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ABSTRACT OF THE DISCLOSURE

A method is described for depositing a complex optical multilayer coating on a
substrate. The coating consists of multiple layers of at least two material types. The layers
are sequentially deposited in a deposition chamber by reactive deposition; preferably
sputtering, and the thickness of the deposited layers is determined one or more times
during the layer deposition by taking optical measurements of the deposited layer and
fitting theoretical values derived from a inodel of the deposited layers to the

corresponding actual values obtained from said measurements. A process variable is

‘continually controlled to ensure homogeneity of the deposited layers so that a valid
thickness determination can be made from said theoretical model. '
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-1- |
METHOD AND APPARATUS FOR THE HIGH RATE AUTOMATED MANUFACTURE OF THIN FILMS

This invention relates to a method and apparatus for depositing complex optical
multilayer coatings onto a substrate. |

In a number of different fields such as telecommunications, scientific .
instrumentation, optics and so forth, there is a need for more complex optical thin film
coatings to meet the requirements of advanced applications. In the past, due to limitations
in design techniques, deposition equipment and thickness monit_oring instrumentatioh, it
has not always been possible to achieve the desired filter specifications. However, recent
advances in all three of these areas have allowed more compiex coatings to be deei gned
and fabricated. -

For example, in the area of optical thin film design there have been some dramatic
1mprovements over the past few years in the ability to desi en coatings without any startmg
design for a given set of materials. Indeed, state of the art of thin film design has

advanced to the point where very complex coatings can be found that meet all but the
. most strmgent filter specLﬁcatlons

The second advance is in energetic deposition methods, which have dramatical ly
changed the field of thin film manufacture over the past twenty years. Prewously, and still

true to a large extent, most optical coatings have been fabricated using e-bcam .

- evaporation or thermal evaporation. However, materials deposited by these processes are
generally quite porous, resultmg in filters with poor humidity and temperature stability
unless they are specially protected. Newer energetic deposition processes, such as ion-
assisted evaporation, reactive ion-plating and magnetron sputtering give rise to films that
have bulk-like properties which results in filters with good-to-excellent temperature and
humidity stabxlxty More lmportantly perhaps, materials deposited by these energetlc

techniques have optical constants that are very reproducible from run-to-run. With bulk-
like materials and optical constant reproducibility, it becomes more feasible to
manufacture complex optical coafings on a routine basis.

The third advance has been in methods used to control or monitor the film
thickness during deposition. In particular, optical monitoring techniques have greatly
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improved over the past ten years. Sophisticated and inexpensive wideband monitors for

the visible region are now readily available and infrared photodiode arrays are becoming
more common. With these wideband monitors, it is now possible to more accurately

- determine the thickness of a deposited layer.

Inthe past, for limited filter quantities, it may not have been economical to desi gn
and fabricate small quantities of complex thin film filters even though there is a large
market for such custom or prototype coatings. Part of the reason for this is the time it |
 takes to design a coating and the number of trial deposition runs that usually have to be
made before a filter is success fully fabricated. If, in addition, the deposition system

.requu'es constant operator mterventlon to ensure the coating is accuratcly deposited, the
cost will be further increased.

In 1991 a project was begim at the National Research Council of Canada (NRCC)
to develop an Automated Depo sition System (ADS) that could routinely fabricate

complex optical coatings automatically without the need for operator intervention during
the deposition process. |

The ongmal rf-ADS at the NRCC consisted of a cryo-pumped chamber havmg a

rotatable substrate; three rf-sputtenng targets; and a wideband optlcal monitor that W1ll be
described in more detail below. The taljgets and chamber were designed and built by
Corona Vacuum Coaters. In the ADS, the sputteriﬁgh targets and substrates are mounted ‘
vertically. The targets are usuelly metal or semiconductor, so that the system uses rf
reactive sputtering for dielectric layers. Typical deposition rates for materials like Nb,0:s
and SiO, using rf sputtering are ~0.lnm/s fora target-to-substraie distance of ~ 12 cm, a
- total pressure of ~3mTorr and an oxygen-to-argon flow ratio of ~1.0. The substrate is
controlled by a stepper motor that can be used to swing the substrate to the various target
‘positions. The deposition system was controlled by a Techware Sjrstems (known as
Brooks Automation (Canada)) PAL68000 contfoller. An operator can automatically
initiate a number of different sequences including pumping down the chamber, starting a
deposition run or venting the chamber. ‘

A real-time process control algorithm accurately controls the film deposition
thickness for low rate deposition, i.e. deposition rates of the order of 0.1 nm/s. This
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technique requires a wideband optical monitor that is able to make accurate, absolute,
transmittance measurements over a sufficiently wide spectral range. Also, because it is
difficult to continuously monitor the deposition of a layer in sputter systems where the

- target-to-substrate distance is small, this method relies on making one or two

transmittance measurements near the end of a layer deposition.

The optical monitor consists of a quartz-halogen lamp source, light delivery- | |
optics, and a wideband detector. "I‘he collimated light from the source passes through' the
chamber and is collected by an achromatic lens that focuses the light through a shutter
~onto the circular aperture of a fiber-optic bundle. At the other end of the bundle, the
 fibers are arranged to form a slit at the entrance to a monochromator. The light is then
dispersed onto a 512-element Hamamatsu photodiode array. The grating was chosen such

that optical monitor could measure over a380to 860 nm spectral range. In order to make
~ absolute transmittance measurements, it is possible to rotate the substrate in and out of the
optlcal monitor light path. This allows intensity measurements to be made with and '
without the substrate These measurements after subtractmg the background, are then
normahzed to prov1de the absolute transmittance of the substrate This measurement

process 1S oompletely automated.

The last key element in the ADS system is an integrated thin film program that can
be used to first design complex multilayer coatings, based on the optical constants of the
~ materials deposited by the ADS, and then can be subsequently used to oversee the

manufacture of the coating. Tlns program can determme the current or prewous layer

thicknesses from the absolute tmnsmlttanoe measurcments of the optical monitor. In

addition, the program can reoptimize the remaining layers in the multilayer system at any
time during deposition in order to achieve the desired filter specifications.

The program is integrated with the deposition controller in such a way that it does
not need to know any details concerning the actual deposition system. When it requires a
particular layer to be deposited, it is sufficient to pass down the layer material, the desired
thickness and a process name. The controller software then interprets this information to
determine the target that the substrate should be rotated to; the length of time the substrate
should remain in front of the target; and the deposition parameters that should be used
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during the deposition. By separating the thin film control algorithm and the deposition

system in this way, it is possible to completely change the deposition system and
processes without affecting the thin film program.

~ For a given layer duﬁng. deposition, the thickness process control algorithm
essentially has three stages: ‘ '

. termination of layer deposition,
II. determination of layer thickness deposited, and
- OI.  reoptimization of remaining layer thicknesses.

 With the ADS, stages I and II are combined together. The ’ﬁr'st stage, conccmed’
with the termination of a léycr.dcposiﬁon, can be based on time alone since sputter
deposition is being used in this system. Since the uncertainties in the deposition are
typically of the order of 1-3%, for a reasonably well-controlled process, this implies that
in order not to overshoot the desired layer thickness, the target thickness first specified
should_ be around 95-97% of the desired._othickness. Once this sub-layer has been i
deposited it is then neceséary to determine the layer thickhé.s's- actually depo Sited, ie.,
stage IL. As described above, this is achieved by performing a wide-band optical monitor
measurement directly on the _sﬁbstrate of interest, ot on a witness slidé. The thin film
program then uses this information to determine the current layer thickness depb sited. If
the layer thickness is not within the specified thickness tolerance with res pect to the
desired thickness, stages I and II can be repeated. Since the remaining layer thickness is
typically qﬁitc small, i.e., less than 5 nm or so, any uncertainties in the deposition rate are
not very important for the second sub-layef. The determined layer thickness is also sent .
back to the controller which uses this information to update the current deposition rates in
order to minimize the number of sub-layers required. The final stage concerns the
reoptimization of the remammg layer thickness once the layer has been finished. For
~ some filters, this stégc is not necessary, however for other filters this reoptimization is

critical if the desired filter specifications are to be met.

Crucial to fabricating a filter with a good performance in the ADS is the
assumption that the deposited filter can be accurately modeled. This then allows an
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accurate determination of the layer thickness based on the experimental transmittance

data. If this is not achieved, then it will not be possible to accurately control the
fabrication of the multilayer. Fortunately, once the optical constants of the materials have
been well characterized, 'any problems with the layer determination can usually be

| handled by modifying the layer determination process or by adjusting the multilayer
solution. Using the thin film program, it is possible to first simulate the deposition process

in the ADS before making a coating and to see if the layer determination strategy is
acceptable.

In setting up the layer detcrmination process, a number of factors need to be
considered that depend on the nature of the filter that is being fabricated. For instance, a
| mmnnum layer thicknéss is required so that there is a detectable change in the
transmittance of the filter after it has been depo sited. If a multilayer has been fabricated
and the resulting filter performance is not w1th1n Speciﬁcations, it is possible to enter a re-
play mode since all the transmittance measurements made during a deposition run are
saved. With this feature, an operator can quickly review the multilayer deposition and
pm-pomt where the problem layers were. It is then p0551b1e to re-adjust some layer -
determination parameters in the replay mode to see if a better solution can be obtained.
For example, an accurate determination of the thickness of a given layer may be hard to
achieve dcpendmg on the multllayer system. In this case, it may be best to deposit that
‘current layer by time alone and use transmittance measurements after the next layer has
been deposited to accurately determine the thickness of both lé,yers. Reoptimization of
the remaining layers can then be used to take into account any thickness errors in these
layers. .

Many different types of filters have been fabricated on the rf-ADS over the past
several years. These include all-dielectric coatings such as edge filters, narrowband
transmittance filters, notch filters, colorimetric filters, antireflection filters, custom
bandpass filters as well as metal/dielectric coatings. -

The rf-ADS has proved capable of fabricating complex optical filters -
automatically. However, there are some limitations to this system that preclude its use as

a production deposition system ;. namely, the low deposition rates and the somewhat
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limited thickness uniformity. Some filter designs can take up to 21 hours to deposit.

Hence, it would be very beneficial to be able to greatly increase the deposition rates while

at the same time also increasing the thickness uniformity.

High rate sputter sources capable of depositing films at rates of the order
0f0.7 nm/s have recently become available. Unfortunately, when such sources were
employed, it was found that the film thicknesses could not be determined with the

required degree of accuracy. As a result, the ADS system, which works well at low rates,
could not be used to deposit complex films automatically at commercially viable rates.

An object of the invention is to provide an automated deposition system capable

of operating at relati\}ely high rates.

Accordingly, one aspect of the invention provides a method of sputter
depositing on a substrate a complex multilayer coating consisting of multiple layers of
at least two materials, said method comprising the steps of sequentially depositing
said layers in a deposition chamber in the presence of a reactive gas and an inert gas
so as to form accumulated deposited layers, at least an initial portion of each said
layer being deposited at a high rate of above about 0.5 nnv/s; deriving the thickness of
the deposited layers at one or more times during the deposition of each layer by taking
optical measurements over a plurality of wavelengths and fitting theoretical values fo.r
said measurements derived from a theoretical model of the accumulated deposited
layers to corresponding measured values obtained from said measurements:
determining whether a derived thickness of a current layer being deposited
corresponds to a target thickness for said current layer, and if so proceeding with a
next subsequent layer of the second of said at least two materials, otherwise
continuing with the deposition of any remaining thickness at a lower rate than said
high rate of said current layer, continually controlling a flow rate of said reactive gas
as each deposited layer is formed to strive to stabilize partial pressure of said reactive
gas at a constant value to maintain stoichiometry and thereby ensure substantial
homogeneity in reactive index in a thickness dimension throughout the whole of each
deposited layer of the same material so that a valid thickness determination can be
made from said theoretical model; saving the flow rate of said reactive gas at the end

of high rate deposition for each deposition step as a saved final value; and for each
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subsequent deposited layer of each material setting the initial flow rate of the reactive
gas at the saved final value of the flow rate at the end of high rate deposition for the
previous layer deposited of the same material so as to reduce restabilization time for

each said subsequent deposited layer.

 The optical quality measured can be, for example, the transmittance, reflectance or
él]ipsometric value of the multilayer coating at one or more wavclengths. The theoretical
values can be obtained by adjusting one or more layer thicknesses of the deposited layers
in the theoretical model in order to fit the calculated data of the model to the measured
data. '

In order to increase the deposition rates, dual ac-magnetron sources are employed.
These sources enable high rates of the order of 0.7 nm/s to be attained. In this
specification, high rates generally refer to deposition rates in the order of 0.5 nm/s and

above, and low rates refer to deposition rates of the order of 0.1 nm/s. However, as noted
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above when high rate sources are used, it is found that the thJckness of the deposited layer

could not be determined accurately

The applicants have discovered that this is due to the inhomo geneous nature of
films deposited when high rate sources are employed resulting from the loss of
stochiometry due to the poor control of the process variables when the deposition power
is changed. For example, in the case of reactive sputter depesition of Nb,Os, the layer is
normally deposited by bombarding a niobium (Nb) target in the sputtering chamber in the
presence of oxygen and argon. Nb and O atoms are then ejected from the target surface
and then combine on the surface of the substrate to form Nb,Os. In addition, oxygen
atoms from the plasma interact with the growing film on the substrate surface. The
oxygen is also gettered by superfluous niobium depo sited 'en the walls of the chamber. If
- the power applied to the Nb target is changed, then this changes the deposition rate of the

'Nb atoms, which can then greatly affect the gettering of the oxygen. This then resultsin a
lower or higher. oxygen partial pressure in the chamber if the oxygen flow rate is held
constant. If the depo’sit'ion power is changed and if the oxygen flow is not rapidly adjusted
to maintain a constant oxygen nartial pressure, then the stoichiometry of fhe gomg film
‘will be affected. While at low powers, the flow rate adjustment- can be adjusted
sufficiently rapidly, this is not true at high poWem. This causes inhomo geneities in the
deposited film in the thickness direction. These inhomogeneities affect the ADS thickness
determination algorithm since it assumes homogeneous films are being deposited.

In a preferred embodiment, homogeneity of the film is achieved by varying a flow

rate of the reactive gas, typically oxygen, so as to maintain a constant partial pressure of

It is also preferred to dep031t the layer initially at a high rate and determine the
thickness from transmittance measurements by companng the measured transmittance

with the transnnttance calculated on the assumption that the layers are homogeneous. Any
remaining thickness is then deposited at a low rate. Typically 95-97% of the desired layer
- thickness is deposited at the high rate. If the thickness measurement shows that '

appropriate thickness has been exceeded, compensating adjustments can be made to the
remaining layers.
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In a further aspect the invention provides a method of depositing a complex

multilayer coating on a substrate, said coating consisting of multiple layers of at least two
material types, said method comprising the steps of sequentially depositing said layers in
a reactive deposition chamber permitting variable power settings while monitoring the
deposition process and controlling at least one process variable in real time to provide
each layer with desired characteristics; and setting said at least one process variable at the
sta:t of the 'deposition of each layer exéept the first layer of its material type to match the
value of that process variable at the end of the last sfage of deposition of the previous ‘
layer of the same material type at the same power setting. .

The process variablé raferrcd to above is typically the flow rate of reactive gas, for
example oxygen. |

The invention still further provides an apparatus for depositing a complex
multilayer coatmg on a substrate, said coating consisting of multiple layers of at least two
' material types, said apparatus comprising:

a deposmon chambeér comprising at least two sources of matenals to be dep031ted by
reactive deposmon, |

means in said chamber for measunng an optlcal property of the deposited layers;

means for fitting theoretical values denved from a model of the deposited layers to the
corresponding actual values obtained from the measurement of said optical property; and

means for continually conﬁ‘olling a process variable to ensure homo geneity of the
deposited layers so that a valid thickness determination can be made from said theoretical
model. '

The invention will now be described in more detail, by way of example only, with
reference to the accompanying draWings, in which:-

Figure 1 is a schematic diagram of a sputtering system capable of high rate
deposition;

Figure 2 is a block diagram of the control system;

Figure 3 is a flow chart showing a process control system that can be applied to
the invention; |
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- Figure 4 shows the variation in refractive index as a function of oxygen partial

pressure for a NbyOs layer;

Figure 5 is a schematic representation of the oxygen flow as a function of time for
low and high rate deposition;

Figure 6 shows the shows the oxygen partial pressure as a function of time after
low or high power is applied to a magnetron source; |

Figure 7 is a schematic diagram showing the inhomogeneity in the refractive index
of layers deposited with high and low powers;

Figure 8 shows the oxygen gas flow rate as a function of time for each layer when
 successive NbyOs layers are deposited; '

Figure 9 shows the _target voltage as a function of time for each layer when

successive Nb,O:s layers are deposited;

Figure 10 shows the transmittance curves of two-peak interference filters made
without setting the oxygen flow rate at the start of deposition to the value at the end of the

last stage of the previous layer at the same power level;

Fig.ure" 11 shows the refractive index profile of the 35 layer two-peak interference
filter of Figure 10; ' ‘

Figure 12 is a flow chart showing a part of the tWo-Stage deposition process in
accordance with the invention suitable for use with high and low powers; '

Figure 13 is a flow chart showing the complete two-stage depo sition process;

Figure 14 shows the oxygen flow rate as a function of time for several layers

deposited by setting the oxygen flow rate at the start of deposition to the value at the end
of the last stage of the previous layer at the same power level;

Figure 15 shows the target voltage as a function of time for several layers fora
system made 1n accordance with Figure 14;

Figure 16 shows the transmittance of a two-peak interference filter made by the
inventive method,; '
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Figure 17 shows the transmittance of the two-peak interference filter of Figure 16

for a broader spectral region;

Figures 18 to 19 show the resulfs of repeatability test of 5 different runs of a
multilayer edge filter fabricated in accordance with the invention; and '

Figure 20 shows the refractive index profile of the edge filter depicted in Figure
18.. ' ' o

As shown in Figure 1, the cylindrical sputtering chamber comprises a vacuum
chamber 1 with a cryopump 2, two sputter sources 3, and a cage 4 supporting substrates 5.
The cage 4 can be rotated about a vertical axis with stepping motor 6.

The substrates 5 can be positioned in front of one of two vertical, metallic or
semiconductor targets. To obtain oxide 'layers, the magnetron sources are operated in a
chamber filled with a suitable mixture of Ar and O, gases.

The chamber also has a light source 6 opposue which is a gratmg and PDA
(Photodlode Array) 7 to perm1t light transmittance measurements to be made by rotatmg
. - the cage so that the substrate hes in the light beam 8. The optical momtormg system is

capable of measurmg the transm1ttance of the substrates 5 in the 400 to 800 nm spectral
region. An inlet 9 admits an argon and oxygen mixture and pressure sensor 10 measures
the total pressure in the chamber, Wthh normally 1 1S about 3mTorr.

The sputter sources 3 con51st of two dual AC magnetron sources, (~8 x 40 cm),
connected to 40 kHz, 10 kW Advanced Energy power supplies. The two dual AC-
magnetron sources and chamber are manufactured by Shincron Co. Ltd., Tokyo, J apam
The system is controlled by a process control computer 12, which may be a Techware Ii+
controller manufactured by Brooks Automation (Canada). Another computer 13 runs a
program with a real-time process control algorithm for the deposition of complex
multilayer systems. The optical monitor is a Hamamatsu PMA-50 optical monitor.

The basic control system is shown in Figure 2. This system uses two computers
12, 13, one for the process control and the other for the thickness determination process,

although it will be understood by one skilled in the art that a common computer could be
- used for both processes. Each computer is associated with respective memory 16, 17.
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The computer 12 receives input inter alia from the thickness determination

computer 13 and the pressure sensor 10, which measures the total pressure in the
chamber. This is proportional to the oxygen partial pressure because the argon content
- does not significantly change. The computer 12 maintains the oxygen partlal pressure

constant by varying the oxygen flow rate with control unit 11. The computer 12 controls
the deposition rate by controlling the power level applied to the sources 3 with power

control unit 14.

Prior to the start of deposition, the desired filter design can be doWnloaded to the
computer 13. A substrate is then loaded into the deposition chamber and the ADS is then

automatically pumped down and then it wmts either for a pre-selected time or for when an
acceptable base pressure has been reached. At this point, a plasma is ignited in the
chamber and the sputtering targets are pre-cleaned. When the deposition system is ready,
the controller requests information concerning the first layer from the thin film program.

As shown in Figure 3, the program first subdivides the current layer and then it
sends the material name of the current layer along with the desrrod thxclmess and the

process name for the layer (B). The controller than calculates the sputtermg t1me required ‘
for the deposition of the specified layer thickness and rotates the substrate to the '
appropriate target for the desired time after modifying the deposition parameters. After

the layer is deposrted at a high rate, typically 0.7 nm/s, the controller notifies the thin film

program, which then initiates a wideband optical monitor transmittance measurement of
the substrate over the 380 to 860 nm spectral region (D).

The thin film program uses this data to determine the actual layer thickness
deposited (E) by finding the best fit with calculated transmittance data. This is achieved
by adjustmg the layer thickness in the theoretical model until the best match with the
measured data is obtained.

If not enough thickness has been deposited (F), the steps (B) to (E) are repeated at
a low rate, typically 0.1 nm/s until the thickness is within a specified tolerance of the
desired thickness. If too much thickness has been deposited or if the predicted filter
performance is not acceptable anymore, the thicknesses of the remaining layers can be re-
optimized (G) before the next layer is deposited (H). This process is repeated until all the
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layers have been deposited. Quite often no reoptimization is required during the

deposition since the layer thickness control is accurate to within 1 nm or better.

In reactive sputtering the reactive gas (such as oxygen or nitrogen) is introduced
into the deposition chamber 1 along with the argon. When the gas flow is sufficiently
high, a dlelectnc (msulatmg) layer will form on the target surface. This process is known
as a pmsoned target mode sputtering and it usually produces the best quality films with
little or no absorption. The positive Ar ions sputter off both metal and oxygen atoms that
subsequently coat the sub strate. In addition, atomic oxygen present in the plasma will
also react with the growmg dielectric film on the substrate. When a de voltage is apphed
to the target, the dlelectnc layer will soon charge up and the plasma will be extmgmshed
and the sputtering will stop. To avo_ld this, a rf or ac voltage is applied to the target. This
allows a negative bias voltage to be maintained on the target and keeps the sputtering

- process going.

Itis 1mportant that dielectric films produoed by reactlve magnetron sputtering

have the correct compo: smon (sto ichiometry). Con51der the deposition of an oxide layer
from a metallic target with oxygen (reactlve) gas in the chamber. It has been found
expenmentally that the refractive index of the film can change if there is too much or too

little oxygen in the chamber. A lack of stoichiometry can also lead to an increase in the
absorption of the film. For instance, there is an oxygen partial pressure below whmh |
sputtering takes 'place in an uncovered metal mode resulting in near-metallic films (see
Figure 4). Above th18 oxygen partlal pressure the target surface is partially or fully
oxidized resulting in oxide films with little or no absorptlon. For this reason, the operating

oxXygen partial pressure is usually chosen to be at a safe value above this transition oxygen
partial pressure. '

Suppose that ‘d'uxing a teactive sputter_ing process the argon flow is constant and
the oxygen flow is adjusted to maintain a constant total pressure of argon and oxygenin
the chamber. Let now a sufficiently high pewer be applied to the magnetron target SO
that sputtering takes place. The metal that is deposited' on the substrates and on the walls

~ of the chamber will react with the oxygen gas in the chamber to form a compound. As a

result, at first the amount of free oxygen in the chamber will be reduced. (This process,
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which acts like a selective pump for oxygen, 1s known as “gettering”.) However, since

the process strives to maintain a constant total pressure of argon and oxygen while
keeping the flow of argon constant, the flow of oxygen will be increased. In time a Steady
~ state will again be re-established. The time required to attain this steady state will depend

on the amount of power applied to the magnetron and the PID parameters controlling the
oxygen flow.

It will be seen from the schematic diagram of Figure 5 that for low powers the
change in the oxygen flow rate is small, the recovery is rapid and the oxygen flow is
relatively steady during the time required‘ for the depositibn of a thin film. During -high'
power sputtering the gettering lS much greater and the time required to deposit a given
film thickness is much shorter compared to low rate deposition. Conéequently the dxygen
- ﬂOw rate will vary markedly throughout the formation of the layer. Changes in the oxygen
flow rate translate ihto variations in the bxygen partial pressure (Fig. 6). This resul;s ina
variation of refractive index within the layer. The schematic diagram in Fig. 7 indicates
that the refractive index will be constant over most of the film depositéd at a low rate.
However, at high rates, using this gas control strategy, the refractive index of the coaﬁng
- will vary throughout the coating. Changes in the oxygen partial pressure in the chamber
can also signiﬁcanﬂy affect the ﬁlm quality through gas scattering. This has an effect on
the microstructure of the film and hence, once again, on its refractive index. These effects
are not very important for low rate dépo sition of layers, but may lead to severe problems
| "due to re'ﬁ'z‘lct.ive index inhomo geneities in high rate deposition.

 Atlowrates a constant total gas pressure and a constant flow of argon canbe
maintained while assigﬁing the same initial (fixed) oxygen gas flow for the deposition of
each layer of the same material. At the time when the power is changed, to avoid any ’
abSbfption in the films, this initial fixed value provides an excess oxygen flow over what
is reqmred during steady state sputtering. Hence the oxygen flow will drop in this case.
The gas control algorithm can then atitomatically adjust the oxygen gas flow to keep the
total gas pressure constant. The PID oxygen flow control parameters are chosen to avoid
oscillations in the total gas pressuré. This algorithm allowed the oxygen gas flow to be
adjusted automatically when the deposition power changed or if the gas 'pumping speed
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drifted slowly. Although the above process is satisfactory at low rates, it is quite

inadequate at high rates.

Figure 8 shows the experimentally measured oxygén flow, as a function of time,
after a high constant power was applied to the niobium high-rate ac-magnetron source.
The old gas control strategy was used to deposit four separate Nb,Os layers. (In-between
the Nb,Os layers, SiO; layers were also deposited.) The same initial oxygen flow rate was
used at the beginning of each layer. This rate was high enough to avoid absorption
problems. The oxygen flow was then adjusted to keep the total argon and oxygen pressure
constant. It can be seen that there was a significant drop in the oxygen gas flow. Itis
likely that a drift in the pumpmg speed is responsible for the different levels at which the

~ oxygen partial pressure stabilized for the four layers.

Flgure 9 shows the corresponding niobium target voltages resulting from the
variations in the oxygen flow. Target voltages are a good indicatiqﬁ of when the
deposition conditions have stabilized and hence when the refractive index of the film is
constant. The agreement between these curves is better, but there i is still a si gmﬁcant

change at the begmmng of each layer dcposmom It is certain that the four layers had

Si gmﬁcant refractive index inhomogeneities.

Inhomogeneities in the refractive indices of the layers have a profound effect on
the accuracy of the thickness control process The key to depositing complex multilayer
filters in the ADS is the accurate determination of the layer thickness based on |

- transmittance measurements. The present thickness determination method assumes a
model in which all the layers are homogenous. This model is no longer va]id if there are
’31 gnificant inhomogeneities of refractive index in the layers It is not practical to modify
the model to take inhomogeneities into account. This would greatly complicate the
analysis: a quite complex model would have to be used to allow for the fact that the extent

of th1$ inhomogeneity may vary from layer-to-layer as well as from run-to-run. Yet, if the |

presence of a strong mhomogenelty is ignored, after a while the thmkness determination
software will start to come up with incorrect thickness values. Once this happens, it
becomes ﬁearly impossible to deposit the desired filter accurately.
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Figure 10 shows an example of this. It shows the measured transmittance curves

of three 35-layer two-peak interference filters based on Nb,Os and SiO; and produced by
high rate ac-magnetron sputtering using the process control depicted schematically in Fig.
- 3 with the gas control algorithm referred tci above. The refractive index profile of this
filter 1s shown in Figure 11. The first 95-97% of the desired layer thickness were
deposited at a hi gh rate, (which is fequired in order for the equipment to be commercially'
viable), but the remaining 3-5% were deposited at a low rate to accurately obtain the
desired overall layer thickness. Note the poor repeatability from run to run and that none
of the filters have the square bandpass shapes that they are supposed to have. These
problems can be directly attributed to thickness determination problems resulting from

inhomogeneities in the refractive indices of the individual layers in the system.

An important factor in eliminating this problem is to reduce the re-stabilization
time and hence the inhomogeneity in layers deposited both by low and high rate reactive
sputtering. Rather than assigning the same (fixed) initial oxygen gas flow for each layer
for both low and high power settings, the initial gas flow is based on the oxygen gas flow
of the same target for the last layer deposited under the same pdwer conditions. That is, if
the bxygen' gas flow was 10.0 sccm near the end of a Nb,Os layer being deposited at a
high rate, then the initial oxygen gas ﬂow for the next depo siﬁdn of a NbiOs- layer at the
same high rate would be assigned a value of 10.0 sccm. This results in a much quicker
stabilization tlme and reduces the inhomogeneity present in the film. ‘

Figure 12 is a schematic representation of this layer deposition stratcéy. The boxes
B-E of the flow chart of the process control for reactive rf-sputter deposition process
- shown in Fig. 3 are replaced by the steps shown in Fig. 13. After the layer and process
(high rate, low rate) information is proirided (A), the process @n&o ller retrieves the
oxygen flow rate that prevailed at the end of the last deposition of a layer of the same
_ material 'sputtered under the same procéss conditions (B), namely the ' same power level.
The Iayer is then deposited (C) and the oxygen flow .rate, just before the layer deposition
is terminated is stored for future use (D) during deposition of a-subscquent layer of the

same material. The transmittance of the layer system is measured with the wideband
optical monitor (E) and the layer thickness is determined (F).
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‘The complete flow chart incorporating the process control is shown in Fig. 13.

There is a different branch for each coating material a, b, c... Boxes (D) and (E)
- correspond to high and low rate depositions, respectively. Each of these boxes consists of
all the steps shown in Fig. 12; they differ only in the fact that their flow rates are different

and are therefore stored and retrieved from different locations in memory 16.

The experiments des cribed above were repeated, except that this time the new gas
process control strategy was applied. Figure 14 shows the measﬁred oxygen ﬂew, plotted
' as a function of time, after ahigh constant power was applied to the ac-magnetron source
during the reactive deposition of five different Nb,Os layers. (In between the Nb,Os
layers, SiO; layers were also depo sited.) This tithe the initial oxygen flow rate for each
Nb,Os layer deposited at h1gh power was set equal to the value of the flow ra;te at the end
of the deposition ef the last Nb,0s layer deposited at the same high power. Once again,
‘the argon flow was constant and the oxygen flow was adjusted to kee_p the total (Ar + O5) .
 pressure constant. It will be seen from this figure that the oxygen flow stabilized quickly
~ with this new gas pressure eonﬁ'ol.. Figure, 15 shows the experimentaily measured
variation of target vbltage with time that resulted from the variation in oxygen flow
dep icted in Fig. 14. Note that the target voltage also stabilized very quickly and that it
was more repeatable. Target voltages are a good indication of when the deposition
conditions have stabilized and hence w‘hen' the refractive index of the depo sited layer is
constant. '
Figure 16 shows the experimentally measured transmittance curves of two-peak

' interference filters produced in ﬁve separate deposition runs using the process control
system depicted schematically in Figures 12 and 13. It will be seen that the filter shape is
now excelleni and there is a very good run-to-run reproducibility. The positions of the
peaks are w1thm 0.2nm of the design Wévelength specifications. As can be seen in Figure
17, the repeatability is very good over a spatial range from 400 to 900 nm, even though
the spectral range of interest lies only between 420 to 580 nm. Thus, the combination of
the previouély described ADS thickness control algorithm, the high rate ac-magnetron

deposition sources and the new ADS gas process control makes possible the successful
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automatic deposmon of complex filters in one-fifth to one-tenth of the time that it took

prevnously. This makes the present ADS system commercially viable.

A number of materials, including Nb2Os, S10,, ALLO; and ZrO,, have been
deposited on this system. In particular, the rates for Nb,Os and SiO, were both ~0.7nm/s.
This means that filters that used to take more than 21 hours to deposit now take only ~3
hours to deposit. The thickness uniformity, for a stationary substrate, was +1% over a 70x
70 mm area and +2.5% over a 110x140 mm area. A series of other filter designs were

deposited to demonstrate that the described system has a good run-to-run repeatability to
match that of the previous rf-system

~ One such demonstration filter was an edge filter. The refractive index profile of
this § 8-laYer coating is shown in Figure 20. In order to accurately position the edge filter
at thc same wavelength, the filter was reoptimized at vaﬁous stages of deposition. Five
separate deposition runs were performed and the normal incidence transmittance
méasurémenté of the ﬁltei's are shown in Figure 18. It is evident from this figure that the
described system has an excellent reproducibility. The precision of the ADS-I is
highlighted in Figure 19 which shows the cdge wavelength does not vary by more than 0.3

nm over the five deposition runs.

The above results confirm thai not only is it p0531b1e to de31gn complex ﬁlters to

meet demandmg specifications, it is now possible to actually fabricate them automaucally
and on a routine basis. In addition, it is now poss1blc to manufacture these coatmgs at
 high deposition rates and with good thickness uniformity. With the advances made in
thin film design and manufacturing techniques, it should be feasible in the near future to
have an integrated thin film design and deposition system where an operator can enter
detailed filter specifications into a system which will then automatically design and
manufacture the filter. o

‘While the invention has been described in connection with sputtering, it will be
understood that it can be applied to other forms of reactive deposition, such as reactive

ion sputtering, reactive ion plating or ion-assisted deposition.
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]. A method of sputter depositing on a substrate a complex multilayer coating
consisting of multiple layers of at least two materials, said method comprising the steps
of sequentially depositing said layers in a deposition chamber in the presence of a
reactive gas and an inert gas so as to form accumulated deposited layers, at least an initial
portion of each said layer being deposited at a high rate of above about 0.5 nm/s; denving
the thickness of the deposited layers at one or more times during the deposition of each
layer by taking optical measurements over a plurality of wavelengths and fitting
theoretical values for said measurements derived from a theoretical model of the
accumulated deposited layers to corresponding measured values obtained from said
measurements; determining whether a derived thickness of a current layer being
deposited corresponds to a target thickness for said current layer, and if so proceeding
with a next subsequent layer of the second of said at least two materials, otherwise
continuing with the deposition of any remaining thickness at a lower rate than said high
rate of said current layer, continually controlling a flow rate of said reactive gas as each
deposited layer is formed to strive to stabilize partial pressure of said reactive gas at a
constant value to maintain stoichiometry and thereby ensure substantial homogeneity in
reactive index In a thickness dimension throughout the whole of each deposited layer of
the same material so that a valid thickness determination can be made from said
theoretical model; saving the flow rate of said reactive gas at the end ot high rate
deposition for each deposition step as a saved final value; and for each subsequent
deposited layer of each material setting the initial flow rate of the reactive gas at the
saved final value of the flow rate at the end of high rate deposition for the previous layer
deposited of the same material so as to reduce restabilization time for each said

subsequent deposited layer.

2. A method as claimed in claim 1, wherein said optical measurements are

transmittance measurements.

3. A method as claimed in claim 1, wherein the flow rate of said inert gas is constant
and the flow rate of said reactive gas is controlled to maintain the total pressure

substantially constant as deposition of each layer proceeds.



6.
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A method as claimed in claim 2, wherein said reactive gas component 1s oxygen.
A method as claimed in claim 1, wherein at least one of said materials 1s Nb,Os.

A method as claimed in claim I, wherein at least one of said materials 1s S10-.
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