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Optical planar waveguides in Yb3t-doped phosphate
glasses produced by He™ ion implantation*
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Optical planar waveguides in Yb3+-doped phosphate glasses are fabricated by implanting triple-energy helium

ions. The guiding modes and the near-field intensity distribution are measured by using the prism-coupling method

and the end-face coupling setup with a He-Ne laser at 633 nm The intensity calculation method (ICM) is used to

reconstruct the refractive index profile of the waveguide. The absorption and the fluorescence investigations reveal that

the glass bulk features are well preserved in the active volumes of the waveguides, suggesting the fabricated structures

for possible applications as waveguide lasers.
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1. Introduction

In the latest decade, Yb3T-doped phosphate
glasses have received much attention owing to their
intriguing properties and potential applications. The
Yb3*-doped phosphate glasses exhibit high emission
cross-sections, broad absorption, emission bands, and
long fluorescence lifetime (1-2 ms), making them par-
ticularly attractive for generating ultrashort pulses
and tunable laser sources. In addition, since there are
only two manifolds in the Yb3t energy level scheme
(the 2F7/2 ground state and 2F5/2 excitation state), it
is commonly believed that upconversion, excited state
absorption, and concentration quenching have no ef-
fect on it. In the light of these merits, the Yb3*-doped
phosphate glass has the potential value to be used as
a waveguide laser.!! 2!

The optical waveguide is one of the basic compo-
The

compact confinement of light propagating in waveg-

nents in integrated optics and optoelectronics.

uides of dimensions within order of microns results
in very high optical intensities; consequently, some
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performances correlated to the bulks could be con-
siderably enhanced in the waveguide structures./6=9
For laser gain materials, the waveguide lasers pos-
sess lower pump thresholds and enhanced efficien-
cies, owing to the strongly reduced active volumes.'%!
There are several techniques for fabricating waveg-
uides in optical materials, which mainly include ion
exchange,!'!] femtosecond laser inscription,!'213] and
ion implantation.['¥ Among these techniques, ion im-
plantation can offer the most advantageous charac-
teristics, that is, the wide applicability of materi-
als. Moreover, it allows the accurate control of both
dopant composition and penetration depth through
the choice of the species and the energy of the ions.?!
Therefore, the combination of excellent laser perfor-
mance of Yb3T-doped phosphate glasses and effec-
tive waveguide technology of ion implantation is one
promising solution to the realization of high-power
integrated lasers with stable outputs. Furthermore,
phosphate glasses are desirable materials for the fab-
rication of ion-implanted waveguides. Chen et al.[?]

and Tan et all'”l have fabricated planar and ridge
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waveguides in Er3* /Yb3* co-doped phosphate glasses
by using He ion implantation. In the present work, we
report on the helium-implanted planar waveguides in
Yb3*-doped phosphate glasses, and study their guid-

ing and luminescence performances.

2. Experiment

(doped with
1.5 mol% YbsOj3) were prepared under high tempera-

Yb3*t-doped phosphate glasses

ture conditions by using the melt-quenching method.
Each of them had a density of 2.97 g/cm? and a refrac-
tive index of 1.5324 (at 632.8 nm). The samples, each
with a size of 10 mmx5 mmx2 mm, were optically
polished and cleaned before the ion implantation. The
planar waveguide was formed by keV He™ ion implan-
tation at room temperature at the Institute of Semi-
conductors, Chinese Academy of Sciences. In order to
produce a broad barrier to avoid tunneling losses, a
triple-implant process was performed on a single sub-
strate of the Yb3T-doped phosphate glass with ener-
gies of 450 keV, 500 keV, and 550 keV, and doses of
2x 106 jons/cm?, 2x 106 ions/cm?, 2x 1016 ions/cm?,
respectively. After the ion implantation, the sample
was annealed in a series of 60 min heat treatments at
temperatures ranging from 260 °C to 410 °C in the
air to further investigate the properties of the waveg-
uide, and the specific annealing conditions are listed
in Table 1.
Table 1. Annealing treatment conditions and the corre-

sponding refractive indices for the samples implanted with
helium ions.

Effective refractive

Process  Annealing condition index (TEo)
SO As-implanted 1.5165
S1 260 °C 60 min 1.5169
S2 S14-310 °C 60 min 1.5192
S3 S2+4-360 °C 60 min 1.5195
S4 S3+4-410 °C 60 min 1.5198

The planar waveguide in the Yb3*-doped phos-
phate glass was characterized by using the well-known
m-line technique, i.e., dark mode measurement (via
Metricon 2010 Prism Coupler, USA) and the end-face
coupling method at the wavelength of 632.8 nm. Dur-
ing the measurement of dark mode spectra, when the
light was coupled into the waveguide, a lack of re-
flected light resulted in a dip, and the dip indicated
the effective refractive index of the guided mode. In
the latter case, a microscope objective lens (x25) fo-
cused the light beam into the waveguide to excite the

guided modes, and another microscope objective lens
(x25) collected the light from the output facet of the
sample, which was imaged onto a CCD camera. The
absorption spectra of the samples were recorded by
using a spectrophotometer (Shimadzu, UV-3101PC)
within the range of 850-1100 nm.

Confocal micro-luminescence experiments were
performed by using a JY-T64000 laser-Raman spec-
trum system with an excitation wavelength of 532 nm
at the Institute of Physics, Chinese Academy of Sci-
ences. The micro-luminescence experiments were con-
ducted by using a confocal microscope with a spatial
resolution of 1 um in combination with an XY motor-
ized stage. The polarized light at 532 nm was focused
onto the waveguide cross sections and the bulk (sev-
eral microns away from the planar waveguide) by a
100x microscope objective. The emission band was
back-collected by the same microscope objective and
analyzed in a high-resolution spectrometer.

3. Results and discussion

Figure 1 shows the measured relative intensity of
transverse electric (TE) polarized light at the wave-
length of 632.8 nm reflected from the prism formed
by the helium-implanted Yb3+-doped phosphate glass
planar waveguide after the S2 annealing treatment.
As can be seen, the value of the observed mode is less
than the corresponding refractive index of the sub-
strate (nsy, = 1.5324), which implies that the planar
waveguide is a typical barrier-confined structure.
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Fig. 1. Dark-mode spectrum of the TE mode for the

Het ion-implanted waveguide of the Yb3t-doped phos-
phate glass, where the dashed line represents the refractive
index of the substrate.

The propagation modes of the planar waveguide
are characterized by the end-face arrangement af-

ter the S4 annealing treatment. Figures 2(a) and
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2(b) show the two-dimensional (2D) and the three-
dimensional (3D) plots of the near-field intensity dis-
tribution (quasi-TEg mode) of the Yb3*-doped phos-
phate glass planar waveguide, respectively. As can
be seen, the light can be guided in a well confined
way through the implanted index barrier. The prop-
agation loss of the waveguide is also measured by us-
ing this end-face coupling system and estimated to be

~ 1.52 dB/cm.['¥]

Intensity

(b) g

Fig. 2. (colour online) (a) 2D and (b) 3D plots of the
near-field intensity distribution of the Yb3+-doped phos-
phate glass planar waveguide.

For a better understanding of the mechanism of
the planar waveguide formation in the Yb3*-doped
phosphate glass, we use the SRIM 2006 (stopping and
range of ions in matter)!’”! code to simulate the im-
plantation process of 450 keV, 500 keV, and 550 keV
He™ ions into the Yb3*-doped phosphate glass. Fig-
ure 3 shows the curves of electronic and nuclear energy
losses of the incident He ions versus the penetration
depth inside the glass. In most cases, although the
electronic energy deposition is much larger than that
of the nuclear one, the electronic excitations only cre-
ate removable point defects, which have very slight
effects on the refractive index of the substrate. On
the other hand, the nuclear collisions can generate a
buried layer at the end of the ion track, where de-
creases of both physical density and refractive index
occur through the volume expansion induced by the
nuclear damage, forming a waveguide structure be-

tween the barrier and the sample surface.[20-22]
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Fig. 3. (colour online) Distributions of electronic and

nuclear energy losses of 450 keV, 500 keV, and 550 keV
He ions implanted into the Yb3+-doped phosphate glass
simulated by SRIM 2006.

The refractive index distribution of a waveguide
is very important for practical device design in real
applications. In this work, we use the intensity calcu-
lation method (ICM)[3] to reconstruct the refractive
index profile, which has been proved to be particu-
larly successful for ion implanted waveguides of a sin-
gle mode. As shown in Fig. 4, the refractive index in
the waveguide region only slightly decreases after the
implantation (~ 0.007), while in the barrier region,
it reduces by ~ 0.05. In addition, the optical barrier
is broadened to 0.2 um after the triple-energy He™
implantation, which may reduce the leakage effect of
the modal field from the waveguide to the substrate.
Therefore, the light can be confined between the bar-
rier and the glass surface.
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Fig. 4. Reconstructed refractive index profile of the

Yb3*-doped phosphate glass planar waveguide, where the
dashed line represents the refractive index of the virgin
glass.

In order to obtain a further understanding of the
formation of the present waveguide formed by the
450 keV, 500 keV, and 550 keV helium implantation,
we carry out continuous annealing treatments in at-
mosphere (Table 1).[24] After each annealing step, we
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measure the dark mode spectrum of the waveguide
and the corresponding effective refractive index of the
TEg mode. The indices are given in Table 1 and Fig. 5.
We can see that the effective refractive indices rise
with the annealing treatment, which is due to the re-
covery of damages in the waveguide regions.
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Fig. 5. Effective refractive indices of the TEg mode of
the samples obtained after the annealing processes.

To investigate the effect of He implantation on
the light absorption characteristics of the Yb3*-doped
phosphate glass, the absorption spectra are measured
by using a Shimadzu UV-3101PC spectrophotometer.
As depicted in Fig. 6, the spectrum of the Yb3*-doped
silicate waveguide is nearly the same as that of the
substrate, including the shape, the peak position, and
the intensity. Hence, there is almost no difference be-
tween the Yb3t-doped phosphate substrate and the
implanted sample, and we can say that the implanta-
tion process has almost no influence on the absorption

properties.
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Fig. 6. (colour online) Absorption spectra of the ion-

implanted and the pure Yb3+-doped phosphate glasses.

For the practical applications involving opti-
cal gain, it is necessary to investigate the micro-
photoluminescence properties of the active wave-
guides.[?9] Figure 7 shows the comparison between the

room temperature micro-luminescence spectrum cor-
related to Yb3T ions at 2F5/2 —2 F7/2 transition ob-
tained from the planar waveguide and that from the
bulk obtained by a confocal fluorescence microscope
(spectral range: 250-1000 nm). Unfortunately, be-
cause of the limitation of the spectrum range, we can
only compare the emission spectra centred at 975 nm.
As can be observed, the relevant spectrum from the
planar waveguide is very similar in both shape and in-
tensity to that from the bulk emission, indicating the
absence of any defect-induced fluorescence quenching
of Yb3* ions in the waveguide. The data included in
Fig. 7 shows that the outstanding luminescence fea-
tures of Yb3* ions are well preserved in the waveguide.
This is an advantageous feature for laser applications,

since it ensures low threshold laser oscillations.
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Fig. 7.
luminescence spectra correlated to Yb3+ ions at 2F5/2 —2

(colour online) Room temperature micro-

F7/o transition obtained from the planar waveguide and
the bulk.

4. Summary

In this paper, we report on the fabrication of pla-
nar waveguides in Yb3*t-doped phosphate glasses by
450 keV, 500 keV, 550 keV helium implantation at
the fluences of 2 x 106 jons/cm?, 2 x 1016 ions/cm?,
2 x 1016 ions/cm?, respectively. The waveguide prop-
erties are investigated by using prism-coupling and
face-coupling methods. The annealing treatment re-
sults show that the planar waveguide has a high ther-
mal stability. The microluminescence investigation
shows that the waveguide exhibits a very similar emis-
sion spectrum to that of the bulk, which implies a
potential application of the Yb3T-doped phosphate

glasses in waveguide lasers.
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