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METHOD AND APPARATUS FOR DETECTING
THE THICKNESS OF COPPER OXIDE

FIELD OF THE INVENTION

The present invention relates to a method and
apparatus for detecting the thickness of copper oxide. More
specifically, the present invention relates to the use of
reflectivity or sheet resistance, to determine the thickness

of a copper oxide layer formed on a substrate.

BACKGROUND

The dfive for faster semiconductor devices has
caused the semiconductor industry to seek metals which
provide lower resistance (and therefore faster operating:
speeds) than that of conventional aluminum layers. Copper
is a strong candidate for replacing aluminum, as copper has
low resistivit? (1.7 micro-ohm-cm as compared to the 2.7
micro-ohm-cm of aluminum) and high resistance to
electromigration. Unfortunately, a major drawback of copper
is its propensity to readily oxidize when exposed to an
oxygen rich environment (e.g., watef vapor, air, etc.). The
copper oxide which forms has an extremely high resistance
(e.g., about 10 ohm-cm) and should be completely removed
from the underlying copper in order to create a metal
interconnect that fully benefits from the low resistivity of
pure copper. . '

_ When removing copper oxide it is important to
ensure that all of thé copper oxide is removed to achieve
Lhe LOwesy LOSEIDIET JULIICi il Witlote wnGuly vees Do
additional time and material associated with over-removal
(i.e., removing a portion of the underlying non oxidized

cbpper layer) .
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Copper oxide thickness may be measured via
ellipsometry, a method which is undesirable due to the cost
and complexity of the measurement tool. Thus, there is a
need for a method and apparatus which accurately meaéures
ﬁhé thickness of copper oxide. Preferably such an apparatus
would operate during the copper oxide removal process, thus
providing copper oxide thickness data in situ as the copper
oxide layer diminishes. Moreover, a copper oxide
measurement tool is needed which can quickly provide

reliable measurements with minimal equipment cost.

SUMMARY OF THE INVENTION

The present inventors have discovered two new
measurement regimes that provide highly accurate copper
oxide thickness measurements using simple, cost effective
measurement equipment. Specifically, the present inventors
have discovered a relationship between copper oxide
thickness and-reflectivity,'and a relationship between
copper oxide thickness and sheet resistance. Unlike
ellipsometry techniques, the inventive reflectivity based
copper oxide thickness measurement does not rely on
interference between lights of differing wavelengths which
reflect from the surface of the copper and the surface of
the copper oxide. Rather, the present inventors illuminate
a substrate with a light (e.g., of one or more wavelengths),
and measure the light which reflects therefrom. The -
measurement regime employed by the present inventors
exhibits a reflectivity (and/or a sheet resistance)
mﬁﬁﬁﬁxﬁmﬁﬂﬂhEha&mﬁﬂ?fﬁ$nWiEb,fhﬁ;?ﬂppﬁﬂ cred e LA nk osmn

To obtain a reflectivity measurement that varies
with copper oxide thickness, the present method reflects
light from the hnderlying copper layer. To the extent that

a copper oxide is formed thereon, the copper oxide absorbs
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the light. The thicker the copper oxide layer, the greater
the absorption and the lower the measured reflectivity.
Similarly, the sheet resistancé'méasurement is that of the
underlying copper, as measured through the copper oxide
layer. The thicker the copper oxide layer, the higher the
measured sheet resistance. Each measurement technique thus
provides an extremely simple and highly accurate copper
oxide thickness measurement.

Further, the inventors determined that the
relationship between the reflectivity/sheet resistance
measurements and the copper oxide thickness exist regardless
of variations in wafer processing (e.g., annealing
temperature, annealing time, annealing environment, etc.).
Thus, inventive copper oxide measurement regimes which rely
on these relationships are universally applicable for
measuring the thickness of any copper oxide, regardless of
the previously performed processing steps. Moreover,
conventional tools for measuring reflectivity and sheet
resistance may be easily modified to perform the invention
by providing the tools with relationship information such as
a database, or a mathematical function (as explained further
below) which correlates reflectivity and/or sheet resistance
to copper oxide thickness.

Specifically, to obtain this correlated
information, the reflectivity and/or sheet resistance of
copper oxides of various known thicknesses (e.g., copper
oxidés whose thicknesses have been measured by conventional

methods such as via use of an ellipsometry measurement tool)

CWEre. mengared . ant. the JPeas cuned. rnf1prr1v1fv and/or. gheet.

resistance values were recordeu with the corxespondlng

. s L
thickness value, to provide a database of correlated values.
It will be understood that as used herein copper oxide

reflectivity refers to.the reflectivity measurement obtained
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when light strikes a structure cémprising a copper layer
having a copper oxide formed therein and reflects therefrom,
and that copper oxide sheet resistance refers to the sheet
resistance measurement obtained when the sheet resistance of
an underlying coppef layer is measured through a copper
oxide layer. |

In a first aspect of the invention, a database of
corresponding values is coupied to a reflectivity or sheet
resisﬁance measurement tool and a controller (either a
controller which controls the operation of the measurement .
tool or a separate controller) is brogrammed to receive a
value measured by the tool, look the measured value'up in
the database, and send the corresponding cbpper oxide
thickness value to an output device (e.g., a display screeh,
a printout, a dafabase'that records the copper oxide
thickness value and a wafer identifier, etc.).

In a second aspect, a mathematical function (e.g.,
a factor, a multiplicand, a divisor, an equation, etc.)
which correlates reflectivity or sheet resistance to copper
oxide thickness is provided for a reflectivity or sheet
resistance measurement tool, and a controller (either a
controller which controls the operation of the measurement
tool or a separate controller) is programmed to receive a
measured value, to perform thé mathematical function which
correlates the measured value to copper oﬁide thickness, and
to send the resultant copper oxide thickness value to an
output device.

In a third aspect, an inventive tool configured to
meassere. neflactivity of g coppor,axide. =+.d based.thapeon .to .
output the coppér oxide's thiéknesé, is coupled to a vacuum
processing chamber configured to perform a copper oxide
removal process (e.g., reduction, sputter etching, etc.).

The inventive measurement tool is coupled so as to perform
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copper oxide reflectivity measurements on a substrate

located within the tool. This aspect allows the inventive .

tool to perform valuable process monitoring/process

characterizing functions, as well as valuable endpoint
detection functions, and allows copper oxide thickness to be
measured from outside a wvacuum procéssing chamber, without
breaking the processing tool's vacuum environment.

- Further aspects of the invention measure other
bulk.characteristics of copper through a copper oxide layer,
and may perform in situ copper oxide measurements during
non-vacuum processes such as during chemical mechanical
polishing.

' Because of the simplicity of the measurements
employed, each aspect of the invention reduces measurement
signal processing time, and equipment cost associated with
conventional copper oxide thickness measurements.
Accordingly, a semiconductor procéssing system which employs
the inventive -tool will experience greater throughput, and
reduced cost per wafer unit processed. Moreover, the
invention allows copper oxide thickness measurements to be
made during value added processing steps (e.g., during
copper oxide removal) and can be used to provide process
characterizations wnich enable selection of processing times
which avoid or minimize the overetching required when
conventional copper oxide measurements are employed.

Other objects, features ‘and advantages of the
present invention will become more fully apparent from the
follow1ng detailed descrlptlon of the preferred embodiments,

the Appended- olains Yamd the. acaomarina. drawings

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1A is a schematic side elevational view of an
inventive reflectivity based copper oxide measurement tool;
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FIG. 1B is schematic side elevational view of an
inventive sheet résistance based copper oxide measurement
tool;

FIG. 2A is a schematic side elevational.view of a
semiconductor wafer processing system having the inventive
copper oxide measurement tool of FIG. 1A coupled thereto;

FIG. 2B is a flow chart which describes the
operation of the‘inventive measurement tooi;

FIG. 3 is a side elevational view of a.preferred
semiconductor wafer processing system configured for a
copper oxide reduction processes;

FIG. 4 is a cross-sectional view of a preferred
semiconductor wafer processing system configured for sputter'
etching copper oxide from an underlying copper layer; and

FIG. 5A is a graph of copper oxide thickness
versus reflectivity measured at 436 and 480 nanometers; and

FIG. 5B is a graph of copper oxide thickness

versus sheet resistance.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The inventive copper oxide thickness measurement
apparatus, whether a reflectivity or sheet resistance based
apparatus, may be employed as a stand-alone unit (e.g., for
measuring copper oxide thickness before or after a copper
oxide removal process). |

FIG. 1A is a schematic side elevational view of a
reflectivity based copper oxide measurement tool 1lla. The

inventive tool 3la comprises a reflectivity measurement
componant WA3 cand. 2 praceasor- .. The weogreasss 16 ooy he.
ihtegrated within the reflectivity measurement component 13
or maybe external thereto as shown in FIG. 1A. The
processor 15 may be a controller specific to the

reflectivity measurement component 13, may be a controller
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which controls an overall semiconductor fabrication system

such as the Centura™ manufactured by Applied Materials,
Inc., or may be part of a larger controller such as a
manufacturing execution system. The processor 15 is adapted
to determine the thickness of copper oxide based on the
reflectivity measured by the reflectivity measurement
component 13. Specifically the processor 15 may comprise a
database such as a loockup table containing wvarious
reflectivities, and the various copper oxide thicknesses
corresponding thereto.

Table 1-1 below is an exemplary lookup table which
was created by measuring the thickness of various copper
oxides with an ellipsometry tool such as KLA Tencor's UV-
1250 SE. Tencor's ellipsometry measurement tool directs
polarized'light having a wavelength of 633 nm at a copper
oxide and analyzes the reflected beam. The copper oxide
measurement recipe contained within the ellipsometry tool
measures the amplitude and phase of the reflected light and
fits the measured amplitude and phase using the refractive
index and the extinction coefficient of copper oxide and the
thickness of the copper oxide layer as fitting parameters.
Each data point represents the reflectivity (normalized to a
silicon wafer) of a different semiconductor wafer having a
copper layer with a copper oxide formed thereon. To
generate different copper oxide layer thicknesses, wafers
with a copper layer were annealed at 120°C, 130°C and 140°C
in air for varying time periods. Note that for a given
wavelength, all the reflectivity data lies on a single curve
each copper oxide layer) as shown by FIG. 5A which is é plot
of the data table 1-1.

This Sheet Has Been Replace 7 PRIVILEGED & CONFIDENTIAL
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THICKNESS % REFLECTIVITY AT % REFLECTIVITY AT
(ANGSTROMS) 436 NANOMETERS 480 NANOMETERS
0 128.5 152.5
1.7 121 145
7 113 136
9 111 134
25 98 123
26.5 96 122
64 72 97
85 61.5 84
95 56 79
124 44 61
134 39.5 55
153 32.5 45.5
156 31.5 44
172 25 34.5
198 17.5 21.5
212 15.4 14

As the data contained in table 1-1 shows,

the

thicker the copper oxide layer, the greater the absorption

of light by the copper oxide layer, and the smaller the

reflectivity thereof.

As stated, the data contained in

table 1-1 was obtained by using a silicon wafer as a

reference (that is, the reflectivity of the bare silicon

wafer was taken as 100 percent).

All the reflectivity data

is therefore shown in percent with respect to the

reflectivity of silicon.

AlternatiVely, rather than employing a database or

lookup table such as that provided above, the processor 15

may store a mathematical function which relates reflectivity

to copper oxide thickness.

For example,

the data within

tab]e ] 1 may be flr to a curve (curve 501 for 436 nm data

and curve 503 for 480 nm data &3 shnown in IIG

5A), with the

436 nm data curve having the mathematical function:

T =

1x10‘(Rg‘-o.0004(Rg3+o;0572(Rg2¥5.3379(RT)+278.94
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wherein T is the thickness of the copper oxide layer (in
angstroms) and R, is the measured reflectivity (in %).
Accordingly, for any measured reflectivity value, copper
oxide thickness can be easily computed.

The reflectivity measurement component 13 may
comprise any conventionally available reflectivity
measurement tool. The present inventors have used
Nanometrics 210 film thickness measurement system (which is
sold under the trade name Nanospec/AFT) at wavelengths of
436 nm and 480 nm, with a magnification of 40. However, in
general, reflectivity measurement component 13 contains a
monochromatic light source 17 (e.g., a laser or a lamp with
a monochromator),; a polarizing beam splitter 19, and a
collector 21 (e.g., a photo diode).

In operation the light source 17 outputs a beam of
light 23. The beam of light 23 passes through the
polarizing beam splitter 19 where part of the light beam 23
(not shown) may be reflected away from both the substrate S
and the collector 21. The remainder of the light beam 23
passes through the polarizing beam splitter 19, travels to
the substrate S, where a portion (not shown) of the light
beam 23 is absorbed, and a portion of light beam 23 is
reflected back toward the polarizing beam splitter 19. If
the substrate has a copper 1aye£ S,, some of the reflected
light is absorbed by a copper oxide laYér S, (if any) formed
on the.copper layer S,. The pdrtioh of the light beam 23 |
which is not absorbed is reflected from the substrate S to
tha palarizing:heaw snlitren 19, ..and.io rhen reflected .fxrom
the polarizing beam splitter 19 to the collector 21, as .
shown. The processor 15 obtains the measured value of light
collected by the collector 21 as compéred to the measured

value of light éollected by the collector 21 for a bare

9 PRIVILEGED & CONFIDENTIAL
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silicon wafer (i.e., '‘the measured reflectivity value), and
determines the thickness of the copper oxide formed on the
substrate S, either by looking up the reflectivity value in
a loockup table stdfed within the processor 15, or by
applying a mathematical function to the reflectivity wvalue
(as described above). Thereafter the processor 15 outputs
(to an output device) the copper oxide thickness which
corresponds to the measured reflectivity value. The output
device may comprise any human réadable form, such as a
printout, a display screen, etc., or a machine controller
which takes the valve and determines therefrom the duration
or other Quantities of the'oxide removal step needed to
optimally remove the oxide with miniﬁal over etching.

FIG. 1B is schematic side elevational view of a
sheet resistance based copper oxide measurement tool 11b.
The inventive tool 11b comprises a sheet resistance
measurement component 25, and a processor 15. The processor
15 may be integrated with the sheet resistance measurement
component 25 or maybe external thereto as shown in FIG. 1B.
The processor 15 may be a controller specific to the sheet
resistance measurement component 25, may be a controller

which controls an overall semiconductor fabrication system

such as the Centura™ manufactured by Appliéd Materials,
Inc., or may be_part of a larger controller_such as a
manufacturing execution system. The processor 15 is adapted
to determine the thickness of a copper oxide based on a
sheet resistance measured by the sheet resistance
measurement component 25. Specifically, processor 15 may
cowmprise-a darabasrrociy 33 o LooKupsl Tt anmt i dadee
various resistivities and the various copper oxide
thicknesses corresponding thereto.

Table 1-2 below is an exemplary lookup table which

was created by meaéuring the thickness of various copper

Sheet Has Been Replaced 10 PRIVILEGED & CONFIDENTIAL

T



.

10

15

20

25

3254 /MD/DV EXPRESS MAIL LABEL NO.: EK408359342US

oxides with KLA Tencor's UV 1250 SE ellipsometry measurement
tool, as described above. As the data contained in table 1-
2 shows, the thicker the copper oxide layer, the greater the
sheet resistance. This is due to the fact that the initial
thickness of deposited copper was constant for all.the
substrates measured so that as the thickness of the copper
oxide layer increases, the thickness of the underlying

copper layer decreases.

TABLE 1-2
THICKNESS RESISTANCE
(ANGSTROMS) _ (OHMS)

0 0.609
2.33 '0.619
13.14 0.624
85.4 0.668
175.65 _ 0.749
223.7 0.783

Alternatively, rather than employing a database or
lookup table such as that provided above, the processor 15
may stofe a mathematical function which relates sheet
resistance to copper oxide thickness. For example, the data
within table 1-2 may be fit to a curve (FIG. S5B) having the

mathematical function:
T = 1304.6(R;) - 797.7

wherein T is the thickness of the copper oxide layer and Ry
is the measured sheet resistance. Accordingly, for any
mgasured-sheet resistance v11uh1 copren ovide thickness ¢an
be easily computed.

The sheet resistance measurement component 25 may
comprise any conventionally available sheet resistance
measurement tool. The present inventors have used OmniMap

RS 75, with probe A. In general, however the sheet
11 PRIVILEGED & CONFIDENTIAL
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resistancs measurement component 25 contains four zc-linear,

equally spaced (e.g., lmm apart) probes 27a-d couzlei to a

currenz source 29a and to a voltage meter 29b. In coeration

N

the prcbes 27a-d are brought into contact with a surZace of
the sucstrate S, and a known current (I) generated ki the
current source 2%9a is passed through the outer twc probes
27a, 27d, while the potential (V) developéd across tae inner
two prcbes 27b, 27c is measured by the voltage metsr 29b is
measured. The resistance method can be applied tc copper
oxide thickness measurements for processes in which the
overall amount of copper (e.g., in the copper and copper
oxide _ayers) is kept constant. In other words, the copper
oxide is reduced, or converted, to copper by a chemical
reaétion without losing any copper from the surface, as
described in more detail below. '

In these processes, as the copper oxide thickness
on the substrate S decreases, the resistance between the
inner two probes 27b, 27c also decreases. This occuxrs
because, as the thickness of the copper layer beccmes
larger, more and more copper is available for conducting
electricity. The potential (V) developed between the two
inner probes 27b, 27c¢ therefore decreases with decreasing
copper oxide thickness. The processor 15 receives the
potential drop measured across the inner two probes and

computes a sheet resistance value via the followirn

equation:
R=(V/I)F
‘whereir: R.=.. Sheet Remistance.
BRI V = Voltage b;,ﬁf =T -the inner probes 27b, 27c
" I =" Current driven through the outer probes
27a, 274 _
"F = A dimensionless correction factor déperident

on probe geometry as is known in the art
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Note that a smaller potentiai (V) between the inner probes
27b, 27c results in a smaller resistanrce value.

Thereafter the processor 15 determines the
thickness of the copper oxide formed cn the substrate S,
either by looking up the sheet resistance value in a lookup
table stored within the processor 15, or by applying a '
mathematical functien to.the sheet resistance value. The
processor 15 then outputs (to an output device) the copper
oxide thickness which corresponds to the measured sheet
resistance value. The output.device may‘comprise any human
readable form, such as a printout, a display screen, etc.

Both the reflectivity and the sheet resistance
based copper oxide measurement tools 1la and 11b of FIGS. 1A
and 1B may be advantageously employed after a copper oxide
removal process, to determine whether all of the copper
oxide has been successfull? removed (e.g., if no copper
oxide is present the measured reflectivity and sheet
resistance will be that of pure copper -- about 128.5% at
436 nanometers and about 0.6 ohms for the date in Table 1-2,
respectively), and/or before a copper oxide removal process.
When employed before a copper oxide removal process, the
inventive measurement tools determine the thickness of the
copper oxide to be removed and, provided the copper oxide
removal rate of the removal process is known, enable
accurate calculation of the end point for the copper oxide
removal process (e.g., with a removal rate of 20 A/sec, and.

a copper oxide thickness of 200 A, the end poiht of the

' copper oxide removal process would occur at ten seconds).

The refloqtivifv based copper oxide meaeu ement

.tool lla also can be employed to measure copper oxide

thlckness durlng a copper ox1de removal process (i.e., in
31tu). Accordingly, as described further w1th reference to

FIGS. 2A and 2B, the inventive copper oxide measurement tool
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lla can be used to determine a copper oxide removal rate,
and/or to characterize (e.g., identify process conditions
which effect the copper oxide removal rate, etc.) a copper
oxide removal process, as well as for in situ end point
detection.

FIG. 2A is a schematic side elevational view of a
semiconductor wafer processing system 31, having the
inventive copper oxide measurement tool lla coupled thereto.
As used herein "coupled" means coupled directly or
indirectly so as operate. The semiconductor wafer
processing system 31 comprises a vacuum pfocessing chamber
33 adapted to perform a copper oxide removal process (e.g.,
a reduction or sputter etching process as described in
detail with reference to FIGS. 3 and 4, respectively) within
a vacuum environment, and having a window 35 (e.g., a quartz
window) through which the inventive copper oxide measurement
tool lla may perform its reflectivity measurements.. The
semicénductor-wafer processing system 31 further comprises a
controller 37 for controlling the copper oxide removal
process. Although FIG. 2A shows the controller 37 of the
vacuum processing chamber 33 separately from the processor
15 of the inventive copper oxide measurement tool lla, it
will be understood that the controller 37 and the processor
15 may be part of the same unit, and either or both may
comprise part of a controller which controls an overall
semiconductor fabrication system such as the Centura™
manufactured by Applied Materials, Inc.  However, in this
example it will be assumed that the controller 37 controls
bl il og@laﬁicﬁ ol iha,gemiconductor wafer processing
system 31, and the operation of the inventive copper oxide
measurement tool 1la. Thus procéssor 15 merely stores déta,

and looks up the reflectivity values and corresponding

T
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copper oxide thicknesses, or applies the mathematical
function to the reflectivity measurements.

The inventive copper oxide measurement tool 1lla is
pbsitioned so that the light beam 23 (FIG. 1A) enters the
vacuum processing chamber 33 via the window 35, strikes the

substrate S positioned in the processing chamber 33, and

travels back through the window 35 to the polarizing beam

splitter 19 and is thereafter reflected to the collector 21
where, in conjunction with the processor 15, the copper
oxide thickness (if any) is determined as previously
described with reference to FIG. 1A.

The vacuum processing chamber 33 may be configured
as described below with reference to FIGS.- 3 or 4, and may
perform the copper oxide reduction or copper oxide etching
processes, respectively, described with reference to FIGS. 3
and 4. However, with refefence to FIG. 2A, the operation of
the semiconductor wafer processing system 31 and the copper
oxide measurement tool 1lla will be described generally,
regardless of the specific copper oxide removal process
performed thereby. _ .

Specifically, in operation, a slit valve 39
located on the vacuum processing chamber 33, opens and a
wafer handler (not shown) places a first substrate (having a
copper oxide formed thereon) on a substrate support 41
located within the vacuum processing chamber 33. Thereafter
the wafer handler retracts and the slit valve 39 closes,

sealing the vacuum processing chamber 33. The vacuum

‘processing chamber 33 is pumped to a vacuum pressure, and a

ucppmr-ﬂwiﬁelremc&aln?Tﬁ“ﬂsﬁhbq;%wa. it deasribed fhe
preferred position of the inventive measurement tool 1lla
relative to a preferred vacuum processing chamber 33 (shown

in FIG. 2A). The operation of the inventive measurement

This Sheet Has Been Replaced 15 PRIVILEGED & CONFIDENTIAL
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tool l1lla is now described below with reference to the flow
chart of FIG. 2B.

FIG. 2B is a flow chart which describes the
operation of the invéntive measurement tool lla. As
described further below, the operation described with
reference to FIG. 2B (1) can be performed on each wafer
processed; or (2) can be performed once (as a calibration
step) on a wafer having a known copper oxide thickness so as
to determine a copper oxide removal rate for a given
chamber. Specifically, in operation, the inventive copper
oxide measurement tool lla (under the control of the
controller 37) performs a plurality of copper oxide
thickness measurements at various times during the copper
oxide removal process. These measurements may be taken
continuously or periodically, and may begin prior to the
initiation of the copper oxide removal process,
simultaneously therewith, or subéequently'thereto (block 1).
Each of the measured copper oxide thicknesses are pfovided
to the controller 37.

As soon as the controller 37 receives the copper
oxide thickness measurement of zero (upon the reflectivity
measurement component 15's measurement of a reflectivity
equal to that of pure copper) (block 2), the controller 37
either stops the copper oxide removal proceSs immediately,
or preferably continues the copper'oxide removal process for
a period of time sufficient to ensure that all copper oxide
is removed from the surface of the'substrate S. That is,
the controller 37 may allow the copper oxide removal process
P conbinue fom acdiriet pariad of  time ~d e wonmbtoring the

=%

copper oxide thickness measurements to ensure that a
thickness of zero is consistently measured (block 3).
The controller 37 preferably records the time at

which each copper oxide thickness is measured. Thereafter

e 16 PRIVILEGED & CONFIDENTIAL
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this information may be used ee'characterize the copper
oxide removal process (e.g., to identify problems which may
occur within the processing chamber 33) and/or to determine
the copper oxide remeval rate (block 4). After a copper
oxide removal rate is determined for a given copper oxide
removal process, the removal rate may be stored in the
controller 37, and employed for determining an end point
time (i.e., the time at which the final portion of copper
oxide will be removed from any substrate which received

processing/handling similar to that of the measured

substrate S8). Accordingly, after the copper oxide removal

rate for the vacuum processing chamber 33 has been
determined, the inventive copper oxide measurement tool 1lla
may be removed from the vacuum processing chamber 33 as the
end points for substrates subsequently processed in the
vacuum processing chamber 33 can be determined via the
copper oxide removal rate. Thus, the inventive copper oxide
measurement tool 1lla itself is not needed for subsequent end
point determlnatlons

. Although the in situ measurement process described
with reference to FIG. 2B is preferred, the inventive copper
oxide removal tool 1lla alternatively may be employed to
perform a preliminary (i.e., prior to the commencement of
the copper oxide removal process) copper oxide thickness
measurement on a substrate S placed within the vacuum
processing chamber 33. Thereafter the end point time for
the substrate S may be calculated based on a previously

determined copper oxide removal rate and the copper oxide
vEROVEl. procegs. na. be pexfammadsie o s dagiente 8 "-"'f."-_”-*.----""’f'e -
end point time. After the end point time is reached, the
inventive copper oxide measurement tool lla may optionally

perform a subsequent copper oxide thickness measurement to

17 PRIVILEGED & CONFIDENTIAL
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insure that all of the copper oxide has in fact been
removed.

As previously noted, the specific copper oxide
thickness measurement tools and methods are described above
with only general reference to the copper oxide removal
process itself. The preferred copper oxide removal
processes and the chambers configured to perform these
processes will be deécribed in detail with reference to
FIGS. 3 and 4. | _

FIG. 3 is a side elevational view of a preferred
semiconductor wafer processing system 3la (“processing '
system 3la”) configured for copper oxide reduction
processes. The processing system 3la comprises a processing
chamber 41 operatively coupled to an atomic gas source 43
via an input pipe 45 and to a pump 47 via a forelineé 49 and

a throttle valve 51. A suitable processing system is the

GIGAFILL™ processing system manufactured by Applied
Materials, Inc. and described in commonly assigned U.S.
patent application Serial No. 08/748,883, filed Nov. 13,
1996, which is hereby incorporated by reference herein in
its entirety.

The processing chamber 41 comprises an inlet 53
operatively coupled to the input pipe 45 for receiving
atomic gas from the atomic gas source 43, and a gas

distribution plate 55 operatively coupled to the inlet 53

for distributing atomic gas along the surface of a

semiconductor wafer disposed within the processing chamber

41. The procéssing chamber 41 further comprises a wafer

S X

N 2] £ P

support 5T locabed beld s he gas® d¥stricuticor Pplate 20 il
having a heating mechanism (e.g., a ceramic heater 59)
mounted thereto for supporting and heating a semiconductor
wafer during processing within the processing chamber 41.

The ceramic heater 59 has a maximum heating temperature of

18 PRIVILEGED & CONFIDENTIAL
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approximately 800°C and preferably comprises a material such
as aluminum nitride. Other hea;ihg mechanisms comprising
different materials and different temperature maxima may be
employed. _

The atomic gas source 43 comprises a molecular gas

source 61 operatively coupled to a remote microwave plasma

system 63. The molecular gas source 61 pfeferably comprises

a source gas such as hydrogen or another gas species capable
of reducing copper oxide (e.g., ammonia). The source gas
may be diluted with an inert gas such as argon and/or helium
(as described below) .

The remote microwave plasma system 63 comprises a
magnetron head 65 operatively coupled to a tuner 67, and a
microwave applicator 69 (e.g., a sapphire appliéator)
operatively coupled to the tuner 67, to the input pipe 45
and to the molecular gas source 61. Specifically, the
magnetron head 65, the tuner 67 and the microwave applicator
69 are operatively coupled via a waveguide system 7la-c that
guides microwave energy generated by the magnetron head 65
to the microwave applicator 69.

The magnetron head 65 generates a pulsed or a
continuous wave microwave output centered at approximately
2.5 GHZ with.a power between about 0-3000 Watts. Any
conventional magnetron head may be employed as the magnetron
head 65.

Microwaves generated by the magnetron head 65 are
output to the waveguide system 7la-c¢ and travel through a
first waveguide section 71a, a secona waveguide section 71b
and.a. riird waveguide sectinp.Zloego the miorowave ..
épplicator 69. The tuner 67 is'opefatively coupled to the
third waveguide section 71c and éomprises conﬁentional
microwave tuning eiements (e.g.,.stub tuners, etc.) that

allow the remote microwave plasma system 63 to match the

_—
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characteristic impedanze of the thifd waeguide section 71c
(e.g., so as to reduce reflection of microwave power back to
the magnetron head 65). Microwave power -hereby is
efficiently delivered o the microwave arplicator 69.

In operation, to reduce a copper cxide layer
formed on an underlyinc copper layer of & substrate S such
as a silicon semiconductor wafer, the surstrate S is loaded
into the-processing chamber 41 via a slit valve (not shown),
is placed on the wafer support 57, the s_it valve is closed,
énd the processing chamber 41 is evacuated wvia the pump 47.
The base pressure of the processing chamkter 41 is set by
adjusting the throttle valve 51. A base pressure of about
0.4 Torr is presently preferred although other chamber
pressures may be emploved.

During evacuation of the processing chamber 41,
power is applied to the ceramic heater 5¢ to raise the
temperature of the substrate S to the corper oxide reduction
temperature. Copper oxide reduction preferably is performed
in the range of about 15-80°C. The ceramic heater 59,
therefore, preferably is heated (or cooled) to about 15-
100°C. _

After the substrate S has reached the reduction

‘temperature and after the processing chamber 41 has

stabilized at the desired base pressure, the magnetron head
65 is turned on so as to apply microwave power to the
microwave applicator 69, and molecular gas is flowed from
the molecular gas soﬁrce 61 to the microwave applicator 69.
The microwavé power level applied to the microwave

applicator 62 is the power level required to generate a

. .sufficient concentration of atomic. hydrogen within the.

processing chamber 41 to affgct cobpe; oxide redﬁétion.' The

appropriate power level depends on many Zfactors (e.g., the

concentration of atomic hydrogen (or another gas species

20 PRIVILEGED & CONFIDENTIAL
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capable of reducing copper oxids) within the microwavs
applicator 59, the distance rtetween the microwave app:icator
69 and the substrate S, the ratsrial encountered by tae
atomic hydrogen as it travels from the miérowave applicator
69 to the substrate S, etc.) as described further below. A
poWer leve: of between 800-2,002 watts therefore is
preferred.

Molecular hydrogen from the molecular gas source
61 travels into the microwave applicator 69 and is -
dissociated into atomic hydrcgen by the micfowave enexgy
applied to the microwave applicator 69 by the magnetron head
65. Specifically, a window (now_shown) in the microwave
applicator 69 allows microwaves from the ﬁhird waveguide
section 71c to pass through the outer portion of the
microwave applicator 69 and to interact with molecular
hydrogen therein. A plasma ignition system (e.g., an ultra-
violet light) may bé employed for the initial ionization of
a hydrogen plasma, and the microwéve energy then sustains
the plasma. Only a small portion of the hydrogen is
ionized, and the plasma may comprise other ionized species
if a diluting gas is présent (such as argon ions if argon is
employed as a diluting gas); The microwave applicator 69
thus creates a flow of atomic hydrogen that travels from the
microwave applicator 69 to the input pipe 45 of the
processing chamber 41.

Once the atomic hydrogen reaches the top surface

of the heated substrate S, due to the high chemical

.potential of atomic hydrqgen, the atomic hydrogen readily

reacts with the covper oxide laver (C110) »n the substrate 8

to -form copper. and water via the.reaction:

. Cu,0, + 2xH .= yCu+xH,0

22 PRIVILEGED & CONFIDENTIAL -
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The copper oxide lawzr thereby is "reduced" :to
copper which remains on the suzstrate S and the H,0 which is
volatile, lesaves the surface c¢cZ -he substrate S and is
exhausted from the processing chamber 41 via the pump 7.

As previously described, the present invention
adﬁantageously allows a copper oxide removal process, such
as the coprer oxide reduction process described with
reference to FIG. 3 to be monizored and characterized.
Another popular copper oxide ramoval process, reactive ion
sputter etching, is described with reference to FIG. 4.

FIG. 4 is a cross-sectional view of a
semiconductor wafer processinc swvstem 31b comprising an
exemplary pre-clean chamber 72 that may be used to sputter
etch copper oxide from an underlying copper layer (such as
the Pre-Clean II Chamber availabZe from Applied Materials,
Inc., Santa Clara, California). Generally, the pre-clean
chamber 73 has a substrate surport member 75 disposed in a
chamber enclosure 77 under a cuartz dome 79. The substrate
support member 75 typically ircludes a central pedestal
plate 81 dieposed within a recess 83 on an insulator plate
85, typically constructed of cuartz, ceramic or the like.
During processing, the substrate S is placed on the central
pedestal plate 81 and contained thereon by locating pin 87.
Preferably, an RF coil 88 is disposed outside of the quartz
dome 79 and comnnected to an RP'power source 89 to strike and
maintain a plasma of the process gases within the chamber.
Generally, a RF match network 91 is provided to match the RF
power source 89 and the RF coil 88. Typically, the

suhgtrate qupport member 75 isg ronnecfeﬂ to an RF blae

fsource 93 th&t p cvides a .bias to .the substrate support

.member 75. The RF power source 89 preferably prov1des up to.

about 500W of 2 MHz RF .power -o the coil 88 and the RF blas
source 93 preferably provides ur to about 500W of 13.56 MHz

22 . PRIVILEGED & CONFIDENTIAL
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RF bias to the substrate suppor:z member 75. During
exemplary interconnect formation, z patterned or etched
substrate S is preferably pre-c.eaned using first an argcn

plasma and then a hydrogen plasma in the pre-clean charber

prior to the deposition of a barrier layer within the

opening (e.g., a via, a trench, a wire, etc.) so as to

remove any copper oxide formed therein. Preferably, t:ze

substrate S is transferred into the pre-clean chamber after

a dielectric layer has been planarized and the openings cf
an interconnect feature have been formed. The pattern
etching of the substrate S may be performed in another
processing platform or system before the substrate is
transferred to a processing platform or system having a pre-
clean chamber. Once the substrate S is positioned for
processing in the pre-clean chamber, a processing gas
comprising predominantly argon, i.e., greater than about 50%
argon by number of atoms, is introduced into the processing
region at a pressure of preferably about 0.8 mTorr. A
plasma of the argon gas is struck in the processing regicn
to subject the substrate S to an argon sputter cleaning
environment. The argon plasma is preferably generated by
applying between about 50 W and about 500W of RF power from
the RF power'source 89 to the RF coil 88 and between about
50W and about 500W of RF bias from the RF bias source 93 to
the substrate support member 75. The argon plasma is
maintained for between about 10 seconds and about 300
seconds to provide sufficient cleaning time for the deposits

on the substrate S that are not readily removed by a

regctive hydrogen plasma. ' The argon plasma ie most

preferably generated by . app;“1n3 _bout 300w of RF power to . .
the c011 88 and about a 300W RF blas to the substrate
support member,.and preferably is malntalned for about 60
seconds.
-
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Following the argon plasma, zhe chamber pressure

rrocessing gas

AH]

is increased to about 80 mpTorr, and
consisting essentially of hydrogen and nelium, comprising
between about 5% and about 100% hydrcgen by number of atoms,
is introduced into the processing regicn. Preferably, the
processing gas comprises about 5% hy rcgen and about 95%
helium. A plasma ef the hydrogen/he_lum gas is struck in
the processing region to subject the substrate S to a
reactive hydrogen plasma environment. The hydrogen plasma
is generated by applying between about 30W and about S00W of
power from the RF power source 89 to tke RF coil 88 and
between about 5W and about 300W of RT kias from the RF bias
source 93 to the substrate support member 75. The hydrogen
plasma is maintained for between about 10 seconds and about
300 seconds to reduce copper oxide to copper and to clean
the substrate 8. The hydrogen plasma is most preferably _
generated. by applying about 450W of RF power to the coil and
about a 10W RF bias to the substrate support member 75, and
preferably is maintained for about 69 seconds. Once the
pre-cleaning process is complete, the pre-clean chamber 73
is evacuated to exhaust the precessing-gas and the reacted
byproducts from the pre-cleaning process;

As previously described, the present ihvention
advantageously allows a copper oxide removal process, such
as the sputter etching process described with reference to
FIG. 4 to be monitored and characterized.

The foregoing description discloses enly the

preferred embodiments of the invention, modifications of the

‘above digclosed anparatus and method which fall within the

o

scope, of the 1nvent10n will be readlly apparen ,uo'tk‘*e‘qﬁ;n N

'_ordlnary sk111 1n the art ’ For 1nstance, although the

_copper removal processes spec1f1cally descrlbed are vacuum

processes, the present invention may aZso be employed to

-_—
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provide in situ measur=ments during non vacuum processes
such as during chemical mechanical polishing (CMP}.
Conventional CMP tools press a substrate against a polishing
pad, while moving (rotary or linearly) the substrate and or
the polishing pad. An abrasive slurry or other liquid is
supplied to the poliéhing pad to aid in the removal of
material from the substrate. A window is provided in the
polishing pad, through which the light'source of the present
invention may illuminace the substrate S in order to obtain
the inventive reflectivity measurements.

The specific reflectivity and sheet resistance
measurements described herein.are merely preferred. Other
measurements which measure a bulk property of copper through
a copper oxide layer may be similarly employed. The
specific measurement tools may vary from that described
herein. Finally, the invention may be employed to measure
the thickness of an oxide formed on any reflective metal, or
the thickness of any layer which attenuates a characteristic
of a layer which lies thereunder provided the attenuation of
the characteristic varies with the thickness of the
dverlying layer. Analogously, resistance measurements can
be used to monitor chamges in the thickness of a poorly-
conducting layer that overlays a metal layer during the

process of transfbrming the poorly-conducting layer into the

metal (similar to the reduction of copper oxide to copper).

Accordingly, while the present invention has been
disclosed in connection with the preferred embodiments
thereof, it should be understood that other embodiments may

fa]l within the. spirit and scope of the 1nvent10n,_as

Caern

_deflned by the follow;ng claims.
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1. A method of determining the thickness of a
copper oxide for a.s:ructure comprising a copper layer
having the copper oxide formed theredn,'the method
comprising:

measturing a reflectivity of the structure to'
obtain a measured reflectivity wvalue; and
determining a thickness of the copper oxide

based on the measured reflectivity wvalue.

2. The method of claim 1 wherein determining a
thickness of the copper oxide based on the measured
reflectivity value comprises:

providing a plurality of previously measured
reflectivity values each obtained by measuring a
reflectivity of a structure having a copper oxide of known
thickness formed on a copper layer; and

determining the thickness of the copper oxide
based on the measured reflectivity wvalue and the previously

measured reflectivity wvalues.

3. The method of claim 1 wherein determining a
thickness of the copper oxide based on the measured
reflectivity value comprises:

_ providing a relationship between copper oxide
thickness and a reflectivity value obtained by measuring a
reflectivity of a structure having a copper oxide of known
thickness formed on a copper layer; and

s

determining the thickness of the copper oxide

based on the measured reflect1v1ty value and the

relationship
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4. A method of monitoring a coppsr o>xide removal
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process, comprising: _

providing a vacuum chamber atapzed to perform
a corper oxide removal prccess;

coupling, to a window of the chamber, a tool
adapted to measure a reflectivity of a structure having a
copper oxide formed on a copper layer; _

performing the copper oxide removal process
on a first substrate having a copper layer witn a copper
oxide formed thefeon, while repeatedly measuring the
reflectivity of the first substrate to obtain a plurality of
reflectivity values; and

determining a removal rate oI the copper

oxide based on the plurality of reflectivity values.

5. The method of claim 4 wherein determining a
removal rate of the copper oxide based on tae plurality of
reflectivity values comprises:

providing a plurality of previously measured
reflectivity values, the previoﬁsly measured reflectivity
values measured on structures having copper oxides of known
thicknesses on copper layers} and

for each of the plurality of reflectivity
values, determining a thickness of the copper oxide based on
the measured reflectivity wvalue and the previocusly measured

reflectivity wvalues.
_ 6. The method of claim 4 wherein performing the
copper oxide removal processes comprises reduc1ng copper

oxlde to copbex

7. The method oflclaim 4 wherein_éerforming-thé.

copper oxide removal process comprises etchinc copper oxide.
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removal rate of the copper oxide based cna the plurality of
refleetivity values comprises:

providing a relationship between copper oxide
thickness and reflectivity of a structure having a copper
oxide formed on a copper layer; and determining a thickness
of the copper oxide based on a measured reflectivity value

and the relationship.

9. The method of claim 4, further comprising:
determining a length of time for the complete
removal of the copper oxide from the first substrate;
placing a second substrate, having a copper -
layer with a copper oxide formed thereon, in a chamber
adapted to perform the copper oxide remcval process; and

performing the copper oxide removal process

for a length of time at least as long as the length of time

for the removal of copper oxide from the first substrate.

10. An apparatus comprising:

'a vacuum processing chamber adapted to
perform a copper oxide removal process;

a tool adapted to measure the reflectivity of
a substrate having a copper layer with a copper oxide formed
thereon positioned within the vacuum processing chamber; and

a controller adapted to determihe the
thickness of a copper oxide formed on the substrate based on

the reflectivity measured by the tool.

11. The apparatus of c1a1m 10 whereln the
controller is adapted to determlne the thlckness of the

copper oxide formed on the substrate by referencing a
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database of prev1ous_y measured reflectivizy values measured

for structures having copper oxides of known thicknesses.

12. The apparatus of claim 10 wherein the
controller is adapted to determine the thickness of the
copper oxide formed on the substrate based on a previouély
determined relétionship between copper oxide thickness and
reflectivity as measured for a structure having a known

copper oxide thickness.

13. An apparatus comprising:

a vacuum processing chamber adapted to
perform a copper oxide removal process; )

a controller adapted to control processing
within the vacuum processing chamber; and

a program contained within the controller,
the program adapted to cease performance of the copper oxide
removal process based on a reflectivity value of a structure
having a copper oxide formed on a copper layer;

wherein the program is adapted to cease
performance based on a reflectivity value which is entered

prior to beginning the copper oxide removal process.

14. An apparatus comprising:
a tool adapted to measure the reflectivity of
a structure having a copper oxide formed on a copper layer;
and

a controller adapted to determine the

be’hkpess of a ¢opper oxide based on the reflectivity

) measured by the tool

15. The apparatus of claim 14 wherein the

con;roller is adapted to determine the thickness of the
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copper oxide by referencing a database =f previously
measured reflectivity values measured cn structures having

copper oxides of xnown thicknesses on copper layers.

16. The apparatus of claim 1+ wherein the
controller is adapted to determine the thickness of the
copper oxide formed on the structure based on a previously
determined relationship between copper oxide thickness and

reflectivity.

17. A method for determining the thickness of a
copper oxide formed on an underlying cooper layer,
comprising:

measuring a resistance oZ the copper layer
through the copper oxide to obtain a measured resistance
value; and |

dectermining a thickness of the copper oxide

based on the measured resistance value.

18. The method of claim 17 wherein determining a
thickness of the copper oxide based on the measured '
resistance value comprises: ‘

providing a plurality of previously measured
resistance values each obtained by measuring a resistance of
a copper layer through a reference copper oxide of known
thickness; and

determining the thickness of the copper-oxide
based on the measured resigtance value and the previously

measured resistance values.

19. The method of clalm 17 whereln determlnlng a
thlckness of the copper ox1de based on the measured

resistance value comprises:
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tnickness and resistance obtained by measuring a resistance
o a copper layer throuch a reference copoer oxide of known
tmickness; and

determining the thickness of the copper oxide

based on the measured resistance value and the relationship.

20. An apparatus comprising:'
a tool adapted to measure the resistance of a
ccpper layer having a copper oxide formed thereon; and
' a controller adapted to determiné the
thickness of a copper oxide based on the resistance measured

by the tool.

21. The_aﬁparatus of claim 20 wherein the
controller is adapted to determine the thickmess of a copper
oxide by referencing a database of previously measured
resistance values meaéured throﬁgh copper oxides of known

thicknesses.

22. The apparatus of claim 20 wherein the
controller is adapted to determine the thickmess of a copper
oxide based on a previously determined relationship between

copper oxide thickness and resistance.

23. An apparatus comprising}
_ a tool adapted to measure a characteristic of
a copper layer having a copper oxide formed thereon; and
a controller adapted to determine the

thickness of a copper oxide based on the characteristic

measured by the tool;

wherein the tool is aaapted-to meééuré the

characteristic through a copper oxide.
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24. The apparatus of claim 23 wherein the
controller is adapted to determine the thickness of a copper
oxide by referencing a database sf previously measured
characteristic values measured thrcugh copper oxides of

known thicknesses.

25. The apparatus of claim 23 wherein the
controller is adapted to determine the thickness of a copper
oxide formed on the substrate based on a previously

determined relationship between copper oxide thickness and

the characteristic, as measured through a copper oxide.

26. A method for determining the thickness of a
copper oxide formed on an underlying copper layer,
comprising:

measuring a characteristic of the underlying
copper layer through the copper oxide to obtain a measured
characteristic value; and

determining a thickness of the copper oxide

based on the measured characteristic value.

- 27. The method of claim 26 wherein determining a
thickness of the copper oxide based on the measured
characteristic wvalue comprises:

providing a plurality of previously measured
characteristic values each obtained@ by measuring a
characteristic of a copper layer tkrough a reference'copper
oxide of known thickness; and |

L _ determining the thickness of the copper oxide |
based on the measured characterlst c value and the '

prev1ously measured characterlstlc values
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thickness o7 the copper oxide based on the measured
character:s-ic value comprises: _

providing a relationship between coprer oxide
thickness ard é characteristic value obtained by mezsuring a
characteristic of.a copper layer through a reference copper
oxide of kncwn thickness; and

determining the thickness of the coprer oxide
based on the measured characteristic value and the

relationship.

29. The method of claim 1 further comprising:
chemically mechanically polishing the copper

oxide while measuring reflectivity.

30. A method of determining the thickness of an
oxide for a structure comprising an oxidizable layer having
the oxide fcrmed thereon, the method.comprising:

measuring a property of the structure to
obtain a measured value; and
determining a thickness of the oxide based on

the measured value of the property.

31. The method of claim 1 wherein determining a

thickness of the oxide based on the measured value

comprises:

providing a plurality of previously measured

values each obtained by measuring the property of a
'%tructure having an oxide of known thickness formed thg;gpp;
_deterﬁinihg the thickness of the oxide based |
on the ﬁeasuﬁed.value-of fﬁe proﬁerty énd the-breﬁioﬁsifr o

measured vaiues.
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32. The method of claim 1 whereir dstermining a

thickness of the oxide based on the measured vzlue

comprises:

providing a relationship between oxide

“ thickness and a value obtained by measuring a sroperty of a

structure having an oxide of known thickness formed on an
oxicizable layer; and
determining the thickness of the oxide based

on the measured value and the relationship.
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