot-,t"op-tssion of residuar prr"t"t.r...ii* .-pinloo-gru"" (Allied signal) insulator cured at BEO.cdamage'" The effective nonlinear "o"tri.l""t ol ih" ii"ir r"t a h. A,, annul.,r electrolJrte-contact window,samples was 78qo of idear ld'ry.- 0.78(2/o)dsal, ie- sil* in diameter and 2 mm ;iJ;, -u" opened insulting-in a measured po*"i "ffi.i"tr"v iia..intii ii iie ins ,]jtor with hydrofluoric acid and a photoresist
:.o-D1g9alrr lbcusing Experimentally we de-orrstrat"d *lJ. w. added two additional contact windows toz' /__w clv o1532-nm harmonic outpui at 42o sffisisrry .o.f"rrut" for discontinuous _eiai stripe, cuusedwe tbcused on understandins 

iEgl*lT.t"'*ruqr ilt 
'-i'&". 

in lirhographv. Nexr rhe thickress of theprocess in LiNbor to imorove-- domain pattern qual- *iuf"r'*u" *"^.,rred fo; use in determining the voltageIty lbr visible light samples. A strong relationship requi.ea ro. the desired poling fieid. Ihe wafer wasexrsts between the electric field.in the "-"u.ti"i" i"ti iili^io"a"a .into an erectrolyte-contactlng frxture ofrng polins and the rate at which d";;;;-;;;; "'iypl p.urrto,_r.ty reported.r5 The electrohte used
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was a saturated solution of lithium chloride in water'
The electrolyte contacted Lhe -z face uniformly' On
the *e face the electrolyte contacted the insulator
uniformly and the rnetai stripes were contacted by the
electroll'te through the electrolJrte-contact windows.

The assenbled fixture was connected to a Trek
Model 20120 high-voltage amplifier driven by a SRS
DS345 arbitrary waveform generator. The Ttek is a
voltage-regulated high-voltage amplifier with a nomi-
nal current limit of 20 mA. The voltage across the
contact fixture was recorded by the amplifier's volt-
age monitor output and a LeCroy 9304M oscilloscope.
The current through the wafet was monitored with a
1-k0 series resistor to ground. The waveform gen-
erator was programmed to aPply 21.5 kV/mm io
the wafer to maximize domain nucleation site den-
sity.la When the poling current increased to the am-
plifier's current limit, the applied field decreased to
20.9 kV/mm. We delivered the pulse for 140 ms to
pole the material, stepped the pulse to 19-5 kV/mm
for 10 ms, and then ramped it to 0 kV/mm over 60 ms
to prevent the spontaneous erasure ofdomains.tn The
wafer was removed from the fixture, the insulator
and rnetal were etched away, and the wafer was
etched in hydrofluoric acid to reveal the overall uni-
formity ofthe domain pattern. This procedure was re-
peated for a second wafer. Both wafers showed good
domain pattern uniformity. We polisled and then
etched in hydrofluoric acid the y face of a sample

- taken frorn one of these wafers to reveal the domain
quality through the volume of the material. Figure 1
shows the etched y face through the 0.5-mm-thick
sample. Close visual inspection shows good domain
uniformity with a duty cycle close to the 357o pre-
dicted by the model. Approximately 5% of the do-
mains merged at depths of 100 to 150 pm.

Seven 53-mm-long, 3-mm-wide samples were cut
from Lhe two wafers. For characterization by SHG
the sample endfaces were polished but left uncoated'
The TEMoo output of a Lightwave Series 122 single-
frequency Nd:YAG Iaser was loosely focused through
several of the samples for determination of their
phase-matching characteristics and effective nonlinear
coefficients. Figure 2 shows a SHG temperature-
tuning curve for one of these samples. The observed
phase-matching temperature was 199'5'C, which
compares favorably with a predicted phase'matching
temperature of 195.6'C that was determined with a
recently published temperature-dependent Sellmeier
equation for LiNbOs (Ref. 16) and with thermal
expansion taken into account. The theoretical phase-
matching curve for a 53-mm-long sample was shifted in
temperature in Fig. 2 for comparison with the 199.5 "C

experimental phase-matching data. The excellent
agreement indicates that domain periodicity, the
material dispersion, and the oven temperature profile
were uniform over the entire 53-mm-sample length.
Using measurements of conversion efficiency in the
loose-focus low-power limit, beam dimensions, and
crystal length, we calculated the effective nonlinear
coefficient to be 14 pmlY, 78V. of the value for an
ideal first-order QPM grating and 88Vo of the 16 pm/V
expected for a uniform 35Vo dwiy cycle. Both the
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predicted and the measured single-pass conversion
efficiencies for confocally focused interactions were
8.5%, as opposed to l},e l4Vo/W predicted for perfect
first-order QPM.

We next tested these samples at higher power levels
by sinsle-pass cw SHG with an 8-W cw Lightwave
Series zzti Nd:YAG laser (M2 = 1.3). During these
measurements, absorption by the fundamenial and
the harmonic beams gave rise to thermal lensing and
apparent shifts in the phase-matching temperature.
To compensate for these effects, we adjusted the input
beam-waist size and location and the oven temperature
for each value ofinput fundamental power to maximize
harmonic output pov/er. Figure 3 shows the gener-
ated 53Z-nm output powerversus 1064-nm input power
for one sample in which second-harmonic output power
was maximized for each value of fundamental input
pou'er. All powers are internal to the sample and
corrected for Fresnel reflection at the endfaces'

Fie. 1- Etched y face of 0.s-mm-ihick periodically poled
Li-NbO" showine 6.5-4m period domains. The domaia
duty cycle is approximately 35Va. The diagonal featues
are polishing scratches.
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-for 
Nd:YAG SHG. The dots are ex'

Derimental data. and the solid curve is t lte theoretical
plun"--uu" "ot.'e for a 53-mrn sample, shifted-to the same
peak ohase-matching temperature. The good agreement
Letwein data and theory indicates the sample phase
matches over the full 53-mm length.
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Int€mrl 1064-nm input power (W)
Fig. 3. Measured cw 532-nm output power internal to the
exit face ofthe sample versus 1064-nm input power ilternal
to the input face of the sample. The conversion efficiency
for cw single-pass Nd:YAG SHG was 427o at 6.5 I[ ofinput
power, yielding 2.7 W of 532.nm output pow€r.

Second-harmonic power of 2.7 W was generated for
6.5 W of input; the internal conversiorl efficiency was
42Vo. This conversion efficiency is more than an order
of magnitude greater than that previously obtainedl?
for cw single-pass SHG in a bulk material.

For 1064-nm input powers exceeding -3 W, both the
532- and the 1064-nm output beams exhibited point-
ing instability when the temperature was tuned to
phase matching. The instability was transient, de-
calrng in less than th. The pointing instability was
anisotropic, and the beam deviated parallel to the crys-
talline z axis. The anisotropic nature ofthis instabil-
ity is suggestive of photorefractive damage. Further
investigation is required for better understanding of
this behavior.

For 1064-nm input powers exceeding -5.5 W, both
the 532- and the 1064-nm output beams exhibiied
spot-size instability when the temperature was tuned
to phase matching. The fundamental output beam
did not exhibit this instability when the temperature
was tuned away fiom phase matching. The presence
of a significant amount of second harmonic, with
its higher absorption coefficient, can be expected to
give rise to increased thermal self-focusing, -hich can
in turn cause spot-size instabilities and eventually
filament formation. With a fimdamental inDut Dower
of 6.5 W, the sample whose data are shown in irig. B
operated for approximately I h before damage occuned
as a result of the formation of a bearn filament. We
expect in the future that lowering LiMO3's absorption
coefficient in the visible, for example, through careful
postgrowth processing for control of its oxidation and

stoichiometry, vdll lead to improved performance and
increased 532-nrn output power.

In conclusion, we have presented a method for
fabricating full wafers of PPLN with a 6.5-pm domain
period for SHG of 532-nm radiation. We have shown
that material produced with this method was phase
matrhed over a 53-mm length, had an 8.5%/W single-
pass conversion efficiency in the low-power limit, ald
produced 2.7 W of cw 532-nm output with 42V. single-
pass efficiency.
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