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Abstract: Amorphous ALO; is an attractive platform for integrated photonics, providing
active and passive functionalities. We have developed an integration procedure to create
active and passive regions at the same level on one wafer. This fabrication process reduces
the number of fabrication steps compared to vertical integration of two materials. The main
advantage is that all structures are defined within a single photolithography and etching step
and are therefore automatically aligned. As a proof of principle, we demonstrated the
luminescence of an active ring resonator with passive bus waveguide.
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1. Introduction

Amorphous ALO; is an attractive material for integrated photonics, providing active and
passive functionalities when doped with rare-carth ions. Whereas Si and SizN, have a low
solubility for rare-earth ions [1,2], amorphous Al,O3 can host high concentrations of those
ions with moderate quenching of luminescence [3,4]. The ability to host high concentrations
of rare-earth ions in combination with the wide transparency window (150-7000 nm) and low
propagation loss [5,6], makes amorphous Al,O; an attractive material for UV, visible, near-
and mid-IR on-chip active devices [7-9].

Many different lasers and amplifiers have been demonstrated in the last few years using
amorphous rare-earth ion doped Al,O; as gain material [4,10-12], as well as rare-earth ion
doped ALO; in combination with passive photonic platforms, such as SizN4 [13—15]. The
realization of the active devices in a fully doped Al,O5 layer has two main limitations, namely
a restriction in the dopant concentration that can be used and lack of integration with other
optical functions on the chip. The current integration schemes rely on several
photolithography steps, which introduce losses due to misalignment [15,16].

In this work, we propose a single-layer monolithic integration scheme to integrate active
and passive regions on a wafer. The proposed method is based on a photonics damascene
method [17,18], derived from the process used in microelectronics [19,20]. Using this
approach, only one lithography and etching step is required to fabricate all functionalities,
leading to self-aligned transitions from the passive to the active sections. Since the difference
of refractive index between doped and undoped Al,O; is minimal [21], very low transition
losses are expected. Furthermore, the low loss of the undoped Al,O; waveguide will permit
the realization of complex integrated photonic devices [22-24].
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In this work, the fabrication process developed for the realization of the one-layer active-
passive wafer is detailed. As a proof of principle, an active ring resonator coupled to a passive
bus waveguide is experimentally demonstrated.

2. Fabrication process of one-layer active-passive Al,O;

In this work we want to demonstrate the integration of Yb’'-doped ring resonators with
passive bus waveguides. The fabrication flow is shown schematically in Fig. 1. Firstly, active
regions of Yb’:ALO; (650 um wide and 1000-3550 um long) are deposited by RF reactive
co-sputtering (process described in the next section) with a target height of ~400 nm through
a shadow mask. This thickness guarantees single mode operation at the pump and signal
wavelengths (Ayump = 976 NM, Agigna =1030 nm) in a ring resonator with a waveguide cross-
section of 1.8 x 0.4 um?® and a radius of 200 um. Those regions are then overgrown with a
roughly 200 nm thicker passive layer (i.e., ~600 nm undoped Al,O3). A chemical mechanical
planarization (CMP) step is performed to planarize the active-passive layer, producing a
wafer with a planar layer of undoped AL,O; with regions of active rare-earth ion doped
material in it. Waveguides are then fabricated using standard lithography and inductively
coupled reactive ion etching (Oxford Plasma Pro 100 Cobra) with BCl;/HBr gases optimized
for Al,O; etching [25]. Finally the waveguides are protected with a thick oxide layer
deposited by plasma enhanced chemical vapor deposition (PECVD) as cladding.

650 pm

|
I[

Deposition Yb3*:Al,O, Deposition Al,O5 CMP

Shadow mask
8i0,
Yb3*:Al,O,
Al, 04

Si

Etching

Fig. 1. Schematic representation of the fabrication process of active-passive ALO; devices,
showing consecutively the deposition of Yb*":AL,O5 through a shadow mask (target thickness
of 400 nm), the deposition of the undoped ALO; layer (target thickness of 600 nm),
planarization using CMP and waveguide fabrication by etching.

2.1 Reactive co-sputtering of Al,O3

The Al,O; layers are deposited by radio-frequency (RF) reactive co-sputtering using an AJA
ATC 1500 instrument [5]. Argon flows of 25 and 5 sccm are applied to respectively the
aluminum (Al, 99.9995% purity) and ytterbium (Yb, 99.9% purity) metallic targets and an
oxygen flow of 4 sccm is added to the process to ensure full oxidation of the layer. When
depositing an undoped layer, a RF sputtering power of 200 W was applied to the Al-target
and an additional RF sputtering power of 20 W was applied on the Yb-target when depositing
the active regions. The reaction chamber was pre-evacuated to 0.2 mTorr to reduce the OH
level, whereas the pressure was kept around 4 mTorr during the deposition process. OH™ free
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deposition is required for devices based on rare-earth ion transitions, because these bonds
induce strong luminescence quenching and therefore, greatly diminish or hinder optical gain.
The wafer is positioned 17 cm from the target and is heated to 650 °C, to ensure the
deposition of uniform dense layers.

The active regions are deposited through a shadow mask. This mask is made from 200 pm
thick 301 stainless steel. The openings for the deposition of active regions are made by laser
cutting (Rofin MPS). All regions have a width of 650 pm and lengths varying from 1000 to
3550 pm. Those areas are made such that a consecutive row of 5 similar rings, with a radius
ranging from 50 to 300 um, are covered, as shown in Fig. 2(a). The openings are placed in a
line of six (for the 6 different ring radii) and the structure is repeated homogeneously over the
wafer to ensure equal planarization.

First the shadow mask is aligned with the wafer flat and clamped together in the holder.
Then the deposition is done as described in the previous paragraph. The deposition rate of the
active regions through the shadow mask openings is roughly 75% of the normal deposition
rate and the regions have a curved profile, as shown in Fig. 2(b). Both features are caused by
the shielding effect of the shadow mask. There are three targets available for deposition (Al,
Er, Yb), which are present in the reaction chamber under an angle, such that they all point in a
similar way to the wafer. The sides of the open regions in the mask are 200 um high and
therefore a part of the exposed region on the wafer is shielded from the plasma. To minimize
this feature the wafer is rotating. There is also a small gap between the mask and wafer and
due to the angle of incidence of the plasma, Al,O; particles can deposit slightly underneath
the mask, as shown in Fig. 2(c). The influence of the mask, for the opening width of 650 um,
is too big to achieve an uniform top layer in the deposited regions. The width of the regions
should at least be doubled to obtain a plateau region of a couple of tens of micrometers in the
deposited regions.
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Fig. 2. (a) Representation of the chip layout with waveguides and ring resonators (blue) and
active regions (green). (b) Profile scan along the width of a deposited Yb**:Al,O5 region, the
dashed vertical lines represent the sidewall of the shadow mask. (c) Schematic representation
of the deposition of Yb**:Al,05 (pink arrows) with a shadow mask (black) on SiO, (yellow).
Continuous and dashed pink arrows represent the direction of the plasma during deposition.
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2.2 Chemical mechanical planarization of Al,O3

A wafer with active regions has been fabricated with the above mentioned procedure. This
resulted in an active region with a maximum height of 290 nm (target was 400 nm). The
height is lower than expected due to the lower deposition rate caused by the influence of the
mask. The active regions were overgrown with a 480 nm thick undoped Al,O; to complete
the layer, as shown in Fig. 3(a).

After fabrication of the layer, there is a 290 nm high bump on top of the layer, as shown in
Fig. 3(a). This has to be planarized to enhance the quality of the lithography and etching
process and to achieve the right waveguide dimensions. Therefore a chemical mechanical
planarization (CMP) process was developed, using a Mecapol E460 CMP machine in
combination with an IC1000 pad from DOW.

The main planarization was done using a solution of Semi Sperse 25 (SS25) slurry diluted
in a ratio of 1 to 2 with DI water. The pH was adjusted with 2% HCI solution to 7, in order to
obtain a more mechanical driven removal [26]. During the first CMP step of 60 seconds the
focus was to planarize the wafer, mainly reducing the height of the bumps. To ensure this,
only the bumps had to be in contact with the pad and therefore a pressure of 0.50 bar was
used on the wafer. To have a high removal rate the rotation speed of the table and head was
set to 70 rpm. The focus for the second step of 60 seconds was to achieve the correct layer
thickness and have further planarization. Therefore the pressure on the wafer was increased to
0.75 bar to ensure that the whole wafer was in contact with the pad. The rotation speed of the
table and head was set to 50 rpm for a removal rate of ~50 nm/min for the main surface of the
wafer. For the final smoothening step, a slurry with a ratio of 1 to 2, SS25 to DI water with a
pH of 8 was used, to have a chemical dominated removal. The same settings as in the second
step were used for 120 seconds because the removal rate was much lower.

The final layer is shown in Fib. 3(b), where the layer of passive Al,O; is 400 nm and there
is still a bump of 120 nm on top of this layer. This is not beneficial for optimal performance
of the waveguides because there will be a smaller optical overlap with the active region.
Further optimization of the deposition through a shadow mask and planarization of the wafer
is underway.

(a)

(b)

Fig. 3. Schematic representation of the layer thicknesses of active, passive and bump (a) after
deposition; (b) layer thicknesses after CMP. The height and width of a bump and the thickness
of the undoped layer were measured in a central position of the wafer with respectively a
profilometer (Veeco Dektak 150) and ellipsometer (Woollam M-2000UT).

3. Demonstration of one-layer active-passive Al,O;

Ring resonators with an input-output bus waveguide where fabricated with the fabrication
procedure described above. The active layer (Yb*":Al,O5) thickness in this sample was 290
nm with an overall final layer thickness of 400 nm (Fig. 3(b)). Light was butt coupled into the
input bus waveguide through a polarization maintaining fiber. To enhance the coupling
efficiency to the chip index matching fluid was utilized. The device was pumped at 976 nm to
excite the Yb*" ions in the doped region. A photo of the luminescence in the active region was
taken with a standard photo camera through a microscope objective such that the rings of a
couple of tens of micrometers are clearly visible, as shown in Fig. 4. The luminescence is in
the visible regime is probably due to Er’* or Tm’" impurities in the active region. At the top
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of the ring a weaker, tilted, straight line is visible. This is caused by stray light from the in-
coupling light, which luminesces in the active region. The dopant concentration utilized was
too low, which, in combination with the relatively low overlap with the pump (i.e., 290 nm
thick doped layer in a 400 nm total thickness of Al,O; comparable with 43% of the power in
the fundamental mode overlapping the active region) prevented lasing from the device. In
Fig. 4, a taper transition region is visible at both ends of the active part of the bus waveguide.
Due to the deposition with the shadow mask, a vertical taper is naturally formed between the
passive and active Al,O; regions, which leads to an adiabatic transition. Since the fabrication
is realized in a single lithography and etching step, no misalignment in that region occurs,
further increasing the efficiency of the transition. Towards the center of the active region the
fraction of doped layer slightly increases and therefore the luminescence becomes stronger.

This result is the first demonstration of the integration in a single photonic layer of active
and passive dielectric materials. It paves the road towards on-chip lasers and amplifiers that
can directly be integrated with passive building blocks on the same platform minimizing the
need for accurate alignment procedures.

G

Fig. 4. Photograph of (a) Chip containing rings with a radius of 100 and 150 um showing the
luminescence of the ytterbium doped active region in the center ring. (b) Same photograph
without background light. Luminescent stray light can be observed on the top of the ring.

4. Conclusion

This work represents the first one-layer active-passive Al,O; integration. The fabrication
procedure for the layer is explained in detail and a preliminary device demonstration is
shown. The working principle have been experimentally demonstrated by the luminance of
Yb*" ions only in the active region.
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