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The impact of planetary-design considerations for optical coating deposition is analyzed, including the ideal 
number of planets, variations in system performance, and the deviation of planet motion from the ideal. System 
capacity is maximized for four planets, although substrate size can significantly influence this result. Guidance is 
provided in the design of high-performance deposition systems based on the relative impact of different error 
modes. Errors in planet mounting such that the planet surface is not perpendicular to its axis of rotation are 
particularly problematic, suggesting planetary design modifications would be appropriate. 
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1. INTRODUCTION 
Evaporated optical coating processes are well established, with batch 
deposition systems being the standard equipment for most 
applications [1,2]. However, unlike semiconductor coating systems, 
which are generally designed based on a single substrate size and 
coating type, optical coating systems are often developed for universal 
application, with ongoing usage requiring adaptation from the original 
system construction. System manufacturers provide a standard 
product line, enabling one to select sources, rotation type, and other 
accessories. The impact of selected system configurations may be 
poorly quantified, however, with many selections based on historical 
precedent, and end users configuring masks to optimize film-thickness 
uniformity [3]. 

Planetary-rotation systems are the standard approach to substrate 
motion for uniform deposition of evaporated thin-film coating [4]. 
Greater averaging over different regions of the evaporant vapor plume 
is possible because of the additional degrees of freedom in substrate 
motion; however, the configuration can mitigate or enhance the errors 
being addressed. Careful planetary design and appropriate coupling of 
the motion allow one to achieve highly uniform film thicknesses over 
the substrate aperture. 

Most planetary modeling assumes perfect operation and 
construction of the system, with only idealized substrates that match 
the system design assumptions. Different error modes of planetary 
motion lead to thin-film thickness and uniformity errors. Such 
deviations in layer thicknesses may appear to be random or systematic 
errors, resulting in failures in coating performance and reductions in 
usable system capacity. Both means of thickness errors must be 
evaluated and addressed to achieve optimal coating system 
performance. System geometry can be optimized for efficient loading  
 

and improved yields based on quantitative analysis of thin-film 
uniformity and consideration of the impact of the substrate 
loading configuration. 

This work describes the configuration and analysis of an optical 
coating planetary-rotation system for deposition of evaporated thin 
films in an effort to quantify the impact of individual system design 
aspects. Planetary fixturing necessarily reduces the system capacity, 
but the configuration should be optimized to maintain uniform 
performance with maximum capacity. Substrate mounting and 
rotation error modes are addressed relative to the usable capacity of 
the coating chamber. The material efficiency is considered given the 
relative impact on the throughput of a coating system. Uniformity 
modeling is based on theoretical calculations as described previously, 
with modifications to the planet positions based on the errors being 
considered [3]. The achieved thickness resulting from all incident 
evaporant vapor is corrected based on the angle of the substrate 
surface relative to the defined coating plane upon which the optic 
surface is intended to lie. 

2. THEORY 
The deposition uniformity of evaporated coatings is based on the 
source placement, the substrate location, and any associated motion, as 
well as the shape of the vapor plume from the evaporant source [3]. 
The individual contributions to the coating thickness, assuming a 
surface source of negligible extent, can be modeled by 
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where t is the thickness contribution at a given substrate point, 
(xs, ys, zs) are the source coordinates, (xp, yp, zp) are the deposition 
point coordinates, and n is the exponent describing the shape of the 
vapor plume, as illustrated in Ref. 3. Any substrate motion is then 
modeled by altering the deposition-point coordinates as the planet 
moves through the system. Variations in the vapor plume have been 
observed, and different types of substrate motion have the potential to 
amplify or average these variations, depending on the optic orientation 
and relative motion [5,6]. In general, more-complex motion profiles will 
lead to a greater averaging of the vapor flux by passing through different 
regions of the evaporant plume; modeling of the motion profile should 
be undertaken to avoid potential harmonics of any errors by irregular 
motion through the evaporant leading to amplification of 
nonuniformities. 

Selection of a planetary-rotation configuration is based primarily on 
the solar and planet radii, subject to the physical boundaries of the 
coating chamber, and the coupling of the rotation/revolution motion 
between them [3]. The selected rotation configuration determines the 
number of planets that can be mounted in the coating chamber and the 
corresponding system capacity. An example of a planetary 
configuration with five planets is shown in Fig. 1, with R indicating the 
maximum extent of the planetary (the chamber radius), r representing 
the planet radius, and α representing the half-angle of an individual 
planet relative to the coating system. It is apparent that α = π/(number 
of planets), based on the regular polygon formed by connecting the 
planet centers. Typically, there is a clearance between each adjoining 
planet and between each planet and the chamber wall; these can be 
addressed by a corresponding reduction in the planet size. 
 

 
Fig. 1. Planet configuration as viewed from the top of a coating 
chamber. Multiple planets are positioned the same distance from the 
chamber center. 

The total available substrate area A of all planets is given by 

2 ,A P rπ=    (2) 

where P is the number of planets in the coating system. In addition, 
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with the total system substrate area being given by 
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This function describes the total coating area of a planetary system of 
fixed dimension R based on the chamber size as a function of the 
number of planets P. Differentiating this equation as a function of P 
shows that the maximum deposition area is achieved for P = 4.3. The 
total substrate area can also be plotted as a function of the number of 
planets, with an assumed value of R = 27 (based on a 54-in. coating 
chamber), as shown in Fig. 2; although a non-integer number of 
planets is nonphysical, the relative shape of the curve shows the 
functional dependence more clearly. Once the planet spacing is 
included and an allowance is made for coated substrates not extending 
to the edge of each planet, the peak capacity shifts to a slightly lower 
number of planets. 
 

 
Fig. 2. Normalized system capacity as a function of the number of 
planets. Adjustments are made for clearance between planets and a 
small loss along the edge of the planet (fixturing or shadow). 

The system capacity will be maximized for four planets, although 
this is based strictly on the coated surface area. The capacity of 
sufficiently small substrates will conform to this criteria quite well, 
whereas larger substrates will be better described based on the 
number of substrates that can be arranged in each planet, based on 
mechanical tooling design. For example, there is no benefit to a greater 
area in a 15-in. planet if 8-in. substrates are being coated; the capacity 
remains at one optic per planet. An ideal planetary system will 
therefore be flexible and will accommodate different numbers and 
sizes of planets to maximize capacity for multiple types of substrates. 
This requires different solar radii for planet mounting, defined as the 
distance from chamber center to the center of the planet, which is 
equivalent to R – r. The primary benefit to fewer than four planets is 
the maximum optic size that may be coated [7], while larger numbers 
of planets exhibit much lower film nonuniformity because of the 
corresponding reduction in planet radius. Furthermore, coatings that 
must be deposited axisymmetrically on a substrate (for example, on 
large, steeply curved substrates) may benefit from systems with a 



larger number of reduced-diameter planets since each may be loaded 
with only a single substrate at planet center. 

3. UNIFORMITY AND ERROR ANALYSIS 
Initial modeling efforts are based on a 54-in. coating chamber 
equipped with quartz heater lamps, dual electron-beam guns, 
multipoint Inficon quartz-crystal monitoring, and planetary substrate 
rotation as described previously [8]. Theoretical nonuniformity based 
on the previously published system model was determined to be 
0.08%. A single Thin Film Solutions plasma source is located at a radius 
of 15 in. from chamber center. 

While the previously calculated system configuration provides high 
performance over the 10-in. substrate aperture, there is a severe 
penalty in system capacity. As apparent in Fig. 3, there is significant 
clearance between the planets and the chamber walls, limiting the 
maximum planet size and overall system capacity. This system was 
also configured with three 4-in. planets to allow extensive optical 
monitoring of the film deposition. The planetary configuration likewise 
limits the maximum optic size that may be coated in the system, 
significantly reducing the utility of the coating chamber. 
 

 
Fig. 3. The 54-in. coating chamber with planetary rotation, dual 
electron-beam guns, and a Thin Film Solutions plasma source. The 
system was configured for optimal uniformity over a 10-in. substrate. 

 
 

Examining the system configuration for alternative planetary 
options, a 23.6-in.-diam planet is the maximum size that can be placed 
in the system using a traditional planetary rotation with three planets 
present in the system at a 12.3-in. solar radius. This system 
configuration assumes a planet-to-planet spacing of 1 in. with a 1-in. 
gap between the planet and wall. The various options for increasing 
the number of planets at a reduced size are detailed in Table 1. As the 
planetary configuration is changed, the source location is adjusted to 
maintain a uniform deposition, with the modeled film thickness at the 
planet periphery equal to that at the planet center, assuming an 
evaporant vapor-plume exponent equal to 2.6; the source coordinates 
and relative nonuniformity are also detailed in Table 1. A radial source 
position of 24 in. is set as the maximum-allowable source location, 
given the physical constraints of the coating chamber and the typical 
dimensions of an electron-beam gun. The source-to-substrate distance 
is then adjusted to yield optimal uniformity. 

Based on the results in Table 1, it is apparent that the unmasked 
uniformity for large planets (less than four planets) is improved for a 
source near the chamber perimeter, relative to a centrally located 
source. If the system is configured for four planets, the uniformity is 
essentially comparable for a centrally located source or a source on the 
perimeter; given the greater efficiency inherent in locating an 
evaporant source at the center of the chamber, such that evaporant 
vapor is utilized in all directions, this would be the preferred option. 
Sources placed at the perimeter of the coating chamber will necessarily 
utilize less than 50% of the evaporant, quickly coating the wall/shield 
surfaces, while depositing at high angles of incidence on the substrates 
on the opposite side of the chamber. Configurations with more than 
four planets quickly demonstrate impractical source height on the 
perimeter and improved uniformity for sources near chamber center. 
This is understood given that the annulus described by the planet 
motion has a constant outer diameter but an increasing inner diameter 
for smaller planets. Deposition systems configured with two or more 
evaporation sources for different materials cannot have multiple 
sources located at chamber center but must instead symmetrically 
place the sources at a small radius from center. Small adjustments in 
the source height can typically compensate the nonuniformity 
resulting from such a system configuration. 

Error analysis for planetary design and construction is quite 
different from thin-film error analysis, given the sources of random 
and systematic errors. It is necessary to consider potential error modes 
based on design, fabrication, assembly, and cleaning/reassembly of the  
 
 

Table 1. System configurations for a 54-in. coating chamber with various numbers of planets. All planet 
configurations are based on a 1-in. planet-to-planet and planet-to-wall spacing. Optimal uniformity is 
considered where the planet center and edge thickness are equal, assuming n = 2.6. All dimensions are 
in inches. 

Number of planets 3 4 5 6 7 8 9 10 

Radius r 12.3 11.0 9.8 8.8 8.0 7.3 6.8 6.3 
Radius with planet spacing of  
1 (r – 0.5) 11.8 10.5 9.3 8.3 7.5 6.8 6.3 5.8 

Total area (units2) 1312 1379 1362 1309 1243 1174 1106 1041 

Planetary solar radius 14.2 15.5 16.7 17.7 18.5 19.2 19.7 20.2 

Height (source at chamber center) –20.4 –23.6 –26.2 –28.3 –30.0 –31.4 –32.3 –33.3 

Nonuniformity (%) 3.4 1.3 0.6 0.3 0.2 0.1 <0.1 <0.1 

Height (source at radius = 24) –21.5 –18.0 –14.9 –12.5 –10.6 –9.0 –7.9 –6.8 

Nonuniformity (%) 1.3 1.7 2.3 2.9 3.7 4.6 5.4 6.6 
 



 
planetary fixture. Each error mode must then be evaluated 
quantitatively to determine the relative impact on deposition 
performance and to guide changes in planetary design. Various error 
modes will be evaluated, based on a selected chamber configuration, in 
order to quantify the relative impact. It can be expected that different 
system configurations will yield different influences of the various 
errors, but the overall guidance remains relevant. The system being 
analyzed will be based on four planets as shown in Table 1, but with 
dual evaporation sources. Each source is placed 6 in. from chamber 
center, with a 20-in. source-to-substrate distance. Since the source 
position is slightly different, the theoretical nonuniformity is now 1.5%.  

The first error mode to be considered is the mounting of a planet 
out-of-plane relative to the planetary motion. The axis of rotation of the 
planet remains parallel to the central axis of revolution, but there is a 
tilt present in the surface to be coated, as shown in Fig. 4(a). As 
depicted, point A will remain above the coating plane throughout the 
deposition while point B will remain below since the coating surface is 
not perpendicular to its rotation axis. Common sources of such an 
error include fabrication errors in the components, debris in the joint 
between the planet mounting plate and the axial component mounted 
in the bearing hub, and the mounting of the substrate holder itself. This 
error mode can be evaluated by considering the tilted surface as a 
conical substrate; the radial line connecting the center to point A would 
describe a conical surface when rotated, while the line to point B would 
describe an inverted conical surface [9]. Joining the two radial 
thickness profiles provides the maximum deviation of the tilted planet 
from the initial flat-planet distribution over the full planet diameter; 
uniformity evaluations for 0.1° to 0.5° are shown in Fig. 5(a). It is 
apparent that even very small angular errors lead to significant 
changes in the film’s uniformity; the relatively short source-to-
substrate distance and high incidence angles for the evaporant vapor 
contribute to the magnitude of the error. Evaluating the uniformity 
change for a system with a 30-in. source-to-substrate distance, the  
 

 
Fig. 4. Failure modes of planetary rotation fabrication including (a) tilt 
of the planet relative to the planet rotation axis, (b) tilt of a planet 
rotation axis, (c) tilt of the orbitor plate relative to the primary axis of 
revolution, (d) tilt of the primary axis of revolution, and (e) height error 
of one planet relative to another. Modes a, c, and e can result in 
significant errors, while modes b and d tend to have minimal impact. 

uniformity variation as shown in Fig. 5(b) is significantly reduced as a 
result of the tilt, although the overall unmasked uniformity is also 
significantly degraded. Even though the influence of the tilt is reduced, 
an angle of only 0.1° is still sufficient to alter the uniformity by ±0.5% 
(at the extremes) relative to the planar nonuniformity. 

The second error mode to be considered is the tilt of the planet 
rotation axis such that it is not parallel relative to the central axis of 
revolution of the planetary, as shown in Fig. 4(b). Such a tilt may be 
intentional, such as in a Leybold planetary rotation [2,10], or it may be 
accidental (an error), in which case the tilt magnitude is relatively small 
while the direction is random. Tilting inward and outward relative to 
chamber center are the two extremes of such a tilt, with a direction 
toward the chamber center defined as positive tilt and toward the 
chamber perimeter as negative tilt. Evaluations of tilt error are shown 
in Fig. 6. Tilt errors of the planet axis up to 0.25° yield only ~0.1% 
thickness change for the 20-in. source-to-substrate distance, with 
reduced thickness errors for larger distances. Based on this evaluation, 
typical planetary-rotation construction based on standard machining 
tolerances yields a relatively negligible impact on film thickness for this 
error mode unless the deposition system is very small. 

Equivalent errors of tilt may also be found in the central axis of 
revolution. Tilt of the overall rotation system relative to the axis of  
 

 
Fig. 5. (a) Normalized film-thickness uniformity for a planet that is not 
perpendicular to its axis of rotation [error mode shown in Fig. 4(a)]. 
Tilt angles of 0.1° to 0.5° lead to significant deviations in the theoretical 
thickness distribution. For reference, a tilt of 0.1° is <1-mm total height 
variation over the planet surface. (b) Normalized uniformity for the 
same system configuration, but with a source-to-substrate distance of 
30 in. instead of 20 in. as in (a). The uniformity is much more stable, 
although the overall thickness uniformity is significantly degraded, 
requiring greater masking efforts to correct. 



 
Fig. 6. Normalized film-thickness uniformity for a planet having a 
rotation axis that is not perpendicular to the plane of revolution [error 
mode shown in Fig. 4(b)]. Tilt angles of 0.1° to 0.5° are shown, with a 
positive angle designating a planet tilted toward chamber center and a 
negative angle representing a tilt away from chamber center. 
Thickness variation for this error mode is <0.1% for a rotation axis tilt 
of <0.25°. 

revolution, as shown in Fig. 4(c), results in individual planets being 
above or below the coating plane. This is a compound error mode since 
the height of each planet is different while the rotation-axis tilt of each 
planet is also present. Given the larger size of central hub bearings, this 
error mode is typically of a reduced magnitude and lower 
corresponding impact on film uniformity, although a significant error 
of this type would result in a severe degradation of system 
performance. This error is not evaluated guantitatively as a part of this 
work, but such an error must be minimalized in system construction. 

Tilt of the axis of revolution relative to vertical, as shown in Fig. 4(d), 
may appear to be an error mode, but defining the coating system 
geometry relative to the substrate rotation system removes this as a 
potential error. The residual error is then simply a tilt in the evaporant 
plume, such that the distribution is offset by the angle of the tilt (which 
is typically very small). Averaging over the rotation then balances these 
differences over the system. There is no fundamental reason the 
rotation system must be mounted level relative to gravity other than 
convenience since ultimately any tilt influence is only relative to the 
deposition source(s). 

Finally, height errors must be considered with planetary-rotation 
fixturing, as depicted in Fig. 4(e). Such errors may be a result of errors 
in fabrication, but other sources include substrate fixturing, substrate 
surfaces supported at a different height/angle than nominal, or 
deposition source depletion (since this effectively changes the distance 
from the source to the substrate). There will be a typical thickness 
error based on the square of the ratio of the height to the nominal 
height; since this is actually a source-to-substrate distance and most 
measures of this distance during planetary motion are not vertical, the 
actual change is not precisely given by the vertical-system dimension. 
A ±0.25-in. change in the 20-in. vertical dimension would be expected 
to yield a change in film thickness of ±2.5%. As modeled, this is reduced 
to ~ ±0.5%, given the change in evaporant-flux incident angles. As the 
substrate height is increased, leading to a thinner film deposition, the 
cosine of the incident angle is also increased, thereby thickening the 
contribution. This effect will be much more prevalent in short-throw-
distance deposition systems, with a greater range of angles incident on 
the substrate. In comparison, the 30-in. source-to-substrate distance 
system evaluated previously would result in a thickness change of 
0.7%, rather than the 1.7% predicted by a 0.25-in. change in height. 

Any error in height will also lead to a change in film-thickness 
uniformity. Continuing to model the same system with a 20-in. source-
to-substrate distance, the uniformity is evaluated for different source-
to-substrate distances. As noted, these can include not only fabrication 
and assembly errors for the rotation system but also source depletion 
or a substrate shape that does not lie on the nominal coating plane. The 
deposition system was modeled ±1 in. about the nominal system 
height, with the film thickness distribution shown in Fig. 7. Changes in 
the system height >1% lead to significant errors in thickness 
distribution, given that typical goals for thickness nonuniformity 
remain <0.5% to 1%. As a result, source depletion of 0.1 in. to 0.2 in. 
could be problematic for high-precision coating depositions. Changes 
of <0.1 in. in the example system are unlikely to negatively impact 
most applications. 
 

 
Fig. 7. Normalized film-thickness uniformity for a coated surface above 
or below the 20-in. nominal source-to-substrate distance [error mode 
shown in Fig. 4(e)]. Sources of height change include the planetary 
fixture/mounting, the substrate shape, and source depletion. Height 
changes of ~1% of the system’s source-to-substrate distance may be 
tolerated with relatively low (~0.5%) impact on system performance. 

4. DISCUSSION 
The relative contributions of different error modes suggest that 
angular mounting errors are particularly problematic since mounting 
methods are not necessarily modified for larger-diameter planets. The 
use of small-diameter bearings and associated rotary shafts may lead 
to projections of the shaft/planet coupling surface by an order of 
magnitude over the planet diameter. Components used to mount the 
planet to the rotation spindle must be designed to maintain the surface 
to be coated perpendicular to the axis of rotation. Small planet tilts 
resulting from errors in the rotation axis direction are averaged based 
on height, with the angular change from the coating plane being 
essentially negligible for the calculated performance given typical 
design and fabrication tolerances. Planetary-rotation systems that are 
poorly constructed may certainly impose far-greater errors in the thin-
film uniformity, but typically such levels of fabrication error will result 
in numerous error sources sufficient to place the benefit of the 
planetary system in doubt. 

Many additional error sources are present when thin-film 
multilayer coatings are being deposited using a planetary rotation 
system. Variations in deposition rate, the number of revolutions of the 
planetary system, the stopping/starting locations for each layer,  
 



thermal gradients over the substrate, changes in the vapor-plume 
shape throughout the layer, and numerous other sources can 
contribute to slight changes in the realized optical-film-thickness 
uniformity over the substrate surface. Consistency in all operational 
parameters is critical in order to deposit highly uniform thin-
film coatings. 

5. CONCLUSIONS 
Planetary-rotation systems are an essential optical coating system 
component to provide uniform thin-film performance over large 
substrates or large numbers of substrates. Planetary capacity is 
optimized for four to five planets, with fewer planets providing larger 
maximum substrate sizes and additional planets yielding lower 
unmasked film nonuniformity, given the smaller planet radius. 
Deposition sources are ideally located near the chamber center for 
improved uniformity and deposition efficiency, although uniformity is 
improved with sources near the chamber perimeter for configurations 
with fewer than four planets. 

Errors in planetary design and fabrication can lead to significant 
thin-film-thickness errors, depending on the type of error present in 
the system. In particular, angular errors leading to tilt of a planet or the 
entire planetary rotation such that the planar substrate surface is not 
perpendicular to the axis of rotation/revolution are particularly 
problematic. The impact of such errors suggests planetary components 
must be designed with mechanical joints over large-diameter surfaces, 
to minimize angular-assembly errors. Errors in source-to-substrate 
distances can also be problematic, whether through substrate fixturing 
or changes in source loading/depletion. 

There are numerous other potential error sources in planetary 
design and operation, with additional quantitative guidance available. 
Characterization of spherical, conic, and irregular surfaces, particularly 
for many substrates positioned off axis in the planetary rotation, 
continues to pose significant challenges for uniform coating 
performance. Control of the primary error modes for the planetary-
rotation system by appropriate design, tolerancing, and fabrication of 
planetary components can significantly limit, however, the film 
nonuniformity realized from errors in planetary rotation. 
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