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We have produced '-millifﬁétre-sized areas of self-ordered, sub-micron scale, compléx

structures in iron-doped single crystal lithium niobate, using the combined interaction of

laser light and fetéhiné"with acid. We report here the factors that influence the formation

of the structures, and illustrate the types of structure that may be formed, using images

takéﬁ:"By a Scanning Electron Microscope (SEM) and subsequent Fourier Transform

analysis of those images. We also consider the physical processes which initiate and

control the growth of the structures.




.Introductio‘n }

Lithium niobate continues to be the material of choice in many spheres of optical and-

nonlinear-optical research and _developmeht. It has found widespread appl

areas of scientific and technological interest such as modulators, frequenc
and second harmonic generation, surface acoustic wave and electr

as in optical waveguide devices. The ability to easily create re

In this paper we report on advances in creating sub-micron scale structures in iron doped

‘single crystal lithium niobate (Fe:LiNbO;) using the light-induced frustration of etching




(LIFE) process, first observed by Barry et al [4] and further investigated by Boyland etal
[5]. We have studied the influence of the different variables in much greater deptn than

previously, and have developed a more extensive understanding of the process taking

the absorption of
Iso serves to enhance the

photovoltaic effect and the photoconductivity; two factors in determining the

resultant scale-length and regular patterning observed in the LIFE process.

In Barry’s original paper [4], a surpris Scovery was made; when the -z face of a

lithium niobate crystal .was exposed-to an acid mixture, whilst undergoing exposure to

488 nm blue light from‘.an ‘argon ion laser, the etching rate was found to be reduced to
near zero. It had been expected that etching would be enhanced by the presence of light;
instead it was found to bé‘reduced or frustrated. In total, three different regimes of
' etchmg were observed Where the beam was most intense (> 100 W ¢cm™), etching was
completely frustrated while the areas of the crystal that were not exposed to light
experlenced etchmg as normal. However, in the regions .of intermediate or low intensity

(in the wings of the incident laser beam for example) between these normally etched and

etch-frustrated areas, a small area of partial frustration of etching was seen, characterised

N



by the formation of submicron scale features. Boyland [5] showed that it was possible to
modify. the technique to favour the dehberate creatlon of such features instead of

achlevmg complete frustratxon by reducmg the laser 1nten51ty to below some threshold

dimensional Fourier transform analysis.

Experimental Method
The lithium niobate crystal was ;.)laced' ir lly_designedb acid-;esistant cell, made
| from PTFE. This allowed expo ' face of the crystal to the etchaht,‘ a 2:1
mixture of nitrie (HNOs).and hydrofl (HF) acids. The crystal. wés, at the same time,
illuminated from below;  0 mw eontinuous wave green laser beam at 532nm,
produced by a fre ~doubled Nd:YAG laser. The effeets of beam size and hence

intensity were investigated by adjusting the position of a focussing lens placed before the

crystal.u Ex’pé?im ntsiwere also conducted using crystals of dlfferent iron dOpant

concentratlon (02 % to 0.01 %) over varymg times of exposure. Samples were

sub’se'qu‘ently examined by Scanning Electron Microscopy (SEM).




Results

Following etching in the presence of loosely focussed green laser light incident on the —z

crystal surface, we observed extended areas (<Imm) of intricate patterns showing small

complex structures and features of regular periodic nature.

¢ surface profiler trace, shown
an area of partial- frustrarion_ (region B),
and dots. The patterns become denser
towards the centre of the site where la tensity is at its maximum.

The size of the site and ictures that are formed at a particular peint on the crystal
are highly dependent on'the local laser intensity, etching time, and hence the total laser

exposure. Figure 3(a) shows a site that was created using a deliberately defocused beam,

with a larger spot srze (@9 =~ 80 pm), and therefore a correspondingly lower power
densny The 1ron dopant concentration was 0.1% in this experiment. The SEM image
revealsv.a much larger site than previously (with a diameter of app.rox1mately 2mm
compared to the 350 um of the previous experiment), consisting mostly of partially etch-

frustrated features. The expanded view, fig 3(b) shows a representative example of the



complex and visually intriguing patterns which are formed towards the edge of the site. It
is clear from th1s ﬁgure that the pattern format1on is determmlstlc and follows rules of

»both symmetry and scale.

‘Centre, figures 4(b) and 4(c) show denser

strated lines _crirving around one-another to fill

until the centre 4(f) where the mten91ty is greatest, the etchmg is almost totally |

frustrated and th ackmg den51ty is hrgh enough to prevent any observable orientational _

preference.

The' concentration of the iron dopant also determines the shape and extent of the patterns
that are formed. Dopant concentrations between 0.03 to 0.2% give broadly similar results,

however, a concentration of 0.01 % Fe produces a very different looking site as




illustrated by figure 5. This image represents the entire site, and when compared to

similar pictures taken on other samples it is clear that the structures are much wider

(approximately 2.5 pm) than those obtained using higher dopant concentrations .

(approximately 0.5 um wide). There is also far less variation in both line deé’ ity and

width over the whole of the site.

area continued to increase, indicating that once fo structures can continue to

grow, without the presence of light. Their efch:resistant nature therefore seems to require

med, the features remain etch-resistant.
However the sequential process; illur ion followed by etching, produces no etch

resistance.

The final aspect we inv‘es:‘:t'jgatedé’i&as the influence of the duration of etching. Figurc 6

shows the widths. of the lines formed after 3 different etching times (20, 40 and 80

minutes) at di’ffet_erit !ﬁositions from the centre of the site. As before, close to the centre

no lines are formed only the smaller ‘dots’, with high packing density. Further out from
the centre tthk lines are observed, which become narrower as the distance from the
centre increases. Longer etching times produce larger sites, but the relatlonshxp between

w1dth and distance stays approximately the same. The 20 minute sample had only one



area, near the edge of the site, which showed lines with widths that could be measured. _
We have -observed, however, that structures begin to form after only five seconds of
simultaneous exposure to acid and light, although lines do not develop after this short

time.

We are cilrrently attempting to seed" ordered and highly period
structured illumination pattern, rather than an unstructured Gaussian'b

for line formation

mask or other interferometric technique. It is clear that the mechanti
. in figure 7. In this
egion was form.ed,.»_while
ines appéared. As shown i.n>the

t random in their spacing. The growth

the ‘correct’ spacing (shown

teristic of a charge-mediated process, where charge

eeks to minimise the energy due to repulsion with

same polarity. Regular ordered arrays represent the

here highly complex patterning has occurred, with some obvious
gth, but the density of packing is too high to allow unrestricted growth of

periodic lines.




Discussion
We have shown that it is possible to produce large areas of submicron structures on the

—z face of iron doped lithium niobate, using the light induced frustration of etching

technique. The formation of structures is highly dependant on the local laser ntensity,

along one of three directions at 120° to each other (this is pa icularly:eyident at the edges

of the site as shown in figure 7, where structures:

ave room to“grow). It is evident that
 this behaviour is related to the underlying trigonal the crystal. At the centre

of the site, where the laser intensity is- greatest, features are tightly packed together,

forming a smooth unetched area, if the light'is:sufficiently intense, but towards the edges

of the site lines form that can extend f r distances greater than hundreds of microns.

We have used 2 dimensiona Foui ansform analysis to find the spatial frequencies

_,d~ﬁg re 9 shows three typical examples of the transform

results. Fi 1gure 9(a) usn g in SEM image taken at the edge of a site confirms that there

are indeed three- favoured directions, while 9(c), using an image taken at the centre of the
site does not hav;any corresponding directionality, but shows a characteristic scale
length Figure 9(b) is between these two extremes and shows lobes in the Fourier
transform pattern that are broader, representing more variation in the directions of the
lines from the 3 favoured directions. It is clear that these preferred directions mirror the

underlying trigonal crystal symmetry of lithium niobate, but at present we are still



investigating both the origin of these structures and the implications of the micron scale

lengths observed.

It is thought that the observed péttems are formed initially from localised sp;s which

pits dué’ to dislocations. The experiments by these authors provide some interesting

parallels to our results, but with some significant differences. The presence of
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microdomains would explain the raised,i etch-resistant ‘areas we observe in the LIFE
~ process. However, this would imply that the laser light is creating the microdomabins, and
in the case of tbtal_ frlllstration, a very large-area microdomain. However, the light needs
to be present simultaneously with the acid for frustrated etching to occur; e‘xé‘ sure to

light, followed by etching does not give rise to any features. Therefore, if in .

are formed, then they are unlikely to be permanent. As only one fa

experiments, it is not known whether corresponding etch pits cou

domains is all that is required however, to instigate stration. Even a superficial
cap of domain inverted material will prevent etching, and will hence shield material

underneath.

An alternative méchanism is'?fgtha of charge liberation within the crystal following

exposure to laser light, caused, by the photovoltaic effect. Subsequent migration of the

charge to the surface réﬁipn between the crystal and the acid etchant, then serves to
frustrate etching, The formation of quasi-periodic structures, as seen in figure 7, suggests

a charge mediated m;é‘i":hanism: the surface charges will arrange themselves into their

loWeé’t energy brif'lguration, and hence form periodic surface patterns, in this case

lez;aing» away from the centre of the site.

11



Our next dlrectron must clearly be to further understand, and thereby control the exact
periodicity, and consequently seed the growth rather than have it oceur naturally. This

would make the LIFE technique of sngmf cant technrcal as well as scientific interest, and

could be used for efﬁcrent fabrication of devrces
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Figures -

Captions

Figure 1(a): Typical site formed during the LIFE process on 0.03% Fe-dopgd‘L'
near the edges of the site.

Figure 2: Surface profile of the LIFE site, shoWing ure, after 2 hours

exposure to etchant.

Figure 3(a) A larger LIF E site produced usihg

F igure 3(b): Magmﬁed view showmg la f corhplex feature formation.

Figure 4: Types of structures

- at various points over the site

Figure 6':::"V'a'riation of line width with position from the centre of the site, for 3 different

etching times.,
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1% Fe:LiNbO; and a defocused beam -




Figure 7: 0.03% Fe-doped LIFE sample, after 8 mins etching. Note the clear 120° edge

symmetry in (a) and the regular line spacing and evidence of quasi-periodic growth in (b)

Figure 8: A LIFE sample produced using 0.1% Fe:LiNbO; crystal; complex pat

formed, with evident trigonal symmetry, over extended areas.

Figure 9: SEM images taken at various points of a site, and their corre ding Fourier

transforms. a) edge of site, c) centre of site
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F igure 3
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Figure 5
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Figure 6
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Fourier Transform

Figure 9
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