
EP 0 416 251 B1 Description BACKGROUND OF THE INVENTION 5  1. Field of the
Invention This invention relates generally to the field of optically
reflective filters and materials, and, more particularly, to a monitored
and feedback-controlled deposition process for the manufacture of a
multiple- notch rugate filter. 10 2. Description of Related Art An
important criterion In the operation of optical sensors is protecting the
sensors from possible damage caused by lasers. This protection is referred
to as laser hardening and has become necessary due 15  to the widespread
use of lasers in industrial and military applications, such as ranging and
communications. Such protection is needed because laser radiation from
friendly or hostile sources, even at lower energy levels, can disable or
damage a detection system by saturating or burning out vulnerable
components or detector elements. While protecting such systems, low
spectral distortion and high see-through are needed to depict an accurate
signal. In conventional laser-hardening schemes, a standard method of such
protection is a multilayer dielectric reflective filter made of alternating
layers of dissimilar materials. Among the problems associated with the use
of such a discrete multilayer structure Is a residual stress In each layer
caused by incompatible material properties at the abrupt interfaces. This
stress, a problem common to discrete multilayer coatings, can weaken the
structure and lead to delamination of the layers. In addition, abrupt
interfaces between 25  dissimilar materials can be sites for dislocation
and a high concentration of impurities. These sites can lower the
protection capability and power tolerance of the filter if radiation is
scattered into the detector or absorbed in the filter. Multilayer filters
also have Inadequate broadband signal transmittance due to the undesired
sideband reflectance peaks that arise from the interference effects
Inherent to the filter design limitations of alternating layer structures.
30     Simple reflective multilayer dielectric filters typically consist of
alternating layers of two dielectric materials of different refractive
indices, which are formed on the surface of a substrate by known deposition
techniques, such as chemical vapor deposition, sputtering, or thermal
evaporation. The optical thickness (in this case, the product of the
refractive Index and layer thickness) of each layer is chosen to be one
quarter of a wavelength of the radiation to be reflected, and such a
structure is therefore referred to as a "quarter- 35  wave stack". As
previously noted, such multiple-layer filters exhibit numerous problems,
including the production, upon intense Irradiation, of highly localized
fields occurring at the abrupt Interfaces between the layer surfaces, which
can produce temperature increases, which In turn can lead to structural
failure due to interfacial stresses. From prior art document US-A-4 837 044
a method for the formation of notch rugate filters is known, 40  comprising
a reflective layer having a pre-specified refractive index versus thickness
profile and a substrate. According to this method, at least two different
compatible reactants of different refractive Index, which are
stoichiometrically combinable In variable proportion are used to form a
thin film material with a refractive index which varies as a function of
the proportion of the components. The deposition of the thin film material
is controlled based on signals monitoring the physical and optical
thickness of the coating. The 45 control signals are used for adjustment of
the composition of the deposited material. A further, similar approach is
discussed in U.S. Patent 4,545,646 to Chem et al. (issued October 8, 195
and assigned to the present assignee). According to this document, a
graded-index optical material Is provided having continuous gradations in
the stoichiometric composition and refractive index as a function of
thickness of the material. The structure disclosed in U.S. Patent No.
4,545,6  to Chem et al. addressed 50  many of the drawbacks, such as design
and performance limitations, in multilayer filters. Chem at al. discloses a
method whereby the substrate is exposed to first and second vapor phase
reactants in predetermined proportions in the presence of radiation to
Induce a chemical reaction whereby the desired optical material is formed
and deposited on the substrate. The optical material is deposited in
accordance with a predetermined index of refraction. The proportion of the
reactants to which the substrate Is exposed 55 is altered as a function of
time In a predetermined and continuous manner which allows the
predetermined and continuous variation of the stoichiometric composition
and the index of refraction of the deposited material to produce a graded
index of refraction which reflects radiation at a given wavelength. In this
single-notch process of Chern et al. it is assumed that the deposition
process will occur according to the 



2    EP 0 416 251 B1 predetermined pattern. However, no method for insuring
the accuracy of the deposition pattern was provided by Chern et al. In
order to provide protection against multiple laser lines, multiple
single-notch rugate layers could be stacked one on the other. Each stack,
however, requires a separate process segment with possible 5  interfacial
problems between stacks. Superposition of component sinusoidal modulations
allows a single process segment for simultaneous multiple notch formations.
Chern et al. also disclosed the formation of a multiple-notch rugate filter
from a graded index coating having a composite Index profile that is based
on the linear superpositioning of a number of sinusoidal Index profiles.
For example, three separate Index profiles can be combined to form a
composite refractive index profile which provides protection against 10
three separate wavelengths. The ability to control and insure the accuracy
of the deposition pattern is especially crucial in preparing multiple-notch
filters. However, rugate filter fabrication can tolerate errors no greater
than about one percent to the original design guide, as disclosed by
Southwell et al. in U.S. Patent No. 4,707,611. Therefore, errors greater
than one percent need to be compensated as they occur, or else the
fabrication process requires termination and starting over. 15     Thus, a
need exists in the field of optical filters for a method of forming
multiple-notch rugate filters from graded index optical materials in a
controllable and accurate manner. SUMMARY OF THE INVENTION 20     The
present Invention provides an error-compensation method for Insuring
attainment of a thin-film multiple-notch optical filter deposited on a
uniform substrate and having desired properties. The thin-film, optically
Interactive medium has an algorithm-controlled, error-compensated, nearly
continuously varying refractive index profile perpendicular to the plane of
the substrate. The varying refractive Index profile of the medium is
predominantly reflective at muitipe-notches or multiple bands of
wavelength. The refractive 25  index profile necessary to provide the
multiple-notch filter is a combination or superpositioning of sinusoidally
varying refractive index profiles, each of which alone provides reflection
at a single wavelength or notch. In one embodiment of the present
invention, the optically Interactive medium may comprise a photochemically
deposited film of silicon oxides [err]. The optical filter medium produced
by the method of this invention Is characterized by a continuously 30
varying refractive index profile that Is error-compensated according to an
algorithmic method of optical coating monitoring, wherein the medium is
multiple-sinusoidally phase adjusted during deposition to follow a
predetermined and optically measurable pattern. For this purpose, the use
of the algorithm is novel, and the optical monitoring can be performed with
standard, conventional means. The optically interactive medium coated upon
a uniform substrate, that together with the substrate comprises the
multiple-notch rugate filter 35  of this invention, Is transmissive to
optical radiation except near or at particular notches of wavelength
wherein the filter is predominantly reflective, and is referred to herein
as "a multiple-notch rugate filter". A salient aspect of this
multiple-notch rugate filter method Is to form this optical medium layer so
that the product of the average index of refraction and the component
sinusoidal period thicknesses are maintained in such a manner that the
desired Bragg reflective condition for each notch is achieved accurately.
This 40  result is achieved through compensation of errors based on
algorithmic actions according to optical monitoring signals during filter
deposition. The algorithm directs the deposition process to make minor
adjustments, either vertically or horizontally, to the depositing index
profile in such a manner that the multiple-notch rugate profile that is
theoretically desirable is accurately followed in an error-compensated
manner. The resulting deposited index profile therefore results In
practicably realizable multiple-notch 45 rugate filter properties. The
present algorithmic method of deposition which forms a multiple-notch
filter medium that is coated onto a uniform substrate Includes the steps
of: (a) providing said substrate; (b) providing reactants which Interact
physically or chemically to form said optical material as a layer on said
substrate; 50    (c) providing an ideal target profile of refractive Index
versus thickness of said layer, said profile having a multiple-notch
composite pattern formed from superpositioned single-notch composite
patterns, and determining from said target profile ideal values of optical
thickness at successive points In time 



corresponding to points along said profile; d) providing target process
conditions as a function of time for said reactants operative to form said
layer 55    having said ideal target profile; e) initiating said process
conditions to form a layer having a depositing profile; f) performing
continuous optical monitoring of said layer as deposited to provide an
optical signal; 3    EP 0 416 251 B1 g) determining from said optical
signal the measured Increments of optical thickness of said layer as
deposited and continuously monitoring said increments of optical thickness;
h) detemining whether said optical thickness value is measured at the
predetermined time relative to said target process conditions that produce
said ideal target profile; 5     i) based on the results of h), determining
the multiple sinusoidal phase-angle adjustments required to be made to the
depositing profile of refractive index versus thickness of said layer in
order to follow accurately said ideal target profile, wherein said
determining comprises applying the following equation: 10
[err] [err] 15 where n =     refractive Index of optical material n =
average index of refraction over one period In film thickness space (z) m =
total number of rugate transmittance notches z =     design position of
layer i       component integer [err] =    [err] peak-to-trough Index
modulation [err] =  [err] notch wavelength 25      [err] sinusoidal phase
angle adjustment, continually updated by algorithm to Insure Bragg
reflection at [err] parameters that can have local errors which are
compensated for by [err] j) altering said process conditions over time to
provide said adjustments to said actual profile; (k) repeating steps "f"
through "j" the number of times required to form said multiple-notch rugate
filter. 30     As the multiple-notch filter medium Is being deposited to
create the rugate filter, an optical monitoring light beam is directed at
the medium so that the light beam is reflected off or transmitted through
the medium at a perpendicular or known angle of incidence to an optical
thickness detector system, which can be a conventional design similar to
that used In monitoring and controlling quarter-wave stack depositions.
This detector system generates output signals which are a function of the
light beam intensity directed Into 35 the detector. The output signals are
then fed back to the computerized deposition controller In order to adjust
the commands of the deposition. In particular, to compensate for any
systematic and random errors which may have occurred in the actual
(depositing) profile, the target refractive Index profile (with respect to
growth thickness) is commanded to be adjusted with minor corrective
structures that are either horizontal or vertical with respect to whether a
target optical thickness is expectedly overdue or prematurely measured. 40
The multiple-notch filter medium produced according to the error
compensation method of this invention results in a multiple-sinusoidally
modulated refractive index profile such that the desired filter is
accurately achieved since the notch wavelengths are individually (as
Fourier components) the product of two times each sinusoidal period
thickness and the average refractive index, according to Bragg's law. The
relative accuracy of the optical thickness detector system Insures the
accuracy of the desired multiple Bragg- 45  reflective structures if
corrective actions are made often enough (typically four times for the
shortest sinusoidal period to compensate for the most severe errors). BRIEF
DESCRIPTION OF THE DRAWINGS 50     FIG. 1 shows an ideal schematic
triple-notch, sinusoidal rugate profile versus film growth of the optically
active medium coated on a substrate as a simple illustrative example of a
multiple-notch filter structure. FIG. 2a shows a graphic representation of
the refractive index profile versus growth thickness for a triple-notch
filter and compares a simulated index profile subjected to random and
systematic process 



errors relative to an ideal, error-free profile. 55     FIG. 2b shows a
graphic representation of reflectance versus wavelength of the refractive
index profiles given In FIG. 2a. FIG. 3a shows a schematic graphic
representation of the effects of monitoring at one-half of the lowest notch
wavelength, the resulting optical thickness signals, and the related
algorithmic actions, according to 4    EP 0 416 261 B1 the present
invention, on refractive index profiles (as a function of film thickness
position) subjected to illustrative fixed systematic deposition rate
errors. (FIG. 3a shows approximately 1/3 of error-controlled profile of
FIG. 3b.) FIG. 3b shows a graphic representation of the effects of optical
monitoring and algorithmic error 5  compensations according to the present
invention on the index profile subjected to the same process errors as in
FIG. 2a, relative to an Ideal, error-free profile. FIG. 3c shows a graphic
representation of reflectance versus wavelength of the final refractive
Index profile given in FIG. 3a, relative to an Ideal, error-free spectrum.
FIG. 4a is a flow diagram of the multiple-sinusoidal phase-control
algorithm of the present Invention. 10     FIG. 4b is a flow diagram of the
multiple-sinusoidal phase-control algorithm presenting the control
equations of the algorithm commands as a function of time. FIG. 5 shows a
block diagram of a photochemical vapor deposition process system for
producing a multiple-notch rugate filter in accordance with the present
invention. 15  DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT FIG. 1
shows a schematic view of an ideal, triple-notch rugate filter profile
taken along the film thickness direction z. The final ideal thickness is d,
[err] Is the surrounding medium index (air), [err] Is the substrate index,
and n is the average ideal Index. As an example of a multiple notch rugate
filter, a triple-notch will be 20  used for purposes of Illustration. It is
not, however, Intended to limit the present Invention to a triple-notch
filter, but rather to Include any number of notches as may be required. The
term "notch" Is used in its accepted meaning to Indicate a nearly zero
transmittance band. This Ideal profile Is formed by the superposition of
three sinusoidal modulation components, one for each notch according to the
following equation. 25 n(z)  -                - [err]  Equation  (1) 30
where [err]=      each transmittance notch wavelength; n =     the average
index of refraction over one period in film thickness space; 35    An, =
the amplitude modulation of the sinusoidal component. Each sinusoidal
component of the Index profile in film thickness space (along the z axis)
is a spectrally pure form of periodic structure that will produce a
predominant Bragg reflection at a respective, narrow wavelength band. As
used herein, the term "Bragg Reflection" refers to the fact that a periodic
structure of the rugate filter follows Bragg's Law, originally applied to
x-ray diffraction, which predicts that there will be a 40  reflectance
maximum in wavelength at the "notch wavelength," which Is defined as
follows: [err]   Equation (2) where 45    [err]  equals each of the
physical lengths of periodicity or the [err] periodicity cycle in film
thickness space along the z axis; and [err]    equals the angle of
incidence of radiation, as measured from the perpendicular to the surface.
A discussion of Bragg's Law may be found, for example, in the book by D.
Halliday and R. Resnick, entitled "Physics," Parts I and 11, 1966, at page
1140 et seq. and In the publication by P. Yeh, A. Yariv, and C.-S. so
Hong, J. Opt. Soc. Am., Vol. 67, 1977, at page 423 et seq., both of which
are incorporated herein by reference. Unlike a quarter-wave stack which may
be made from many layers of two alternating homogeneous films of high and
low index, the rugate filter of this invention is continuously varying and
can be deposited 



on the substrate using continuously varying process conditions, thus
varying the composition of the filter 55  medium material In a continuous
manner and continuously varying the refractive Index locally, at the
surface of deposition, as it is produced. instead of a stack of two
altemating homogenous films, as In known structures, a proper blend of two
optical materials during filter deposition can produce a rugate index
profile, which comprises a "multiple-notch rugate filter". The process
conditions for the proper blend can be 5    EP 0 416 251 B1 predetermined
through prior calibration experiments that characterize deposition rates
and mixing of constituent optical materials for the composite refractive
index value desired. Photochemical vapor deposition (photo-CVD) Is used to
produce an optical coating having a continu- ously varying refractive index
profile In the form of [err] that is, silicon oxide with varying x fraction
(err) 5 from silane (err) and nitrous oxide (N20) as described for example
In U.S. Patent No. 4,545,646 to Chern et al., which Is assigned to the
present assignee. The Chem et al. patent is Incorporated herein by
reference. The oxygen fraction of the layer is modulated (silicon monoxide
and silicon dioxide materials are counterblended) to produce a refractive
index profile of a rugate filter which can be generated with refractive
index control between about 1.46 and 2.0 since the refractive index varies
with the fraction y 10 where [err] as: n(y) [err] 1.46 + 0.54y,   Equation
(3) for (SiO)y(err) 15     near X in the visible Further details of this
embodiment of the present Invention are provided below In the discussion of
FIG. 5. However, the present invention is not limited to photochemical
vapor deposition, but rather can be applied to any method for forming an
optical material In which two or more reactants Interact physically or
chemically to deposit a layer of the optical material. Such other methods
Include, but are not limited to, thermal chemical vapor deposition
Including metal-organic chemical vapor deposition, thermal evaporation or
physical vapor deposition, electron beam evaporation, sputter deposition,
and molecular beam epitaxial growth. FIG. 2a (solid line) 32 shows an ideal
triple-notch rugate-filter Index profile versus growth thickness relative
to an "error profile" simulated to have random and systematic errors along
the profile (dotted line) 25  34. A fixed, time independent systematic
error Is responsible for this profile (i.e., error profile) ending up too
thick, and random errors are responsible for small localized deviations.
FIG. 2b shows the ideal error-free (solid line) 36 and error-containing
(dotted line) 38 reflectance-versus-wavelength spectra (scaled to the notch
wavelength [err]) of the Index profiles of FIG. 2a. Note that the notch
region is greatly distorted In the spectrum of the error profile and that
these errors are uncompensated by the algorithm of the present 30
invention. For illustrative purposes, although somewhat exaggerated for
typical blind process control results, the error profile 34 of FIG. 2a
contains random errors that can statistically occur 30 times per period or
about 180 times for the whole profile. These random errors can be
characterized by about a 10% standard deviation in the optical thickness of
each of the 1680 deposition Increments. In addition, there is an 35
arbitrarily chosen, fixed systematic error that forces the deposition rate
to be 10% too fast. This systematic error in turn causes the optical
thickness (i.e. the integral of the index profile over the film thickness
space) of the whole profile to finish about 10% too large. Such an Ideal
rugate filter profile as shown in FIG. 2a at 32 may be achieved (if no
errors occur) by properly varying deposition parameters. In the case of the
photo-CVD process, the primary parameter is the 40  concentrations of the
precursor silane (err) in a background of nitrous oxide (N20), as described
in Chem et al., previously referenced. Thus, by using predetermined
calibrations, it Is possible to control the refractive index profile of the
rugate filter by varying the deposition parameters as a function of time to
produce a multiple-notch rugate filter having an index profile In
accordance with the present Invention. In accordance with the present
invention, there is provided a multiple-notch rugate deposition method (if
45  errors do occur) which is controlled by an algorithm such that a rugate
filter medium may be coated on the substrate according to the dictates of a
predetermined error-correction mechanism which, In turn, relies on the
relationships In Bragg's Law and optical-thickness signal monitoring. This
method thus achieves Index 



components with periodically accurate, sinusoidal Index modulations that
are sufficient to produce the desired multiple-notch rugate filter
properties. 50     A rugate profile is designed according to the present
method with a predetermined error-correction mechanism which Includes
optically monitoring the medium as it is being deposited on the substrate.
As an example of the algorithm process, as shown in FIG. 3a, an optical
monitoring signal (in this case a single- wavelength reflectance at normal
incidence with a monitor wavelength at one-half of the lowest notch
wavelength [err]), dotted line 200, has been juxtaposed to the refractive
Index profile (solid line 202) subjected 55  to the same errors as In FIG.
2a, but now compensated through corrective actions provided by the
algorithm of this Invention. Both vertical (V at 104) and horizontal (H at
102) Index profile corrections are indicated in FIG. 3a and are discussed
in further detail below. In FIG. 3a, n is index profile, z Is film growth
thickness, d, is film temporary thickness, and R Is the optical monitor
reflectance. The optical monitoring 6    EP 0 416 251 B1 film thickness
increment is [err] where Li * is the smallest periodicity, subject to local
errors. FIG. 3a shows only the beginning third of the film in order to
magnify actions of the algorithm. Random and systematic errors have been
taken into account by the algorithm (shown In detail In FIGS. 4a and 4b)
which Is useful In establishing a highly accurate profile as shown in FIG.
3b and a finely tuned multiple-notch rugate filter, as shown by the
reflectance spectrum in FIG. 3c. In FIG. 3b, the ideal profile is Indicated
by the solid line (which is the same as line 32 In FIG. 2a), and the
error-compensated profile is indicated by the dotted line. FIG. 3c shows
the ideal (solid line) 204 and error-compensated (dotted line) 206
reflectance-versus- wavelength spectra. Note the Improvement of the
error-compensated spectrum 206 of FIG. 3c over the error spectrum 38 of
FIG. 2b with the use of the algorithm of the present invention. It should
be noted that in FIG. 10  3a there are more vertical corrections than
horizontal corrections since, in this case, the systematic error caused the
deposition rate to be too fast. The rugate filter is deposited on a uniform
substrate according to an algorithm which represents the following
considerations in order that the deposition be undertaken in a reliable and
controlled fashion. As the deposition occurs in real time, the medium is
continuously optically monitored to assure that the 15  multiple
sinusoidally developing medium profile has measured optical thickness
Increments that match accurately enough the ideal target optical thickness
Increments; adjustments are made to the on-going process according to
pre-programmed alternative sequences (the algorithm) where the optical
thickness signals accurately guide a sinusoidal deposition of the optical
medium. If (1) an optical thickness signal has been actually measured, then
the deposition conditions jump and continue according to where the process
20  conditions should be for this signal rather than where any error may
have taken them, or if (2) an optical thickness signal Is overdue relative
to the current process conditions, then the process conditions hold In
anticipation of the target optical thickness signal. (if no error is
present, the deposition process conditions continue according to where they
should be.) Consequentially, the subject invention provides for both
horizontal and vertical index profile corrective actions. (The terms
"horizontal" and "vertical" refer to two 25  perpendicular directions In
the index versus thickness plane, as shown In FIG. 3a and designated by "H"
and "V", respectively.) Accurate, Incremental optical thickness signals can
be easily measured by standard and conventional means since Interference
minima and maxima occur at every quarter-wave increment of optical
thickness relative to a reflected or transmitted monitoring wavelength, as
depicted in FIG. 3a (dotted line 200) for reflectance. Monitoring for the
maxima and minima are referred to In the art as the "turning 30  value
method." FIG. 4a shows a flow diagram of the process phase-control
algorithm of the present invention. An ideal profile of refractive index
versus layer thickness Is predetermined as a target profile. This ideal
profile has a multiple-sinusoidal pattern for multiple-notch filters. The
profile also has predetermined values of optical thickness which can be
determined for successive points in time corresponding to points on the
ideal target 35  profile. Based on known process parameters, target process
conditions as a function of time are predeter- mined which will be
effective for forming a layer of optical material guided by the ideal
target profile. These process conditions are determined by a series of
calibration trials in which variables affecting the chosen process are
changed, and the effect on the deposited layer determined. Such variables
for a chemical deposition process include, but are not limited to, ratios
of reactants, concentrations of reactants, flow rate 



40 of each reactant, total gas flow rate, pressure, temperature of
reactants, temperature of substrate, and rate of deposition. (The term
"reactant" as used herein is Intended to Include materials which Interact
physically, as well as materials which interact chemically.) Additional
relevant variables for a photochemical process may include the intensity of
radiation and distance between the radiation source and the substrate. The
process commands for the Ideal target profile are then shifted, if
necessary for error compensation, during 45  deposition with continual
and/or continuous multiple sinusoidal phase adjustments (controlled by the
algorithm) relative to the current process conditions and the optical
thickness (OT) status. While not limiting the present invention to a
particular theory of operation, the theory supporting the present process
is believed to be as follows. The profile guided by the algorithm can be
represented as: 50 [err] Equation  (4) 55 where n =     refractive Index of
optical material 7    EP 0 416 251 B1 n =     average index of refraction
over one period in film thickness space (z) m =     total number of rugate
transmittance notches z =     design position of layer or film i=
component Integer 5    [err] =    [err] peak-to-trough index modulation
[err]=      [err] notch wavelength parameters that can have (unknown)
localized random and/or systematic errors, which are compensated for by
[err] [err] =  [err] sinusoidal phase adjustment, continually updated
through algorithm (FIGS. 4a and 4b) to 10            insure Bragg
reflection at [err] [err] where [err]=      probe monitoring wavelength q =
[err] OT (integer: 1,2,3,....) [err] z when [err] OT signal overdue 25
[err]       (value  of  z)  when  [err]  OT signal received Each [err]  is
one component of the multiple-sinusoidal phase-angle adjustment. The term
"multiple- 30  sinusoidal phase-angle adjustments Is used herein to mean
the multiple [err] required to be commanded simultaneously at each
algorithmic decision point to the depositing profile In order to follow
accurately the ideal target profile. In general, the refractive index can
be related to a one-parameter function (e.g., stoichiometric material
fraction "y") of the material system, and this one parameter can be
controlled as a function of time. Usually, 35  the index is monotonically
behaved over a useful range, which means that the inverse relation Is also
a function or that the system parameter is a function of the index.
Therefore, given an Index design (e.g., n(z) of Equation 1 where the Index
profile can be described as a sum of sinusoids), and knowing the pre-
calibrated deposition rate, the generic process conditions can be
considered to be universally controllable as a function of time (e.g., each
sinusoid can have a phase correction [err] In n(err) of Equation 4 and the
40 target z can be a function of time). Analytically, this means that given
a generic process [err] that has process control conditions =  [err]
Equation (5) 46     where [err] is the [err] parameter in process
conditions with a total of s pertinent parameters, for achieving a useful
material mixture, [err] of two components, U and V where the mixture has a
refractive index, 



n = n(y)   Equation (6) 50 then the mixture Is a function of the calibrated
process parameters, y = y[err]   Equation (7) 55    If y monotonically
varies over a useful range of each [err] and n(y) varies over this range of
y, then the process conditions can be controlled as a function of time, t,
and sinusoidal phases, [err] [err]  Equation (8) 8    EP 0 416 251 B1 in
order to control the refractive index profile. This follows because [err]
(monotonic in [err]  Equation (9) y = y(n) , (monotonic In [err] Equation
(10) n = n(err), (profile design from Equation 4 above) z = z(t), (target
thickness as function 10  of time)   Equation (11) Hence, [err]   Equation
(12) 16 and therefore [err]is true above in Equation 8, and the process can
be controlled as a function of time. Note that z = z(t) depends on a
previously calibrated deposition rate or a deposition rate behavior as a
function of time, but if the actual thickness can be determined by an
independent thickness monitor (e.g., a - 20 calibrated quartz-crystal
monitor), then the variable can more usefully be this independently
measured thickness, z. The only restriction on the [err] Is placed by the
maximum amplitude of index modulation, [err] available to the process, or
26 [err]                          Equation  (13) [err] 30     Therefore, If
generic process conditions exist for "blind" process control of a desired
index profile design subject to process errors, then the phase-control
algorithm of the present invention can be applied to enhance and
sufficiently control such a process by commanding compensation for such
errors. As an example, consider the deposition of a multiple notch rugate
filter by the photochemical vapor deposition of (err) (err)1-y where (err)
35     Material System: U = SiO, V = [err] For all practical purposes
Equation 6 above is known (near [err]) to be n = n(y) = 1.46 + 0.54y, (err)
Equation (6A) 40  Monotonic behavior implies that Equation 10 Is y = y(n)
[err]                                Equation  (10A) 0.54 46 By properly
varying the process precursors, such as silane (err) and nitrous oxide
(err), it is possible to control the fraction, y. For example, by only
varying the [err]flow, [err], while keeping constant the other photo-CVD
process conditions (such as chamber pressure (133 - 266 Pa) [1 to 2 Torr],
substrate temperature [50 to [err], and [err] flow [50 to 100 standard
cubic centimeters per minute (SCCM)], It Is 50 possible to achieve the
desired fraction. Equation 7 becomes (err): y = y(Fs) [err]   Equation (7A)
where [err] are calibration constants determined by parameters such as
chamber geometry, etc. 55  Typically, with the chamber design described in
U.S. Patent No. 4,371,587, while flowing about 65 SCCM of N20 at a
substrate temperature of about 100 [err], [err] 0.065/SCCM, and [err]
0.065. 9  



EP 0 416 261 B1 Because Equation 7 is monotonic in [err], Equation 9
therefore becomes: Y + C1 5        [err]
Equation  (9A) Then Equation 12 for the algorithmic process commands for
achieving the profile design in Equation 4 10 becomes: [err] [err] 15
[err] Equation  (11A) where n[err] is from Equation 4 and    where R(t) is
the previously calibrated deposition rate or 25  independently measured
with a quartz crystal monitor, assuming an average density. Finally,
Equation 8 for the process as a function of time becomes: [err]  Equation
(8A) 30     The photochemical vapor deposition process described above was
presented merely as an example. Similar calculations may be made for other
processes for depositing the optical medium in accordance with the present
invention taking into account any specific features of the particular
deposition process. Turning now to FIG. 4a, the process of the present
invention is started at box 44. The deposition of the optical medium is
allowed to start onto the substrate according to a continuous real time
control with Initial 35  phase adjustments to the process set to zero
(process conditions status Initially on schedule with no error). The
process conditions are then guided through Equation (4) above in box 46
(film process guide). Inquiry is then made as to whether the current
process conditions of deposition of the medium onto the substrate is ahead
of the expected optical thickness signal (OT) in box 48. Since the process
conditions are initially on schedule at the start 44, flow in the algorithm
progresses at least initially to box 52 and then back to 46 40  since no OT
signal will be expected or measured initially. While the process remains
(or is assumed to remain) on schedule and no OT is measured ahead of
schedule, the algorithm will initially continue in the loop 46-48-5246. If
the process conditions are ahead of schedule (i.e., a predetermined and
expected optical thickness has not been measured yet), then the process
parameters are commanded to hold at the expected optical 45  thickness
process conditions 50. This "holding" adjustment occurs when in error the
currently depositing film index is too low, or the deposition rate is too
small, or the current optical thickness of the profile is too small, and
therefore the currently commanded process conditions are ahead of schedule
relative to the actually measured optical thickness. Subsequent to this
adjustment, optical monitoring 52 is conducted. Until the expected optical
thickness is actually measured, the algorithm continues in the loop
46-48-50-52- 50  46, which produces commands for continuously changing
[err] for a constant, horizontal profile command segment. At Diamond 52
optical monitoring is conducted by reflecting a monitor beam of light off
the sample or transmitting a monitor beam of light through the sample,
typically at a perpendicular angle of incidence or near perpendicular angle
of incidence to provide an optical signal, and determining from this
optical signal actual optical thicknesses. Typically and conventionally,
optical thickness signals are easily 55  provided by intensity minima or
maxima In the thusly directed monitor beam of a single wavelength, and
these intensity extreme correspond to quarter-waves of optical thickness
relative to the monitor beam wavelength. This is referred to In the art as
the "turning value" method. When the predetermined optical thickness is
finally measured, the algorithm passes the process to box 54 where the
phase is fixed at the 10    EP 0 416 251 B1 process conditions for this
predetermined optical thickness. In this case the loop 46-48-50-52 is
terminated into box 54 where the last values for [err] acquired in box 50
are used. After box 54, inquiry is made as to whether the final optical
thickness has been reached in box 56. If It has, the process Is ended in
box 58. If It -     has not, the film growth process continues with the
same phase, at least momentarily, In loop 46-48-52-46 5  until an
affirmative decision in box 48 or 52 is reached. 



Passing through box 54 can alternatively occur without first passing
through the 46-48-50-52 sequence. This can happen when the process
conditions are exactly on schedule with no error and no phase change
necessary. Alternatively, if the process conditions are behind schedule
(i.e., a predetermined optical thickness Is 10 prematurely measured), then
just one set of abrupt phase adjustments Is commanded to bring the process
conditions to the point of this known optical thickness. This adjustment
can occur when, in error, the current deposition rate Is too fast or the
currently depositing film index Is too high, or the current optical
thickness of the profile is too large, and therefore the currently
commanded process conditions are behind schedule relative to the measured
optical thickness. In either of these cases, loop 46-48-52-46 Is
temporarily 15  interrupted, and there will be one pass through the loop
46-48-52-54-56-46 unless the final optical thickness increment is measured,
In which event the process ends through box 56 into box 58. The object of
the algorithm in FIG. 4a Is to maintain accurately the product of the
actual average Index of refraction (n) and the actual component period
thicknesses (err) so that the Bragg conditions, indicated In Equation (1)
above, are maintained component by component, each In their periodically
modulated fashions. - 20 The process control algorithm of FIG. 4a reads
Incremental optical thickness signals (graphically shown In FIG. 3a with
[err] Increments) and governs the manner in which the error corrections of
FIG. 3a are accomplished through proper process commands. FIG. 3a
schematically shows the optical monitoring signals as measured on a graph
of reflectance (R) against film growth thickness (z), using a probe
monitoring wavelength at one-half the lowest notch wavelength or [err].
Convenient signals occur at 25  minima and maxima which correspond via the
turning-value method to quarter-wave optical thickness increments relative
to this probe wavelength or at [err] Increments. In FIG. 3a, it may be
difficult to clearly see where corrective actions have taken place. Some of
the corrections may be too small to see If any correction was necessary at
all, or the corrections may be obscured since the depositing profile was
still subject to random errors during the corrective command segment. 30
Horizonal profile segment corrections are made by the algorithm at 102 of
FIG. 3a to better meet the desired Bragg condition for each period of film
growth. Similarly, FIG. 3a shows where vertical profile jump corrections
are made at 104 to meet the desired Bragg conditions. The horizontal
profile segments In FIG. 3a correspond with algorithm commands at Box 50 of
FIG. 4a where the optical monitoring signal Is overdue relative to the
current commands of the process conditions, because the current optical
thickness 35  rate of deposition Is proceeding too slowly, behind schedule.
Alternatively, the vertical profile jumps 104 of FIG. 3a show the algorithm
commands of Box 54 of FIG. 4a where the current optical thickness rate of
deposition is proceeding too fast relative to the current commands of the
process conditions, so that optical thickness increments are reached too
rapidly, ahead of schedule. FIG. 4b shows the algorithm with pertinent
analytic equations (from Equation (4) herein) to guide the 40  process,
where N is the final number of optical thickness signals required to reach
the desired notch transmittances or reflectances. More accuracy is of
course obtained by monitoring for more corrective opportunities such as can
be obtained with lower wavelength beam monitoring. Alternatively,
monitoring can be accomplished with scanning monochromator techniques via
the figure-of-merit method which results in film thickness incre- 45  ments
that correspond to non quarter-wave optical thicknesses shorter than
quarter-wave. The present algorithm method of deposition with
error-compensation control can be applied to any process which blindly
produces a continuously varying refractive index with sinusoidal
components. The algorithm accomplishes this result by providing corrective
process commands to insure sufficient main- tenance of the Bragg condition
for each component throughout the thin film rugate deposition. 50
Obvious and simple improvements can be incorporated within the framework of
the algorithm in FIG. 4a. For example, fixed or nearly fixed systematic
errors would result in algorithmic corrections that are nearly identical
but continually persistent over many sinusoidal periods of rugate
deposition. Obvious process adjustments could be made to minimize such
fixed or nearly fixed systematic errors In order to achieve a commanded
profile that approaches the ideal target. 55     An application of the
process control algorithm method of the present invention to preparation of
a multiple-notch filter is shown by the photochemical processing block
diagram of FIG. 5. The process deposition source 158 comprises, for
example, two process gases (silane and nitrous oxide) and one purge gas
(nitrogen), which are input through separate mass flow controllers (not
shown) to a photochemical vapor 11  



EP 0 416 251 B1 deposition system (generally indicated at 76) for growth of
a rugate film of a selected material, such as [err], to form an optical
medium. The gases are supplied from compressed gas cylinders, and the
opening and closing of the valves and the flow of the gases through mass
flow controllers in the system are controlled automatically by process
computer control 68. Optionally, this control may be performed 5  manually.
The inflowing silane is used as the silicon source, the nitrous oxide
provides a source of oxygen, and both reactants are delivered at flow rates
resulting in the predetermined mixture of gases at the deposition substrate
or sample 10. The gases and optional minute amounts of mercury vapor, which
acts as a photosensitizer, are then inlet into the system to the reactor
chamber 76, where the sample substrate 10 is illuminated with radiation 12
which has a wavelength sufficient to induce the desired photochemical 10
reaction. When mercury is used as a photosensitizer, UV radiation of 253.7
nm (2537 angstroms) from a low-pressure mercury-lamp array is used to
induce the reaction to decompose the nitrous oxide and silane compounds and
allow the reaction thereof to form a rugate [err], film, at about 1/1000 of
atmospheric pressure. Stoichiometry of the film depends on previously
calibrated gas flow rates and relative partial pressures is  of the
constituent precursors. The exhaust gases are pulled by a process pump (not
shown) and pushed to an exhaust manifold for disposal in a safe manner. The
reactor chamber 76 area may be cross-flushed with laminar air flow to
maintain cleanliness during substrate loading or removal. FIG. 5 also
represents a generalized optical monitoring scheme useful in practicing the
present invention required to obtain optical thickness increments.
Alternative to the simple turning value method, 20  more advanced methods
Including the figure of merit method that involves a wavelength scanning
technique, may be used. Light is filtered through an optionally scannable
monochromator, either at the monitor beam source 166 or at the detector
162, which sets the monitoring probe wavelength[err]. The sample 10 is held
within the chamber 76, and light from monitor beam source 166 is reflected
from mirror 126 onto the sample 10, and then from the sample 10, onto the
mirror 128, for output to the external control 25  system beyond the
reactor chamber 76. Alternatively, witness samples receiving partial filter
deposition may be moved into place to monitor the deposition process. The
reflected monitor beam detector 162 receives the light from the sample 10,
and converts the optical input signal from the sample 10 and mirror 128,
and electronically processes the optical signal to determine optical
thickness increments with the signal processor 164. The optical thickness
signal processor provides data to the computer control 68 30 where the
algorithm controls the process. Optionally, transmitted beam detector 161
may be used with the system of FIG. 5. The computer 68 operates in
accordance with the process phase control algorithm shown in FIGS. 4a and
4b. FIG. 5 also generically represents the schematic control of any
deposition process that is already capable of blindly producing thin films
with a continuously varying refractive index in a sinusoidally 35
modulated fashion but susceptible to random and systematic errors. For
example, thermal evaporation, electron beam evaporation, photochemical
vapor deposition, sputter deposition, laser-assisted deposition, etc., and
combinations of these techniques, can benefit from optical monitoring and
algorithm control in accordance with the present Invention. While a
particular example or set of examples has been demonstrated for carrying
out the process of 40 the present invention, alternative variations of the
process, as well as the appearance and final result of the rugate filter of
this invention developed using the present process are well within the
foregoing disclosure. Thus alternative embodiments of both the process and
product of this Invention are intended to be incorporated within the
appended claims. 45  Claims 1. A method for forming a multiple-notch rugate
filter comprising a substrate having formed thereon a layer of an optical
material having a refractive index that varies according to a continuous
predeter- mined pattern as a function of the thickness of said layer,
comprising the steps of: so       a) providing said substrate; b) providing
reactants which Interact physically or chemically to form said optical
material as a layer on said substrate; c) providing an ideal target profile
of refractive index versus thickness of said layer, said profile having a
multiple-notch composite pattern formed from superpositioned single-notch
composite 



55       patterns, and determining from said target profile ideal values of
optical thickness at successive points in time corresponding to points
along said profile; d) providing target process conditions as a function of
time for said reactants operative to form said layer having said ideal
target profile; 12    EP 0 416 251 B1                         *  C  L  M  S
* deposition system (generally indicated at 76) for growth of a rugate film
of a selected material, such as [err], to form an optical medium. The gases
are supplied from compressed gas cylinders, and the opening and closing of
the valves and the flow of the gases through mass flow controllers in the
system are controlled automatically by process computer control 68.
Optionally, this control may be performed 5  manually. The inflowing silane
is used as the silicon source, the nitrous oxide provides a source of
oxygen, and both reactants are delivered at flow rates resulting in the
predetermined mixture of gases at the deposition substrate or sample 10.
The gases and optional minute amounts of mercury vapor, which acts as a
photosensitizer, we then inlet into the system to the reactor chamber 76,
where the sample substrate 10 is illuminated with radiation 12 which has a
wavelength sufficient to induce the desired photochemical 10 reaction. When
mercury Is used as a photosensitizer, UV radiation of 253.7 nm (2537
angstroms) from a low-pressure mercury-lamp array is used to induce the
reaction to decompose the nitrous oxide and silane compounds and allow the
reaction thereof to form a rugate [err], film, at about 1/1000 of
atmospheric pressure. Stoichiometry of the film depends on previously
calibrated gas flow rates and relative partial pressures 15  of the
constituent precursors. The exhaust gases are pulled by a process pump (not
shown) and pushed to an exhaust manifold for disposal in a safe manner. The
reactor chamber 78 area may be cross-flushed with laminar air flow to
maintain cleanliness during substrate loading or removal. FIG. 5 also
represents a generalized optical monitoring scheme useful in practicing the
present invention required to obtain optical thickness increments.
Alternative to the simple turning value method, 20  more advanced methods
including the figure of merit method that involves a wavelength scanning
technique, may be used. Ught is filtered through an optionally scannable
monochromator, either at the monitor beam source 166 or at the detector
182, which sets the monitoring probe wavelength(s), [err]. The sample 10 is
held within the chamber 76, and light from monitor beam source 166 is
reflected from mirror 126 onto the sample 10, and then from the sample 10,
onto the mirror 128, for output to the external control 25  system beyond
the reactor chamber 76. Alternatively, witness samples receiving partial
filter deposition may be moved into place to monitor the deposition
process. The reflected monitor beam detector 162 receives the light from
the sample 10, and converts the optical input signal from the sample 10 and
mirror 128, and electronically processes the optical signal to determine
optical thickness increments with the signal processor 164. The optical
thickness signal processor provides data to the computer control 68 30
where the algorithm controls the process. Optionally, transmitted beam
detector 161 may be used with the system of FIG. 5. The computer 68
operates in accordance with the process phase control algorithm shown in
FIGS. 4a and 4b. FIG. 5 also generically represents the schematic control
of any deposition process that is already capable of blindly producing thin
films with a continuously varying refractive index In a sinusoidally 35
modulated fashion but susceptible to random and systematic errors. For
example, thermal evaporation, electron beam evaporation, photochemical
vapor deposition, sputter deposition, laser-assisted deposition, etc., and
combinations of these techniques, can benefit from optical monitoring and
algorithm control in accordance with the present invention. While a
particular example or set of examples has been demonstrated for carrying
out the process of 40  the present invention, alternative variations of the
process, as well as the appearance and final result of the rugate filter of
this invention developed using the present process are well within the
foregoing disclosure. Thus alternative embodiments of both the process and
product of this invention are intended to be incorporated within the
appended claims. 48  Claims 1. A method for forming a multiple-notch rugate
filter comprising a substrate having formed thereon a layer of an optical
material having a refractive index that varies according to a continuous
predeter- 



mined pattern as a function of the thickness of said layer, comprising the
steps of: 50       a) providing said substrate; b) providing reactants
which interact physically or chemically to form said optical material as a
layer on said substrate; c) providing an Ideal target profile of refractive
Index versus thickness of said layer, said profile having a multiple-notch
composite pattern formed from superpositioned single-notch composite 55
patterns, and determining from said target profile Ideal values of optical
thickness at successive points in time corresponding to points along said
profile; d) providing target process conditions as a function of time for
said reactants operative to form said layer having said ideal target
profile; 12    EP 0 416 251 B1                        *  C  L  M  S  *` e)
initiating said process conditions to form a layer having a depositing
profile; f) performing continuous optical monitoring of said layer as
deposited to provide an optical signal; g) determining from said optical
signal the measured increments of optical thickness of said layer as
deposited and continuously monitoring said increments of optical thickness;
5        h) detemining whether said optical thickness value is measured at
the predetermined time relative to said target process conditions that
produce said ideal target profile; i) based on the results of h),
determining the multiple sinusoidal phase-angle adjustments required to be
made to the depositing profile of refractive index versus thickness of said
layer in order to follow accurately said ideal target profile, wherein said
determining comprises applying the following 10       equation: [err] 15
[err] [err] 20        where n =     refractive index of optical material n
=     average Index of refraction over one period in film thickness space
(z) m=      total number of rugate transmittance notches z =     design
position of layer 25          1 =      component integer [err]=    [err]
peak-to-trough Index modulation [err]      [err] notch wavelength [err]
th sinusoidal phase angle adjustment, continually updated by algorithm to
insure Bragg reflection at [err] 30         *  =       parameters that can
have local errors, which are compensated for by [err]. j) altering said
process conditions over time to provide said adjustments to said actual
profile; k) repeating steps "f" through "j" the number of times required to
form said multiple-notch rugate filter. 36 2. The method of claim 1
wherein: a) said optical thickness value In step "h" Is measured after said
predetermined time; and b) said adjustments in step "i" command a
continuous horizontal segment adjustment to said depositing profile. 40 3
The method of claim 1 wherein: a) said optical thickness value in step "h"
Is measured before said predetermined time; and b) said adjustments in step
"i" command a vertical segment adjustment to said depositing profile. 4.
The method of claim 1 wherein: 45       a) said optical thickness value in
step "h" Is measured at said predetermined time; and b) said adjustments
are zero. 5. The method of claim 1 wherein steps "c" through "k" are under
computer control. 50  6. The method of claim 1 wherein said optical
monitoring of step "f" comprises directing an optical monitoring light beam
at said layer as deposited so that said light beam Is reflected off or
transmitted 



through said layer at normal or near normal Incidence Into an optical
detector means, wherein said detector means generates said optical signal
which is a function of said light beam directed Into said detector. 55 7.
The method of claim 1 wherein said reactants interact chemically upon
radiation inducement. 8 The method of claim 7 wherein said reactants
comprise silane and nitrous oxide. 13    EP O 416 251 B1
*  C  L  M  S  * PatentanspfUche 1. Ein Verfahren zurn Ausbilden sines
gerippelten Mehrfach-Kerbfiiters, das sin Substrat umfaft, wolches auf sich
sine Schicht aus sdnem optischen Material ausgebildet autweist, des onen
Brechungsindex 5      hat, der sich gemiB dines kontinuieriichen
vorherbestimmten Musters als sine Funktion der Dicke der Schicht Andert,
welches die Schritte umfaBt: a) Bereltsteilen des Substrates; b)
Bereitstellen von Reaktionspartnern, weiche physikalisch oder chemisch
wechsoiwirken, um des optische Material als sine Schicht auf dem Substrat
zu bilden; 70       c) Beredtstelien sines Ideeien Zielprofiles des
Brechungsindexes ale Funktion der Dicke der Schicht, wobel des Profil sin
zusammengesetztes Mehrfach-Kerbmuster aufwsist, des aus der Oberlagerung
von zusammengesetzten elnzelnen Kerbmustem goebildet worden Ist, und
Bestimmen von Idealen Werten der optischen Dicke aus dem ZDelprofli, bel
aufeinanderfoigenden Punkbtn in der Zelt entsprechend den Punkten entiang
dem Profil; 16       d) Bereltstelien von ZMil-Prozeebedingungen als sine
Funktion der Zsit fir die Reaktionspartner, die zusammenwirken, um die
Schicht zu bilden, die des Ideals Zielprofil aufweist; e) Initileren der
Prozebeodingungen, um sine Schicht zu bilden, die sin Abscheidungsprofll
aufwsist; f) Durchfthren elner kontinulerlichen optiechen Oberwachung der
abgseschledenen Schicht, urn sin optisches Signal bereltzusteilsn; -ao
g) Bestimmen der gemeessenen Erhohungen der optifchen Dicke der
abgeschldenen Schicht aus dem optischen Signal und kontinuierilches
Oberwachen der Erh8hungen der optischen Dicke; h) Bestfmmen, ob der
optische Dickenwert zur vorherbestimben Zedt reiativ zu den ZielprozeBbe-
dingungen gernessen worden Ist, die des Ideals Zlelprofil erzeugen; i)
basisrend suf den Ergebnissen aus h), Bestimmen der mehrfachen
sinusfl5rmigeni Phasenwinkel- 26       justagen, die ftr des
Abscheidungsprofli des Brechungsindexes als Funktion der Dicke der Schicht
durchgefUhrt werden mUssen, um des ideaie Zielprofli genau zu verfolgen,
wobel des Bestimmen die Anwendung der folgenden Glelchung umfaft: 30 n(z;
Zi) -  nni* sin wobel ---          n n     Brechungsindex des optischen
Materials 40          n =      mnittere Brechungeindex Ober sine Periods Im
Filmdlckenraum (z) m -     Gesaamtanzahl von gerippeiten
Transmissionskerben z =      Designposition der Schicht i       ganze
Komponentenzahl An =    I-t Spitzenwert-zu-Durchindexmodulation 46
I-tb Kerbwellenilnge =    I1-te sinueffrrmige Phasenwinkeijustage, die
kontinuierlich durch den Aigorithmus aktua- lilslert wird, um die
Bragg-Reflsxion bel k, sicherzusteilen, Parameter, die iokale Fehler
aufwelsen konnen, die durch *i kompensiert wsrden; j) Andem der
ProzedoBbedingungen Ober die Zeit hinweg, um die Justagen des aktuellen
Profils s0        bereltzustelien; und k) Wiederholon der Schritte f" bis
"1" so oft wle notwendig, urn den gerippelten Mehrfach-Kerbfiiter zu
bilden. 2. Des Verfahren nach Anspruch 1, worin: 



s6       a) der optische Dickenwert im Schritt 'h' nach der
vorherbestimmten Zeit gernessen wird; und b) die Justagen Im Schritt "I"
sine kontinulerflche horizontale Segmentiustage des Abscheldungspro- zesses
befehlen. 14    3 Das Verfahren nach Anspruch 1, worin: a) der optische
Dickenwert Im Schritt h vor der vorherbestimmten Zelt gemessen wird; und b)
die Justagen Im Schritt "I" eline vertkale Segmentjustage des
Abscheidungsprozesses befehlen. 5 4. Das Verfahren nach Anspruch 1, worin:
a) der optische Dickenwert Im Schritt wh" zu der vorherbostlmmtbn Zelt
gemessen wird; und b) die Justagen Null betragen. 6. Des Verfahren nach
Anspruch 1, worin die Schritte "c" bis Nk" mittels elner Computersteuerung
10     durchgefahrt worden. 6. Des Verfahren nach Anspruch 1, worin die
optische Oberwachung Im Schritt 'f des FUhren eines optischen
Oberwachungslichtstrnhles zu der sich abscheidenden Schicht umfait, so dal
der Lichtstrahl von der Schicht refiektiert wird odor durch sle hindurch
transminiert wird, und zwer bel sonkrechtem 15     oder nahezu senkrrechtem
Einfall In esne optische Detektorvorrichtung, wobel die Detoktorvorrichtung
des optsche Signal orzeugt, des eine Funktlon des Uchtstrahles lst, der In
den Detektor gefflhrt wird. 7. Das Verfahren nach Anspruch 1, worln die
Reaktionspartner chemisch bel Strahlungsinduktlon wechsel- wirken. -20 8
Des Verfahren nech Anspruch 7, worin die Reaktionspartner Silan und
Distickstoffoxid umfassen. Revendlcatlona 26 1. Procede pour former un
flitre rugueux a encoches multiples comprenant un substrat sur loquel est
formee une couche d'une maetlre optique ayant un Indice de refraction qul
varie conformement a une configuration predeterminee continue en fonction
de I'epaisseur de ladite couche, comprenunt les dtapes qul consistent: a) &
foumir ledit substrat; 30       b) I fournir des corps reactionnels qul
Interagissent physiquement ou chimiquement pour former ladite matibre
optique en tant que couche sur ledit substrat; c) & fournir un profl ideal
prevu de 1'1ndlce de r6frection en fonction de l'epaisseur de ladite
couche, ledit profll ayant une configuration composite d'encoches multiples
formde a partir de configurations comopsitos superposees & encoche simple,
et & determiner a partir dudit profil de cible des vabeurs 36       idWales
de l'pesseur optque en des points successif dans le temps correspondent a
des points le long dudit profil; d) A dtablir des conditions de traftment
prdvues en fonction du temps pour leedits reactifs, agissant pour former
laditb couche ayant ledit profil Ideal prevu; e) a ddclencher lesdites
conditions de traltment pour former une couche ayant un profil do 40
deposition; f) & offectuer un contr8lb optique continu de ladits couche
toll. quo deposee pour produire un signal optique; g) & dterminer a partir
dudit signal optique les Increments mesurds d'dpalsseur optique de ladite
couche toiel que deposee et a contr8ler en continu lesdits Increments
d'epaisseur optique; 46       h) a determiner si ladite valour d'epaisseur
optique est mesurde au temps predtermine par rapport auxdites conditions de
traltement prevues qul produisent lodit proflil Ideal prevu; I) sur la base
dos resultats de h), a dEterminer les reglages multiples de l'angle de la
phase sinuso1dale devant Atre rEalises sur le profll de deposition de
I'lndlce do refraction en fonction do lepaisseur de ladito couche pour
suivre avoc precision ledit profil idEal prevu, ladite dEtermination so
consistent a appliquer 'equation sulvante: n(z;/i)  -           -
Ani* sn t+J 15   



oO n =     Indice de refractbon de la matibre optique n =     Indice moyen
de refraction sur une perlode dens lPespace (z) d'dpalsseur du film m =
nombre total d'encoches ruguouses de transmission 5        z e
position nominafe do la couche i=      composant entler An =    1''0
modulation d'indice crete-&-creux k =   I  longueur donde d'encoche =
~10  reglage d'angle de la phase sinusoTdale, mis & Jour en continu par un
algorithms 10                pour assurer une r6flsxion de Bragg & Xi
parambtres qul peuvent avoir des erreurs locales qul sont componsees par *i
j) a alt6rer lodites conditions de traitment avoc lo temps pour realiser
lesdts ajustements sur ledit profil reel; k) a rdpdter los dtapes "f a "&"
l nombre de fols demands pour former lodit fitre rugueux A 15
encoches multiples. 2. Proc6d5 selon Ia revendlcation 1, dans loquel: a)
ladite valeur d'epalsseur optique dans l'dtape "h" ot mesuree aprls ledit
temps prdd6termInd; et .-a       b) lesdits ajustements dens l'etape W"I
commandent un ajustement de segment horizontal continu pour ledit profil de
deposition. 3. Procdd6 solon ia revendication 1, dans equel: a) ladite
valour d'dpaisseur optique dans I'dtape who est mesurde avant ledit temps
prdtbrmine ; et 25       b) lesdits ajustements dans l'tape "I" commandent
un aJustement de segment vertical sur ledit profil de deposition. 4.
Proc6dd selon la revendlcatbon 1, dens lequel: a) ladite valour d'6palsseur
optique dens letape "h" oet mesuree audit temps prddetermln6 ; et 30
b) lesdits ajutements sont nuls. L  Proced6 seion In revendication 1, dans
lbquel ls dtapes  c  A "k" sont sow commando par calculateur. 36  6.
Proc6dd selon la revendlcation 1, dane loquel ledit contrdle optique de
l'etape *f consists a diriger un faisceau lumineux de controls optiquw sur
ladit couche tells que deposee ain quo ledit faisceau lumineux solt
rdflechl par ladits couche ou transmis & travers elo sous une Incidence
normale ou presque normals dane un moyen d~tectsur optique, ledit moyen
ddtecteur gin6rant ledit signal optique qui est une fonction dudit falsceau
lumineux dirl*g dens ledit ditecteur. 40 7. Proc6dd selon la revendlcatlon
1  dans iequel lesdits corps r6actionnels Interagissent chimlquement sous
l'incitation d'un rayonnement. a Procdde selon la revendication 7, dana
lequel lesdits corps rdactionnels comprennent un silane et de 45
I'oxyde nltreux. 60 C6~ ~ ~~~~~~~~~~1    


