
on glass substrates coated with thin indium-tin-oxide (ITO) film to 
avoid charge-up of the sample surface during electron-beam expo­
sure. The spin-coated films were cured by a mercury UV-lamp 
(intensity= l5mW/cm1) for 20min to stabilise the films. A sample 
with a 3.6µm thick film was chosen for the fabrication of the 
binary diffractive elements. Electron-beam exposure was employed 
to directly write a binary grating pattern with a period of d = 
lOOµm and a l: 1 aspect ratio [7, 8]. We used a scanning electron 
microscope modified for electron-beam lithography, with an accel­
erating voltage of V = 40kV and a probe current of IP = IOnA. 
Several gratings were patterned into the same film using various 
exposure doses. After electron beam writing, the films were post­
baked at 160° for 30min to harden the films. The fabrication 
process is sketched in Fig. l. 
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After the electron-beam exposure, we measured the thickness 
variations of the films using a surface profiler with a resolution of 
-0.1 nm. Fig. 2 shows the electron-beam induced decrease in film 
thickness as against electron dose. The phase delays were deter­
mined using an HeNe-laser (A = 633nm), by measuring the ratio 
TJ.!TJ, of the zeroth- and first-order diffraction efficiencies and 
using the complex-amplitude transmittance method. Here, TJo = 
I Toi' and TJ, = 1Til1, where T0 and T, represent the zeroth and first 
Fourier coefficients in the expansion of the complex amplitude 
transmission function of the diffractive element. With the values 
of the coefficients known, it is straightforward to estimate the 
phase delays from the transmission function [7]. The resulting elec­
tron-beam induced phase delays are plotted against electron dose 
and shown by circles in Fig. 3. The squares in Fig. 3 depict the 
calculated phase delays assuming no electron-beam induced index 
changes, i.e. the phase delay ii<j> is simply given as 

~<D = 2;r(n1 - no)d/,\ (1) 

in which n, = 1.5 (index of the sol-gel film), n0 = L dis the meas­
ured etch depth, and A is the wavelength used. The phase delays 

determined from the measured diffraction efficiencies and simply 
from the etch depth are in good agreement, suggesting that the 
electron-beam induced phase delays can be explained almost 
entirely by the decrease in film thickness. The electron-beam 
induced index change of the films appears to be negligible. 

Conclusion: We have demonstrated direct electron-beam writing of 
surface relief diffractive elements into hybrid inorganic/organic 
sol-gel glass films. The groove depth and thus the phase delay can 
easily be varied by controlling the electron dose. The potential 
applications for this direct variable-dose 'electron-beam etching' 
include complex multi-phase-level diffractive elements and apo­
dised waveguide gratings. The method combined with sol-gel 
waveguides seems especially attractive. The waveguides are frrst 
fabricated by UV-imprinting into hybrid sol-gel glass films and the 
waveguide gratings are then formed using electron-beam exposure. 

The etch depths reported here are already suitable for various 
waveguide grating applications. In free-space diffractive elements, 
however, deeper structures are required to enable a full modula­
tion range of phase delays, 0 :,; ii<j> < 21t. We believe that the full 
modulation range can be achieved by using successive electron­
beam exposures, or by shortening the duration of UV-curing prior 
to electron-beam exposure. 
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Dual wavelength, 980nm-pumped, Er/Yb­
codoped waveguide laser in li:LiNb03 

J. Amin, J.A. Aust, D.L. Veasey and N.A. Sanford 

The authors demonstrate the first Er/Yb codoped waveguide laser 
in Ti:LiNb03• The device was fabricated on x-cut LiNb03 with 
the guides parallel to the :-a"Gs. resulting in reduced 
photorefractive damage and allowing 980nm pumping. Laser 
operation is demonstrated at two wavelengths, in the l and the 
l.55µm regions. corresponding to Yb and Er transitions, 
respectively. 
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'have recently been pursued quite ;xtensively for the realisation of 
devices with advanced functionality such as integrated mode­
locked, Q-switched, single-frequency and tunable sources. Most 
devices demonstrated to date have only been pumped at 1480nm. 
albeit with excellent results [I]. This has mainly been due to pho­
torefractive damage-induced instability at visible and near infrared 
wavelengths in this material. Recent reports on 980nm-pumped 
amplifier devices in Er:Ti:LiNbO, have clearly shown the detri­
mental effects of photorefractive damage [2]. However, given the 
good performance obtained using 980nm pumping in Er and Er/ 
Yb glass devices [3], it is worthwhile investigating further tech­
niques which will allow this pump band to be used for Er:LiNb03 
devices. 

To this end, we have recently utilised the z-propagation scheme 
for pumping devices in the near infra-red. thus allowing the first 
demonstration of a 980nm-pumped Er:Ti:LiNbO, laser device (4]. 
This propagation scheme offers high resistance to optical damage 
effects, as shown through the use of simple charge transport mod­
els [5]. One of the perceived disadvantages of this scheme is that it 
does not allow access to the high r 33 coefficient for electro-optic 
modulation, but rather to the r21 coefficient. which is about nine 
times smaller. However, with proper design and optimisation of 
modulator structures, the half-wave voltage on z-propagating 
devices can be < 15V. More recently, Huang and McCaughan 
have also demonstrated 980nm-pumping in an Er:Zn:M­
gO:LiNb03 device, where Zn was used to form the waveguides in 
an MgO-doped LiNb03 substrate to reduce the photorefractive­
induced damage [6]. The advantage of this particular device is that 
it allows use of the high r33 coefficient. but the disadvantage is that 
MgO-doped LiNb03 is relatively more expensive than standard 
LiNb03, and not of as good optical quality. Moreover, Ti has 
been researched more extensively than Zn for waveguide forma­
tion, and gives better yield and reproducibility, and lower loss. 

In this Letter, we report our first results on Er/Yb-doped 
Ti:LiNb03 waveguide lasers pumped at 980nm, using the z-propa­
gation direction, and demonstrate dual wavelength operation in 
these devices. 

Fabrication: Alternating layers (2nm thick) of Er and Yb20 3 were 
e-bearn deposited on a z-cut sample of LiNb03, to a total thick­
ness of 28nm. The layers were then diffused into the substrate at 
1100°C for a total of 360h. Ti stripes. which were 110nm thick 
and 7µm wide, were delineated using standard photolithography. 
The Ti diffusion was carried out at I030°C for 9h. Both diffusions 
were carried out in flowing oxygen, in an alumina tube furnace 
with the sample sitting on a Pt pad. The finished devices yielded 
waveguides which were 2cm long. 

Characterisation: The waveguides were singlemoded at 1550nm. 
with lie mode intensity diameters of 7.9 (±0.4) µm x 4.6 
(±0.25) µm. The guides supported three transverse modes at 980 
nm. Using a Ti:Al20 3 laser. waveguide scattering losses at the 
pump wavelength 980nm were estimated to be -1.2 (± 0.1) dB.cm-1 

(laser detuned to 910nm). Using coupled pump powers of< 2mW 
at 950nm, and with appropriate bandpass filters in place, the Er 
metastable level lifetime was measured to be 2.68 (± 0.1) ms. and 
the Yb 4F512 level lifetime was measured to be 300 (±15) µs. 

The device was then CW pumped at 980nm. using end-fire tech­
niques, with a high reflector(> 99.5% at 1530nm) butted at the 
input end and a 95% reflector at the output end. Both mirrors 
transmitted 85% of the pump light. The device lased in a stable 
CW mode at 1531.4nm, with a threshold of 45mW of coupled 
pump power, and a slope-efficiency of 0.6% (coupling efficiency 
-60%). The laser characteristics are shown in Fig. I. The absorbed 
pump power above threshold was measured to be 68% of the cou0 

pied pump power. The device also lased when pumped at 945nm. 
Given that there is minimal absorption due to Er ions at this 
wavelength, this is a clear indication that the lasing was not due 
solely to pumping of the Er ions, and that there was a transfer of 
energy between the Yb and Er ions. 

The input and output mirrors were then replaced with mirrors 
which had a reflectivity of-80% at 1060nm, for a preliminary test 
to see if the Yb could be made to lase at -1 µm. With the device 
pumped at -945 nm, stable lasing at -1031 nm was achieved at a 
threshold of 120mW of coupled pump power. The transmission of 
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laser spectrum obtained using a spectrum analyser with a resolu­
tion of 0.2nm. Further characterisation of this particular laser 
transition in the codoped system is underway. 
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Discussion: The measured mode sizes in this device are similar to 
those on our previous Er:Ti:LiNb03 device [4], indicating that the 
Ti diffusion conditions were not significantly different in the two 
samples, despite the different rare-earth diffusion conditions ( 144 
h in the case of [4]). The relatively low output power obtained 
from the device is thought to be due to a combination of the high 
lifetime of the Er •1 112 pump level (-200µs. (7]), and the finite 
Yb~Er transfer rate. both of which result in a 'bottlenecking' 
effect. This contributes to saturation of the output power at high 
pump powers, when the pump rate is significantly greater than the 
rate at which ions decay to the metastable level. This is borne out 
in numerical models [8]. The transfer of energy between the Yb3• 

and Er3
+ ions is characterised by a reduction in the Yb 'F512 level 

lifetime. This lifetime has previously been measured to be -600µs 
in Yb-diffused LiNb03 [9]. A simple rate equation analysis shows 
that the transfer efficiency is given by TJ = I - , /f;. /, rn, where 
, f; is the Yb lifetime in the presence of Er and 'rn is the Yb life­
time without any Er. Using this equation. we estimate. to first 
approximation, a transfer efficiency of 50% (assuming that the Yb 
concentration in [9] is similar to that in our sample). The transfer 
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coefficients are difficult to calculate, given that the exact concen­
tration of Er and Yb are not known in our device. However, given 
the low phonon energy of LiNb01 (SOOcrn-1), and the associated 
hig_h lifetime of the Er 'I 111 , level, backtransfer of energy from the 
Er to the Yb is also highly likely. The high lifetime of the pump 
level also results in substantial resonant ESA at 980nm from the 
4I1112 level to the 'Fl/2 level (7]. This ESA transition results in a very 
strong green luminescence from the 'S112 level, and may also cause 
a decrease in the output power due to a reduction in the popula­
tion inversion. The spectroscopy of the system thus requires fur­
ther investigation. 

The losses in the device are higher than in our previous Er:Ti:L­
iNb03 [4] device, which is likely due to incomplete diffusion of the 
Er/Yb stack layer (10]. In the absence of known diffusion coeffi­
cients for Yb, the diffusion time for the stack layer was assumed 
to be similar to that required for a 28nm layer of Er at the same 
temperature. However, as revealed by the rough surface morphol­
ogy, as seen through a microscope in the Normarski mode, the Er/ 
Yb coupled system appears to have a substantially different diffu­
sion coefficient. The higher losses in the device at - l µm also mean 
that the laser threshold at this wavelength would be high. The 
device clearly needs further characterisation at this wavelength, 
including using mirrors which are highly reflecting at 1030nm and, 
perhaps more significantly, highly transmitting at 945nm. 

Conclusions: We have demonstrated, for the fust time to our 
knowledge, Er/Yb-dope<l Ti:LiNb03 waveguide lasers pumped at 
980nm. The results obtained with these preliminary devices are 
very encouraging, showing that these codoped devices may be use­
ful as multiwavelength sources. Operation in the I and l.5µm 
regions, using a single pump, can be achieved given an appropriate 
mirror design which allows high reflectivity at 1030 and 1530nm, 
and high transmission between 945 and 980nm. These demonstra­
tion devices are, as yet, unoptimised, and it is likely that with 
reduced losses, better diffusion conditions, and optimisation of the 
Er/Yb ratios, an improved performance will be achieved. 
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Gain stabilisation of all-optical gain-clamped 
amplifier by using Faraday rotator mirrors 

Y. Takushima and K. Kikuchi 

The authors propose a novel configuration of all-optical gain­
clamped amplifiers for suppressing the gain drift caused by 
polarisation fading of the feedback channel. It is shown 
experimentally that the gain drift of the clamped gain can be 
stabilised to within ±0.03dB. 

Introduction: The all-optical gain clamped amplifier (GCA) is an 
optical amplifier which has an optical feedback path similar to 
that of lasers, and in which the gain is automatically clamped 
without any additional electrical feedback control. Previously, it 
has been experimentally shown that the transient response of the 
amplifier gain of GCAs using erbium-doped fibre amplifiers 
(EDFAs) can be suppressed even when the input power changes 
abruptly [I - 4]. This property is attractive for the application to 
WDM networks where the number of wavelength channels 
changes dynamically. 

For practical applications of GCAs. the long-term stability of 
the amplifier gain is another important consideration. Since the 
state of the laser oscillation in a GCA using an EDF A is sensitive 
to environmental conditions, the stability of the gain-clamping 
operation can easily deteriorate. 

In this Letter, we discuss the gain drift induced by an interplay 
of polarisation-mode fluctuations and polarisation-dependent 
losses (PDLs), and experimentally show that the gain variation is 
induced in GCAs with the conventional configuration. To elimi­
nate the gain drift, we propose a novel GCA which is composed of 
Faraday rotator mirrors. A Faraday rotator mirror (FRM) is a 
combination of a mirror and a Faraday rotator, and has been 
applied to remove the polarisation dependence of the device char­
acteristics of interferometers (5], lasers (6, 7], and optical amplifiers 
[8]. As a new application of FRMs. we experimentally demonstrate 
the suppression of the gain drift due to polarisation instability. 
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Fig. 1 Configurations of two types of gain-clamped amplijier 

In the experiment, feedback wavelength ).,, is set to 1561.1 nm. and 
signal gain is measured at 1555.6nm 
A TT: attenuator; EDF: erbium-doped fibre: P: polariser; M: mirror; 
FR: Faraday-rotator (rr/4); BPF: optical bandpass filter 

Gain drift induced by polarisation inscabilily and its suppression: 
Fig. la and b show the configurations of the conventional ring­
cavity GCA and the proposed GCA, respectively. They differ in 
their cavity configuration and stability of polarisation, but the 
principle of gain-clamping operation is the same. The GCA oscil­
lates at a feedback wavelength of "'1, and the amplifier gain is 
automatically set to the internal loss of the ring cavity. The signal 
lights are launched into the cavity, and are amplified when passing 
through the same gain medium. If we assume a homogenously 
broadened gain, the gain for the signal lights is also clamped at 
the internal loss for the feedback light (1]. 

The gain-clamping operation works well while the internal loss 
of the cavity is stable. However, when optical components in the 
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