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Relative oxidation state of the target as
guideline for depositing optical quality RF
reactive magnetron sputtered Al,O3 layers
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Abstract: Amorphous Al,O3 is an attractive material for integrated photonics. Its low losses
from the UV till the mid-IR together with the possibility of doping with different rare-earth ions
permits the realization of active and passive functionalities in the same chip at the wafer level.
In this work, the influence of reactive gas flow during deposition on the optical (i.e., refractive
index and propagation losses) and material (i.e., structure of the layer) characteristics of the RF
reactive sputtered Al,Oj3 layers is investigated and a method based on the oxidation state of the
sputtering target is proposed to reproducibly achieve low loss optical guiding layers despite the
continuous variation of the condition of the target along its lifetime.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Aluminum oxide (Al,O3) is a dielectric material commonly used as coating for many applications
due to its excellent properties [1], such as high hardness [2,3], durability and wear [4]. Al,O3,
both in its crystalline [5—7] as well as amorphous phases [8—14], is also an attractive material for
integrated photonics. In particular, amorphous Al,O3 has a moderate refractive index (n~1.65
at 633 nm [15]), a wide transparency window (150-5500 nm [15,16]) and low propagation
losses (i.e., planar waveguide losses of 0.12 +£0.02 dB/cm have been reported at 1523 nm
[17,18]). Amorphous Al,O3 exhibits high rare-earth ion solubility in comparison with other
materials used in integrated photonics, such as Si and SizNy [19,20], with moderate luminescence
quenching [11,21]. Rare-earth ion doped amorphous aluminum oxide has been used for the
realization of waveguide lasers emitting at different wavelengths, including ~0.88, ~1.06 and
~1.330 um (i.e., Nd**:Al,03) [22], ~1.03 um (i.e., Yb>":AlL,O3) [23,24], ~1.55 um (i.e.,
Er’*:Al,03) [8-10,23,25,26], ~1.8-1.9 um (Tm?*:Al,03) [27-29] and ~2 pm (Ho**:A1,03)
[12] and amplifiers, operating in the C-band [11,17,19,30,31]. Given its ease of deposition at the
wafer-level, Al,O3 is well-suited for integration as gain material with the well-established Si3Ny
[10,31-34] and Si [35-37] integrated photonic platforms.

Al O3 can be deposited using different methods including the synthesis by the sol-gel method
[38,39], chemical vapor deposition (CVD) [40], pulsed laser deposition (PLD) [41,42], atomic
layer deposition (ALD) [31,43-46] and reactive co-sputtering [15,18,47]. The performance
of the devices made by sol-gel and CVD method suffer from luminescence quenching due to
OH™ incorporation [48], whereas PLD and ALD are limited by their low growth rate for wafer
scale Al,O3 layers [42,46]. Reactive magnetron sputtering is suitable for wafer scale deposition.
However, DC-powered sputtering suffers from arcing [15], making it difficult to deposit high
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optical quality layers. Alternative methods include pulsed-DC sputtering, mid-frequency AC
sputtering, high-power impulse magnetron sputtering and RF sputtering. In this work, RF-
powered sputtering was utilized. RF sputtering has been previously shown to produce layers with
low OH™ incorporation and low optical losses [17-18,25].

The influence of the hysteresis observed on the bias voltage [49-51], on the reactive gas partial
pressure [52] and on the deposition rate [53] versus oxygen flow during magnetron sputtering
of Al,O3 coatings as well as the temperature treatment during and after [54—55] the deposition
process have been studied over the last few years and the mechanical characteristics of the
resulting Al,O3 coatings have been reported. Published results show that the optimal deposition
parameters are very dependent on the history of the process and erosion of the target [51,56,57].
However, limited number of studies have been focused on understanding how the deposition
parameters affect the optical properties (i.e., refractive index and propagation loss) of the Al,O3
layers [15,25,46,47,58,59] and how to select the desired deposition conditions to achieve layers
of reproducible optical properties along the lifetime of the target. Demirtas et al. investigated the
influence of the deposition temperature on the optical losses of Al,O3 layers deposited by ALD
[46,47]. Diaz Ledn et al. investigated the influence of pulsed-DC magnetron sputtering with
different RF substrate bias without substrate heating on the optical losses of Al,O3 layers [47]
and Worhoff et al. presented a comparative study between DC and RF reactive sputtering [15]
and their influence on the optical characteristics of the layers. The effect of reactive gas (i.e.,
oxygen) flow during deposition on the optical properties of the sputtered Al,O3 layers and how
this parameter should be selected to achieve reproducible sputtered layers along the lifetime of
the sputtering target has not yet been systematically studied, although it is known to be a key
parameter in reactive magnetron sputtering.

In this work, the influence of oxygen flow on the optical and material characteristics of RF
reactive magnetron sputtered Al,O3 layers is studied. By proper choice of this parameter, the
refractive index, propagation losses and crystallinity of the Al,O3 layers can be controlled.
Transmission electron microscopy (TEM) and X-ray diffraction (XRD) are used to identify the
crystallinity of the layer (i.e., amorphous vs (poly)crystalline). Prism coupling was used to
determine the layer thickness and refractive index of the layers and to qualitatively evaluate their
propagation losses. The results of this study permit understanding how to select the optimum
set-point for the sputter deposition process to achieve the desired optical properties for the layers
in a reproducible and stable manner.

2. Experimental methods

An AJA ATC 15000 RF reactive co-sputtering system [15,17,18] is used for the deposition of
Al O3 layers (Fig. 1). A 10 cm in diameter silicon wafer with 8 um thick thermal oxide layer is
introduced through a load-lock and it is placed on a rotating heated holder in the main reaction
chamber. Three magnetrons, designed for 2-in targets are present in the machine, and currently
used for aluminum (Al, 99.9995% purity), erbium (Er, 99.95% purity) and ytterbium (Yb, 99.9%
purity). Two targets can be powered with their own RF power source at the same time, although
in this work, only undoped Al,O3 layers have been studied. The main chamber is pre-evacuated
to a base pressure of 0.1 yTorr (i.e., 13 yPa) using a turbomolecular pump. Such a low base
pressure is necessary to reduce the OH™ level. OH™ bonds incorporated into the material induce
absorption losses from the visible to the near infrared, with the most pronounced overtones of
the fundamental absorption in the 700-1600 nm wavelength range [60]. OH™ bonds also produce
strong luminescence quenching when the layers are doped with rare-earth ions [41,61].

A power of 200 W is used on the Al-target and an argon flow of 25.0 sccm is utilized. An
oxygen flow is added to oxidize the aluminum ions to form an Al,O3 layer on the wafer. The
oxygen flow needed to obtain optically guiding layers depends on the relative oxidation state
of the sputtering target, as it will be explained later, and varies in the range of 2.0-2.8 sccm
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Fig. 1. Schematic of the AJA ATC 15000 RF reactive co-sputtering system [15].
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for undoped Al,Os3 layers in this research. A target wafer distance of 15.2 cm (i.e., 6 inch) in
combination with a rotation motion of the wafer during deposition were proven to produce the
most uniform Al,O3 layers [62,63] and they were the settings utilized in all the depositions. A set
temperature of 580 °C (i.e., the expected wafer temperature is ~335 °C, based on a calibration
measurement with wafer with a bonded thermocouple) and a process pressure of ~4 mTorr (i.e.,
0.53 Pa) were used for all depositions.

The bias voltage between the target (cathode) and the chamber (anode) is monitored and it
gives an indication of the degree of oxidation of the target. Prior to each deposition and with the
substrate still in the load-lock chamber, the bias voltage as a function of oxygen flow is measured
using the same gas and power settings as during the deposition and with the shutter of the target
open, to determine the desired operating O, flow (as it will be discussed in detail in the following
sections). During the measurement of the bias curve, it is important to ensure that the bias voltage
is stable before moving to the next oxygen setting. The substrate is then introduced into the
sputtering chamber and the Al-target is pre-sputtered for 10 minutes using the process settings
(Table 1) and the selected oxygen flow, with the shutter in front of the target closed. After the 10
minutes of pre-sputtering, the measurement of the bias voltage is stable and it corresponds to the
value obtained during the measurement of the bias curve. Pre-sputtering has as goal to ensure
having always the same initial deposition conditions. Both the optical properties (i.e., refractive
index and propagation losses) as well as the material structure and morphology of the deposited
layers were characterized as a function of oxygen flow.

Table 1. Settings for the deposition of optical guiding Al,03

layers
Visualization Al-target
Power (W) 200
Ar (sccm) 25
0O, (sccm) 2.0-2.8
Set temperature (°C)“ 580
Target-wafer distance (cm) 15.2

“expected wafer temperature based on a calibration measurement ~335 °C

A prism coupling method (i.e., Metricon 2010/M) is employed to measure the refractive index
and thickness of the deposited films using light of a wavelength of 632.8 nm. The propagation
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losses are qualitatively determined, at the same wavelength, by looking at the streak of light
travelling in the layers after coupling using the prism coupler. The optical guiding properties are
grouped into three categories in this work: optical guiding, lossy guiding and no guiding. The
light should propagate for at least 5 cm without noticeable attenuation by eye for the classification
‘guiding’ (Fig. 2(a)). The layer is classified as ‘lossy’ if the light streak diminishes within 5 cm
propagation length (Fig. 2(b)). If no light streak is observed the layer is classified as ‘no guiding’
(Fig. 2(c)).

(a)

Fig. 2. Examples of the different qualitatively determined classes of guiding. (a) Guiding;
(b) On the edge between guiding and lossy guiding; (c) Lossy guiding.

Transmission electron microscopy (TEM) is used to identify the crystalline nature of the layer
(i.e., amorphous vs (poly)crystalline) and to estimate the mean crystal size [64,65]. The lamellae
for TEM analysis are prepared with the in situ lift-out technique [66] using a focused ion beam
(FIB) process (FEI Nova600 NanoLab Dualbeam-SEM/FIB system) and they are mounted on
an Omniprobe molybdenum 3-post lift out grid. The lamellae suffer a degree of amorphization
during the thinning procedure with the Ga* ions. This amorphous layer is reduced to a couple
of nanometers during the last stage of the preparation process by milling with subsequently
5 keV and 2 keV acceleration voltage [66]. Small lamellae with a thickness of ~50 nm were
prepared with this method. TEM images are made using a Philips CM3000ST-FEG 300 keV
TEM system with a Gatan Ultrascan1000 CCD camera with a resolution of ~0.12 nm. The
software of the CCD camera is used to make the fast Fourier transform of the TEM image
resulting in the diffraction pattern of the structure. This diffraction pattern is used to determine
the lattice constant of the (poly)crystalline planes [67].

X-Ray diffraction (XRD) permits to identify the crystalline phase, based on the diffraction
footprint of the different phases of Al,O3 crystals [55]. The XRD analyses are performed with
an X-Ray Powder Diffraction X’Pert-Pro (PANalytical B.V.) with two Cu Ko X-ray sources
(A=0.15405980 A and A =0.15444260 A). The measurements are done in the Bragg-Bretano
0:0 configuration with a 20 scan range from 5-100° and a collection time of 48 minutes.

3. Results

3.1. Bias voltage as a function of oxygen flow

The oxygen flow is a crucial parameter in reactive sputtering, influencing the stoichiometry,
deposition rate and structure of the deposited Al,O3 layers [54,68]. This relationship is often
very non-linear and highly complex and the process typically exhibits a hysteresis effect [57].
The bias voltage is measured with the settings described in Section 2, for an increasing and
decreasing flow of oxygen, as shown in Fig. 3(a). Our process is free from hysteresis due to the
fact that the pump speed (~130 1/s) is large enough to mitigate the influence of the gettering of
reactive gas on the target and chamber walls [69]. The total oxygen flow is the sum of all sources
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for reactive gas consumption:
Qo =01 +0c+0p

where, Q; and Q. are the gettering of O, molecules at the target and additional area in the
chamber (i.e., substrate and chamber walls) and Q, is the reactive gas pumped out of the system
by the turbomolecular pump. No hysteresis occurs if dQy,/dpo,> 0 over the whole process
region, with pp, being the partial oxygen pressure. The total pressure is measured using a
Baraton pressure gauge (MKS 627B01TCC1B), which has a resolution of 0.1 mTorr. A constant
argon flow of 30 sccm is used and the oxygen flow is increased. The partial oxygen pressure is
determined by subtraction of the initial pressure (O, =0 sccm) from the measured total pressure.
A positive linear slope in the relation between the partial oxygen pressure as function of oxygen
flow (Fig. 3(b)) indicates that the pump speed is sufficient to fulfill this condition over the whole
oxygen flow region presented in this figure, when the settings as mentioned in Table 1 are used
[58,70].
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Fig. 3. (a) Bias voltage as function of oxygen flow in the chamber. Three regions are
indicated: metallic, transition and oxidized. No hysteresis effect is observed; (b) Partial
pressure of oxygen as function of the oxygen flow.

3.2. Influence of target erosion on process parameters

The bias curve varies as a function of sputtering target lifetime, as shown in Fig. 4(a). The
metallic (V,,,) and oxide (V,,) voltages extracted from the bias curve as a function of the number
of hours of sputtering of the aluminum target has been plotted in Fig. 4(b). It can be seen that the
bias voltage for the metallic target state reduces over time while the bias voltage for the oxidized
target state has a much weaker reduction over the lifetime of the target. During the sputtering
process, an erosion groove, also known as a racetrack, is formed on the sputtering target above
the magnets, which are present to improve the sputter efficiency by increasing the collection of
secondary electrons emitted from the target [71]. The reduction of the bias voltage, in general,
can be explained by a stronger magnetic field in a deeper racetrack, due to the reduction of the
distance to the permanent magnets underneath the target. The stronger magnetic field captures
the emitted secondary electrons more efficiently, thereby changing the complex impedance of the
target, which leads to a reduction of the bias voltage [71-74]. The decrease in bias voltage is
much weaker in the oxidized mode due to an effective smaller increase in the collected emitted
electrons. At the same time, the shape of the bias curve also varies, becoming steeper as the
lifetime of the target increases (Fig. 3(a)).

The fabrication of optical guiding Al,O3 layers with the highest possible deposition rate
requires a bias voltage just outside the metallic mode of the target [25,68,75]. We expect,



Research Article Vol. 10, No. 6/1 June 2020/ Optical Materials Express 1456

OPHCAINEENaISIEXPRES S

A metal

|
|
|
H H e
|
N |
v oxide |

| H
ey e (Y V Ty - |
ww: ¥ T IYYYY

!
| I

I I I I j
0 20 40 60 80 100
time (h)

Fig. 4. (a) Bias voltage curve (Vy,,s as a function of O, flow) for different moments along
the lifetime of the sputtering target (i.e., 42 h, 70 h and 99 h). The sputtering time is net
number of hours of sputtering. Vi, and Vy are indicated; (b) Evolution of Vi, and Vx
over the lifetime of the target.

therefore, that the right process point is related to a certain relative oxidation state of the target.
The relative oxidation state of the target can be defined as:

Vm - V02
Vm - Vox

where, V,, and V,, represent the voltage at the metallic and oxidized state of the target, as shown
in Fig. 4(a), and V, defines the bias voltage for a given oxygen flow in the curve [52].

Figure 5(a) shows the relative oxidation of the target as function of oxygen flow with an
indication of the three operational modes of the target (i.e., metallic, transition and oxidized).
Figure 5(b) shows the oxygen flow necessary to achieve a 1o of 5, 50 and 95% as a function
of the number of hours of sputtering from the aluminum target. From this figure it can be seen
that the oxygen flow necessary to achieve a 1x = 5% shifts to a higher oxygen value whereas the
oxygen flow necessary to achieve 15 = 95% shifts to lower oxygen flow. This is consistent with
the change of the shape of the bias curve explained above due to the deepening of the sputtering
racetrack (Fig. 4(a)), the narrowing of the transition region being clearly visible in Fig. 5(b).
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Fig. 5. (a) Relative oxidation state of the target, nox, as function of oxygen flow; (b)
Evolution of the corresponding O, flow to achieve a nox of 5, 50 and 95% as function of
lifetime of the target.
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3.3. Influence of the oxidation state of the target on refractive index and propagation
losses

The relative oxidation state of the target has a large influence on the refractive index and
propagation losses of the sputtered Al,O3 layers. To increase our understanding of this influence,
a series of Al,O3 layers were deposited for several oxidation states of the target, using the
parameters of Table 1 for a deposition time of 160 minutes. This deposition time resulted in
layers with a thickness between 300 and 750 nm for the different oxidation states, which ensures
at least single mode guiding at a wavelength of 633 nm for the thinnest layer. A bias voltage curve
as a function of oxygen flow was made, as described in Section 2, for every other deposition to
recalibrate the relative oxidation state of the target as a function of oxygen flow.

Figure 6(a) shows a section of the bias voltage curves, for different target ages, as a function of
oxygen flow, where the oxygen settings and qualitative optical guiding properties as defined in
Section 2 are indicated. From this graph, it can clearly be seen that there is no single value of
the bias voltage that always resulted in optical guiding layers. On the other hand, the relative
oxidation state appears as a promising parameter to determine the set point for the oxygen flow to
obtain optical guiding layers, as shown in Fig. 6(b). All the optical guiding layers in undoped
Al O3 deposited using the parameters of Table | were obtained at a relative oxidation state of the
target of 5 + 1.5%, for an investigated lifetime of the target as high as 36.2 h.

(a) 600
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Fig. 6. (a) Section of the bias voltage curve as function of oxygen flow; (b) Relative
oxidation state of the target as function of oxygen flow. In both graphs deposition parameters
with their optical guiding properties are indicated.

The refractive indices of the guiding layers varied in the range from 1.665 to 1.670 as shown
in Fig. 7. The Al;O3 layers became lossy for n > 1.685. Those losses are attributed to Al;O3
crystallites in the layer. Lack of guiding was observed for layers with a n < 1.665 (1« roughly <
5%) or an > 1.720 (nox roughly > 15%). We believe that the losses in the low refractive index
layers are caused by absorption due to aluminum ions, which are not fully oxidized. For layers
deposited with a high oxidation state of the target, a refractive index close to that of sapphire (n =
1.766 at 632.8 nm [6]), the stable crystalline form of Al,O3, was obtained. This suggests a high
degree of polycrystallinity in the layer, which causes high propagation losses for the deposition
settings indicated in Table 1.

To confirm this hypothesis, two samples were prepared, one with low refractive index and
good propagation losses and the second one with a high refractive index and high propagation
losses. The refractive index was varied by changing the oxygen flow with the aim of working
at a different relative target oxidation state of the target. All the other deposition settings are
shown in Table 1. Deposition time was 160 min. Table 2 summarizes the deposition and optical
characteristics of the two undoped Al,Oj3 layers.
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Fig. 7. Refractive index (measured at a wavelength of 632.8 nm using a prism coupler
setup) as function of the target oxidation state (error margin of refractive index is 0.001) for
undoped Al,Oj3 layers.

Table 2. Characteristics of undoped Al,O3 layers used for TEM and XRD

Sample Nox (%) n (A=632.8 nm) Deposition rate (nm/min) Guiding
1 52 1.669 33 Yes
2 11.6 1.717 2.0 No

The TEM images of the samples 1-2 are shown in Fig. 8(a-b) respectively, with their
corresponding diffraction patterns. The predominantly amorphous nature of the Al,O3 layers is
visible in all the samples in their diffraction pattern (i.e., hazy spot at the center of the diffraction
pattern). An additional polycrystalline structure is visible, which is more prominent at a higher
relative oxidation state of the target. The lattice spacing of the three rings present in those
two samples are inferred from the diffractogram. The spacings are 1.39 A, 1.97 A and 2.39 A,
indicated with respectively 1, 2 and 3 in Fig. 8(b). They correspond with the (440), (400) and
(311) orientations of y- Al,O3 [76-77].

Fig. 8. TEM images and corresponding FFTs (fast Fourier transforms) of: (a) A polycrys-
talline Al, O3 layer with optical guiding (Sample 1 in Table 2); (b) A polycrystalline Al,O3
layer without optical guiding (Sample 2 of Table 2).

The XRD results are shown in Fig. 9. The two sharp peaks at 20 ~ 33° and 69° correspond
to the (002) and (004) peaks of the silicon substrate, respectively. The amorphous network of
both Al,O3 layers is characterized by the broad halo at the diffraction angle range 20 ~ 15-25°.
The halo at 20 ~ 45° is associated to certain degree of polycrystallinity in the Al,O3 layer with
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a refractive index of 1.718. The phase of the crystallization cannot be identified because vy, &
and a Al,Oj3 all have a diffraction peak around 45° [55] and no other halos or peaks have been
measured to associate the crystalline phase to the fingerprint peaks as defined in the JCPDS (Joint
Committee on Powder Diffraction Standards) charts.
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Fig. 9. XRD measurement of two Al,O3 layers made with different oxygen concentrations
resulting in (a) a guiding layer with n=1.670 (yellow) and (b) non-guiding layer with
n=1.718 (blue) at 632.8 nm. The blue curve has been shifted 100 counts upwards.

Both TEM and XRD analyses show the dominant amorphous character of the Al,O3 network.
A degree of polycrystallinity is observed for the high refractive (n> 1.70) index layers. The
diffraction patterns obtained with TEM indicate, most likely, the presence of polycrystalline y-
Al Os.

The increase in crystallinity due to larger oxygen flow has also been seen for Al,O3 coatings
[2,50]. The formation of crystalline structure is governed by the diffusion length of the deposited
particles and their energetic contribution. The diffusion length is given by the relation x ~
V/(Ds/d) where, d, is the deposition rate and Dy ~ exp(-1/Ty,) is the surface diffusion coefficient,
which depends on the wafer temperature, T, [50]. Furthermore, it is hypothesized that sputtering
of an oxidized target leads to sputtering of O~ ions, which are accelerated to the surface of the
substrate and increase the energy available to the Al and O atoms to react and crystallize in
various crystalline structures. Magden et. al. reduced the degree of nanocrystallinity of the layer
by reducing the substrate temperature and optimizing a bias voltage applied to the substrate [25].
Further research is however needed to identify operational relative oxidation states of the target
for different wafer temperatures and substrate bias to obtain optically guiding layers.

4. Conclusions

The relative oxidation state of the target is introduced as key parameter to select the correct
oxygen flow to deposit in a reproducible manner optical guiding Al,O3 layers despite erosion and
evolution of the properties of the target during its lifetime. Optical guidance for undoped Al,O3
layers with a refractive index of ~1.665 has been demonstrated for the depositions made at a set
temperature of 580 °C. The optical guiding was achieved with relative oxidation state of the target
of Nox = 5.0+ 1.5% for undoped Al,O3 layers. TEM measurements revealed a polycrystalline
v-phase in these layers, which became more pronounced with higher oxidation states of the target.
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