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the object at a measurement site within the object. A
property of the object within a region adjacent to the
measurement site can, optionally, be estimated,
based on the determining. Another method of char-
acterizing an object includes disposing at least a por-
tion of an object within a measurement region of a
metrology tool, aligning a feature of the object and a
location of a designated measurement site within the
measurement region relative to each other, -and per-
forming a performing a compositional analysis of;a
portion of the object occupying the measurement
site. Various apparatus for performing these meth-
ods are also disclosed, as are methods of monitoring
manufacturing processes based on these methods.
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METHOD AND APPARATUS FOR CHARACTERIZING OBJECTS AND MONITORING
MANUFACTURING PROCESSES

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims-the benefit of U.S. Provisional Application No. 61/511,197, filed

July 25,2011, the contents.of which are incorporated herein by reference.

BACKGROUND

‘Embodiments of the present invention are.directed to methods and systems for.
characterizing:an object: Embodiments of the present invention are also directed to:methods.
object based on a.compositiohal-analysis of the object,

Global market trends are:inducing manufa'cturersftofpr?oduce,prodgcts"vs‘/'hile._i,mg_rqying
process tool utilization and decreasing performance variability in the final products.produced.
This holds:especially true ih the manufacture of products such-as active solid-state electronic;
devices (e.g.,-diodes, transistors, thyristors, and other devices that operate by movement of-
charge carriers), electronic displays (e.g:; liquid crystal display, light emitting.diode displays;.
organic light emitting diode displays, etc.), photonics devices, biomedical devices;
pharmaceutical products; and the like. Process sequences used to manufacture these products
can'be complex, and a subtle-.change'in one aspect of the manufacturing process may have a
deletérious.impact on'the ability to manufacture products with desirably consistent

performance properties. -

SUMMARY
One embodiment of the present described herein can be exemplarily characterized as a
method that'includes:determining, at a measurement site within an object, a composition-of
the object as a function of’depth within the object;:and based-on the determining,.
quantitatively estimating at least one property of the object within a region of the object,

adjacent to the measurement site..
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Another embodiment of the present.described herein can be exemplarily characterized
as a method 6f monitoring-a manufacturing process imp,lem_‘entabfle by manufacturing system
including-at least one process apparatus, wherein the:method includes de;ermini'ng, ata
measurement:site. within anjob_je,ci; a composition of the object asa furiction of depth within
the objectibased.onthe.determining, quantitatively-estimating-at least one property‘of the
object within a region of the object:adjaceiit to the'measurement site; generating-regional
property data based on the quantitative estimating; and providing the estimated property data
10, a'.COntr‘ollér'”cou_bled"to a process apparatus of the manufacturing system configuredto
manufacture the:object or modify the object.

Yet another embodiment of the present described herein can be exemplarily:
characterized:as-a method that includes:providing.ametrology tool that includes:a
measurementiregion within which an object is at least partially disposable; acontroller
configured to-designate a zone within the measurement region: as a' measurement site; and a
measurement:system couipled to.the controller, wherein the measurement system is,
configured to perform-a compositional analysis.of material occupying the measurement site.
‘The method may-fu«r’,t,h‘e‘[;_in_c,lu,d_ed?s_p‘c)s'"_ing;_at least a portion of an object:within the
measurement region, wherein the:object-includes a feature; aligning the feature and a location
of the measurement site within the measuremerit-region relative to.each other; and performing
a-compositional‘analysis of the portion of the 'di’sp'c’)js‘éa -:dhje'Ct oé‘éU‘pyirigﬁtheCm‘e'asureme.nt'vs_‘ii‘e».

Further embodiments, forms, objects, features; advantages; aspects, and benefits shall
becomeapparent from th‘e‘f'o"l'loWih‘g_»--descﬁip’tion and drawings.

BRIEF DESCRIPT!ON OF THE FIGURES
FIG. 1.is a schematic view illustrating an exemplary. arrangement of measurement sites
FIG.:2:is chart schematically illustrating a depth-wise object composition of thie object
taken at an arbitrary measurement site shown in FIG. 1.
FIGS. 3 and 4 illustrate an exemplary method of’obt‘a‘ini’ng.a sample of an object'to

determine a depth-wise object coniposition:
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FIG. 5 is schematic view illustrating a metrology tool provided within a mahufacturing
system according'to one embodiment.

FIG. 6:is schematic view illustrating one embodiment of the metrology tool shown'in
FIG. 5. )

FIG. 7 is a:plot.schematically illustrating an estimated quantitative variation of a regional

property of an object, spatially distributed across the object.

DETAILED DESCRIPTION OF THE ILLUSTRATED EMBODIMENTS

Exemplary embodiments of the'present invention will be described more fully:
hereinafter with.reference to the accompanying drawings. It will be appreciated that these
embodiments may be:altered and implemented in many other forms-and should not be
construed as:limited to the discussion set forth herein. Rather, these embodiments are
provided so that this disclosure will be thorough:and complete, anid will fully convey the scope
of the invention to those skilled ifi.the art. In the drawings, the sizes.and relative sizes of layers
and regions'may be exaggerated for clarity.

The terminology used herein is for the purpose of describing particular example.
embodiments only.and:is not intended to be limiting of the-invention. As used herein, the
singular forms “a,” “an” and “the’ are intended to include the plural forms as-well, unless the,
context.clearly indicates-otherwise. It will be further understood that the terms “comprises”
.andj/ori"”comprising:,'" when used in this specification, specify the presence of stated features,
integers, steps, operations, elements, and/or components, but do not preclude the presence or
addition of one or more other features, integers, steps, o'pe,rat’ion‘s,, elements, components,
and/or groups thereof.

Embodiments disclosed herein are-directed to methods and apparatus for characterizing
objects and monitoring maana‘cfpfing.prqcesses (e:g:; used to fabricate ‘or modify such
objects). Examples of objects that can be characterized according to:-embodiments described
herein include:substrates such as those used in the manufacture of integrated circuits. (ICs),
power ICs, radio frequency, (RF) devices, photovoltaic cells, thermoelectric devices, liquid crystal

display (LCD) paniels, light-emitting diodes (LEDs), LED displays, organic LEDs (OLEDs), OLED
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displays, ete. (e.g., silicon substrates, silicon dioxide substrates, aluminum oxide:substrates,
sapphire substrates, germanium substrates, gallium arsenide substrates, silicon-germanium
substrates; indium-phosphide substrates, aluminum hitride substrates,. silicon carbide
substratés, glass sheets, polymer sheets, etc.). Any-of these substrates may be provided-as an
unpr_oceSsed;s,ubstfr,atebr as:a substrate'that has been subjected to at least:one manufacturing:
process (e.g:, doping, ion implantation, etching; deposition, patterning, dicing, etc.).
Coriséquently, a substrate may be provided as a wafer (intrinsic or doped) that is €ither bare or
that has'at least one.structure or feature ('é-'.'g._,. doped region, dielectric layer; transistor,
epitaxial layer, anti-reflective coating, etc.) formed within the wafer or on or over the wafer
surface. It will be-appreciated that embediments exemplarily described herein can be applied
to characterize objects that do'not.include substrates such asthose as‘described above. Such
objects may, for example, include archaeological materials, biological assay substrates and
other biological materials, céramics, geological materials, pharmaceutical agents(e.g:-pills),
metals, polymers, petrochemical materials, etc:

Géhe‘tal'ly-, an.object ¢an be characterized by determining, at:a plurality of discrete
measurement sites within"the ‘object, a depth-wise composition of the object. For example,
with reference:to FIG. 1, the depth-wise composition of an object such as object:100 (e.g.; a
sapphire substrate having'a plurality'of layers formed thereon) can be determined at.a plurality
of discrete measurement sites, such-as‘measurement sites 102, distributed across the object
100in an arrangement 104, A minimum center-to-center distance, or pitch (p), between pairs
reference cites 102 can be in a range from 0.1 mm to 10 mm. 1t will _bje»;‘apprQCi,atéd‘tjh‘at‘the
pitch, p, may be less than 0.1 mm o greaterthan 10 mm depending on; forexample, the
maximum-dimension of the object 100, the desired resolution of the characterization, the.
actual or anticipated variation of composition throughout the object 100, or the like ora
combination thereof, The maximur -dimension of the object (e.g., the diameter of object100,
as illustrated) can be:in-a;range from 50.mm to 450 mm (e.g., 50 am, 150 mim, 300 mm,.400
mim, 450 mm, or-the like). It will be appreciated that the maximum dimension of the object can

be less than 50 mm (e.g., less than or équal to 25 mm, less than or equal to 10 mm, or the like)
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of greater'than 450 mm.(e.g., greater'than or equal to=500 mm, greater than or equal to; 700,
mm, greaterthan of' equal to 900’ mm, greater than or equal to 1 m, or the like). It will be
appreciated that'the arrangement 104 may contain any nuriiber of measurement sites 102
(e:g.,,one measurement-site 102, two-measurement sites 102, three measurement sites 102,
fifty measurement sites 102, or the.like) depending on, for example, the maximum dimension
of the object 100, the desired resolution of the characterization, the actual or.anticipated
variation of'compositioﬁ throughout the object 100, or the like'or a combination thereof.
| As_.ex‘e'mpia“r,ily illustrated, the arrangement 104 may be provided.such that the
distribution of measurement sites:102:across the object.100 is at«fleas.t’ substantially uniform. Iny
othet .émbodimént?s, however;.the »arrange‘menti104,,.may.b_e, provided such'that medsurement.
sites 102 are randomly distributed acrossthé bject 100. In still otherembodiments, the
measurement sites 102 may'be distributed-across the“obiett';:looiin multiple arfrangements such
that a pitch between pairs of measurement sites 102 in one:arrangement is:,diffe‘rent:'fnom'a
pitch between 'pa"irS-‘bff"n*ieé‘su'rerri’éntéit‘es 102:in another arrangement, such-that measurement
sites'102 in one arrangement are:generally oriented differently with respect to the object 100
than measurement sites 102 in anotherarrangement, orthe like or a combination thereof.
Theld',epth-’Wis'ei’composition of-the object at an arbitrary measurement site 102 of the
object:100 can be described as the composition of the object (also referredto hefein as-the:
“object composition”) as:a function-of depth within the object 100. For example, With.
reference to the chart 200 shown in-FIG. 2, the object composition can be. represented in terms’
of-a measured-amount of an.element (e.g., measured in parts-per-million, parts-per-billion, etc.
)-within the object 100 as:a function of depth within the object 100 {e:g., measured in
micrometers, nanometers, etc., from a‘suiface of the object 100). In the'illustrated example,
lines'202,204, 206, 208 and 210 represent the mieasuréd amounts of gallium, magnesium,
indium, silicon and aluminum, respectively, within over a range-of depths'within the object:100.
In the'illustrated example, the depth-wisé:composition described by.chart 200 indicates that
the object:100 includes-a‘multiple quantum well (MQW) LED structure.having:a p-GaN region
212 and an MQW region 214. It will' be:appreciated, however, that the object 100 can have

any depth-wise elemental composition depending upon the particular function intended for the
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object 100. In other embodiments; the object composition can be described in terms of a
‘measured concentration, or the like, of an element; isotope, compound,-etc., as a function of
depth with the object 100.

It will be appreciated that the depth-wise:object composition can be determined for one:
or inore or all of the measurement sités 102 by any suitable or desirable method. For example,
the depth-wise object composition can be determined using a non-destructive-technique, a
destructive technique or-a.combination thereof. Examples of non-destructive techniques that
may be used to determine depth-wise object composition include photoluminescence,
spectroscopic ellipsometry, confoca_l'microscopy, or the like or a combination thereof.
Examples of destructive techniques that may be used to determine depth-wise object
composition include glow discharge optical emission spectroscopy (GDOES), glow discharge
mass spectroscopy (GDMS), laser ablation inductively coupled plasma mass spectroscopy
('LAICPMS),; laser ablation inductively coupled opticél_.e_missiqnfsp;e;trOSCOpy (LAICPOES), laser
induced breakdown spectroscopy (LIBS), secondary ion mass spectroscopy (SIMS), focused ion
beam optical emission spectroscopy (FIBOES), or the like or & combination thereof.

Generally, destructive techniques used to determine a depth-wise object composition
can include obtaining a sample of the object-100 (e.g., by removinga portion of the object 100)
and analyzing the composition of the obtained sample. For example, and with reference to FIG.
3, a portion of the object 100 may be removed to form a sample 300, (e.g., a plume:containing;
materials:removed from'the object 100). As shown in FIG. 3, material in the sample 300 is
removed from a portion of the object 100 to form pit or crater 302 extending’a depth “d1”
below the surface 304 of the object 100 at a measurement site 102. Thus; the composition of
the sample 302 corresponds to the material composition removed from the portion of object
100 used to form the pit:302. The sample 300 may.be transported to any suitable sample
analysis apparatus.capable of performing compositional analysis on the sample 300 by mass
spectroscopy, optical emission spectroscopy, atomic absorption spectroscopy; atomic
fluorescence spectroscopy, or the like or a combination thereof. In one embodiment, the

sample 300 is trénsported via a transport conduit having one end proximate to the surface 304
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of t"he‘.o'bj‘e'ct- 100 at.the measurement site- 102 and asecond end.proximate:to the sample
analysis.apparatus. '

The removal process:described above with respect to FIG: 3'may be performedito
increase the depth of the pit:302. As shown in FIG. 4, the removal process can be performed to
form an extended pit or crater 302" that extends a desired depth-“dn” below the surface 3,04}-;()5c
the object at:the measurement site 102. Thus, the composition of thie.sample 300.shown in
FIG. 4 corfesponds to the mateFial composition removed from the p‘qrfion'.;:of'ob'jéct 100 asedto
formthe lower:portion (e.g., portion 400) of the extended pit 302".

In one embodiment, the remaval process is performed contiritiously such thatthe
sample 300:is C"Ohtiri“u@‘u'sly'fprodU*ted: (e.g;; from the time when the pit 302 is‘initially formed
until'the time when the extended pit'302” exténds the desired depth “dn” be[o{,y the surface:
304 of the object 100 at-the measurement:site:102). Insuch ah émbodiment, the sample
analysis apparatus ¢an be configuredito conﬁnuog‘sly'an‘a|yze.<‘t;b;_.e;,.$._a_‘_mpje 300 produced. during
formation of the exterided pit_ij302§i:£c?"a"h‘Be’--Cdri‘ﬁgljréd to periodically analyze the:sample 300
produced during formation of the extended pit 302".

In-andthier embodiment, the. removal process is repeatedly performed such that a seties.

initially formed until the time when the extended pit 302’ extends:the desired-depth “dn”
below the surface 304 of the object 100 at-the measurementsite 102); In:such aneémbodiment,
the sa‘mpl‘ef‘tana"lysis-,a p‘p?ar\a,tu‘s;_.'c‘a,ﬁibea(:onfi'gured"‘t'o.'c'or'itin'U'odsly individually-analyze one:or
more or-all of'the sample 300:discretely produced during formation of the extended pit:302".
The depth “4i” of the extended pit.302" can be calculated, estimated or otherwise
det,erm‘in_e.c'li by-any'suitable mettiod. For-éxaitiple, the dépth “dn”.can be d'et_ermi‘n_edfipy-
correlating the anticipated,.estimated or actual time required to form the extendéd pit:302”
‘With p’ré"d(ét’efmiri"eél, , estimated.orotherwise predicted material removal rates associdted with
the removal process used to:form:the:extended pit:302’. In another example (e.g., when a
series of discrete samples 300 are produced), the depth “dri/can.bé determined.by correlating

‘the anticipated, estimated or actual number-of samples 300 produced to form the.extended pit
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302" with pred_gte[mined,_estimated or otherwise predicted material removal rates associated
with the removal process used to produce each discrete sample 300.

The sample.300 may be objected by any suitable method. For.example, the sample 300
may be obtained by evaporating; sublimating, ionizing, ablating; etc., a portion of the object
100. In.on€é embodiment, a:sample 300 may be produced by directing a beam of laser pulses
orito the.object 100. Parameters of the beam of laser pulses:¢an be:selected to-ablate a portion
of the obiject 100, such that the sample 300 is generated upon dirécting ohe_or-more laser-
pulses onto the object'100. The beam of:laser pulses may have a laser fluenceiin a range from
0.1J/cm?to 30 Jfem?, -alaser pulse duration of 150 fs to 20 ns, a wavelength in a range from.
193 nm-to 266 'nm, and a pulse rep‘etition rate ina ta“n_g"e:"from 1 Hz t0:100 Hz. Inone
embodiment, the beam of laser pulses fnqy-‘hiave a laser fluence of 8 J/cmé,, a laser pulse
duration 'of less'than5,ns,:a wavélength of 193 nm, and a pulse repetition rate in.a range from 1
Hz to 5 Hz.. I will be appreciated, however, that par_amet‘ers.of'the beém can be selected to be
less than.or greater'than any of the ranges disclosed above. It'will-also be appreciated that
parameters of the beam of laser pulses can be controlled to precisely control the depth, of a pit’
and; thus; the amount of material contained in'a sample 300. Forexample, parameters:of an
individual laser pulse can be selected to-form (or inc,r_e_menta‘llyi-:{xte’nd) a pit to a depthin a
range of about,10 nm té’'about:30 rim (€.g., 20 nm, or about 20 nm).

The.method of characterizing the;object 100 m‘ay-;qpt'ion'aIly2‘in,cludé quantitatively-
estimating atleast-one property (also referred to herein as a “regional property”) of the object
100 within a region of the objéct 100. The region of thie object 100 for-which the regional
property is quantitatively estimated may be adjacent to one or more or:all of the measurement
sites 102. ‘A regional property can; for example; include a.particular composition (e.g.,
‘elemental composition; isotopic composition, molecular.composition, or'the like ora
combination thereof), an electrical property (_e.g.,-el_e‘ctr’ita’l_cdn,du(:tiVity, electrical resistivity,
threshold voltage, breakdown current, orthe like or a combination thereof), an optical proge'rty'
(e.g., optical transmittance, optical reflectance, optical absorbance,-optical emittance, or the
like-or a.combination thereof); a thermal property (e.g., thermal conductivity,:thermal

expansion, specific heat, or the like or a.combination thereof), a mechanical property (e.g.,
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‘mass, thickness of the portion having a property of a particular.nature, or-the like ora
combination thereof), a magnetic property (e.g., magnetic permeability, etc.), or the like or a
‘combination thereof.

A regional property of the object 100 may be quantitatively estimated by any suitable
method. For example; a regional property of the object 100 may be quantitatively estimated by’
applying a model (e.g., a parameterized model associated with the particular regional property)
tothe previously determined depth-wise object compositions. The model may be based on
empirically determined correlations, or may be based.on any other relationship between a.
determined depth-wise object composition and one or more regional properties associated
therewith. For exa_mpie;:ta,nd continuing with the example embodiment discussed above with
respect to FIG. 2, some exemplary.regional properties can include the forward voltage (.fo). of
thie LED structure, centroid wavelength (Wd) of light capable of being emitted by the LED
structure and the light output (Iv) of the LED structure. The forward voltage (Vf) may be
quantitatively estimated upon multiplying the thickness of the P-GaN region (indicated by
region 212 in FIG: 2) by the depth-wise change in magnesium content inthe P-GaN region
(indicated by line segment 204a in FIG. 2) and the total magnesiur content'in the P-GaN region
(indicated.by the area under line 204 at region 212.in FIG. 2): The centroid wavelength (wd)
may be quantitatively estimated upon multiplying the indium-to-aluminum ratio in the MQW
region 214 in FIG. 2 by the depth-wise change in indium content in the P-GaN region (indicated
by line segment 206a in FIG. 2) and the thickness of the MQW region 214 indicated in FIG. 2.
The light output (Iv) may be.quantifativ_ely estimated upon multiplying the indium-to-aluminum
ratio in the MQW region 214-in FIG. 2 by the depth-wise change in magnesium content in:the P-
GaN region (indicated by line segment 204a in FIG. 2) and the thickness of the MQW region 214
indicated in FIG. 2.

Upon applyingthe model for the.regional property, a quantitative estimate of the
regional property at_éné or more or all of the measurement sites 102 can be quantitativél'y
estimated. Thereafter, techniques such as curve fitting (e.g., by least squares fits, smooth

spline fits, etc.) and other statistical techniques may be applied to one or more or all of the
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quantitatively estimated site’properties to generate a.quantitative-estirate the property for a
region of the object 100 between one ormore or all of the measurement sites 102.

It will be appreciated that the aforementioned methods and-apparatus may be-applied
to characterize any suitable object 100,-and may be implemented in a manual or automated
mannet.. Furthef, in one‘émbodiment, an-apparatus:.capable of implementing the.methods
exemplarily-disclosed above may.be incorporated-within'a-manufacturing:system:as a
metrology tool useful for inline monitoring-of a manufacturing pracess. For example, a
manufacturing system such:as manufactiring system.500 may-include:a first process apparatus
,5;0',2:'an_dﬂal’seﬂcq\ndj_prbc_es,s :appéra,tus}'SQZ}_,r each con’ﬁgufed"tb perform one or more
manufacturing processes. Although the.manufacturing'system 500:is illustrated as including
only two procéss apparatus; it will. be appreciated that the-manufacturing system 500 may
include onlya single process apparatus, or more than two process.apparatus. Any-process
‘apparatus within the manufacturing system 500 can be configured to perform any desired
manufacturing process. For ex‘a’mp'lg', a:process:apparatus can be-provided as a deposition
apparatus (e.g.; sputter deposition apparatus; ;chemi‘cél"\vaj.por deposition (CVD) apparatus,
plasma-enhanced chemical vapor deposition. (,PE,CVD) apparatus; metal-organic chernical vapor .
d'e’p_’ositi'on {MOCVD)apparatus, atomic:layer-deposition (ALD) apparatus; etc.),.an etching
apparatus (e.g:, wet etch apparatus, dry‘etch apparatus, etc.), a CMP apparatus,:an‘ion
implantation apparatus, or the like’or a combination thereof:

‘Co‘nti'nuin‘_gE.With the example émbodiment discussed above with respect-to FG. 2, the
first process apparatus 502 may include an MOCVD.apparatus configured:to form at least a part.
of the aforementioned MQW LED:structure and the second process apparatus 504 may include
a dry etch-apparatus. conf'i‘gpred‘ftd pattern the MQW LED structure toform contact regions for
electrodes). It will be appreciated that the manufacturingisystemm 500 may further include
other process-apparatus:such as a singulation-apparatus configured to separate LED:devices
ultimately formed from the MQW LED structure of the object 100 into a plurality of individual
LED devices.

The manufacturing system 500 may furtherinclude a process controller 506 coupléed to.

one or more process apparatus (e.g., to the first process apparatus 502-and the second process
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apparatus 504) and may be configured to control an operation of a process.apparatus coupled
theréto. Generally, the procéss controller-506 can include operating logic (not shown) that’
defines various control, management and/or regulation functions, and may be in the form of
dedicated hardware, such as'a hardwired state machine, a processor executing programming,
instriictions, and/or a-different:form:as would occur to those skilled in‘the art: dperating‘ logic
may include digital circuitry,-:analog circuitry, or a hybri’d combination of both of these types. ‘In
one'embodiment, the operating logic includes a programmable microcontroller or
mitropro’cg'séor, that can include one dr more processing units arranged to execute software
and/or firmware stored in memory (not shown). Memory can include one or more types
including semiconductor, magnetic, and/or optical vatieties;,ia_nd/fo‘rmay.b,e of a volatile and/or
nb,nvolatil"e‘;-\‘/ariety; In.one ’erﬁbddi'fﬁén‘tf,} memory stores:programming:instructions.of operating
logic: Alternatively or a‘dd,ifib,na,ll?, ‘memory may store-data that i§ manipulated:by-operating:
logic. In.one arrangement; operating logic:and memory are included in & controller/processor
form of operating logicthat managés and controls operational aspects of the first process
apparatus:502 and the second process apparatus 504, aIfhou"g"_h in other-arrangements:they
may be separate.

The:manufacturing system 500 may further'include an object-transfer system 508
configured to transfer the gbject 100 (e.g., under the control of the process controller 506) to
and from the various process apparatus of the manufacturing:syst,e'm'500. The;_dbj'ec’t transfer
system 508 may, for example, include one or more robot transfer.arms (e.g.; each having'a
vacuum or electrostatic'end-effector-adapted tofhandiéfthe-fdbjéét 100), one or more conveyor,
belts (eg., configured to convey the-object 100to or from*a process apparatus), orithe like ora
combination thereof. In'oné e"mbodirhgnt‘, the object transfer system 508 can include a
cassette or other storage mechanism to facilitate efficient transfér of multiple. objects:within
the manufacturing system 500, ' .

‘The manufacturing system 500 may-further include a metrology tool 510 configured to
characterize theiobject:100in: the manner as exemplarily described above. ‘Although the:
manufacturing system 500 is illustrated as including only one metrology tool 510, it will be:

appreciated that.the manu‘faét,urin‘g‘ system 500 may-include any number of metrology tools
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510 configured to characterize objects fabricated by-any process apparatus included within the
manufacturing system 500,

As exemplarily illustrated, the metrology tool 510 can include a measurement region
512, a measurement system 514.anda metrology controller 516. Generally; the measurement
region 512 is configured-to receive at least a portion of the op_j,ec;t 100. In one embodiment, the
object transfer system 508 can be co‘nfi'_gured to transfer the object 100 into the measurement
region 512 {e.g:, from the first process apparatus 502) and/or out of the measurement region
512 (e.g., to the.second process apparatus 504): The measurement systemel‘t‘, is configured to
determine the depth-wise composition of-the object 100 (e.g., at one or more measurement
sites 102) when the object 100 is disposed. within the measurement region 512. The metrology
controller’516'is configured to designate.one or more zones within the measurement: region
512 as a measuremerit site where the depth-wise composition of the object, 100 is to be
determined. The metrology controller 516 can further be configured to control the
measurement system 514 to determine the'depth-wise.composition of the object 100 at the
designated measurement sites.

In one embodiment, the metrology tool 510 includes a chamber having an interior
which defines the.measurement region 512. The chamber may be provided as any suitable
type In-another embodiment, the-métrology tool 510 includes-a-gas-curtain generator
configured to produce a flow of inert gas:(e.g., air, nitrogen, argon, etc.) define a perimeter of’
the measurement region'512. A-pressure within the measurement region 512 maybe-
maintained in a range from.0.1 atm to 5 atm. It will be appreciated, however, that the pressure

-within the-measurement region 512. may be less than 0.1 atm-orgreater than 5 atm.
Moreover, the atmosphere within the measurement.region may be.at least substantially inert.
,Although't‘heimeasuzement.region 512 s illustrated as being outside of each of the first process
apparafu,s 502:and the second process apparatus 504, it will be appreciated that the metrology
tool 510 may be configured such-that the measurement region.512 is disposed within the first
process apparatus 502 or the second process apparatus 504. For example, the measurement
region 512 may be defined within a process chamber of the first or second process apparatus

502 or 504.
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The measurement system 514 may be provided as.suitable system capable of
determining the depth-wise composition of the object 100 as discussed above.. For example,
the measurement system 516:may be provided as a photoluminescence system, a
spectroscopic ellipsometry system, a confocal microscopy system, a GDOES system, a GDMS
system, a LAICPMS system, a: LAICPOES system, a LIBS system, a SIMS system,’a FIBOES system,
or the like or'a combination thereof.. The measurement system 514.may communicate the
determined depth-wise object composition to'the metrology controller 516 as composition
data. In-.one embodiment, the measurement system 514 is an LAICPMS or LASICPOES system
and the measurement region 512 is defined by a chamber such as a non-contact ablation
chamber, a chamber as exemplarily. described in co-pending U.S. Patent -Application Serial No.
13/336,991, filed December 23, 2011 {which is incorporated herein by reference in its entirety).

Referring to FIG. 6, the metrology tool 510 may optionally include an object positioning
system 600 configured to align the object 100 relative'to the measurement system 514. The.
object:positioning system 600.may be provided as a stage configured to move the object 100
(e.g., in X-,'Y- and/or Z-directions, R-, © and/or Z-directions, or the like.or a combination
thereof) relative to the measurement system 514. In another embodirient, at least a:portion of
the measurement system 514 may be configured to move relative to the object 100.
Movement of one or both.of the object positiéhing system 600 and the measurement system
514 may be accomplished manually or by way of one or more motors, actuators, etc.,.operating
under control of, for example, the metrology .controller 516.

Movement of one or both of the object positioning system 600 and the measurement
system 514 may be performed to align the object 100 with the measurement system 514 in a
knowri or desired manner. Ih one embodiment, the metrology tool'510 may further include a
device (e.g., a camera 602) to detect the position of the object 100 within the measurement
region 512. For example, the camera 602 may detect the position of the object 100 by visually
detecting one or moré features such as an edge of the object 100 or an alignment mark,.device,
scribe line, etc., on the object 100. ‘The detected position of the object 100 may be used by the
metrology controller 516 to control the movement of measurement system 514 and/or the

object 100 (e.g., via the object positioning:system 600).
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In another embodiment, virtual alignment of the object 100.relative to.the
measurément system 514 may be-accomplished within the metrology controller 516 by
adjusting a.spatial position of the designated measurement sites within the. measurement
region 512. In such an embodiment, alignment of the designated measurement sites relative to
the:cbject 100 within the measurement region 512'may be accomplished by aligning the
designated ' measurement sites relative to one.or more features detected bythe camera 602.
Referring to. FIGS. 5 and 6, the metrology controller 516 can be configured to.
~ quantitatively:estimate one of more regional properties:of the object 100 based upon the:
composition datareceived.from fhe-,m'eas,urem’ent-“syStem 514. In.one embodiment, the
metrologycontroller 516 may communicate the one or more quantitatively estimated:regional
pnop’ertiéSLOf‘tH‘e ‘o,Bjé’ct’ 100 toit'he»fbr‘ocess controller 506, to:an outpu_t.,deyi'ce,-‘(;e‘_.gﬁ a monitor,
a printer; etc:);-orthe like or:a combination'theréof, as regiofial property data. In another |

" embodiment, the metrology-controller 516 may. communicate the:composition-data to:the
process controller 506. In‘turn, the.process controller 506 may modify an operation of:one or
more components of the m'anufacturing‘syStem 500 based on the received composition ‘d_a“t_a;,,
regional property data or'a combination thereof. '

For example, if the data.communicated by the metrology controller 516 indicates that,
the:first p(ocess;gppa:fatus 502 did hot fabricate somie aspect of the object 100 (e:g;, the MQW
LED structure) as desired, the process controller 506 may modify an operation of the first
processiapparatus 502 to ‘ensure that the first process apparatus 502 fabricates MQW LED
structures-as desired, In anotherexample, if the data communicated by:the metrology
controller 516 indicates:that.the first process apparatus 502 did not fabricate some aspect of:
the object 100 (e.g., the MQW LED structure) as desired, the process controller'506:may modify
an operation of‘the second process apparatus 502 to compensate for the mannerin.which the
first process apparatus 502 fabricated by the first process-apparatus 502. ‘Th’Us‘, a
’mariufacturih‘g_ process carried out by t'.hevmanufacturin‘g;syste.m 500 can be monitored, in‘real-
time, using da't_a,-‘gener.at.ed by the metrology tool 510. In yet-another example, the process
controller 506 may control an operation of the object transfer system 508.to route the object.

100 to another process apparatus (not shown) or location withinthe manufacturing system 500
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the metrology'controller 516.

In one embadiment, the metrology controller 516 may.communicate the composition
data and the regional property data to a user-accessible output device such as a computer
monitor, a printer, or. the like:6r a combination thereof. When ‘communicate*d'to:s;xch a user-
accessible output device, the compositional data.may be represented in a visual format as
shown in FIG. 2. When communicated to such a user-accessible output device, the.regional
property data may Sbe;meani’,‘rijgfully represented to a user. For example, and continuing with
the.example embodiment discussed above with respect to FIG. 2, regional property data may
be visually represented as a. two'-,dimensional plot illusft(ating the variation of‘a regional
property (e.g., forward voltage of the MQW LED structure) as a function of spatial location
across the object:100). As exemplarily illustrated in FIG: 7, quantitative estimates of the
regional property failing:into different ranges'may- b_e_‘(e;pr,eﬁsent,ed as \'/,is‘ualIy‘; distinct.regions:
703, 704:and-706. Although data for only one regional pﬂrcpe_rty‘i:sxvisua:l_iy represented in FIG. 7
as:a two-dimensional.plot; it will be appreciated that regional property data may'be:visually
represented in any-other-form (e.g;; as athree-dimensional plot’ illustrating thé:variatioh of a
regional property ds a function of 'spatial location. across .and:within:the object). it will also be
appreciated that:data for multiple regional p,rciper.ti'esi'méy_:b_e‘ViS‘Uai’Iy represented
simultanéously.

R\efer,ring"batk,to FIGS..5 and 6, the metrology controller 516 can generally include,
operating logic: (nqt:showb-t,h:ai: defineswvarious.control, management and/or regulation
functions, and may be in the form of dedicated hardware, such as a hardwired state.machine, a
processor executing programming instructions, and/or a different form as would occur to those
skilled in the:art: Operating:logic may-include digital circuitry, analog circuitry, or-a hybrid
combination:-of both of theseé types. In one embodiment, the operating lqg.ic:includes a
programmable microcontroller or microprocessor,.that.can include one or more processing
units-arranged to execute software and/or firmware stored:in.memory (not shown). Memory
can include one-or more types.including semiconductor, magnetic, and/or optical varieties,

and/or may be of a volatile ahd/or nonvolatile variety. In one.embodiment, memory stores
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programming instructions of operating logic.. Alternatively or additionally, memory may store.
data that.is manipulated by operating logic.. In-one arrangement, operating logic and memory
are‘included in a controller/processor form of operating logicthat manages and controls
operational aspects of the measurement system. 5'1'4, as'well:as 6ther.components.of the
metrology tool 510:(e.g;, object positioning system 600; device 602, etc.) although in-other
a_rranggments:they may beseparate.

The following.embodiments-are described.in sufficient detail to.enable those skilled in
t‘he:‘a’r‘fcitd make and use the invention. It is to be'understood that other embodiments would be:
evident based-on the present disclosuré, ahd that procéss or mechanical changes may be made
without departingfrom'the scope of the present invention defined in the Elaims. In.the
fo‘llOWiﬁg}fdés‘cr[ptibh_,ohumer0us»‘specifi'c.qetails:a_r_e vg'i‘ye;nftvq provide a thorough Uhders‘ta‘hding}
of the'invention. However, it will be apparént thatithe inventioh may be practiced-without
these specific details. In order to avoid obscuring the present invention, some well-known
showing. embodiments of the system are schematic.and ot to scale and, particularly, some of
the dimensions-are for the.clarity of presentation and are shown gréatly éxaggerated in the:
drawing.FIGS. In addition, where multiple-embodiments are-disclosed and described having
some features in common, for clarity and ease of illistration, description; and comprehension
thereof; similar-and like featuresione to.anether will.ordinarily be described with like reference.

‘numerals.
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WHAT IS CLAIMED 1S:

1. A method comprising:

determining; at a' measurement site within an object,.a.composition of the object-as a
function of:depth within the object; and

based on the determining, quantitatively-estimating at least one property-of the'object

within a region of the object adjacent to the measurement site.

2. “The method of claim 1, further comprising-determining the composition of the
object:as a function of depth-within the object at a plurality of discrete measurement:sites

within'the object.

3, The method of claim.2, further.comprising, based on'thie détermining,
determining quantitatively estimating-at least one property of the object within a region of the

object-adjacent to the plurality of measurement sites.

8, The method of claim:1, wherein the object includés a-substrate..
5. The method of claim 4, wherein the object in¢ludes at least one:layer disposed"

on the substrate.

6. The method of claim'5;, wherein the at least.one layér is.an epitaxial layer.
7. The'method of claim 1, wherein, at the measurement site, determining the.

composition of the object as.a function of depth within the object comprises:
obtaining a.sample of the object;.and

analyzing the composition of the:sample..
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8. The method-of'claim 7, wherein, at the measurement site, determining the
composition of the object as a function of depth within the object further comiprises:
obtaining'a plurality of discrete samples from different depths within the object; and

analyzing the composition of :at least two of the plurality of discrete.samples.

9. The method of claim 7, whierein obtaining the sample of the object.comprises:

directing a pulse of’laser energy onto the object.

10.  The method of claim 7, whérein removing the portion of the object includes:

removingthe.portion of the object while exposing'a pressure in-a range from.0:1 atm to.5 atm.

11.  The method of claim 7, whetein ahalyzingthe composition of the removed,

portion of the object includes-analyzing the:composition by mass spéctroscopy {MS).

12: The method of claim‘7, further comprising.determining a depth within the object

from which at.least a portion of the sample was obtained.

13. The method oj‘;c'lair:r\.l,'Wh‘erein quantitatively estimating the at least one
property includes quantitatively estimating at least one property selected from a.group’
consisting:of a.composition: of the object; an electrical property of the object, :an optical
-prdpen:fy‘of’the'o"bject, a thermal property of the object, a méchanical property of the object:

and a magnetic:property of the object.

14. A method of monitoring a rmanufacturing process implementable by
manufacturing system including at least one process app,aratus_; the method comprising:

determining, at a méasurement site within an object; a composition of the object-as a
function of depth within the object; ‘

based on the determining, quantitatively estimating at'least.one property of the-object

within a region of thé.objeet‘adj‘acent tothe measurement site;
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generating ré.gional property'data based on the quantitative estimating; and
providing the-estimated property data'to a controller'coupled to a process apparatus of

the manufacturing systerm configured-to manufacture the object-or modify the object.

15.  The method of claim 14, wherein the object has a maximum dimension of-at

least SO mm.

16.. - The méthod of claim 14, wherein the object“has a maximum dimension of at

least 150 mm.,

17.  Thé method-of claim 14, wherein the determining'is performed outside.a process:

apparatus of the manufacturing system..

18. The method of claim 17, further com‘p_ris‘ing,'b‘e’,f_'dre,de,t'é'rrﬁining‘fthe"compos;it‘ion
of the object, receiving the object from a first process:apparatus:of the.manufacturing systern,

‘wherein the first, process:apparatus.is configured té manufacture the object.

19.  The method of claiin 18, further comprising, after-determining the composition
of the object, transferring the object'to a second process, apparatus-of the manufacturing,

System, whetein the second process apparatus,is‘configured to mo_dify the object. -

20. The method of claim ‘14, wherein providirig the estimated property data
comprises.providing the estimated property data to a controller coupled to a.process-apparatus
of the manufacturing system ¢onfigured to' manufacture the object, wherein the'process

apparatus is a metal organic chemical vapor deposition apparatus.

21. A method comprising:
providing a-metrology tool including:

a measurement region within which an object is at least partially:disposable;
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a controller configured to designate a zone within the measurement region as a
measurement site; and
a measurement system coupled to.the controller, wherein the measurement
system is configured. to perform a compositional analysis of material occupying the
measurement site;
disposing at least a portion of an object within the measurement region, wherein the.
object includes a feature;
aligning the feature and a location of the measurement site within the measurement
region relative to each other; and
performing a compositional analysis-of the portion of the disposed object occupying the

measurement.site.

22.  ‘The method of claim 21, wherein the controller is configured to designate a
plurality of discrete measurement sites within measurement regicn, wherein the method
further comprises:

aligning the feature with respect to the measurement system such that a portion of the
disposed object occupies a measurement site; and

performing a compositional analysis of a portion of the disposed object at the occupied

measurement site:

23.  The'method of claim 22, wherein performing the compositional analysis includes
determining a composition of the portion of the disposed object at the occupied measurement

site-as a function of-depth within the object.

24.  The'method of claim 23, further comprising quantitatively estimating.at least

one property of a portion of the object based on the determining.

25.  The method of claim 21, wherein aligning the feature and alocation of the

measurement site relative to each otherincludes at least one selected from the group



WO 2013/016399 PCT/US2012/048090
21

consisting of: ‘adjusting a position:of the object; adjusting a position of the measurement
systém, and adjusting a spatial position:of the measurement site within the measurement

region.
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