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APPARATUS AND METHODS FOR IMPLEMENTING PREDICTED SYSTEMATIC
ERROR CORRECTION IN LOCATION SPECIFIC PROCESSING

CROSS-REFERENCE TO RELATED APPLICATIONS
{0801 Pursuantio 37 C.F.R. § 1.78(a)(4), this application claims the benefit of and
priority to co-pending U.S. Provisional Application No. 81/842,835, filed on February 21,

Lt

2014, which is expressly incorporated by reference herein in its entirety.

FIELD OF INVENTION

10 {8062} The field of invention relates generally to the fields of material processing and
semiconductor integrated circult manufacturing and, more specifically but not
exclusively, relales to correction of systematic ervors or non-uniformities through

location specific processing using gas cluster ion beam (GCIB) technology.

15 BACKGROUND OF THE INVENTION

DESCRIPTION OF RELATED ART

[B003] (Gas cluster ion beam (GCIB) technology has been demonstrated as a useful

processing lechnigue for modifying, etching, cleaning, smoothing, and forming thin films

on workpleces, including microelecironic workpieces. For purposes of this discussion,
20 gas clusters are nano-sized aggregates of material that are gaseous under conditions
of standard temperature and pressure. Such gas clusters may be formed by the
condensation of individual gas atoms {or molecules) during the adiabatic expansion of
high-pressure gas from a nozzle info a vacuum, and they may consist of aggregates
including a few o several thousand atoms/molecules, or more, that are loosely bound
together by weak interatomic forces referred o as Van der Waals forces. The gas
clusters can be ionized by electron bombardment, which permits the gas clusters to be
accelerated using an electric field to form directed beams of controllable beam energy.
{60047  hrradiation of a workpiesce by a directed GCIB of controllable energy may be
ised 1o treat the workplece according fo a dose that is specific to the location on the
30 workplece. The technique is ofientimes referred {0 88 location specific processing
{L3SP), wherein the freatment dose or dwell time of the GCIB is varied across the
workpiece by adjusting the scan speed. Therefore, ong location on the workpiece may
be processed differently than ancther location,



[0005] Several emerging applications for GCIB processing of workpieces on an
industrial scale exist for semiconductor/microelectronic device fabrication. At present,
with continued dimensional scaling in advanced CMOS (complementary metal oxide
semiconductor) logic, the requirements for dimensional variability control are
concurrently increasing. For multiple technology nodes, advanced control using
variable lithographic exposure across wafer has been used to help control critical'
dimensions in the plane of the wafer. Until the 22nm (nanometer) node, the most
critical dimensions in the vertical dimension have been well controlled by a single
deposition or axidation step. However, with the implementation of replacement metal
gate (RMG) technigues and FINFET (fin field effect transistor) structures, some critical
dimensions, such as fin height and gate height, are affected by a combination of
deposition, CMP (chemical mechanical planarization), and etch steps, requiring a new
strategy for precision feature height control. Gas cluster ion beam (GCIB) technology
offers precise correction of feature height non-uniformity using LSP algorithms.

[0006] Yet, in addition {o correcting the non-uniformity present on the workpiece, the
implementation of GCIB processing must also correct errors caused by system and/or
equipment specific process anomalies that repeatedly affect the output process
parameters of a GCIB apparatus. To improve LSP corrective capability, the systematic
error for the GCIB processing system must be determined using sacrificial workpieces,

which is costly and time intensive.

SUMMARY OF THE INVENTION
[0006a] According to a first aspect of the present invention, there is provided a
method of modifying an upper layer of a workpiece using a gas cluster ion beam
(GCIB), the method comprising: collecting parametric data relating to an upper layer of
a workpiece, said parametric data including an initial profile of a measured attribute of
said upper layer and at least one n" order derivative of a spatial variation of said
measured attribute, wherein n is an integer greater than zero; determining a predicted
systematic error response for applying a GCIB to said upper layer to alter said initial
profile of said measured attribute by using said parametric data, including said at least
one n' order derivative, as input to a pre-established, predictive model; identifying a
target profile of said measured attribute; directing a gas cluster ion beam (GCIB) toward
said upper layer of said workpiece; and spatially modulating an applied property of said

GCIB, based at least in part on said predicted systematic error response and said
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parametric data, as a function of position on said upper layer of said workpiece to
achieve said target profile of said measured attribute.

[0006b] According to a second aspect of the present invention, there is provided a
processing system configured to perform location specific processing on a workpiece,
comprising: a GCIB processing system configured to treat a workpiece with a GCIB;
and a multi-process controller configured to: receive parametric data relating to an
upper layer of a workpiece, said parametric data including an initial profile of a
measured attribute of said upper layer and at least one n'™ order derivative of a spatial
variation of said measured attribute, wherein n is an integer greater than zero;
determine a predicted systematic error response for applying said GCIB to said upper
layer to alter said initial profile of said measured attribute by using said parametric data,
including said at least one n™ order derivative, as input to a pre-established, predictive
model; identify a target profile of said measured attribute; direct said GCIB toward said
upper layer of said workpiece; and spatially modulate an applied property of said GCIB,
based at least in part on said predicted sysiematic error response and said parametric
data, of said GCIB as a fuhction of position on said upper layer of said workpiece to
achieve said target profile of said measured atfribute.

[0007] Embodiments of the invention relate generally to the fields of material
processing and semiconductor integrated circuit manufacturing and, more specifically
but not exclusively, relate to correction of systematic errors or non-uniformities through
location specific processing using gas cluster ion beam (GCIB) technology. In
particular, a predictive method is used o accommodate for systematic error when
performing GCIB location specific processing.

[0008] According to one embodiment, a method of modifying an upper layer of a
workpiece using a gas cluster ion beam (GCIB) is described. The method includes
collecting parametric data relating to an upper layer of a workpiece, and determining a
predicted systematic error response for applying a GCIB to the upper layer fo alter an
initial profile of a measured attribute by using the parametric data. Additionally, the

method includes identifying a target profile of the measured atiribute, directing the
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GCIB foward the upper layer of the workplece, and spatially modulating an applied
property of the GCIR, based at least in part on the predicted systematic error response
and the parametiic data, as a function of position on the upper layer of the workpiece 1o

achieve the target profile of the measured atiribute.

BRIEF DESCRIPTION OF THE DRAWINGS
fn the accompanying drawings:
0081 FIG. 1is a flow chart Hlustrating a method for processing a workpiece
according to an embodiment;
{00101  FiG. 2 shows an exemplary profile of a measured atiribute according to an
smbodiment;
{00111 FiGs. 3A through 3C graphically depicts exemplary data associated with the
preparation of a pre-established, predictive model for relating parametric data to
predicted systematic error response according o an smbodiment;
00121 FiG. 4 graphically depicts exemplary data for correcting a GCIB process
using a predicted systematic error response according to an embodiment;
00131  FIG. 5 is an #lustration of a GCIB processing system;
0014}  FIG. 6 is another illusiration of a GCIB processing system;
{8015] FIG. 7 is yet ancther illustration of a GCIB processing system;
{60181  FIG. 8is an ilustration of an ionization source for a 8CIB processing system;
and
(80171 FIG. 9is an llustration of another ionization source for 8 GCIB processing
systam.

DETAILED DESCRIPTION OF SEVERAL EMBODIMENTS
80181  Methods and systems for performing location specific processing (LSP} of a
workpiece using gas cluster ion beam {GCIB) technology are described in various
embodiments. QOne skilled in the relevant art will recognize that the various
embodiments may be practiced without one or more of the specific detalls, or with other
reptacement and/or additional methods, materials, or components. in other instances,
well-known struciures, materials, or operations are not shown or described in detait 1o
avoid obsouring aspecte of various embodiments of the invention. Similarly, for
purpeses of explanation, specific numbers, materials, and configurations are set forth in
order {0 provide g thorough understanding of the invention. Neverthelgss, the invention
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may be practiced without spedific details. Furthermore, i is understood that the varicus
armbodiments shown in the figures are Hlusiralive representations and are not
necessatily drawn to scale.

{0019] Reference throughout this specification to “one embodiment” or “an
embodiment” means that a particular feature, structure, material, or characteristic
described in connection with the embodiment is included in at least one embodiment of
the invention, but do not denote that thay are present in every embodiment. Thus, the
appearances of the phrases "in one embodiment” or “in an embaodiment” in various
places throughout this specification are not necessarily referring to the same
ambodiment of the invention. Furthermore, the particular features, structures,
materials, or characteristics may be combined in any suitable manner in one or more
smbodiments. Various additicnal layers and/or struciures may be included andfor
described featurss may be omitted in other embodiments.

{00201 “Workplece” as used herein generically refers to the object being processed
in accordance with the invention. The workpiece may include any material portion or
structure of a device, paricularly a semiconductor or other electronics device, and may,
for example, be a base workpiece structure, such as a semiconductor wafer or a tayer
on or ovarlying a base workplece structure such as a thin flm. Thus, workpiece is not
intended to be limited o any particular base structure, underlying layer or overlying
layer, patterned or unpatismed, but rather, is contemplaied o include any such layer or
base struciure, and any combination of layers and/or base structures. The description
below may reference particular types of workpleces, but this is for illustrafive purposes
anty and not timitation,

[6021]  As described in part above, whan correcting the non-uniformity present on a
workpiece, the implementation of GCIB processing must also correct errors caused by
system and/or equiprment specific process anomalies that repeatedly affect the output
process parameters of a GCIB apparatus. To improve LEP corrective capability, a
predictive method is used to accommodate for systematic error during GCIB location
specific processing according to various embodiments,

{80221 Therefore, according to various embodiments, methods for location specific
processing (LSP) of & workplece using a gas cluster ion beam (GCIB) with enhanced
corrective capability are described. Referring now to the drawings whereain like

reference numerals designate corresponding parts throughout the several views, FIG. 1
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provides a flow chart 1 illusiraling @ method for modifying an upper laver of a workplece
using GCIB processing according to an embodiment.

(008231  The mathod ilusirated in flow chart 1 begins in 10 with collecting parametric
data relating to an upper layer of a workpiece. The parametric data includes an initial
profile of 2 measured atiribute of the upper layer and at least one n® order derivative of
a spatial variation of the measurad aftribute, wherein nis an integer greater than zero.
The parametric data may include geomeirical, mechanical, electrical, and/or optical
parameters associated with the workpiece, any layer or sub-ayer formead on the
workpiece, and/or any portion of a device on the workpiece. For example, mefrology
data can include any parameter measurable by the metrology systems described
below. Additionally, for exampls, the measured attribute may include a film thickness, a
surface and/or interfacial roughness, a surface contamination, a feature depth, 2 rench
depth, g via depth, a feature width, a french width, a via width, a critical dimension
{CD), a surface roughness, or an electrical resistance, or any combinatlion of two or
more thereof.

{00241  As an example, FIG. 2 shows an exemplary profile spatial map of a
measured atirtbuie, wherein the calculaled mean has been subtracted from the spatial
map o produce thicker film regions (indicated with the “+” sign} and thinner film regions
{indicated with the " sign). The measured atlribute is measured at different iocations
on the workplece, and a spatial map of film thickness for the upper laver on the
workpiece is created. in this example shown in FIG. 2, the spatial map of film thickness
was measured by spectroscopic ellipsometry using @ commercially available, model
UV-12805E thin film measurement instrument manufaciured by KLA-Tencor
Corporation. '

[D025]  The parametric data, including the measured attribute, may be acquired
using a metrology system coupled to a GCIB processing system, sither in-situ or ex-
situ. The mefrology system may comprise any variety of workplece diagnostic system
including, but not limited fo, geometrical, mechanical, optical, and/or elsctrical
test/metrclogy systems. For example, the metrology system may include opticat digital
profilometry (ODP), scatterametry, ellipsomelry, reflectometry, interferometry, X-ray
fluorescence spectroscopy, scanning electron microscopy (SEM), tunneling electron
microscopy (TEM), atomic force microscopy (AFM), or four-point probe sensing, or any

combination of iwo or mors thereof.
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[0828] For example, the metrology system may constitute an optical scatierometry
system. The scatieromelry system may include a scatterometer, incorporating beam
profile ellipsometry (sllipsomater) and beam profile reflectometry (raflaciometer),
commercially available from Therma-Wave, Inc. (1250 Reliance Way, Fremont, CA
94539} or Nanometrics, Inc. (1550 Buckeye Drive, Milpitas, CA 85035). Additionally,
for example, the in-situ metrology systern may include an integrated Cptical Digital
Profilometry (JODP) scatterometry module configured to measure metrology data on a
warkpiece.

00271 The parametric data may be measured at two or more iocations on the
workplece. Moregver, this data may be acquired and collected for ong or more
workpieces. The one of more workpieces may, for instance, include a cassetie of
workpieces. The paramelric data is measured at two or more iocations on at least one
of the one or mare workpleces and may, for example, be acguired al a plurality of
locations on each of the one or more workpleces, Thereafter, the plurality of locations
on each of the plurality of workpleces can be expanded from measured siles to
unmeasured sifes using a2 data fitling aigorithm. For exampie, the data fitling algorithm
can include interpolation {linsar or nonlinear) or exirapolation {linear or nonlinear) or a
combination thereof.

f80281  Once paramelric data is collected for the one or more workpiecas using the
mefrology sysiem, the parametric data is provided fo a controller for computing
correction data. Parametnic date may be communicated beiween the meirology system
and the controlier via a physical connection {(e.g., a cable}, or a wireless connection, or
z combination thereof. Additionally, the parametric data may be communicated via an
infranet or internet connection. Allernatively, parametric data may be communicated
between the metrology system and the controlier via a computer readable medium.
{08291 The atleasione " order derivative of a spatial variation of the measured
altribute may include a first derivative of a spalial variation of the measured atlribute on
the workpiece. The first derivative, or spatial gradient, represzg—;nts the rate of change or
spatial variation of the measured altribute across the workpiece. For exampls, the first
derivative indicates whether the measured atiribute smoothly variss or more sharply
varies across the workpiece at a given location on the workpiecs,

[8630]  Additionally, the at least one 0™ order derivative of a spatial variation of the
measured atlribute may include a second derivative of a spatial variation of the
measured atiribute on the workpiece. The second derivaiive, or spatial curvature,
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represents the rate of change or spatial variation in the gradient of the measured
atiribute across the workplece. For example, the second derivative indicates the
degree of concavity or convexity of the measured atiribute at a given location on the
workpiece.

[0031]  The atleast one n" order derivative of a spatial variation of the measured
attribute may be measured and/or computed at multiple locations on the warkpiece,
which may or may not correspond 1o locations where the measured atiribute are
measured. As an example, the at least one #" order derivative of a spatial variation of
the measured alfribuie is computed al each location the measured attribute of the
upper layer Is acquired using an interpolation algorithm, or a data fitting algorithm, or a
combination thereof. For example, the at least one ™ order derivative of a spatial
variation of the measured afiribule may be determined using a finite difference scheme.
00321 In 11, 3 predicted systematic error response for applying a GCIB to the upper
layer to alter the initial profile of the measured attribute is determined by using the
parametric data, including the at least one ™ order derivative, as input to a pre-
established, predictive model. The pre-established, predictive model is established by
performing the following: (i) measuring representative parametric data including an
initial representative profile of a repressentative atiiibute of an upper layer on one or
more representative workpieces and at least one n™ order derivative of a spatial
varigtion of the representative attribute, wherein n is an integer greater than zero; (il
establisihing a representalive target profile; (il computing representative correction
data using the initial representative profile and the target representative profile for the
representative atlribuie; (iv) applying the representative correction data to the
workpiece by spatially modulating an applied dose of & representative GCIRB; (v}
comparing an actual representative profile with the target representative profile to
determine a representative systematic error, and {vi) correlating the represeniative
systematic error with the representative parametric dala.

{00331 The correlating of the representative systematic error with the representative
parameiric data may include applying s least-squares technique fo the represeniative
parametric data and the representative systematic error, and formulating a functiona
relationship between the representative parametric data and the represeniative
systematic error that minimizes a sum of the squared residuals produced by the

functional relationship. The error approdimation may include a second order model that
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correlatas measured attribule data, first derivalive data, and second derivative data with
the error, viz,

[0034]  E=A+B Z+CrdZidnr D d2Zidx*+ ErdZidy+F d?Zidy*+ G+ 2%

HY{dZIdx P HH A Zidx P+ 2 a2 fdx+ KT d Zidy+ L dZidx*d Zidy, {1y

I0035)  wherein Z represents the measured attribute data, dZ/dx and dZ/dy rpresent
the first derivative {gradient) of the measured atiribule n the x and y directions (.4.,
orthogonat directions in the plane of the workpiecs), d°Z/d and d°Zidy? represent the
second derivative (curvature) of the measured attribuie in the x and y directions, and &
B.C.DEF.GH, LUK, and L are the coefficients determined for the srror modsi using
the lsast-equares technique. Altematively, a siraplified error approximation may includs
a first order model that correlates measured atiribute data and first derivative data with
the error, viz.

[0038] E=A+B Z+CrdZidx+E*dZ/dy. (2)

{00371 As an sxample, FiGs. 3A through 3C graphically depict examplary data
assaciated with the preparation of a pre-established, predictive mode! for ralating
parametric data o predicted systematic error response. FIG. 3A plots the predicted
systematic error, using the pre-gstablished, predictive model, versus the actual
systematic error, Le., target minus actual profile. When the data is fif with a inear
approximation, also in 2 least-sqguares sense, the slope is expecied to be equal to unity.
When Using the second order error model (Equation (1), using first and second
derivative data), the slope has been observed (o exceed 0.9, and when the first order
error model {(Eguation (2), using first derivative data)}, the slops has been observed to
be approximately 0.9.

{00381 FiG. 3B graphicaily depicis the difference in the actual systematic error
versus the predicted systematic error as a function of position on a representative
workplece., And, FIG. 3C plots the error in the error prediction, i.e., the difference
between the actual and predicied error, versus the predicted systematic error. The
inveniors have found that the eror in the error prediction can be plotied within Hmits set
at about 25% the predicted or actual error.

(80391  in 12, a target profile of the measured atiribute is identified to be achieved.
The target profile m:{y include an amount to remove (e.g., etch amount} or an amournt
to add {e.g., deposition, growth, or doping amount) to achieve the target profile stariting
with the initial profile.
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{00487  In 13, a gas dluster ion beam {GCIB) is dirscted toward the upper layer of the
workpiece, The GCIB may perform an efch process, a deposition process, a growih
process, a smoothing process, a doping process, a modification process, or any
combination of two or more thereof {o achieve the target profile. The GCIE may be
generated by maintaining a reduced-pressure environment around a workplece holder
for holding the workpiece in a GCIB processing system. The workpiece may include a
microslectronic workplece. The GCIB processing system may include any one of the
GCIB processing systems (50, 100, 100" or 100"} described below in FiGs. 5, 8, 7, or 8,
or any combination thereof,

(00411  In 14, an applied property of the GCIB, based at least in part on the predicted
systematic error response and the parametric data, is spatially modulated as a function
of position on the upper layer of the workpiece 1o achieve the target profile of the
measured atfribute. The applied property of the GCIB may include a beam doss.
Alternatively, the applied property of the GCIB may include a beam dose, a beam area,
a beam profile, 2 beam infensity, @ beam scanning rate, or a dwell time, or any
combination of two or more thereof.

{0042] Thereafler, the steps of collecting, delermining, identifying, directing, or
spatially modifying, or any combination of two or more thereof may be repeated to
further reduce a difference between the target profile and an actua! profils of the
measured attribute. Furthermore, parametric data, collected from an upper layer of a
workpiece that has been modified by 3 GCIB {o achieve a target profile using a
predictive error model, can be used to modify the existing {pre-established) prediclive
error model to adapt to variations in incoming workpieces. For example, parameters or
cogflicients of the prediclive error modei (i.e., the coeflicients delermined for Eqns. (1)
or {2}) may require adjustment from workplece-to-workpisce, or lotdo-iot, if there are
subsiantive cverall changes in the target profile, the difference belween the actual and
target profile, the uniformity of the actual profile or difference between aclual and targel
profiles, etc. The adjustrmant of the parameters or cosfficients may be weighted. For
exarmnple, an updated parameier or coefficient may be the sum of an old value
component and a new value compaonent, e.g.. Aurpateo=W" Anew + (1-W)" Ao, wherein
Ais a coefficient being updated and w is a welgthing factor,

{6043}  Correction data is computed Tor location specific processing of the workpiece.
More specifically, the correction data may be computed using the initial profile and the
farget profile for the measursd atribide. The correction dala for a given workpiece can
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comprise a process condition for modutation of 3 GCIB property, such as the GCIB
dose, as a function of position on the workpiece in order 1o achieve a change betwean
the parametric data assodiated with the incoming initial profile and the target profile for
the given workpiece. For example, the correction daia for a given workpiecs can
comprise determining a process condition for using the GCIB to correct a non-
uniformity of the parametric datla for the given workplece. Allematively, for exampls,
the correction data for a given workpiece can comprise determining a process condition
for using the GCOIB 1o create a specilically intended non-uniformity of the parametric
data for the given workpiece.

{00441  Using an established relationship between the desired change in parametric
data and the GCIB dose and an sstablished relationship between the GCIB dose and a
GCIB pracess condition having a set of GCIB processing paramsters, the controlier
determines correction data for each workplece. For example, a mathematical algorithm
can be employed to take the parametric data associated with the incoming initial profile,
comptuite a difference between the incoming initial profile of parametric data and the
target profiie of parametric data, invert the GCIB processing paltern (i.e., slching
paites'ﬁ, film formation/deposition pattern, doping patiern, efc.) to fit this difference, and
create a beam dose coniour {0 achieve the GCIB processing pattern using the
relationship between the change in parametric data and the GCIB dose. Thereafier, for
sxample, GCIB processing paramsiers can be delermined 1o affect the calculated
beam dose contour using the relationship between the beam dose and the GCIB
pracess condition. As will be described in greater detall balow, the GCIB processing
parameters can include a beam dose, a beam area, a beam profile, a beam intensity, a
beam scanning rate, or an exposure ime {(or beam dwell timea), or any combination of
twe or more thereof.

{0045] Many different approaches {o the selection of mathematical algorithm may be
suceessfully employed in this embodiment. In another embodiment, the beam dose
contour may selectively deposit additional material in order to achieve the desired
change in parametric data.

{0048] The correction data may be combined with the predicted systematic error
response to creale a predicted systematic error-adjusted correction data. Thereatter,
the predicted systematic error-adjusied correction data can be applied fo the workpisca

using a GCIB and spatially modulating, for example, the applied dose.
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{80471  The correction daia may be applied o the workplece using a GCIB. During
corrective processing, the GCIB may be configured to perform at ieast one of
smoothing, amorphizing, modifying, doping, etching, growing, or depositing, or any
combination of two or more thereof. The application of the corrective daia to the
workplece may facilitate correction of warkpiece defects, correction of workpiecs
surface planarity, correction of layer thickness, or improvement of layer adhesion.
Once processed 1o GCIB specifications, the uniformity of the workpiece{(s) or
distribution of the parametric data for the workpiece(s) may be examined either in-situ
or ex-situ, and the process may be finished or refined as appropriate.
[B048]  When performing an efching process, for exampie, the GCIB can be formed
from a pressurized gas mixture containing at least one etching gas. The atleast one
etching gas may include a halogen element. The at least one etching gas may include
a halogen element and one or mare elements selectad from the group consisting of C,
H, N, and 3. The at least one efching gas may include a halogen element and one or
more elemenis sslected from the group consisting of 8i and Ge.
{00481  For example, the al ieast one elching gas may include Fy, Cly, Bra, NF3, or
SFa. Additionally, for example, the at least one etching gas may include a halide, such
as HF, MCI, HBr, or Hi. Additionally yet, Tor example, the at least ong siching gas may
inciude a halosilane or halogermane, such as a mono-substituted halosiians or
halogermane (SiHiF, GeMaF, etc.), di-subsiituted halosilane or halogermane (SiH,F;,
Gek,F,, etcl), tri_»substituted hatosilane or halogermane (SiHFs, GeHF3, efc.), or tefra-
substituted halosilane or halogermans (8iF 4, GeFy, SICly, GeCly, 8iBry, or GeBrg).
Furthermore, for example, the at least one efching gas may include a halomethane,
such as a meno-substituted halemethane (e.g., CHaF, CH3Ci, CHaBr, CHal), a di-
substituled halomethane (e.q., CHaFg, CHRCIF, CHLBrF, CHoFL, CHRCIp, CHBrC,
CHLCH, CHaBry, CHBr, CHaly), a tri-substituted halomethane (e.g., CHF, CHCIF,,
CHBrF,, CHFl, CHCIF, CHBrCIF, CHCIFL, CHBrF, CHEBrFI, CHFlg, CHCIs, CHBrCly,
CHCL, CHBrRCl CHErCH, CHCH,, CHBrs, CHBri, CHBr,, CHE), or a tetra-substituisd
halomethane (8.g., CFy, CCIFs, CBrF;, CFgl, CCLF,, CBrCIF;, CCIFL CBrgfFy, CBrF,l,
CFaly, CClsF, CBrCLF, CCLFL CBr,CIF, CBrCiFl, CCIFL,, CBraF, CBryFl, CBrFl,, CFls,
CCl, CBriiy, CCLl, CBnCly, CBrClyl, COLly, CBraCl CBrCH, CBrCHy, CClHy, CBiry,
CBral, CBrly, CBris, Cly).
{B358]  Toform the GCIB, constituents of the eiching gas should be selected that
exist in a gaseous phase gither slone or in combination with a carrier gas {8.¢., a noble
11
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gas element or nitrogen) al relatively high pressure {e.g., & pressure of one atmosphere

or greater).

{08051]  iIn one embodiment, when efching a Si-containing and/or Ge-containing

material, the at least one efching gas includes a halogen element selected from the
group consisting of F, Cl, and Br. The at least one etching gas may further include 3,
Ge, N, S, G, or M, or both C and H. For example, the at least ong elching gas may
include a halide, halosilane, halogermane, or a halomethane. Additionally, for example,
the at least one elching gas may include 8iF,, CHFa, 8Fs, NF3, Fa, Cly, Bry, HF, HCL,
HBr, CCIF,, CBriy, CHCIF,, or CoCIFs, or any combination of two or more thereof.
{80521  in another embodiment, when etching a Si-containing andfor Ge-containing
material, the at least one etching gas includes two different halogen elements. A first
halogen slement may be selected from the group consisting of Cl and Br, and the
second halogen slement may include F. The at least one elching gas may further
include C, or H, or both C and H. For exampie, the at least one efching gas may
inciude a halomethanse. Additionally, for example, the at least one eiching gas may
inciude CCIFs, CBrFs, CHCIF,, or CoCIFs, or any combination of two or more thereot.
00531 in another embodiment, when stching a Si-containing material having Si and
one or more slements selected from the group consisting of O, C, N, and Ge, the at
ieast one efching gas inciudes a halogen element and one or more elements selected
from the group consisting of Si, Ge, N, §, C, and H. For example, the efching gas may
include a halosilane or halomethane, Additionally, for example, the eiching gas may
include BiF,, CHaF, CHRCI, CHaBr, CHF 5, CHGIF,, CHBrF,, CHofF,, CHLCIF, CHBrF,
CHCELF, CHBrF, CHCIs, CHErCl,, CHBrCl, or THEBr,, or any combination of two or
more thersof

{00541  in ancther embodiment, when eiching a metal-containing material, the
siching gas includes a halogen slernent selected from the group consisting of F, Cl, and
Br. The siching gas may further include 8i, Ge, N, S, G, or H, or both C and H. For
example, the eiching gas may include a haiide, halosilane, halogermane. or a
halomethane. Additionally, for example, the etching gas may include SiF,, CHF3, 8Fs,
NFs, Fa, Chy, Bry, HE, HCL HBr, CCIF,, CBrFs, CHCIF,, or C,CIFs, or any combination of
two or more thereof,

{6055] in ancther embodiment, when stching & metal-containing material, the
efching gas includes two different halogen slements. A first halogen slement may be
seleciad from the group consisting of Cl and Br, and the second halogen etement may
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include F. The eiching gas may further include C, or H, or both C and H. For example,
the eiching gas may include a halomethane. Additionally, for example, the etching gas
may include CCIF,, CBrfFs, CHCIF,, or CoCIFs, or any combination of two or more
thereot.

{00561  in yvet another embodiment, when etching a chalcogenide material, the
eiching gas includes a halogen element. For example, the efching gas may include a
halide, halosiiane, halogermane, or halomethane. Additionally, for example, the siching
gas may include Fa, Ch, Bry, HF, HCL HBr, NFs, 8Fs, SiFa, CHaF, GHClL CHsBr, CHF;,
CHCIF,, CHBIF,, CH:F,, CHyCIF, CHBrF, CHOLF, CHEBrF. CHCls, CHBrCL, CHBRCH
or CHBrs, or any combination of two or more thereof.

0571 The at least one etching gas may include a first elching gas and a second
eiching gas. In one ernbodiment, the first etching gas contains Cl or Br, and the second
elching gas contains F. For example, the first etching gas may contain Ch, and the
second efching gas may contain NFa. In another embodiment, the first eiching gas
contains a halomethane or halide, and the second eiching gas contains F, Cl, or Br. In
another embodiment, the first etching gas contains G, H, and a halogen element, and
the second elching gas contains F, Cl, or Br. For example, the first etching gas may
contain CHF;, CHCls, or CHBrs, and the second siching gas may contain SiF, SFs,
NF3 or Cl. The first efching gas and the second elching gas may be continuously
introduced to the GCIB. Allematively, the first etching gas and the second slching gas
may be alternatingly and sequentially introduced to the GCIB.

{00581 The pressurized gas mixture may further include a compound containing @
halogen element; a2 compound containing F and C; a compound containingHand G, a
sompound containing C, H, and F; a compound containing St and F; a compound
containing Ge and F; or any combination of two or more thereof. Additionally, the
pressurized gas mixiure may further include a chiorine-containing compound, a
fluorine-containing compound, or a bromine-contalning compound. Additionally, the
pressurized gas mixture may further include a compound containing one or more
slements selectad from the group consisting of S, N, &i, Ge, C, F, H, Gl and Br.
Additionally yel, the pressurized gas mixture may further include a sificon-coniaining
sompound, & germanium-containing compound, a nitrogen-gontaining compound, an
oxygen-containing compound, or a carbon~-containing compound, or any sombination of
two or more thereof. Furthermore, the pressurized gas mixiure may further include one
or more elements selected from the group consisting of B, G, M, 8i, Ge, N, P, As, O, §,
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F, Cl, and Br. Further yet, the pressurized gas mixture may further include He, Ns, Ar,
Kr, Xe, O, CO, COa, Ny, NO, NGy, NoG, NHg, Fa, HF, 8Fs, or NF;, or any combination
of two or more thersof,
{00581  Even further vet, the GCIB may be generated from a pressurized gas mixture
that includes at least one dopant, or film forming constituent for depositing or growing a
thin fitm, or any combination of two or more thereof. For example, the doping,
modifying, etching, cleaning, growing, or depositing may comprise infroducing ong or
more elements selected from the group consisting of He, Ne, Ar, Xg, Kr, B, C, Be, Ts,
Si, Ge, N, P, As, O, 8, F, Cl, and Br.
[0086]  in another embodiment, the GCIB may be generated by alternatingly and
sequentially using a first pressurized gas mixture containing an etch gas and a second
pressurized gas mixiure containing & film forming gas. In yet other embodiments, a
composition and/or a stagnation pressure of the GCIB may be adjusted during the
siching.
(00811  As alluded to above, ons or more GCIB properties of a GCIB process
condition for the GCIB can be set {o achieve the target profile. To achieve the target
profile, the GCIB may be generated by performing the following: selecting a beam
acceleration potential, one or more beam focus potentials, and a beam dose,
accslerating the GCIB according fo the beam acceleration potential; focusing the GCIB
o according to the one or more beam focus potentials; and irradiating the accelerated
GCIB onto af least a porlion of the workplece according to the beam dose.
80821  Furthermore, in addition to these GCIB properties, a beam energy, a beam
energy distribution, a beam angular distribution, a beam divergencs angle, a stagnation
pressure, a stagnation temperature, a mass flow rate, a cluster size, a dluster size
distribution, @ bean size, a beam compaosition, a beam electrode potential, or a gas
nozzle design {such as nozzle throat diameter, nozzle length, and/or nozzie divergent
section hali-angle) may be selected. Any one or more of the aforementioned GGIB
properties can be selectad o achieve control of target etch process metrics, such as
those noted above. Furthermore, any one or more of the aforementioned GCIB
properties can be modified to achieve control of targst etch process metrics, such as
those noted above.
68631 The beam energy distribution function for the GCIE may be maodified by
directing the respective GCIB along a GCIB path through an increased pressure region
such that at least a portion of the GCIB raverses the increased pressure region. The
14
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extent of modification {o the bearm energy distribution may be characterized by a
pressure-distance (d) integral atong the at least a portion of the GCIB paih. When the
value of the pressure-distance integral is increased (either by increasing the pressure
andfor the path length (d)), the beam energy distribution is broadened and the peak
energy is decreased. When the value of the pressure-distance inlegral is decreased
{either by decreasing the pressure andior the path length (d)), the beam energy
distribution is narrowed and the peak energy is increased. As an example, one may
broaden the beam energy distribution to increase the beam divergence, or one may
narrow the beam energy distribution o decrease the beam divergence.

{00684]  The pressure-distance integral along the at least a portion of the GCIB path
may be equal {0 or greater than about 0.0001 torr-cm. Alternatively, the pressure-
distance integral along the at least a portion of the GCIB path may be equal {o or
greater than about 0.001 forr-cm. Allernatively yet, the pressure-distance integral along
the at least a portion of the GCIB path may be equal 1o or greater than about 0.01 torr-
cm. As an example, the pressure-distance integral along the at leagst a portion of the
&CIB path may range from 0.0001 torr-om to 0.01 forr-cm. As ancther example, the
pressure-distance integral along the al least a portion of the GCIB path may range from
0.001 torr-cm 1o .01 torr-cm.

{00651 Aliernatively, the beam energy distribution function for the GCIB may be
modified by modifying or altering a charge stale of the respective GCIB. For example,
the charge state may be modified by adjusiing an electron flux, an electron energy, or
an electron engrgy distribution for electrons ulifized in electron coliision-induced
ionization of gas clusters.

{0066]  in one embodiment, the one or more GCIB properties of the GCIB process
condition may include a GCIB composition, a beam dose, a beam acceleration
potential, & beam focus potential, 2 beam energy, a beam energy distribution, a beam
angular distribution, a beam divergence angle, s flow rate of said GCIB composition, a
stagnation pressure, a stagnation temperature, a background gas pressure for an
increased pressure region through which said GCIB passes, or a background gas flow
rate for an increased pressure region through which said GCIB passes (&.g., a P-Cell
value, as will be discussed in greater detail below).

{00871 In ancther embodiment, the satting of the one or more GCIB propetties to

achieve the target! profile may include setling a GCIB composition, 2 beam acceiaration
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potential, a flow rate of the GCIB composilion, and & background gas flow rate for an
increased pressure region through which the GCIB passes.

[0068] For the GCIB, the beam acceleration potential may range up to 100 kV, the
beam snergy may range up to 100 kY, the cluster size may range up 1o several tens of

thousands of atoms, and the beam dose may range up to about 110" clusters per

n

cm?. For example, the beam acceleration potential of the GCIB may range from about
1 KV to about 70 kV (i.e., the beam energy may range from about 1keV {o about 70
keV, assuming an average cluster charge state of unity). Additionally, for example, the
beam dose of the GCIB may range from about 110™ clusters per om® to about 1x10™
16 clusters per om®.
{00697  The GCIB may be established having an energy per atom ratio ranging from
about 0.25 eV per alom fo about 100 eV per atom. Alternatively, the GCIB may be
established having an energy per atom ratio ranging from about 0.25 oV per atom o
about 10 eV per atom. Alternatively, the GCIB may be established having an energy
{5 per atom ratio ranging from about 1 &V per atom to about 10 eV per atom.
{00701  The establishment of the GCIB having a desired energy per atom ratic may
include selection of a beam acceleration potential, a stagnation pressure for formation
of the GCIB, or a gas flow rate, or any combination thereof. The beam acceleration
potential may be used to increase or decrease the beam energy or energy per ion
20 cluster. For example, an increass in the beam acesleration potential causes an
increase in the maximum beam energy and, consequently, an increase in the energy
per atom ratio for a given cluster size. Additionally, the stagnation pressure may be
used to increase or decrease the cluster size for a given cluster. For example, an
increase in the slagnation pressure during formation of the GCIB causes an increase in
25 the cluster size (l.e., number of atoms per cluster} and, conssguently, a decrease in the
energy per atom ratio for a given beam acceleration polential
{06711 Herein, beam dose is given the units of number of clusters per unit area.
However, beam dose may also include beam current and/or ime (e.g., GCIB dwall

time). For example, the beam current may be measured and maintained constant,

[X]
-~
Sewd

while time is varied to change the beam dose. Alternatively, for example, the rate af
which clusters strike the surface of the workpiece per unit area (Le., number of clusters
per unit area par unit time) may be held constant while the time is varied to changs the

beam dose.
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80721  The method described in FIG. 1 may further include altering the target profile
to create one or more new target profiles, and setling one or more additional GCIB
properties of an additional GCIB process condition for the GCIB to achieve the one or
more new target efch process melrics.

fG073] Referring now fo FIG. 5, 2 GCIB processing system 100 for freating a
workpigce as described above is depicted according to an embodiment. The GCIB
processing system 100 comprises a vacuum vessel 102, workpisce holder 150, upon
which a workpiece 152 o be processed is affixed, and vacuum pumping systems 170A,
1708, and 170C. Workpiece 152 can be a semiconductor workpiece, a wafer, a flat
panei display (FPDY, a liquid crystal display (LCD), or any other workpiece., GGIB
processing system 100 is configured fo produce a GCIB for reating workpiece 152.
{80741  Referring still to GCIB processing sysiem 100 in FIG. 5, the vacuum vessel
102 comprises three communicating charmbers, namely, a source chamber 104, an
ionizationfacceleration chamber 108, and a processing chamber 108 {o provide a
reduced-pressure enclosure. The three chambers are gvacuated 1o suilable aperating
pressures by vacuum pumping systems 1704, 1708, and 170C, respectively. In the
three communicating chambers 104, 108, 108, a gas cluster beam can be formed In the
first chamber (source chamber 104}, while a GCIB can be formed in the second
chamber {ionization/acceleration chamber 108} wherein the gas clusier beam is ionized
and accelerated. Then, in the third chamber {processing chamber 108), the
accelerated GCIE may be utilized to treat workplece 152.

{00751 As shown in FIG. 5, GCIB processing system 100 can comprise one or more
gas sources configured fo introduce one or more gases or mbdure of gases {0 vacuum
vessst 102, For exampie, a first gas composition stored in a first gas source 111 s
admitied under pressure through a first gas conirof valve 113A 1o a gas metering valve
or valves 113, Additionally, for example, a second gas composition stored in 2 second
gas source 112 is admitied under pressure through a second gas control valve 113B to
the gas metering valve or valves 113. Further, for example, the first gas composition or
second gas composition or both can include a condensable inert gas, carrier gas or
dilution gas. For exampile, the inert gas, carrier gas or dilufion gas ¢an include a noble
gas, L.e., He, Ne, Ar, Kr, Xe, or Rn.

{8078}  Furthermore, the first gas source 111 and the second gas source 112 may be

silized either alone or in combination with one another t¢ produce ionized clusters.
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The material composition can include the principal alomic or molecular species of the
glementis desired o react with or be introduced 1o the malerial layer.

08771  The high pressure, condensable gas comprising the first gas composition or
the second gas composition or both is infraduced through gas feed tube 114 into

(9]

stagnation chamber 118 and is gjecied into the substantially lower pressure vacuum

through a properly shaped nozzle 110, As a resull of the sxpansion of the high

pressure, condensable gas from the stagnation chamber 116 {o the lower pressure
region of the source chamber 104, ths gas velocity accelerales to supersonic speeds

and gas dluster beam 118 emanates from nozzie 110,

10 [B078]  The inherent cooling of the jet as static enthalpy is exchanged for kinetic
gnergy, which resuits from the expansion in the jet, causes a porticn of the gas jel to
condense and form a gas clusier beam 118 having clusters, each consisting of from
several to several thousand weakly bound aloms or melecules. A gas skimmer 120,
positioned downstream from the exit of the nozzie 110 between the source chamber

15 104 and ionization/acceleration chamber 108, partially separates the gas molecules on
the peripheral edge of the gas clusier beam 118, that may not have condensed into a
cluster, from the gas molecules in the core of the gas cluster beam 118, that may have
formed clusters. Among other reasons, this selection of a portion of gas cluster beam
118 can lead o a reduction in the pressure in the downsiream regions where higher

20 pressures may be detrimental (e.g., ionizer 122, and processing chamber 108).
Furthermore, gas skimmer 120 defines an initial dimension for the gas cluster beam
entering the ionization/accsleration chamber 1086.

{00791 The GCIB processing system 100 may also include muitiple nozziss with one
or more skimmer openings. Addiional details concerning the design of a multiple gas

25 cluster ion beam system are provided in U.S. Patent Application Publication No.
2010/0195701A1, entitled "Mulliple Nozzle Gas Cluster ion Beam System” and fited on
Aprii 23, 2009; and U 8. Patent Application Fublication No. 2010/0183472A1, entitied
“Multiple Nozzle Gas Cluster lon Beam Processing System and Method of Operating”
and filed on March 26, 2010; the contenis of which are herein incorporated by reference

30 in their entirety.

{00887  After the gas cluster beam 118 has been formsd in the source chamber 104,

the constituent gas clusters in gas clusier beam 118 are onized by ionizer 122 to form

GCIB 128. The ionizer 122 may gncitsde an aiectron impact ionizer that produces

slectrons from one or more flaments 124, which are accelerated and dirscled to collide
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with the gas dusiers in the gas cluster beam 118 inside the ionizationfacoeieration
chamber 106, Upon collisional impact with the gas cluster, elecirons of sufficient
anergy eject electrons from molecuies in the gas clusters {0 generate ionized
molecuies. The ionization of gas clusters can lead to a population of charged gas
cluster ions, generally having a net positive chargs.
{60811  As shown in FIG. 5, beam electronics 130 ars ulilized {o onize, extract,
accelerate, and focus the GCIB 128. The beam electronics 130 include a filament
power supply 136 that provides voltage Vr to heat the lonizer filament 124,
{00821  Additionally, the beam electronics 130 include a set of suitably biased high
voltage electrodes 126 in the lonization/acceleration chamber 106 that exdracts the
cluster ions from the ionizer 122. The high vollage elecirades 128 then accelerate the
exiracted cluster ions to a desired energy and focus them to define GCIB 128, The
kinetic energy of the cluster ions in GCIB 128 typically ranges from about 1000 electron
vaolis (1 keV) to several tens of keV. For example, GCIB 128 can be accelerated to 1 1o
100 keV.
f00831  Asillustrated in FIG. B, the beam electronics 130 further include an anode
power supply 134 that provides voltage Vs o an anode of ionizer 122 for accslerating
glectrons emitted from ionizer filament 124 and causing the elecirons to bombard the
gas clusters in gas cluster beam 118, which produces cluster ions.
[0084]  Additionally, as lllustraled in FIG, 5, the beam glectronics 130 include an
exiraction power supply 138 that provides voliage Ver to bias at ieast one of the high
voltage electrodes 128 to exiract ions from the ionizing region of lonizer 122 and o
form the GCIB 128. For example, exiraction power supply 138 provides a voltage to a
first lectrode of the high voltage elecirodes 126 that is less than or equal {o the anode
voltage of ionizer 122.
{085} Furthermors, the beam electronics 130 can include an accelerator power
supply 140 that provides vollage Vacc 10 bias one of the high voliage slectrodes 126
with respect o the ionizer 122 50 as to result in a total GCIB acceleration energy equal
o about Vace e%@ﬁmn volts (eV). For exampie, acceterator power supply 140 provides
a voltage 1o a second electrode of the high voliage electrodes 126 that is less than or
aqual to the anode voliage of ionizer 122 and the extraction voltage of the first
electrode.
{6088]  Further yel, the beam electronics 130 can include lens power supplies 142,
144 thal may be provided {o bias some of the high voltage electrodes 126 with
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potentials (e.qg., Vs and Viz) to focus the GCIB 128. For example, lens powsr supply
142 can provide a voltage to a third electrode of the high voltage elecirodes 126 that is
less than or equal fo the anode voltage of ionizer 122, the extraction voliage of the first
electrode, and the accelerator voitage of the second electrode, and lens power supply
144 can provide a voltage o a fourth electrode of the high vollage electrodes 128 that
is less than or egual to the anode vollage of ionizer 122, the extraction voltage of the
first electrode, the accslerator voltage of the second electrode, and the first lens voltage
of the third electrode.

08871  Note that many variants on both the lonization and exiraction schemes may
be used. While the scheme described here is useful for purposes of instruction,
ancther exiraction scheme involves placing the ionizer and the first element of the
axiraction electrode(s) (or extraction optics) at Vace. This typically requires fiber oplic
programming of control voltages for the lonizer power supply, but creates a simpler
overall optics train. The invention described herein is useful regardless of the detalls of
the ionizer and extraction lens biasing.

60881 A beam filter 146 in the ionization/acceleration chamber 108 downstream of
the high voltage electrodes 126 can be utilized to eliminate monomers, or monomers
and light cluster ions from the GCIB 128 to define a filterad process GCIB 128A that
enters the processing chamber 108, in one embodiment, the beam filter 148
substantialiy reduces the number of clusters having 100 or less aloms or molecules or
both. The beam filler may comprise a magnet assembly for imposing a magnetic field
across the GCIB 128 o aid in the filtering process.

{00831  Referring siili to FIG. B, a beam gate 148 is disposed in the path of GCIB 128
in the ionization/acceieration chamber 106, Beam gale 148 has an open staie in which
the GCIB 128 is permitled 1o pass from the ionization/acceleration chamber 1086 {o the
processing chamber 108 to define process GCIB 128A, and a closed state in which the
GCIR 128 is blocked from entering the processing chamber 108. A control cable
conducts control signals from control system 190 to beam gate 148. The control
signals controiiably switch beam gate 148 between the open or closed states.

(60801 A workpiece 152, which may be a wafer or semiconductor wafer, a flat pane!
display (FPD), a liguid crystal display (LCD), or other workpiece to be processed by
GCIB processing, is disposed in the path of the process GCIB 128A in the processing
chamber 108. Because most applications contemnplate the processing of large
workpieces with spatially uniform results, a scanning system may be desirable to
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uniformily scan the process GCIB 128A across large areas o produce spatially
homogenasous results.

60911 An Xescan aciuaior 160 provides Bnear motion of the workpiecs holder 150 in
the direction of X-scan motion {into and out of the plane of the paper). A Y-scan
actuator 162 provides linear motion of the workpiece holder 150 in the direction of
Y-scan motion 164, which is typically orthogonal to the X-scan motion. The
combination of X-scanning and Y-scanning motions transiates the workpisce 152, held
by the workpiece holder 150, in a raster-like scanning motion through process GCIB
128A to cause a uniform {or otherwise programmed) irradiation of a surface of the
workpiece 152 by the process GCIB 128A for processing of the workpiece 152,

{80821 The workpiecs holder 150 digposes the workpiece 152 at an angle with
respect to the axis of the process GCIB 128A so that the process GCIB 128A has an
angle of beam incidence 166 wilh respect fo a workpiece 152 surface. The angle of
beam incidence 168 may be 90 degrees or some other angle, but is typically 90
degrees or near 80 degrees. During Y-scanning, the workpiece 152 and the workpiece
hoider 180 move from the shown position to the alternate position "A" indicated by the
designators 152A and 150A, respectively. Notics that in moving between the two
positions, the workpiece 152 is scanned through the process GCIB 1284, and in both
extreme positicns, is moved completely out of the path of the process GCIB 128A
{over-scanned). Though not shown explicitly in FIG. 5, similar scanning and over-scan
is performed in the (typically) orthogonal X-scan motion direction {in and out of the
ptane of the paper).

{00931 A beam current sensor 180 may be disposed beyond the workpiece holder
150 in the path of the process GCIB 128A so a8 to intercept a sample of the procass
GCIB 128A when the workpiecs holdar 150 is scanned out of the path of the process
GCIB 128A. The bearm current sensor 180 is typically a Faraday cup or the like, closed
except for a beam-eniry opening, and is typically affixed to the wall of the vacuum
vessel 102 with an electrically insulating mount 182.

(60941  As shown in FIG. 5, conirol system 180 connects to the Xe-scan actuator 160
and the Y-scan actuator 162 through slectrical cable and controls the X-scan actuator
160 and the Y-scan actuator 162 in order to place the workpiece 152 info or out of the
process GCIB 128A and to scan the workplece 152 uniformly relative 1o the process
GCIB 128A to achieve desired processing of the workpiece 152 by the process GCIB
128A, Controf system 190 receives the sampied beam current collected by the beam
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current sensor 180 by way of an electrical cable and, thereby, moniiors the GCIB and
controls the GCIR dose received by the workpisce 152 by removing the workpiece 152
from the process GCIB 128A when a predetermined dose has been deliverad.

{00851  In the embodiment shown in FIG. 6, the GCIB processing system 100" can be

(¥4

similar to the embodiment of FIG. § and further comprise a X-Y pesitioning table 283
operable to hold and move a workpiece 252 in two axes, effectively scanning the
workpiece 252 relative to the process GCIB 1284, For example, the X-motion can
include motion into and out of the plane of the paper, and the Y-motion ¢an include
motion along direction 264.

10 [0088] The process GCIB 128A impacts the workpiece 2572 at a projected impact
region 286 on a surface of the workpisce 252, and at an angle of beam incidence 286
with respect {0 the surface of workpiece 252. By X-Y motion, the X-Y positioning table
253 can posttion each portion of a surface of the workpiece 252 in the path of process
GCIB 128A-50 that every region of the surface may be made {0 coincide with the

15 projected impact region 288 for processing by the process GOIB 128A. An X-Y
controller 262 provides electrical signals to the X-Y positioning table 253 through an
electrical cabie for controliing the position and velocity in sach of X-axis and Y-axis
directions. The X-Y controller 262 recelves control signals from, and is operable by,
control sysiem 180 through an slectrical cable. X-Y positioning fable 253 moves by

20 coniinuous motion or by stepwise motion according o conventional X-Y table
positicning technology o position different regions of the workpiece 262 within the
projected impact region 288. In one embaodiment, X-Y positioning table 253 is
programmably aperable by the control system 190 to scan, with programmable velocity,
any portion of the workpiece 252 through the projected impact region 286 for GCIB

25 processing by the process GCIB 128A.

{60871 The workpiece holding surface 254 of positioning table 253 is electrically

conductive and is connected fo a dosimetry processor operated by control system 180.

An electrically insulating layer 255 of positioning fable 253 isolates the workpiecs 252

and workpiece holding surface 254 from the base portion 2680 of the positioning table

(o]
i)

2583, Electrical charge induced in the workplece 252 by the impinging process GCIB
1284 is conducted through workpiece 252 and workpiece holding surface 254, and a
signal is coupled through the positioning table 253 to control system 190 for dosimetry
measurement. Dosimetry measurement has integrating means for integrating the GCIB
current to determine a GCIB processing dose. Under certain circumstances, a target-
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neutralizing source {not shown) of electrons, sometlimes referrad o as slectron flcod,
may be used to neutralize the process GCIB 128A. In such case, a Faraday cup (not
shown, but which may be similar fo beam current sensor 180 in FIG. 5) may be used o
assure accurate dosimelry despite the added source of elecirical charge, the reason
being that typical Faraday cups allow only the high energy positive ions to enter and be
measurad.

(0098}  In operation, the control system 180 signals the opening of the beam gate
148 to irradiate the workplece 282 with the procsss GCIB 128A. The control system
180 maonitors measurements of the GCIB current collected by the workpiece 252 in
order to compute the accumulated dose received by the workplece 252. When the
dose received by the workpiece 252 reaches a predeterminad dose, the control system
190 closes the beam gate 148 and processing of the workpiece 252 is complete.
Based upon measurements of the GCIB dose received for 3 given area of the
workpiece 252, the control system 180 can adjust the scan velocity in order to achieve
an appropriate beam dwell ime to treat different regions of the workplece 252,

{00881 Alternatively, the process GGIB 128A may be scanned at a constant velocity
in a fixed pattern across the surface of the workpieces 252; however, the GCIB intensity
is modulated (may be referred to as Z-axis modulation) to deliver an intentionally non-
uniform dose to the sample. The GCIB intensity may be modulated in the GCIB
processing systerm 100 by any of a varisly of methods, including varying the gas flow
from a GCIB source supply; modulating the ionizer 122 by either varying a filament
voltage Ve or varying an anode voltage Va, modulating the lens focus by varying lens
voltages Vi andfor Vi or mechanically blocking a portion of the GCIB with a variable
beam block, adjustable shutter, or variable aperture. The modulating variations may be
continuous analog variations or may be time modulated switching or gating.

(301081  The processing chamber 108 may further include an in-situ melrology
system. For example, the in-situ mefrology system may include an oplical diagnostic
system having an opticat fransmitter 280 and oplical receiver 282 configured {o
Hluminate workpiece 252 with an incident oplical signal 284 and to recsive a scatierad
optical signal 288 from waorkplece 252, respectively, The optical diagnostic system
comprises opticad windows to permit the passage of the incident optical signat 284 and
the scatiersd opticai signal 288 into and out of the procsssing chamber 108.
Furthermore, the oplical transmitter 280 and the optical receiver 282 may comprise
fransrnitling and receiving optics, respectively. The optical iransmitter 280 receives,
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and is responsive to, controlling electrical signals from the control system 180. The
optical recelver 282 returns measuremant signals to the control system 180.
o101 The in-situ metrology systermn may comprise any instrument configured fo
monitor the progress of the GCIB processing. According to one embodiment, the in-situ
metrology system may constitute an aplical scatterometry system. The scalferometry
system may include a scatterometer, incorporating beam profile sllipsometry
{eliipsometer) and beam profite reflectometry (reflectometer), commercially available
from Therma-Wave, Inc. (1250 Reliance Way, Fremont, CA 94538 or Nanomelrics,
ino. (1850 Buckeye Drive, Milpitas, CA 95035).
{84102] Forinstance, the in-situ melrology system may include an integrated Ogptical
Digital Profilometry ({0DP) scatterometry module configured to measurs process
performance dala resuiting from the sxecution of a treatment process in the GCIB
processing systemn 100, The metrclogy system may, for example, measurs or monitor
metrology data resuiting from the treatment process. The metrology data can, for
exampla, be utiliized to determine process performance data that characterizes the
treatment process, such as a process rate, a relative process rate, a feature profile
angle, a critical dimension, a fealure thickness or depth, a feature shape, sic. For
axample, in a process for directionally depositing material on a workpiece, process
performance data can include a critical dimension (CD), such as a top, middie or
bottorm CD in a feature (i.e., via, ling, etc.), a Tealure depth, a material thickness, a
sidewall angle, a sidewali shape, a deposition rate, a relative deposition rate, a spatial
disiribution of any parameter thereof, a parameter to characterize the uniformity of any
spatial distribution thereof, stc. Operating the X-Y positioning table 253 via control
signals from conirol system 180, the in-silu metrology system can map oneg or more
characteristics of the workpiece 252,
[00103]  in the embodiment shown in FIG. 7, the GCIB processing system 1007 can
be similar {0 the embodiment of FIG. 5 and further comprise a pressure ceil chamber
350 positioned, for example, at or near an outlet region of the ionization/acesleration
chamber 108. The pressure cell chamber 350 comprises an inert gas source 352
configured fo supply a background gas to the pressure cell chamber 350 for elevating
the pressure in the pressure cell chamber 350, and a pressure sensor 354 configured
{0 measure the alevated pressurs in the pressure celi chamber 350.
[B0104] The pressure cell chamber 350 may be configured to modify the beam
snergy distribution of GCIB 128 o produce a modified processing GCIB 128A° This
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modification of the beam energy distribution is achieved by directing GCIB 128 along &
GCIB path through an increased prassurs region within the pressure cell chamber 358
such that af least a portion of the GCIB traverses the increased pressure region. The
extent of modification to the beam energy disiribution may be characterized by a
pressure-distance integral along the at ieast a portion of the GCIB path, where distance
{or length of the pressure cell chamber 350} is indicated by path length (d). When the
value of the pressure-distance integral is increased (either by increasing the pressure
and/or the path length {d}), the beam energy distribution is broadenad and the peak
energy Is decraased. When the value of the pressure-distance integral is decreased
{either by decreasing the pressure and/or the path length (d}), the beam energy
distribution is narrowed and the peak energy is increased. Further details for the
design of a pressure cell may be determined from U.S. Patent No. 7,060,889, entitled
“Meathod and apparatus for improved processing with & gas-cluster ion beam”; the
content of which is incorporated herein by reference in its entirety.
[801851 Conirol sysiem 190 comprises a microprocessor, memory, and a digital YO
port capable of generating control voltages sufficient o communicate and aclivaie
inputs to GCIB processing system 100 {or 100", 1007}, as well as monifor outputs from
GCIB processing system 100 {or 100, 100"). Moreover, control system 180 can be
coupled to and can exchange information with vacuum pumping systems 170A, 1708,
and 1700, first gas source 111, second gas source 112, first gas control valve 1134,
second gas confrol valve 1138, beam elecironics 130, beam filter 148, beam gate 148,
the X-scan actuator 160, the Y-scan actuator 182, and beam current sensor 180. For
axample, a program stored in the memory can be ulilized o activate the inpuits lo the
aforementioned components of GCIB processing system 100 according to a process
racipe in order to perform a GCIB process on workpiece 152,
[00108] However, the control system 180 may be implemented as a general purpose
computer system that performs a portion or all of the microprocessor based processing
steps of the invention in response 10 a processor execuling one or more sequences of
one or more instructions contained in a memory. Such instructions may be read info
the controfler memory from ancther computer readable medium, such as a hard disk or
a removable media drive. One or more processors in a mulli-processing arangement
may also be employed as the controfier microprocessor to execute the sequences of
instructions contained in main memaory. In altermative embodiments, hard-wired
circuitry may be used in place of or in combination with software instructions. Thus,
25
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embodiments are not fimited to any spesific combination of hardware circuilry and
sofiwars.

801071 The control system 190 can be used 1o configure any number of processing
slements, as described above, and the control system 194 can collect, provide,

5 process, store, and display data from processing elemenis. The control system 180
can include a number of applications, as well as a number of controliers, for controlling
ore or more of the processing elements. For example, control system 180 can include
a graphic user interface (GU} component (not shown) that can provide interfaces that
enable a user to monttor and/or control one or more processing elements.,

16 {B80108] Control system 190 can be locailly located relative to the GCIB processing
system 100 (or 100, 1060"), or it can be remotely localed ralative 1o the GCIB
processing system 100 (or 100, 100"). For example, conirol sysiem 190 can exchange
data with GCIB processing system 100 using a direct connection, an intranet, and/or
the Internet. Conirol system 180 can be coupled o an intrangt ai, for example,

15 customer site (i.s., a device maker, etc.), or it can be coupled t© an intranet at. Tor
example, a vendor site {i.e., an eguipment manufacturer). Alternatively or additionally,
sontrol system 180 can be coupled to the internet. Furthermore, another compier
{i.e., controller, server, eto.) can access control system 180 1o exchange data via a
direct connection, an intranet, and/or the Internet.

20 [00148] Workplece 182 (or 252) can be affixed (o the workpiece holder 150 {or
workpiece holder 250) via a clamping system (not shown), such as a mechanical
clamping system or an electrical clamping systent {e.g., an electrostatic clamping
system). Furthermore, workpiece holder 180 (or 25C; can include a healing system

not shown) or a codling system (not shown) that is configured o adiust and/or conirol
G 8y .

]
L

the temperature of workpiece holder 150 {or 250} and workpiece 152 {or 252},

{00110]  Vacuum purping systems 1704, 1708, and 170C can inciude turbo-
moiecular vacuurm pumps (TMP) capabis of pumping speeds up to about 5000 liters
per second {(and greater) and a gate valve for throttling the chamber pressure. In
conventional vacuum processing devices, 2 1000 to 3000 liter per second TMP ¢an be
30 employed. TMPs are useful for low pressure processing, typically tess than about 50
mTorr. Although not shown, it may be understood that pressure cell chamber 350 may
also include 2 vacuum pumping system. Furthermore, a device for monitoring chamber

pressure (not shown) can be coupled to the vacuum vesssl 102 or any of the three
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vacuum chambers 104, 108, 108. The pressure-measuring device can be, for example,
a capacitance manomaeter of ionization gauge.

[60111] Refering now o FIG. B, a saction 300 of an ionizer (122, FIGS. 8, 6 and 7)
for ionizing a gas cluster jet {gas cluster beam 118, FIGS. 5, 6 and 7} is shown. The

(941

section 300 is narmal to the axis of GCIB 128, For typical gas cluster sizes {2000 to
15000 atoms), clusters leaving the gas sidimmer (120, FIGS. §, 6 and 7) and entering
an ionizer (122, FIGS. B, 6 and 7} will fravel with a kinetic energy of about 130 to 1000
elgctron volis {(eV). Al these low snergies, any departure from space charge neutrality
within the fonizer 122 wili resuit in a rapid dispersion of the jet with a significant loss of
10 beam current. FIG. 8 illustrates a self-neutralizing ionizer. Ag with other fonizars, gas
clusters are ionized by electron impact. In this design, thermo-elactrons {seven
sxamples indicated by 310) are emiited from muitiple linear thermionic filaments 302a,
302b, and 30Z¢ (typically tungsten) and are extracted and focused by the action of
suitable electric fields provided by slectron-repelier electrodes 306a, 306k, and 306¢
15 and beam-forming electrodes 304a, 304b, and 304c. Thermo-electrons 310 pass
through the gas cluster jet and the et axis and then strike the opposite beam-forming
aiectrode 304b to produce iow energy secondary electrons (312, 314, and 318
indicated for examples).
081121 Though {for simplicity) not shown, finear thermionic filaments 302b and 30Zc
2 also produce thermo-slectrons that subsequently produce low energy secondary
slectrons. All the secondary electrons help ensure that the lonized cluster jef remains
space charge neutral by providing low snergy slectrons that can be attracted into the
posifively ionized gas clusier jet as required to maintain space charge neulrality.
Beam-forming electrodes 304a, 304b, and 304c¢ are biased positively with respect i
25 linear thermionic fitameants 302z, 302b, and 302¢ and electron-repetler electrodes 3063,
308k, and 306¢ are negatively blased with respect o linear thermionic filaments 302z,
302b, and 302¢. Insulators 308a, 308b, 308¢, 3084, 308e, and 3081 electrically insulats
and support elecirodes 304a, 304b, 304¢, 3063, 308h. and 306c. For exampile, this
self-neutralizing ionizer is effective and achieves over 1000 micro Amps argon GCiBs.
30 [B0113]  Allernatively, ionizers may use electron exiraction from plasma o ionize
clusters. The geometry of these lonizers is quile different from the three filament
ionizer described above but the principles of operation and the ionizer conirol are very
similar. Referring now to FIG. 8, a section 400 of an lonizer (122, FiIG3S8. 5, §and 7) for
ionizing a gas cluster jet (gas cluster beam 118, FIGS. 5, 6 and 7} is shown. The
27 ‘
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section 400 is normal o the axis of GCIB 128. For typical gas cluster sizes (2000 o
15000 atoms), clusters leaving the gas skimmer (120, FIGS. 5, 8 and 7) and entering
an ionizer (122, FIGS. 5, 6 and 7) will travel with a kinetic energy of about 130 to 1000
electron volis {(2V). At these low energies, any departure from space charge neutrality
within the lonizer 122 will result in a rapid dispersion of the jet with a significant loss of
beam current, FIG. U illustrates a self-nautralizing ionizer. As with other lonizers, gas
clusters are jonized by electron impact.

001141 The lonizer includes an array of thin rod anode slectrodes 452 that is
supported and elecirically connecited by a support plate (nof shown). The array of thin
rod anode elscirodes 452 is substantially concentric with the axis of the gas cluster
beam (e.g., gas cluster beam 118, FIGS. 5, 6 and 7). The ionizer also includes an
array of thin rad electron-repeller rods 458 that is supported and electrically connected
by another support plate (not shown}). The array of thin rod electron-repelier electrodes
458 is substantiaily concentric with the axis of the gas cluster beam (s.q., gas cluster
beam 118, FIGS. §, 6 and 7). The lonizer further includes an array of thin rod ion-
repelier rods 464 that is supported and electrically connected by vet another support
plate {not shown). The array of thin rod lon-repeller slectrodes 464 is subsiantially
concentric with the axis of the gas cluster beam {(e.g., gas cluster beam 118, FIGS. 5, 8
and 7).

[80118] Energelic glectrons are supplied {0 a beam region 444 from a plasma
electron source 470. The plasma electron source 470 comprises a plasma chamber
472 within which plasma is formed in plasma region 442. The plasma electron source
470 further comprises a thermionic filament 476, a gas entry aperture 426, and a
plurality of exdraction aperfures 480. The thermionic filament 4786 is insulated from the
plasma chamber 470 via insulaior 477, As an exampie, the thermionic filament 478
may include a fungsten filarment having one-and-a-haif wms in a “pigtail” configuration.
[00116] The section 400 of the gas cluster ionizer comprises an electron-acceleration
slectrode 488 having plural apertures 482, Additionally, the section 400 comprises an
electron-daecsleration elsctrode 480 having plural apertures 484, The plural aperiures
482, the plural aperiures 484, and the plural exiraction aperiures 480 are all aligned
from the plasma region 442 to the beam region 444,

001171 Plasma forming gas, such as a noble gas, is admitted 1o the plasma chamber
472 through gas enfry aperture 426. An insulale gas feed line 422 provides
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pressurized plasma forming gas 1o a remotely confrollable gas valve 424 that requlates
the admission of plasma forming gas to the plasma chamber 472.
001181 A flament power supply 408 provides filament voltage (Vr) for driving current
through thermionic filament 476 to stimulate thermo-electron emission. Filament power
supply 408 controliably provides about 140 10 200 A {amps) at 2 to § V {volts). An arc
power supply 410 controllably provides an arc voltage (V,) o bias the plasma chamber
472 positive with respect fo the thermionic filament 478, Arc power supply 410 is
typicaily operated at a fixed voltage, typically about 35 V, and provides means for
accelerating the electrons within the plasma chamber 472 for forming plasma. The
fitamant current is conirolied to regulate the arc current supplied by the arc power
supply 410. Arc power supply 410 is capable of providing up to § A arc current to the
plasma &rc.
1001191 Electron deceleration electrode 490 is biased positively with respect to the
plasma chamber 472 by aleciron bias power supply 412, Elsciron bias power supply
412 provides bias voltage {Va) that is controllably adjustable over the range of from 30
to 400 V. Electron acceleration electrode 488 is biased positively with respect {o
electron deceleration electrode 480 by electron extraction power supply 418. Electron
axtraction power supply 416 provides electron exiraction voltage (Vez) that is
_coniroiiabie in the range from 20 to 250 V. An acceleration power supply 420 supplies
acceleration voltage (Vacc) 10 bias the array of thin rod anode electrodes 452 and
siectron deceleration electrode 490 posilive with respect o earth ground. Vacc is the
accelerstion potential for gas cluster ions produced by the gas ciuster ionizer shown in
section 400 and is controllable and adjustable in the range from 1 to 100 kV. An
glectron repeller power supply 414 provides electron repeller bias voltage (Ver) for
biasing the array of thin rod electron-repeller slectrodes 458 nagative with respect to
Vaco. Ver is controllable in the rangs of from 50 {o 100 V. An lon repslier power supply
418 provides ion repelier blas voltage (Vir) to bias the array of thin rod ion-repeller
electrodes 464 positive with respect 0 Vace. Vi 18 controliable in the range of from 50
to 150 V.
[00120] A fiber optics controller 430 receives slectrical control signals on cable 434
and converts them o optical signals on confrol link 432 to control components
oparating at high potentials using signals from a grounded conirol system. The fiber
optics control link 432 conveys control signals to remotely controilable gas valve 424,
fitament powsr supply 408, arc power stpply 410, electron bias power supply 412,
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edsctron repeiler power supply 414, slectron exiraction power supply 418, and lon
repelier powear supply 418,

801211 For example, the lonizer design may be simitar to the ionizer described in
LS. Patent No. 7,173,252, entitled "lonizer and method for gas-cluster ion-beam
formation”; the content of which is incorporaled herein by reference in is entirely.
[O0122] The lonizer (122, FIGS. 5, 8 and 7) may be configured to modify the beam
energy distribution of GCIB 128 by allering the charge state of the GCIB 128. For
example, the charge state may be modified by adjusting an electron flux, an eleciron
energy, or an electron energy distribution for electrons utilized in electron collision-
induced fonization of gas clusters.

{60123 Although only cerlain embodiments of this invention have been described in
detail above, those skilled in the art will readily appreciate that many modifications are
possible in the embodiments without materially departing from the novel teachings and
advantages of this invention. Accordingly, all such modifications arg intended to be

inciuded within the scope of this invention.
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CLAIMS:

1. A method of modifying an upper laver of a workpiece using a gas cluster ion
beam (GCIB), the method comprising:
collecting parametric data relating to an upper layer of a workpiece, said

wh

parametric data including an inilial profile of a measurad atiribute of said upper laver
and at least one n™ order derivative of a spatial variation of said measured attribute,
wherein n is an integer greater than zero:
determining a predicted systematic error response for applying a GUIB to said
upper layer (o alter said initial profite of said measured attribute by using said
10 parametric data, including said at least one n” order derivative, as input to a pre-
esiablishaed, predictive model;
identifying a target profile of sald measured alliibute;
directing & gas cluster ionbeam (GCIB) foward said upper layer of said
workpiece; and
15 spatialty modulating an apglied property of said GCIB, based al least in parf on
said predicled sysiematic error response and said parametric data, as a function. of
position on said upper layer of said workpiece 1o achieve said target profile of said

measured aifribute,

20 2. The method of claim 1, wherein said measured attribute comprises a film
thickness, a surface roughness, a surface contamination, a feature depth, a trench
depth, a via depth, a feature width, a trench width, a via width, a critical dimension
{CDY), a surface roughness, or an electrical resistance, or any combination of two or

more thereof,

25
3. The method of claim 1, wherein said at least one 1™ order derivative of a
spatial variation of said measured atiribuie includes a first derivative of 2 spatial
variation of said measured atiribute on said workpiecs.
30 4. The method of claim 3, wherein said at least one 0™ order derivative of a

~spatial variation of said measured attribute further includas a second derivative of a

spatial variation of said measured atlribute on said workpiece.
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5. The method of claim 1, whersin said at least one n" order derivative of a
spatial variation of said measured attribute s computed al sach location said measured
atiribute of said upper layer is acquired using an interpolation algorithm, or a data fitting
algorithm, or a combination thereof,

6. The method of claim 1, further comprising:
computing correction data using said initial profile and said target profile for said
measured atlribute;
combining sald correction data with said predicted systematic error response to
10 create a predicted systematic srror-adjusted correction data; and
applying said predicted systematic enor-adjusted correction data 1o said
workpitece by spatially modulating said applied dose.

7. The method of claim 1, further comprising:
15 esiablishing said pre-established, predictive model by performing the following:
measuring representative parametric data including an inilia
representative profile of a representifive atiribute of an upper fayer and at least
one ' order derivative of a spatial variation of said representive attribute,
wherein #n is an integer greater than zerg;
20 establisihing a representative target profile;
computing representative correction data using said initiel representative
profile and said targst representative profile for said representative atiributs;
applying said representative correction data to said workplece by spatially
modulating an applied dose of a representative GCIR;

™2
(¥

comparing an actual representative profile with said target representative
profife to determineg a representative systematic error; and

correlating said representative systematic error with said represeniative
varametric data. '

30 8. The method of claim 7, wherein said correlating includes applying a ieast-
squares technique to sald representative parametric data and said representative
systematic error and formulating a funictional relationship between said represeniative
parametric data and said representative systematic error that minimizes a sum of the
squared residuals produced by saild functional relationship.
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Q. The method of claim 1, wherein said applied property of said GCIB includes a

beam dosa.

14. The method of claim 1. wherein said applied property of said GCIB includes
5 a2 beam dose, a beam area, a beam profile, a beam intensily, a beam scanning rale, or

a dwell time, or any combination of two or more thersof,

11. The methed of claim 1, wherein said GCIB performs an etch process, a
deposition process, a growth process, a smeoothing process, a doping process, @
10 modification process, or any combination of two or more thereof to achieve said target

protite.

12. The method of claim 1, further comprising:
repeating the steps of collecting, determining, identifying, directing, or spatially
15 medifying, or any combination of two or more thereof to further reduce & difference
between said target profile and an actual profile of said measured aftribute.

13. The method of claim 1, wherein said workpiece comprises a microslectronic

workpiece.

14. A procsssing system configured to perform location specific processing on a
workpiecs, comprising:
a GCIB processing system configured {o reat a workplece with a GCIB; and
a muiti-process controlier configured to:

25 receive parametric data relating 1o an upper layer of 8 workpiece, said
parametric data including an initial profile of a measured atiribule of said upper
laver and at least one n™ order derivative of a spatial variation of said measured
attribute, wherein nis an integer greater than zero;

determine a predicted systematic error response for applying said GCIB
36 to sald upper laver o alter said inilial profile of said measured attribute by using

" order derivative, as inputto a

said paramelric data, including said af lsast one 1
pre-established, predictive modsi;

identify a target profile of said measured attribute:

direct said GCIB toward said upper laver of said workplece; and
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spatially modulate an applied property of sald GCIB, based at least in part
on said predicied aystematic error response and said parametric dala, of said
GCIB as a function of posifion on sald upper tayer of said workpiece 1o achieve

said target profile of said measured atiribute.

3
15. The system of claim 14, further comprising:
a metrology system configured fo collect said parametiic data for ong or more
waorkpieces.

10 16. The method of claim 15, wherein sald metrology system comprises optical
digital profilometry (ODP). scatterometry, eflipsometry, reflectometry, interferometry, X-
ray flucrescence spectroscopy, scanning electron microscopy (SEM), tunneling electron
microscopy (TEM), atomic furce microscopy (AFM), or four-point probe sensing, or any
combination of two or more thereof,

15

17. The system of claim 14, wherein said GCIB processing system comprises a
vacuum enclosure, a gas or vapor source configured to produce a GGIB inside said
vacuun enciosure, and a workpiece holder configured 10 support said given workpiece
in sald vacuum enclosure.

20

18. The system of claim 17, wherein said gas or vapor source suppliss an inert
material or a reactive material relative to the materials exposed on said workpiece.

18, The system of claim 17, wherein said gas or vapor source supplies one or
25 more elements selected from the group consisting of B, C, H, &, Ge, N, P, As, O, §, F,
Gl and Br.

20. The system of claim 17, further comprising:
& scanner arranged within said vacuum snclosure {0 scan said workpiece holder
through said GCIB.

Led
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