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We report the sol–gel chemistry reaction system and processes used to realize the first grating coupled
monolithic solid state optical amplifier based on a Nd3+ doped sol–gel tapered rib waveguide. The sol–gel
matrix composition is 50SiO2:50TiO2:10AlO1.5:1NdO1.5. The signal (1064 nm) and pump (803 nm) beams
were coupled via grating couplers into and out of the rib waveguide. A photoluminescence lifetime of
138 ls and a pump absorption cross-section of 1.79 � 10�24 m�2 were measured. A net internal gain of
3.75 dB/cm was achieved. Theoretical simulations predict that this gain could be further improved. Anal-
ysis of the results suggests that the difference between achieved and predicted gain is due to low quan-
tum efficiency caused by two-ion cross-relaxation and up-conversion, as manifestly evident by yellow
light emitted from the device. The molecular-level processes during the doped sol–gel fabrication that
could lead to these phenomena are discussed, and strategies are suggested to overcome these limitations
in order to approach the full potential gain.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction purely monolithic – no edge polishing or processing is required.
Integrated optics biosensors are optical waveguide (WG) based
devices capable of sensing of a specific bio-molecule analyte. The
specificity of these sensors is achieved by fixation of ‘‘bio-recep-
tors” such as antibodies to the sensor surface. Once the sensor is
exposed to the sample liquid, the target bio-molecules are specifi-
cally bound to the bio-receptors on the sensor surface. The bound
layer interacts with the evanescent fields of the guided waves and
impacts their propagation coefficient. Channel waveguiding en-
ables interferometric detection schemes such as WG-based
Mach–Zehnder interferometers (WMZI). Although WMZI biosen-
sors are most sensitive, their use is currently limited to optical
lab environments due to their high cost and the need of delicate
coupling of light source and detectors to the sensor chip restricts
their use to optical lab environments. Recently, we reported the
first pure monolithic solid state amplifier [1] realized in a Nd
doped sol–gel rib WG. The amplifier was developed as part of an
effort to establish a monolithic and integrated sol–gel-based light
source for Lab-on-chip applications. The sol–gel method used is
fully compatible with silicon technology. The sol–gel precursors
are extremely inexpensive, the layers are applied by simple spin-
coating on regular silica-on-silicon (SOS) and the fabrication is
ll rights reserved.

+972 3 6423508.
In this paper, we present the sol–gel chemistry reaction system
and processes used to realize this device and report on the phe-
nomenon of strong up-conversion observed in the device. In addi-
tion, we present and analyze the comparison of the measured gain
with that predicted by theoretical simulations of the device. The
theoretical simulations indicate that the gain can be much im-
proved relative to that measured by using a different host compo-
sition. The possible mechanisms responsible for that difference as
well as the molecular-level processes of the doped sol–gel compo-
nents that could lead to this phenomenon during its fabrication are
analyzed. We conclude by suggesting different strategies regarding
the sol–gel composition and preparation process for avoiding these
limitations and for achieving the full potential gain predicted by
the theoretical simulations.
2. Experimental

2.1. Nd doped silica–titania sol–gel reaction system and fabrication
process

The sol–gel solution was prepared by reflux at 77 �C of the fol-
lowing precursors; c-glycidoxypropyltrimethoxysilane (GLYMO),
titanium ethoxide, acetic acid and ethanol. The titanium-alkoxide
precursor is added to reach a higher refractive index for the sol–
gel guiding layer relative to that of the silica of the SOS substrate.
The chemical reaction system is the following:
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CH3COOHþ C2H5OH! CH3COOC2H5 þH2O ð1Þ
TiðOEtÞ4 þ CH3COOH! CH3COOTiðOEtÞ3 þ EtOH ð2Þ
TiðOEtÞ4 þ 4H2O! TiðOHÞ4 þ 4EtOH ð3Þ
R � SiðOCH3Þ3 þ 3H2O! R � SiðOHÞ3 þ 3CH3O ð4Þ
nTiðOHÞ4 þ nSiðOHÞ4 ! TinO2n þ SinO2n þ 4nH2O ð5Þ

Polymers formed with low water content are better suited for
layer formation, using either spin-coating or dip coating [1,2].
Low water concentration prevents TiO2 dissolution and aggrega-
tion of large TiO2 colloids that cause optical scattering [3,4]. It also
prevents uncontrolled gelling. On the other hand, in order to form a
cross-linked SiO2–TiO2 siloxen network in a 3D structure, 2 moles
of water are needed per mole of metal. A smaller molar fraction
of water leads to chain polymer formation. Therefore the water
content should be tightly balanced and controlled during the sol–
gel process. For this reason, water is excluded from the precursors.
The water required for the hydrolysis of titanium-ethoxide and
GLYMO Eqs. (3) and (4), is formed in the esterification of the acetic
acid and the ethanol Eq. (1) [5]. Once the water is formed, it is
immediately consumed in the hydrolysis reactions and does not
reach a concentration that would cause gelling and dissolution of
titania colloids. The hydrolysis rate of titanium-ethoxide is also
regulated by the availability of titanium-ethoxide, which is low-
ered by reacting with the acetic acid to form the titanium-acetate
complex, and therefore suppresses the formation of the titania col-
loids. After 2 h of reflux, neodymium–nitrate–hexahydrate and
aluminum–nitrate–nonahydrate were dissolved in ethanol and
mixed with the solution. The guiding layer was fabricated by 4 cy-
cles of spin-coating at 2000 rpm on a 25 � 25 mm SOS substrate,
followed by curing at 100 �C on a hot plate. The chip was then an-
nealed at 800 �C for 1 h to remove residual organic groups and sol-
vents, thus achieving the Nd–Al co-doped sol–gel silica–titania
network with a molar ratio 50SiO2:50TiO2:10AlO1.5:1NdO1.5.

2.2. Device structure and design

The channel WG has a rib cross-section. The rib (local) width is
defined by the lateral distance between two 35 nm deep trenches
etched into the guiding layer (Fig. 1). The rib WG starts with a
50 lm wide section that contains an input grating and tapers line-
arly within 7 mm to a width of 6 lm. This linear tapering is twice
as long as the minimal length for adiabatic transition for the pump
and signal modal fields [6]. The 6 lm wide section is 3 mm long,
and includes an output grating at its end. The grating couplers
were calculated and designed using an accurate perturbation anal-
Fig. 1. Amplifier 3D scheme.
ysis [7]. To achieve a single diffraction order (i.e., one order into the
WG and an unavoidable one into the substrate), the input angle of
incidence for the pump (k = 800 nm) was designed to be �10�,
which implies a grating period of 450 nm and an input angle of
�53.4� for the signal (k = 1064 nm). The grating depth was de-
signed to be 120 nm to achieve a coupling interaction length that
corresponds to a waist of 76 lm for the pump beam, which also
suits well the mode lateral profile of the 50 lm wide WG. The out-
put grating period was designed to be 470 nm to achieve an output
angle of �45�. The input and output grating designed lengths were
157.5 lm and 150.4 lm, respectively, to fairly cover the coupling
interaction lengths.

2.3. Device fabrication process

The rib WG was defined by ZEP-mediated electron beam lithog-
raphy (Raith 150) followed by CHF3 Reactive Ion Etching (RIE) of
two 9 lm wide trenches with 35 lm depth. After the WG fabrica-
tion, a second lithography and etching process was performed to
fabricate the gratings. An additional set of three un-tapered
50 lm-wide devices was fabricated with identical input/output
gratings but different lengths: 1 mm, 5 mm and 10 mm. This set
was used for attenuation measurements. A similar set was fabri-
cated for pump absorption measurements with an output grating
period of 346 nm designed to couple the pump to �45�. A tapered
WG with such an output grating was fabricated as well.

2.4. Measurement methods and setups

The sol–gel layer was measured using a spectroscopic ellipsom-
eter (Wollam M2000DUV). The topography of the gratings and the
rib was measured in an atomic force microscope – AFM (Di3000
Veeco). A tunable Ti-Sa laser (Coherent 890) was used for pumping
and an Nd:YVO laser (k = 1064 nm) was used as the signal source.
The pump and signal beams were focused on the input grating
(from two different angles) by 50 mm focal length lenses. The out-
put signal was high-pass filtered (Schott RG 1000) to block the
pump light (�41 dB at k = 803 nm) and measured with a power-
meter (Nova Ophir). For attenuation measurements, the signal cou-
pling into the different WGs was optimized in terms of maximizing
the power emanating from the output gratings by fine-positioning
of the input beam waist on the input grating and by scanning the
input angles in the region of �53.4�. Lifetime measurements were
performed on a separate setup using an external acousto-optic
modulator (NEC OD-88134) and a detector backed with a self-
made trans-impedance amplifier connected to a digital scope (Tek-
tronix TDS 2014). The modulated pump beam was prism-coupled
to the planar WG and the detector was attached to the WG via
the high-pass filter (Schott RG 1000) to suppress the pump light.
3. Results and discussion

3.1. Characterization of geometry and index

The refraction index of the sol–gel film was measured to be
1.814 at k = 808 nm and evaluated to be 1.803 at k = 1064 nm. Its
thickness was 360 nm. The index at k = 1064 nm was extrapolated
using the Cauchy formula fitted to the data measured at 400 wave-
length points, since the measurement was limited to k = 990 nm
due to the ellipsometer. Fig. 2 shows an AFM topographic scan of
the output grating at the end of the 6 lm wide section of the rib
WG. The grating teeth can be seen on the 6 lm wide rib WG lo-
cated between the two 9 lm wide trenches. The grating teeth
can also be seen at the edge of the AFM scan on the left, as they
were written and etched few microns beyond the rib WG trenches.



Fig. 2. AFM topographic scan of the output grating coupler at the 6 l wide WG end.

Fig. 4. Gain verses lunched pump power for different signal levels.
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A grating depth of 180 nm and rib trench depth of 35 nm were
measured.

3.2. Lifetime measurements

Fig. 3 shows the measured photoluminescence lifetime. A pure
exponential decay with a time constant of 138 ls is seen for the
time period at which the noise is negligible (t < 200 ls). No fast de-
cay component is seen. The empirical formula relating the ob-
served lifetime sobs to the rare earth ion concentration n0 is

sobs ¼
s0

1þ ðn0=QÞp
ð6Þ

where s0 is the lifetime in the limit of zero concentration and Q is
the quenching concentration which is typical to the hosting glass
composition [8]. For the two-ion cross-relaxation mechanism,
which is believed to dominate concentration quenching for Nd3+

ions [9], p � 2. This analysis assumes that the rare earth ions are
uniformly dispersed throughout the glass and do not cluster. Nd3+

doped Al silica has been reported to follow the same concentration
quenching curves as the multi-component ED-2 silicate glass [10],
for which, Q = 3.9 � 1026 m�3 and s0 = 368 ls [8]. Substituting the
Nd3+ doping concentration of the sol–gel n0 = 2.7 � 1026 m�3 in
Eq. (6) with these values predicts a lifetime of 249 ls, which is al-
most twice that measured. This significant difference implies a
proximity for the Nd3+ ions which is greater than their concentra-
tion, as in the case of aggregation.

3.3. Pump cross-section and coupling efficiency

The output power at k = 1064 nm from the 5 mm and 10 mm
long untapered WGs, normalized to that of the 1mm long WG,
was respectively 0.954 and 0.91, which reveals an attenuation of
0.45 dB/cm. The output power ratio of the 10 mm long tapered
Fig. 3. Photoluminescence lifetime, solid line - exponential fit with 138 ls time
constant.
WG to the untapered WGs was �0.6 dB. The transmitted powers
through the 803 nm pumped WG set were 0.14, 0.03 and 0.003
for, respectively, 1 mm, 5 mm and 10 mm long WGs. This corre-
sponds to an attenuation coefficient of a = 385 m�1. Theoretically,
a = CrpN, where C = 86% is the power-filling-factor in the guiding
layer, N = 2.5 � 1026 m�3 is the Nd concentration and rp is the
absorption cross-section. Thus, rp is found to be 1.79 �
10�24 m�2, which is in good agreement with measurements in
other silica hosts [11]. Assuming equal efficiencies for the input
and output gratings, the coupling efficiency is about 46% for each
grating.

3.4. Gain characterization

The photoluminescence (PL) power was measured for the dif-
ferent pump powers, while no signal was launched. The gain was
evaluated from the ratio of the output signal power in the presence
of pump minus the corresponding PL background, divided by the
signal power in the absence of pump. Fig. 4 shows the signal gain
as a function of pump power (kp = 803 nm) for five different output
signal power levels in the absence of pump. A maximal gain of
4.8 dB (3.75 dB net gain) is seen for an output signal level of
3 lW in the absence of pump. Higher gain was not observed for
smaller signal levels. Signal saturation reaches 2.5 dB at a launched
pump power of 860 mW and an output signal level in the absence
Fig. 5. Optical image of the pumped amplifier, yellow up-conversion light is
manifest.
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of pump of 3 mW, which corresponds to a saturation output power
of about 5.5 mW. Pump saturation is also apparent at the higher
pump levels. An up-conversion phenomenon in the device under
pumping is seemingly responsible for the saturation as function
of pump power. The process is evidenced by a strong yellow light
manifested to the naked eye even under ambient lab lighting con-
ditions. Fig. 5 shows an optical image of the amplifier under pump-
ing. The clear yellow light is seen irradiated all along the device,
starting at the input grating on the right and ending at the output
grating which is 1 cm to the left. The pink color at the yellow line
end is due to an artifact of the camera.

4. Discussion

The 3.75 dB net gain measured from the Nd3+ doped sol–gel
amplifier compares favourably to that of all other Nd3+ doped glass
channel WG amplifiers [12–16]. Nevertheless, theoretical simula-
tions [17], assuming emission cross-section as reported in [9], pre-
dict that the gain can be potentially improved by an order of
magnitude. The measured pump absorption cross-section (which
agrees with [9]), indicates that the cause for this difference is
low quantum efficiency of the amplifier caused by the competing
processes – the up-conversion and the two-ion cross-relaxation –
rather than inefficient pump absorption. The significant shorter
lifetime relative to that predicted by Eq. (6) and the strong up-con-
version suggest a proximity of the Nd3+ ions which is greater than
that expected from their uniform distribution. This proximity
could be caused by Al3+ ion clustering during the curing of the
sol–gel matrix, as well as by the high titanium content, which
could lead to titania crystallization. This should be verified in fu-
ture work. Several approaches could be implemented to prevent
Nd3+ ions clustering. They include utilizing a rapid thermal anneal-
ing for the sol–gel curing and lowering the titanium content in the
sol–gel matrix. A more fundamental solution could be achieved by
the replacement of the silica–titania matrix with a silica–hafnia
sol–gel matrix. A silica–hafnia matrix synthesized by a sol–gel
route was recently proven to possess some very good properties
as an erbium host glass and as an optical WG [18–21]. The replace-
ment of titanium by hafnium could completely solve the titania
crystallization problem as well as the Al3+ aggregation problem,
since it was shown that the silica–hafnia sol–gel system eliminates
the need of Al3+ co-doping [22].

5. Conclusions

We report the sol–gel chemistry reaction system and pro-
cesses used to realize the first monolithic solid state amplifier
based on Nd3+ doped sol–gel tapered rib WG, for which a net
gain of 3.75 dB was achieved from a 1 cm long device. A mea-
sured photoluminescence lifetime of 138 ls indicates a certain
extent of quenching of the Nd3+ ions. We also report an up-con-
version phenomenon observed in the pumped device. The thin
sol–gel guiding layer used (360 nm) leads to strong evanescent
fields, which are ideal for evanescent field sensing. With a net
gain of more than 7 dB per round trip, a pure monolithic laser
source is achievable by implementing reflection gratings. Such
a source could enable fully monolithic optical-based lab-on-chip
devices. The comparison of the measured gain with that pre-
dicted by theoretical simulations of the device indicates that
the gain can be potentially improved by an order of magnitude.
Analysis of the results suggests the clustering of Nd3+ ions. Sev-
eral strategies are suggested to overcome these limitations in or-
der to approach the full potential gain predicted by the
theoretical simulations.
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