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ABSTRACT

Particles, which contaminate the substrate during thin film deposition, are prone to cause irremovable defects and
demand special attention in the field of high precision laser optics as they can lead to localized absorption and laser
damage. In this contribution, we present a camera based fully in-vacuum device which continuously monitors the coating
surface of a transparent test substrate under dark field illumination. We show the possibilities of this setup regarding the
sensitivity to small particles (diameter 1 um). As the first operational test of the particle monitor, singe layers of HfO, are
grown on fused silica. By analyzing the evolution of the scattering intensity of the particles, we derive their position in
the substrate-coating-system. Therefore, this in situ particle detection concept can deliver data on which process step is
responsible for particle generation in multilayer films and aims to be a tool to minimize coating defects.
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1. INTRODUCTION

On coated optics, particles and other defects can cause localized absorption, which is of special interest for laser
applications: Especially for high power lasers in the nanosecond regime, absorption centers induce a local heating effect
and can lead to thermal damage" %. In addition, not only considering damage phenomena, a broad variety of deficiencies
such as delamination, increased scatter losses, or wavefront distortions can be attributed to unwanted particle inclusions
in the coating. Particles, which are embedded in the coating, are particularly problematic because they either cannot be
removed, or they are leaving a defect upon removal by standard cleaning procedures. As they are overcoated by thin film
material, even small particles can initiate the formation of larger defects by nodular growth™. Therefore, minimizing the
particle generation during the coating process is an important objective in the optical coatings industry.

In order to avoid these problems, efforts have been made to better understand the causes of particle contamination in thin
films by in situ metrology. The formation and transport of particles in plasma processes is the subject of several studies
which use laser light scattering, recorded through a window®’. The laser light scattering method was also applied to the
magnetron sputtering process'” ', In these studies it is shown, that one source of particles during magnetron sputter
deposition is the ejection of filaments, which grow on the sputter target, into the vacuum chamber. Furthermore, there are
approaches to monitor particle generation by measuring the scattered laser light in the defined volume of a particle
detector, placed inside the vacuum chamber'> . Recently, we reported on another camera based in situ particle detection
concept in a magnetron sputter deposition chamber, which utilizes dark field LED illumination through a window: For a
direct monitoring of the substrate surface, the rotation of the substrate plate was stopped multiple times during the
deposition and the test substrate was positioned reproducibly to a camera'*. With this time resolved monitoring, we
documented a linear increase of the particle contamination with an increasing layer thickness of a Ta,Os single layer
during the first 500nm of deposition. For single layers of SiO,, we also observed an increase of particles over layer
thickness. The observed particle densities of the coated samples were compared to high resolution ex situ laser scanning
microscopy and showed good agreement.

However, to adapt to different coating chamber geometries, which do not necessarily allow a direct view of the substrate
through a window, we hereby present a modified approach to the latter monitoring concept. This fully in-vacuum in situ
monitoring system is decoupled from the atmospheric side and has its own power supply. It is mounted on the substrate
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plate and co-rotates with a transparent test substrate, viewing the coating surface through the substrate’s volume. Dark
field images are automatically captured and saved on a single board computer without the need for additional process
steps. Therefore, this detection concept minimizes the intervention in the actual coating process and is particularly
interesting for production quality control.

2. EXPERIMENTAL
2.1 In situ detection

To realize dark field illumination, the camera must be oriented perpendicular to the substrate surface while the light is
incident at an oblique angle, so that the specular reflection of the surface passes the camera lens (see figure 1.a).
Inhomogeneities on the surface, such as particles, which are large compared to the wavelength of the light scatter some
of the incident light into all directions'” and thus partly in the direction of the camera. Therefore, defects appear on the
image as brighter dots against the darker background and can be evaluated by automated particle analysis software based
on edge detection (5x5 Sobel'®), which has been implemented in GNU Octave'”. The illumination consists of an array of
four blue LEDs (peak wavelength 466 nm, 25 nm full width at half maximum). Each of the four LEDs generates 21.5 mW
at 466nm. A band pass filter for the wavelength of the LEDs in front of the camera further increases the signal to noise
ratio of the detection by blocking interfering light, which is generated, for example, by the process plasma. The camera
and its lens are positioned close to the substrate, at a working distance of 20mm, to reach high resolution and good
detection capability.
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Figure l.a. Schematic of the dark field detection Figure 1.b. Photo of the inside of the particle detection
principle. module, showing the components labeled in figure 1.a
and the single board computer in the front.

In order to realize a versatile detection concept, which can be implemented into a variety of IBS chambers, we
constructed a very compact setup. The camera and the illumination are housed in a specially designed, O-ring sealed
aluminum housing with a window at the bottom, together with a single board computer for camera control and image
storage. Figure 1.b shows a photo of the setup. To balance the weight distribution, the power supply is located in its own
housing on the opposite side of the substrate plate (see figure 2), and a tare weight is also used. No cooling is required
for the housings, because the IBS process operates at moderate temperatures (typically <80°C). Additionally, the
thermal contact from the housings to the substrate plate, which is hit by the plasma, is minimized. During two hours of
continuous deposition, the temperature inside the housings, generated by the deposition process alone, did not exceed
39°C.

For the experiments, fused silica substrates with a diameter of 25.4 mm were used. The surface quality of these substrates
was specified by the manufacturer to fulfill the scratch/dig requirement 60/40 according to MIL-PRF-13830B-1997.
Before deposition, the substrates were cleaned in an automatic cleaning line, which combines ultrasonic cleaning and
cleaning agents. The HfO, deposition was performed using an oxidic sputtering target and oxygen inlet. The single layers
were deposited on a time-controlled basis.
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Figure 2. Rendering of the in situ particle monitor. The compartment on the left hand side contains the power supply and the
compartment on the right hand side is the detection module as shown in figure 1.b. The test substrate is located directly
below the window in the bottom of this compartment. Parallel to the particle measurement, further substrates can be coated
on the standard radii of the substrate plate.

The individual components of the particle monitor were selected to be cost-efficient on the one hand and small on the
other, in order to take account of the space constraints in the vacuum chamber. A 6 Megapixel board level
monochromatic camera is used, the quantum efficiency of this camera is specified by the manufacturer to be >70% at
466 nm. There are two options for the camera lens, each of which optimizes a different aspect of the analysis: High field
of view or high resolution. With a compact, commercially available camera lens with a fixed focal length of 12 mm,
imaging of the entire diagonal of the 25.4 mm substrate is possible. For achieving higher resolution, a 2% macro lens is
used. With the macro lens, the analyzed section of the sample is approximately (4.4x2.8) mm?.

To characterize the detection limit of the particle monitor, a particle size reference was manufactured. On the size
reference, laser ablation defects are arranged in rows, with defect diameter decreasing from row to row. Figure 3 shows a
section of the in situ image of the size reference taken using the high resolution macro lens. The resolution of the image
in the focal plane is calculated by the known distance between the defects of 500 um. This distance is displayed on 340
pixels in the camera image. It can be seen, that despite this resolution being 1.47 um, the 1 um diameter ablations can still
be detected due to their stray light cone in the dark field illumination.

500 pm

i)
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Figure 3. Top: Row of laser ablated defects of known diameter (1 um) on fused silica, section of in situ image taken with
macro camera lens. Additional contamination by dust particles can be seen next to the row. Bottom: Resulting image of the
evaluation with the particle analysis software (inverted colors for visibility).

Figure 4 shows evaluated sections of an in situ image of the same size reference, as taken with the higher field of view
camera lens. The defects with 2 pm diameter can still be detected.
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Figure 4. Rows of laser ablated defects of known diameter (10 pm, 5 pum, 2 um) on fused silica, evaluated sections of in situ
images, taken with the high field of view camera lens.

2.2 Ex situ microscopy

After deposition, the particle contamination of the samples was examined by dark field microscopy. This is a way to
determine the size distribution of the particles. The microscope (Zeiss Axio imager.M2m) images an area of about
(1.7x1.4)mm? at 100x magnification, and scans the sample area. 137 images were considered, resulting in an analyzed
area of approximately 338 mm? The estimation of the measured particle size was corrected using a NIST traceable
standard for surface defects. Comparing the real size of these standardized defects to their measured size, an empirical
size correction function was determined: A sigmoid function with values <1, which corrects the size downwards because
the particles are measured too large.

3. RESULTS AND DISCUSSION
3.1 In situ monitoring data

The automatic image analysis script, based on edge detection, is used to count the particles as well as to record the
detected scattering intensity of individual particles. The latter is performed by plotting the averaged grayscale value of
the pixels, which are detected to belong to a particle, over the layer thickness. An oscillation in the brightness is
observed, as can be seen in figure 5 for two exemplary particles. For comparison, the reflection of the thin film system at
466 nm, calculated by the software SPEKTRUM", is plotted below the graph with the in situ data points. The refractive
index of HfO, was calculated from spectrometer measurements on layers of different thicknesses to be ny o, = 2.0842
at 466 nm.

The in situ measurements reveal a positive correlation between the detected brightness of the particles and the reflection
of the thin film system in the direction of the camera at the detection wavelength of 466nm. At the reflection maxima,
the brightness of the particles is enhanced by the thin film.
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Figure 5. a) Evolution of grayscale value of exemplary particles on the in situ images, corresponding to their detected
scattering intensity. The values are plotted over the layer thickness of the HfO, thin film. b) Calculated reflection of the
HfO, thin film on the fused silica substrate (ng5;9, = 1.4645). The vertical lines connecting the graphs are a guide to the
eyes.

It has been shown in a previous paper on time resolved particle detection in a magnetron sputter process, that more
particles are detectable by a dark field setup at the reflection maxima of the thin film system at the illumination
wavelength and normal incidence'®. In that publication, the evolution of particles during the sputtering of SiO, and Ta,0s
was evaluated and an oscillation in particle count over layer thickness was observed, together with a linear increase of
particles with increasing thickness of the single layer. Our measurements with the new in situ particle monitor confirm
that a possible explanation for this oscillation is the reflection of the thin film enhancing the scattering intensity of
particles, so that they exceed the detection threshold of the image analysis software at reflection maxima.

The particles can generally be assumed to be free-form defects. However, to model the scattering and the correlation to
the reflection, we consider the case of a spherical particle. The scattering behavior of spheres is described theoretically
by the Mie solution to Maxwell’s equations'”. The Mie solution is valid for particles, which are equal to or larger than
the wavelength of the incident light, which is the case for the particle monitor setup. The program MiePlot v4.6.13* was
used to simulate the angular scattering intensity distribution according to the Mie theory. The simulation for an
exemplary particle of SiO,, which is embedded in the HfO, thin film, is shown in figure 6.

The angular Mie scattering intensity of particles in the micrometer range, illuminated by visible light, has a pronounced
maximum in the forward direction and the scattering into the rest of the forward half-sphere exceeds the scattering into
the rear half-sphere by orders of magnitude. If a particle is located directly on the substrate surface and is overcoated by
thin film material, its detectability in the in situ particle monitor setup can be increased: For the reflection maxima for
normal incidence, some of the higher intensity forward scattering is located in the field of view of the camera. In the
literature, the scattering behavior of overcoated microspheres was compared to the reflection of multilayers on planar
substrates and it was found that for cases like the one shown in figure 6, the periodicity of the reflection maxima with
increasing layer thickness is similar to the planar case’'. Furthermore, for free-form defects with flat areas, the layer
thickness on the particle is assumed to be equal to the thickness on the planar substrate. Thus, the correlation seen in
figure 5 indicates the position of these particles in the thin film system to be directly on the substrate surface or below the
surface.
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perfect mirror

Figure 6. a) Polar plot of angular Mie scattering intensity at 466 nm of a sphere (@ 5 um) of SiO, embedded in HfO,, created
using [20]. The particle is in the center of the plot, the radial coordinate is in logarithmic units. Incident light and detection
range of the camera are indicated above the plot. b) Illustrating the effect of a reflecting surface: high intensity forward
scattering partly reaches the camera.

3.2 Microscopy data

The in situ particle monitor can detect particles in the lower micrometer size range, down to 1 um. The single layer
coatings of HfO, were analyzed ex situ, to investigate the size range of particles typically occurring on the coated
samples. An exemplary resulting size distribution for particles, starting from 1 pm diameter, is shown in figure 7.

30 4

©  960nm HfO,

For diameter x > 1 um:
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y=a*exp(-x/t)
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t=0.377 £0.01

Number of particles

Diameter of particle [um]

Figure 7: Size distribution of particles > 1 um on an exemplary coated sample as found by ex situ dark field microscopy
(100% magnification, analyzed area of sample ~338 mm?). The data was fitted using an exponential decay function.

In accordance with literature, the majority of particles found on the samples is small (e.g. <2 um in diameter)*>. The size
distribution roughly follows an exponential decay with increasing defect size. It must be taken into account that the
number of particles can only assume integer values and that a description using an exponential function can at best
provide a statistically expected value. In addition, the description with an exponential decay is applicable in the
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displayed range of particle sizes and the size distribution for even smaller particles (<<1 um) cannot be inferred directly
from the observations in the micrometer particle range.

4. CONCLUSIONS

With the presented fully in-vacuum, in situ particle detection concept, contamination and defects on the substrate can be
detected and monitored throughout the ion beam deposition process without additional process steps. Through the
continuous detection, process steps can be identified, that are the main contributor for particle contamination in the
growing thin film system. The dark field setup allows detecting small defects and particles by their scattered light: laser
ablation defects with 1 pm diameter were detectable. By comparison with high resolution ex situ analysis of coated
samples by dark field microscopy, we confirm the presence of particles of these sizes on the coated substrates.

We demonstrated the in situ use of this particle monitor on the basis of single layers of HfO,. The measured particle
scattering intensities reveal a correlation to the reflection of the thin film system when their evolution over the deposition
process is monitored. This is in agreement to the dependence of measured particle number on the reflection of the thin
film, which has previously been reported. In this context, considerations based on Mie scattering indicate that such a
particle is located below the growing layer, directly on or in the substrate.

The measurement principle is aiming to study and correlate the influence of the process parameters to the particle load of
the thin film. The practical results that can be generated with this measurement setup and the flexibility regarding the
coating plant, in which the system can be used, meet moderate acquisition costs of the equipment required for the setup.
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