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Abstract : Gradient index layers and rugate st ructures were fabricated on a L eybol d S y rus p ro deposition system by plas2
ma2assisted coevaporation of the low index material silica and the high index material niobium pentoxide. To obtain infor2
mation about the compositional profiles of the produced layers , cross sectional t ransmission elect ron microscopy was used

in assistance to deposition rate data recorded by two independent crystal monitors during the film preparation. The depth

dependent concentration profiles were t ransformed to ref ractive index gradient s by means of effective medium approxima2
tion. Based on the ref ractive index gradient s the corresponding samples‘ t ransmission and reflection spect ra could be calcu2
lated by utilizing matrix formalism. The relevance of the established ref ractive index profiles could be verified by compari2
son of the calculated spect ra with the measured ones.
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1　Int roduction

　　Optical coating designs based on layers ,

which are inhomogeneous along the stack axis ,

have optical and mechanical p roperties t hat differ

f rom t ho se of conventional high2low2index

stacks. Particularly , t he wide accessible angular

range and the low optical scat ter level make

t hem superior to t raditional stacks with respect

to selected p urposes such as omni2directional de2
vices or notch filters[124 ] . Manufact uring such

systems in practice requires t he calculation , dep2
osition , monitoring and characterization of opti2
cal coatings wit h a well defined continuous re2
f ractive index profile perpendicular to t he layer

surface. Chemical vapor depo sition processes

have f requently been used to prepare such sam2
ples[527 ] . Ion assisted elect ron beam evaporation

technology may also be used for such tasks when

utilizing coevaporation processes f rom two

sources. Thus the desired ref ractive index pro2
file can be p repared by varying precisely t he e2
vaporation rates of bot h materials.

The coevaporation process result s in t he

deposition of mixt ure layers wit h a ref ractive in2
dex which is determined at least by t he ref ractive

indices of t he constit uent s of t he mixt ure and

t heir concent rations. For t hat reason , modeling

of t he ref ractive index profile start s f rom t he in2
vestigation of t he compo sitional p rofile. This

st rategy has been applied previously in applica2



tion to ot her coating materials[8211 ] , and it will be

t he p urpose of t his work to apply it to reverse

engineering of rugate st ruct ures built f rom nio2
bia and silica. We emp hasize that t he choice of

Nb2 O5 ( t raditionally a sp ut tering material [12213 ] )

has been stimulated by recent success to deposit

high quality Nb2 O5 layers by means of ion assis2
ted elect ron beam evaporation wit h t he advanced

plasma source (A PS) [14 ] .

The study p ursues reverse engineering tasks

in rugate st ructures. More concrete , t he task is

to determine t he ref ractive index profile n (λ, z)

of an experimentally p repared rugate. This can

not be done in an unambiguous manner f rom

t ransmission and reflection spect ra of the deposi2
ted film alone , because of t he multiplicity of so2
lutions of reverse engineering f rom spect rop ho2
tomet ric data of homogeneous layer systems[15 ]

and even more of heterogeneous coatings[ 16 ] . In2
stead , it is very helpf ul to utilize a p riori infor2
mation on t he ref ractive index profile as obtained

f rom non2optical characterization techniques. We

show the merit in ref ractive index profile deter2
mination based on deposition rate recordings

during the film preparation and cross sectional

TEM investigations of t he deposited film.

2　Theoretical background

　　We are dealing wit h a material mixt ure com2
posed f rom two consistent s , numbered by j .

Each of the p ure materials has it s wavelength2
dependent ref ractive index nj (λ) and occupies a

t hickness depending volume f raction V j ( z ) of

t he f ull volume V of t he mixt ure. Thus a volume

filling factor p j ( z) can be defined as a f unction

of film thickness z :

p j ( z) =
V j ( z)

V
; ∑

2

j = 1

p j ( z) = 1 . (1)

The ref ractive index nm (λ, z) of t he compo2
sition may be calculated by means of effective

medium t heory drawn by Bruggeman[17 ] :

0 = ∑
2

j = 1
p j ( z)

n2
j (λ) - n2

m (λ, z)

n2
j (λ) + 2 n2

m (λ, z)
, (2)

This approximation is suitable for mix2
t ures , where t he constit uent s can not be classi2
fied into inclusions and host [ 18 ] . In terms of Eq.

(2) , t he dispersion of t he ref ractive index of t he

mixt ure follows f rom t hat of the p ure materials.

Moreover , if p j ( z) varies continuously , Eq. (3)

automatically defines t he spatial ref ractive index

profile nm (λ, z ) of t he rugate. Hence , knowl2
edge on the compositional p rofile ( rep resented

by p j ( z) ) allows the calculation of t he ref ractive

index profile. The ref ractive indices of t he indi2
vidual film constit uent s SiO2 and Nb2 O5 were

calculated f rom t ransmission and reflection spec2
t ra of homogeneous p ure silica and niobia films.

In the regarded wavelengt h range , absorption

lo sses are negligible , so only p urely real indices

of ref raction were used for t hese calculations.

3　Fabrication

　　The rugate st ructures built of silica and nio2
bium pentoxide were p repared by A PS assisted

elect ron beam evaporation in a L eybol d S y rus

pro deposition system. The films were deposited

on f used silica subst rates for optical analysis and

on silicon wafers for t he cross sectional TEM ex2
aminations. Fig. 1 shows a sketch of t he deposi2
tion principle. The deposition rates (and parti2
cular t heir dependence on time) are recorded au2
tomatically by the system by means of quartz

crystal monitors. The base pressure was 6. 3 ×

10 - 4 Pa , while t he plasma working pressure ac2
count s for 4. 5×10 - 2 Pa at a bias voltage of 140

V. The variable oxygen flow is cont rolled by it s

partial p ressure. The deposition rate for SiO2

was changed in t he range 0. 5～0. 9 nm/ s , while

t he rate for Nb2 O5 varied alternating f rom

0. 2 nm/ s to 0. 9 nm/ s. It took 1 066 s for a ten

period rugate st ruct ure.

Transmission and reflection spect ra of t he
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Fig. 1　Ion assisted coevaporation process

samples on f used silica have been recorded after

deposition by means of a Perkin Elmer Lamb2
da900 spect rop hotometer . The samples on sili2
con have been utilized for TEM cro ss sectional

investigations to estimate the composition of t he

samples f rom t he TEM cont rast .

4　Result s

　　Fig. 2 shows t he result of t he deposition

rate recording during preparation of t he rugate.

Fig. 2 　Deposition rate vs. layer thickness ( SiO2 solid ,

Nb2 O5 dashed)

The relation between the niobia and silica

deposition rates r allows to calculate t he compo2
sitional p rofile ( Fig. 3) of t he rugate st ruct ure

in terms of the volume filling factors p of niobia

and silica :

Fig. 3　Volume filling factors vs. layer thickness ( SiO2

solid , Nb2 O5 dashed)

　p (Nb2 O5 ) =
r(Nb2 O5 )

r(Nb2 O5 ) + r(SiO2 )

　p (SiO2 ) =
r(SiO2 )

r(SiO2 ) + r(Nb2 O5 ) , (3)

It is now st raightforward to calculate t he

corresponding ref ractive index profile for any

wavelength of interest by means of filling factors

obtained f rom Eq. (3) and effective medium ap2
proximation Eq. (2) . The profile shown in Fig.

4 is obtained forλ= 550 nm.

Fig. 4　Ref ractive index profile of the rugate st ructure

obtained f rom rate recordings

The presented p hilosop hy gives direct ac2
cess to t he ref ractive index profile. But one must

keep in mind t hat the deposition rates result

f rom an indirect monitoring procedure[19 ] . They

are not recorded at t he position of t he growing

film (which is held at a rotating subst rate hold2
er ) , but at fixed positions in t he deposition
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chamber ( see Fig. 1 ) and then corrected by

means of tooling factors. Therefore , a cross2
check of our result s was performed , utilizing

compositional p rofiles obtained f rom TEM inves2
tigations of t he samples.

A cro ss sectional t ransmission elect ron pic2
t ure of t he rugate sample can be seen in Fig. 5.

This image reveals a dark to bright cont rast t hat

corresponds to t he compositional p rofile of t he

film. Particularly , t he effect of t he subst rate

holder rotation and t he po sition of t he e2beam

gun appear as a fine subst ruct ure in t he TEM

image. However , t he modulation period caused

by t he subst rate holder rotation is in the region

of 3. 3 nm and t hus too small to affect t he optical

film spect ra at normal incidence and has not been

taken into account for t he f urt her calculations.

Fig. 5 　Cross sectional TEM image of the rugate

st ructure , courtesy of Ute Kaiser ,Universi2
ty of Ulm , Germany

The shape of t he TEM intensity p rofile is

related to t he compositional p rofile of the deposi2
ted materials. In order to relate t his intensity

p rofile to t he material concent rations in a quanti2
tative way , t he curve has been calibrated wit h

respect to t he depo sition rates at t he beginning

and t he end of t he deposition. We then obtain

t he material concent rations and t he correspond2
ing ref ractive index profile according to Eq. (3) ,

which is plot ted in Fig. 6 and differs in it s shape

f rom t hat determined f rom t he rate recordings.

Having calculated t he ref ractive index pro2
files corresponding to rate recordings and TEM

images , t he spect ra ( t ransmission or reflection)

may be calculated by any t hin film calculation

sof tware. The result of t he t ransmission calcula2
tion is shown in Fig. 7 together with the meas2
ured spect ra of t he rugate. The f ull coating

t hickness has been t uned to rep roduce t he cor2
rect stop band position , which leads to a coating

t hickness of 1 484 nm for t he rate2recording2
based calculation , and 1 402 nm for t he TEM2
based calculation.

Bot h calculations are in a good qualitative a2
greement to t he experimental spect rum and al2
low reproducing t he main spect ral features. But

t he fine details of t he measured spect rum are not

rep roduced yet . The obtained ref ractive index

profiles may therefore be regarded as an initial

approximation to t he real ref ractive index pro2
file.

Fig. 6　Ref ractive index profile of the rugate st ructure ob2
tained from rate recordings

5　Discussion

　　We demonst rated t hat non2optical data on

t he compositional p rofile can be utilized to obtain

a first approximation of t he ref ractive index pro2
file for comp utation of it s spect ral p roperties. A2
nalogous result s have been achieved f rom deposi2
tion rate recordings as well as TEM investiga2
tions.

When discussing the merit of spect ra rep ro2
duction , one must keep in mind , t hat the calcu2
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Fig. 7 　Transmittance spect ra of the rugate st ructure on

fused silica ( measured spect ra ( solid) , calculated

f rom deposition rate ( dashed ) , calculated f rom

TEM linescan (dotted)

lations of t he t ransmission spect ra f rom Fig. 7

do not rep resent spect ra fit s. Furt hermore bot h

met hods essentially rep resent indirect character2
ization met hods. The samples used for TEM in2
vestigation are not identical wit h those used for

optical analysis , because they have been deposi2
ted onto different subst rates. Rate recordings ,

on t he other hand , are accomplished at fixed po2
sitions in t he deposition chamber ( see Fig. 1) ,

and are corrected by means of simple tooling fac2
tors. Moreover , cross2correlations between t he

rate recordings for niobia and silica may occur

due to insufficient screening of t he crystal moni2
tors f rom each ot her . All t hese p roblems lead to

systematic errors , so t hat the merit of rep rodu2
cing t he experimental spect ra is rat her astonish2
ing.

Practically , t he established ref ractive index

profiles are ext remely helpf ul for reverse engi2
neering , because they may be used as initial ap2
proximation for local search methods. This is

exemplified for the rugate system ( see Figs. 8

and 9) . From Fig. 6 one may postulate that t he

rugate st ruct ure may be approximated by a se2
quence of positive and negative linear ref ractive

index ramp s (at 550 nm wavelengt h , as shown

in Fig. 8) . In terms of this assumption , t he ex2
perimental spect rum from Fig. 7 may be fit ted ,

varying only t he corner point s of t he mentioned

Fig. 8　Refractive index profile of the rugate f rom reverse

engineering (solid) by means of TEMinvestigation

as starting design (dashed)

Fig. 9 　Comparison of t ransmittance ( a ) and reflec2
tance ( b) spect ra f rom measurement ( solid)

and reverse engineering (dashed) by means of

TEM data as initial design

t riangular shaped ref ractive index profile. As a

result of t he fit , we obtain a t heoretical t rans2
mittance and reflectance as shown in Fig. 9 ,
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while t he final parameters of t he ref ractive index

profile at 550 nm are given in Fig. 8. The fit

quality is excellent .

Comparing the relative value of the rate re2
cording and TEM data , is should be emp ha2
sized , that rate recording data is available in real

time during deposition , and may be used for fast

reverse engineering and even for rapid p rototy2
ping[20 ] of rugates. On t he cont rary , TEM cross

sectional investigations are time2consuming and

expansive. Hence , we favor t he utilization of t he

rate recordings for rapid (in2sit u) reverse engi2
neering of rugates. Moreover , t hese data may be

combined wit h in2sit u broadband optical spec2
t ro scopy data of t he growing film[21 ] , to obtain a

consistent and complete pict ure of the growt h

process of any coating. Similar information may

be drawn f rom TEM , but only wit h serious time

delay.

We come to t he result , t hat t he sop histicat2
ed evaluation of rate recordings and TEM images

may be ext remely helpf ul for reverse engineering

of inhomogeneous optical coatings. The result s

are mut ually consistent .

6　Summary

　　The ref ractive index p rofile of rugate st ruc2

t ures built f rom SiO2 and Nb2 O5 may be esti2
mated utilizing a combination of optical and non2
optical characterization techniques. TEM cro ss

sectional investigations delivered high quality

p rofiles which are consistent wit h the main fea2
t ures of t he measured sample t ransmission and

could be utilized as starting approximation for

t he spect ra fit . The same kind of information

can be drawn f rom deposition rate recordings.

On t he other hand , TEM investigations cannot

be used for online re2engineering during deposi2
tion , or rapid p rototyping. For real time reverse

engineering , t he goal is to combine the fast rate2
recording technique wit h an in2sit u optical

broadband monitoring during film deposition[22 ] .
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