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Optical properties of an Er’*-doped phosphate glass
waveguide formed by single-energy H* ion implantation’

The investigations on the preparation and properties of
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In this work, we report the fabrication of an optical waveguide by single-energy H' ion implantation in the Er**-doped
phosphate glass. The ion implantation conditions are with energy of 0.4 MeV and a fluence of 8.0x10'® ions/cm®. The
dark mode spectrum of the waveguide structure was measured by the prism coupling experiment. The refractive index
change along with the penetration depth was fitted by using the reflectivity calculation method (RCM). Finally, the
calculated near-field light intensity distribution shows superior waveguide properties, which demonstrates its promis-
ing potentials for compact optical integrated devices.
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2017, the proton implantation with energy

high quality optical waveguides have always been fa-
vored by more and more researchers'' . Various tech-
niques, including diffusion of metal materials'®, ion ex-
change!”, ion implantation'®), femtosecond-laser micro-
machining”, have been applied to manufacture optical
waveguides on different kinds of materials. Among them,
ion implantation has attracted more and more attention
owing to its accurate control of both penetration depth
and doping element by use of a particular species, as well
as the energy of the ions'”. At the end of the ion trajec-
tory, the nuclear energy deposition of the irradiated ions
during the implantation process induces a damaged layer
in the optical target material'''). It leads to the decrease in
physical density by means of volume expansion, with a
consequent reduction of the refractive index!'?.

One of the key issues of waveguide preparation is the
selection of a suitable matrix material*'*. The
Er'*-doped phosphate glass is considered as a type of
promising candidate material for the formation of photonic
devices mainly because of its isotropic refractive index,
good optical transparency in the visible and near-infrared
regions and high gain at about 1 550 nm!'*'"), Er**-doped
phosphate glass waveguides have been manufactured by
using the technique of ion implantation. In 2016, Chen et
al fabricated a waveguide structure in Er*"/ Yb** co-doped
phosphate glass by the swift heavy ion irradiation". In

(500+550) keV and fluence of (1.0+2.0)x10'® jons/cm®
was employed to construct an optical waveguide in the
Er'*-doped phosphate glass!'”. Obviously, it was dou-
ble-step. Compared with the double-energy implantation,
the single-energy irradiation is simplified. However, a
single-energy proton-implanted Er’'-doped phosphate
glass waveguide has not been reported so far to the best of
our knowledge. In this work, the single-energy proton
implantation with energy of 0.4 MeV and a fluence of
8.0x10" jons/cm® was carried out for the formation of an
optical waveguide in the Er*"-doped phosphate glass. After
the implantation of protons, the energy loss distribution of
the implanted ions and the optical characteristics of the
waveguide were investigated in detail.

The Er’*-doped phosphate glass was provided by Ji-
angxi University of Science and Technology in the form
of a wafer with a thickness of 1.0 mm. The glass was cut
into rectangular parallelepipeds with sizes of
8.0 mmx4.0 mmx1.0 mm. It was optically polished by
the solution that was made up of amorphous silica, eth-
ylene glycol and formaldehyde. Finally, the phosphate
glass was attentively cleaned with acetone, alcohol, and
deionized water in turn.

The profile of the nuclear energy loss induced by the
ion beam in the Er’’-doped phosphate glass could be
calculated by the SRIM-2013 code (stopping and range
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of ions in matter)”’. For a waveguide fabricated by ion
implantation, its thickness depends on the implanted en-
ergy, and the refractive index change is decided by the
irradiated fluence. The energy of the ions is chosen to be
0.4 MeV based on the desired thickness of the
Nd:CNGG waveguide. The fluence of the protons of
8.0x10' jons/cm’® is selected in consideration of the
damage ratio. Therefore, a 400-keV hydrogen ion im-
plantation with a fluence of 8x10' jons/cm” was carried
out on one of 8.0 mmx4.0 mm surfaces of the Er**-doped
phosphate glass to construct an optical waveguide struc-
ture. The irradiation experiment was done on an
ion-implantor of Nanaln at room temperature.

The m-line spectrum was measured by the prism cou-
pling technique. In the Metricon 2010 prism coupler
system, a light beam with a wavelength of 632.8 nm was
incident onto the high refractive index prism. A pneu-
matic coupling head driven by the nitrogen pressure
made the waveguide in close contact with the prism. A
detector was fixed next to the prism to detect the inten-
sity of light reflected from the prism.

After polishing, the refractive index of the Er''-doped
phosphate glass was measured by the Metricon Model
2010 Prism Coupler. Fig.1 shows the relative intensity of
light as a function of the effective refractive index. As one
can see, the refractive indices are 1.536 2 and 1.521 7 at
wavelengths of 632.8 nm and 1 539 nm, respectively.
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Fig.1 Refractive indices of the Er3+-doped phosphate
glass at (a) 632.8 nm and (b) 1 539 nm

When energetic protons were implanted into the
Er**-doped phosphate glass, the H' ions lost their energy
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owing to collisions with nuclei and electrons in the
Er*'-doped phosphate glass, resulting in a change in the
refractive index of the implanted region. To investigate
the relationship between the nuclear energy loss and the
penetration depth, the SRIM 2013 program was adopted
to simulate the energy deposition process of the 0.4-MeV
H' ion implantation into the Er’*-doped phosphate glass,
as shown in Fig.2. The nuclear energy loss remained
nearly zero in the first 0—3 um and climbed to a maxi-
mum value of 1.93 keV/um at a depth of 4.03 pm. It
leads to an optical barrier that could be controlled by the
mass, charge and energy of the ions.
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Fig.2 Nuclear energy loss of the 0.4-MeV H* ion im-
plantation into the Er3+-doped phosphate glass

Fig.3 shows the cross section of the waveguide struc-
ture fabricated by 0.4-MeV H' ion implantation with a
fluence of 8x10'® ions/cm” in the Er’*-doped phosphate
glass. It was captured by a microscope with 1 000x mag-
nification. In Fig.3, a strip in different colors is the
waveguide core layer. Its width is about 4 pm, which is
approximately consistent with the ion projected range
calculated by the SRIM 2013 code in Fig.2.
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Fig.3 Cross-sectional view of the Er3+-doped phos-
phate glass waveguide

The propagating modes and their effective refractive
indices were recorded by the m-line technique. During
the measurement process, the light was coupled into the
waveguide at certain incident angle. Then a dip was pre-
sent in the dark-mode spectrum, which could be called a
guided mode. Fig.4 illustrates the m-line curve for the
Er’*-doped phosphate glass implanted by 0.4-MeV pro-
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tons with a fluence of 8x10'® ions/cm’. There are a total
of two dips in Fig.4. The second dip is wide and may
correspond to a leaky mode. However, the first dip is
sharp and can be considered as a true guided mode (TE,
mode). The incident angle (6), the refractive index of the
prism (7,), and the effective refractive index of the mode
(nerr) have a function of neg=n,sing. The effective refrac-
tive index of the first mode (1.527 6) is lower than the
substrate refractive index (1.536 2), suggesting an optical
barrier-type waveguide.
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Fig.4 TE dark mode spectrum of the proton-implanted
Er3+-doped phosphate glass waveguide at 623.8 nm

The refractive index distribution is an important pa-
rameter for an optical waveguide structure. It has an im-
pact on the propagation modes. The index profile of the
proton-implanted Er’*-doped phosphate glass waveguide
was calculated by means of the reflectivity calculation
method (RCM) that consisted of two half-Gaussian
curves?, as shown in Fig.5. A decrease of 0.007 in the
refractive index occurred in the region from the glass sur-
face to 3.64 um. On the other hand, an optical barrier with
a minimum refractive index of 1.516 2 was located at 4.01
um below the surface of the Er’*-doped phosphate glass.
Therefore, the waveguide layer was expected to be fabri-
cated in the region between the optical barrier and the
glass surface. It can be seen from Tab.1 that the effective
refractive indices obtained by the RCM are close to the
experimental ones. Therefore, the final function curve in
the process of the RCM simulation can accurately describe

the refractive index distribution of the waveguide.
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Fig.5 Refractive index as a function of the penetration
depth for the fabricated waveguide
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Tab.1 Comparison of the measured and calculated ef-
fective refractive indices for the Er3+-doped phosphate
glass waveguide formed by the proton implantation

Effective refractive index

Mode

Exp. Cal. Diff.
TE, 1.5276 1.527 577 58 2.242x10°
TE, 1.5206 1.522 582 57 -1.982 57x107

The finite-difference beam propagation method
(FD-BPM) is a common way for the calculation of the
modal distributions for a number of optical
waveguides'”**. Fig.6 shows the simulated near field
intensity distribution for the TE, mode of the pro-
ton-implanted Er**-doped phosphate glass waveguide. As
can be seen, most of light is inside the waveguide core.
Therefore, the planar optical waveguide can support the
fundamental TE, mode for 632.8 nm. Moreover, the
computed effective refractive index of the TE; mode by
the FD-BPM is 1.527 577, which is in agreement with
the counterpart in the m-line spectrum.

Computed transverse mode profile (m=0, n=1.527 577)
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Fig.6 Simulated near field intensity distribution for the
proton-implanted waveguide

Ion implantation has been extensively used to fabricate
optical waveguides with stability and compactness.
Er’"-doped phosphate glass plays a necessary role in the
formation of photonic elements. In this work, planar
Er’"-doped phosphate glass waveguides have been con-
figured by the proton implantation at energy of 0.4 MeV
and a dose of 8x10'® ions/cm”. Based on the microscope
image, a distinguished waveguide layer with a thickness
of 4.0 pm is present in cross-section. The prism-
coupling measurement indicates that there is a guided
mode and a leaky mode in the waveguide structure.
Compared with the unimplanted glass, the refractive in-
dices in the waveguide region and the optical barrier re-
gion are reduced by 0.007 and 0.02, respectively. The
optical waveguide has a promising light confinement
effect, according to the FD-BPM simulation. In view of
the above experimental data, the ion-implanted
Er*’-doped phosphate glass waveguides can emerge as
candidates for efficient and compact active devices.
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