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Abstract 
Photonic technology requires the modification and synthesis of new materials and devices for the generation, 

guiding, switching, multiplexing and amplification of light. This paper reviews how some of these devices may be 
made using ion beam synthesis. Special attention is paid to the fabrication of erbium-doped optical waveguides. 

1. introduction 

Photonics is an emerging technology in the present 

information era [l]. Using optical data transfer, ex- 
tremely high data transmission rates can be achieved, 
much higher than by using electronic transmission. 
This new technology requires the modification and 
synthesis of new materials for guiding, switching, multi- 
plexing and amplification of light, as well as for light 
sources such as lasers and LEDs. While at present 
most optical communication takes place through opti- 
cal fibers for long distance data transfer, in the future 
local signal transfer and processing may also take place 
in the optical domain. This can be achieved using 
integrated planar opto-electronic devices [2]. When such 
devices are integrated on a Si substrate, opto-electronic 
integration may become a reality. 

Fig. 1 shows a schematic of a planar waveguide on a 

Si substrate, which may be used for on-chip optical 
communication [3]. First, a SiO, buffer layer is ther- 
mally grown on the Si wafer, after which a layer with 
slightly higher refractive index (e.g. phosphosilicate 
glass) is deposited. Subsequently, ridges are created 
using standard photolithography and etching tech- 
niques, and finally an SiO, cladding layer is deposited. 
Typical wavelengths at which these waveguides should 
be designed are 1.5 p,rn (coinciding with the transmis- 

sion maximum of standard silica fiber), 1.3 pm (coincid- 
ing with the dispersion minimum of silica fiber), or 
0.8-0.9 Frn (at which inexpensive commercial semicon- 
ductor lasers are available). In the future, operation in 
the visible will also become important, e.g. in applica- 
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tions integrated with polymer fibers, which are not 
transparent in the infrared. 

Fig. 2 shows a schematic of a planar photonic inte- 

grated circuit which includes a variety of opto-elec- 

tronic devices, connected by optical waveguides. The 

device itself does not have any functionality, but is 

meant to illustrate how several opto-electronic func- 

tions could be integrated on a single Si chip. The 

various devices, which can in principle all be fabricated 

using ion implantation, will be discussed hereafter. 

Note that most of these devices have not been demon- 
strated yet; Fig. 2 is literally science fiction. 

I. I. Erbium-doped Si light emitting diode 

An important element in a photonic integrated cir- 

cuit is the light source. For opto-electronic integration 

it would be interesting to have a light source based on 

Si. Unfortunately, due to its indirect bandgap, Si shows 

very inefficient band-to-band transitions. Recent work 

has shown that light emission from silicon can be 

achieved by implantation with erbium ions [4-g]. Triva- 

lent Er shows an optical transition at 1.54 pm. In Si, 

electron-hole pairs can recombine near an Er ion and 

transfer their recombination energy to the Er ion. The 

Er can then decay by the emission of a 1.54 p,m 

photon. A large research effort has been devoted in the 

past few years to the incorporation of Er in a variety of 
Si-based materials using ion implantation. Photolumi- 

nescence [5,6] and electroluminescence [7-91 at 1.54 

pm have been observed at room temperature, and 

impact excitation of Er has also been shown [7,9]. The 

key to this success was the engineering of the local 

environment of the Er ion by the addition of impurities 

such as oxygen [5]. Recent work focusses on optimizing 

the luminescence efficiency and developing a further 
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Si 
Fig. 1. Schematic cross section of a planar optical waveguide 
on Si. The cross-hatched region is the high-index core of the 

waveguide. 
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Fig. 2. Science fiction. Schematic of photonic integrated cir- 
cuit with various integrated optical devices. 

understanding of the excitation process of Er in Si. In 
the future, other rare earths may also be implanted 
into Si to obtain emission at other wavelengths. 

1.2. Si cluster light source 

An alternative way to achieve light emission from Si 
is by engineering the electronic band structure. For 
example, nanometer-size Si clusters may show en- 
hanced optical emission, compared to bulk Si, due to a 
quantum size effect. Similar effects have been observed 
in electrochemically etched porous Si. The advantage 
of Si nanoclusters is that they can be embedded in an 
insulating SiO, layer and hence integrated in standard 

Si devices. Si clusters can be made by Si implantation 
into SiO,, creating a supersaturated Si solution. Upon 
thermal annealing, small Si nanoclusters precipitate, of 
which the size depends on the precise annealing tem- 
perature and time [lo, 111. Fig. 3 shows an example of a 
room-temperature photoluminescence (PL) spectrum 
of a thermally grown SiO, film on Si, implanted at 
room temperature with 5 x lOI Si/cm’ at 175 keV. 
PL spectroscopy measurements were performed using 
an Ar ion laser (488 nm) as a pump source. Clear 
luminescence around 700-800 nm is observed after 
annealing for 10 min at 700°C. The luminescence in- 
tensity increases when an additional anneal at 100°C is 
performed for 12 h. A slight redshift is also observed, 
which would be consistent with an increase in cluster 
size upon annealing. Present work focusses on the 
search for a correlation between cluster size and opti- 
cal properties, as well as the attainment of efficient 
electroluminescence by carrier injection in the Si clus- 
ters. If high enough quantum efficiencies can be 
achieved, it may be possible to fabricate a LED or even 
a laser based on Si clusters. 

1.3. Planar optical waueguides and passim devices 

Once the light is generated, it should be guided over 
the substrate using optical waveguides. SiO, is a trans- 
parent waveguide material that can easily be deposited 
onto Si. Various methods to fabricate optical wave- 
guides in SiO, using ion implantation have been de- 
monstrated. Ion irradiation causes densification of the 
silica network, thereby increasing the refractive index 
and creating an optical waveguide [12]. Impurities that 
increase the index, such as e.g. N, may also be im- 
planted in SiO,. Focussed ion beams are also being 
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Fig. 3. Room-temperature photoluminescence spectra of Si- 
implanted Si02 (175 KeV, 5~ 1OL6 Si/cm*). Spectra were 
taken after annealing in vacuum at 700°C (40 min) and after a 
subsequent anneal at 1000°C (12 h), Apump = 488 nm. (From 
Brongersma et al., Ref. [ill.) 
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used to fabricate localized index contrasts in SiO, [13]. 
As an alternative to ion implantation, optical wave- 
guide films may be deposited on a Si substrate [3] (as in 
Fig. 1); the light may then be coupled into devices in 
the wafer using integrated mirrors. Once the waveguide 
technology is established, a variety of passive devices 
can be made, such as splitters, couplers, gratings and 
multiplexers (see Fig. 2). As Si is transparent at the 
telecommunication wavelengths 1.3 and 1.5 km, wave- 
guides may also be fabricated in the Si substrate. Index 
contrasts may be made in Si by e.g. Ge implantation. 

synthesis of nanometer-size metallic clusters using ion 
implantation has been demonstrated in a variety of 
materials [17-191, but optical switching using these 
clusters has not been demonstrated. 

1.6. Detector 

1.4. Planar optical amplifier 

Once the light is generated and guided over the 
wafer, optical losses take place, either intrinsic to the 
waveguides, or in devices such as splitters and multi- 
plexers. To compensate for these losses, the light inten- 
sity has to be amplified. This can be done in a planar 
optical amplifier which contains an optical dopant with 
the proper optical transition. For example, light at 1.5 
pm may be amplified in an Er-doped planar waveguide. 
A continuous-wave pump laser is required to excite the 
Er. An optical signal at 1.5 km may then be amplified 
by stimulated emission, if a high enough inversion of 
the Er can be reached. Some of the material issues in 
the fabrication of such waveguide amplifiers will be 
shown later on in this paper. 

After generation, propagation and optical process- 
ing, the optical signal has to be detected. For signal 
wavelengths below 1.1 urn (i.e. energies above the Si 
bandgap) detectors based on Si are readily available. 
This wavelength range can be extended into the in- 
frared by co-doping with Ge (bandgap 0.67 eV, 1.85 
urn) [20], and extended further into the infrared using 
e.g. SnGe composites [21]. The advantage of Si-based 
detectors is that they can be integrated with other 
electrical functions on the same chip, so that opto-elec- 
tronic integration becomes possible. 

The previous section is meant to illustrate various 
possible opto-electronic devices which may be fabri- 
cated using ion implantation. As only a few of them 
have been realized so far, we end this section with the 
conclusion that an enormous challenge remains to in- 
vestigate the material issues related to all of these 
devices. 

2. Er-doped optical gain materials 

1.5. Optical switch 2.1. Soda-lime silicate glass 

For fast optical signal processing the light needs to 
be switched at high frequency. This can be done in a 
so-called Mach-Zehnder geometry [2], in which the 
refractive index in one of the branches of an interfer- 
ometer structure is modulated, leading to either con- 
structive or destructive interference, i.e. optical switch- 
ing (see Fig. 2). Such index modulations can be made in 
LiNbO,, a material with a relatively strong electro-optic 
effect. Recent experiments focus on the deposition of 
LiNbO, films using e.g. laser-ablation [14]. Erbium ion 
implantation of LiNbO, has been performed to fabri- 
cate an optical amplifier in LiNbO,, to compensate for 
losses in the Mach-Zehnder structure. Several inter- 
esting material issues in relation to the amorphization, 
recrystallization and diffusion of Er in Er-implanted 
LiNbO, have already been studied [l&16]. 

An alternative way to modulate the index is by a 
non-linear effect in e.g. a waveguide doped with metal 
colloids. Nanometer-size metallic clusters can show 
non-linear optical properties due to plasma resonances 
in and at the surface of the clusters. Therefore, if a 
laser is used to excite these clusters, the index in the 
waveguide may be changed and an optical signal 
switched. The typical wavelength range in which these 
non-linear effects are efficient is 350-500 nm. The 

In this section we will show recent experimental 
results on the ion beam synthesis of Er-doped optical 
waveguide materials operating at 1.5 pm. Er-doped 
waveguide amplifiers can be used for example to com- 
pensate for losses in a Y-branch (l-to-2) splitter. In this 
case an optical gain of a factor 2 (3 dB) is required. To 
obtain such a gain in a waveguide of typically a few cm 
length, Er concentrations of the order of 0.5 at.% are 
required. First, we have doped soda-lime silicate glass 
with Er using ion implantation. The advantage of this 
glass is that single-mode optical waveguides can be 
made using the relatively simple Na+-K+ ion exchange 
process from a KNO, melt. In this way, Na ions near 
the surface are replaced by K, thereby raising the 
refractive index in a typically 6 urn thick surface layer. 
Such waveguides are compatible with standard single- 
mode silica fibers as far as both the mode diameter and 
the refractive index are concerned. 

Fig. 4 shows a PL spectrum of the Er-implanted 
silica glass (500 keV, 3.7 x 10” Er/cm’) after anneal- 
ing at 512°C [22]. Annealing is necessary to remove 
implantation-induced defects which, by an interaction 
with the Er3+ ions, reduce the luminescence lifetime 
and efficiency 1231. PL measurements are done using 
an Ar ion laser at 514.5 nm as a pump source. This 
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Fig. 4. Photoluminescence spectrum of Er-implanted soda- 
lime silicate glass (500 keV, 3.7~ lOI Er/cm’) after thermal 
annealing at 512°C for 1 h. The inset shows the energy level 
diagram of Er 3+. (From Snoeks et al., Ref [2].) 

wavelength is resonantly absorbed at the ‘H,1,2 mani- 
fold of the Er3+ ion (see inset in Fig. 4). After rapid 

non-radiative relaxation to the 4I13,2 level, the Er 
decays to the ground state by emission of a 1.54 pm 
photon. The spectrum in Fig. 4 is relatively broad due 

to Stark splitting of the degenerate 4f levels in the 
electric field around the Er ion, as well as due to 
inhomogeneous broadening as a result of the broad 
distribution of sites of Er in the multicomponent glass. 

Fig. 5 shows PL lifetime measurements at 1.54 pm 
of Er in soda-lime glass as a function of Er peak 

concentration, measured after annealing at 512°C [24]. 
The maximum concentration in Fig. 5 corresponds to a 
fluence of 1.8 x lOI Er/cm*. As can be seen, a linear 
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Fig. 5. Photoluminescence decay rate at 1.54 pm as a func- 
tion of Er peak concentration for Er-implanted soda-lime 
silicate glass (500 keV, annealed at 512°C) and borosilicate 
glass (400 keV, annealed at 400°C). The lines are fits to 
concentration quenching models discussed in the text. (From 
Snoeks et al., Ref. [22].) 

increase of the decay rate is observed. This effect is 
attributed to a concentration quenching effect: at high 
Er concentrations energy transfer can take place 

between an excited and an unexcited Er ion. This 
migration continues until a quenching center is met 
and the excitation is lost. This effect becomes stronger 

at higher Er concentration and results in an increase in 

the PL decay rate. In soda-lime glass, infrared absorp- 

tion measurements have shown the presence of 8 x 10’s 

OH/cm3 1241. OH groups are important quenching 
centers as the energy of the second harmonic of the 

OH stretch vibration corresponds to the 1.5 pm transi- 

tion energy of Er 3+ In a simple concentration quench- . 
ing model the PL decay rate W,, as a function of Er 

concentration N,, is given by 

w,, = %,d + wi + %-E&k (1) 

with Wrad the radiative decay rate of Er, Wi the inter- 

nal non-radiative decay rate of each Er ion, CErmEr an 
interaction constant, and Ng the density of quenching 
sites. The linear behavior as a function of N,, pre- 

dicted by Eq. (1) describes the data for soda-lime glass 
in Fig. 5 quite well. The intercept at zero Er concentra- 
tion found in Fig. 5 is 42 s-’ (24 ms), close to the 

radiative decay rate Wrad found in an independent 
experiment [25]. This implies that in Er-implanted 
soda-lime glass Wi = 0, i.e. after thermal annealing no 
implantation-induced structural defects remain that 
couple directly to the Er. 

Fig. 5 also shows data for 400 keV Er implanted 
alkali-borosilicate glass. This glass was annealed at 
4Oo”C, the temperature at which the maximum PL 
intensity was obtained. For all Er concentrations the Er 
decay rate is much higher than for the soda-lime glass. 
For concentrations above 3 x 10” Er/cm3 the behav- 
ior can be described by Eq. (1). Indeed, borosilicate 
glass contains OH quenching impurities, as determined 
by infrared absorption spectroscopy [24]. For low con- 
centrations (or planted fluences) a non-linear behavior 
is found. This can be explained assuming that in this 
glass radiation damage caused by the ion beam induces 
additional quenching of the Er by an increase of the 
internal quench rate Wi. The dash-dotted line through 
the data is based on a calculation [24] in which it is 
assumed that the damage coupling to the Er increases 
with Er fluence according to an overlap model, i.e. Wi 

is proportional to 1 - exp(+/&,) with & a critical 
fluence. It is interesting to note that radiation damage 
is still present in this borosilicate glass even after 
annealing at 400°C. This is consistent with earlier 
observations that the presence of B in the silica net- 
work results in rather stable radiation damage, due to 
electronic energy loss processes [26]. 

The concentration quenching behavior shown in 
Fig. 5 is a limitation for the application of these silicate 
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glasses. For the typical Er concentrations required in measured. Without pump, a signal absorption of 6 dB 

an amplifier (3 X 1020 Er/cm3) the PL lifetime is is found, due to the Er (5.6 dB) as well as a small 
around 5 ms in soda-lime glass and 1 ms in the borosili- waveguide loss (0.4 dB). As the pump power is in- 
cate. These lifetimes are much lower than the purely creased, and thereby the steady state excited Er popu- 
radiative lifetimes at 24 ms. As a result, much higher lation, less absorption takes place. However, for the 
pump powers are required to reach inversion in such maximum pump power used (3 mW in the waveguide) 
Er-doped waveguides. A further disadvantage of these no net gain is observed. Also shown in Fig. 6 is a model 
Na-K ion-exchanged waveguides is that the optical calculation (dashed line), made using the known ab- 
mode profiles are relatively wide (6-10 pm). There- sorption and emission cross sections, Er lifetime, Er 
fore, relatively high pump powers are required to reach depth profile and optical mode profiles. As can be seen, 
high pump intensities in the Er-doped part of the the calculated gain is a much steeper function of pump 
waveguides. power than the actually measured gain. 

2.2. A&O, 

Waveguides with better confined modes can be made 
in Al,O, [27]. A 600 nm thick polycrystalline Al,O, 
film was first deposited on an oxidized Si substrate by 
radio-frequency sputter deposition. It was then im- 
planted with 1.6 X 1016 Er/cm2 1.3 MeV Er (peak 
concentration 1.4 at.%,>. Subsequently, a ridge was 
etched using reactive ion etching, a silica cladding was 
deposited, and the structure was annealed at 825°C. 
Annealing is necessary to reduce the waveguide losses 
and optimize the Er active fraction as well as the 
luminescence lifetime [2&J]. Er luminescence lifetimes 
at 1.54 pm as long as 10 ms can be obtained in these 
polycrystalline Al,O, films at Er concentrations as 
high as 1 at.%. This implies that the concentration 
quenching phenomena observed in the silica glasses 
are not present in Al,O,. 

Fig. 6 shows an optical gain measurement on a 9 
mm long Er-implanted Al,O, waveguide [29]. The 
waveguide was pumped using an AlGaAsP laser oper- 
ating at 1.48 pm. At the same time, a signal at 1.53 urn 
was propagated through the waveguide, and the signal 
transmission change as a function of pump power was 

The origin of this difference becomes clear from 
Fig. 7 which shows a PL spectrum of the waveguide 
taken using a fiber which was positioned perpendicular 
to the surface of the waveguide, collecting the sponta- 
neous fluorescence from the Er in the waveguide. The 
spectrum shows clear peaks at 522, 545, 660, 850 and 
980 nm, apart from the Er luminescence at 1.54 p,m. 
Note that the pump wavelength was 1.48 km. The 
lower wavelength peaks are attributed to an upconver- 
sion process: at high pump powers higher lying levels of 
the Er ions (see inset in Fig. 4) are populated due to 
energy exchange between excited Er ions. Therefore, 
less Er is available for optical gain, as a significant 
fraction is continuously populated at these higher lev- 
els. Also, as a result of upconversion, the effective 
lifetime of the first excited state is reduced as the pump 
power is increased. The additional depopulation of the 
first excited state of Er 3+ due to the upconversion 
effect can be described using an upconversion coeffi- 
cient CUP: 
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Fig. 6. Optical gain measurements (closed circles) in an Er- 
implanted (1.3 MeV, 1.6X 1016 Er/cm’) Al,O, channel wave- 
guide. hpum,, = 1.48 urn, Asignal = 1.532 km. The drawn line is 
a model calculation taking into account upconversion. The 
dashed line is a calculation for the case without upconversion. 
(From van den Hoven et al., Ref. [30].) 

with N*nr the concentration of Er in the 4I13,2 level. 
Incorporating Eq. (2) and the effects of populating 
higher lying levels in the gain calculation [29], and 
fitting it to the data, yields the drawn line in Fig. 6. As 
can be seen, the maximum attainable gain at high 
pump power is 0.3 dB. The upconversion coefficient 

Energy (A’) 

Wavelength (_wn) 

Fig. 7. Photoluminescence spectrum of the waveguide in Fig. 

6. Apump = 1.48 pm, pump power in the waveguide = 2 mW. 
(From van den Hoven et al., Ref. [31].) 
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required to fit the data is C,, = 8 x lo-” cm3/s [29]. 

Measurements on upconversion in Er-implanted soda- 
lime silicate waveguides yielded C,, = 3 x lo-‘s cm3/s 
[30]. Both upconversion coefficients are so large that in 
an actual waveguide doped with Er to a concentration 
of typically 3 X 10” Er/cm3, the Er luminescence 
lifetime is fully dominated by decay due to upconver- 
sion, rather than spontaneous emission 

(FOM) and was made possible by financial support 
from the Dutch Organization for the Advancement of 
Pure Research (NWO), the Netherlands Technology 
Foundation (STW) and the IC Technology Program 
(IOP Electra-Optics) of the Ministry of Economic Af- 
fairs. 

Upconversion is an effect intrinsic to Er doping, of 
which the rate depends on the Er-Er distance, the 
spectral overlap between Er emission and absorption 
spectra, and the phonon spectrum of the host. Upcon- 
version can only be avoided if the Er concentration is 
reduced. In fact, calculations for an Er-doped A1,03 
waveguide with a three times lower peak concentration 
as the one in Fig. 6, and using all known parameters 
including the value of C,, determined from Fig. 6, 
predict a maximum attainable net gain in Al,O, planar 
waveguides pumped at 1.48 pm of 1 dB/cm. This 
implies that a 3 cm long waveguide is required to 
fabricate a loss-free Y-branch splitter. Note that, due 
to the high index contrast, Al,O, waveguides can be 
rolled up in spirals (10 cm/mm’> so that the final 
device will only take up a very small area. 
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