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Abstract: In recent times, the neodymium-doped gadolinium vanadate (Nd:GdVO,) crystal
has attracted significant attention as one of the most valuable functional materials, but its
lattice structure can be easily modified in an irradiation environment, which determines its
related optical properties and affects the performance of devices based on the Nd:GdVO,
crystal. The near-surface lattice structure change and damage are studied through the
displacement per atom (dpa), X-Ray diffraction, hardness and elastic (Young’s) modulus, and
micro-Raman spectroscopy techniques. We discover that the intensity and peak position of
micro-Raman have obvious changes between waveguide and substrate region in Nd:GdVO,
crystal. The related optical properties induced by the structural changes, including the
absorption bands and refractive index profiles, are investigated. A new absorption peak
was observed after irradiation of the Nd:GdVO, crystals by C3* ions. Thus, waveguide
optical-coupling techniques identified that the ion- irradiated Nd:GdVO, crystal can support
single-mode or multimode propagation at 633 nm. The fabricated waveguide structures
emerge as promising candidate for photonic design and integrated optical devices, which
will have a huge application prospect in multimedia and internet.

Index Terms: Fabrication and characterization, optoelectronic materials, spectroscopy,
waveguides.

1. Introduction

GdVO,, which has four chemical formulae per unit cell (z = 4), is a tetragonal crystal system
with space group /41/amq¢ (JCPDS — 17 — 0260), which is the same as yttrium vanadate. In recent
years, neodymium-doped crystals have attracted significant attention due to their excellent las-
ing properties [1], [2]. Nd:GdVOy is an efficient laser material for diode pumping compared with
neodymium-doped yttrium aluminum garnet and neodymium-doped yttrium vanadate; moreover,
among various Nd-doped laser media, Nd:GdVOy, is one of the most attractive, and it has been
extolled in recent years [3]-[7]. As an oxide phosphor, Nd:GdVO, has the advantage of a higher
chemical stability. In addition, its absorption band is approximately 1.6 nm at 808.4 nm, which is
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TABLE 1
Details of the ION-Irradiated Nd:GdVO,4 Samples

Sample Irradiated ion  Energy (keV)  Fluences (ions/cm?)

S0 - - -

S1 H 460 5.6 x 106
s2 c3+ 6000 1.0 x 10"
83 c3+ 6000 3.0 x 10

a good match with the emission band of a GaAlAs laser diode [8]. Nd:GdVOQ, is also an excellent
gain medium due to its high thermal conductivity and absorption coefficient [9]1-[12]. The excellent
spectroscopic properties, such as the large emission cross- section, and high Raman gain, have
also been proven in previous studies [13], [14]. Up to now, femtosecond laser direct writing has
been used to fabricate channel waveguides successfully in Nd:GdVO,4 and similar crystals and
reported in elsewhere [15]-[17].

The related optical properties of Nd:GdVO, strongly depend on its lattice structure, which can
be easily altered in an ion irradiation environment. In addition, the optical waveguides formed
by structural changes in the Nd:GdVO, crystal can potentially to develop compact and efficient
waveguide lasers and amplifiers. Considering the potential application of Nd:GdVO, in the optical
field, ion irradiation leads to lattice structure changes, and subsequent changes in the related optical
properties, which are of utmost importance.

lon irradiation is a powerful and controllable method of changing the lattice structure in the near-
surface, and it has been conducted on a variety of crystal materials. To the best of our knowledge,
1064 nm laser oscillation have been demonstrated and characterized in channel waveguides fabri-
cated by carbon ions irradiation at a fluence of 8 x 10'* ions/cm? on Nd:YVO, using different output
couplers [18]. The optical waveguide properties of Nd:GdVO, irradiated by triple-energy oxygen
ions irradiation have also been characterized [19]. Here, we characterize the related optical proper-
ties of Nd:GdVOQ;, irradiated by 460 keV H ions (light ion) at a fluence of 5.6 x 106 ions/cm? and by
6.0 MeV C3* ions (medium-mass ion) at fluences of 1.0 x 10" ions/cm? and 3.0 x 10'® ions/cm?.
The dpa, XRD, hardness and elastic (Young’s) modulus, and micro-Raman spectra were used
to determine the lattice structure changes induced by different ion irradiation conditions. The re-
lated optical properties caused by the lattice structural change, including absorption spectra and
refractive index, are investigated in this paper.

2. Experimental Details

Tetragonal single crystals of Nd:GdVO,, with dimensions of 5.0 mm x 5.0 mm x 1.0 mm, were
purchased from CASTECH INC.. H ion irradiation was carried out using an implanter at the Semi-
conductor Institute of the Chinese Academy of Sciences, and C3* ion irradiation was performed at
Peking University. The details of the ion-irradiated Nd:GdVO, crystals are shown in Table 1.

To study the near-surface structural changes of the ion-irradiated Nd:GdVOq4 crystal, the following
properties were explored. The SRIM 2013 was used to calculate the dpa to describe the degree of
damage of the ion-irradiated Nd:GdVO, crystals. A photograph of the irradiation cross-section was
taken using a microscope (Axio Imager, Carl Zeiss) with transmitted polarized light. The structural
characteristics of the samples were determined using a Bruker D8 Advance diffractometer equipped
with a Cu K4 line (. = 0.15406 nm) with a step size of A20 = 0.04 at the State Key Laboratory
of Crystal Materials at Shandong University. The hardness and elastic (Young’s) modulus profiles
as functions of the depth were obtained using an Agilent Technologies G200 Nano Indenter. The
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Fig. 1. Microscope cross-sectional photographs of the Nd:GdVO4 crystals. (a) Sample S7, (c) sample
52, and (e) sample S3. The dpa distribution of the near- surface region. (b) Sample S1, (d) sample S2,
and (f) sample S3. The electronic and nuclear stopping power as a function of the penetration depth.
(g) 460 keV H ions and (h) 6.0 MeV C3+ ions irradiated into Nd:GdVOj,. (i) XRD pattern (6-26) of the
un-irradiated (sample S0) and irradiated Nd:GdVO4 crystal (samples S7-S3).

confocal micro-Raman spectra of the samples were obtained using a HR800 Horiba/Jobin Yvon
spectrometer. In our experiments, a laser source with a wavelength of 633 nm was used, and its
spot size was <1 um.

The related optical properties induced by the lattice structure changes were also investigated.
The absorption spectra of the un-irradiated and irradiated samples were recorded using a Jasco
U570 spectrophotometer. In addition, the optical-waveguide properties of the Nd:GdVO, crystals
were characterized using prism coupling and end-face coupling techniques, and discussed using
reflectivity calculation method (RCM).

3. Results and Discussion

To distinguish between the two different ion irradiations, by optimizing the color mode, the cross-
sectional images of the polished ion-irradiated Nd:GdVO4 crystals are shown in Fig. 1(a), (c), and
(e). The images show that the depth of the modified layer is approximately 3.54 m for sample
S1 and 4.02 um for samples S2 and S3. The dpa at damage peak are 0.15, 0.16, and 0.48 for
samples S1, S2, and S3, which was simulated by SRIM 2013 and is displayed in Fig. 1(b), (d),
and (f). The position of damage peak is in good agreement with the depth of the modified layer [as
shown in Fig. 1(a), (c), and (e)]. To an extent, the dpa reflects the lattice structure changes and
damage degree. The electronic and nuclear stopping power of 460 keV H and 6.0 MeV C3* ions are
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Fig. 2. (a) Hardness and (b) modulus versus indentation depth for samples S0O-S3.

presented in Fig. 1(g) and (h). As we know, the H and C3* ions lose most their energy by electronic
ionizations(inelastic collisions) along their trajectory inside the Nd:GdVOQO, crystal, which results in
the formation of colour centres and possibly damage in near-surface regions; the nuclear collisions
(elastics collisions) bring about the reduction of physics density and a refractive-index decrease.
In this paper, we compare the irradiation effects of Nd:GdVOy crystal irradiated by different kind of
ions (medium-mass ion and light ion) with similar dpa, and we also compare the samples irradiated
with different fluences by same kind of ion.

Fig. 1(i) presents the measured XRD patterns of the samples S0-S3. As evidence, the un-
irradiated Nd:GdVO, samples show a diffraction peak at 260 = 58.1725°, which corresponds to
the reflections from the (004) planes (ICSD card no. 15607) that belong to the (001) crystal plane
family. The residual stress induced by ion irradiation causes lattice distortion, increases the lattice
constant, and lead to a gradual left-shift in the diffraction peak for the irradiated samples S7, S2, and
S3. The positions of the diffraction peak are 20 = 58.1509°, 58.1077°, and 58.0869° for samples
S1, S2, and S3, respectively. The interplanar spacing was estimated using the Prague formula

2dsing = na (1)

where d is the interplanar spacing, 6 is the diffraction angle, n (n = 4) is the diffraction order, and A
is the X-ray wavelength. From the formula above, we can determine the mean interplanar spacings
in the near-surface d0 = 6.33834 (sample S0), d1 = 6.3404A (sample S1), d2 = 6.3447A (sample
S2), and d3 = 6.34684 (sample S3). The interplanar spacing for samples S7, S2, and S3 changes
by 0.0331%, 0.1009%, and 0.1341%, respectively, compared to the un-irradiated sample SO. The
variation of the interplanar spacing reflects the degree of lattice distortion to a certain extent.
Compared with the dpa [as shown in Fig. 1(b), (d) and (f)], C3* ions irradiated on the Nd:GdVO,
crystal brought out greater damage than H ion irradiated with the similar dpa.

The changes in the mechanical property induced by ion irradiation are also discussed. The
hardness and elastic (Young’s) modulus as continuous functions of the depth were obtained from
samples SO- S3to determine the evolution of the mechanical property, as observed in Fig. 2. Due to
the indentation size effect [20], the measured hardness for the un-irradiated sample (S0) decreased
with increasing depth. Compared to sample SO, the hardness and elastic modulus of sample S7
hardly changed, which indicates that the ion irradiation has little effect on the surface lattice structure
for sample S1. Due to the irradiation effect, the surface roughness gradually increased for samples
S2 and S3, and the obvious decrease of the hardness is qualitatively confirmed in Fig. 2(a) [21].
Clearly, the elastic modulus gradually decreased for samples S7-S3 due to ion irradiation. Based
on the interatomic potential energy theory [22], the lattice damage, the decreased interatomic bond
strength and density, and the increased atomic spacing (see Figs. 1, 3, and 4) lead to a decrease
of the elastic modulus [as shown in Fig. 2(b)]. The hardness and elastic modulus results also show
that C3+ ions irradiated on the Nd:GdVO, crystal brought out greater damage than H ions irradiated
with similar dpa, and consistent with XRD and other results in the paper (see Figs. 1, 3, and 4).
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Fig. 3. Raman spectra obtained at the end face of the sample with different detection locations. Infrared
irradiated region (1.0 or 2.0 um) is labeled by the pink line, and the un-irradiated region (7.0 um) is
labeled by the blue line. (Inset) Magnified view of the Raman peaks at 808, 823, and 878 cm~". (a), (d)
460 keV H ions with a fluence of 5.6 x 108 jons/cmZ. (b), (e) 6.0 MeV C3* ions with a fluence of 1.0
x 10" jons/cm?. (c), (f), (g) 6.0 MeV C3* ions with a fluence of 3.0 x 10'® ions/cm?.
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Fig. 4. Absorption spectra of Nd:GdVO, samples: the black, red, blue, and pink lines represent samples
S0, S1, S2, and S3, respectively. The inset represents an enlarged view of the absorption spectra of
samples SO and S1 at a wavelength range from 350 to 400 nm.

Fig. 3 shows Raman scattering active modes of the samples at irradiated and un-irradiated
region in a frequency range from 100 to 1000 cm~". The insets [see Fig. 3(d), (e), and (f)] represent
magnified views of the three stronger peaks. The peaks shown in Fig. 3(g) correspond to the V-O
stretching mode for sample S3. For the Nd:GdVO, crystal, the unit cell contains two VO,3~ anions
and two Gd3*(or Nd3*) cations, and the factor group analysis reveals that a total of 36 normal

modes were classified as follows [23]:

['=2A15+ 1A + 1Az +4A2, +4B14+ 1By

+1Bgg + 2B2, + 5E 4 + 5E .
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The Raman active vibrational modes are as follows:
I'= 2A1g +4B1g + 1829 +5Eg

Among these, 2A 14 + 2B1g + 1Bag + 2E 4 ac[VO4]3~ anion, and 2B+, + 3E, are external vibra-
tions. Only 9 of 12 Raman active modes were observed in the Raman spectra we measured. Based
on the Raman spectra analysis and the prediction from the lattice-dynamical calculations, the Ra-
man bands at 380 and 878 cm~' could be assigned to the A 14 mode, the bands at 122, 481, and
808 cm~' could be assigned to the B14 mode, the band at 260 cm~' could be assigned to the Bog
mode, and the bands at 155, 245, and 823 cm~' could be assigned to the £, mode. The modes
observed in the region from 250-1000 cm~" are the internal vibrations of the [VO4]®~ anion, and the
modes observed at 122, 155, and 244 cm~' are external vibrations. Among them, the Raman peak
at 878 cm~' could be assigned to the V-O stretching mode, and the peak at 380 cm~" was assigned
to the in-plane O-V-O bending vibration mode [24]. The peak intensity of the H ion irradiation region
was about 45% stronger than that of the virgin region in Fig. 3(a). The enhancement of Raman
intensity is due to the increase of the polarizability induced by H ion irradiation with high fluence.
The phenomenon of the Raman signal enhancement may have great potential value in practical
applications. As shown in Fig. 3(b) and (c), the C3* ion irradiation process resulted in an obvious
decrease of the peak intensity, which could be attributed to the increase of the lattice disorder in
the range of irradiation for the Nd:GdVO, crystal. In Fig. 3(g), the positions of the Raman peak are
878.4 and 877.9 cm~" for the un-irradiated and irradiated regions of sample S3. Compared with the
un-irradiated region, the peak value is shifted by 0.5 cm~" to the left. This occurs because ion irra-
diation leads to an increase in the interplanar spacing (volume expansion in the irradiated region).
Then, the volume expansion leads to a longer bond length, and the bond strength is weakened.
We believe that the increase in the bond length is the reason for peak shift to the left. In addition,
due to the sensitivity limitation of Raman detection, the peak shift at 878 cm~" for the un-irradiated
and irradiated regions is not obvious for samples S7 and S2. Based on these variations of the
Raman spectra, we determine that appropriate ion irradiation conditions can change the Raman
signal intensity and lattice structure. The micro-Raman spectra, hardness and elastic (Young’s)
modulus, XRD and dpa provide accurate information of the lattice structure changes induced by ion
irradiation. The related changes in the optical properties caused by the lattice structure changes
were investigated below.

To investigate the influence of the lattice structure change on light absorption characteristics,
Fig. 4 shows the absorption spectra of un-irradiated and irradiated samples (S0-S3) at wavelengths
from 250 to 1000 nm. The inset is a magnified view at the wavelength range from 350 to 400 nm
for samples

S0 and S1. The spectral parameters can be calculated based on the Judd-Ofelt (JO) theory in
the CGSE system of units [25]-[27], and the calculated line intensity and optical parameters of the
absorption spectrum are listed in [25]. As shown in Fig. 4, for the un-irradiated sample (S0), we
observe five absorption peaks at 530, 591, 751, 814, and 888 nm, which correspond to 4G7/2, 465/2,
“F7/2, 2Hg,2, and *F3». The absorption coefficient can be calculated using the following formula:

a:—(lnll—:)/L. @)

In (2), « is absorption coefficient, I, and [; are the incident and outgoing optical powers, respec-
tively, and L (L = 0.1 cm) is the thickness of the sample. Based on the formula above and the
measured absorption spectra, the absorption coefficient of sample SO at 814 nmis « = 5.6937 cm.
The measured absorption coefficients of Nd:GdVO, are compared with the values obtained from the
JO theory. A good fit is obtained when the JO theory of parity-forbidden electric-dipole transitions of
rare earth ions at sites lacking inversion symmetry is applied to the Nd:GdVOy crystal. Compared
with the un-irradiated sample (S0), the absorption increased by approximately 23.69%, 1147.43%,
and 1147.43% for samples S1, S2, and S3 at the near-edge optical absorption (at 365 nm), which
may be due to the lattice structure change in the near surface. In addition, there are an obvious
absorption peaks (at 346 nm) in the ultraviolet band after irradiation by C3* ions for samples S2and
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S3. The results indicated that compared with sample S0, the larger lattice structure change caused
by irradiation by C3* ions led to the formation of a new absorption band. In addition, the absorption
spectra in the visible and infrared bands are barely affected by ion irradiation. The introduction of a
new absorption peak and the absence of changes in the visible and infrared bands are of significant
importance in practical applications for the ion- irradiated Nd:GdVOq, crystal.

The influence of the lattice structure changes on the refractive index is also explored, and the
guided mode effective refractive indices (ng¢f) of the Nd:GdVO, crystals are displayed in Fig. 5. The
transverse electric (TE) modes of n, at wavelengths of 633 and 1539 nm are shown in Fig. 5(a) and
(c), respectively. The transverse magnetic (TM) modes of n, at wavelengths of 633 and 1539 nm
are shown in Fig. 5(b) and (d), respectively. The refractive indices measured before ion irradiation
(nsup) are also shown and represented by the black dashed line in Fig. 5. Clearly, the n, increased
and n, reduced due to the reduction of spontaneous polarization by C3* ion irradiation. In addition,
ne and n, exhibit almost no change for H ion irradiation.

It can be observed from Fig. 5 that a suitable lattice structure change enables the formation of an
optical waveguide structure. Therefore, the near-field light intensity profiles of the guided modes for
Nd:GdVOq crystals were measured, and they are shown in Fig. 6(1). It is observed that sample S1
has weaker ability to confine light than samples S2 and S3, and sample S1 exhibits significant light
leakage. In addition, in the TE (n,) mode, it is obvious that there is one- guided mode for sample
S1, and there are two guided modes for samples S2 and S3. In the TM mode, there is one guided
mode for sample S17, there are two guided modes for sample S2, and there are three guided modes
for sample S3. These experimental results were compared with the following simulated results [the
inset of Fig. 6(2)] and verified. The propagation loss was measured by the back-reflection method
[28], and the propagation loss is about 16.70, 3.00, and 2.5 dB/cm at 633 nm in the TE (n,) mode
for samples S1, S2, and S3, respectively; in addition, in the TM (n,) mode, the propagation loss is
about 3.45, 3.12, and 1.85 dB/cm at 633 nm for samples S1, S2, and S3, respectively. It is obvious
that the relatively large lattice structure change in the near-surface region has a stronger ability to
limit light propagation.

As shown in Fig. 1, the color within the ion-irradiated region is different from that within the
substrate region, and this phenomenon is caused by the change of the refractive index in that
region. From the m-line measurements of the guided mode (see Fig. 5), we reconstruct the RIP by
applying RCM [29] at 633 nm; this is shown in Fig. 6(2). For the TE (n,) mode, a positive ordinary
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8

index well was formed in the waveguide region, and the RIP is a typical “well + barrier” type, while
the RIP for TM (n,) is a pure “barrier’ confined type. Clearly, the depth of the barrier is consistent
with the peak position of dpa (see Fig. 1). The insets below the RIP represent the modal profiles,
which were calculated using FD-BPM [30], according to the RIP; these profiles are compared with
the experimental results [see Fig. 6(1)]. The consistency between the calculated and experimental
results illustrates that the reconstructed RIP parameters were reasonable.

The thermal stability of samples S1, S2, and S3 were investigated by continuous annealing
treatments in an air atmosphere. The conditions for the annealing treatment are shown in Table 2.

For clarity, the ny¢s of the TEg and TMy mode of the Nd:GdVO, crystals after different annealing
treatment are shown in Fig. 7. After annealing at 260 C°C about 60min (T1), only in the TE (n,)
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TABLE 2
Details for Annealing ION-Irradiated Nd:GdVO,4 Samples in Air

Process TO(S1/S2/83)  T1(S1/52/83) T2 (S1/52/83) T3 (S1/52/83)

Annealing condition  As Irradiated 260 C°C for60 min  T1 + 310 C°C for 60 min T2 + 360 C°C for 60 min
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Fig. 7. Evolution of the ne¢ versus annealing temperature for Nd:GdVO, crystal by ion irradiation at 633
and 1539 nm.

mode at 633 nm, the guided mode is present for sample S7; in addition, the guided mode is also
disappeared for samples S2 and S3 after annealing at 360 C°C about 60 min (T3). From Fig. 7,
the main feature of samples S2 and S3 s that the index is monotonically decreasing as annealing
temperature increase. After annealing at 310 C°C for 60 min (T2), the propagation losses reduced
to about 0.93 dB/cm and 0.70 dB/cm in the TE (n,) mode at 633 nm for samples S2 and S3; in
addition, in the TM (n,) mode, the propagation losses reduced to about 0.7 dB/cm and 0.54 dB/cm
at 633 nm for samples S2 and S3. For sample S1, the propagation is not reduced.

4. Conclusion

The related properties in the ion-irradiated Nd:GdVO, crystal have been studied using complemen-
tary characterization techniques. The dpa profile, the shift of the XRD diffraction peak, the hardness
and elastic modulus and the micro-Raman spectra show the disorder of the lattice structure due
to ion irradiation. The intensity and peak position of micro-Raman have obvious changes between
waveguide and substrate region, and provide accurate information of the lattice structure changes
induced by ion irradiation in Nd:GdVO, crystal. The investigation of the absorption spectra, refrac-
tive index profile, and the formation of the waveguide structure demonstrate that damage occurred
on the samples. In addition, we can deduce that the near- surface lattice damage induced by C3* ion
(medium-mass ion) irradiation is higher than H ion (light ion) irradiation with similar dpa. Therefore,
a reasonable choice of the irradiation ion, energy and fluence can effectively achieve changes in
the related optical properties for the Nd:GdVO, crystal.
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