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ABSTRACT
TiO2 is gaining interest as material for integrated photonics, due to its high refractive index, large transparency window
and high non-linear refractive index. Its low phonon energy makes it attractive for the realization of active devices in the
visible frequency range. In this work, we optimize different process steps of the fabrication of low loss TiO2 channel
waveguides. The TiO2 layers are deposited by DC sputter deposition, using a mixed Ar/O2 plasma. Removing the
hysteresis in the deposition process, results in reduced propagation losses of the TiO2 films (estimated less than
1.5 dB/cm at 632 nm wavelength). An E-beam lithography process is utilized to reduce the sidewall roughness of the
waveguides. Different reactive gasses are compared to optimize the reactive ion etching recipe. BCl3 in combination with
HBr shows to be most beneficial for etching TiO2 with high selectivity towards negative E-beam resist. A selectivity of
2.7 for TiO2 over the E-beam resist is obtained. The performance of a TiO2 a channel waveguide fabricated with the
process before and after optimization is compared. The waveguide fabricated using the non-optimized process exhibited
losses of 7.82±0.52 dB/cm at a wavelength of 632.8 nm, after applying an SiO2 cladding. After process optimization,
5.08±0.65 dB/cm were obtained, without an SiO2 cladding.
Keywords: TiO2, channel waveguide, Sputter deposition, hysteresis, UV contact lithography, E-beam lithography,
reactive ion etching, propagation losses.

INTRODUCTION
TiO2 possesses a high refractive index of 2.3-2.4 [1,2] and a large transparency window from the visible to infrared
wavelength range due to its high bandgap of 3 eV [3]. These material properties make TiO2 promising for integrated
photonic circuits with a small footprint. The possibility to dope TiO2 with, for example, rare earth ions or Si [4–7] makes
TiO2 promising for active on chip devices. TiO2 exhibits a high non-linear refractive index, resulting in the demonstration
of third harmonic generation [8], supercontinuum generation [9], spectral broadening [10] and four-wave mixing [11]. The
negative thermo-optic coefficient [12] allows for the realization of athermal devices [13], by combining TiO2 with, for
example, Si3N4 [14,15] or silicon [16,17]. The high refractive index has allowed the demonstration of high efficiency in
waveguide enhanced Raman spectroscopy [18,19].
Low propagation losses need, however, to be achieved in order for TiO2 waveguides to find real applications. Current
results in literature report channel waveguide losses down to 9.7 dB/cm at a 632.8 nm [1] and 4 dB/cm at 1550 nm [2],
using conventional fabrication techniques, i.e. deposition, lithography and etching. A lift-off process has shown losses as
low as 7.5 dB/cm at 632.8 nm and 1.2 dB/cm at 1550 nm [20].
TiO2 is commonly deposited by reactive sputter deposition [1,2,11,21–23]. The structure of the deposited film is very
dependent on the oxygen partial pressure during the process. Unfortunately, hysteresis in the process prevents in many
cases to reach the optimum deposition parameters. In this work we experimentally demonstrate the influence of the total
gas flow and target size during the sputtering process, as predicted by the Berg model [24]. A method is shown to optimize
the sputter deposition process for low-loss films.
The etching of TiO2 waveguides is usually performed using reactive ion etching with fluoride containing
gasses [1,2,11,25], often combined with Ar or O2. Furthermore, these studies report the use of a Cr of Al hard mask, made
by E-beam lithography using positive resist followed by lift-off. The use of negative E-beam resist can result in a much
simpler process. However, this requires high etch selectivity of TiO2 towards resist. Studies have been performed on the
properties of different reactive gasses, such as CF4 [26–28], SF6 [28,29], Cl2 [29,30] and BCl3 [31]. In this work, we
compare systematically the influence of SF6, CHF3, HBr, BCl3 and Cl2 as reactive gas and optimize the etching recipe.
PROCESS OPTIMIZATION
The fabrication of TiO2 is performed in three process steps. First a TiO2 layer is deposited by means of reactive sputter
deposition. The deposition is followed by a lithography and etching step. Each of the three fabrication steps is optimized
in order to reduce the propagation losses of the resulting TiO2 channel waveguide.
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Sputter deposition
Thin TiO2 films are deposited by means of DC reactive sputter deposition from a 4 inch 99.999% pure Ti target in the
TCOater in the MESA+ cleanroom. The deposition was performed at a constant pressure of 6·10-3 mbar, a target to
substrate distance of 176 mm, a constant DC power of 500 W and a temperature of the substrate between 20-30 °C. A Si
wafer with an 8 μm thick layer of thermal SiO2 is used as substrate. The optimum oxygen flow is determined by studying
the bias curve, which shows the voltage between the target and ground, depending on the oxygen flow into the reactor.
As the oxygen flow increases, the target gets more oxidized. For TiO2 the secondary electron yield is lower than
for Ti [32]. When applying a constant power to the target, the current drops and, consequently, the bias voltage increases,
as the target oxidizes. The bias curve is related to the oxidation state of the target. The measurement of the bias curve
starts at an O2 flow of 0 sccm, which is then increased. After reaching the top of the bias curve, the same curve is
measured for decreasing O2 flow. It is experimentally observed that depositions at the left (low O2 flow) side of the curve
result in non-stoichiometric layers, which show no optical guiding. Depositions performed at the right side of the curve
show stoichiometric optically guiding layers. However, the morphology depends on the O2 flow. The best optically
guiding layers are deposited in the region of optically guiding layers, but with as low O2 flow as possible [33]

Figure 1. Bias curve for (a) 40 sccm Ar flow and a 4” Ti target, (b) 80 sccm Ar flow and a 4” Ti target and (c) 40 sccm Ar flow and a
2” Ti target.

The measured bias curves are shown in figure 1. In case of figure 1a, a 4” Ti target and a constant Ar flow of 40 sccm are
used and hysteresis is observed in the bias curve. Any deposition performed in the hysteresis part of the curve, in this
case between 4.4 and 5.4 sccm of O2 flow, will not be stable. In this case the best optical layers are obtained at point
indicated with the black ellipse, which corresponds to an O2 flow of 5.6 sccm. Propagation of the resulting slab mode is
shown in figure 2a, which does show reasonable optical guiding, but significant propagation losses. In order to perform
depositions at lower a point closer to the metallic regime, the hysteresis needs to be taken out of the process. This can be
done by increasing the Ar flow into the reactor or by reducing the target size [34]. This is shown in figure 1b for an Ar
flow of 80 sccm with a 4” Ti target and in figure 1c for an Ar flow of 40 sccm with a 2” Ti target. The case of a higher
Ar flow with the bigger target is used to deposit a second layer, since this case will give a higher deposition rate
compared to the case of a 2” target. Figure 2b shows the propagation of a slab mode at a wavelength of 632.8 nm,
through a TiO2 layer deposited with 80 sccm Ar and 7.3 sccm O2 flow, which corresponds to the marked point in figure
1b. It is observed that the propagation losses are significantly lower, compared to the layer shown in figure 2a.
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Figure 2. Propagation of slab modes at a wavelength of 632.8 nm in TiO2 layers. For both images the coupling point is located at the
right side of the image and the mode propagates to the left. (a) Propagation through a TiO2 layer deposited with 40 sccm Ar and
5.6 sccm O2. (b) Propagation through a TiO2 deposited with 80 sccm Ar and 7.3 sccm O2.

The origin of the hysteresis can be explained using the Berg model [24]. Figure 3a shows the reactive gas pressure in the
reactor as a function of the reactive gas (O2) flow into the chamber. It must be noted that these figures are reproduced
based on the Berg model and do not match with the bias curves shown in figure 1. They do however help in qualitative
understanding of the process. Figure 3a shows 3 different possible reactive gas pressures for a single value of the reactive
gas flow, for reactive gas flows between approximately 1.8 and 2.9 sccm of reactive gas flow. As a result, there are three
different compound fractions possible of both the target and the deposited layer for these values of reactive gas flow,
shown in figure 3b. As explained before, the compound fraction is related to the secondary electron yield and thereby the
obtained current and voltage at a certain power. When the reactive gas flow is increased, the compound fraction of the
target increases gradually, until about 2.9 sccm. When further increasing the reactive gas flow, a jump in the compound
fraction is observed, following the black dotted line. When decreasing the reactive gas flow again, a jump occurs at
lower reactive gas flow. The process configuration in between the two black lines cannot be obtained, without removing
the hysteresis.

Figure 3. (a) reactive gas pressure vs reactive gas flow and (b) the compound fraction at both the wafer (θc) and the target (θt), both
reproduced from the Berg model [24].

The hysteresis is caused by gettering of the reactive gas at the collection area (i.e. the wafer). When starting at a reactive
gas pressure of zero and increasing the reactive gas pressure, the amount of reactive gas consumption by the collection
area increases rapidly due to the increased availability of the reactive gas, as shown by the yellow line in figure 4.
However, the target gets oxidized, causing the sputter yield to drop, which causes a lower deposition rate. As a result the
reactive gas consumption at the collection area decreases again. When this effect is bigger than the reactive gas
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consumption of the target or the pump, hysteresis will be observed, since at a single reactive gas flow, there are multiple
solutions for the reactive gas pressure. As shown in figure 1b, the hysteresis can be taken out of the process by increasing
the gas flow (both Ar and O2). Since for the actual deposition we work with a constant pressure, an increased gas flow
will result in an increased flow towards the pump. When the slope of the pump line (figure 4a) is higher than the
maximum negative slope of the collection area, no hysteresis will occur. Another possibility is reducing the target size,
as is used in figure 1c. Reducing the target size reduces the deposition rate and thereby the getter effect of the collection
area, which by the same reasoning takes out the hysteresis. Both methods for reducing the hysteresis in the reactive
sputtering process were both predicted by the Berg model [34].

Figure 4. reactive gas consumption by the pump, target and collection area for varying reactive gas pressure, reproduced from the Berg
model [24].

E-beam lithography
An origin of propagation losses in waveguide is the sidewall roughness. During the lithography process, roughness can
occur in the resist patterns. When etching the structures, the roughness in the resist can be transferred to the waveguide
structures. In order to reduce the sidewall roughness, high resolution resist patterns are required. An E-beam lithography
(EBL) recipe is developed for negative resist (AR-N 7520.18). After dehydration of the substrate, an HMDS layer is
spun at 4000 rpm for 45 s, to promote adhesion to the substrate. The resist is spun at 1500 rpm for 180 s, to get a
homogeneous resist layer of 650-700 nm thick, followed by a baking step at 80 °C for 1 minute. A conductive coating
(AR-PC 5091) is spun on top of the resist at 2000 rpm for 45 s, followed by a baking step at 50 °C for 2 minutes. The
conductive coating is to prevent charging during the EBL process. Exposure is performed with the Raith EBPG 5150 in
the MESA+ cleanroom, with a beam current of 80 nA, an acceleration voltage of 100 kV and a dose of 800 μC/cm2.
Development is performed in AR 300-47 developer for 60 s.

Figure 5. (a) Sideview of negative EBL patterns. (b) Cross-section of negative EBL patterns covered with a thin Pt layer to prevent
rounding during the FIB milling process.

Proc. of SPIE Vol. 11283 112830C-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 09 Jun 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

Figure 5a shows a sideview of a typical resist pattern. The observe roughness is partially caused by the applied SEM
coating, which is required to prevent charging during imaging. To observe the gap of the structure, a cross-section is
made by using a focused ion beam (FIB), as is shown in figure 5b. Prior to the FIB milling a Pt coating is deposited, to
prevent rounding of the structure due to the FIB milling. The patterns show low amounts of roughness and structures
with a width down to 300 nm and gaps down to 150 nm can be obtained.

Reactive ion etching
In order to obtain waveguide structures with straight sidewalls, a reactive ion etching recipe has been developed to etch
TiO2 with high selectivity towards photoresist. Before optimizing the etching recipe, the different available chemistries
are compared. The etching is performed with the Plasma Pro 100 Cobra in the MESA+ cleanroom. The general process
settings are summarized in table 1.
Pressure
Time
HF power
ICP power
Temperature
(mTorr)
(mm:ss)
(W)
(W)
(°C)
10

01:00

20

1500

10

Table 1. Etch parameters

The etch rate of the negative EBL resist, the SiO2 substrate and the TiO2 film are compared for etching in SF6, CHF3
HBr, Cl2 and BCl3, which are the available gasses in the used etching machine. As shown in table 2, SF6 shows the
highest etching rate of TiO2, however poor selectivity towards both resist and SiO2. CHF3 etches much slower, but with
slightly better selectivity towards the resist. HBr and Cl2 show hardly any etching of the TiO2 layer. BCl3 gives a
relatively high etch rate, and a electivity higher than 1 towards the resist and 3 towards the SiO2, which makes BCl3 the
reactive gas to perform the TiO2 etching. Another advantage is the much lower vapor pressure of TiCl4 [35,36] compared
to TiF4, which reduces the chance of redeposition, which might lead to roughness and consequently scattering losses.
SF6
CHF3
HBr
Cl2
BCl3
Resist

175

36

20

77

34

SiO2

71

73

10

~0*

15

TiO2

55

15

~0*

4

45

Table 2. Etch rates for different reactive gasses with a flow of 25 sccm
*no etching measured within measurement limit

First optimization steps are performed by starting with a 25 BCl3 flow and adding Ar and O2, as shown in figure 6a and b
respectively. The etching rate increases slightly by adding Ar, which can be explained by the increased physical
component of the etching. However the selectivity does not increase. When adding O2, the etching rate of the resist
increases drastically and the etch rate of TiO2 and SiO2 decreases, so adding O2 to the etching process is not favorable.
The influence of the HF power is shown in figure 6c, showing increased etching rates for higher HF powers. Increasing
the HF power, increases the acceleration of the plasma, resulting in higher impact energy of the ions. The reduced
selectivity towards resist, indicates that the resist is more sensitive to these higher impact energies than the TiO2. 20 W is
used as a minimum HF power, since lower powers are not stable. Figure 6d shows a decreasing etch rate, but higher
selectivity for higher pressures. For lower pressures, the mean free path of the ions increases, causing less collisions of
the ions when accelerated towards the substrate. As a result the impact energy will be higher, which again affects the
resist more than the TiO2. However, a lower pressure will result in a more directional plasma, which is required for
straight sidewalls of the waveguide structure. Since a pressure of 5 mTorr still results in a selectivity higher than 1, this
pressure is chosen to continue the process. Figure 6e shows the slightly increased etching rate of TiO2 for increased BCl3
flow, which is caused by the increased amount of ionized reactive gas. The selectivity is also slightly increased, since the
EBL resist and the SiO2 are not affected by the chemical component of the etching. At last HBr is added to the etching
process. In Al2O3 processes BCl3 is also used, but in combination with HBr [37], which makes the addition of HBr a
promising step. As shown in figure 6e, the etch rates of TiO2 and SiO2 are hardly affected, but the etch rate of the EBL
resist decreases drastically, resulting in a selectivity of about 2.7.
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Figure 6. Etching rates of negative EBL resist, SiO2 and TiO2 for varying (a) Ar flow, (b) O2 flow, (c) HF power and (d) pressure.
Other settings during the etching process are as stated in table 1, except for the HF power in figure (c) and the pressure in figure (d).

For the final etching recipe that is used for waveguide fabrication, the following settings are used: pressure of 5 mTorr,
HF power of 20 W, ICP power of 1500 W, temperature of 10 °C, a BCl3 flow of 45 sccm and an HBr flow of 10 sccm.
This recipe resulted in etching rates of the EBL resist, SiO2 and TiO2 of 29, 31 and 81 nm/min respectively, which shows
a selectivity of TiO2 towards the EBL resist of 2.8 and 2.6 towards SiO2.

WAVEGUIDE FABRICATION
Two different waveguides are compared in terms of propagation losses. Waveguide A is fabricated prior to optimization
of the fabrication process [33]. Waveguide B is fabricated after the optimization process. Waveguide A is fabricated
using a TiO2 layer deposited at a configuration similar to figure 1a. Patterning is performed using a photo contact
lithography process, followed by a reactive ion etching step. Waveguide B is fabricated from a TiO2 layer deposited at a
point like the indicated point in figure 1b. The patterning is performed using EBL followed by an etching step using the
optimized recipe.

Deposition
The TiO2 film used for waveguide A is 140 nm thick and is deposited with an Ar flow of 35.4 sccm and an O2 flow of
4.6 sccm. This corresponds to a deposition at a point similar to the indicated point in figure 1a. The other process
parameters were a pressure of 6·10-3 mbar, temperature between 20-30 °C, DC power of 500 W, 4” Ti target of 99.999%
purity and a target to substrate distance of 176 mm. For waveguide B a 224 nm thick layer is deposited using an O2 flow
of 7.3 sccm and an Ar flow of 80 sccm is used, the other settings stayed the same. The substrate consists of a 4” Si wafer
with an 8 μm thick thermal oxide layer.
Lithography
For waveguide A, photo contact lithography is performed using a 1.7 μm thick photoresist layer (Olin Oir 907.17),
applied by spincoating using the standard recipe in the MESA+ cleanroom. Waveguide B is made using EBL. The
spinning, exposure and development are performed as stated before in the E-beam lithography section. Waveguide A has
a width of 1 μm and waveguide B has a width of 1.2 μm.
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Etching
The etching for waveguide A is performed using an etching recipe based on SF6 with the following settings, a pressure of
10 mTorr, temperature of 10 °C, ICP power of 1500 W, CCP power of 20 W, and SF6, O2 and Ar flow rates of 25, 6 and
5 sccm respectively. The etching of waveguide B is performed using an etching recipe based on BCl3, as stated in before
in the reactive ion etching section.

Cladding
Waveguide A is covered by a 1 μm thick SiO2 cladding, which is deposited by e-beam evaporation from a 99,999% pure
SiO2 target in the BAK600 in the MESA+ cleanroom. The target to substrate distance is kept at 15 cm. Evaporation was
chosen in order to keep the sample at room temperature to prevent crystallization of the TiO2. The settings for the
evaporations were a beam current of 200 mA and a base pressure of 6·10-6 mbar.
Waveguide B is uncladded. Attempts were made to deposit the same cladding on top of waveguide B, as was
used for waveguide A. In the case of waveguide B, the cladding cracked, making the device unsuitable for
characterization. A measurement of this structure before applying the top cladding is used for comparison with
waveguide A.

WAVEGUIDE CHARACTERIZATION
Light is coupled into the waveguides by fiber coupling, using a HeNe laser with a wavelength of 632.8 nm. A top view
image is taken with a Point Grey monochrome camera (BFLY-U3-23S6M-C) to image the scattering losses. Figure 7
shows the images for waveguide A and B. A trace of the spiral is made to obtain the intensity as a function of the
propagated distances, which is used to fit an exponential decay to the data, in order to obtain the propagation losses.

Figure 7. Topview image of the scattered light at a wavelength of 632.8 nm for (a) waveguide A and (b) waveguide B.

The resulting intensity trace and corresponding exponential fit are shown in figure 8. The calculated losses from the
exponential fit for waveguide A are 7.84±0.72 dB/cm and for waveguide B 5.08±0.65 dB/cm. Where the error margin is
obtained from the standard deviation of the fit parameters.
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Figure 8. Exponential fit to the intensity profile of the scattered light of (a) waveguide A and (b) waveguide B, resulting in losses, at a
wavelength of 632.8 nm. of 7.84 dB/cm and 5.08 dB/cm respectively.

Optimization of the deposition, lithography and etching processes resulted in, to our knowledge, the lowest propagation
losses in TiO2 channel waveguides compared to those shown in literature. Even lower losses can be expected after
depositing an SiO2 cladding, since this reduces the refractive index contrast between the core and cladding, which
reduces the scattering losses due to surface and sidewall roughness.

CONCLUSION
The deposition, lithography and etching processes for the fabrication of TiO2 channel waveguides were optimized. The
DC reactive sputter deposition process was modified in order to take hysteresis out of the process. This was done by
increasing the gas flow of Ar and O2 into the reactor. The hysteresis free process allowed to deposit layers at a process
configuration, that could not be reached in a process with hysteresis. This resulted in TiO2 thin films with significantly
lower propagation losses. An E-beam lithography process was developed using negative E-beam resist, in order to obtain
resist patterns with high resolution, to reduce the sidewall roughness of the channel waveguide. The etching was
performed by reactive ion etching. Different chemistries were compared, which showed BCl3 to be the most beneficial
for etching with high selectivity towards resist. The etch rate and selectivity was improved by increasing the BCl3 flow
and adding HBr to the process. This resulted in an etching recipe with a selectivity of 2.7 of TiO2 towards the E-beam
resist, where the etching using SF6 showed a selectivity of approximately 0.2. Waveguides were fabricated with the
process before and after optimization. The channel waveguide before optimization showed propagation losses of
7.84±0.52 dB/cm at a wavelength of 632.8 nm, after applying an SiO2 top cladding by evaporation. The channel
waveguide after optimization of all process steps showed losses of 5.08±0.65 dB/cm, also at a wavelength of 632.8 nm,
without applying a top cladding. Lower losses are to be expected after covering the waveguide with an SiO2 cladding.
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