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Abstract : Reengineering the ref ractive index profile of inhomogeneous coatings is a t roublesome task. Multiplicity of solu2
tions may significantly reduced by providing additional information. For this reason an in2situ broadband monitoring sys2
tem was developed to measure the t ransmittance of the growing film directly at the rotating subst rate. For characterization

of these coatings , a new model was developed , which significantly reduces the number of parameters. The ref ractive index

profile may be described by a proper number of equally spaced volume fraction values using the Bruggeman effective media

approach. A good initial approximation of the ref ractive index profile can be generated based on deposition rates for both

materials recorded with quartz crystal monitor during manufacturing. During the optimization process , a second order

minimization algorithm was used to vary the ref ractive index profile of the whole coating and film thickness of the interme2
diate stages. Finally , a significantly improved accuracy of the modelled t ransmittance was achieved.
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1　Int roduction

　　Inhomogeneous coatings with a well2defined

continuous ref ractive index profile along an axis

t hat is perpendicular to the film surface , such as

so2called gradient index layers and rugate filters

rep resent new and prospective t hin film designs.

Particularly , t he low optical scat ter level and t he

wide accessible angular range make t hem superi2
or to t raditional stacks wit h respect to selected

applications such as notch filter or omni direc2
tional devices[ 1 ] . Manufact uring such systems in

practice requires new synt hesis , adapted deposi2
tion processes and improved methods for monito2

ring and characterization.

The Leybold Syrus Pro 1 100 deposition

system can be used to manufacture inhomoge2
neous coatings by co2evaporation of SiO2 and

Nb2 O5
[223 ] Additional information on the inter2

mediate stages of the not yet completed film is

ext remely helpf ul in reverse engineering tasks ,

and clearly superior to t he extent of information

t hat may be drawn f rom t he spect ra of t he com2
pleted film only. That information may be col2
lected by measurement s of t he t ransmit tance of

t he growing film directly at t he rotating sub2
st rate wit h our in2sit u broadband monitoring

system ( Fig. 1) .



Fig. 1　Experimental setup for in2situ broadband monitoring

and deposition of inhomogeneous coatings

2　Algorit hm

　　To achieve a fast convergence of the reengi2
neering algorit hm , a good start approximation

and proper model are required. In t he case of de2
positing inhomogeneous coatings by co2evapora2
tion , technological p roblems result in significant

discrepancies even between designed and manu2
fact ured deposition rate p rofile ( Fig. 2) .

Fig. 2　Recorded with quartz crystal monitor ( solid) and

designed (dashed) deposition rates of Nb2 O5 ( top)

and SiO2 (bottom)

In particular , t hese discrepancies may be re2
duced if time delays during the deposition

process are taken into account ( Fig. 3) . System2
atic derivations of t he deposition rate p rofile of

Nb2 O5 are caused by thermal inertia of the cruci2
ble. Additional , accumulated time delays result s

in erroneous cont rol behaviour of t he deposition

process at t he end. For t his reason , the recorded

deposition rate p rofile will be bet ter suited to

generate a good start approximation of t he re2

Fig. 3 　Recorded with quartz crystal monitor ( solid) and

modelled (dashed) deposition rates of Nb2 O5 ( top)

and SiO2 (bottom)

f ractive index profile than t he original design.

The p hysical t hickness z of t he coating at

any given time t can be estimated by integration

t he sum of t he both deposition rates :

z ( t) =∫
t

0

( rL (τ) + rH (τ) ) dτ , (1)

The volume f raction p of Nb2 O5 at a given time

can be also estimated f rom t he deposition rates :

p ( t) =
rH ( t)

rL ( t) + rH ( t)
, (2)

U sing t hese two equations , t he volume

f raction profile p ( z) is given in paramet ric form.

The number of point s in the resulting volume

f raction profile depends on the time resolution of

t he deposition rate recording. To keep the num2
ber of parameters as low as possible , t he volume

f raction profile can be smoot hed to eliminate

noise. Small inhomogeneities wit h t hicknesses of

only a few nanomet res do not affect t he t rans2
mittance in the visual spect ral range and can be

neglected. For this reason , t he volume f raction

profile can be t ransformed into step f unction

wit h equal optical t hickness ( Fig. 4) [4 ] . Thereby

t he step lengt h for t he inner step s was kept con2
stant and set to twice t he value for t he first and

last step . In this case , t he step profile of t he

volume f raction can be finally t ransformed into a

piecewise linear p rofile wit h equally spaced val2
ues ( Fig. 4) . This approach significantly reduces
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t he number of required parameters for t he vol2
ume f raction profile.

Fig. 4　Smoothing the volume fraction profile ( solid)

significantly reduces the number of parame2
ters. A step function with equal optical thick2
ness (dotted) can t ransformed into a piecewise

linear function with equal spaced sampling

point s (dashed) .

For modelling the ref ractive index profile

based on t he volume f raction profile a mixt ure

model is required. For a homogeneous mixt ure ,

where t he constit uent s cannot be classified into

inclusion and host , t he Bruggeman’s mixing for2
mula can be used[5 ] . For any given wavelengt h ,

t he complex ref ractive index profile of the mix2
t ure n̂eff can be calculated f rom t he complex re2
f ractive indices of t he individual film constit uent s

SiO2 ( n̂L ) and Nb2 O5 ( n̂ H ) and t he volume f rac2
tion profile p :

n̂eff =
1
2

(3 p - 1) n̂2H + (2 - 3 p) n̂2L ± ( (3 p - 1) n̂2
H + (2 - 3 p) n̂2

L ) 2 + 8 n̂2H n̂2
L

(3)

This ref ractive index profile can be used to mod2
el t he t ransmit tance of the coating. For all I in2
sit u t ransmit tance spect ra , each containing J

spect ral point s , t he same equidistant volume

f raction profile ( p0 . . . pm ) must be valid. Only

t hickness d of t he sub2system may vary. For

t his reason , t he merit f unction can be defined

as :

F( p0 ⋯pm , d1 ⋯d I ) =

1
I

1
J ∑

I

i = 1
∑

J

j = 1

Ti ( p0 ⋯pm , d1 ⋯d I ,λj ) - Tinsitu
i (λj )

2

average of t he squared difference between mod2
elled and measured t ransmit tance. Fig. 5 illus2
t rates t he good qualitative agreement between in2
sit u measured t ransmit tance ( symbols) and start

approximation ( solid line ) . The stop band is

shif ted approximately 7 % in wavelengt h , which

result s f rom a higher optical t hickness of the de2
posited rugate filter . During t he optimization

process , t he p hysical t hicknesses were first ad2
justed to rep roduce the position of t he stop

band. This significantly reduces the value of t he

merit f unction wit hout changing t he ref ractive

index profile and improves stability of t he opti2
mization process.

Fig. 5　In2situ measured t ransmittance ( symbols) and start

approximation (solid lines)

Finally , a second order optimisation algo2
rit hm was used to adjust t he volume f raction

profile and t he t hicknesses of t he particular coat2
ing at the time of t he in2sit u measurement . In

comparison to t he number of variables ( a few

hundred) t he required number of optimization

cycles to achieve a good agreement between

model and measurement was low (approximately

50) . The parameters of t he model rep roduce t he

position and widt h of t he stop band as well as

t he optical behaviour of t he coating in t he side2
bands even for intermediate states of t he deposi2
tion process ( Fig. 6) . This indicates t hat the ex2
t racted parameters does not only rep resent a

possible mat hematical solution of the reengineer2
ing task but also contains important p hysical in2
formation.
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Fig. 6　In2situ measured t ransmittance (symbols) and final

result of the optimisation (solid lines)

In Fig. 7 the calculated ref ractive index pro2
file at 600 nm is shown ( solid line) . The p hysi2
cal t hickness of the coating is more t han 10 per2
cent higher t han expected. The shape of t he en2
velope of t he final result is similar to the enve2
lope of t he start app roximation ( dot ted line) .

The minimum and maximum ref ractive index

values of t he calculated ref ractive index profile

are shif ted to lower values and result in a lower

average ref ractive index of t he coating.

For t his reason , an adjust ment of the depo2
sition rate records is required. The simplest ap2
proach is given by modified tooling factors. Un2
fort unately , t his doesn’t completely explain t he

calculated ref ractive index profile. In a more ad2
vanced approach , t he cross talk between t he two

quartz crystal monitors must be taken into ac2
count . Based on t he geomet rical conditions in

t he deposition system , each quartz crystal moni2
tor particularly detect s also a f raction of t he sig2
nal of t he ot her one. This may considered by

using a 2 ×2 mat rix to modify depo sition rates.

In t his mat rix , t he diagonal element s are t he

tooling factors and t he non2diagonal element s de2
scribe t he cross2talk. Applying t his model to t he

start approximation , an improved start approxi2
mation can be calculated ( Fig. 8 , dot ted line) .

There is a good accordance between t he reengi2
neered ref ractive index profile and t he improved

start approximation. The determined cro ss2talk

of SiO2 to Nb2 O5 quartz crystal monitor is ap2
proximately 5 %. For t he opposite direction , no

cross2talk must be taking into account , because

a pipe in f ront of t he SiO2 quartz crystal monitor

completely shields t his crystal f rom Nb2 O5 .

Fig. 7　Reengineered ref ractive index profile ( solid line)

and start approximation (dotted line) for a wave2
length of 600 nm

Fig. 8　Reengineered ref ractive index profile (solid line) and

improved start approximation ( dotted line ) for a

wavelength of 600 nm

3　Summary

　　A new algorit hm to reengineer t he ref ractive

index profile of inhomogeneous coating f rom in2
sit u measured t ransmit tance on t he rotating sub2
st rate was developed. The ref ractive index pro2
file may describe by a proper number of equally

spaced volume f raction values using t he Brugge2
man effective media approach. A good start ap2
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proximation of the ref ractive index profile can

generated based on deposition rates for both ma2
terials recorded wit h quartz crystal monitor dur2
ing manufact uring. This may f urt her be im2
proved , when cross2talk between t he quartz

crystal monitors is taken into account .

During t he optimization process , only t he

volume f raction p rofile of t he whole coating and

film t hickness of t he intermediate stages were

modified. This rest rict s the multiplicity of solu2

tions. Finally , a significantly improved accuracy

of the modelled t ransmit tance was achieved. The

shape of t he reengineered ref ractive index profile

is consistent wit h recorded deposition rates.
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