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Low-energy ion-beam processing damage in
lithium niobate surface-acoustic-wave optical
waveguide devices and its post-manufacture

removal
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Dry-etch processing of lithium niobate acousto-optic Bragg cells using ion beams of low
incident energies (500 eV) induces significant modification to the electrical and electro-
mechanical properties of the surface region, severely compromising device operation. The
affected properties are largely restored by thermal annealing at relatively low temperatures.

1. Introduction

Monocrystalline lithium niobate is widely utilized as
an optical waveguide device substrate on account of
its excellent physical properties [1, 2], its strong
electro-optic and acousto-optic coefficients rendering
it a preferred substrate medium for the fabrication of
an expanding repertoire of devices [3]. With the grow-
ing application of plasma-based dry-etching proced-
ures in lithium niobate device processing, it is neces-
sary to consider carefully the effects of electron and
ion bombardment on substrate properties, parti-
cularly those which form the operational basis of the
devices under consideration.

Although the majority of studies of lattice modifica-
tion of lithium niobate by ion bombardment have
been performed at relatively high incidence energies,
generally sufficient to result in incorporation or
implantation, evidence exists for significant lattice
modification, particularly in the near-surface region,
by lower-energy bombardment. In particular, as will
be discussed subsequently, ion bombardment of
lithium niobate has been shown to result, not only in
the introduction of a measure of surface damage and
non-stoichiometry, resulting in an enhanced electrical
conductivity, but also of the introduction of significant
additional surface acoustic wave attenuation. The ap-
pearance of these effects has been confirmed by the
present study, which was motivated by the observa-
tion that gross variations in acousto-optic efficiency
could be correlated with changes in processing condi-
tions during device fabrication [4], optical waveguide
functionality remaining unaffected. This observation
prompted an examination of the reported effects of
low-energy particle bombardment on lithium niobate,
the results of which are summarized here.

2. Low-energy bombardment damage in
lithium niobate

2.1. Surface crystallography

The influence of ion and electron bombardment on
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the surface crystallography of lithium niobate has long
been of interest on account of the ready modification
of surface properties of this material achievable by a
variety of agencies. Destefanis et al. [5] showed the
change in ordinary refractive index consequent on ion
bombardment to be a monotonic function of the total
energy deposited in nuclear collisions, capable of rep-
resentation by a single universal curve, valid for all
ions. Courths et al. [6] observed that Ar™ bombard-
ment at energies as low as 500 eV resulted in amor-
phization of the surface, a process anticipated to result
in suppression of surface acoustic wave generation.
Feng and Shang [7] showed that bombardment of
lithium niobate with 600eV Ar* ions resulted in
significant departures from stoichiometry in the sur-
face layer, manifested as increases in optical absorp-
tion across the entire visible region, together with a
large increase in dark conductivity. Both effects disap-
peared on heating for a few hours at 600 °C, as did the
effects reported by Destefanis et al. [5]. Klekamp et al.
[8] demonstrated that electron bombardment induced
the desorption of oxygen from lithium niobate at
energies as low as 1 keV, the mechanism responsible
being identified with the creation of Niobium 4p core-
holes followed by an interatomic Auger process
leaving oxygen in a highly repulsive state; the time
dependence of these processes was subsequently
further quantified [9].

2.2. Electrical conductivity

Astakhova et al. [10] studied low-temperature argon
plasma treatment of lithium niobate, showing that,
while no new phases were formed, the sub-surface
layer contained interstitial argon ions. In addition, the
electrical conductivity was significantly modified, the
worst-case resistivity being nearly three orders of mag-
nitude less than that of virgin material and occurring
under plasma conditions similar to those employed in
fabrication of the devices forming the subject of the
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present study. Schreck and Dransfeld [11] reported
similar results, showing that relatively low-energy
(2keV) bombardment of lithium niobate with Ar™
ions resulted in enhancement of electrical conductivity
in the region within 5 nm of the surface by up to six
orders of magnitude, equivalent to a specific conduct-
ivity of 10°3Qm at room temperature, with monotonic
dependence on bombardment time. The enhanced
conductivity was deduced to be non-ionic in origin,
since no polarization behaviour was observed. As
noted above, Feng and Shang [7] observed unspeci-
fied and thermally reversible “large increases in dark
conductivity” in the surface region.

2.3. Acoustic attenuation

Hickernell et al. [12] demonstrated that piezoelectric
coupling efficiency in a proton-exchanged lithium
niobate waveguide was considerably reduced as the
exchange depth increased towards the acoustic mode
depth, suggesting that the resultant lattice modifica-
tion suppressed the intrinsic piezoelectric properties of
the material. Larson et al. [13] considered the
attenuation of surface acoustic waves in lithium niob-
ate which had been subjected to irradiation by an
80 keV 2°Ne* beam at fluences ranging from 10'® to
102° jonm ™2, showing an acoustic wave attenuation
of the form

log[P(z)/P,] = —Af'g (1)

where P is the acoustic wave power, fis the frequency,
z is the distance along the propagation direction and
A is a constant for each level of fluence. The constant n
is of order 2 for unmodified lithium niobate [14],
comparable values being found [13] for the majority
of fluence levels investigated. The values determined
for the constant A, in units of 1073>dBem ™! MHz ™2,
ranged from around 0.5 for virgin material, increasing
through 1 at a fluence of 10*®ionm ™2 to a maximum
of 8 at a fluence of 10 ionm~%; beyond this level, the
value declined virtually linearly to 4 at a fluence of
102%jon m~2. Larson et al. [13] further suggested that
the damage can extend substantially beyond the ion
range, noting that disorder extending to a depth a
factor of 100 greater than the ion range, even after a
700 °C anneal, had previously been observed in GaAs
[15]. No dependence of damage on ion energy was
indicated.

2.4. Thermal activation

Common to most of the studies noted above is the
observation that the induced damage can generally be
reduced, or even eliminated, by thermal annealing. It
was shown [11] that the conductivity enhancement
following low-energy argon ion bombardment was
thermally activated with an energy of 041 +/
— 0.04 eV and was further deduced to be non-ionic
since no polarization behaviour was observed; on
heating to a temperature of the order of 200°C, a
sample previously modified by exposure to argon
bombardment- was restored to -its initial condition.
Astakhova et al. [10] reported a non-monotonic rela-
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tionship between conductivity and discharge current,
indicating the presence of two competing processes,
identified as an activation process, predominating at
low current densities, and a rapid etching occurring at
high current densities, when the rate of etching pre-
dominates over that of surface carrier generation.
Tomashpolsky [16] showed that, under vacuum an-
nealing at temperatures in excess of 1300 °C, lithium
niobate is significantly less susceptible to thermo-
stimulated surface segregation than other ferroelectric
materials.

3. Experimental studies
3.1. Specimens
Acousto-optic devices examined during the course of
the present study were designed and fabricated using
an established in-house process [4], starting material
being 75mm diameter SAW-grade lithium niobate
walers, procured from the same manufacturer over a
period of 3 years. The device structure comprised a
sixteen-element beam-steering phased array of inter-
digital transducers [17], configured for operation at a
centre frequency of 1.3 GHz (0.65 pm finger width) and
— 3 dB bandwidth of 500 MHz, fabricated by direct-
write electron-beam lithography. Following comple-
tion of the transducer pattern definition by reactive
ion etching with 500 eV argon ions, an initial batch of
devices, designated type A in what follows, was sub-
jected to a relatively energetic oxygen plasma-ashing
process, with r.f. power of around 500 W, in order to
restore surface stoichiometry. These devices were ob-
served to exhibit diffraction efficiencies in the region of
5%, comparable to previous reported behaviour [4].
A subsequent batch of otherwise identical devices,
type B, was processed at a much lower, 100 W, power
level in order to minimize potential electrode damage;
these exhibited complete extinction of the acousto-
optic effect, although the optical waveguiding proper-
ties at both 633 and 830 nm were unchanged.

3.2. Bombardment simulations

Estimates of the extent of the damage expected to
result from ion bombardment during processing were
obtained from computer simulation of ion implanta-
tion using a procedure based on the PRAL routine
described by Zeigler et al. [18], utilizing the relevant
atomic parameters for argon and lithium niobate.
Results for energies in the range 10-50keV are sum-
marized in Table I, where the “projected range”
represents the ionic penetration distance into the
substrate, the “straggle” and “lateral spread” quantify
the spatial distribution of the implanted ions, and the
“electronic range” characterizes the implant range
associated with purely electronic stopping. Extrapola-
tion to a processing energy of 500¢V (0.5 keV) indic-
ates a projected range of 1.8 nm, increasing to 60 nm
for purely electronic stopping. Fig. 1 shows the an-
ticipated mode profiles of both the optical [19] and
acoustic [20] waves, calculated using standard theory.
At this energy, the calculated ranges and distributions
are significantly less than the depth of either the



TABLE I PRAL simulation of Ar* ion implantation in lithium
niobate (after Zeigler et al. [18])

Energy Projected Straggle  Lateral Electronic
(keV) range (pm) spread range
(um) (pm) (um)
10 0.008 0.004 0.004 0.152
20 0.014 0.006 0.006 0.214
30 0.020 0.008 0.009 0.262
40 0.027 0.011 0.011 0.30
50 0.033 0.013 0.013 0.338
0.3
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Figure 1 Predicted mode profiles of optical and acoustic waves.

optical or the acoustic mode, suggesting that funda-
mental implantation mechanisms are not responsible
for the drastic modification of characteristics observed
here, and confirming the observation of Larson et al.
{13] that the region of disorder extends substantially
beyond the ion range.

3.3. Surface crystaliography
In order to identify more precisely the nature of the
surface effects existing in the devices under investiga-
tion, a systematic analysis of the surface crystallogra-
phy of lithium niobate was carried out using double-
crystal X-ray diffractometry, Using this technique, it is
relatively easy to identify the onset of lattice changes,
manifesting themselves either as broadening of an
intrinsically narrow peak or, in more severe cases, its
splitting into two peaks, representing the appearance
of two distinct phases. To obtain results rapidly and
without disruption to other, ongoing studies, it was
necessary to identify a lattice-reflection in Y-cut
lithium niobate corresponding to the alignment of the
spectrometer current at the time of the measurements;
in the circumstances, the 303 0 lattice reflection, with
an inter-plane spacing of d = 0.1487 nm, provided a
convenient assessment tool.

Fig. 2 shows diffraction results obtained from two
samples of virgin material, procured from the same
supplier with a time interval of 3 years, the material
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Figure 2 X-ray diffraction spectra of virgin materials: (a) early
material, (b) later material.

shown in Fig. 2b being the most recent. The narrowing
of the single diffraction peak in the later material
indicates a significant improvement in crystal quality
over that period. Diffusion of the optical waveguide
results in the appearance of a second, relatively nar-
row, peak indicating the presence of a well defined
region of different lattice constant, the Ti-diffused
waveguide layer. This is clearly demonstrated in Fig.
3, which shows the corresponding diffraction spectra
obtained from finished devices of the A and B types,
indicating significant differences. Specifically, whereas
the former shows the appearance of the waveguide
region distinctly, in the type B device (the type show-
ing no evidence of acousto-optic interaction) the sur-
face region is considerably less well ordered, as
indicated by the lack of resolution of the peaks, despite
being fabricated on material of initially superior
quality.

The effect of argon ion bombardment at 600 eV was
investigated by subjecting a diffused waveguide to a
total dose of 2.8 x 10! ion, followed by 100 W oxygen
plasma treatment for successively increasing total
times up to 60 min, replicating the process used for
fabrication of the type B devices. X-ray diffraction
spectra were taken following each incremental oxygen
plasma treatment stage; data extracted from these
spectra is collected in Table II for ease of comparison.
Qualitatively, argon bombardment broadens the low-
angle peak associated with the waveguide region while
simultaneously increasing the peak separation, i.e. the
actual lattice distortion in the waveguide region in-
creases by a factor of 20%. Subsequent oxygen plasma
treatment at 100 W, while partially enhancing the
resolution of the two phases, does little to restore the
original condition; some reduction in the waveguide-
region broadening is evident for treatment periods up
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Figure 3 X-ray diffraction spectra of finished devices: (a) type A
device, (b) type B device.

TABLE II Lithium niobate surface crystallography —summary of
X-ray diffraction results

Sample Peak Trough Width Width
separation  amplitude  (Lo) (Hi)

Virgin

old 28.5

New 11.6
Diffused 65.99 45 17.0 10.2
Ar” etched 78.23 44 19.1 10.2
Oxygen plasma ash

15 min 78.23 41 163 7.8

30 min 79.93 38 15.7 7.8

45 min 82.31 39 169 9.5

60 min 78.23 43 18.0 11.6
Annealed 200°C 79.93 35 14.3 7.1

to 30 min, presumably reflecting some degree of stoi-
chiometry stabilization in this region, but longer
exposure. to the plasma results in further broadening.

Finally, in the light of the observations of Schreck
and Dransfeld [11], Table II also shows the effect of
an 8h thermal anneal at 200 °C. Both substrate and
waveguide regions show marked narrowing, indicat-
ing an overall improvement in lattice quality; the peak
resolution is correspondingly enhanced, although the
additional peak separation, and hence lattice distor-
tion, consequent on the argon ion bombardment, is
not removed.

3.4. Electrical properties

The influence of thermal annealing on surface resistiv-
ity is readily seen by direct electrical measurement of
device structures. A newly fabricated type B trans-
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ducer exhibited a d.c. resistance of 1.2 MQ equivalent
to a surface resistivity of 1.6 x 10° Q/[1. After an-
nealing at 200°C for 8h, a transducer of identical
geometry had an unmeasurable d.c. resistance (in
excess of 33 MQ), equivalent to a surface resistivity
greater than 4.4 x 10'°Q/0. By comparison, the de-
vice described by Schreck and Dransfeld [11] had a
surface resistivity of 1.5 x 10*3Q/0J.

4. Thermal annealing of assembled
acousto-optic devices

As already noted, type B devices exhibited no evidence
of acousto-optic interaction, when operated under
conditions under which nominally identical type A
devices showed acousto-optic diffraction efficiencies in
excess of 5%. Schreck and Dransfeld [11] observed
that the surface of Ar*-bombarded lithium niobate
was restored to its original condition by thermal
annealing at 200 °C for a period of 24 h. On the basis
of confirmatory evidence obtained from the X-ray
diffraction studies, a comparable annealing process
was undertaken on type B devices, with the object of
establishing whether this treatment would restore
acousto-optic behaviour. Two fully processed device
chips were subjected to a 200 °C anneal for a period of
8 h, care being taken to prevent pyroelectric damage
to the 650 nm wide transducer fingers. Annealed de-
vices were assembled on to standard carriers with strip
line feeders, and were wire-bonded in the standard
manner. Initial attempts at device operation were
entirely successful, good visual diffraction, compar-
able with the best seen in previous devices, being
readily observed at an optical wavelength of 633 nm;
this process was found to be consistently repeatable.
Fig. 4 shows the frequency dependence of acoustic
wave attenuation in lithium niobate previously re-
ported by Slobodnik et al. [14], together with the
result obtained from the annealed type B device, the
very good agreement indicating complete restoration
of the surface acoustic wave properties.
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Figure 4 Frequency dependence of surface acoustic wave attenu-

ation of lithium niobate: ( + ) data from Slobodnik et al. [14], (H)
present work.



5. Conclusions

The present investigation has confirmed the signifi-
cance of low-energy particle bombardment as a mater-
ial damage process, particularly as it affects electrical
and electro-mechanical properties, and has shown
that, for certain substrates of technological interest,
the effects of low-energy ion-milling and reactive ion-
etching processes cannot be regarded as being limited
to mere material removal, but must be viewed in the
context of material modification and surface layer
generation. Although great care is generally taken to
prevent damage to lithium niobate surfaces under
high-energy bombardment, it is apparent that similar
precautions must also be taken to prevent damage
under low-energy'irradiation and that post-processing
damage removal techniques must be developed for
each material system liable to be affected.
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