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Abstract. A new infrared absorption band at a wavenumber of about 3545 cm-' has been 
observed in LiNbOl crystals implanted with energetic H' ions. It is found that the peak 
wavenumber ofthis bandseems to be independent ofthe stoichiometry,dopant speciesand 
doping level in the investigated samples, The band, polarized perpendicular to the c axis, 
disappearsafter thesample wasannealedinairat5WTfor0.5 h.The new absorption band 
is interprered as a distributed OH stretching vibration in a H'-implanted LiNb03. The 
displacement of Nbi* ions from their regularsites(which wascausedby theion implantation) 
may expand the oxygen triangle to result in a longer C-0 bond; this can explain the higher 
wavenumber of the OH band in the H*-implanted LiNbO,. 

1. Introduction 

LiNbO, crystals are of great importance for the formation of integrated optical elements 
and surface acoustic-wave devices. Helium or proton implantation has been used to 
modify the refractive index in defined regions to produce optical waveguides in the 
surface layer of LiNbO, [l-31. Our earlier studies showed that heavy-ion (e.g. Xe', Ar+ 
and N+) implantation, caused stoichiometric decomposition in the near-surface of 
implanted Lfib03 but that H+ implantation did not cause such decomposition [4]. 
However some near-surface properties of LiNbO, are affected by H+ implantation. The 
appearance of a broad optical absorption band in the visible part of the spectrum and an 
increase in the relative dark conductivity in the surface layer have been observed 
experimentally [5 ] .  These suggest that additional optical and electrically active centres 
are created after H+ implantation. In some cases, certain reactions occur between the 
implanted H+ and non-metal ions in the insulating material, resulting in the formation 
of a large concentration of XH groups (X=O, C, F, etc) in the implanted region. The 
sharp line feature of the stretching vibration of the X-H bonds may be used in the 
defect identification. One example occurs in the vibrational modes of C-H and C-D 
bonds in S ic  crystals implanted with H+ and Dt ions and used to locate the sites of the 
impurity atoms [6] .  
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Table 1. Lih'b0,crystalsusedin the presentsfudy 

LiiNb MgO in melt CrlOl in melt Fe,O, in crystal 
Sam~le (io melt) (mal%) (mol%l (Doml 

- - 1 0.945 0 
1 101 0 
3 0.945 5.0 
4 0.945 6.0 
5 0.945 6.0 
6 0.945 0 

- - - - 
- - 

530 - 
0.1 - 

The behaviour of hydrogen impurities in LiNh0, crystals is particularly conspicuous 
and it has been the subject of many recent investigations, Hydrogen is present in most 
as-grown LiNbO, crystals. When hydrogen is incorporaKed into LiNb03, an infrared 
absorption band can be observed; it is caused by the stretchingvibration of OH dipoles. 
It was found that the peak- position, bandwidth and polarization dependence of the OH 
band can he affected by the change in the lattice environment resulting from the dopant 
or a change in crystal composition. Therefore the OH absorption band is an adequate 
tool for studying the interaction of hydrogen with neighbouring atoms in LiNbO,, but 
so far little attention has been paid to the influence of H+ implantation on the infrared 
absorption spectra of LabO,.  Recently, a new OH absorption band has been observed 
at about 3545 cm-' in €3'-implanted LiNbO,. It seems to be independent of the stoi- 
chiometry and dopants. In this paper, we describe the observed band and try to give an 
interpretation of the appearance of the new OH band. 

2. Experiment 

The LiNb03 crystals were pulled along the caxis using the Czochralski technique. After 
the growth process and annealing in air, the crystals were poled. The compositions of 
the various LiNb03 crystals used in the present study are listed in table 1. The crystals 
werecut paralleltothe caxisandpolished. Every crystalplate wascut into twosamples. 
OnewasusedforH+implantation andtheotherwasusedforcomparison.Theimp1anted 
samples are rectangularly shaped slabs, about 10 mm X 10 mm X 1 mm in size. Typical 
parametersforH' implantation areanionenergyofS&ZOO keV, adoseof3 x loLb cm-2 
and an implantation temperature of about 300K. The infrared absorption spectra of 
OH vibrations and its polarization dependence were obtained using a Nicolet 7000 
Fourier infrared spectrometer with a resolution better than 4 cm-l. The unimplanted 
sample, which was obtained from the same crystal plate as the implanted sample, was 
used as a reference for the optical absorption measurement. The RBs-channelling 
technique was utilized to analyse radiation damage in LiNb03 induced by implantation. 
Because LiNb0, is an insulator, the sample surface was deposited with a layer of 
gold less than 30 .k thick before RBS measurement, in order to minimize the charge 
accumulation on the sample surface. 

3. Experimental results 

Ion implantation produces radiation damage and defects in LiNbO, crystals, Protons 
cause the least number of defects relative to other ions because hydrogen is the lightest 
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Figure 1. Damage profiles, represented by N&)/ 
NO, of H’-implanted 0, experimental data;--, 0.2 

calculated data. X-cut: LiNbO, (50 keV; 
o.oo,o 0.1 0.2 0.3 0.4 0.5 3 X 10’6cm-2) Nd is the displaced Nb atom COD- 

Centration and .No is the total concentration. 

. . . .. . ... . . . .. 
~~:~~ 

D e p W w )  

element. The number of Nb atoms displaced from their normal crystal lattice sites [7] in 
LiNbO, is taken as a measurement of the total amount of the radiation damage; so the 
depth distribution of the displaced Nb atoms was determined by an iterative procedure 
based on a more reasonable plural-scattering theory [8].  We measured the damage 
profiles and these are represented by Nd(x)/No, where Nd and No are the displaced Nb 
atom and the total Nb atom concentrationsof Ht-implanted LflbO, respectively. This 
roughly reflects the depth distribution of H+ ions. Figure 1 shows the damage profile 
induced by Ht implantation at room temperature. 

When hydrogen was introduced into LiNbO,, an infrared absorption band at about 
3480 cm-’ was caused by the stretching vibration of the OH- dipoles. The location of 
Ht in the lattice is not definitely known, although the polarization dependence indicates 
that the OH- dipoles lie on the oxygen plane. In Mg-doped LiNbO,, the OH stretching 
vibration frequency increases from 3480 to 3535 cm-’ when the Mg doping level reaches 
a threshold concentration as reported by Bryan et a1 [ 9 ] .  The new OH band has some 
component of absorption parallel to the c axis, which suggests that the OH dipoles are 
now slightly inclined with respect to the oxygen plane. Recently, in LiNbO, doubly 
dopedwithMgandM(~r,Fe),inwhichtheMgdopinglevelisabovethethreshold, 
a new absorption band has been found at about 3506 cm” in addition to the 3535 cm-’ 
peak [lo, 111. It was assumed to be caused by M’+-OH--M$’ complex or the M3+ 
substitute for Nb5* in the heavily Mg-doped LiNbO,. 

In the present study, the peak wavenumbers of the OH absorption spectra which 
were recorded using unpolarized light propagating perpendicular to the c axis are listed 
intable2,Thedataon the OH bandpositionsareinaccordancewithearlierobservations 
reported by many researchers. The OH band in sample 2 which was obtained from a Li- 
rich melt exhibits a pronounced fine structure. 

Asshownin table2, anew OH bandat about 3545 cm-’showsup in theH+-implanted 
LiNbO,. Furthermore, it was found that the new OH band is a rather broad unresolved 
band and its peak positions for all crystals listed in table 1 are nearly identical. The peak 
position seems to be independent of the stoichiometry, dopant species and doping levels 
in the samples investigated in the present study. The band is distinct from the well known 
band at 3480 cm-’ in undoped LiNbO, or in LNbO, crystals with a lower Mg doping 
level. In the heavily Mg-doped LiNb0, this band partly overlaps the OH band at 
3535 cm-’. The width at half-maximum of the new OH band for sample 3 (5 mol% 
MgO), for sample 4 (61~101% MgO) and sample 2 (Li rich) are 25 cm-’, 18cm-I and 
19cm”, respectively. Figure 2 shows a Ht-implantation-induced OH band in a 
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Table 2. OH band positions in various LiNbOl cwtals  used in the present study. 

Sample CrVSWlS 
OH band positions 
(cm-9 

Congruent LiNbOl 3480 
Li-rich LiNbO, 3462,3482,3488 
Doped with 5 mol% MgO LiNbOl 3480 
Doped with 6 mol% MgO LiNbO, 3535 
Ms', Fe-doped LiNbO, 3535,3504 
Cr-doped LiNbO, 3480 
Proton-implanted LiNbO, 3545 

3545 ?a; " 9 U v 

c 

e 
n a 
4 3450 

3500 3600 3550 

n 

2 " U v c Jk; 
e 
n a 
4 3450 

3500 3600 3550 

Figure 2. OH bands in a LiNbO, crystal: 
lower curve. as-grown LiNbO, from a 
congruent melt containing 5 mol% MgO 
(Ulethicknessofthesampleis I mm) upper 
curve.differentia1 absorption s p e c "  of 
H'-implanted LiNbO, with perfect 
LiNbO, as a reference. 

LiNbO,: Mg crystal (5 mol% MgO in congruent melt), in which the Mg doping level is 
below the threshold concentration according to our calculation and experiments [12]. It 
is noted that the stretching vibration energy of the OH band in the H+-implanted LiNbO, 
seems to have the highest value known up to now for all LiNbOB crystals, including 

LiNbOS. However, it is similar to the OH band in the neutron-irradiated LiNbO, 
reported by Gonzalezetal[l3]. BothOH bandsmight resultfrom an identical mechanism 
for radiation-induced hydrogen defects in LiNb03. 

TheiafraredspectraoftheH+-implantedLiNb0, werealsomeasured fortheelectric 
fieldvector both perpendicular andparallel to thecaxis.The bandintensityat 3545 cm-I 
parallel to the c axis almost tends to vanish as in undoped LiNbO, or in LiNbO, with a 
lower Mg doping level. The result indicates that the OH dipoles in the H"-implanted 
LiNb03 still lie in the oxygen plane perpendicular to the c axis. 

TheintensityoftheOHband at3545 cm-'inHt-implantedLiNbOBdecreasesslowly 
with time when the sample is in air at room temperature. After the sample had been 
annealed in air at 500 "C for 0.5 h, the band at 3545 cm-' disappears. 

undoped, doped, heavily Mg-doped, Mg-M-codoped LiNbOl and proton-exchanged 
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Figure 3. Schematic representation 
demonstrating the disposition of lattice 
ions on the oxygen plane (shown as arrow) 
viewed parallel to the c axis in a stoi- 
chiometric LiNbOl crystal Circles drawn 
with full Lines represent cations on the 
nearest lattice plane above the oxygen 
plane. Circlesdrawn with brokenlinesrep- 
resent cations on the nearest lattice plane 
below the oxygen plane. 

. o  

Nb Li 

4. Discussion 

The application, results and advantages of ion implantation for semiconductor pro- 
duction and integrated optics have been well documented for many years. Also, ion 
beams can also be used as diagnostic tools in the production and analysis of defect 
structure in insulating materials. In some cases, the ion-implantation-induced changes 
in optical absorption spectra can be used to study the mechanism of defect formation 
[14, U]. 

In LiNb03, the hydrogen ion has a rapid diffusion rate and drift rate in an applied 
electric field. This is the result of the small size of proton. Therefore protons would 
tend to accumulate near the negatively charged centres under equilibrium conditions. 
Because LiNbO, is a typical non-stoichiometric compound, when the impurities are 
incorporated or crystal composition is changed, various charged centres attain another 
equilibrium state and result in corresponding OH bands. The situation is quite different 
in the case of H+ implantation. Implanted hydrogen is uniformly distributed within the 
implanted region of the surface layer of LiNbO,. Usually the defect concentration in 
L N O , ,  including impurity ions and point defects caused by the non-stoichiometrysuch 
as (NbLi-V,,) complex defects [ 161, is less than 10%. Therefore most implanted protons 
would be in the undisturbed lattice region which is different from the lattice region 
disturbed by impurity ions or non-stoichiometricdefects. In that case, implanted protons 
are as in a normal stoichiometric LiNbO, crystal, as shown in figure 3. During the ion 
implantation process, the damage is characterized by point defects mainly caused by the 
shift of NbS' ions from their regular sites to natural vacant octahedral sites on the c axis 
1171. Thus the displacement of NbS+ ions along the c axis can result in the movement of 
a higher positive charge away from one oxygen triangular plane of the octahedral site. 
This might be expected to decrease the interaction between Nb5+ ions and the oxygen 
triangular plane. Consequently, the displacement of Nb5+ ions may expand the oxygen 
triangle to result in longer 0-0 distances as shown in figure 4. The OH stretching 
vibrationsinLiNb03crystalscan be interpreted by meansofalocal diatomicanharmonic 
oscillator [18]. Usually the longer 0-0 bond results in higher stretching frequency 
wavenumber of the OH absorption band in LiNbO, [19]. In addition an ion-implan- 
tation-induced volume expansion has been observed in ion-implanted LiNbO, [20]. The 
volume expansion is the same for X-cut and Y-cut LiNbO, hut 2-cut LiNbO, exhibits a 
considerably smaller expansion. It also appears that the volume expansion effect would 
lead to a longer 0-0 distance. 
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- - N ~ L U ~ P I  vacancy Figure 4. Schematic representation of the stoi. 
chiometric LiNbO, slructure. The horizontal 
lines represent close-packed oxygen planes. The 
proton sits in the oxygen plane. The natural- 
vacancy sites are shown as - in the stacking 
sequence. ( 6 )  The lattice enYironment of the OH 
dipole in the H'.implanted LiNbO, is compared 
with (a) the correspondingsituationfortheunim. 
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(4 (4 planted LiNb0,lattice. 

The intensity of the OH bond at 3545 cm-l in H'-implanted LiNb03 decreased with 
time. One can assume that the protons in the near-surface diffuse into the bulk of the 
crystal. When the sample was annealed in air at 500 "C, the damage in the lattice induced 
by H+ implantation would be removed and the displaced Nb atoms would return to the 
normal lattice sites from the metastable positions. 
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