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Proton implantation has received increasing attention in the field of optical waveguide fabrication. It is meaningful to
explore the annealing effects on the guiding properties of the proton-implanted waveguides. In this work, the CeO,/Sb,O3-
co-doped phosphate glass waveguides were formed by 400-keV proton implantation, and the proton fluence was chosen to
be 8106 jons/cm?. The implanted glass was annealed in a series of 60-min thermal treatments at temperatures ranging
from 260 °C to 360 °C. After each annealing treatment, the modes and their effective refractive indices were measured at
632.8 nm by a prism coupling system. The near-field intensity distribution of the zeroth-order mode was recorded by using
an end-face coupling method. The mechanism of the planar waveguide formation is discussed by simulating the energy
loss distribution and calculating the refractive index profile. It can enhance theoretical and experimental references for the
development of integrated photonic devices by implantation and annealing.
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1. Introduction

In the fields of optical communications and integrated op-
tics, optical waveguides play a dual core role: they are not
only precision channels for directional transmission of opti-
cal signals, but also key bridges for efficient interconnection
between optical devices.!""?) Through an appropriate design
of refractive index distribution, optical waveguides can effec-
tively confine light waves within specific regions, achieving
low propagation loss and precise coupling.[>*! Hence, they
provide reliable guarantees for the stable propagation of op-
tical signals.!>%] Thanks to the significant advantages of con-
trollable production costs and highly integrated physical struc-
tures, optical waveguides are widely used in the research and
development of various optical devices, becoming the funda-
mental components for building modern optical communica-
tion systems and micro optical chips.!”*! From broadband net-
works to highly integrated photonic chips, optical waveguides
with their outstanding performances are driving the continu-
ous development of optoelectronic technology towards higher
efficiency and smaller sizes.[%10]

Due to the unique structure and important applications,
the preparation and study of optical waveguides have received
widespread attention from researchers.!!!! Ton implantation

TCorresponding author. E-mail: chunxiaoliu@njupt.edu.cn
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is a material modification and doping technique, which was
firstly used in metal surface modification and semiconductor
doping.['?l Meanwhile, it is also a reliable method for the

[13.141 By precisely controlling param-

waveguide preparation.
eters such as energy, dose, and species during the ion implan-
tation, key parameters including refractive index distribution
and thickness of the optical waveguide can be accurately ad-
justed, thereby achieving precise control of the optical perfor-
mance of the optical waveguide and meeting various require-
ments of different application scenarios.[!>-1¢]

The novel material with unique optical and physical prop-
erties would expand the application fields of waveguides.!'”]
Ce0,/Sby03-co-doped phosphate glass is an indispensable
raw material for many high-tech products in space-born
star camera systems, because it has numerous technical
characteristics including radiation resistance and material
uniformity. '8! In addition, the CeQ,/SbyO3-co-doped phos-
phate glass not only has excellent transparency, but also me-
chanical and chemical toughness. It would meet the techno-
logical optical requirements of integrated photonic devices for
optical waveguides.

Although ion implantation can prepare waveguide struc-
tures, it inevitably causes damage and defects in the implanted
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layer.!"”) To repair these damage and defects to the maxi-
mum extent, it is necessary to perform thermal treatment on
the ion-implanted sample at an appropriate time and temper-

73)'[20

ature (this is called “annealing I Moreover, the temper-

ature and time of annealing treatment can affect the perfor-

21.22] Ty better under-

mance of ion-implanted waveguides.!
stand the effect of annealing on waveguides, the proton im-
plantation method followed by continuous thermal treatments
is chosen to prepare waveguides in the CeO,/Sb,03-co-doped
phosphate glass. This work takes the CeO,/Sb,O3-co-doped
phosphate glass waveguide and its evolution induced by the
annealing as the research object, focusing on three key aspects:
waveguide preparation, thermal treatment, and property com-
parison. To our knowledge, it is the first report that fabricates
and optimizes the optical waveguide on the CeO,/Sb,03-co-
doped phosphate glass. Moreover, a series of systematic and
detailed works have been carried out, hoping to enhance the-
oretical and technical supports for the development of the
Ce0,/Sb,03-co-doped phosphate glass waveguide in space
exploring and communications.

2. Experiments

For a given energy, the penetration range of protons is
deepest among all ion implantations. Figure 1 shows the dis-
tributions of the projected range and longitudinal straggling in
the energy range of 250 keV-550 keV for the H' ion implan-
tation into the CeO,/Sb,03-co-doped phosphate glass. The
projected range is 3.95 um at the energy of 400 keV, which is
the desired thickness for waveguide applications. Therefore,
according to the results in Fig. 1, the CeO,/SbyO3-co-doped
phosphate glasses were subjected to the HT-ion implantation
at 400-keV acceleration, 1.0-mA current, at room temperature.
The fluence of the HT ions was 8 x 10'¢ ions/cm?. The ion
implantation was carried out by the 2 x 1.7-MV tandem accel-
erator of Peking University.
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Fig. 1. Projected range and longitudinal straggling versus the ion energy.

The three-step annealing at intervals of 50 °C is used
to study the effect of thermal treatment on waveguides. Ta-
ble 1 lists the parameters for each annealing step. It should be
emphasized that these annealing treatments were carried out

sequentially on the same proton-implanted CeO,/Sb,03-co-
doped phosphate glass.

Table 1. Conditions of the thermal treatments.

Procedure Temperature Time
Py As implanted As implanted
Py 260 °C 60 min
P, 310°C 60 min
P3 360 °C 60 min

The prism coupling technique can realize optical energy
transfer based on the total reflection and evanescent wave.
When light propagates inside a prism and enters into the inter-
face between the prism and the waveguide at an angle larger
than the critical angle, total reflection occurs. Although light is
completely reflected within a prism, an evanescent wave prop-
agating along the interface is excited near the interface. The
electromagnetic field distribution of the evanescent wave can
extend to the waveguide region and overlap with the guided
modes in the waveguide, thereby achieving efficient coupling
of optical energy from the prism to the waveguide through
phase matching conditions. Therefore, a sharp dip appears on
the spectrum. It intuitively indicates that some of the opti-
cal field energy has successfully entered into the waveguide
through the coupling method, exciting a guided mode. The
characteristic parameters, such as amplitude, width, and posi-
tion of the dip, can be used to evaluate the coupling efficiency,
mode selectivity, and waveguide-related characteristics of the
optical waveguide, providing an important basis for the subse-
quent design and optimization of photonic devices.

The end-face coupling technique can record the mode im-
age of the waveguide. During the experiment, the light from
the laser is focused onto the end-face of the waveguide through
a microscope objective. At the other end of the waveguide, the
output beam is collected by an objective lens of the same mag-
nification placed in reverse and directed to the CCD device.
The RayCi64 Lite beam analysis software on the computer
connected to the CCD is used to obtain the near-field inten-
sity distribution, in order to study the guiding characteristics
of the waveguide.

3. Results and discussion

Refractive index is an important parameter in optics and
electromagnetics. In general, the refractive index of a sub-
stance varies with the wavelength of the measured light source.
The refractive index of the CeO,/Sb,O3-co-doped phosphate
glass was measured via the prism-coupling system with the
resolution of 2 x 1074, as illustrated in Fig. 2. Ttis 1.5294 at
632.8 nm and 1.5151 at 1539 nm, respectively.

Figure 3 is the energy loss distribution based on the SRIM
20131231 for the H ions with the energy of the 400 keV im-
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planted into the CeO,/SbyO3-co-doped phosphate glass. To-
wards the end of the range (3.1 um—4.2 um), the decelerated
ions collide with the target atomic nuclei, ultimately losing a
significant amount of the energy and stopping at the end of
the range. The accumulation leads to volumetric expansion
and reduced density, altering the properties of the original ma-
terial, and hence resulting in the formation of an optical bar-
rier with a lower refractive index than the substrate material at
the accumulation site. Therefore, the hydrogen ion-implanted
glass waveguide layer is formed between the air layer and the
optical barrier layer.

70
60 F
50
40
30

(a)

20+
10} n8328 =1.5294

sub

Relative intensity of light (%)

1.65 1.60 1.55
Effective refractive index

0
1.70

80

60

40

|
1
1
!
1
1
1
1
!
20 :

nls3 =1.5151,
I

Relative intensity of light (%)

1 1 f | 1
1.56 1.54 1.52 1.50
Effective refractive index

0
1.58 1.48

Fig. 2. Refractive index of the CeO,/Sb,03-co-doped phosphate glass
at (a) 632.8 nm and (b) 1539 nm.
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Fig. 3. Energy loss versus the depth for the proton implantation into the
Ce0,/Sby03-co-doped phosphate glass.

In Fig. 4, the morphology of the proton-implanted
Ce0,/Sb,03-co-doped phosphate glass was obtained through
a Nikon microscope. During the observation procedure, the
waveguide was vertically placed on a glass slide, where one
small end-face of the waveguide is in contact with the glass
slide. The light emitted by the source system is transmitted

from the bottom to the top of the sample. The microscope ob-
jective collects the morphology of the top of the sample. As
shown in Fig. 4, there are three layers on the morphology, i.e.,
air, waveguide core, and substrate. The layer sandwiched be-
tween two dashed lines is the waveguide core whose thickness
is approximately equal to 3.91 pum.

Fig. 4. Cross section of the proton-implanted CeO,/Sb,0O3-co-doped
phosphate glass.

Figure 5 shows the dark-mode spectra of the as-implanted
and annealed ion-implanted CeO,/Sb,O3-co-doped phosphate
glass waveguide by the prism-coupling system. There are four
dips on the dark-mode spectrum for Figs. 5(a)-5(d). As one
can see, for each dark-mode spectrum, the first one is the
sharpest and deepest among all four dips. The guided mode
corresponding to the dip has good propagation performance
in the waveguide. As the number of modes increases, the
width of the dip gradually widens. It indicates that the optical
constraint of the waveguide on higher-order modes becomes
Worse.

The dark-mode spectra in Figs. 5(a) and 5(b) are similar
in shape, which suggests that the 260-°C annealing treatment
has little effect on the waveguide. Compared with Fig. 5(b),
the dips on the dark-mode in Fig. 5(c) become more concen-
trated. This indicates that the performance of the waveguide
has been optimized after annealing at 310 °C. However, the
dips on the dark-mode in Fig. 5(d) become broad and shallow.
This indicates that the ability of the waveguide to confine light
has degraded after the 360-°C thermal treatment.

The near-field intensity distribution of the waveguide at
632.8 nm was measured by using an end-face coupling sys-
tem. Although continuous debugging has been carried out,
no light guiding phenomenon has been detected in the proton-
implanted CeO,/Sb,03-co-doped phosphate glass waveguide
before the 310-°C annealing and after the 360-°C annealing.
Fortunately, the 310-°C annealed waveguide has a limiting ef-
fect on the fundamental mode, as displayed in Fig. 6. There
are some discontinuities and light leakage on the mode image,
which are due to the poor polishing. However, the electromag-
netic field of the guided mode can form a stable distribution in
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the waveguide. Moreover, the energy of the electromagnetic
field for the mode is mainly concentrated in the waveguide
core region. The near-field intensity distribution of the waveg-
uide exhibits a bright strip, indicating that the planar structure
has the ability to restrict the light propagation. The 632.8-nm
signal light propagates in the fundamental mode in the waveg-
uide and is constrained in the vertical direction. Furthermore,
based on the system,?*! the propagation loss of the 310-°C

;\3 100
‘: As implanted
% 80F
=
S
o 60
2
z
g 40r T, /
k= TE, /
Q TE, ~
> L 2
£ 20 TE;
° (a)
0 . L
1.55 1.50 1.45 1.40
Effective refractive index
100

Annealing at 310 °C

Relative intensity of light (%)

1.45
Effective refractive Index

1.40

annealed waveguide is about 3.2 dB/cm, where the input and
output powers are 5.2 mW and 2.5 mW, and the length of the
waveguide is 1.0 cm. The 310-°C annealing treatment not only
restores partial damage but also reduces propagation loss. Due
to the high temperature, the performance of the waveguide has
deteriorated for the 360-°C thermal treatment. Therefore, the
310-°C annealed waveguide is demonstrated to be a potential
for photonics devices in space exploring and communications.
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Fig. 5. The m-line curves of (a) as-implanted, (b) 260-°C annealed, (c) 310-°C annealed, and (d) 360-°C annealed CeO,/SbyO3-co-doped

phosphate glass waveguides.

Fig. 6. Near-field mode pattern for the CeO,/Sb,03-co-doped phos-
phate glass waveguide after annealing at 310 °C.

The refractive index distribution of the waveguide is re-
constructed by using the RCM®! at 632.8 nm, as Fig. 7
shows. For accuracy and reliability, the first three modes
on the dark-mode spectra in Fig. 5 were selected for the re-
construction. Due to the unsatisfactory dark-mode spectrum
and the inability to directly guide light, the refractive index
distribution of the 360-°C annealed waveguide is not pro-
vided here. As one can see, the refractive index distribu-
tions of the waveguides are all a typical “optical barrier” type
in Figs. 7(a)-7(c). The refractive indices of the core layers
for the as-implanted, 260-°C annealed and 310-°C annealed

Ce0,/Sb,03-co-doped phosphate glass waveguides were de-
creased by 0.01, 0.0115, and 0.01, respectively. The annealing
at 260 °C is not sufficient to restore the damage and defects
caused by the ion implantation, but instead leads to their dif-
fusion. Therefore, the refractive index of the core layer of the
260-°C annealed waveguide is slightly lower than that of the
as-implanted waveguide. The 310-°C thermal treatment re-
sults in some recovery of damage and defects. The refractive
index of the core has been increased to a certain extent. How-
ever, in each case the center depth of the optical barrier and
the maximum decrease in refractive index at that location are
almost both 3.81 pum and 0.0352, respectively.

Table 2 presents the differences between the effective re-
fractive indices of the dark modes measured by the prism cou-
pling experiment and those calculated by the RCM. The calcu-
lated values were derived through the continuous adjustment
of the refractive index parameters using a least squares pro-
gram, ensuring that the differences between the experimental
and theoretical data fell within an acceptable range. The re-
sults in Table 2 show that the relative differences are controlled
within the order of 1073, It suggests that the refractive index
distributions of the ion-implanted waveguide in each case are
relatively accurate and can reasonably reflect the differences
in refractive index across different regions of the waveguide.
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Fig. 7. Refractive index profiles of the (a) as-implanted, (b) 260-°C annealed, and (c) 310-°C annealed CeO,/Sb,O3-co-doped phosphate glass

waveguides.

Table 2. Comparisons of experimental and simulated effective refrac-
tive indices of the first three modes for the as-implanted and annealed
sample.

Effective refractive index

No KYCX25_1134), the National Natural Science Founda-
tion of China (Grant No. 11405041), the Key Research and
Development Program of Jiangxi Province, China (Grant
No. 20223BBE51020), and the Opening Fund of Key Labo-

Procedure  Mode order

Measurement  Simulation  Difference

0 1.5174 1.5174 0
Py 1 1.5115 1.5117 —2.0x107*
2 1.5016 1.5020 —4.0x107*
0 1.5159 1.5160 —1.0x107*
Py 1 1.5104 1.5102 2.0x1074
2 1.5001 1.5006 —5.0x107*
0 1.5172 1.5174 —2.0x 1074
Py 1 1.5113 1.5117 —4.0x 1074
2 1.5012 1.5020 —8.0x 1074

4. Conclusion

The waveguide structure on the CeO,/Sb;O3-co-doped
phosphate glass was prepared by proton implantation with an
energy of 400 keV and a dose of 8x10'® ions/cm?. A series
of annealing treatments were carried out on the waveguide to
improve the quality. Under this condition, the peak of the nu-
clear energy loss is located at a distance of about 3.95 pm
from the material surface, which is close to the thickness of
the waveguide layer observed by the Nikon microscope. The
dark-mode curves of the planar waveguide were obtained and
compared using a prism coupler before and after annealing. It
was found that the waveguides can operate fundamental mode
propagation and the guiding property fluctuates with the an-
nealing conditions. The refractive index distributions of the
as-implanted/annealed waveguide were fitted using the reflec-
tion calculation method, proving that the waveguide structure
is of the “optical barrier” type. The end-face coupling mea-
surement shows that the waveguide has a light limiting ability
after annealing at 310 °C for 1 h. It provides a foundation
for the formation and optimization of CeO,/Sb,O3-co-doped
phosphate glass waveguide devices.
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