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Model of refractive-index changes in lithium niobate waveguides fabricated by ion implantation
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A model is presented to explain the refractive-index changes in the ion-implanted LiNbO5; waveguides that
indicates that the lattice damage may be the main factor for the refractive-index changes. The model indicates
that a slight enhancement may occur for the extraordinary refractive index in the ion-implanted LiNbO;
waveguides with lattice damage ratios of less than 65%, and a maximum positive change (An=0.0338) occurs
at a damage ratio of 33%. The model explains both the positive refractive-index changes observed in
waveguides formed using 500 keV Si*-ion implantation and the refractive-index changes observed in

He*-ion-implanted waveguides.
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I. INTRODUCTION

Implantation of light ions, such as He or H, has been a
universal method for fabricating waveguide structures in
most optical materials because of the high controllability and
reproducibility of ion implantation.'?> This method will cre-
ate an optical barrier with decreased refractive indices at the
end of the ion track inside the substrate by nuclear energy
deposition; consequently, a waveguide structure is produced
between the air and the barrier. For He*-implanted
waveguides in lithium niobate (LiNbQ3), it is found that the
extraordinary refractive index (n,) experiences positive
changes in the waveguide region.>* Moreover, recent reports
have demonstrated that the implantation of low-dose heavy
ions may be used to fabricate nontunneling waveguides by
increasing n,.>”’

The investigation of the mechanism for the refractive-
index changes seems to be a valuable and interesting work
for both research and applications. Townsend et al. hypoth-
esized that the positive refractive-index changes may have its
origin in the changes of stoichiometry or phase.! Hu et al.
suggested that the decreased spontaneous polarization may
cause the increase of n,.® Since the LiNbO; crystal lattice is
composed of a network of oxygen octahedron (BO4) and
most of the optical properties of oxygen-octahedron ferro-
electrics depend on the presence of BOg octahedron building
blocks,” in this paper, we present a model to explain the
refractive-index  changes in ion-implanted LiNbOj
waveguides based on the damage in the crystal lattice due to
the ion implantation.

II. THEORY

As a ferroelectric crystal, refractive indices n;; in
LiNbOj; crystal suffer a refractive-index change due to the
interaction of the quadratic electro-optic coefficients (g;;) and
the spontaneous polarization (Pg), which has the
expression'?
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According to the symmetry of LiNbO; and the direction of
Pg, we have
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where n;; (measured value) is the refractive index n;; after
the interaction of g; and Pg.! n,=ns; is the extraordinary
refractive index of LiNbOj crystal and n,=n;5 is the ordi-
nary refractive index. At a wavelength of 633 nm, the values
are n,=2.2020, n,=2.2860 (measured using the prism-
coupling method), g;3=0.09 m*/C?, g,53=0.02 m*/C?, and
Ps=0.71 C/m?%!® hence, we have n,,=2.4933 and n,,
=2.3586 at 633 nm.

The Lorentz-Lorenz equation expresses a relation be-
tween the average refractive index n=(n2n,)"”, the molar
polarizability a,;, and the molar volume V,,,!*!?

(n* = D/(n*>+2) =ay,lV,,. (2)
Differentiating Eq. (2), we get

= 1)(n*+2)(day dv,
dn = w dam 4 M) (3)
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Integrating Eq. (3) on both sides, we have
An = In +1In .
6n ayy VM
4)

For light ions, the doses which are used to form
waveguides in lithium niobate are around 10'® ions/cm?; for
heavier ions, the dose is around 10'* ions/cm?. The aniso-
tropy of LiNbOj refractive index was relative to the aniso-
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tropy of its molar polarizability.' We ignore the doping ef-
fect in the implantation so that the changes of molar
polarizability Aa,, do the main contribution to the change of
refractive-index ellipse. We let

(}12 - 1)(7’12 + 2) ln aM+ AaM,ij’k

)

nijo—n=
]
6n Ay

and obtain Aay,,/a)=0.0389 and Aa,, ,/ay,=-0.0206 for
total damage (n;;o=n). If we assume that the values of re-
fractive index in the LiNbO; after a large-dose implantation
will reach an isotropy value n;, then
-n= n .
! 6n VM

(6)

The value of n; can be established from experiment and is
about 2.1 (+0.02),'*15 so AV,,/V,;=0.1230 is obtained for
full damage.

Considering that the changes of a,, and V,, should be
relative to the damage done to the crystal lattice of LiNbO3,
we can simply assume a linear expression between the
changes of a,;, V), and the lattice damage ratio k,

AaM’i!-,k _ AaM,,»!-k and AVM’k _ A‘/M
ay ay Vi Vi

Hence, the refractive-index changes under damage ratio k
should have the following expression:
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Since the quadratic electro-optic coefficients are simply a
function of crystal structure and the spontaneous polarization
is a quadratic effect based on the crystal structure,'” we as-
sume a linear relation between them and obtain

gix=(-kg; and P, =(1-kP;.

When we apply these assumptions into Eq. (1), we have

1
n‘e,k = 1 B s
\/( ) + g3 P5(1 - k)
Heo— Ane,k

1
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e
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Figure 1 shows the refractive indices of n, [line (a)] and
n, [line (b)] calculated using Egs. (9) and (10) versus the
lattice damage ratio in the LiNbOj crystal. As can be seen, n,,
continually decreases during the lattice damage, so only a
barrier-type waveguide may be formed for n,. On the other

)

(10)
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FIG. 1. (Color online) Refractive indices of n, [line (a)] and n,
[line (b)] versus the lattice damage in the LiNbO; crystal. The
dashed line represents the refractive indices of the virgin crystal.

hand, the n, would have a refractive-index enhancement
when the lattice damage ratio is less than 65%. As line (a)
indicates in the figure, n, may reach a maximum positive
change (An=0.0338) at a damage ratio of 33%. The differ-
ence in the dependence of n, and n, on the damage ratio is
due to the large value of g33 for n, which leads to an increase
of n, for small values of k.

III. EXPERIMENTAL DETAILS AND DISCUSSIONS

The samples we used were x-cut LiNbOy wafers with di-
mensions of 20X 5X 1.5 mm? with the 5X 1.5 mm? edges
along the y direction. The 20X5 facets and the 5
% 1.5 mm? edges were optically polished and cleaned before
the implantation. The room-temperature 500 keV Si*-ion im-
plantation was performed at the Institute of Semiconductors,
Chinese Academy of Sciences. The implantation doses were
1 X 10", 310", and 5 X 10" jons/cm?. The ion beam was
electrically scanned to ensure a uniform implantation over
the samples. In order to avoid the channeling effect, the
samples were titled 7° off of the beam direction. After the
implantation, the samples were annealed in a furnace at a
temperature of 230 °C for 30 min in dry oxygen to remove
any unstable effects such as color center, stress, etc. Possible
propagating modes of the planar waveguide were measured
by the prism-coupling method with a model 2010 prism cou-
pler (Metricon, NJ). A laser beam strikes the base of a prism,
and hence, the laser beam was coupled into the waveguide
region. A silicon photodetector was used to detect the re-
flected beam. The prism, waveguide, and photodetector were
mounted on a rotary table so that the incident angle of the
laser beam could be adjusted. The intensity of the reflected
light was plotted as a function of incident angle, and a sharp
drop in the intensity profile corresponds to a possible mode.
This system has a refractive-index resolution better than
0.0001. An end-coupling-in and end-coupling-out system
was set up to determine the property of the guide modes in
the waveguide. A laser beam with a wavelength of 633 nm
was used in the measurement. The lattice damage distribu-
tions of the implanted LiNbO5; samples were estimated using
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FIG. 2. (Color online) RBS/channeling spectra of 500 keV Si*
ions implanted into the LiNbOj crystal with doses of (a) 5
X 10" jons/cm?, (b) 3 X 10" ions/cm?, and (c) 1 X 10'* ions/cm?.
The random and channel spectra of the virgin LiNbOj crystal are
also presented.

the Rutherford backscattering spectroscopy/channeling
(RBS/C) method at the 1.7 MV tandem accelerator of Shan-
dong University with 2.1 MeV He?* and a scattering angle of
165°.

Figure 2 shows the RBS/channeling spectra of the
LiNbO; crystal after 500 keV Si*-ion implantation. In order
to obtain the lattice damage ratio from the spectra, a
multiple-scattering dechanneling model based on the two-
beam approximation'® was applied, which is based on Feld-
man’s procedure.!” The damage ratio, which is defined as the
ratio of displaced atoms Nj, to the atom density N, is given

by

Np(1)
N

=[x2(0) = £, (O[T = £,(D)], (11)

where x,(7) is the normalized yield from a disordered crystal
at depth 17, f,,(¢) is the fraction of the beam normal at depth ¢,
and Np(1)/N is the ratio of displaced atoms at a depth 7. f,,(r)
may be estimated from the multiple-scattering model:

Ju) =x,(6) +[1 —xl(t)]exp{— Qfgz)}’ (12)

where x,(7) is the normalized yield from the perfect crystal at
depth ¢, ¢, is the critical angle for channeling, and

t
Qz(t):g ‘,‘dzf Np(t')dt', (13)
0

where ¢,=(2Z,Z,¢?/Ed)"?. Thus, N,(t) may be calculated
by an iterative procedure. Starting from the surface %(0)
=0 and a defect density at the surface given by

Np(0) _ [3:(0) = x,(0)]
N -nO]

(14)

the quality Np(¢)/N is then calculated for each subsequent
depth interval. The critical angle ¢, can be adjusted to make
the damage profile satisfy the criterion that the damage den-
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FIG. 3. (Color online) Damage profiles of the 500 keV
Sit-ion-implanted LiNbO; crystal with doses of (a) 5
X 10" ions/cm?, (b) 3 X 10'* ions/cm?, and (c) 1 X 10'* jons/cm?.

sity becomes zero just beyond the ion range. Figure 3 shows
the damage ratio profiles calculated from the RBS/
channeling spectra in the 500 keV Si*-ion-implanted LiNbO5
crystals with varying implant doses. The maximum damage
ratios in the waveguide regions for implantation doses of 1
X 10, 3 X 10", and 5 X 10'* ions/cm? are about 20%, 33%,
and 65%, respectively. Subsequently, we used Eq. (9) on the
calculated damage profiles to get the extraordinary
refractive-index profiles in the waveguide regions. The cal-
culated refractive-index profiles are presented in Fig. 4,
along with the smoothed line.

For our calculations, we consider a planar waveguide
characterized by a refractive-index profile n=n(x) which
does not depend on y or z. The wave vector lies in the (y, z)
plane, and we choose the z direction without loss of gener-
ality. All components of the electromagnetic field are shaped
according to

F(t,x,y,2) = F(x)e™ e, (15)

where B=nk, is defined as the propagation constant in the
waveguide, n. is the efficient refractive index in the wave-
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FIG. 4. (Color online) Refractive-index profiles (n,) of the
waveguide region in the LiNbO; crystal implanted using 500 keV
Si* ions with doses of (a) 1X10"ions/cm2, (b) 3
X 10" ions/cm?, and (c) 35X 10" ions/cm?. The smoothed lines
are also presented.
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TABLE 1. Measured and calculated effective refractive indices
of 500 keV Si*-ion-implanted LiNbO; waveguides at doses from
1X 10" to 5% 10" jons/cm?.

Dose of implanted Si*

(ions/cm?)
Effective refractive
index 1x10" 3x 10 5x 10
Mo measured 22021 2.2081 2.2048
Mo cale 22027 2.2085 2.2033
guide, and k is the wave vector in a vacuum.
According to Maxwell’s equations, we have
1 i°E
2 2
E)E-Fn E=n_yFE, (16)
or
1 ,d d
—n?—n>—H+n*H=n’.H, (17)
ko dx dx

where Egs. (16) and (17) represent TE and TM modes, re-
spectively.

By using a beam propagation method (BPM),'® we can
obtain the effective refractive indices or optical intensity pro-
files from the calculated refractive-index profiles. The calcu-
lated effective refractive indices of the waveguides formed
by 500 keV Si*-ion implantation are shown in Table 1. As
one can see, the calculated values have a difference of less
than 0.0015 with the measured ones.

Since the method of end coupling has proven to be a
direct way to determine the waveguide index profile, we also
measured near-field optical intensities of the formed
waveguides and compared them with the ones simulated us-
ing the BPM method from the calculated refractive-index
profiles. Figure 5(a) shows the calculated near-field optical
intensity of the waveguide with the refractive-index profile
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determined in Fig. 4. Figures 5(b)-5(d) show the comparison
between the near-field optical intensity of experimental val-
ues and the values simulated from the calculated waveguide
refractive-index profile. As it shows, the experimental values
have an agreement of better than 90% with the calculated
values.

IV. SIMULATIONS OF REFRACTIVE-INDEX CHANGE IN
He*-IMPLANTED LiNbO3; WAVEGUIDES

He*-implanted LiNbO3; waveguides have proven to be a
valuable method to form a waveguide structure in LiNbOj;.
Zhang et al. had reported a “strange” mode in 2.5 MeV
He*-implanted LiNbO5z waveguides which indicated a wave-
guide structure beyond the optical barrier.! In this case, a
positive refractive-index change may occur in both sides of
the optical barrier. Recently, Rams et al. also reported posi-
tive refractive-index changes in He*-implanted LiNbOj;
waveguides. In the results they reported, they formed
LiNbO; waveguides with only positive refractive-index
change in He*-implanted LiNbO; waveguides.’® We use
transport of ions in matter (TRIM’98) code?! to simulate the
2.5 MeV He"-implantation process and assume the normal-
ized vacancy profile as the damage profile caused by ion
implantation. According to the doses reported in Ref. 20, we
used 10% of the normalized vacancy profile as the damage
profile at low dose (dashed line in Fig. 6) and full for damage
profile of high dose (solid line). By applying Eq. (9), the
possible refractive-index profiles in the He'-implantation
LiNbO; waveguides at high and low doses are calculated and
shown in Fig. 7. The dashed lines represent the refractive
indices of the virgin LiNbOj crystal. For high doses, positive
refractive-index changes occurred for the extraordinary re-
fractive index in both sides of the optical barrier. These re-
sults are consistent with those measured in Ref. 20. For the
ordinary refractive index, only negative refractive-index
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FIG. 5. (Color online) Com-
parison of the near-field optical in-
tensity of experimental values to
the calculated values. (a) indicates
the difference between the
calculated near-field optical inten-
sities of different doses and (b),
(c), and (d) is the comparison
between the experimental values
and the calculated values for
doses of  1X10™ions/cm?,
3% 10" jons/cm?, and 5
X 10'* ions/cm?, respectively.
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FIG. 6. (Color online) Normalized damage ratio of the 2.5 MeV
He*-ion-implanted LiNbOj; crystal with a high dose (solid line) and
a low dose (dashed line). The damage ratios were simulated using
TRIM'98 code.

changes occurred. It should also be noted that for low doses,
only positive refractive-index changes occurred to the ex-
traordinary refractive index [Fig. 7(b)], and only negative
refractive-index changes occurred to the ordinary refractive
index [Fig. 7(d)]. These results well explained the refractive-
index changes observed in Ref. 20. Nevertheless, experimen-
tal confirmation for the fit of the calculated and measured
effective refractive indices in these cases is still needed.

V. CONCLUSION

In this work, we have presented a model for explaining
the refractive-index changes observed in ion-implanted
lithium niobate waveguides. The model provides evidence
that damage in the crystal lattice may be responsible for the
refractive-index changes. We have shown that the effective
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FIG. 7. Calculated refractive-index profiles of 2.5 MeV
He*-ion-implanted LiNbO5; waveguides by assuming the vacancy
profile simulated by TRIM’98 code as the lattice damage profile. Pro-
files (a) and (c) correspond to the normalized vacancy profile and
(b) and (d) correspond to 10% of the normalized vacancy profile.
The refractive indices of the virgin LiNbO;5 crystal are also
presented.

refractive indices measured and those calculated using this
model are in good agreement. The model was also applied to
explain the waveguide formed by He*-ion implantation.
More experimental verification of the model is necessary,
and we are currently carrying out research to accomplish
this.
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