Thin-film channel waveguide electro-optic modulator in epitaxial BaTiO 3
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We report on a thin-film channel waveguide electro-optic modulator fabricated in epitaxial BaTiO
on MgO. Films had an effective dc electro-optic coefficientr gf~50=5 pm/V andr 4~18+2
pm/V at 5 MHz for\~1.55 um light. Extinction ratios of 14 dB were obtained. The electro-optic
effect decreases t660% of the dc value at 1 Hz, 50% of the dc value at 20 kHz, a8@% of the

dc value at 5 MHz. ©1997 American Institute of PhysidsS0003-695(97)00539-1

Thin-film ferroelectrics offer unique physical character- face. Planarization also significantly reduces the surface scat-
istics that could dramatically improve the performance oftering losse€.The propagation loss in @300 nm thick pla-
many integrated optic devices. Potential applications includ@arized waveguide is, typically;5 dB/cm for 1.5um light.
low-voltage electro-optic switchingcompact low-threshold Waveguide ridges were defined by wet etching the films in a
gain deviceg,and second-harmonic generatibhhe realiza- 1% HF water solution for 90 s. Waveguide ridge heights
tion of active thin-film devices has been hindered by diffi- were measured to be 40 nm using an Alpha step profilome-
culty in fabricating low-loss films and channel waveguides.ter. Coplanar electrodes were prepared using conventional
Recent advances in epitaxial deposition of oxides have nowft-off techniques with 150 nm thick thermally evaporated
made it possible to synthesize layers of sufficient opticalAl. Figure 1 shows a schematic of the device.
quality to form low-loss waveguidés\We have recently The electro-optic response of the waveguide structure
demonstrated highly confiningAqh~0.6), relatively low- Wwas measured by end firing either 1.3 or L& light, lin-
loss thin-film channel waveguides in epitaxially grown €arly polarized at~45° to vertical, into the waveguides.
BaTiO; on MgO® BaTiO; is an attractive candidate for thin- Modulation of the signal was achieved by placing a polarizer
film integrated optics due to its large electro-optic at the output of the waveguide and applying either a dc or
coefficient$ In this letter, we report on thin-film, BaTiQ dc+ac voltage across the device electrodes. Figure 2 shows
channel waveguide structures with the potential forthe response of the modulator to an applied dc voltage. The
traveling-wave electro-optic modulator applications. data were taken as follows: a positive 100 V bia8 kv/cm)

Films were synthesized by low-pressure metalorganidVas applied to the sample for a few minutes prior to data

chemical vapor depositio7n.The metalorganic precursors acquisition(well in excess of the coercive field for the film,
employed were titanium tetra-isopropoxide and barium™ 15 Kv/cm); then, starting at 0 V, a potential was applied in

hexafluoroacetylacetonate tetraglyme. Argon was used as thed V (—2.5 kV/em) increments to-90 V (—45 kviem) (U

carrier gas, and ©bubbled through deionized water was da:filg%olr;titréetpoter_wtltal wads ft_helr: mc(rjeme(r;tsllykmtcreased
used as the reactant gas. The introduction of water vapor w data (o'nti‘.a \é;vzotnoglgnnotlnr?]e);srerscaen :Crregtzfigo
necessary for removal of the fluorine in the form of HF po! u " y cu W

present in the fluorinated barium precursor. The films werd'cross the electrode gap with 10050 kv/cm) applied and

deposited on(001) oriented MgO crystals at 725 °C at a an ammeter sensitivity of 10 A. At lower fields there were

growth rate of approximately 100 nm/h. Atomic force mi- small changes, over a period of hours, in the polarization of

the light emerging from the output of the waveguide, which
;:_Iroscopy was used to analyze the surface morphology of th'C:‘aused relatively small changes10% in the signal ampli-
ilms.

X diffraction indi d that the fil h tude at the detector. It is not clear whether the changes in
-fay rf?lctlon indicated that the imS Were phase signal throughput were caused by domain movement or cur-
pure BaTiQ. Diffractometer measurements indicated smgle,rent flow between the electrodes. Higher fields35 KV/

broad (_hOO) peaks_with no tetragonal Sp”ttif?gT_he mea-  cm), however, produced relatively large changes in signal
sured in-plane lattice parameter is 4.011 A. Epitaxial align-

ment of the film to the substrate was confirmed with phi

scans of the off-axi$220; planes in the BaTi@crystal lat- Waveguide ridge

tice, and the requisite fourfold symmetry was observed.
Waveguides were fabricated in &0.32 wm thick Al Electrode /

BaTiO; film. The film had a root-mean-squafens) surface

roughness of 13 nm and was subsequently mechanically pla-

narized to a~5 nm rms surface roughness. Planarizing the

film before photolithographic patterning greatly improves the "As grown®

quality of the waveguides produced, most likely due to an BaTiOg

improved adhesion between the photoresist and the film sur-

dDepartment of Electrical and Computer Engineering. FIG. 1. Schematic representation of the ridge waveguide modulator struc-
YAlso with: Department of Materials Science and Engineering. ture.
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FIG. 2. Amplitude modulation in an “as-grown” thin-film BaTi3channel FIG. 3. Modulation depth versus frequency for L@ light in a 7 um wide
waveguide vs applied dc voltage. The data were taken as follows: a positivaveguide with 1.6 mm long electrodes, 2t electrode gap, 30 V dc bias,
voltage was applied to the electrodes prior to data acquisition; then, startingnd a 22 V peak-to-peak ac bias.

at 0 V anegative potential was applied b V increments up te-90 V (O

data pointg the potential was then increased fren90 V to +90 V (A data

points; and, finally, reduced from90 V back to zerd X data points shift between the TE and TM polarizations in the waveguide,

this corresponds to a waveguide propagation index change of
f _ . . .

throughput, possibly caused by current flow and heating i NTe_tu™~2.87< 10 * as explained in Ref. 1fassuming a
the film. bulk index value for the filmng,=2.35Ref. 1) and

The frequencyv) dependence of the modulator responseNsusstraie= 1.7]. The effective electro-optic coefficient of the
was determined from 0 to 5 MHz by measuring the ampli-film is then estimated assuming the change in the electric-
tude modulation of the output light using an InGaAs detectoffi€ld AE;~AV/d, whered is the electrode spacing. We
and an oscilloscopéfor 0<v<500 H32), lock-in amplifier also assume 100% overlap between the electric field and the
(for 500 Hz<v<100 kH2, and spectrum analyzefor film. These assumptions are reasonable since the dielectric
1>100 kH2). The applied field for the ac measurements con-constant of the film is much higher than that of the substrate
sisted of an ac superposed on a 15 kV/cm dc field. Care Wa@ﬁd air: It should be noted that the formation_ of space charge
taken to ensure that the change in signal throughput wai§ the film could strongly reduce the actual field seen by the
monotonic with applied voltage and that the modulationfilm, however, these effects are neglected here. The effective

depth was less tham/2 for the lock-in amplifier and spec- €lectro-optic coefficient is defined to be

trum analyzer measurements. Areff=peff_eff
Figure 2 shows the modulation of 1.5&m light as a
function of applied dc voltage for a 2,/&m wide waveguide 1 1\2 [1)\2 1\2 [ 1)\2
with a 20 um electrode gap and 2.7 mm long electrodes. A :A_E,T n_ﬂTTE) _<n_TE N m e/ I @

hysteresis in the modulator response is seen, since the o
throughput is dependent on whether the bias is increasing g¥herenremw) and ngry, are the refractive indices of the
decreasing. The hysteresis is less evident at higher fieldE(TM) polarization before and after thieV.; change in the
strengths. The hysteresis could result from reversible poling@Pplied voltage, respectively. Therefore, by Ref. 12,
by the applied field and/or space-charge formation in the 2ANTe_ 1w
film. Modulation depths in excess of 14 dB were measured.  Aref~ AE (no)3 2
The modulator went from an “on” state with &30 V bias #(Nfim)
(15 kV/cm) to an “off” state with a~50 V bias(25 kV/cm). This yields an effective dc electro-optic coefficient of
Therefore, arr phase shift is induced between the TE andAr®™~50+5 pm/V for the film. It should be noted that the
TM polarization path lengths in the waveguide with a effective electro-optic coefficient contains the field induced
20£~2 V change in applied bias, we call this the half-waveindex changes from domain poling, domain-wall movement,
voltage change)Av . and the linear electro-optic effect. Similar results were found
The electro-optic response of the film to the applied fieldfor 1.3 um light.
is complex, and as yet, not fully understood. Presumably, The BaTiG, thin film showed both linear and quadratic
domain alignment dominates at lower field strengthd5  electro-optic responses when the modulator was operated
kV/cm). Once the coercive field strength is reached, the filmwith an ac bias superposed on a dc bias~AtV dc bias, the
is assumed to have a net polarization with the axis par- film showed a relatively weak quadratic electro-optic re-
allel to the field direction. In this initial experiment, we mea- sponse. As the dc bias was increased, the electro-optic re-
sure the relative change in the wavelength propagation insponse became much stronger and linear, since higher-order
dexes between the TE and TM polarizatioA)$f— AnSf,  harmonic components in the modulated signal were not ob-
=AnSt ... under an applied field parallel to the TE polar- served.
ization. Modeling of the channel waveguide structure indi-  Modulation depth as a function of frequency is shown in
cates that a relative index change in the filimtg—Anqy, Fig. 3 (for 1.3 um light in a 7 um wide waveguide with 1.6
=Ante_tm, of 3.25x 10 * will produce a half-wave phase mm long electrodes, 2m electrode gap, 30 V15 kV/cm)
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dc bias, and a 22 W11 kV/cm) peak-to-peak ac biasThe tial for low-voltage highly confining guided wave electro-

modulation depth decreases 1®%0% of the dc value when optic modulator structures.

operated at-1 Hz; at 20 kHz the modulation depth4s50% This work is supported by the AFOSR/ARPA under

of the dc value, and from 20 kHz to 5 MHz, the modulation Award No. F49620-96-1-0262 and the MRSEC program of

depth shows a slower roll-off t6-37% of the dc value. the National Science Foundation at the Materials Research

Modulation of the signal was observed at frequencies in ex€enter(MRC) of Northwestern University under Award No.

cess of 5 MHz. The data indicate that several mechanismBMR-9632472. This work made extensive use of the MRC

contribute to the measured electro-optic effect, evidenced bgrystal growth and materials processing facility.

the changing slope in Fig. 3. The large drop ji from dc to

1 Hz operation is presumably caused by the slow response of

the domain reorientation in the film. The more modest dropip. k. Fork, F. Armani-Leplingard, and J. J. Kingston, Mater. Res. Soc.

from 1 HzZ>v>20 kHz, and 20 kHzv>5 MHz is most 2SyImIO. Proc361, 155(1995.

likely indicative of more subtle domain-wall movement. We \?EinNU\l:faeTeier;rl?(;)\li/?nkR.S‘:ﬁ i't~ ’X- Klol‘;er:v SA- f;’é?afégé@%gam’ J.W. M.

0_”0' r_]Ot see any fatigue effects. There was also no d_egradaTD. K. Fork,’F. Arm.ani.-LepIir,lgaF;z,-J. 3/ kingst(,)n, and G. B Anderson,

tion in modulator performance from repeatedly reversing the mater. Res. Soc. Symp. Prag92, 189 (1996.

applied bias or after months of testing. However, we did see'F. J. Walker, R. A. McKee, Huan-wun Yen, and D. E. Zelmon, Appl.

a degradation in modulator performance that seemed to b@ghy@' 'ée.ltltﬁBS' i“gé’l(lig‘:’:' W. Conrad. B. W. Wessels. and S. T. H

related to high humidity, which was eliminated by baking the Ao prys. Leti6o, 2068(1996. o

structure at~120 °C. Higher frequency measurements are®m. zgonik, P. Bernasconi, M. Duelli, R. Schlesser, P. Gunter, M. H.

needed to determine the relative contribution to the modula- Garret, D. Rytz, Y. Zhu, and X. Wu, Phys. Rev.58, 5941(1994.

tion from the linear electro-optic effect. We are in the pro- érgtv‘glzmigffl"ézal'g\gj')wesse's' L. M. Tonge, and T. J. Marks, J.

cess of fabricating optimized structures to measure thethe preferred orientation cannot be uniquely determined by x-ray diffrac-

electro-optic response at frequencies in excess of 5 MHz. tion due to residual strain in the film. This strain modifies the lattice
The measured properties of the thin-film BaTi&ectro- cons.tant to be less than the bahaxis lattice constant and greater than the

optic modulator can be used to calculate the performance of2-3XIs constant. _

a more optimized device. Previous measurements of wave-a'agr'ngskl’ sEjéc\.N's;/r\:qeps.sseragﬂbg'p’:)t;ﬁtsrr?gj’ D. M. Gill, and S. T. Ho,

guide output spot size verses waveguide width indicate that Bngl 1, is the effective propagation index of the (TB) polarization in

5 um electrode spacing could easily be used for a 2% the composite of substrate, film, and air, which comprise the volume of

wide waveguidé€. Therefore, a 2.5um wide waveguide the propagation modeitqy, is related tonrgmy, the actual TETM)

modulator with 1 cm long electrodes and quf electrode is”udcehx °:ht2te ::'e’f? thfrlfgh th‘(?c%‘;iding a;’g'e V\‘?Lthi(‘)"t’svet%‘;d‘ﬁfycmre*

gap should have a dc half-wave voltage of 1.35 V with a bias N )T_Egg"ﬁ) ZiT;">WherZTrng) .(¢> ) andngl () aTrth“r”];

of 2 V in an “as-grown” film. This corresponds to a VL T T TN PO TR e

. TE(TM) waveguide propagation indexes before and after the half-wave
product of 1.35 V cm, we estimate the VL product at 5 MHz yoltage changeAV,,, respectively AnSt , =AnSf—AnSl, . We mea-

to be~4 V cm. sureAnst . and calculate\ nye_ty noting thatfe~ 6= 6. Therefore,
In conclusion, a simple channel waveguide modulator An$t ry = Anrg(cosfre) — Anmy(Cosbry) ~(Anrg — Anpy)(coso)
has been fabricated in epitaxial Bagi©n MgO. Electro- =Ante_tu(coso).

11
optic modulation of 1.3 and 1.5m light was demonstrated. ,,A R- Johnson, J. Appl. Phy2, 398(1971. = .
Films had an effective electro-optic coefficienty ., of [Equation (4] ={[(nre + n7e) (Nre = Nfe) / (N7ene)] = [ (N + M)

. (M=) I D)IHAE, =~ [(2nreAnrel/ ng?) — (20
~50%5 pm/V for applied dc voltages and18+2 pm/V at 5 Anpy Inmy]/AE. , Nre ~Ny = Ngo. Therefore, Aref~2(Ane
MHz. Epitaxial thin-film BaTiQ, therefore, offers the poten-  —Anq)/AE.(Ngim) 3= 2An1e_1/AE . (Nfim) S
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