
W

L
a

b

a

A
R
R
1
A
A

P
6
4
4

K
I
L
N

1

v
e
d
m
t
q
e
e

a
w
u
s
r
f
b
r
a
w

0
d

Applied Surface Science 257 (2011) 4406–4409

Contents lists available at ScienceDirect

Applied Surface Science

journa l homepage: www.e lsev ier .com/ locate /apsusc

ell-confined Yb:GdVO4 laser waveguide formed by MeV C3+ ion implantation

iang-Ling Wanga,∗, Jie Chenga, Xiao-Jun Cuib

Department of Physics and Information Engineering, Jining University, Xingtan Road, Qufu 273155, Shandong, China
School of Science, University of Jinan, Jinan 250022, Shandong, China

r t i c l e i n f o

rticle history:
eceived 30 August 2010
eceived in revised form
3 December 2010
ccepted 13 December 2010
vailable online 21 December 2010

ACS:

a b s t r a c t

The planar waveguide in x-cut Yb:GdVO4 crystal has been fabricated by 6.0 MeV carbon ion implantation
with the fluence of 1 × 1014 ions/cm2 at room temperature. The modes of the waveguide were measured
by the prism-coupling method with the wavelength of 633 nm and 1539 nm, respectively. An enhanced
ordinary refractive index region was formed with a width of about 4.0 �m beneath the sample surface
to act as a waveguide structure. By performing a modal analysis on the observed transverse magnetic
polarized modes, it was found that all the transverse magnetic polarized modes can be well-confined
inside the waveguide. Strong Yb-related photoluminescence in Yb:GdVO4 waveguide has been observed
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at room temperature, which reveals that it exhibits possible applications for integrated active photonic
devices.

© 2010 Elsevier B.V. All rights reserved.
onlinear waveguide

. Introduction

Among solid-state laser host materials, rare-earth-doped
anadate waveguides have strong potential for integrated opto-
lectronics application. GdVO4 is a promising vanadate laser crystal
oped by Nd [1,2], Yb, and Tm in many applications. Yb-doped
edia generally have long radiative lifetimes (there is no concen-

ration quenching effect for high Yb doping concentration) and high
uantum efficiency. The doping Yb3+ ions possess no up-conversion
ffect or excited state absorption, which greatly reduces thermal
ffects in the crystal.

The remarkable properties of the Yb:GdVO4 crystal drew huge
ttentions for developing laser waveguide devices on it. Optical
aveguide formation in crystals has been studied extensively for
se in many applications, such as efficient and compact lasers,
witches, couplers, and other integrated photonic devices. Recent
esearch reveals that ion implantation may be a universal method
or fabricating waveguide structures in most optical materials

ecause it has four advantages: (1) superior controllability and
eproducibility to other techniques, such as diffusion, ion exchange,
nd epitaxial growth [3,4]; (2) it offers the possibility to bury a
aveguide at various depths below the substrate surface by chang-
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ing the ion species and energies of the implantation [5]; (3) it may
be the only effective way to fabricate permanent waveguides in
some oxide crystals with low Curie temperatures, such as KNbO3
[6] or SBN [7]; (4) it is a non-equilibrium physical method, the num-
ber of injected ions is very small, and many are located in the vast
range of the end of the injection in the waveguide layer, there is
almost no doping effect, be able to maintain the original crystalline
components. In addition, through an appropriate thermal anneal-
ing, the color centers and point defects in the waveguide layer can
be eliminated. So ion implantation waveguide can keep the original
optical properties, is a very good “crystal waveguide” [8].

Compared with the light ion implantation that was mostly car-
ried out in the earlier works, implantation of medium-mass ions,
such as C, O, or Si, receives gradually more attentions for waveguide
construction, since in these cases much lower fluence are needed,
in such a way that manufacturing costs are reduced [9,10]. In the
waveguides formed by medium-mass ion implantation, positive
change of the refractive index occurred in the waveguide region.
Then a waveguide was formed by a region of high refractive index
bounded by regions of lower index (air and substrate) [11–13].
Since carbon-ion-implanted Nd:YVO4 waveguides exhibit good flu-

orescence spectra, which could be further used for efficient laser
emissions [14]. In this paper, we reported on, to our knowledge
the first time, the study of the Yb:GdVO4 enhanced refractive index
well-confined planar waveguide formed by low fluence carbon ion
implantation.

dx.doi.org/10.1016/j.apsusc.2010.12.071
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Table 1
The refractive indices of Yb:GdVO4 crystal measured at both the wavelengths
633 nm and 1539 nm.
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Wavelength (nm) ne no

633 2.2434 2.0084
1539 2.1716 1.9592

. Experimental details

The x-cut Yb:GdVO4 crystal doped with 2 at% ytterbium was
rown in the State Key Laboratory of Crystal Materials at Shan-
ong University. The sample with size of 7 mm × 7 mm × 1.5 mm
as optically polished and cleaned before ion implantation. The
mm × 7 mm face was implanted with 6.0 MeV C ions with the
uence of 1 × 1014 ions/cm2. In order to minimize the channel-

ng effect during the implantation, the sample was tilted by 7◦ off
he incident beam direction. The ion beam was electrically scanned
o ensure a uniform implantation. The ion implantation was per-
ormed at room temperature by a 1.7 MV tandem accelerator at
eking University.

The dark modes of the Yb:GdVO4 waveguide were measured
y the standard prism-coupling technique (Metricon, USA) with an
ccuracy of 0.0002. A laser beam at wavelength of 633 nm (He–Ne
aser) and 1539 nm (diode laser) stroke at the base of a prism, and
ence the laser beam is coupled into waveguide region. A photode-
ector is used to detect the reflected beam. The prism, waveguide
nd photodetector were mounted on a rotary table. The intensity of
he reflected light is plotted as a function of incident angle, where
sharp drop in the intensity profile would correspond to a pos-

ible mode. The refractive indices of the virgin Yb:GdVO4 crystal
ere measured at both the wavelengths 633 nm and 1539 nm, see

able 1.
Photoluminescence (PL) spectroscopy in the region of the intra-

f transition from 2F5/2 to 2F7/2 of Yb3+ ions was performed using
he 976 nm line of a semiconductor laser as excitation source at
oom temperature. A Yokogawa AQ-6315A optical spectrum ana-
yzer (OSA) with a resolution of 2 nm was used to measure PL
pectroscopy.

. Results and discussion

.1. Numerical simulation of the implantation process

For the ion-implanted waveguides in photoelectrical materi-
ls, a major effect of ion implantation is the modification of the
efractive index. The change of the refractive index depends on the
nd-of-ion range damage barriers due to nuclear collision cascades,
eading to the partial lattice disorder accompanying a physical den-
ity reduction and a reduction of refractive index. When the implant
istribution is Gaussian, the depth profile can be described by a
rojected range Rp and a range straggling �Rp, which is the stan-
ard deviation of the Gaussian distribution in depth. We used the
RIM’2006 (The Stopping and Range of Ions in Matter) code to
imulate the process of ion implantation with 6.0 MeV C ions into
b:GdVO4 crystal [15]. From Fig. 1 one can clearly see that most
f the energy of the ion is lost in the electronic processed. The
otal number of target vacancies created by nuclear collisions is
istributed in a peak near the end of ion track. The center of the
istribution is at about 4.0 �m. Very few nuclear collision events
appen in the region where the ion is traveling fast, which is dom-
nated by ionization. The ion range is also distributed in a peak,
he center of which is at about 4.2 �m, that is, slightly deeper than
he damage distribution center. The mean projected ranges Rp and
ange straggling �Rp values of C ions in Yb:GdVO4 were calculated
y SRIM’2006 code to be 4.0534 and 0.2817 �m, respectively.
Fig. 1. The normalized electronic energy loss, nuclear energy loss and ion range
distribution versus penetration depth of the 6.0 MeV C3+ implanted into Yb:GdVO4

crystal based on SRIM’2006.

3.2. Measurement of the waveguide by prism-coupling method

Fig. 2 shows measured relative intensity of polarized light as
a function of the effective refractive index no (transverse mag-
netic (TM) polarized) and ne (transverse electric (TE) polarized)
for the planar Yb:GdVO4 waveguide formed by 6.0 MeV C3+ ions
with a fluence of 1 × 1014 ions/cm2 at the wavelength of 633 nm.
When the light was coupled into the waveguide, a lack of reflected
light would result in a dip in intensity. The refractive indices of
the virgin Yb:GdVO4 crystal were marked for comparison. When
633 nm laser beam was employed, clearly four TM modes (Fig. 2(a))
with higher index than bulk are observed. For the TE modes
(Fig. 2(b)), only one mode was observed at 632.8 nm while no mode
at 1539 nm. The effective refractive index of the mode (neff = 2.1413)
in Fig. 2(b) is lower than the refractive index of the substrate
(nsub = 2.2434). When a 1539 nm laser beam was employed, as indi-
cated in Fig. 3, two TM modes were observed, and their effective
refractive indices (neff = 2.0265 and 1.9815) were higher than those
of the substrate (nsub = 1.9592).The refractive indices of uniaxial
crystal satisfy nx = ny = no, nz = ne, no is the ordinary light refractive
index, ne is the extraordinary light refractive index. According to
the relative size of the no and ne, uniaxial crystal can be divided
into two categories: ne > no, known as the positive uniaxial crystal;
ne < no, known as the negative uniaxial crystal [16]. LiNbO3 crystal is
negative uniaxial crystal, ne < no, when MeV low-fluence heavy-ion
implantation occurs into LiNbO3 crystal, the extraordinary refrac-
tive index increases. Yb:GdVO4 crystal is positive uniaxial crystal,
ne > no, when Yb:GdVO4 crystal was implanted by MeV low-fluence
heavy-ions, an unusual type optical waveguide can be fabricated
with ordinary refractive index increase. For the ion implanted
Yb:GdVO4 crystal ordinary light refractive index increases, while
an exception to reduce the phenomenon of optical refractive index
may be due Yb:GdVO4 (�n ≈ 0.235), ion implantation caused crys-
tal with high birefringence phenomena (by waveguide region).
Damage was mainly a number of isolated point defects and ion-for-
bit, at low fluence, these injuries are often caused by disturbance
and distortion of the lattice; for the phenomenon of high birefrin-
gence crystal will cause the higher refractive index lowered and the
lower refractive index elevated [17].
3.3. Refractive index reconstruction

According to the dark-mode spectroscopy (Fig. 2(a)), we recon-
struct the refractive index profile of the waveguide through
reflectivity calculation method (RCM) [18], which has been proved
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Fig. 2. Measured relative intensity of TM and TE polarized light reflected from the
prism versus the effective refractive indices of the incident light for the planar
Yb:GdVO4 waveguide formed by 6.0 MeV C3+ ions at fluence of 1 × 1014 ions/cm2

at the wavelength of 633 nm.

Fig. 3. Measured relative intensity of TM polarized light reflected from the prism
versus the effective refractive indices of the incident light for the planar Yb:GdVO4

waveguide formed by 6.0 MeV C3+ ions at fluence of 1 × 1014 ions/cm2 at the wave-
length of 1539 nm.
Fig. 4. Reconstructed refractive index no of the Yb:GdVO4 waveguide formed by
6.0 MeV C3+ ion implantation. Filled squares, experimental index values; crosses,
calculated values based on the RCM.

to be particularly successful for ion implanted waveguides. In
the present work, a least-squared fitting program based on RCM
is available to calculate the refractive index profile by adjusting
certain parameters until the theoretical mode indices match the
experimental ones within a satisfactory error. Fig. 4 depicts the
refractive index profile of the Yb:GdVO4 waveguide formed by
6.0 MeV C ion implantation with the fluence of 1 × 1014 ions/cm2

reconstructed by the RCM at 633 nm. The refractive index (no) of
the virgin Yb:GdVO4 crystal is also presented (dotted line) for com-
parison. As indicated in Fig. 4, the refractive index profile has one
barrier, where the refractive index has a maximum decrease com-
pared with the substrate. An enhanced ordinary refractive index
region was formed with a width of about 4.0 �m beneath the sam-
ple surface to act as a waveguide structure. As it is shown, compared
to the refractive index profile (Fig. 4) with the energy loss (Fig. 1),
the near-surface damage correlated to electronic stopping, which
causes an increase of the ordinary refractive index, and end-of-
ion range damage generated by collision cascades, which decreases
the ordinary refractive index values [19]. Nevertheless, a detailed
understanding needs further investigation.

Table 2 shows the comparison of the measured mode indices
with the calculated value of the indices by RCM propagation in
the Yb:GdVO4 waveguide obtained at the wavelength of 633 nm.
It is found that the measured effective refractive indices were in
agreement with the calculated values with less than 10−4.

3.4. Modal analysis
By using a beam propagation method (BPM) [20], we investi-
gated the confinement of the light in the waveguide when possible
modes are excited. Fig. 5 shows the field intensity distribution of
TM (magnetic field strength versus depth) modes for the Yb:GdVO4

Table 2
Comparison of measured and calculated values by RCM propagation modes of their
effective refractive indices obtained at the wavelength of 633 nm.

Mode number Measured Calculated Difference

1 2.0886 2.0880 0.0006
2 2.0716 2.0712 0.0004
3 2.0509 2.0509 0.0000
4 2.0268 2.0275 −0.0007
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Fig. 5. Field intensity distribution of TM0 (solid), TM1 (dash), TM2 (dot) and TM3

(dash dot) modes for the Yb:GdVO4 waveguide formed by 6.0 MeV C3+ ion implan-
tation at the fluence of 1 × 1014 ions/cm2.
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ig. 6. PL spectrum of Yb:GdVO4 waveguide measured at room temperature. The
ump wavelength is 976 nm.

aveguide formed by C3+ ion implantation at the fluence of 1 × 1014

ons/cm2. The feature to be noted here is that all the field profiles in
he substrate region are not oscillating but evanescent. As a result,
he tunneling effect can be inhabited in this waveguide structure. It
s found from Fig. 6 that TM0 mode has the smallest depth of pen-
tration, which means that this mode can be completely confined
n the waveguide region. As it is indicated, the field of TM1, TM2
nd TM3 is almost restricted within the guide region, which makes
hese to be the guiding modes.

.5. Photoluminescence measurement

The intra-4f-shell luminescence of rare-earth (RE) ions in crys-
als is well-known to show sharp and intense peaks even at room
emperature. For the purpose of practical applications involving
ptical gain, it is necessary to investigate the photoluminescence
roperties of the active waveguide. However, thermal quenching

henomenon appears to strongly suppress the intra-4f-transition
L when the temperature is higher than 100 K [21]. Fig. 6 shows
he room temperature PL spectra corresponding to the 2F5/2 → 2F7/2
aser transition of Yb3+ ions from the Yb:GdVO4 planar waveguide.
uch sharp PL peaks suggest that Yb ion forms only one kind of

[
[

[
[
[

ience 257 (2011) 4406–4409 4409

the emission center at 970 nm, which was caused by the transition
2F5/2 → 2F7/2 of Yb3+ ions. Besides it, a remarkable broad PL band
peak located at about 1010 nm was found in an Yb:GdVO4 spec-
trum. The PL band should be related to the Yb ion state and may
play an important role for the excitation process [22].

4. Summary

In summary, we have demonstrated the fabrication and char-
acterization of planar waveguide in x-cut Yb:GdVO4 crystal by
6.0 MeV C3+ ion implantation with a fluence of 1 × 1014 ions/cm2.
The dark mode spectra were measured by the prism coupling
method. The reconstructed refractive index profile includes a
non-leaky guiding region which can confine the light efficiently.
The beam propagation method is used to calculate the magnetic
field profiles in the waveguide region from the reconstructed
refractive index profile, which indicates that the refractive index
increased waveguide layer can confine the mode almost com-
pletely. The efficient Yb3+-related emission in Yb:GdVO4 was
observed at room temperature, which implies attractive poten-
tials for highly efficient integrated lasers based on the Yb:GdVO4
waveguide.
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