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Abstract

The deposition of graded-index layers and rugate structures was performed by coevaporation of silicon dioxide as the low index material and

niobium pentoxide as the high index material. To obtain information about the composition depth profile of the films, we used cross-sectional

transmission electron microscopy to supplement deposition rate data recorded by two independent crystal quartz monitors during film preparation.

The concentration depth profile was transformed to a refractive index profile using the effective medium approximation. The thus obtained

refractive index profiles turned out to represent efficient initial approximations for re-engineering purposes.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Optical coating designs based on layers, which are

inhomogeneous along the stack axis, are known to have optical

and mechanical properties that differ from those of traditional

multilayer stacks. Particularly, the low optical scatter level and

the wide accessible angular range make them superior to

traditional stacks with respect to selected applications such as

notch filters or omni-directional devices [1–4]. Manufacturing

such systems requires the calculation, deposition, monitoring

and characterization of optical coatings with a well-defined

continuous refractive index profile perpendicular to the layer

surface. Chemical vapor deposition processes have frequently

been used to prepare such samples [5–7]. Conventional as well

as ion assisted electron beam evaporation technology may also

be used for such tasks when using coevaporation processes

from two sources. Thus, the desired refractive index profile can

be prepared by precisely varying the evaporation rates of both

materials.

In fact, such a coevaporation process results in the

deposition of mixture layers, with a refractive index, which
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is determined by the refractive indices of the constituents of

the mixture and their concentrations. For that reason,

modeling of the refractive index profile starts from the

investigation of the compositional profile of the coating. Such

a strategy has been applied previously in application to other

coating materials [8–11], and it will be our purpose here to

apply it to reverse engineering of graded-index layers and

rugate structures built from Nb2O5 and SiO2. We emphasize

that the choice of the high refractive material Nb2O5

(traditionally a sputtering material [12,13]) has been stimu-

lated by recent success to deposit high quality Nb2O5 layers

using ion assisted electron beam evaporation with the

Advanced Plasma Source APS [14].

The present study pursues reverse engineering tasks in

graded-index layers and rugate structures. More concretely, the

task is to determine the refractive index profile n(k, z) of an
experimentally prepared inhomogeneous film. This cannot be

done in an unambiguous manner from transmission and

reflection spectra of the deposited film alone, because of the

multiplicity of solutions of reverse engineering tasks from

spectrophotometric data of homogeneous layer systems [15]

and even more of heterogeneous coatings [16]. Instead, it is

extremely helpful to utilize a priori information about the

refractive index profile obtained from non-optical character-

ization techniques. In this paper, we demonstrate the benefits of
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Fig. 1. Ion assisted coevaporation system.

Table 1

Deposition parameters for graded-index layer and rugate structure

Graded-layer Rugate structure

Background pressure 9.3 I10�4 Pa 6.3 I10�4 Pa

APS working pressure 5 I10�2 Pa 4.5 I10�2 Pa

Oxygen flow Constant: 35 sccm Variable: controlled by

oxygen partial pressure

APS bias voltage 140 V 140 V

Substrate temperature 150 -C 150 -C

SiO2—rate 0. . .1.2 nm/s 0.9. . .0.5 nm/s

Nb2O5—rate 1.2. . .0.2 nm/s 0.2. . .0.9 nm/s

Duration of deposition 744 s 1066 s
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refractive index profile determination based on deposition rate

recordings during the film preparation and cross-sectional TEM

investigations of the deposited film.

2. Theoretical details

Let us suppose that we deal with a material mixture built

up from two materials, numbered by j. Each of the pure

materials has a refractive index nj(k) (where k is the

wavelength in vacuum) and occupies a thickness dependant

volume fraction Vj(z) of the full volume V of the mixture.

Thus a volume filling factor pj(z) can be defined as a function

of film thickness z:

pj zð Þu Vj zð Þ
V

; ~
2

j¼1

pj zð Þ ¼ 1: ð1Þ

The refractive index nm(k, z) of the mixture may be

calculated in terms of a Bruggeman’s mixing formula [17]

according to:

0 ¼ ~
2

j¼1

pj zð Þ
n2j kð Þ � n2m k; zð Þ

n2m k; zð Þ þ n2j kð Þ � n2m k; zð Þ
� �

L
: ð2Þ

This approximation is appropriate for mixtures, where the

constituents cannot be classified into inclusions and a host

[18]. The depolarization factor L depends on microstructure

of the composition, which is not exactly known. However, it

may easily be checked that for the particular optical

constants of the used mixing partners, the output of Eq.

(2) does not change dramatically when L varies in an

interval between 0 and 1 /2, which seems reasonable for the

morphology of our coatings. For convenience, in our further

calculations the depolarization factor L is therefore set to a

value of 1 /3.

In terms of Eq. (2), the dispersion of the refractive index of

the mixture follows automatically from that of the pure

materials. Furthermore, if pj(z) continuously varies, the mixing

formula automatically defines the spatial refractive index

profile nm(k, z) of the graded-index layer. Hence, knowledge

on the compositional profile (represented by pj(z)) allows the

calculation of the refractive index profile. The refractive
indices of the individual film constituents SiO2 and Nb2O5

have been calculated from transmission and reflection spectra

of homogeneous pure silicon dioxide and niobium pentoxide

films. In the considered wavelength range, absorption losses

are negligible, so only purely real indices of refraction were

used for these calculations.

3. Experimental setup

Graded-index films composed of silicon dioxide and

niobium pentoxide have been prepared in a Leybold Syrus-

pro deposition plant by APS assisted electron beam evapora-

tion. The films have been deposited on fused silica substrates

for optical analysis and on silicon wafers for the cross-sectional

TEM investigations. Fig. 1 shows a diagram of the deposition

chamber. Main deposition parameters are summarized in Table

1. The deposition rates (and particularly their dependence on

time) are recorded by the deposition system using two

independent quartz crystal monitors. Each quartz crystal

monitor is calibrated by means of tooling factors being

determined from independent deposition experiments of pure

silica and niobia films.

Transmission and reflection spectra of the samples on

fused silica have been recorded after deposition using a

Perkin Elmer Lambda900 spectrophotometer. The samples on

silicon have been used for TEM cross-sectional investigations

to estimate the composition of the samples from the TEM

contrast.

4. Results

4.1. Negative graded-index layer

Fig. 2 (top) shows the result of the deposition rate

recording during preparation of a negative graded-index layer.

In this case, the refractive index of the film decreases with

increasing distance from the substrate. The deposition

therefore starts with a high deposition rate of niobium

pentoxide and a low silicon dioxide rate. During the

deposition process, the Nb2O5 rate was gradually decreased,

while that of SiO2 was increased. The sum of both deposition

rates is also slightly increasing with time.

The relation between the niobium pentoxide and silicon

dioxide deposition rates allows calculating the compositional
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Fig. 3. Cross-sectional TEM image (high resolution nearby substrate), courtesy

of Ute Kaiser, University of Ulm, Germany.
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Fig. 4. Negative graded-index layer: top—intensity profile of the sample;

center—filling factors of SiO2 (solid) and Nb2O5 (dashed); bottom—refractive

index profile at 550 nm.
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Fig. 2. Negative graded-index layer: top—deposition rates of SiO2 (solid),

Nb2O5 (dashed) and sum of both (dotted); center—filling factors of SiO2 (solid)

and Nb2O5 (dashed); bottom—refractive index profile at k =550 nm.
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profile of the gradient layer in terms of the volume filling

factors of niobium pentoxide and silicon dioxide:

p Nb2O5ð Þ ¼ r Nb2O5ð Þ
r Nb2O5ð Þ þ r SiO2ð Þ

p SiO2ð Þ ¼ r SiO2ð Þ
r SiO2ð Þ þ r Nb2O5ð Þ ð3Þ

where r is the deposition rate. The calculated compositional

profiles are shown in the center of Fig. 2.

It is now straightforward to calculate the corresponding

refractive index profile for any wavelength of interest by

means of Eq. (2), using the filling factors obtained from Eq.

(3). For the particular case of k =550 nm, we obtain the

profile shown on bottom of Fig. 2, which shows the expected

decrease of the refractive index with distance from the

substrate surface.

Although the presented methodology gives direct access

to the refractive index profile, one must keep in mind that

the deposition rates result from an indirect monitoring

procedure [19]. They are not recorded at the position of

the growing film (which is held at a rotating substrate

holder), but at fixed positions in the deposition chamber (see

Fig. 1) and then corrected using tooling factors. Therefore, a

cross-check of our results was performed, using composi-

tional profiles obtained from TEM investigations of the

samples.

A cross-sectional transmission electron micrograph of the

negative graded-index sample on silicon can be seen in Fig.
3. This image reveals a dark to bright contrast that

corresponds to the compositional profile of the film. Note

that the effect of the substrate holder rotation and the location

of the e-beam gun appear as a fine substructure in the TEM

image. However, the modulation period caused by the

substrate holder rotation is in the region of 3.3 nm and thus

too small to affect the optical film spectra at normal

incidence. It has therefore not been taken into consideration

for further calculations.

On top of Fig. 4 the TEM intensity profile is shown as

resulting from the image from Fig. 3. Its shape is related to the

compositional profile of the deposited materials. In order to

relate this intensity profile to the material concentrations in a

quantitative manner, the curve has been calibrated with respect
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Fig. 5. Transmittance spectra of the negative graded-index layer on fused silica

(measured spectrum (solid), calculated from deposition rate (dashed), calculat-

ed from TEM linescan (dotted), uncoated substrate (thin)).
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to the deposition rates at the beginning and the end of the

deposition. We then obtain the material concentrations as

shown in Fig. 4 (center).

The corresponding refractive index profile according to Eq.

(2) is plotted on the bottom of Fig. 4. It is again consistent with

the produced negative index gradient, but differs in its shape

from that determined from the rate recordings.

Having calculated the refractive index profiles

corresponding to rate recordings and TEM images, the film

spectra (transmittance or reflectance) may be calculated by

any thin film calculation software. The result of the

transmittance calculation is shown in Fig. 5, together with

the measured spectra of the graded-index layer. The

assumed thickness values are 1178 nm for the calculation

based on rate-recording data, and 1097 nm for the TEM

data. Both physical thickness values correspond to the same

optical thickness, because the convex refractive index

profile from Fig. 2 (bottom) corresponds to a lower mean

refractive index than the slightly concave profile from Fig.

4 (bottom).

As shown, both calculations are in qualitative agreement to

the experimental spectrum. Particularly, the transmission at

the halfwave points (degree of inhomogeneity) is well

reproduced, while there appear problems in reproducing the

quarterwave points (lower envelope) and the correct disper-
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Fig. 6. Left—deposition rate vs. layer thickness (SiO2 (solid), Nb2O5 (dashed)); rig

Kaiser, University of Ulm, Germany.
sion behavior (spacings between adjacent interference extre-

ma). The refractive index profiles determined so far may

therefore be regarded as an initial approximation to the real

refractive index profile.

4.2. Rugate structure

As a second example, let us discuss the refractive index

profile of a periodic sequence of ten negative and positive

index gradients, further referred to as rugate structure. Fig. 6

(left) shows the rate recordings during deposition, while Fig. 6

(right) shows the TEM cross-sectional image of the sample. In

an identical manner as discussed for the case of the graded-

index layer, we obtain the following refractive index profiles

for the rugate structure (Fig. 7).

Again, both profiles resemble the intended periodic

refractive index profile, although there occur differences in

the obtained profile shapes. The next step is therefore to

calculate the corresponding transmittance spectra, and to

compare them to the measured spectrum (Fig. 8). Here, the

full coating thickness has been tuned to reproduce the correct

stopband position, which leads to a coating thickness of 1484

nm for the rate-recording-based calculation, and 1402 nm for

the TEM-based calculation. As in the case of the graded-

index layer, both profiles allow reproducing the main spectral

features. However, the fine details of the measured spectrum

are not reproduced yet, so that the obtained refractive index

profiles again represent an initial approximation of the real

behavior.

Practically, the established refractive index profiles are

extremely helpful in reverse engineering tasks, because they

may be used as initial approximation for re-engineering by

local search methods. This is exemplified for the case of the

rugate system (see Figs. 9 and 10). Indeed, from Fig. 7 one may

postulate that the rugate structure may be approximated by a

sequence of positive and negative linear refractive index ramps

(at 550 nm wavelength, as shown in Fig. 9). In terms of this

assumption, the experimental spectrum from Fig. 8 may be

fitted, varying only the corner points of the mentioned

triangular shaped refractive index profile. As a result,

transmittance and reflectance spectra as shown in Fig. 10 are
100

ht—cross-sectional electron micrograph of a rugate structure, courtesy of Ute
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Fig. 7. Refractive index profiles of the rugate structure (left—obtained from rate recordings; right—obtained from TEM).
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obtained, while the final parameters of the refractive index

profile at 550 nm are given in Fig. 9.

5. Discussion

The results presented in the previous section demonstrated

that non-optical data on the compositional profile of inhomoge-

neous layers could be used to obtain a first approximation of

their refractive index profile for computation of its spectral

properties. Corresponding results have been achieved from

deposition rate recordings as well as TEM investigations.

The established refractive index profiles of the negative

gradient reproduce the halfwave points and the amplitude of

the oscillations in the transmittance spectrum, which in fact

indicates that the mean refractive index and the degree of

inhomogeneity are well suitable [20]. Finer details of the

spectum are not reproduced yet. The same is valid for the more

complex rugate structure. The refractive index gradient

emerging from the deposition rate data approximates the

spectral properties, particularly the stopband, quite well.

When discussing the merit of spectra reproduction, one must

keep in mind that the calculations of the transmittance spectra

from Figs. 5 and 8 are not spectra fits. The transmittance

calculations discussed so far only correspond to the experimen-

tally established compositional profiles. Furthermore, both

methods (TEM and deposition rate recording) are indirect

characterization methods. The reason is that the samples used

for TEM investigation are not identical with those used for
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Fig. 8. Transmittance spectra of the rugate structure on fused silica (measured

spectra (solid), calculated from deposition rate (dashed), calculated from TEM

linescan (dotted)).
optical analysis, because they have been deposited onto different

substrates. Rate recordings, on the other hand, are accomplished

at fixed positions in the deposition chamber (see Fig. 1), and are

corrected using simple tooling factors. Moreover, cross-correla-

tions between the rate recordings for niobium pentoxide and

silicon dioxide may occur due to insufficient screening of the

crystal monitors from each other. All these problems are

potential sources of systematic errors, so that in fact the quality

of reproducing the experimental spectra is rather good.

Comparing the relative value of the rate recording and TEM

data, which should be emphasized, the rate-recording data is

available in real time during deposition, and may therefore be

used for fast reverse engineering and even for rapid prototyping

[21] of graded-index coatings. On the contrary, TEM cross-

sectional investigations are time-consuming and expansive. For

that reason, we favor the utilization of the rate recordings for

rapid (in situ) reverse engineering of inhomogeneous coatings

and rugates. Moreover, these data may be combined with in

situ broadband optical spectroscopy recordings of the growing

film [22], to obtain a consistent and complete picture of the

growth process of any coating. Similar information may be

drawn from TEM, but only with a serious time delay.

We come to the result that the sophisticated evaluation of

rate recordings and TEM images is very helpful for reverse

engineering of inhomogeneous optical coatings. The results are

mutually consistent.

Regarding the quality of the spectra fits shown in Fig. 10, its

obvious that all spectral features are well reproduced.
0 20 40 60 80 100
1.4

1.6

1.8

2.0

2.2

re
fr

ac
tiv

e 
in

de
x 

@
55

0 
nm

percent layer thickness

Fig. 9. Refractive index profile of the rugate from reverse engineering (solid)

using TEM investigation as starting design (dashed).
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Fig. 10. Comparison of transmittance (left) and reflectance (right) spectra from measurement (solid) and reverse engineering (dashed) using TEM data as initial

design.
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refractive index profile obtained from TEM (Fig. 9).
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Unfortunately, niobia shows strong absorption losses at

wavelength values below 380 nm, so it is useless to extend

the fit into the UV region that makes it impossible to check the

theoretical reproduction of higher harmonics of the stopband.

On the other hand, it should be once more emphasized that

reverse engineering from normal incidence transmission and

reflection spectra leads to multiple solutions, and the decision

on the physically relevant solution cannot be made on the base

of the degree of spectra reproduction only. Our particular

choice of initial approximation leads to a solution with a
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Fig. 12. Comparison of transmittance (left) and reflectance (right) spectra from mea

index profile as initial approximation.
refractive index profile, which is consistent with both the

experimental spectra and non-optical a priori information on

the compositional profile. This is not generally the case, if

other initial approximations are applied.

In order to illustrate the effect of multiple solutions, Fig. 11

represents another re-engineering result for the same periodic

structure, obtained from the fit of transmittance and reflectance

if the designed refractive index profile has been used as the

initial approximation. Although the obtained result fits very

well to the measured spectra (Fig. 12), the obtained refractive

index profile is not consistent with the results of non-optical

analysis, particularly with the results from TEM-investigations,

as shown in Fig. 11 by the dashed line. The disagreement to the

deposition rate recordings (see Fig. 7 on left) is even stronger.

The most serious point is that the number of periods is wrong:

The re-engineering result from Fig. 11 shows only 8 oscillations

instead of 10. Clearly, such a refractive index profile is

physically meaningless, although it is quite consistent with the

optical spectra.

Once more, this result clarifies the well-known fact that it is

impossible to identify the true re-engineering solution from the

mathematical solution multiplicity basing on the merit of ex

situ spectra reproduction only. Instead, any additional a priori

information on the construction parameters of the system

should explicitly be used in the course of the re-engineering

procedure.
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surement (solid) and reverse engineering (dashed) using the designed refractive
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One last point concerns the choice of the mixing equation.

In our study, the effective medium approximation (EMA) given

by Eq. (2) was used to generate the initial approximation of the

refractive index profile. Minor modifications in the profile will

occur, if the depolarization factor L is altered or when the EMA

is replaced by Maxwell Garnett, Lorentz–Lorenz, or Looyenga

[23] mixing models. Nevertheless, all the mentioned models

are only convenient approximations, because they intermix the

polarizabilities of the constituents of the mixture, regarding

them to be the same as in the pure materials. Therefore, they do

not consider size effects, effects caused by surface chemistry,

and so on. Particularly, for mixtures of the type Nb2O5/SiO2,

the application of an empirically found ad hoc relationship

between deposition rates and optical constants may lead to an

even better reproduction of the optical spectra than it is

achieved using the Bruggeman formula [24]. Practically, as we

use the mixing model only for generation of a starting

refractive index profile for re-engineering, the concrete choice

of the mixing formula seems to be less crucial a problem than

the accurate determination of the compositional profile itself.

6. Summary

The refractive index profile of graded-index layers and

rugate structures built from SiO2 and Nb2O5 was estimated

using a combination of optical and non-optical characterization

techniques. For the rugate structure, TEM cross-sectional

investigations delivered good quality profiles, which are

consistent with the main features of the measured sample

transmittance and could be used as starting approximation for

the spectra fit. The same kind of information can be drawn

from deposition rate recordings. On the other hand, TEM

investigations cannot be used for online re-engineering during

deposition, or rapid prototyping. For real time re-engineering,

the goal should therefore be to combine the fast rate-recording

technique with a complementary non-destructive (optical)

monitoring technique to enhance the accuracy of online

controlling of the film growth.

Future work will be concentrated on the replacement of the

Bruggeman equation by a more suitable mixing formula, and

on the implementation of a reverse engineering strategy, which

combines the evaluation of rate recordings and in situ optical

broadband monitoring during film deposition in real time.
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