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Abstract.

| We report ah anélysis on the electro-optically iﬁduced beam deﬂ‘ectibn experienced
by light traversing an interfacé between two anﬁ—parallel' domains in a sample Qf
LiNbOgl_ In contrast to other wofk on-prism deflection schemes, We prése_nt a grazing
incidence geometry for light at incidence: angles between 87° and 89.5° that has been
inveétigated‘ to maximise the deflection angles achievable. Further improverﬁénts can
be obtained for both range of aﬁgular deflection and tranSmission unifonﬂity, by
faceting the exit face of the device at an optimum angle. We present a theoretical
analysis for this configuration and compare witli data obtained for a.wavelength of
1.52pm. A practiéal geometry would permit a deflection of ~140mrad for an applied

voltage of 1kV.




1. Introduction. -

,Soiid-state devices developed for beam scanr‘ling‘aﬁc‘i' deflection have. beven;widely ‘ A
reported in the 1;ecent past. Requiremén_ts of spéedl, cbmpactness and integration have
favoured the use of doinaiﬁ-éngineefed samplés of ferroelectrics such aé LiNbQ; and
LiTaO; that permit electro-optic control of local refractive index, thereby enabling
smail changes in propagation direction via refraction at an iﬁferface.-Prism type
geometries are perhaps-the most reported to date, in which’ light is inéident on a series
6f triangular domain-inverted regions,” the deflection angles achievable being a
function of both geometry and number of ;ﬁisms [1-2]. Further levels of integration
have also been reported, in which scanning has been integrateci with focussing

elements [3], second harmonic generation [4], and for use as a laser Q-switch [5].

Although recent work has addressed the problem of optimising the design of such
electro—optic prism scanners, and also discussed  ‘the alternative gradient index
deflectors, where the light ray is bent as it propagates through a region of non-uniform
refractive index [6], there remains a fundamental problem with this approach. The
linear electro-optic effect in LiNbO; or LiTaQ; is comparatively weak, and at
moderate field strengths of ~1kV mm, the_de.ﬂ'e;:tion angles achievable are small. As
an illustratior; of this limitation, we show below calculations of deflection. angle, §,
achieved for a single e-o prism deflector under four different electric field addressing

geometries..




The equation relating- the induced refractive index change, An, under el'ectro-dptic
addressing, as 'é..function of electric field strength E, is given by the usual expression
bélow:

An=-Yi133 ne3 E, ) . (M

where r33 is the largest electro-optic coefficient accessed by extraordinary polarised
- light, n. is the wavelength dependent value of extraordinary refractive index, and E, is

the electric field strength applied across the sample in the z-direction.

For simplicity, and as a means of comparison between existing electro-optic prism
designs and our near total internal reflection geometry, we standardise on a common
set of \;alue;. for refre;ctive index, electro-opﬁc coefficient, and value of applied
electric field strength. These are: n, =_2.23, r33= 30.8 x 102 mV™', and E, = 1kV mm™
(106 Vi;;‘]-), wﬁich relate to congruent single crystal LiNbO; for light inlthe’ mid-
visible region of the spectrum at ~550nrﬁ. Shown in ﬁguré 1 is the familiar geometry
for beam deflection via a prism of apex angle a. For electro-optic addressing there are
four possible conditions for producing beam deflection when an electric field is
applied to either the prism and/or the background host’ material. Values of deflection
angle may be increased by a factor of two by sirﬁultaneously increasing one refractive
index (e.g. nz), while reducing the other (m;) by the same amount, as is the case for a
uniform field applied to a " domaiﬁ inverted sambl_é. Additionally, as has ‘been
demonstratefi in [3] for' éxample, Prisnﬁs ,cap. be 'c;.as:c%glded,sp that the achieVable
deﬁection angies, are increasz'e(;,.a.s a hnear function of the number of prisms. Fiﬁally,

as the beam emerges into air from a medium of refractive index ~2.2, there is a final




magnification of the deflection achieved by this same factor, in the small deflection

limit.

Table. 1 shows the calculated Valuee of beam deflection angle for these four different
| geometries, for a common angle of mcrdence of 30 at an apphed elecmc field of
lkV mm™. Of note here are the small values- obtained for 8, which have been
calculated for a single prism of aper( angle 60", for the four possible combinations of
n,/ny, which we abbreviate to ny;. Even for-the mo.st favourable case \;vhere -nl = rl-An,
~and n, =n+An, the deflection angle achieved is only 0.01°. In [3], \lsfhere seven prisms
are used in series, and the applied field was ;4.4kV mm’', this produces a total '
deflection angle of ~0.3°, which is magnified to ~0.66° When the beam is refracted
into the air. In [3] where o was of order 66°, the reported beam deﬂecuon was O 72°

(12.65 mrad)

Figure 2 shows exact calculations of deflection angle § for the four possible electro-
optic geometries, using the following eduation for beam deflection via a prism of apex
angle a [7]:

3=0;—a+sin” {sina [(nz1 Y- sin’ 61" - sin 6 cos a y 2

where ; is the angle of incidence. As expected the plots are symmetrical about the

Zero deﬂectlon line, but what is immediately apparent is that the ~30° angles typ1ca11y_‘
used for 6; in pnsm scanners represents the precise angle for wh1ch mmrmum'
deviation ls produced This cho1ee of angle rs necesszrry however when cascaded :

prisms are used as in [3], and 1n—l1ne prism fabrication is the preferred‘ route.

-




It is therefore apparent that the single prism deflection result of ~0.01° for a
' nonnelised value ef' apphed electric field of lkV _l_nm'l may be increased if altemative
geometﬁes are ad‘o};'ted. This paper discusses the lisel of a near total internal reflection
(TIR) geoﬁleﬁ’y, which we have already successfully used to demonstrate a sﬁitch
. with a-measured contrast -rjatio exceeding 100:1 [8]. In this imelementatieh hoﬁever, it
is tﬁe deflection ef the transmitted beam we dre considering, rather than the switching

into TIR.
2. TIR beam deflection geometry.

Figure 3 shows a _schematic of the electro-eptic TIR geometry for a domain
engineered LiINbO; switch/scanner. The sample was a 300 um thick z-cut congruent
LiNbO; wafer supplied by Yamaju (J apan),. with dimensions in the x and y directions

of 13.5 mm x 15mm. The —z face was photolithographically patterned and electric
field pdled to produce a strﬁcture consisting of two aﬁti-parallel domains. Under
polarised light microscopic examination, the interface layer was seen to be quite ﬂat
and srnooﬁh, but some fine detail, including local variation from absolute straightness
was observed in all the engineered samples produced. After poling, annealin"g was
performed at 2.00°C for several hours, to attempt to remove any residual strain at the
interface. Experiments performed for TIR switching however revealed that even after .
anneal'mg:a smali residual refractive index-'existed across this interface which was of _.

order 107 8].

Expenments were performed usmg the two laser wavelengths of 0. 543um and

1.523um from separate polansed He-Ne laser sources, both of output power ~0. 6mW



Focussing into the LiNb‘O3 sample was achieved by a lens of focal length 160mm,
‘ Wthh produced a spot size of order 40 pm for the 0.543 urn hght Electrodes were
‘fabricated on both + and -z faces of’ dlmensmns ~12mm x me across the domaln
interface region. The input and exit faces were parallel polished‘, and the device was

~ mounled. on an insulating:‘ support.

l3efore characteri-singr the scanner performance, simulations were run based .on the
- change of the refracted ray direction_ at the electro;optically addressed interface.
Unlike the case for electro-optic prism scauning, the grazing incidence geometry is
~uniquely sensitive to small changes of local lndex. Applying Snell’s law to the
interface yields: |

(n+An) sin 6; = (n- An) sin 0, : (3)

where An is as defined in (1).

Figure 4 shows values of 8, calculated via (3), as a ﬁmc’don of voltage applied across
the interface, for values of 6; ranging from 87° to 89.5° in 0.5° steps. It is immediately
apparent that even for modest voltages of order a few hundred volts, substantial '
deflections of ~1° can be obtained. For the 6;=87° case, a line has been drawn through
the points to illustrate that the relationship at such angles is effectively linear for this
voltage range. For the case of 8; =88.5°, a value we have investigated expeﬁmentally
and is relatively easy to implement in a sample of interface length ~10mm, a voltage
of 300V (correspondmg to the normalised. value of 1kV mm’' across the 300um thick |
sample) produces an angular deflection of 0. 39° When compared to the value of
angular deﬂecuon for the smgle prism deﬂector evaluated earlier, we see that th1s near

‘ '_TIR geometry 1s. ~40 tlmes h1gher in sen31t1v1ty



Two further points to note in figure 4 a%e that we: only present the deflection for one
polarity of applied field. If the pq]arity of the applied field is reversed, there is a
éoneSponding iqcreasé n deﬂcétion_ angle achievable, .vas well las the additioﬁal
possibility of improved linearity. As the deflection increases, TIR occurs at the value

of 9t=9-0° as shown in the figure.

As the deflection angle increases,v' and TIR is approached, the transmitted intensity
across the- interface decreases. This is an important factor that must be addressed
when considering the acceptable operating parameters of such a device. Figure 5
shows the transmitted intensity calculated for the same rénge of applied field as
shown in ﬁgure74h While it is clea_r that for values of éi > 89° the transmission falls
fa'pidly as a ﬁlﬁction of applied ﬁeld, for a value of 6; <88° the slope is small, and

some degree of linearity again exists between transmission and applied field.

We can compare these re;sults with those obtained experimentally using ‘s’ polariséd
light from an LR. He-Ne laser operating at 1.523um. Figures 6 and 7 show the results
for transmitted angle, 6;, and transmitted power versus the applied field over the same
range as calculated earlier. It is seen that the overall shape is very similar to the
theoretical plots of figures 4 and 5, allowiﬂg for both the uncertainty of the absolute
value of 0; which is difficult to measure precisely at such steep grazing incidence
angles and carries an estimated uncertainty of order 0.1-0.2°, and also the fact that the -
interface is 'ﬁdt straight at the better- 'trlzlan' 0.1‘? level. A final difference between the -
tﬁeor‘etical plots ;and the eiberimental dat; is that th.e‘beam 1s focussed to a waist at
the middle point of the device, and hence some diygrgence, will ‘occu:r_ in the wings of

 the Gaussian beam, which intersect the ir@i@ffaqc at a point other than the middle of



the device.. We are currently modelling this Eehaviour that will modify the shape of
the pl_ots{ obtained, rather than introduce the sr-néil noiserr we see in the measurement of
both angle and transmitted power. We/ will sho;tly be fabricati'n-g such domain
interfaces in stoichiometric rather than conéruent LiNbO; and we .expect ’that the

interface quality will be better. )
3. Iinprovements to the device linearity.

There is a final improvement that can be made to the performance of the device in
terms of the linearity and range of the deﬂeption‘ angle obtained, and which
simultaneously flattens the transmitted intensity charé;teﬁstics. Figuré 8 shows a
simple modification to the output end of the sample, in which a facet is polished at an
angle of B or vy respectively. Tﬁe facet acts to magnify the angular deflection Vi_a the
'normal Snell law of refraction into a less dense» medium, and if ihe angle is chosen
-appropriately, there is also a compensating behaviour for the previous transmission -

drop and the nonlinearity of angular deflection.

Figure 9 illustrates this behaviour for a value of éi = 87.75° for a facet anéled as
shown in figure 8(a).‘In this geometry however, although the external angle of
deflection is substantially increased when compared to that through an end face
polished normally to- the ray direction, the- li#garity is poor. Nevertheless, for B =
~ 62.5% a deflection of ~8° is achievable for the \;éltagg range betweehO—'lOOOV. qu
the noﬁnalised value of 1kV 'mrn:'I an angular déﬂéétiéﬁ ‘ot: 1.6° is achievéél rcomparé;l

to a value of 0.5° without the exit facet.



- When the facet. is angled the opposite way, as shown in figure 8(b), then the
opportunity'exi_sts to si;nulténeously have a large deflection range, and good linearity
of deflection and 'tra.nsmission asa ﬁ.mcﬁoﬁ of Vc;ltage appliéd.r Although the lineanty
of deflection is not an intrinsic necessity, and can be calibrated out, it is a desirable
attribute-if 'inllplementatioﬁ is easy. Figures 10 and 11 show similar calculations for
this oppc;sitely angled facet. As ©; increase’s_,' the value of 6, decreases, thereby
reducing the Fresnel reflectivity from this z;mgled facet and acting'to compensate for
'the decfeasing valuéiof transmission across the interface. Figures 10 and 11 show»
plots for facet angles spanning the range 66° to 70°. Figure 12 presents a final ‘_
comparison between a facet angled at 69° and a facet polished at effectively normal
incidence. Although greater Fresnel reflectivity invariably occurs for this ‘s’ polarised
state at these angles, it is immediately apparent that the transmission reduction has

been at least partially compensated. For this geometry (6; = 87.75°), this compensation

is at the expense of an overall reduction of ~27% of the transmitted intensity.
4. Conclusions.

In conclusion we have presented a novel electro-optic beam deflector geometry,
which permits a wide angular scan range, with simultaneous capability for good
linearity of both deflection angle and transmission uniformity as a function of applied
field. When compare& to existing_ schemes for eléctro—optic séanning based on pri-sms,
it is seen that this new geomeu"y has a sensiﬂvity that is betwéen one énd tWo orders
| bf magr;itude larger. Wé ha\}e shown that this- gqémetry ‘ceiﬂn function Well.as a beam

deflector at the useful télecoms wavelength of 1.52pum.

10



5. Acknowledgements.

The authors are grateful to the Engineering and Pﬁyéical Scieﬁces Research Council -

(EPSRC) for funding for AJB and for research funding via grant no. GR/N00302.

-

11



6. References.

) ‘J.Li,'t'ﬁ.C.Cheflg; M.J.Kawa.s',’ D.N.Lambeth, T.E.Schlesinger, D.b.Stancil,

‘Eleétro—optic wafer beam déﬂector in LiTaQ;’, IEEE Photo'nics Technol.
Lett., 8, Pp1.486--1488, (1996) , -

. Q.Chen, Y.Chiu, D.N.Lambeth, T.E.Schlesinger, D.D.Stancil, ‘Guided-wave
electrb-optic beam deflector using domain reversal in LiTaOy’, J .Lightwave

Technol,.lz, ppi401-1404, (1994)

. K.T.Gahagan, V.Gopalan, J.M.Robinson, Q.X.Jia, T.E.Mitchell, M.J Kawas,

T.E.Schlesinger, D.D.Stancil, ‘Integrated electro-optic lens/sqanner in a
LiTa0; single crystal’, Appl. Opt., 38, pp1186-1190, (1999)

. Y.Chiu, V.Gopalan, M.JKawas, T.E.Schlesinger, D.D.Stancil, ‘Inteérated

optical device with second-harmonic generator, electro-optic lens, and

integrated scanner in LiTa05’, J.Lightwave Technol., 17 pp462-465, (1999)

. K.S.Abedin, T.Tsuritani, M.Sato, H.Ito, K.Shimamura, T.Fukuda, ‘Integrated
eléctrodptic Q switching in a domain-inverted Nd:LiTaO; laser’, Opt.Letts.,
20, pp1985-1987, (1995)

. Y.Chiu, J.Zou, D.D.Stancil, T.E.Schlesinger, ‘Shape-optimized. electrooptic -
beam scanners: analysis, design, and simulation’, J.Lightwave Technol. 17,

pp108-114, (1999)

. E.Hecht ‘Optics’ Addison-Wesley, (1998) - |

8. A.J.Boyland, G.W.R‘oss, :S.Mai.lis,,_P.G.R.Smithh,‘. R.W Eason, “Total internal

feﬂection switching | in’ elelctroioptiéally addressable AOmain-engiriegred

~ LiNbOs, Submitted to Elec, Letts. (2000).

12



7. Figure Captions.

Figure 1. Schematlc of refractlon through a pnsm of refractlve mdex n in ‘a host

medmm of index n;. Overall angular deflection is 8.

Figure 2. Angle of deflection & as a function of angle of incidence 8; for ny; values as

-shown i table 1.

Figure 3. (a). Schematic of domain engineered sample used for beam scanning. Input
light is ‘s’ polarised.

Figure 3 (b) Plan view of scanner showing angles referred to in the text,

Figure 4. Transmitted angles 6, as a function of voltage applied for a range of values

of 6; from-87.0° to 89.5°. For ; = 87.0°, the line is a guide for the eye only.

Figure 5. Intensity transmission across the interface as a function of voltage applied,

for a range of values of 6; from 87.0° to 89.5°

Figure 6. Experimental results obtained for transmitted angles 6, as a function of

voltage applied for two representative values of 0;.

Figure 7. Experlmental results for transmltted power (arb umts) as: a functlon of

voltage apphed for two representatlve values of 9



Figure 8. Schemaﬁc of scanners with polished exit facets. The beam exits the rear
face with angles of incidence 83 (a) and 8, (b) respectively.

Flgure 9 External angle of deﬂectlon 0, as a function of voltage apphed for the
arrangement of ﬁgure 8(a) for facet angles B between 62.5° and 64.0°. The value of 6;

here is 87.75°

Figure 10. External angle of deflection 0, as a function of voltage applied, for the
arrangement of figure 8(b), for facet angles y between 66.0° and 69.0°. The value of 6;

here is 87.75° (lines drawn as guides for the eye only)
Figure 11. External intensity transmission for the arrangement of figure 8(b)as a
function of voltage applied, for facet angles y between 67.0° and 70.0°. The value of 6;

here is 87.75°

Figure 12. Comparison between transmission with and without rear faceting, as a

function of voltage applied.

Table 1. Four combinations of indices n; and n; for electro-optic addressing of prism

and/or host material, and resultant values of ny; and associated value of 3.

14






Angle of deflection & / degrees

Angle of incidence e/ degreeé

0.03 @ n,=1.000153
' O  n,=1.000077
v ny,=0.999923 °
0.02 - v n,=0.999849 o2
°
e
L I e
o o®
- 0.01 4 9990@90999@996993 500 o ©
o
OOOOoooooooooooooooooOo
0.00
| vvvvvvvvvvvvvvvvvavavVv
-0.01 VVVVY v
vYvYvv VVVvy v A\ 4
) vV vV : Vvyg Vg v
. v,
v
-0.02 v
v
'0.03 1) T ] i T [ ) L]
0 10 20 30 40 50 60 70




T.LR occurs here ' '—-,—
— Down domain
‘s’ polarized : '
A ' ' S , Field “off”
* S '«'3’%“':‘3&“ R
?U omain : Field “on”

(a)




Transmitted éngle 0,/ degrees

90.0.
) . ]
_ 0
89.5 6,=89.5 - o v
. & L v A4
[ <] v v v
89.0 1 6,=89.0 v
vV v
7 v
v v
88.5 1 p=88.5° vV
i * v v
88.0 | 6,=88.0°
87.5 4 6=87.5°
87.0 { 6,=87.0°
86.5 ] T T 1] T T
-200 200 400 600

Voltage applied / V

800

1000

1200



Intensity transmission

1.0 1 Dﬁ§g®®889999900000888
V. Vv 4 )
O i | v A\ 4
a v v v
O
v
. 2 v
0.8 .
B \%
06 - O N v
a . ® 0,:=87.0°
- m v O 6,=87.5°
0.4 - O o v 0,=880°
v 6,=885°
8 o
B 6,=89.0
0.2 4 v i .
O 6,=895
00 T T T 1 { 1
0 200 400 600 800 1000

Voltage applied / V

e V':
=N
ﬁ».,-f“%\

- f
K'-E :
~

s

1200



o
0; = 88.5°
0j=89.1°

]
O

90.0

1 T
0 =
D [«2]
@K (0]

saaibep / 1g o|bue pepiwsuel |

88.5

400 600 800 1600 1200

200

V t

S

o

2

f=3

& o

© SR O
o [ 4.. ,_.., ..l -
2 ey
> N



0. ©
_.nu. L
0 o
B )
TR
DD < o
®
® O
e
@..
[
o
e o}
@ o)
o
e e}
© o
80
® O
@ O
T T ._‘ I
Q [an] (o] o o
[s0) [{a] <t o

syun giy / Jesmod paplwsuel |

400 600 800 1000 1200

200

Voltage applied / V



by

et



0

External angle of deflection 0

82 -

80 ~ ' ® facetangle B = 64.0° oV
78 O - facet angle B = 63.5° v
v facetangle p=63.0° | . vV v
- v  facetangle p = 62.5° v
76 - v v
v v
v
74 g vV v ¥
vV’ v
v v
vV v
72 - vV vV
vV’ ‘ o©
vV o O
v O
70 A vV v o ©
vv?’ . o ©
68 - 000° P
o) °
66 - O o @ e ® @
o02®?
64 - o ©9
62 T i ) T 4 1
0 200 400 600 800 1000

Voltage applied / V

1200



o]

External angle of deflection 8

90

85 4

80 -

75

70

65 -

60

55

44080

facet angle y = 68°

facet angle y = 68°
facet angle y = 67°
facet angle y = 66°

Voltage applied / V

800 1000

1200

-



External intensity transmission

0.70

0.65 -

0.60 -

0.55 -

0.50 -

0.45 -

VYVVYVYVYVvyy

o @ : @ facetangley=67°
A O  facet angle y = 68°
v facet angle y = 69°

v facet angle y = 70°

0.40

H T ¥ T T T

0. . 200 400 600 800 1000

Voltage applied / V

1200




External intensity transmission

0.90

i 00000 :
0.85 OOOOOOOOO
@]
0o
O
© O
0.80 o
0.75 -
® Transmission with facet correction
0.70 - O  Transmission without angled facet
0.65 -
@
spo0000000000 eeeagea
0.60 - '
0.55 T [ T T H T
o 200 400 600 800 1000

Voltage applied / V

TN Eige

s
)

1200



o / degrees

18] n, Ny = nzlnl
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