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ABSTRACT

Luminescence quenching due to ion cluster formation in erbium ion doped amorphous aluminium oxide, limits the
maximum doping concentration that can be incorporated into the material and, consequently, the maximum achievable
optical gain. By controlling the reactive sputtering deposition parameters, layers with different morphologies can be
deposited. In this work, we investigate low propagation loss poly-crystalline aluminium oxide thin films and the effect of
erbium doping on the crystallinity. We have developed a reactive sputter process to reproducibly obtain high refractive
index (n~1.72 at 633 nm) poly-crystalline thin films with very low slab waveguide losses from the near-UV to the mid-
infrared wavelength range. Slab waveguide losses as low as 1.8 dB/cm at 407 nm and less than 0.1 dB/cm at 1550 nm of
wavelength have been experimentally characterized. Both the undoped and erbium doped layers were deposited by
reactive sputter coating with, a set substrate temperature of 700 °C. Preliminary TEM analyses show no discernible
change in the crystallinity of the doped layers with respect to their undoped counterparts. The high optical quality of this
material, in combination with a potentially increased rare-earth ion doping concentration, could pave the way towards
high-gain on-chip amplifiers in different wavelength ranges and efficient on-chip lasers.
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1. INTRODUCTION

Erbium-doped fibre amplifiers (EDFAs) are a key component in today’s telecommunications network?®. For long distance
high-speed communications optical fibre networks are well established and without competitor2. They are however not
suitable to meet the demand and requirements imposed by the trend for high speed data transmission at ever shorter length
scales. To fulfil the promise of higher data transmission densities and rates at lower energy expenditure by the inclusion
of optical links at ever shorter distances such as in board and chip to chip, miniaturized versions of optical fibre components
are needed. For erbium doped applications, aluminium oxide (Al,O3) has been shown great promise for the realization of
on chip amplifiers® and lasers*. Integration with both the silicon-on- insulator® and silicon sitride® platforms has been
shown, this last one in a double photonic layer configuration. Active and passive integration in a single Al,Os layer has
been demonstrated, removing the need for multiple lithography steps’. Unfortunately, the achievable gain of amorphous
erbium doped Al Os is limited by luminescence quenching as a result of, amongst others, ion clustering®. A possible
solution to reduce the ion clustering is embedding the ions in a crystal matrix. High gain per unit length has been recently
shown in crystalline materials® and in materials in which the separation of the erbium ions can be controlled at the atomic
level®®. This paper, describes the fabrication of low loss polycrystalline erbium doped Al,Oj3 slab waveguides. First, the
sputter coating process is described, including the applied solution to compensate for the inherent drift of the system. Then,
the effect induced in the layer properties by co-sputtering erbium will be discussed together with results on the guiding
behaviour and optical characteristics of the doped layer.

2. AL203 SPUTTER DEPOSITION

Layers of Al,O3 were deposited using an AJA ATC 1500 RF reactive co-sputtering system*! on silicon wafers with 8 um
thick thermal oxide and 10 cm diameter. The system can host three 2 inch RF guns, one of which was equipped with an
aluminium target (Al, 99.9995 % purity) and a second target equipped with an erbium target (Er*, 99 % purity), the third
target was not used. The main deposition chamber is evacuated to a base pressure of 0.1 uTorr (i.e., 13 pPa) to prevent
incorporation of hydroxide ions in the layer, which induce absorption losses around 750 nm, 970 nm, and 1400 nm*?, and
for rare-earth ion doped layers, induce luminescence quenching®. Depositions are performed with a constant RF power of
200 W applied to the aluminium target. For layers with erbium doping, an RF power of 16 W is applied to the second
target. We estimate that erbium concentrations of ~10%° cm- are introduced in the doped layer for an RF power of 16 W
on the erbium target. This has been evaluated by comparing to the concentrations as a function of power determined by
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Worhoff et al. in the same system?!. The exact conditions of deposition and mainly the deposition rates were however
different between both cases, thus we infer an order of magnitude agreement only.

The reactive sputter processes deposits the Al,O3 layer by accelerating argon ions towards the surface of the target, which
in turn sputter aluminium atoms towards the substrate as schematically presented in Figure 1. The sustaining process of
the magnetron discharge is the balance between the emission of secondary electrons from the ion bombardment on the
target and the rate of electrons escaping the plasma. An magnetic field is used to prevent the electrons from escaping the
target region before several argon ions are produced. This steady state discharge current, when operating the power supply
at a constant power results in a discharge voltage that is thus a function of the secondary electron emission and the magnetic
field strength!®. While the magnetic field greatly increases the efficiency by the increase of ionization and therefore
bombardment rate, it also confines this bombardment to an subregion of the target. Consequently, a trench is created in the
target by erosion from consecutive depositions, causing the magnetic field to increase as the target gets thinner and the
plasma therefore closer to the magnets. As a result, the discharge current and the deposition flux increase while the
discharge voltage decreases!*!°. Adding a reactive gas to this process further complicates finding a stable process as the
reactive gas will create a compound by reacting with the metal on the surface of the target. The fraction of compound
present on the target is determined by an equilibrium process between the compound forming rate at a given reactive gas
partial pressure and the compound sputter rate removing compound from the target®17. This equilibrium process also gives
rise to hysteresis. A self-enforcing feedback loops can exist: starting from the low reactive gas partial pressure, an increased
reactive gas partial pressure causes an increased compound fraction on the target which causes reduced sputter yield,
causing less reactive gas gettering and thus an increased reactive gas pressure in the end causing the target to switch from
an metallic to an compound state. When starting at a high oxygen partial pressure and reducing the pressure, the self-
enforcing feedback loop runs in the opposite direction?®. In this work the hysteresis is removed by using a large pump
speed relative to the sputter rate, resulting in an negligible contribution of the getter effect from the deposition and a smooth
logistic curve for the measured discharge voltage as a function of oxygen flow?e.
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Figure 1 Schematic representation of the reactive sputter process for Al2Os deposition. Where the Argon atoms (purple) are
introduced along with the oxygen atoms (green). The argon atoms are ionized by the electrons (blue) emitted by secondary
electron emission as a result of argon bombardment of the target. In addition to secondary electron emission, the argon
bombardment also causes aluminium atoms (red) as well as oxygen atoms, from compound formed on the target, to
accelerate towards the substrate. On the substrate surface the aluminium and oxide adatoms diffuse to form the compound
Al20s3, (pink). In order for the process to occur under vacuum the added gasses are also pumped by a vacuum pump resulting
in an constant process pressure.
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The influence of the reactive gas and the trench in the target induce the following behaviour. For Al,Oz the compound
sputter yield is lower than that of metal, while the secondary electron emission is higher for compound. Therefore, the total
sputter yield will decrease as the compound fraction of the target increases. The increased secondary electron emission
and thus increased discharge current on the other hand further increases the ion bombardment rate albeit with a lower ion
energy due to the reduced discharge voltage for our constant power process?®. The result of the trench forming in the target
is an unstable process over time. Given that layer morphology is very sensitive to the deposition rate and adatom energy?°
consecutive depositions of Al,O3 at identical set values with respect to gas partial pressures and flows and power supply
power will result in different deposition properties, layer morphologies and thus properties of the layer if no correction or
feedback is applied. To operate at a more stable deposition condition, we employ a method as described by Emmerik et
al.’®. Before the start of the deposition process, the discharge voltage of the aluminium target as a function of oxygen flow
into the chamber is measured. For low oxygen flows, the target is still mostly metallic. As the oxygen flow increases, the
target starts oxidizing. Given the higher secondary electron emission yield of Al,Os over that of aluminium, the voltage
drops as the current increases to maintain a constant power on the target. While the oxygen is increased further, the
discharge voltage approaches a minimum as the target reaches a fully oxidized state!®?2-2%, We define the position the
process is operated at as the relative discharge voltage of the target defined as

= M

where V,, and V,, are the discharge voltage for a fully metallic target and a fully oxidized target surface respectively and
V., is the discharge voltage corresponding to the oxygen flow giving a relative discharge voltage state, n,,. This relative
discharge voltage state is used to compensate for the target erosion, as it ensures we remain close to the same oxidation
state of the target®®. Using the relative discharge voltage method allows us to reproduce layers over most of the target
lifetime. For undoped layers, an relative discharge voltage of 5 % was selected, since this value resulted in low loss
amorphous low refractive index (n~1.65) Al,Oz when the depositions were carried out at a set substrate temperature of
580 °C*°. Further investigation revealed that layers grown at a set substrate temperature of 700 °C with a relative discharge
voltage of 5 % exhibit low propagation losses and a high refractive index?*, that can be reproduced for many (15) runs
using the relative discharge voltage method. In addition, an undoped layer grown using this method has been measured to
have very low propagation loss of 0.025 dB/cm at 1550 nm, and propagation losses of 1.8 dB/cm at 407 nm,?* which follow
a Rayleigh scattering relation indicating these losses are scattering dominated?®. The losses are similar to the recently
reported losses for low refractive index Al,Os deposited by atomic layer deposition®. The parameters used for the
deposition of the high index layers both doped and undoped as analysed in this work at 700 °C are given in Table 1.

While the deposition of undoped layers is reproducible and low loss has been demonstrated, the addition of erbium doping
at a power of 16 W clearly changes the layer characteristics causing it to increase the scattering losses as can be seen in
Figure 2. We have formulated several hypothesis for this result starting from the premise that an undoped layer is
polycrystalline, as found by transmission electron microscopy (Figure 3 Transmission electron microscopy image of and
undoped Al,O3 layer (left) and an Erbium doped Al,Os layer (right) both grown at 700 °C, with identical growth conditions.
The insets of increased magnification are taken from the middle area of the layer as indicated, the exact location is however
not exactly known. The respective SAD images are shown below with d-spacings corresponding to polycrystalline y-phase
Figure 3). First, the increased adatom energy implanted in the layer by the erbium ions, can increase the crystallite size in
the layer causing increased Rayleigh scattering. Secondly, the deposited erbium in the layer consumes oxygen on the
substrate, reducing the crystallization rate due to an increased required diffusion length for crystallization. Finally, the
implanted erbium in the layer acts as an contamination preventing ordered crystalline growth, which would result in
reduced crystallites. In all cases where the crystallite sizes are reduced we would initially expect reduced scattering losses,
however another possibility is a reduced rate of crystallite formation leading to larger crystallites in an amorphous matrix
finally leading to increased scattering losses?26-28, In principle tuning the temperature of the substrate should allow us to
tune the layer morphology, the 700 °C is however at the maximal set temperature allowing us to only tune in one direction.
As the reason for the decreased losses are undetermined at the moment, we instead choose to tune the relative discharge
voltage as it can be both increased and decreased.
Decreasing the relative discharge voltage will increase the deposition rate, thereby reducing the crystallization, while
increasing the relative discharge voltage has the opposite effect'®. For this reason depositions at 3% and 7% relative
discharge voltage are performed to ascertain an explanation for the decreased layer quality as it pertains to low loss optical
guiding.
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Table 1. Optimized Rf reactive sputtering process parameters

Parameter Value Unit
Argon flow 30 sccm
Oxygen flow Undoped 3.1 scem
doped 0.7,1.1,1.4
Relative discharge voltage | undoped: 5 %
doped 3,5, 7
Pressure undoped: 3.6 mTorr
doped: 3.3, 3.5,3.5
Substrate set temperature 700 °C
Target-substrate distance 15.2 cm
Power 200 W
Power erbium target undoped:0 doped:16 w
3. RESULTS

Characterization of all deposited layers is performed by measuring the refractive index and thickness of the layer using a
Woollam M-2000 spectroscopic ellipsometer. To the data, obtained for the wavelengths from 600 nm up to 1690 nm by
the ellipsometer, a two parameter Cauchy model is fitted. From the fit an expected layer thickness at the centre of the wafer
and an expected refractive index at 1030 nm are determined as given in

. Using the data for all 15 deposited undoped layers deposited at 700 °C and 5 % relative discharge voltage, the mean and
standard deviation of the refractive index at 1030 nm and deposition rate are calculated. This allows for the comparison of
the doped layers with the undoped layers fairly as a significant difference can be ascertained. In the second column the
specific parameters of the undoped layer used for comparison of the TEM images are given. Clearly the refractive index
of the doped layers is increased with respect to the undoped layers, which can be explained by a combination of erbium
being a larger atom and therefore, exhibiting higher polarizability and an increased layer density and likely more
crystallinity in the layer. The deposition rate, follows the expected behaviour as an increased relative discharge voltage
decreases the deposition rate and increases the refractive index.

Table 2. Characteristic parameters for grown layers extracted from the ellipsometry data. The deposition rate is derived by
dividing the found layer thickness by the deposition time. The first column gives the mean result of all undoped layers and
the standard deviation of the deviation from the mean.

Parameters Mean Undoped Doped 1 Doped 2 Doped 3
Relative Discharge (%) 5 5 3 5 7
Doping (W) 0 0 16 16 16
Refractive index (1030 nm) | 1.722 £ 0.008 | 1.727 1.7352 1.7374 1.7375
Deposition rate (nm/min) 3604 3.6 3.7 3.0 2.8

In addition to the ellipsometry, the optical guiding quality of every wafer is qualitatively controlled by prism coupling a
helium neon laser in the layer and looking at the light propagation using a Metricon 2010/M prism coupler instrument. A
good layer is defined as light propagation to the end of the wafer without a noticeable change in intensity as shown in the
left images displayed in Figure 2. From these images it is clear that the undoped layer and the doped layer at 3 % relative
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discharge voltage exhibit a uniform intensity until the border of the wafer, where border effects are expected as a result of
the wafer holder used during deposition. When the relative discharge voltage is increased, clearly the number of scattering
points increases and the light intensity decreases as it propagates.

Undoped
Nox = 5%

Doped
Nox = 3%

Doped
Nox = 5%

Doped
Nox = 7%

Figure 2 Prism coupled light propagation through a layer of Al203 at 633 nm. The first image shows an undoped layer and
shows a mostly continuous and uniform light distribution, followed by doped layers deposited with increased relative
discharge voltage.

Combining the refractive index and optical guiding data, we seem to find support for the hypothesis that the rare earth
ion co-sputtering causes the layer to increase the size of the formed crystallites in the layer. Both to verify this
observation and investigate the degree of crystallinity an TEM sample of the undoped and doped layer grown at 5 %
relative discharge voltage are shown in Figure 3. Differences can be observed between the doped and undoped layers,
indicating slightly increased crystallite sizes, especially on the zoomed insets. In addition the centre of the SAD image of
the doped layer is less bright indicating an reduced contribution of amorphous material. These differences are however
too small to conclude a significant difference between the layers is observed as the contrast and brightness of the images
play a significant role in the interpretation. The brightness and contrast are influenced by the layer thickness of the
analysed sample as well as the exact alignment of the electron bundle. We therefore conclude that no significant
difference between the layers can be observed. The significant difference in the optical properties of the layer especially
as it pertains to the scattering losses can still be explained, as Rayleigh scattering intensity scales with the 6™ power of
the size of the scatter?®.
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Figure 3 Transmission electron microscopy image of and undoped Al2Os layer (left) and an Erbium doped Al2Os layer
(right) both grown at 700 °C, with identical growth conditions. The insets of increased magnification are taken from the
middle area of the layer as indicated, the exact location is however not exactly known. The respective SAD images are

shown below with d-spacings corresponding to polycrystalline y-phase Al2Os.

4. CONCLUSIONS

Low-loss erbium doped polycrystalline Al,O3 layers have been deposited using reactive co-sputtering. The
polycrystalline character of the layer is promising for the possibility of reduced ion clustering and therefore limited
luminescence quenching allowing for increased gain. Increased crystallinity as an consequence of co-sputtering erbium
is likely but could not be definitively confirmed. The low-loss erbium doped Al,Os achieved at an reduced relative
discharge voltage relative to undoped layers, can be reproduced and further fine-tuned by a combination of substrate
temperature and the relative discharge voltage. Increasing the doping concentration can therefore be performed while
maintaining the low loss layer quality. Further research is needed to verify whether the polycrystalline character of the
layer does indeed allow for increased doping concentrations reducing ion clustering induced luminescence quenching.
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