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Abstract: The paper presents investigation of properties,of selected metallic oxides deposited
at low temperature (100°C) by atomic layer/deposition (ALD) technique, relating to their
applicability as thin overlays forhoptical fiber sensors resistant in alkaline environments.
Hafnium oxide (Hf,O, with y/x approx., 2.70), tantalum oxide (Ta,O, with y/x approx. 2.75)
and zirconium oxide (Zr,O, with y/x approx. 2.07), which deposition was based, respectively,
on tetrakis(ethylmethyl)hafnium, tantalum pentachloride and tetrakis(ethylmethyl)zirconium
with deionized water, were testedyas. thin layers on planar Si (100) and glass substrates. Growth
per cycle (GPC) in the ALD processes was 0.133-0.150 nm/cycle. Run-to-run GPC
reproducibility of the ALD processes was best for Hf,O, (0.145+£0.001 nm/cycle) and the
poorest for Ta,O, (0.133+0.003 nm/cycle). Refractive indices n of the layers were 2.00-2.10 (at
the wavelength A=632.nm), with negligible k value (at A for 240-930 nm). The oxides
examined by x-ray/diffractometry proved to be amorphous, with only small addition of
crystalline phases for the Zr,Oy. The surfaces of the oxides had grainy but smooth topographies
with root-mean.sguare, roughness ~0.5 nm (at 10x10 pm? area) according to atomic force
microscopy. Ellipsometric. measurements, by contrast, suggest rougher surfaces for the Zr,0,
layers. The surfaces were also slightly rougher on the glass-based samples than on the Si-based
ones. Nanohardness._and Young modules were 4.90-8.64 GPa and 83.7-104.4 GPa,
respectively. The tests of scratch resistance revealed better tribological properties for the Hf,O,
and the:TayO, than for the Zr,O,. The surfaces were hydrophilic, with wetting angles of 52.5-
62.9¢2. The planar oxides on Si, being resistive even to concentrated alkali (pH 14), proved to
bedsignificantly more alkali-resistive than Al,O;. The TaO, overlay was deposited on long-
period grating/sensor induced in optical fiber. Thanks to such an overlay the sensor proved to
be long-lasting resistant when exposed to alkaline environment with a pH 9. Thereby, it also
proved that it hasa potential to be repeatedly reused as a regenerable optical fiber biosensor.

Keywords: optical fiber sensors, thin film overlays, Atomic Layer Deposition,
alkali-resistant materials, long-period gratings

PACS: 42.81.Pa, 42.79.Wc, 81.15.Gh, 81.70.Fy, 78.20.Ci, 42.70.Ce, 68.55.jd, 68.55.J
68.37.Ps


mailto:kkosiel68@gmail.com
mailto:kosiel@ite.waw.pl

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-115704.R2

Alkali-resistant low-temperature atomic-layer-deposited oxides for optical fiber sensor overlays

1. Introduction

The field of optical sensors covers a wide range of device architectures, physical effects and
sensing strategies. When for example optical fiber devices are concerned, different structures,orstheir
modifications may be used in order to promote interaction of light with the analysed external
environment, such as, e.g., fiber Bragg gratings (FBGs), long-period gratings (LPGs) [1], fiber-tapers;
or fiber heterostructures [2-4].

Novel optical sensors the most often require thin films or surface structures with different
properties that initiate or modify sensorial response of these devices. These nano-materials may<be
metallic as in case of surface plasmon resonance (SPR) or localized surface plasmen resonance
(LSPR) or show dielectric properties as in case of lossy mode resonance (LMR) phenomenon [5].
Sensing properties of these devices strongly depend on properties of these thin film materials, such as
their electrical permittivity or optical properties and size or thickness. It has been'shown:that couple of
nanometres difference in size has a strong influence on response of the device and may drastically
change its sensing performance [6]. This fact places stringent requirements on /control of the
appropriate size of the nanostructures, or thickness of the layer and their optical properties.

Apart from the mentioned above properties determining the sensorial‘response, these materials
are the most external. Because of this, they should also be resistant4o,environmental threats or even
they should play a role of protective coatings for vulnerable sensors. Thatiis‘why it is expected from
the mentioned materials to show high hardness and chemical corrasion resistance. These properties of
the nanostructures are necessary for sensor application in harsh-environment measurements, which can
include strong alkaline solutions. The most often used material for fabrication of optical fibers is fused
silica, which is also corrosive in hot concentrated alkali soldtions [7]. This fact confirms the usefulness
of appropriately protective coatings. Some industrial processes, such as gold plating, are performed in
high-pH solutions. Therefore there is a technical need for strict chemical control of such solutions, like
for example for control of oxygen concentration in the ‘case of plating. Most of commercially available
sensors, however, are not applicable for pH greater than 9'[8]. Apart from the matter of measurements
performed in alkali, also the process of biosensor regeneration that allows for its reusability, may
require treatment in high-pH alkaline solutions. An example of this is a regeneration process of
specific TiO,-overlaid optical fiber biosensors with'silane-functionalized active surfaces, for which a
solution with a pH 14 was applied [9, 10]. Although such high pH value was not optimized and in
further experiments it was confirmed that already the pH equal to 9 worked effectively for the sensor
regeneration process [11], the alkalitreatment still'remains necessary.

The dielectric materials that are.most commonly used as thin overlays in optical sensors are
oxides. Aluminium oxide (Al,O3) [12], titanium dioxide (TiOy) [13, 14], tin dioxide (SnO,) [15],
indium (H1) oxide (In,O3) [16], and indium-tin oxide (ITO) [17-22] are most often used for this
purpose. Polymeric thin filmsglike polyallylamine hydrochloride/polyacrylic acid (PAH/PAA) films
are also used [23]. However,/most/of the overlay materials are not resistant to chemicals, in particular
to strong alkali solutions, For.example Al,O; and SnO, are vulnerable to degradation in alkaline
solutions because of their amphateric chemical nature [24]. Probably for the same reason also TiO,
layers are not totally safe during prolonged stay in alkali [9, 10, 25], and they may dissolve very
slowly.

The thin oyverlays used to be deposited mostly by Langmuir-Blodgett method [1], spin coating
[26], sol-gel process [27], layer-by-layer technique [28], chemical vapour deposition (CVD) [29], or
physical vapour deposition.(PVD) methods, which include evaporation [30] or sputtering [31]. These
methods, howevery have specific drawbacks especially when it comes to deposition of nanolayers on
nonplanar _surfaces, such as on the surfaces of optical fibers. The drawbacks may generally relate to
facility of overlay thickness control — uniformity, conformity, accuracy, repeatability, spatial
resolution - or to mechanical and thermal stability of the layers. The chemical precursor availability or
available growth.rates may also be an important issue.

The atomic layer deposition (ALD) technique is a very special variation of CVD method, in
which, the chemical precursors are delivered to the reaction zone separately in a real time [32]. It is
crucial that'the complementary and sequentially repeated chemical reactions responsible for the layer
growth undergo at a surface in a self-limiting manner. Thanks to this paradigm, an atomic control of
the layer thickness is possible, with uniquely conformal and uniform layers, even when they are
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deposited on complicated high-aspect-ratio surfaces. The ALD-deposited high quality layers are tight
and dense, and may show various optical properties as requested by optical sensors. The ALD
technique enables deposition of a wide range of materials — oxide isolators, semiconductors and
conductors, nitride isolators and semiconductors, metallic nitrides, 11-VI semiconducters” and
luminescent materials, I11-V semiconductors, metals and many others [32]. This is the reason why.the
ALD technique is a must in nowadays microelectronics [33, 34], but at the same time it reachessmore
and more applications in other very divers branches [35, 36]. It has also been used in optical sensors
technology for a few years [9, 10, 37-40]. It should be emphasized here that ALD: allows for
deposition at relatively low temperatures (LT), even much below 100°C, that is an important
advantage in comparison with the continuous-CVD method, especially when taking into account
relatively low thermal stability of many optical sensor devices.

Generally, the composition of as-deposited oxides of hafnium, zirconium and tantalum may be
complicated. There can exist pure stoichiometric forms, mixtures of stoichiemetric forms [41], and
non-stoichiometric oxides (including suboxides, e.g. hafnium suboxide [42],  as well as
“overstoichiometric” compositions, e.g. “overstoichiometric” tantalum oxide [43])./There are well
known HfO, and ZrO, stoichiometric oxides [44]. There are also known relatively'stable monoxides of
Hf and Zr [45]. The tantalum stoichiometric oxides comprise compounds’of tantalum with various
oxidation states between +2 and +5, like TaO, Ta,0;, TaO, and Ta,0s.:The most thermodynamically
stable state of tantalum in oxides is +5 [46, 47].

The stoichiometric HfO, is a material that for several ‘years has widely been deposited by

ALD technique, mainly as a high dielectric constant (high-k) isolator insmicroelectronics industry [48,
49]. HfO, was also reported in the literature of optical sensors [50]; however, on the basis of literature
data, one might suppose lack of stability of HfO, in very“streng bases [51, 52]. Also stoichiometric
ZrO, and Ta,0s are relatively widely used as microelectronic:high-k dielectrics [33, 53], and they also
can be deposited by ALD. They are well known for itheir/general low chemical reactivity [54] and
hence they may be expected to be stable in alkali. Ta;Os/has already been reported as a material for
evanescent field sensors [31].
In this work we critically considered applicability. of selected metallic oxides, in terms of facility for
convenient deposition by LT-ALD in the form of nanoeverlays matching the optical fiber sensor
technology requirements, testing at the samestime if they were capable to ensure the sensor robustness
in alkali up to harsh environments (pH 14). Fhe tested oxides were: hafnium oxide (Hf,O, with y/x of
approx. 2.70), zirconium oxide (Zr,O, with y/X:of approx. 2.07, i.e. very close to the stoichiometric
Zr0O,) and tantalum oxide (Ta.O, With, y/x of approx. 2.75). It should be highlighted here that the just-
reported y/x values relate to the investigated HfO,, Zr,O, and TaO,, wherever these materials are
mentioned within the entire article. It should be noted as well that in contrast to the nearly
stoichiometric composition of the .deposited Zr,O,, the obtained Hf,O, and Ta,O, were clearly
“overstoichiometric”. Study of comBOsitions of the oxides, performed using Rutherford backscattering
spectroscopy (RBS) and x-ray photoelectron spectroscopy (XPS), is a subject of separate articles -
therefore, it is not described here.

2. Experimental Details

Our initial gests of chemical robustness in alkali were performed by using planar test layers of
the oxides as a.model. After that test, the tribological, structural, topographical and hydrophilic
properties were studied for. the promising oxide layers. These properties are important for sensor-
overlay applications. Basic properties of the relevant ALD-growth processes were also described. The
selected oxide overlay was deposited on the optical fibers with induced LPGs in order to check the
stability /of spectral response of such sensors when exposed to alkaline environment. From this
experiment the conclusion on chemical stability of the oxide overlay in alkali was also drawn. In a
LPG-+based fiber<sensor its sensorial properties are induced by refractive index n modulation in the
optical fiberscore while the overlay modifies the sensorial response and allows for its appropriate
adjustment according to the need. The LPG-based sensor structure was chosen for this test, because its
spectral response is widely known as being strongly dependent on thickness and refractive index of its
thin_overlay [1, 40]. It is likely that even subnanometre thickness changes of the overlay should be
detectable in this case. We also compared stability of the studied oxides with Al,Os. This oxide is
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probably the most popular ALD-deposited material [55, 56], and at the same time it is very often used
in technique of optical sensors [12, 40], though, as it was mentioned above, Al,Os is amphoteric and
hence it is strongly presumed soluble in alkaline solutions. Here, we decided to refer to the ALD-
deposited Al,O3 behaviour in alkali in order to make this point clear in quantitative terms.

2.1. ALD processes

The ALD processes were performed, using Beneq TFS-200-190 system {57]. The system’is
equipped with a flow reaction chamber with dimensions 200x3 mm (diameter, and height,
respectively). The ALD was performed in thermal mode at the thermocouple-controlled reactor
temperature 100+0.1°C. Such LT of the process was unavoidable because of the thermal vulnerability
of a polymer coating that optical fibers are originally covered by. Moreover, the refractive index
modulation in the LPG structures is vulnerable in a special way, as the permanent inhomogeneous
space-charge distribution and the related internal electric field — being.the cause of the index
modulation — would be destroyed by high temperature. Additionally, LT enables deposition of
amorphous layers and hence smoother surfaces (than for the polycrystalline) forms), which are
preferred for the purpose of more uniform layer thickness achievement.as well as for suppression of
light scattering. The carrier/purging gas was 6N-purity argon (Ar), which, flow through the reactor
was kept at 600 sccm for the Al,O5 deposition and at 1000 sccmfor. the other-oxides. The Ar pressure
inside the reactor was ~2 mbar. Trimethylaluminium (TMA) and.deionized water (DI H,O), both kept
at 19+0.1°C in Beneq’s standard LS containers, were used as chemical precursors for aluminium and
oxygen, respectively. Tantalum pentachloride (TaCls, kept at 85+0.1°C),
tetrakis(ethylmethylamino)zirconium (TEMAZ, kept at 75%0.1°C), and
tetrakis(ethylmethylamino)hafnium (TEMAH, kept at 78+04°C);al kept in Beneq’s standard HS 300
containers, were used as chemical precursors for tantalum, zirconium and hafnium, respectively. The
equations (1)-(4) present the total effect of chemical.reactions-occurring at the growing surfaces during
ALD processes based on the mentioned above precursors. The symbol (g) and the symbol (s) in the
equations refer to the chemical species in a gas phase and in a solid phase, respectively. The equations
are given for the stoichiometric forms of oxides.- Al,Os (eq. 1), HfO, (eq. 2), ZrO, (eq. 3), Ta,0s (eq.
4). Therefore, in the case of “overstoichiometric” forms one should take into account the incorporation
of additional amounts of oxygen.

Al(CHg)s (g) + 3/2H20 () — 1/2 Al,O5 (s) + 3CH, (g) (1)
HF(N(CHs)(CHg))a (0) +2 Hz0 (g) — HIO; (s) + 4 HN(CzHs)(CH:) (9) )
Zr(N(C,Hs)(CH:))4 (@) + 2 H,0 (g) — ZrO; (5) + 4 HN(C;Hs)(CHs) (9) (3)
8 TaClgy(g) + 20 H,0 (g) — 4Ta,0s (s) + 10HCI (g) (4)

Deposition of the layers was performed on two kinds of planar substrates - glass plates and
(100)-oriented silicon.(Si) wafers. Selected ALD processes were performed also for optical fibers. The
planar samples«were intended for analyses that could not be performed using fiber samples. The
surface of the/glass plate was supposed to be more similar to the surface of the silica fiber than the
surface of Si. The similarity is assumed in terms of surface density of functional groups being the
chemically active centers in ALD process. Therefore, whenever possible, the glass-based samples
were used for analyses. On the other hand, the spectroscopic ellipsometry (SE) measurements on the
glass-based, samples were too problematic, as the multiple reflections make the fitting process
ambiguous. Therefore the Si-based samples were used whenever the SE was involved. The Si wafers
(manufactured by Topsil Semiconductors sp. z 0.0.) were p-type doped with electrical resistivity of
approxs,3-5/Qcm. They had typically dimensions of a quarter of 4-inch-diameter wafer. The glass
plates were rectangular-shaped, with dimensions 76x26x1 mm. Planar substrates were not subjected to
any pre-treatment before the ALD processes. The fibers were fused-silica-based with induced LPGs.
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LPGs were induced in hydrogen-loaded germanium-doped using UV laser irradiation and chromium
mask with period of 226.8 um [40]. The excess of hydrogen has been released after the irradiation by
sample annealing for 4h in 150°C. The Corning SMF28 optical fiber was used for sensor fabrication.
The fiber geometry is cylindrical. Its cladding and jacket (original protective coating) diameter is
125+0.7 pm and 24245 um, respectively. The active region of the sensor was fabricated®over. a
distance of tens of mm, where the jacket was removed exposing the cladding. The LPG pattern,was
fabricated inside the waveguide core, within the stripped fiber fragment. The stripped fiber fragment
was coated by the ALD overlay. Before entering the ALD reactor the fibers were rinsed with acetone
and isopropanol at the ambient temperature (approx. 20°C). All kinds of the substratesiwere positioned
in a run-to-run-repeatable manner inside the ALD reactor. The curved edges of, Si quarters were
positioned at a distance of approx. 50 mm from the gas inlet.

The precursor exposures were experimentally determined already before the experiments
described in this paper. The exposures ensured substrate-surface-saturation conditioens for all
complementary chemisorption half reactions involved in the employed ALD, processes. On this basis
the appropriate precursor/purge-cycling schemes were determined. They were studied using Si
substrates, and they are not described here. For the optimized cycling conditions the growth per cycle
(GPC) measured for Si-based samples was 0.099, 0.133, 0.15 and.0.145 nm/cycle for the Al,O;,
Tas0,, Zr,0, and Hf,O, layer, respectively. The resulting layer growthyrate was 0.02, 0.019, 0.022,
and 0.021 nm/s for the Al,Os, Ta,0y, Zr,O, and Hf,O,, respectively. The thickness range of the layers
investigated in this paper was 32-210 nm, as confirmed by ex-situ SE:

2.2. Characterization of the oxides

The chemical resistance of the planar oxide layers was tested by immersion the approx. 2 cm?*-
large Si-based samples in 1 M NaOH aqueous solution (pH 14) at the ambient temperature (approx.
20°C). The pH value was measured by a pH strip.before eachdimmersion. The solution was prepared
by dissolution of analytical grade granular NaOH (delivered by Avantor Performance Materials
Poland S.A.) in DI water. In the alkaline stability tests the static conditions of the bath were
maintained. Because the tested samples were.planar'without any fabricated surface topography/pattern
it was not found necessary to apply circulation inthezbath. The test results were confirmed by using at
least two samples for each kind of oxide. After each immersion, performed for controlled time
duration, the sample was rinsed in‘Dl water and dried with compressed nitrogen. Then, the stability of
its thickness was examined by SE methed. The measurements were performed in a set of positions
(points) adjusted manually on the sample surface. The measurement positions were fixed for the whole
experiment (repeatedly used in successive measurements after immersions). The spatial pattern of the
positions was the same for each samplexlneach position three SE measurements were done after each
immersion. The mean value of thickness in each position was calculated assuming normal distribution
and 95% confidence interval."On this basis the thickness stability was checked after each immersion.
Each sample was alkali-treated in‘this way according to the following scheme of multiple immersion:
5 min-lasting immersion (for. two consecutive repeats), 2 h-lasting immersion, and 20 h-lasting
immersion. The longer immersions were applied only when the shorter tests were successfully passed.

The thicknesses and complex refractive indices of the layers were analysed by SE using
Sentech SE800E.spectrometer. Measurements were performed at the ambient conditions, at the
temperature of approx. 20°C, in the spectral range of 240-930 nm for 50, 60 and 70° beam incident
angles. The measurement results were fitted by using the sample structure models that proved to
ensure thesbest quality of fit parameters, using the y* parameter optimisation procedure. The x°
parameter values were typically below unity. Therefore, Tauc-Lorentz, Sellmeier, Tauc-Lorentz and
Cauchy models [58] were applied for fitting the Al,O;, TaO,, Zr,O, and Hf,O,-based samples,
respectively. The parametrised control of fit quality shows that these models, though calibrated for
stoichiometric compounds, have worked also for our overstoichiometric layers. The Zr,O, layers were
best fitted when certain surface roughness was assumed, formally included to the ZrO,-sample model
as an additional topmost effective medium approximation (EMA) layer. Because the native SiO, was
not,removed from the Si wafers before ALD processes, the presence of 2 nm-thick SiO, interfacial
layer was assumed in ellipsometric models (with the real part of refractive index n=1.46 and negligible
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imaginary part of refractive index k). The respective optical properties of native SiO, were earlier
found in SE measurements of the bare Si wafers.

The structural properties of the glass-based 50-65 nm-thick as well as approx. 200 nm-thick
layers were investigated by XRD (x-ray diffractometry) technique using X’Pert Empyrean
PANalytical equipment equipped with Cu K-alpha radiation source, the Johanson’s filter »and
PIXcel2D detector. The theta-2theta scans were performed at ambient conditions«Surface
topographies were analysed by AFM (atomic force microscopy) technique using Veeco dilnngva
equipment for the 50-60 nm-thick glass-based layers and compared with the Si-based enes. The
measurements were performed using tapping mode in air at the ambient temperature approx. 20°C; by
scanning the areas of 2x2 um? as well as 10x10 um?, with resolution of 512 lines per s¢an, and With
horizontal scan rate 0.5 Hz.

The Attension Theta Lite optical tensiometer was used to evaluate DI water contact angles of
the layers, according to the sessile drop method [59]. This was a test of surface‘hydrophilicity.

The approx. 200 nm-thick glass-based layers were used for nanohardness (Hj) and elasticity
(Young moduli, Ej;) measurements - performed using the CSM Instrument (Peseux, Switzerland)
nanoindenter equipped with Vickers diamond indenter - as well as for abrasion resistance tests -
performed using a Summers Optical's Lens Coating Hardness Test Kit?'(EMS' Acquisition Corp.,
USA). Details underlying the used nanoindentation-based characterization metheds have already been
comprehensively presented elsewhere [60-62]. The abrasion resistance tests were performed according
to the well-acknowledged standard [63] and literature reports [64]. The surfaces were examined by an
optical microscope and a profilometer on the areas 816x816 wm, and three=dimensional images before
and after the scratch tests, were obtained with the aid_of a TalySur CCI Lite Taylor Hobson
profilometer — from this changes of the root-mean- square (RMS) surface roughness resulting from
scratching were found.

Spectral response of the optical fiber LPG sensors was ﬂwestigated in the wavelength (A4)
range of 1100 — 1700 nm using Yokogawa AQ6370B spectrum analyser and Leukos SM30
supercontinuum broadband light source. A schematic representation of the measurement setup for the
optical transmission monitoring was presented: elsewhere [65]. The LPG sensor was kept under
constant mechanical and thermal conditions (at the ambient temperature approx. 20°C) during all the
measurements. Stability of the ALD-deposited-oxide overlay of the sensor was investigated by
multiple immersion of the sensor into the alkali solution and back into the DI water, and verification of
the LPG spectral response at selected stages of this,treatment (basically in DI water, because of higher
sensibility of the sensor in this environment). The tested NaOH solutions had concentrations of 10 uM
(pH 9) and 1 M. Such alkali-treatment durations were 5 min-lasting for pH 14 and 10 min-lasting for
pH 9.

N

3. Results and discussion

3.1. Resistance of the planaroxidedayers to alkali

The HfOg ZrO, and Ta,O, planar layers (with y/x of approx. 2.70, 2.07 and 2.75,
respectively) proved toibe stable even under the test of 20 h-lasting immersion in alkali having pH of
14. The thicknesses of the.tested layers stayed unchanged with accuracy of the SE measurement,
within the procedure described in Section 2.2. Such long-lasting stability of the Hf,O, layer may be
found somewhat surprising - as this material has rather been suspected of being soluble in strong alkali
(see the Introductien). The Al,O; planar layers dissolve in alkali having pH of 14 with approximately
constant'rate approx. 4 nm/min, so the etching process was clearly observable already after 5 min-
lasting immersion.

It should be explained here, that the bath duration of 20 h was chosen on an arbitrary basis.
One should notice, however, that such test duration is much longer that an individual measurement
done using sensor (which is a matter of minutes, rather). Therefore, the 20 h-lasting stability test,
without observable etching, was found very reliable regarding the promising chemical properties of
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the oxides. The 20 h stability in pH 14 informs also that the stability in more diluted alkali would be
even longer.

3.2. Ellipsometry-based analyses of uniformity of the oxide layers and reproducibility of thetALD
processes

The as-grown layers (Hf,O,, TaO, and Zr,O,) show monotonic horizontal gradient of
thickness. The layers were the thickest at the vicinity of the gas inlet — so the closest to the Si quarter
curved edge (see positioning the substrates in Section 2.1). The layers were growing thinner with.the
increasing distance from the gas inlet. Therefore, the thickness of each layer decreases monotonically
in the direction of precursor gas flow. The layer thickness change (drop) in this direction,over the
approx. 2 in distance (Ad, i,) was measured for each layer. The percentage thickness drop over this
distance was calculated as a ratio of Ad,;, to the largest thickness at the sample(i.e., tarthe thickness
close to the gas inlet, at the beginning of the 2 in distance). This percentage thickness drop was
approx. 1.6%, 4.2% and 6.1% for the Hf,O,, Ta,O, and Zr,O, layer,respectively. It should be
emphasized that the layer thickness gradient along the gas flow direction was=not constant. It was
rapidly decreasing with the distance. A visual correlation was also noticed - this rapid thickness
decrease was observed already as a colour pattern of the sample surface. The percentage drop of the
layer thickness at the sample centre (i.e., midway between the beginning.and the end of the 2 in
distance), Ad i,, was 1.5% for Hf,O,, 3.2% for Ta,O,, and 4.1% for.Zr,O,. From this it is seen that the
relatively fastest drop was found for Hf,O, and the relatively slowest —for.Zr,O,.

The finite uniformity of thickness of hafnium oxide/and zirconium oxide layers deposited by
LT-ALD has already been reported [66]. From these reports one ‘can conclude, that the layer
uniformity could be significantly improved. However, necessary is. the expense of multiple increase of
the neutral-gas purging durations, along with multiple increase,oft the overall process duration. For
TaO, a very strong temperature dependence (increase of GPC with decreasing ALD-process
temperature) has been observed around 100°C'[67]. Therefore; the possible reason of the Ta,O, layer
nonuniformity can be substrate-cooling effect generated by inlet gases. As such cooling is probably
nonuniform over the sample surface it can result in, the layer thickness gradient. Therefore, it can be
concluded that the observed nonuniformity=of the planar layers is generally a side-effect of LT-
conditions of the ALD processes.

It should be noticed here, that in the case.of optical fibers the surface temperature gradient and
hence also the overlay thickness nenuniformity is likely mitigated. The reason is that their long axes
were positioned perpendicularly to.the,direction of gas flow, and at the same time they were
positioned relatively far from the gas inlet.

In contrast to the above discussed oxides for the Al,O3 layer the thickness gradient was not
observed. The probable reason is that'around 100°C the GPC of Al,O3 does not depend on ALD-
process temperature. The lateral variation of the Al,O;thickness was at the level of repeatability of the
SE measurement for such layers{(<0.1% of the nominal thickness value).

The n values were increasing with the layer thickness, with saturation of this trend around 100
nm. However, a weak.dependencesis seen already above approx. 50 nm (figure 1 a). For visible (VIS)
and near infrared (NIR) radiation the highest n for such thickness range was obtained for Zr,O, and the
lowest for Hf,O, (figure 1 b). The typical n values, measured at A=632 nm, were approx. 2.00, 2.08
and 2.10 for HfxOy, TaxOy.and Zr,O, layers, respectively. The EMA layers (the “surface roughness”)
fitted in the Zr,Oy-related ellipsometric models had n values in the range 1.04-1.84. The n-value
distribution shows uniformity over the surfaces. For some sample-surface sites lying close to gas inlet
the n valug'was observed to be slightly higher (+ approx. 0.005) — that can be a simple result of thicker
layer in this place:

The extinction coefficients were negligible in the full investigated spectral range.
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Figure 1. Wavelength-dependent n for Ta,O, layers with different thicknesses (a) and for TasO,,
Zr,0, and Hf,O, layers with very similar thicknesses (b) deposited.on Si and measured at the
geometrically-comparable central positions of their surfaces.

Run-to-run GPC reproducibility of the ALD processes was best for Hf,O, (0.145+0.001
nm/cycle, that was comparable for Al,Os), and the poorest for Ta,Oy(0.133+0.003 nm/cycle). The data
assume normal distribution of GPC and 95% confidence interval for probes of over twenty processes
per each type of oxide. The higher the GPC reproducibility,,the higher the reproducibility of sensorial
response of the fabricated device.

3.3. Structural and topographical properties of thesoxide layers

The Hf,O, and Ta,O, layers deposited onglass proved to be fully amorphous, when analysed
up to the thickness of approx. 200 nm_(figure 2). Also the approx. 50 nm-thick Zr,O, layers were
found fully amorphous. In contrary to'this;the approx. 200 nm-thick Zr,O, layers had already apparent
contribution of crystallinity, although they were predominantly amorphous (figure 2). Namely, the
XRD signals positioned at 2 theta\angle of approx. 35.598° and of approx. 60.460° are probably
responsible for diffraction on ZrO, tetragonal phase — on (110) plane and (211) plane, respectively
[68]. As a reference, it can be mentioned that the degree of crystallinity of approx. 10% has already
been reported for 100 nm-thick ZrO, ALD-deposited at the temperature 100°C [69]. However, because
of very small XRD signals.for our approx. 200 nm-thick Zr,O, it was impossible to determine in
quantitative terms the degree of.its crystallinity. Anyway, we assume that in our Zr,O, very small
stoichiometric ZrO, grains are embedded in the mostly amorphous (and not stoichiometric) layer,
which average compaosition stays approx. ZrO, q;.

The amorphousnessof the layers is likely to contribute to their increased surface smoothness,
in comparison with'polycrystalline forms. Hence, it also helps to maintain the strict uniformity of the
layer thickness. ‘Amorphousness is also a prerequisite of layer tightness as well as higher chemical
resistance’ in comparison with polycrystalline forms. This results from the fact that boundaries of
crystalline grains‘are less thermodynamically stable “weak points” of the polycrystalline layers. The
amorphoeus growth was, again, an advantage of LT-conditions of the ALD process.

Page 8 of 21



Page 9 of 21 AUTHOR SUBMITTED MANUSCRIPT - NANO-115704.R2

Alkali-resistant low-temperature atomic-layer-deposited oxides for optical fiber sensor overlays

1
2
3
4
5 ™ e
6 g possible tetragonal ZrO2 signals
i - S ——Ta0,

9 £ o —=Hg,

L b
10 >
11 @
12 2
13 =
14
15
16
17 100.0 | IV
18 20 30 40 50 60 70 80 90 100 110 120
20
21 Figure 2. XRD 2 theta-omega scan profiles for ~200 nm-thick Hf,Oy, Zr,O, and Ta,O, layers (with
22 y/x approx. 2.70, 2.07 and 2.75, respectively) deposited on glass. The Zr,Oycomposition was slightly
23 overstoichiometric and the oxide was mostly amorphous. However, there are also clearly seen two
24 small signals that can be interpreted as belonging to the stoichiometric ZrO3 tetragonal crystallites (for
25 110 and 211 orientations). The crystallites must have been very small— the most probably they have
26 nanometre-scale sizes. The other narrow lines seen in the‘profiles were found to be noise only. The
;; glass substrates were non-qualified in terms of their structural.properties, and this may be the reason of
29 the observed differences for the above presented diffractograms for 2 theta angles below 35°.
g? The layers had granular surface topographies. The'RMS surface roughness was typically ~0.5
32 nm at the area of 10x10 um?® and was slightly higher.for the layers deposited on glass than for the
33 layers on Si. This can be a simple result of influenceyof the initial substrate topography - for
34 comparison, the typical RMS surface roughness.for the bare Si wafers and bare glass plates was ~0.1
35 and ~1 nm, respectively. The AFM-measuredisurface roughness of the oxide layers was typically less
36 than ~1% of the oxide layer thickness. Figure 3 presents the respective AFM images with quite similar
;7; surface topography for two different axides.
39
p 2.(0) (©)
42 17,1 nm ¥ N o - 11,3 nm 11,9 nm
43
44
45
46
47
48
:g 00nm | ¥ 3 . 0.0 nm 0,0 nm
51 Figure 3. Atomicforce microscopic images obtained for the layers grown on glass. The 2x2 um? areas
52 were scanned for thesurface of 51.5 nm-thick Zr,O, layer (a) 59.5 nm-thick Ta,Oy layer (b) and 58.5
53 nm-thick Hf,Oylayer (c). Only few several-nanometre-high particles are present on the surfaces —
54 likely being the nonintentional result of the sample cleaving.
55
56 TheAFM method showed that all the analysed layers had very similar surface roughness. It
57 should be noticed, however, that the SE of the Zr,O,-related samples required assumption of a surface
58 roughness (i.e., with the mentioned earlier EMA layer) in a fitted model of the structure. This, in turn,
59 indicates that their surface roughness was more pronounced than for the Ta.O, and Hf,O, layers. The

60 possible explanation of this difference between SE and AFM-based results for Zr,O, layers is the
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limited resolution of AFM, when it comes to imaging of deep and narrow surface slits, that are
perhaps present at the Zr,O, surface. The rougher surface of Zr,O, detected by SE can be a result of
some crystallinity being the confirmed issue of Zr,O,.

3.4. Tribological properties of the oxide layers

The H;; and E;; of the layers are presented in table 1. For comparison, the H;; and E;; of the bare
glass substrate are about 6.50-6.75 GPa and 60-65 GPa, respectively, while the Eyof a silicafiber is
approx. 73 GPa. It can be noticed, that the differences of mechanical properties of ‘glass and of.the
oxides are not very large. Anyway, the Zr,O, layers were harder than the Hf,O, and Ta,Oy layers and
even harder than the glass substrate. The Hf,O, and Ta,Oy layers were slightly softer than the glass.
The nanohardness of the ALD-deposited layers was roughly similar that of conventional-magnetron-
sputtered TiO, thin layers, for example, which often used to be used for optical coatings [70]. The
layers were also slightly less elastic than the glass, and the Zr,O, layer was.the most stiff. The results
of the H;; and E;; measurements is shown in figure 4. g

Table 1. Nanohardness and Young moduli for the ALD ~200 um-thick,oxide layers grown on glass

Relative nanoindentation depth

Sample Hi: [GPa] E; [GPa]
HfO,/glass 495+ 0.60 83.7+11.7
Ta,O, /glass 4.90 +0.20 92.9+4.9
Zr,0,/glass 8.64+0.16 104.4 £10.8
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37 Figure 4. Nanohardness (a, c, e) and,Young’s modules (b, d, f) of the approx. 200 nm-thick oxide
38 layers deposited on glass: TaxOy (a,b), HiO, (c, d), Zr,Oy (e, f).. The relative nanoindentation depth is
zg defined as h/d x100%, where h is the maximum indenter displacement and d is the thickness of the
41 thin film. The measured values argmarked as black points, while solid curves through data points
) represent simultaneous regression best fits to each data set.

43

44

45 Relative changes of RMS surface roughness being the result of the performed scratch tests are
46 presented in table 2. According.to these data, the Hf,O, and Ta,O, layers proved to be significantly
47 more scratch resistant than the Zr,O, one.

48

49

50 Table 2. Calculated relative.increase of RMS surface roughness being the result of scratching (the
51 percentage of difference between the resulting and initial roughness divided by the initial RMS value)
52

53 Sample Relative RMS surface roughness increase (%)

54 HfO,/glass 20

55 Ta,0, /glass 33

36 Zr,0,/glass 230

57

58

59 It should be noted that overlay harder than the silica fiber itself (ZrOy in this case), allow for

60 better protection of the fiber sensor against compressive damage, that may be caused by pinching or
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clamping the fiber. On the other hand the higher scratch resistance of the Hf,O, and Ta,O, allows them
for better protection of the fiber against abrasive damage, that can be caused by a sliding contact with
a sharp object or jagged surfaces. Higher elasticities (particularly for the Hf,Oy, the most similar to
silica) can be an advantage, as they suppress the vulnerability of the overlay on tensile stresssthat can
be caused by straight tension, bending or torsion of the fiber. The better protection <against
compressive damage, tensile stress and scratching helps to reduce the risk of cracking, splitting or
delamination of the overlay.

3.5. Hydrophilic properties of the oxide surfaces

The oxide overlays are elaborated for use in biosensors. These .are fabricated using
functionalisation process of the overlay [71, 72]. By this process their selective operation targeted for
given analyte is initialised. The most often the surface functionalisation 'is based ‘on silanization
process. For this, the presence of hydrophilic functional groups (the most aften hydroxyl groups) at the
overlay surface is necessary. Therefore, the increasing hydrophilicity of the‘oxide surface increases
efficiency of the silanization process (and hence, also the functionalisation efficiency). Therefore it is
an advantageous feature of the oxide surface.

The water contact angles for the layers presented in table 3 are below 90° that indicates
hydrophilic properties of the layers. The most hydrophilic was the surface of Zr,O, layers and the less
hydrophilic was the Ta,O, surface.

Table 3. Wetting angles for DI water on the surface of the layers deposited on glass

Layer 4 Wetting angle
Hf.O, 59.4+1.7°
TaOy 62.9+1.2°
Zr,0y 52.5+1.5°

3.6. Resistance of the long period grating optical fiber sensor overlaid with the Ta,O, to alkali

The TasO, overlays were deposited on LPG optical fibers. The choice of the concrete type of
oxide for overlay fabrication was done onan arbitrary basis. However, it should be indicated that the
following set of characteristics oft Ta,O, was found as its valuable competitive advantage: chemical
resistance in alkali, amorphousness;. relatively high n value, and high surface smoothness. The
transmission spectral response lines for a set of LPG optical fiber sensors are presented in figure 5.
The respective measurements were performed in DI water (which refractive index is np~1.3330 RIU).
The optimum overlay ‘thickness ensuring the maximum sensitivity of such a sensor to the overlay
thickness was found to“be elose to 63.6 nm, when the sensor is immersed in DI water. A pair of
resonances is seen at‘A~1401 nm‘and A~1533 nm. Their depths and their spectral separation increase
with increasing overlay thickness. It is seen that the sensor is sensitive to nm-level changes of the
TasO, overlay thickness. The longer-wavelength resonance of the sensor exhibits higher sensitivity to
the overlay thickness, than'the shorter-wavelength resonance.
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Figure 5. Transmission spectral response lines for a set of LPG-optical-fiber sensors overlaid by
TasO, with various thicknesses between 60.77 nm to 64.87 nm, immersed in DI water. The arrows
indicate direction of changes of position and depth of the resonance:minima for the increasing overlay
thickness.

4

In figure 6 the transmission spectral response lines are presented for an individual LPG-
optical-fiber sensor with the initially 64.87 nm-thick “TaxO, overlay. The measurements were
performed sequentially in DI water and in 1 M NaOH:solution (pH 14). Because of different n values
of DI water and 1 M NaOH solution (which refractive index is nNim naoH ag™Np) the respective initial
transmission resonances were observed inuthese two environments for different wavelengths. The
initial most prominent DI-water-related resonances were observed at A~1238.5 nm, A~1341 nm and
A>1700 nm. The sensor was consecutively immersed in water-alkali-water-alkali-water sequence, with
the two 5 min-lasting immersions inwalkali. For the overlay thickness applied here, the sensitivity to
overlay thickness changes is much_higher.for the sensor being immersed in DI water than when it is
immersed in the alkali. Therefore/the measurements taking place in DI water allow for more reliable
monitoring of the actual overlay thi%kness —and they do show the successive loss of overlay thickness
that we interpret as being the result of its etching in alkali.
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Figure 6. Transmission spectral response lines obtained in a series of consecutive measurements
performed sequentially in DI water and NaOH solution with pH 14 for an individual LPG-optical-fiber
sensor overlaid with the initially 64.87 nm-thick Ta,O,. The arrows indicate direction of changes of
position and depth of the resonance minima for the consecutive measurements done in DI water.

With the assistance of linear fits relating to the dependencfes of the resonant wavelengths on
the Ta,O, overlay thickness, which are seen in.figure 7, the possible overlay loss being the result of
the sensor immersion in 1 M NaOH solution was estimated. lts'value is in the range 0.25-0.63 nm. The
calculated on this basis mean etching rate of the, Tay©, overlay in alkali was 0.025-0.063 nm/min,
which was still much slower than the earlier observed etching for the similar sensor overlaid with
ALD-deposited Al,O; instead of Ta,O, (the observed Al,O; etching rate in 10 mM NaOH solution was
approx. 1.78 nm/min [73]). The exact dynamies of the Ta,O, overlay etching process is not known. In
particular it is not clear if the etching rate slowed down over the course of immersion in alkali. The
reason why is the Ta,O, overlay deposited on the fiber less alkali resistant, than the planar layer
deposited in the same conditions, isalso not clear and needs further study. A hypothetical explanation
could be that there is a difference of surface,properties of Ta,O, deposited on Si wafer and on the
fiber, in terms of O/Ta atomic ratio o\rpossible contamination.
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Figure 7. The experimental dependencies of the resonant wavelengths on the Ta,O, overlay thickness
- data extracted from the measurements presented in figure 5 for the shorter wavelength left-hand-side
resonance minima (black squares) and for the longer wavelength right-hand-side resonance minima
(red circles). The linear regressions of these dependencies, being a simplification, are presented by
respective dotted straight lines. The small coloured squares.areypositioned on these lines at the
respective resonant wavelengths measured for the sensor immersed’in DI H,O after the 5 min+5 min-
lasting immersion in 1 M NaOH solution (corresponding to the minima of the line number 5 in figure
6).

Furthermore, for the individualy Ta.Oy-overlaid LPG-based optical fiber sensor the
transmission spectral response measurements were performed sequentially in DI water and in 10 uM
NaOH solution (pH 9). Again, the sensor was consecutively immersed in water-alkali-water-alkali-
water sequence, this time with the two 20 min-lasting immersions in alkali. Because of very similar n
values of DI water and 10 uM NaQH solution,the respective transmission resonances were observed in
these two environments for nearly the same wavelengths. What should be emphasized here, the virtual
stability of their positions obsérved during'the whole experiment confirmed the chemical stability of
the Ta,Oy overlay in alkaline environment with pH 9. The described measurements were performed
repeatedly with reproducible result.

4. Summary and conclusions

The planar layers of Hf,O,, Ta,O, and Zr,O, deposited by LT (100°C) ALD have proved their
long-lasting chemigal stability.in harsh alkaline environment with pH 14. Therefore the oxides proved
they had high potential as materials for alkali-resistant overlays of optical sensors. The LT-deposition
was safe/for the thermally-vulnerable sensors. It should be noticed here that in the case of optical
fibers the surface temperature gradient (a drawback of LT ALD conditions) and hence also the overlay
thickness nonuniformity is very likely mitigated because of their small diameter — despite observation
of the thickness gradients for the planar test samples.

Though the pH 14-bath duration of 20 h was chosen on an arbitrary basis it is obvious, that
such test.duration is much longer that an individual measurement done using sensor (which is a matter
of minutes, rather). Therefore, the 20 h-lasting stability test, without observable etching, was found
very reliable regarding the promising chemical properties of the oxides.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-115704.R2

Alkali-resistant low-temperature atomic-layer-deposited oxides for optical fiber sensor overlays

Numerous analyses revealed strengths and weaknesses of the given ALD-deposited oxide
regarding its applicability for the optical sensor overlay.

All the examined oxides have their specific advantages and drawbacks. Therefore, the choice
of the Ta,O, for overlay fabrication was done on an arbitrary basis. The strong point of Ta,Oyis high
surface smoothness together with complete amorphousness, high scratch resistance, and relatively
high value of n. Amorphousness of the Ta,O, contributes to the high surface smoothness of.the layers
and is also a prerequisite of layer tightness and its chemical resistance. The high scratch resistance of
TasOy is a prerequisite of better protection of the fiber against abrasive damage, in comparison with
Zr,O,. Relatively high n of Ta,O, allows for deposition LPG-sensor overlays by approx. 10% thinner
than in the case of Hf,O,.

The drawback of Ta,O, is relatively low run-to-run reproducibility of GPC in ALD:process.
This results in relatively large distribution of the deposited layers/overlays within a series of ALD
processes. It should be emphasized, however, that it still does not hinder successful manufacturing of
the LPG sensors, though it decreases yield in a series of deposition processes.

The advantages of Hf,O, are: high lateral uniformity of the layersyshigh surface smoothness
together with complete amorphousness, high elasticity, high scratch resistance;*high facility of SE-
based control, relatively high value of GPC, and high run-to-run reproducibility of GPC in ALD
process. The relatively low values of n and nanohardness are its drawbacks. The advantages of Zr,O,
stem from high n, high nanohardness, and high value of GPC. Its drawbacks:are low lateral uniformity
of the layers, low surface smoothness together with only partial-amorphousness, low elasticity, low
scratch resistance and low facility of SE-based control, awhich accuracy suffers from surface
roughness. The properties of the thin oxides are compared in quantitative terms in table 4,
summarizing the research results.

Table 4. Comparison of properties of the analysed thin‘oxides; the-minus sign means lack of data

LPG OFS overlay Hf.O, TaO, Zr,Oy Al,O3
property
chemical resistance - etching - -
in pH 14 0.025-0.063
nm/min
chemical resistance - etching not - etching approx.
inpH 9 observed 1.78 nm/min [73]
Planar layer property HfO, Ta,Oy Zr,0y Al,O;
chemical resistance in etching mot etching not | etching not observed etching
observed observed

pH=14

approx. 4 nm/min

lateral nonuniformity

approx.1.6%

approx. 4.2%

approx. 6.1%

@ 2 in distance (thickn. (thickn. (thickn. gradient) no thickness
(see Section 342) gradient) gradient) gradient
n value (@ 1=632 nm) | approx. 2.00 | approx. 2.08 approx. 2.10 approx. 1.62
amorphousness complete complete partially complete
polycrystalline
surface roughness
- by AFM
(RMS_(nm)@10x10 approx. 0.5 approx. 0.5 approx. 0.5 <05
um?)
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1
2
3 - by SE w/o w/o < 10% of nominal w/o
4
5 (EMA surface layer) layer thickness
? nanohardness [GPa] 4.95+0.60 4,90 +0.20 8.64+0.16 E
8 Young modulus [GPa] 83.7+11.7 92.9+49 104.4 +10.8 -
9
10 scratch resistance
1; - relative RMS surf. 20 33 230 R
13 rough. increase (%)
. hydrophilicity
16 — wetting angle in DI 59.4£1.7° 62.9£1.2° 52.5%1.5° -
17
;g facility of SE-based very high high low! | veryhigh
21 control (x%<0.5) (1°<1) (due to surf. rough.) (%<0.5)
22
23
24 GPC (nm/cycle) 0.145 0.133 0.150 0.099
25
26 run-to-run GPC +0.001 +0.003 +0.002 +0.001
;; reproducibility
4
29 (nm/cycle)
30
31 growth rate (nm/s) 0.021 0.019 0.022 0.020
32
33
34 The TasO, overlay deposited on optical. fibers with induced LPGs resulted in resistance of
35 such fibers to alkali with pH 9, which used to be“used as a chemical agent for regeneration of
36 biosensor with silane-functionalized surface. Thereby, such optical fiber biosensors overlaid by the
37 ALD-deposited TaO, have a potential to be regenerable and repeatedly reused. Surprisingly, it was
38 found that harsh alkali (pH 14) disselves the Ta.O, overlays with the approximate rate of 0.025-0.063
39 nm/min. Why the chemical stability in harsh alkali of the Ta,O, overlay deposited on fiber differs with
40 respect to the TaO, planar layer. isstill not clear, and needs further research. However, it is worth
41 mentioning the Ta,O, overlays are still'much more durable in alkali than Al,O; overlays that are often
fé used in optical sensors.
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