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A 4 cm long Er-doped Al2O3 spiral waveguide amplifier was fabricated on a Si substrate, and
integrated with wavelength division multiplexers within a total area of 15 mm2. When pumped
with 9 mW 1.48mm light from a laser diode, the amplifier shows 2.3 dB net optical gain at 1.53mm.
The gain threshold was 3 mW. The amplifier was doped with Er by ion implantation to a
concentration of 2.731020 cm23. The data agree well with calculations based on a model which
includes the effects of cooperative upconversion and excited state absorption. For an optimized
amplifier, net optical gain of 20 dB is predicted. ©1996 American Institute of Physics.
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Planar waveguide amplifiers are one of the key com
nents of integrated optic devices. The integration of amp
ers together with other optical components such as splitt
couplers, and wavelength division multiplexers, enab
many optical functions to work together on a single ch
without optical losses. Erbium is used as an optically act
element in waveguide amplifiers because of its intra-4f tran-
sition around 1.54mm, a standard telecommunications wav
length. Advantages of erbium-doped amplifiers are the lin
gain response, temperature and polarization insensitivity,
low noise.1 In order to achieve high gain values on the ce
timeter length scale of an optoelectronic integrated circuit
concentrations in the atomic percent range are needed
such high Er doping levels, concentration quenching effe
such as cooperative upconversion, can affect the gain pe
mance of the amplifier. By using relatively low Er conce
trations in long waveguides~up to 50 cm!, optical gain has
been obtained in silica-based planar devices.2–5 However,
because of the large optical mode dimensions of these
vices, high pump powers~;100 mW! are necessary to reac
net gain. In addition, due to their large waveguide bend
radius~;cm! these amplifiers take up a large area on a p
nar substrate.

This study is aimed at the achievement of net opti
gain at low pump powers in compact (mm2) waveguide de-
vices. Al2O3 is chosen as host material for the Er because
crystal structure enables the incorporation of high concen
tions of optically active Er as a dopant.6,7 Single mode
Al2O3 ridge waveguides with a low optical loss~0.35 dB/cm!
are readily fabricated on silicon substrates.8,9 The high index
contrast between core and cladding results in high confi
ment of the optical mode in the guide, leading to efficie
pumping and amplification. In addition, the high index co
trast allows for the use of small waveguide bending ra
~,100mm!,10 making compact waveguide devices possib

Waveguides were fabricated by sputter deposition
Al2O3 onto a oxidized silicon~100! substrate~oxide thick-
ness 5mm!. The Al2O3 layer thickness was 600 nm. Using
Van de Graaff accelerator, Er was implanted into the Al2O3

film at energies ranging from 100 keV to 1.5 MeV in order
obtain a flat Er concentration profile from 25 to 450 n
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under the surface. The total Er fluence was 1.
31016 ions/cm2, corresponding to a concentration of 2.7
31020 Er/cm3 ~0.28 at.%!. On the basis of our previous
work, this Er concentration was calculated to be the optimu
concentration~at higher concentrations cooperative upcon
version effects would reduce the gain!.11 After implantation,
the films were annealed at 775 °C, in order to achieve lo
loss,9 anneal out implantation damage, and activate the E6

Using photolithography, 2mm wide waveguides were de-
fined. Subsequently, an Ar atom beam was used to etch aw
300 nm of the Al2O3 film, resulting in ridge waveguides
under the previously defined area. A 1.3mm thick SiO2 clad-
ding was deposited on top in order to reduce scatterin
losses, and the complete structure was annealed at 700 °C
30 min in N2. Lastly, the end faces of the sample were me
chanically polished to obtain efficient coupling of light into
the waveguide. A cross section through the waveguide
indicated in Fig. 1.

Figure 1 also shows the layout of the complete Er-dope
waveguide amplifier, in which several optical functions ar
integrated. Pump and signal beams are coupled into separ
waveguides indicated by P and S, respectively. Pump a
signal are then combined into a single waveguide using
wavelength division multiplexer~WDM!. The amplifying
section consists of a 4 cm long waveguide, rolled up to fit
onto a small area. After amplification, two WDM structures
are used to separate pump and signal beams. The WD
operate on the multimode interference principle; their desig

FIG. 1. Layout of a 4 cm long Er-doped spiral ridge waveguide amplifier
integrated with WDM. P and S indicate the pump and signal input an
output. In the actual amplifier, the waveguide section between the spiral a
the output WDM is longer then drawn here. The inset shows a cross sect
through the waveguide. The Al2O3 core dimensions are 0.6mm32 mm.
96/68(14)/1886/3/$10.00 © 1996 American Institute of Physics
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is discussed elsewhere.12,13 The complete device fits with
an area of 1.5 mm39.5 mm.

The amplifier was pumped with 1.48mm light from a
Philips InGaAsP diode laser. The light was coupled into
waveguide with a tapered optical fiber, which was aligne
the pump input by means of piezoactuators. Similarly, si
light ~1.50,l,1.55mm! chopped at 317 Hz from a tunab
laser ~HP 8168A! was coupled into the signal input wav
guide. The signal power was below240 dBm ~0.1 mW!.
Pump and signal light were coupled out on the other sid
the amplifier with a microscope objective, and detected u
a liquid-nitrogen-cooled Ge-detector employing lock-in te
niques.

Figure 2 shows the measured enhancement of the
mm optical signal intensity as a function of pump powe
the 4 cm long waveguide amplifier described above.
pump power in the waveguide was derived from the m
sured pump power in the input fiber using a fiber-to-c

FIG. 2. Measurements of the~small-signal! optical gain at 1.53mm in a 4
cm long Er-doped (2.731020 Er/cm2) waveguide amplifier as a function
1.48 mm pump power. Calculations are included for two cases; with
without cooperative upconversion.
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coupling loss of 7 dB, as will be discussed below. The rela
tive gain measurement was converted to an absolute scale
setting the intensity at 0 pump power equal to the calculate
waveguide absorption due to Er31 ~11.1 dB! added to the
known waveguide loss~1.4 dB!. The calculation of the ab-
sorption is based on known measured values for the Er cro
sections,14 the measured Er concentration profile, and th
calculated optical mode profile. Figure 2 shows that as th
pump power is increased the signal rapidly increases; n
optical gain is reached at a pump power of 3 mW in th
waveguide. For higher pump powers, saturation of the gain
observed; at 9 mW a net~small-signal! gain of 2.3 dB is
achieved.

Calculations of the optical gain were performed, base
on a rate equation model for the Er31 ions. The parameters
used in the calculation are shown in Table I. In the mode
described in detail in Ref. 11, cooperative upconversion du
to an interaction of two Er31 ions in the first excited state
(4I 13/2) is taken into account, as well as excited state absor
tion ~ESA! from the4I 13/2 state to the

4I 9/2 state. The coeffi-
cients for these processes were determined experimentally11

All calculations include a waveguide loss of 0.35 dB/cm.9 In
the calculation, the Er31 population in the ground state, and
first and second excited states are considered, and effects
pump and signal emission and absorption~also through
ESA! are taken into account. The changes in pump and si
nal intensities are integrated numerically along the length
the waveguide.

The solid line in Fig. 2 is a calculation of the optical gain
as a function of pump power for this particular amplifier. In
order for the calculation to fit the data, the pump powe
measured in the input fiber was scaled by 7 dB in order
obtain the power in the waveguide. The scaling factor aris
from the fiber-chip coupling loss. Also shown in Fig. 2 is a
calculation in which the effects of cooperative upconversio
are set to zero~dashed line!. In this case, net gain would be
achieved at 0.5 mW, and a higher saturation value would
reached. This shows that cooperative upconversion is one

of
and
TABLE I. Parameters of the spiral waveguide amplifier used in the calculations.

Parameter Quantity Reference

Er concentration rEr 2.731020 cm23

Pump absorption cross section~1.48mm! sp
a 2.7310221 cm2 14

Pump emission cross section~1.48mm! sp
e 0.77310221 cm2 14

Signal absorption cross section~1.53mm! se
a 5.8310221 cm2 14

Signal emission cross section~1.53mm! ss
e 6.1310221 cm2 14

Excited state absorption cross section sESA 0.85310221 cm2 11

(4I 13/211.48 mm pump photon→4I
9/2
)

Er31 first excited state lifetime (4I 13/2) t2 7.8 ms 11

Er31 second excited state lifetime (4I 11/2) t3 30 ms 11

Upconversion coefficient Cup 4.1310218 cm3/s 11

(4I 13/21
4I 13/2→4I 9/21

4I 15/2)

Waveguide length 4 cm

Waveguide loss a 0.35 dB/cm 9

Optical mode size 0.632 mm2

Overlap mode intensity with Er profile 36%
1887van den Hoven et al.
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the main limiting factors in the performance of Er-dope
waveguide amplifiers. Note that the saturation gain is det
mined by the maximum degree of inversion that is achie
able using a pump wavelength of 1.48mm: 78%.

Figure 3 shows the measured gain~pump on! and loss
~pump off! data versus signal wavelength together with ca
culations of these spectra based on the measured param
listed in Table I. The gain data were determined as above
measuring the total signal change when switching on the
mW pump. The data compare reasonably well with the c
culation of the net gain. Note that the gain spectrum~net gain
.0 dB! extends from 1.52 to 1.57mm, approximately 50 nm
wide. Loss data were measured by coupling light from
white light source into a 0.95 cm long straight waveguide
the same chip as the amplifier. Figure 3 shows this d
~pump off! corrected to correspond to the 4 cm long wav
guide amplifier. The data agree well with the calculation
the loss spectrum based on the measured Er cross sectio
the region around 1.53mm. Outside this region discrepancie
are observed, possibly due to wavelength dependent c
pling efficiencies in the setup.

Several improvements are possible in the waveguide
sign. Figure 4 shows a calculation of the small-signal optic

FIG. 3. Optical gain~9 mW 1.48mm pump on! and loss~pump off! spectra
of a 4 cm long Er-doped waveguide amplifier~dots!. Calculations of the
spectra based on previously measured parameters~see Table I! are included
as the solid lines.

FIG. 4. Calculations of the optical gain at 1.53mm as a function of 1.48mm
pump power in a 15 cm long waveguide amplifier doped with 2
31020 Er/cm3 throughout the core of the waveguide.
1888 Appl. Phys. Lett., Vol. 68, No. 14, 1 April 1996
Downloaded¬15¬Sep¬2003¬to¬131.215.237.132.¬Redistribution¬subje
d
r-
v-

l-
ters
by
9
l-

a
n
ta
-
f
s in

ou-

e-
al

gain of an optimized Er-doped Al2O3 waveguide amplifier,
based on the experimental results of this study. In this cal-
culation, the Er has been distributed throughout the complete
core of the waveguide. This may be achieved by cosputtering
of Er and Al2O3 during the fabrication of the waveguide
films, rather than using ion implantation. The waveguide is
chosen to be 15 cm long, and the Er concentration is the
same as above (2.731020 cm23). A net optical gain of
nearly 20 dB is possible at a pump power of 50 mW. The
proposed 15 cm long spiral amplifier can fit within the same
area (1.539.5 mm2) as the 4 cm amplifier fabricated here.
In Fig. 4, the effect of excited state absorption is also appar-
ent: for pump powers above 50 mW the gain decreases be
cause ESA depletes the population of the4I 13/2 level. The
saturation signal output power is calculated to be 7 dBm
~5 mW!.

In conclusion, 2.3 dB net optical amplification at 1.53
mm has been measured in a 4 cmlong Al2O3 waveguide
amplifier doped with 2.731020 Er/cm3 and pumped with 9
mW at 1.48mm. The amplifier is integrated with wavelength
division multiplexers to combine and separate pump and sig
nal beams. The complete device fits within an area of
15 mm2. The measured gain data agree well with calcula-
tions including the effects of cooperative upconversion and
excited state absorption. In an optimized waveguide an opti
cal gain of nearly 20 dB should be possible. The study shows
the feasibility of compact, low power consuming waveguide
amplifiers which can be integrated with other waveguide de-
vices such as optical splitters.
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