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Abstract: Antireflection (AR) coatings are indispensable in numerous optical applications and are
increasingly demanded on highly curved optical components. In this work, optical thin films of
S5i0,, Al,O3, TiO; and Ta;Os were prepared by atomic layer deposition (ALD), which is based on
self-limiting surface reactions leading to a uniform film thickness on arbitrarily shaped surfaces.
Al,O3/TiO, /510, and Al,O3/Ta05/S5i0, AR coatings were successfully applied in the 400-750 nm
and 400-700 nm spectral range, respectively. Less than 0.6% reflectance with an average of 0.3% has
been measured on a fused silica hemispherical (half-ball) lens with 4 mm diameter along the entire
lens surface at 0° angle of incidence. The reflectance on a large B270 aspherical lens with height
of 25 mm and diameter of 50 mm decreased to less than 1% with an average reflectance < 0.3%.
The results demonstrate that ALD is a promising technology for deposition of uniform optical layers
on strongly curved lenses without complex in situ thickness monitoring.
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1. Introduction

Most optical systems contain a large number of lenses or other optical elements. Reflections at
each interface reduce the intensity of the transmitted light and thus the overall efficiency of the systems.
Reflection losses can be greatly reduced by applying antireflection (AR) coatings to the optical
surfaces [1-4]. In addition, AR coatings attenuate the effect of ghost images that are caused by
multiple reflection of light from lens surfaces. Optical interference coatings that are typically thin film
multilayers of high-refractive and low-refractive index materials demand precise thickness control of
each layer. Commonly, thin films applied in precision optics are produced by physical vapor deposition
(PVD) [5,6]. Due to the line-of-sight nature of PVD, the surface of a convex lens that is normal to
the deposition flux receives a higher amount of material than the edges of the lens. As indicated
in Figure 1a, significant thickness gradients might occur on highly curved lenses. Consequently,
the required film thickness might not be met over the entire surface of the lens, leading to a distortion
of the resulting transmittance spectra. To achieve a better uniformity on curved substrates, complex
technical modifications are necessary when using PVD methods, that includes f.e. the constant rotating
and tilting of the lens during the deposition, with or without the usage of complicated shadowing
masks [7-10]. Antireflection nanostructures are another approach to reduce reflection losses at curved
surfaces [11-13]. Nevertheless, for outer lenses of optical systems multilayer AR coatings are preferably
used due to their better cleanability and mechanical stability.

Atomic layer deposition (ALD) is an alternative and promising technology for uniform multilayer
optical coatings [14-18]. We have previously shown a broadband AR coating on flat high refractive
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index glasses using SiO, /HfO, multilayers [19]. Atomic layer deposition is also being considered for
more complex interference coatings such as dichroic mirrors and narrow bandpass filters [16,20,21].
Atomic layer deposition is a modified form of chemical vapor deposition, where the precursors
are sequentially exposed to the surface until saturation is reached [22]. Precursor pulses are separated
by inert gas purging; as a result, no gas-phase reactions can take place and the chemical reactions
are limited to the surface, see Figure 1b. A typical ALD cycle for the deposition of metal oxides
contains four steps: precursor pulse, inert gas purge, oxidizing pulse and inert gas purge. In the case
of precursors with low chemical reactivity, often a hold step is introduced after the precursor pulse.
Hence, the precursor is trapped in the reactor to entirely react with the surface active groups. Due to
this cyclic surface-controlled growth, ALD inherently offers precise thickness control, good thickness
uniformity and high reproducibility. It is well known for its conformal film growth on complex
nanostructures with high aspect ratios [23,24]. In this work, the capability of ALD for deposition of
antireflection coatings on highly curved lenses has been analyzed.
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Figure 1. Illustration of (a) physical vapor deposition (PVD) deposition and (b) atomic layer deposition
(ALD) on a hemispherical lens.

This paper first discusses single-layer properties and thickness uniformity of the SiO,, Al,O3,
TiO,, and TayOs coatings, then an AR design and its adjustment to the ALD coating is presented on
flat glass substrates. Finally, ALD antireflection coatings are demonstrated on curved lenses, firstly on
a half-ball lens and secondly on an asphere.

2. Materials and Methods

ALD-deposited SiOy, Al,O3, TayOs and TiO; thin films were used for the antireflection coatings.
Depositions were carried out in an Oxford Instruments (Bristol, United Kingdom) OpAL™ ALD
reactor and a Picosun Oy (Espoo, Finland) Sunale™ R200 ALD reactor with a showerhead setup
for single-wafer processing. In the OpAL tool, thin films have been grown by plasma-enhanced
ALD (PEALD) at substrate temperatures of 100 °C. In the Sunale tool, thermal ALD processes were
performed at 300 °C.

All metal oxide films were grown from commercially available precursors. The low-index material
SiO, was deposited using tris[dimethylamino]silane (3DMAS). Trimethylaluminium (TMA) was
applied to deposit the mid-refractive index material Al,O3. The high-index materials TiO; and
TapOs were deposited from titanium(IV)isopropoxide (TTIP) and tantalum(V)ethoxide (Ta(OEt)s),
respectively. Process parameters are summarized in Table 1.
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Table 1. Process parameter for depositing SiO,, Al;O3, TiO, and Ta;Os ALD thin films.

Precursor, Source Temperature, ALD Cycle [Pulse/Purge/Gas

Material Delivery Method Oxidizing Agent ALD Tool StalE)ilization/Oxi'dizing
ulse/Purge] (in s)
SiO; 3DMAS, 30 °C, vapor draw O,-plasma OpAL [0.4 + 4 (hold)/-/5/3/4]
AL O3 TMA, 20 °C, vapor draw O,-plasma OpAL [0.04/3.5/2.5/5/3.5]
AlLO3 TMA, 20 °C, vapor draw H,0, Sunale [0.1/4.0/-/0.2/4.0]
TiO, TTIP, 50 °C, bubbling 0O;-plasma OpAL [1.5/7.0/3.0/6.0/4.0]
TapOs Ta(OEt)s, 185 °C, pressure boost H,0, Sunale [1.6/6.0/-/2.0/10]

The growth rates and the optical properties of the ALD thin films are determined from single-layer
experiments on flat substrates. The growth rates (growth per cycles, GPC) were determined on Si
samples by measuring the film thickness with a J.A. Woollam Co. (Lincoln, NV, USA) M-2000®
spectroscopic ellipsometer. A Sentech Instruments GmbH (Berlin, Germany) SE850 spectroscopic
ellipsometer was used for uniformity mapping of the film thickness on an 8 inch (200 mm) silicon
wafer over 180 mm central area on the wafer.

Refractive indices were determined by spectrophotometry of 200 to 300 nm thin films coated on
fused silica samples. The reflectance and transmittance spectra were measured with a PerkinElmer,
Inc. (Waltham, MA, USA) Lambda 950 spectrophotometer equipped with a home-build accessory for
absolute reflectance measurements [25].

For demonstration purposes, antireflection (AR) coatings were applied to a half-ball lens with
a diameter of 4 mm and to an aspheric lens with a diameter of 50 mm and a center thickness of 25 mm.
An Olympus K. K. USPM-RU-W NIR micro-spectrophotometer (Tokio, Japan) was used to measure
the reflectance from a minute spot on different positions of the lens, whereas the lens is placed on
a tilt stage and tilted to angles up to 60°. The tilted lens is then moved in the x-, y- and z-direction so
that the light from a fixed source is focused on the lens surface and the light rays are perpendicular to
the surface (AOI = 0°).

3. Results and Discussion

3.1. Characterization of ALD Thin Films

ALD processes for dielectric thin films have frequently been reported, whereas Al,O; is
the most investigated ALD material [26,27]. AL;O3 has been applied in ALD antireflection coatings
in combination with TiO; [17,20] or TayOs [28]. Next to this, SiO; is a very important low-index material
that we recently applied in ALD optical coatings [19,21,28,29]. The properties of the single-layer films
resulting from the ALD processes used in this work are summarized in Table 2. The listed GPC
values have been used to calculate the necessary ALD cycles to reach the thicknesses of each layer of
the following AR coatings.

Table 2. Growth rate on silicon substrates (growth per cycles (GPC) in A/ cycle), refractive index
and thickness non-uniformity over a 200 mm area of deposited ALD thin films. The corresponding
deposition temperatures are given in brackets.

Material/Properties SiO, (100 °C) Al, O3 (100 °C) Al, O3 (300 °C) TaOs5 (300 °C) TiO; (100 °C)
Tool OpAL OpAL Sunale Sunale OpAL
GPC on Si 1.20 1.21 0.89 0.49 0.29
n @ 550 nm 1.46 1.62 1.66 221 2.44
NU% ! +1.5% +1.5% +2.1% +4.0% +2.0%

1 thickness non-uniformity, defined as NU% = (dmax — @min)/ 2daverage X 100.

Growth rates and refractive index of SiO, thin films are similar to films grown from other
commercially available precursors, as BDEAS, BTBAS and AP-LTO®330 [30,31]. Alumina ALD thin
films show a lower refractive index at lower deposition temperature [32] owing to a lower density
at lower deposition temperatures [26]. The lower GPC of Al,O3 at higher deposition temperatures
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is attributed to less OH groups on the surface. Determined growth rates of Ta,Os are comparable
to growth rates reported for Tap,Os thin films deposited using H,O and Ta(OEt)s5, Ta(NEty); or
Ta(NEt)(NEt,)3 [33-35]. The reported GPC for PEALD TiO, using TTIP in the range of 0.3-0.6 A/ cycle
are relatively low, whereas thin films grown from TDMAT, Ti-Prime or Ti-Star have slightly higher
growth rates than films grown from TTIP [36-38].

Very good lateral film thickness uniformity in the reactor is a prerequisite to ensure a uniform
coating on a lens surface. However, non-uniformity in ALD processes is not explicitly analyzed
in most research articles. Most tool providers guarantee a standard deviation of the ALD coatings
of ca. 1%-3% depending on the material and process conditions. Noteworthy, the upscaling of
ALD processes in batch reactors with similar non-uniformity distribution on larger-area batches
is feasible [16]. The ALD coatings deposited in the OpAL research tool have thickness non-uniformities
(NU%), defined as (dmax — dmin)/2daverage X 100, of about +1.5% (Al,03, SiO;) and £2.0% (TiO,).
The processes in the Sunale R200 ALD reactor result in a thickness non-uniformity of about +2.1% for
Al,O3 and £4.0% for Ta,Os, see Table 2. Elers et al. [39] discussed the sources of non-uniformities in
ALD processes including overlapping precursor pulses due to short purge times, death pockets, etc.,
but also non-uniform gas and temperature distributions in the reactor chamber.

Figure 2a shows the surface mapping of a 200 mm wafer after thermal Al,O3 ALD process using
1156 cycles (TMA + H,0). The alumina film thickness on the wafer in this thermal process does not
show a statistical random distribution, but a specific and well-reproducible lower film thickness on
the right side of the reactor chamber than on the left side. Interestingly, the precursor and purge
gas inlet is on the side where lower film thickness is measured indicating that the precursor dose
is sufficient. There might be a temperature gradient on the wafer due to the gases entering the reactor
on the right side or the purge time and gas flow might be not sufficient due to inadequate inert gas
distribution. In PEALD processes, rather concentric thickness contour lines have been observed (not
shown here), whereby the maximum position can be adjusted by the flow rates of the precursor and
purge gas. We have demonstrated the possibility to improve the film thickness uniformities by rotating
the substrate. Figure 2b depicts a thickness mapping of a wafer where the thermal Al,O3 ALD process
was stopped after 500 cycles, the wafer manually rotated by 180° and the process continued for another
500 cycles. The wafer rotation could significantly improve the thickness non-uniformity from 2.4% to
0.6%, calculated from 392 mapping points on a 180 mm wafer area.
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Figure 2. Thickness uniformity mapping of Al,O3 (thermal ALD) on a 200 mm wafer measured after
(a) 1156 ALD cycles without rotation, (b) 1000 ALD cycles with manual sample rotation by 180° after
500 ALD cycles.
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3.2. Antireflection Coatings on Plane Glass Substrates

An AR design consisting of seven layers has been calculated using the thin film software OptiLayer
(version 11.65e, OptiLayer GmbH, Garching, Germany) to reduce the residual reflectance of a fused
silica substrate from approximately 3.5% to less than 0.5% in the visible spectral range from 400
to 750 nm. Silicon dioxide was chosen as final layer, as its low refractive index will significantly
improve the performance of the AR coating. ALD oxide films are typically amorphous, especially
when deposited at low temperatures [40]. However, TiO, ALD thin films tend to crystallize at
moderate deposition temperatures. The growth of crystallites leads to high surface roughness
and, as a result, strong scattering of light. The surface roughness significantly increases for film
thicknesses greater than about 40 nm [41]. The crystallization can be inhibited by inserting a thin
Al,Oj5 interlayer [42]. In the first design AR-D1 (Table 3) this interlayer was not included into the
design, whereas experimentally, the thick 63.9 nm TiO; has been split in two thinner TiO, layers by
introducing a 1.5 nm thin Al,Oj3 interlayer to inhibit the crystallization.

The AR coating was first tested on a plane substrate. By applying the AR-D1 coating to a fused
silica glass sample, the reflectance could be reduced to an average reflectance of 0.3% in the visible
spectral range from 400 to 750 nm, see Figure 3a. Comparing the reflectance spectra, the AR-D1 coating
shows a deviation from the AR-D1 design. It was found that the misfit between design and coating
has two origins. First, the 1.5 nm thin Al,O3 layer needs to be taken into account when designing
the AR coating. This presumption is based on the good agreement of the measured spectrum to
calculated expected one that includes the interlayer, see Figure 3b. Thin ALD layers are well known
to be very dense and pinhole-free and are intensively investigated for barrier coating [43]. Therefore,
the reflections at the interfaces of this ultra-thin layer must be considered in the optical design.

Table 3. Designed layer thickness and necessary ALD cycles of AR coating on fused silica.

AR-D1 AR-D2
Material Experimental Recalculation Experimental
Design Coating ALD Actual Actual GPC Design and ALD
(nm) (nm) Cycles Thickness (nm) (Alcycle) Coating (nm) Cycles
Al O3 75.1 75.1 621 75.4 1.21 76.8 635
TiO, 16.1 16.1 556 16.1 0.29 16.1 555
Al Os 20.5 20.5 170 19.9 1.17 21.5 184
TiO, 63.9 33.3 1150 325 0.28 375 1293
AL O3 - 15 12 14 117 15 13
TiO, - 30.6 1054 31.0 0.29 243 837
AL O3 13.2 13.2 109 12.8 117 14.1 120
TiO, 25.00 25.00 862 25.3 0.29 242 834
Si0, 92.3 92.3 769 90.2 1.17 92.7 792

Second, a recalculation of the actual thicknesses from the measured spectra using the Film
Wizard™ software (version 8.5.0, Scientific Computing International, Carlsbad, CA, USA) showed that
Al,O3 layers on TiO, are thinner as expected. The GPC on the underlying TiO; is only 1.17 A /cycle
instead of 1.21 A /cycle on Si or fused silica. Also, SiO; thin films have a lower GPC on the underlying
TiO, films of only 1.17 A/cycle instead of the expected 1.20 A/cycle. Altered growth rates on
different substrates have been repeatedly observed and are possibly a reason of different OH group
concentrations or irregular OH group distributions on the underlying surface [17].

The film thickness deviation has been 0.4 and 0.6 nm for the alumina layers and approximately
2 nm for silica. This deviation in film thicknesses results in slight deviation of the measured curve
(coating AR-D1) and the corrected design curve in Figure 3b. Note that no in situ control of the film
thicknesses has been applied during the ALD process. In situ monitoring might be necessary for
more complex AR coatings or interference coatings such as narrow bandpass filters or dichroic
mirrors [20,21].
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A second AR coating AR-D2 was designed including the Al,O3 interlayer. Furthermore,
the adapted GPC values were used for calculating the necessary ALD cycles of Al,O3 and SiO;
layers on TiO;, see Table 2. By applying these two corrections, the reflectance of the design and the
coating are in an excellent agreement for a sample that was placed in the center of the substrate table,
see Figure 4a.
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Figure 3. Reflectance spectra of AR-D1 on fused silica reference glass substrate: (a) Design and coating;
(b) Corrected design (with interlayer) and recalculation from measured spectra (taking the Al;O3
interlayer into account).
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Figure 4. Measured and expected reflectance spectra of AR-D2 on fused silica reference glass substrate
positioned: (a) at the center of the substrate table; (b) at approximately 75 mm from the center table.

As the thickness non-uniformity was expected to be the main origin of errors, a worst-case analysis
was performed, whereas the maximum allowed thickness deviation was specified as the expected NU%
of each material, see Table 2. The area between the dotted lines in Figure 4b indicates the worst-case
error corridor of the calculated maximum possible deviations from the theoretical reflectance spectra.
To estimate the influence of the NU experimentally, next to the fused silica substrate (sample 1) that
was placed in the middle of the substrate table, a second substrate (sample 2) was positioned at
approximately 75 mm from the center of the table during the deposition. The measured reflectance
spectra of sample 2 lies within the worst-case error corridor, indicating that the small deviations
to the AR design are most likely a consequence of the lateral film thickness non-uniformity on
the substrate table.
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3.3. Antireflection Coatings on a Half-Ball Lens

The antireflection coating AR-D2 was applied to a hemispherical lens. The refractive index of
the lens was calculated from the measured reflectance spectra of the uncoated half-ball lens, which is
slightly higher than the reflectance of the fused silica glass substrate, see Figure 5a. Due to the higher
effective refractive index of the bare lens, the appearance of the expected and measured AR spectra on
the lens differs from the spectra on the coated glass slab (compare Figures 4a and 5b). The measured
spectra of the AR coating on the lens is in good agreement with the adapted AR design (Figure 5b).
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Figure 5. (a) Measured reflectance spectra of uncoated fused silica reference glass substrate and
uncoated fused silica half-ball lens; (b) Measured reflectance spectra (AOI = 0°) of AR-coated fused
silica half-ball lens at different positions of the lens.

It should be emphasized that the reflectance spectra are consistent at all positions on the lens.
Hence, the AR coating was deposited uniformly on the hemispherical lens without any complex
equipment to control the layer thickness.

An upright-positioned glass sample was used as reference sample for the edge of the glass
plate since it is not possible to measure the reflectance at the very edge of the lens. As shown
in Figure 6, the measured reflectance is in very good agreement with the design. The deposition occurs
simultaneously on both sides of the glass sample and the measured spectra are identical on both sides
of the substrates. The results show that the ALD-technology is not restricted to the radius of curvature.
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Figure 6. Measured and expected reflectance spectra (AOI = 0°) of AR-D2 deposited simultaneously
on both sides of an upright-positioned flat fused silica glass substrate.



Coatings 2017, 7,118 8 of 12

The AR performance of the coated lens depends on the position in the chamber due to the lateral
thickness non-uniformity. Hence, it has been possible to obtain an excellent AR coating on a curved
lens matching very well the design curve, see Figure 7.

4.0 — . . |

AR design on lens
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3.0+
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Reflectance (%)

0.5}

0.0 1 22T I 1
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Wavelength (nm)

Figure 7. Measured and expected reflectance spectra (AOI = 0°) of AR-coated fused silica half-ball lens
at different positions of the lens.

3.4. Antireflection Coating for an Aspheric Lens

To confirm that ALD AR-coatings can be also used to reduce reflection losses of larger lenses,
a second antireflection coating was applied to a steeply curved aspheric lens with center height of
25 mm and a diameter of 50 mm. Ta;Os was used as high-index material for the AR coating, since
the grown TapOs ALD thin films are amorphous and hence no additional Al,Oj3 interlayer is needed
to inhibit crystal growth. TEM and SEM images of about 5 nm, 35 nm and 200 nm Ta,Os thin films
show an amorphous structure [33,44,45]. X-ray diffraction (XRD) measurements also confirmed the
amorphous nature of 200 nm tanatala thin films grown from Ta(OEt)s at 300 °C. These spectra are not
shown here.

The glass lens has a refractive index that is similar to that of B270. An AR-D3 coating (see
Table 4) was designed to reduce the reflectance of a B270 substrate from approximately 4.0% to less
than 0.5% in the visible spectral range from 400 nm to 700 nm. The first part of the coating design
is based on the patented AR-hard® (Jena, Germany). A thin high-index layer is sandwiched by two
thicker lower-index layers forming a symmetrical stack of three-quarter-wave optical thickness [46].
Silicon dioxide was chosen as final layer to attain a low residual reflectance. After completion of the
Al,O3/TayOs5 sequences in the Sunale R200 tool at a deposition temperature of 300 °C, the samples
were unloaded to atmosphere and transferred to the OpAL tool for further processing of the top SiO;
layer at 100 °C.

Table 4. Designed layer thickness and necessary ALD cycles of AR coating on B270.

. AR-D3
Material
Thickness (nm) ALD Cycles
Al,O3 101.6 1181
TayOs 11.2 208
Al,O3 186.9 2173
TayOs5 35.0 714
Al,O3 21.8 253
TayOs5 43.6 891

Si0, 93.7 787
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Figure 8 depicts the reflectance of the AR-D3 design and the AR-D3-coated lens. The reflectance
spectra of the lens show a good match to the design. Minor deviations between design and
the measured reflectance at the inclined surface of the lens (position A and E) may be attributed
to a temperature gradient of the lens during deposition and to lateral thickness non-uniformity across
the chamber.

4.0 Fp T T T T
35[% —AR-D3designonlens

3.0+

AR-D3 coating on lens at:

Reflectance (%)

400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 8. Measured and expected reflectance spectra (AOI = 0°) of the AR-coated steeply curved B270
aspherical lens at different positions of the lens.

4. Conclusions

Atomic layer deposition successfully applies to deposit antireflection coatings on strongly curved
lenses. In particular, the average reflectance could be minimized to 0.3% for a fused silica half-ball lens
with 4 mm diameter and a steeply curved B270 aspherical lens in the visible spectral range from 400 to
750 nm and 400 to 700 nm, respectively. Similar reflectance spectra across the entire lens surface at
normal light incidence are a result of the very good conformality of ALD coatings. The good agreement
between design and coatings confirms the precise thickness control of ALD thin films. Thickness
monitoring was not necessary to reach the desired film thicknesses, but only the counting of ALD
cycles. Moreover, it was demonstrated that the conformal deposition is not restricted to the radius
of curvature of a lens, as an AR coating that was deposited simultaneously on both sides of a flat
glass substrate showed identical spectra on both sides. Noteworthy, these antireflection coatings
are demonstrated in two commercially available tools with significantly different configurations,
indicating that ALD can become highly attractive for production purposes.

Further development of ALD coating equipment such as spatial ALD, atmospheric pressure
ALD, and batch tools will increase the applicability of this technology for high volume applications.
The slow deposition rate is considered as the main disadvantage of ALD. The long deposition times are
generally the consequence of the required purge times between the precursor pulses. The possibility to
perform double-sided coatings increases the throughput of this coating technology. Spatial ALD [47]
is a promising approach to shorten the purge times, in that the substrate is moved to different precursor
zones, hence precursor pulses are spatially separated and purge steps become dispensable. The use
of batch coaters is another possibility to increase the throughput [16]. However, the lateral thickness
uniformity needs to be improved for scale up to large-area. For a better uniformity, both the chamber
design and the precursor chemistry needs to be improved. The development of precursors that are
highly reactive and volatile, but at the same time thermally stable and non-corrosive, as well as
the design of a tool, that comprises a uniform gas distribution, a homogeneous temperature and
the absence of dead volumes remains a future challenge [39].

Although further research and developments are needed, ALD is a promising method to deposit
optical thin films that can be prospectively applied for optical coatings on complex formed optical
components due to the very good conformality of ALD coatings (convex and concave lenses, cylinders,
ball lenses, etc.).
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