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Abstract; Planar waveguides were fabricated in fused silica and quartz crystal by Cu’" ion implantation
respectively. The guiding mode property was investigated in two types of waveguides by the prism-
coupling method. The results indicate that an enhance-type waveguide formed in fused silica, while a
barrier-type waveguide formed in quartz crystal by the same ion implantation. The anealing effects to the
effective refractive indices of guiding modes in two types of waveguides were researched. The effective
refractive indices of the guiding modes in fused silica decrease with the increase of annealing temperature.
However, in quartz crystal the effective refractive indices of the guiding modes increase firstly and then
decrease with the increase of annealing temperature. In order to investigate the formation mechanism of
two kinds of waveguide, the distribution of the electronic and nuclear energy deposition in fused silica and
quartz crystal were simulated using the SRIM code. In addition, the refractive index profiles of the types
of waveguide were reconstructed. The simulation results show that in fused silica the main reason of the
waveguide formation is that the refractive index in the near-surface region is larger than the substrate.
However, in quartz crystal waveguide the major formation reason is that the refractive index at the end of
ion track is less than the substrate region. Therefore, the electronic energy damage plays an important
role for the formation of fused silica waveguide, while nuclear energy deposition is the dominant factor in

the quartz crystal waveguide.
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0 Introduction

Fused silica is one of the earliest integrated optical materials because of low cost, low transmission
loss, high coupling efficiency, good light transmission and easy integration'. It is widely used in precision
casting industry, optical fiber communication, electronics industry, chemical industry, ceramics, and
metallurgy industry™®*!. It can be utilized as refractories and thermal insulation material®®. Quartz crystal
is an important electronic material owing to its strong piezoelectric effect, low thermal expansion
coefficient, good mechanical properties, excellent frequency stability and frequency selective

[7-8] [9] [10-11]

, filter, resonator , and microbalance-"*'",

characteristic It can be produced to ideal sensor
Although the fused silica and quartz crystal have the same chemical composition, but their microstructure
is different. Fused silica is amorphous, while quartz crystal is crystal structure.

Ton implantation is a unique method to produce optical waveguides in many optical materials!*'*,

There were several reports on waveguides in fused silica and quartz crystal by ion implantation® ™",
However, to our knowledge, there has been no report on comparison between the two kinds of waveguide
fabricated by the same method. Implantation of heavy ions has been proven to be a better strategy for
waveguide fabrication due to the lower dose requirements. Considering that, we choose Cu’" ion
implantation in our experiment. In our work, we fabricated planar waveguides in fused silica and quartz
crystal by the same ion implantation condition. And then, we investigated the formation mechanism by
measuring guide mode properties of the two kinds of waveguides. In this paper, we mainly focus on
clarifying the different formation mechanism of the waveguide between fused silica and quartz crystal by

means of contracting the optical properties of two different types of waveguides.

1 Experimental details

The fused silica sample with size of 6 mm X 8 Cutlons
mm X 2 mm and the quartz crystal sample with size
of 6 mmX5 mmX2 mm were cleaned and optically
polished before Cu*" ion implantation. One of the
largest faces of these samples were implanted by 3
MeV Cu’" ion in fluence of 5 X 10" ions/cm® at

room temperature using a 1. 7 MV tandem

Waveguide region
Barrier
accelera-tor at P.ekmg University. To avoid S
channeling affects in quartz crystal, all the samples
were tilted 7° off the beam direction. The

schematic diagram of waveguide structure is shown

Fig. 1 Schematic diagram of waveguide structure

in Fig. 1. After ion implantation, we carried out an annealing treatment using a furnace in open
atmosphere to reduce damage and color centers caused by implantation. The temperature was increased in
step and the annealing time was 1 h for each constant temperature. We performed the dark mode
measurement of the two kinds of waveguide before and after annealing treatment using a prism coupler
(Model 2010 Metricon, USA) at 633 nm and 1539 nm, respectively. We used the end-face coupling
method to obtain the near-field optical intensity distributions for waveguides after annealed treatment,
where light from a He - Ne laser (633 nm) was coupled into the waveguide by a 25 X microscope
objective. The output light was collected by another 25 X microscope objective and detected by a CCD
camera connected with a computer. To compare the range profile for 3 MeV Cu*" ion implantation in fused
silica and quartz crystal, we used the Stopping and Range of Ions Matter (SRIM) code®” to simulate the
process. The refractive index profile of the fused silica waveguide and quartz crystal waveguide were
reconstructed by a FORTRAN program code based on the Reflectivity Calculation Method (RCM)™!,
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2 Results and discussion

Here, we used a prism coupler (Model 2010 Metricon, USA) with two lasers at fixed wavelengths of
633 nm and 1539 nm to measure the guiding modes of the fabricated waveguides. The guiding mode of the
ion-implanted waveguide can be excited by incident light when the incident angle matches the guiding
mode. Otherwise, the leaky mode will form in the ion-implanted waveguide. Fig. 2 is the dark mode
spectrum at 633 nm and 1539 nm for fused silica planar waveguide before annealing. It shows the measured
relative intensity of the TE (transverse electric) polarized light reflected from the prism versus the
refractive index of the incident light for the fused silica planar waveguides. Generally speaking, for an ion-
implanted waveguide, sharp dips in the intensity spectra mean guiding modes, while broader dips
[22-23]

correspond to leaky modes Considering the amorphous structure of the fused silica, we have not

given the guiding mode result for TM (transverse magnetic) polarized light in this paper. For comparison,
we indicated the refractive index in the substrate by a dashed line in Fig. 2. As one can see in Fig. 2, there
are two guiding modes at 633 nm, while one guiding mode at 1539 nm for TE polarized light. The effective
refractive indices of TE modes are larger than that of fused silica virgin.
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Fig. 2 Dark mode spectrum in fused silica waveguide

We also measured dark mode spectrum of the quartz crystal waveguide at the wavelength of 633 nm
and 1539 nm, as is shown in Fig. 3. For comparison, we indicate the refractive index in the substrate by a
dashed line in Fig. 3. There are three guiding modes at 633 nm, while two guiding modes at 1539 nm for
the TE polarized light. The effective refractive indices of TE modes are smaller than that of quartz crystal
virgin (n = 1.5422 at 633 nm, n = 1.5270 at 1539 nm). Comparing Fig. 2 and Fig. 3, we can see that
different types of optical waveguide have formed in fused silica and quartz crystal under the same
implantation condition.
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Fig. 3 Dark mode spectrum in quartz crystal waveguide
We simulated the Cu** ion implanted process in fused silica and quartz crystal using the Stopping and
Range of Tons Matter (SRIM) code™”. Fig. 4 shows the distribution of the electronic and nuclear energy
deposition in fused silica and quartz crystal. The nuclear damage is concentrated at the end of the Cu®*" ion
range, while the electronic damage takes place mainly during the trajectory of incident ions. A majority of
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the nuclear energy damage distibuted at the depth of 2. 31 pm for fused silica, while 1. 9 pm for quartz
crystal. In quartz crystal, partial or completed amorphization of the lattice occurs as a result of nuclear
damage at the end of the ion track, which is accompanied by a decrease in the refractive index. Such an
index decrease acts as an optical barrier and a waveguide formed between air and the optical barrier.
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Fig. 4 Distribution of electronic enegry depositon and nuclear energy deposion of 3 MeV Cu®*" ion
fused silica and quartz crystal by SRIM 2013.
The refractive index profile of two types of waveguides were reconstructed by using the RCMPY, as in
shown in Fig. 5. An enhanced-type planar waveguide formed in fused silica, while a barrier-type

** jon implantation. Comparing Fig. 4 (a) and Fig. 5(a), we

waveguide formed in quartz crystal after Cu
know that in fused silica the electronic energy damage play an important role for the positive alternation of
the refractive index occurred in the near-surface region, while nuclear collisions correlate to the negative
alternation at the end of ion track™’. From the results in Fig. 4(b) and Fig. 5(b), one can see that in the
quartz crystal waveguide nuclear energy deposition is the dominant factor for the optical barrier with

decreased refractive indices. This result is consistent with previous reports-> 2",
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Fig.5 Reconstructed refractive index profile of the planar waveguide
After ion implantation, we performed continuous annealing treatments in atmosphere for two kinds of
waveguide (Table 1). After each annealing step, we measured the dark mode spectrum of the waveguide.
The corresponding effective refractive indices of the TE, mode and TE, mode are shown in Fig. 6. We can
see that the effective refractive indices of the guiding modes in fused silica decrease with each annealing
treatment , owing to the recovery of damage in the waveguide region . However , in quartz crystal the
effective refractive index of the TE, mode increase Table 1 Annealing treatment conditions for waveguides in

after annealed at 273C for one hour, and then fused silica and quartz crystal

decrease after annealed at 400 C for one hour. The Process Fused silica Quartz crystal

change of the effective refractive index of the TE, S As implanted As implanted

mode is related to re-crystallization of the Sy 227°C for 1 h 227C for 1 h

amorphous structure in the waveguide region. The S, S +300C for1h 8 +400C for1h
S; S$,+350C forlh /

refractive index depends on the polarizability and
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the atomic density in crystal™®’. The refractive index becomes smaller with the increase of the volume
expansion, while becomes larger with the increase of polarizability. As the temperature rises, the volume
and the polarizability will all increase. So the refractive index has a non-monotone variation as the

temperature increase.
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Fig. 6 The variation of the effective refractive index of guiding modes

We got the near-field intensity distribution of the TE polarized light through the fused silica waveguide
after annealing at 300 C for one hour. However, for quartz crystal waveguide we have obtatined the near-
field intenstiy profile of the TE polarized light untill annealing at 400°C for one hour. Quartz crystal need
higher temprature to recover the damage. Fig. 7 is the near-field intensity distribution of the TE, mode in
fused silica waveguide after annealing treatment under two-dimensional condition (2D) and three
dimensional condition (3D). Correspondingly., Fig. 8 is the near-field intensity distribution of the TE,
mode in quartz crystal waveguide after annealing treatment under 2D and 3D conditions. The results verify
that the guiding mode is well confined in the waveguide. Comparing Fig. 7 and Fig. 8, we know that the

enhanced-type planar waveguide perform better than the barrier-type waveguide.
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Fig. 7 Near-field light intensity distribution of the TE polarized light in the fused silica waveguide
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Fig. 8 Near-field light intensity distribution of the TE polarized light in the quartz crystal waveguide
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3 Conclusion

we fabricated two kinds of planar waveguide in fused silica and quartz crystal by the same Cu’" ion

implantation. An enhance-type waveguide formed in fused silica, while a barrier-type waveguide formed in

quartz crystal, The effective refractive indices of the guiding modes in the two kinds of waveguides present

different behavior with annealing treatment. That is to say, microstructure is an important affect in the

formation of optical waveguide.
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