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(57) ABSTRACT 
A method and apparatus for determining optical mask cor 
rections for photolithography. Aplurality of grating patterns 
is printed onto a Wafer utilizing a photomask having at least 
one grating. Each grating pattern Within the plurality of 
grating patterns is associated With knoWn photolithographic 
settings. Each grating pattern is illuminated independently 
With a light source, so that light is diffracted off each grating 
pattern. The diffracted light is measured utilizing scatterom 
etry techniques to determine measured diffracted values. The 
measured diffracted values are compared to values in a 
library to determine a pro?le match. A 2-dimensional pro?le 
description is assigned to each grating pattern based on the 
pro?le match. A database is compiled of the pro?le descrip 
tions for the plurality of grating patterns. Photomask design 
rules are then generated by accessing the database contain 
ing the 2-dimensional pro?le descriptions. In preferred 

(22) Filed: Jan. 29, 2001 embodiments, the design rules are used to create and correct 
masks containing OPC corrections, phase-shifting mask 

Publication Classi?cation corrections and binary masks. In a preferred embodiment the 
at least one grating is a bi-periodic grating. In a preferred 

(51) Int. Cl.7 ................................................... .. G01B 11/24 embodiment, the scatterometry technique is optical digital 
(52) US. Cl. .. ..... .. 356/603 pro?lometry utilizing a re?ectometer or ellipsometer. 
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METHOD AND APPARATUS FOR THE 
DETERMINATION OF MASK RULES USING 

SCATTEROMETRY 

[0001] This invention relates to integrated circuit fabrica 
tion and in particular to methods for producing precise 
photolithographic mask patterns. 

BACKGROUND OF THE INVENTION 

[0002] Computer chips or microcircuits are fabricated 
using a complex sequence of processing steps consisting of 
many individual pattern processing steps. As the semicon 
ductor industry continues to shrink the microcircuit designs 
to create faster microcircuits at loWer cost, the semiconduc 
tor manufacturing methods have become very complex. The 
pattern processing sequence typically consists of a photo 
lithographic process and a plasma etch process. Photolithog 
raphy is the process of creating a 3-dimensional image, 
using a photomask or reticle pattern, onto a suitable record 
ing media such as a photoresist ?lm on top of a semicon 
ductor substrate or silicon Wafer. The process is performed 
using a photolithographic exposure tool such as a stepper or 
scanner. Today it takes about 25 pattern processing steps or 
layers to build-up a modern semiconductor microcircuit. 

[0003] An example of a typical photolithographic expo 
sure sequence for the polysilicon gate layer of a typical 
semiconductor microprocessor might include the folloWing 
sequence of events: As shoWn in FIG. 1, Deep-ultraviolet 
light is passed through binary (chrome patterned glass) 
photomask 1 via projection (4x or 5x reduction) lens 24 so 
that it illuminates a layer of photoresist 2 at the proper 
de-magni?cation. After exposure the positive photoresist is 
sent through the ?nal feW steps of the photolithographic 
process and is developed out to form a 3-dimensional resist 
pattern on top of an antire?ective coating 26. The resulting 
resist pattern 4 is shoWn in FIG. 2A. (Antire?ective coating 
layer 26 is only shoWn in FIG. 1). The ?nal etch pattern 27, 
after etching and removal of the photoresist, is shoWn in 
FIG. 2B. 

[0004] Semiconductor manufacturers produce high qual 
ity and loWer cost microcircuits When the lithographic 
patterns etched into the semiconductor surface meet the 
intended physical design rule speci?cations. To meet this 
goal, each lithographic feature must have the proper critical 
dimension (CD), sideWall angle 0, and the proper height as 
determined by the design rules and pattern processing 
requirements (see FIG. 3). HoWever, most modern litho 
graphic and plasma etch processes—especially those Where 
the Width of the CDs on the photomask approaches the siZe 
of the exposure Wavelength—are very dif?cult to control in 
practice. The lithographic and ?nal etch speci?cations 
depend on the microcircuit design and the fabrication pro 
cess and the methods used to control them. As microcircuit 
patterns become smaller the speci?cations have become 
very dif?cult to meet—thus process yields suffer driving 
margins loWer. Today, researchers are developing neW tech 
niques in an attempt to improve the process. KnoWn tech 
niques include Wavefront engineering (such as optical prox 
imity correction (OPC) and the use of phase shift mask 
(PSM)) and the metrology used to measure the performance 
of these optical enhancements. 

OptimiZing the Resist and Final Etch Patterns 

[0005] In very general terms the design engineer, optical 
scientist, and process engineer are interested in tWo main 
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characteristics of the lithographic features, the feature siZe 
called the critical dimension (CD) and the overall 2-D 
cross-sectional shape of the resist or etched features. For 
reasons of yield, device performance and functionality, a 
process that is capable of producing ?ne lines at all relevant 
pitches With the proper 2-D pro?le is highly desirable. While 
it may be possible to design a photolithographic and etch 
process for one particular lithographic feature (for example, 
100 nm CD With a 200 nm pitch), in practice one is almost 
alWays forced to design photolithographic and etch pro 
cesses for more complex situations. For example, the pho 
tomasks for most polysilicon gate layers usually contain a 
very complex array of patterned lines of similar CDs With 
various pitches. It should be noted that isolated features 
(Where the pitch is much greater than the CD) act optically 
very different as compared to dense features (Where the CD 
is nearly equal to the pitch)—this translates into different 
lithographic performance. For the same exposure dose, 
isolated features tend to have smaller CDs as compared to 
dense features. This asymmetry causes problems. Today, 
optical scientists are continuously trying to improve the 
manufacturability of these dif?cult semiconductor processes 
by using Wavefront engineering techniques, such as OPC 
and PSM, and complex electromagnetic simulator computer 
programs to modify the photomask design and improve the 
quality of the microcircuit. 

[0006] Mask 1, as shoWn in FIG. 1, is knoWn as a binary 
mask in that the patterned area is either clear or opaque. 
Light from the photolithographic exposure tool diffracts as 
it passes through the clear regions 10 just prior to being 
imaged by the projection lens. The opaque regions 11 block 
the remaining portions of the light source. The creation of 
this photomask is not a perfect process and the CDs on the 
photomask are themselves a source of problems for the 
optical scientist and process engineer. In fact, as the feature 
siZe on the photomasks continues to shrink the process 
sensitivity to photomask error increases. This effect is 
knoWn as mask error factor and is another area of concern 

(see for example, “Understanding Mask Error Factor For 
Sub-.18 um Lithography” ARCH Microlithography Sympo 
sium Proceedings Nov. 5-7, 2000). OPC and PSM tech 
niques have been created to address these issues as Well. 

[0007] Finally, as semiconductor manufacturers have con 
tinued to decrease the CD, diffraction effects at the mask 
have made it very dif?cult to maintain vertical resist patterns 
(see for example, the book edited by P. Rai-Choudhury 
Microlithography Micromachining and Microfabrication, 
SPIE press, 1997). The challenge of semiconductor manu 
factures has been to create robust processes that can print 
very small lines With dramatically different pitch character 
istics. Here robust process means—a patterning process that 
can produce the desired CDs and side Wall angles (typically 
>80 degrees) for each feature type over a Wide range of 
process conditions. FIG. 3 shoWs a resist pro?le With an 
ideal side Wall angle of approximately 90 degrees. For most 
processes layers (such as polygate layers, metal layers, 
contact layers etc.,) the process engineer is typically most 
concerned With the folloWing process variables: exposure, 
focus, post exposure bake temperature, post exposure bake 
time, develop time and resist thickness. In practice these 
variables are not held constant and change constantly due to 
systematic and random ?uctuations of the processing equip 
ment. For example, a slight change in focus of say 0.1 um 
may change the CD of a given feature by 5 nm. It therefore 



US 2002/0131055 A1 

is desirable to implement control techniques that produce 
lithographic processes that are less sensitive to changes in 
the process variables and create features that act similarly in 
a lithographic sense. 

[0008] OPC is a neW but fairly Well knoWn method of 
selectively altering the patterns on a mask in order to more 
exactly obtain the desired printed patterns in the photoresist 
by modifying the diffracted light pattern (a good discussion 
of these techniques and examples can be found in the book 
by P. Rai-Choudhury “Microlithography, Micromachining 
and Microfabrication” SPIE press, 1997). As shoWn in FIG. 
4, the pattern on mask 15 has been altered by adding OPC 
lines 16. In addition, OPC techniques have been shoWn to 
create more robust lithographic processes (in the sense 
mentioned above) by creating photomask features that are 
less sensitive to process variations. 

[0009] FIG. 5 shoWs phase-shifting mask 17. Phase-shift 
ing mask 17 is a mask that contains a spatial variation not 
only in intensity transmittance but phase transmittance as 
Well. Phase-shifting mask 17 has clear regions 18 and 20 that 
produce a half Wave phase shift in the light transmitted 
through the clear portions of mask 17. 

[0010] It is also possible to fabricate a mask that combines 
the features shoWn in FIGS. 4 and 5. For example, FIG. 6 
shoWs mask 22 that includes both OPC lines 21 and phase 
shifting features 23. Thus, With the use of a mask that has 
optical correction features similar to those shoWn in FIGS. 
4-6, improved resist patterns With tight CD and good shape, 
similar to that shoWn in FIG. 3 can be obtained. HoWever, 
a challenge has been to knoW When and to What degree OPC 
corrections and phase-shifting corrections should be utiliZed 
When designing a mask. 

[0011] For example, an optical engineer may Want to print 
pattern 25 (as shoWn in FIG. 7) into a layer of photoresist— 
it consists of one fairly isolated group of features and one 
dense group of features. The designer realiZes that using his 
existing photolithographic process he cannot print the tWo 
lines at the same time (for the same exposure conditions his 
dense lines print larger than his isolated lines). So, in order 
to design a photomask that results in the pattern shoWn in 
FIG. 7, the photomask should possibly include some optical 
proximity corrections of the type shoWn in FIG. 8. There are 
currently several companies or vendors marketing OPC 
technology such as; ASML MaskTools, Inc., SigmaCad, Inc. 
and Numerical Technologies, Inc. These companies offer 
softWare (MASKRIGGER, registered trademark of ASML 
MaskTools), hardWare (LINESWEEPER registered trade 
mark of ASML MaskTools Inc.) and electromagnetic simu 
lation solutions (SOLID-C registered trademark of Sig 
maCad) that can be used to generate a set softWare 
instructions that automatically adds OPC corrections to any 
given photomask design depending on the features of that 
design. Some of the corrections (or rules) that need to be 
considered are; determining the siZe of the sub-resolution or 
assist features, the position of the features, the length of the 
features, the amount of line biasing that might be needed for 
each relevant photomask feature and determining Which 
lines actually need correction. Typically, most of these OPC 
rules are determined using complex lithographic simulation 
softWare that can reasonably predict the behavior of any 
given lithographic process once the lithographic process 
variables are knoWn (most vendors recommend providing 
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them With the folloWing process parameters; critical dimen 
sions, relevant pitches, focus, exposure, resist type and 
thickness, temperature, numerical aperture and partial coher 
ence to name a feW.) For example, based on these inputs, 
ASML MaskTools Inc. can use a lithographic computer 
simulator to generate a starting set of OPC corrections. Even 
so, most OPC vendors still prefer that a test mask, one that 
incorporates many different optical corrections be printed on 
several resist coated semiconductor Wafers in order to physi 
cally verify the performance of the various OCP corrections 
under unique processing conditions. Some of these Wafers 
are sent to ?nal etch and some are sent for a destructive 
cross-section CD SEM measurement to determine Which 
rules are the really best. This is the most time consuming and 
expensive part of the technique. FIG. 8 shoWs a typical OPC 
photomask 73—something that might be produced by using 
the methods and techniques mentioned above. OPC mask 73 
has lines 72 and OPC lines 74. If used in accordance With the 
input parameters, OPC mask 73 Will result in the proper 
reproduction of the isolated and dense patterns shoWn in 
FIG. 7—each pattern, and resulting pro?le Will be in 
speci?cation over a very large range in process conditions 
(before and after etch) as compared to the photomask 
Without OPC corrections. 

[0012] In order for the techniques mentioned above to 
Work properly a database must be compiled representing a 
Wide variety of input conditions and parameters. This data 
base is acquired by utiliZing an OPC test mask or other 
photomask and collecting digital or other information con 
cerning the cross-sectional shape or pro?les of the photore 
sist and etched features under different sets of processing 
conditions. 

[0013] Currently, ASML Masktools Inc. Will provide to its 
customer a test mask called a LINESWEEPER reticle 

(LINESWEEPER is a registered trademark of ASML Mask 
Tools Inc.) and ask that the customer print a Wafer utiliZing 
the test mask. The test mask that is provided to the customer 
Will contain various optical correction features, such as the 
OPC features and possibly phase-shifting features as 
described above. 

[0014] FIG. 9 shoWs a typical OPC test mask 30. Test 
pattern area 36 contains an array of various test patterns, 
such as a serif siZe and placement test and vertical line 
spacing test. Each of these test patterns may include OPC 
rules or phase-shifting mask rules. 

[0015] FIG. 9 also shoWs a critical dimensional—scan 
ning electron microscope (CD-SEM) cross-section test area 
35. The CD-SEM cross-section test area 35 has ?ve groups 
40-44. The groups 40-44 are each separated by approxi 
mately 20 microns at Wafer level (assuming a 4x reduction 
system.) Each group 40-44 has 130 measurement structures 
38 for a total of 650 (5x130) measurement structures per die. 
Each measurement structure 38 has ?ve lines 39 that are 
each approximately 2.5 mm long When projected onto the 
Wafer (FIG. 10). Measurement structures 38 are separated 
by approximately 20 microns. 

[0016] Groups 40-44 have lines 39 that have varying 
lineWidths. For example, lines 39 in group 40 (FIG. 10) 
have a lineWidth of approximately 0.16 microns. Lines 39 in 
group 41 (FIG. 11) are slightly Wider With lineWidths or 
CDs of approximately 0.18 microns. LikeWise, the lin 
eWidths in group 42 are approximately 0.20 microns, the 
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lineWidths in group 43 are approximately 0.22 microns, and 
the lineWidths in group 44 are approximately 0.24 microns. 

[0017] Within each group 40-44, line 39 separations (i.e., 
the distance betWeen adjacent lines 39) vary from approxi 
mately 0.28 microns to 1.50 microns. As shoWn in FIGS. 10 
and 11, OPC lines 45 are located adjacent to lines 39 at 
varying distances. 

[0018] In order to build a set of OPC or PSM rules that 
allow the customer to create a semiconductor process With 
a large overlapping process WindoW (i.e., Where the isolated 
and dense features printed Within speci?cation over a Wide 
variety of process conditions) test mask 30 (FIG. 9) is 
printed under a variety of processing conditions. FIG. 12 
shoWs an example in Which a customer utiliZing test mask 30 
has printed a 10x10 Focus Exposure Matrix 52 on photo 
resist covered 300 mm Wafer 50. Within matrix 52 there are 
100 print areas 54 that are each approximately 25 mm><25 
mm. Within each print area 54, there is a printed test pattern 
area 56 and a printed cross section area 55. Printed test 
pattern area 56 corresponds to test pattern area 36 on mask 
30 and printed cross section area 55 corresponds to cross 
section test area 35 on mask 30. 

[0019] In the example shoWn in FIG. 12, for each print 
area 54 focus increases from left to right and exposure 
increases from top to bottom. Hence, Within matrix 52, there 
are 100 test cases, each having a unique focus and exposure 
setting. 

[0020] As shoWn in FIGS. 13 and 14A, after Wafer 50 has 
been printed and sent through the ?nal feW steps of the 
photolithographic process resist lines 60 are left on poly 
silicon layer 62. FIG. 13 shoWs a top vieW of lines 60 and 
FIG. 14A shoWs a cross-section vieW of lines 60 on poly 
silicon layer 62. Resist lines 60 correspond to lines 39 of 
mask 30 shoWn in FIGS. 10 and 11. LikeWise, lines 61 
etched in polysilicon layer 62 (FIG. 14B) correspond to 
lines 39 of mask 30 shoWn in FIGS. 10 and 11 after 
polysilicon layer 62 has been etched aWay (except for the 
portion covered by photoresist lines 60). Lines 61 are 
examined With a SEM and cross-section SEM (or Atomic 
Force Microscope) and the results are recorded. 

Compiling the Rules—A Simple Example 

[0021] After obtaining the results shoWn in FIG. 14A and 
FIG. 14B, the results are stored in a computer database so 
that they are accessible by ASML MaskTools Inc. for ?nal 
OPC evaluation. For the example shoWn in FIG. 7, the 
customer is designing a photomask that requires printing 
both isolated and dense features in groups of 5 lines to be 
situated adjacent to each other. The lines have a printed 
lineWidth of 0.25 microns and are separated by 0.30 microns 
and have a pro?le that contains lines that are nearly vertical. 
The customer intends to print his Wafer using a focus of 0.20 
microns and an exposure setting of 20 mj/cm2. Based on 
previous simulation results and the cross-sectional data 
obtained and shoWn in FIG. 14A and FIG. 14B and based 
on the customers inputs just described, ASML MaskTools 
(using MASKRIGGER softWare and simulation results) can 
noW design and apply the proper set of optical proximity 
corrections on a given photomask as shoWn in FIG. 8 With 
lines 72 and OPC lines 74. Where the term “proper set” 
refers to the ability of the OPC rule set to produce a 
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photomask that can print lithographic features With the 
largest overlapping process WindoW. 

Problems With the Prior Art 

[0022] A major problem that exists With the prior art lies 
in the determination of the lineWidth of resist lines 60 
(shoWn in FIG. 13) and the pro?le of 2-D lines 60 and lines 
61 (shoWn in FIG. 14A and FIG. 14B). Currently, this 
determination is made by manually observing the pro?le 
utiliZing a metrology tool such as a Scanning Electron 
Microscope, Atomic Force Microscope, or Cross-Section 
CD-SEM. The prior art method of making this determination 
is extremely expensive, time consuming, and destructive. 
FIG. 13 shoWs a top vieW of a portion of a SEM image and 
FIGS. 14A14B each shoW a SEM cross-section vieW. As 
explained above, for each print area 54, there are 5 groups 
of 130 measurement structures. Each measurement structure 
has 5 lines. In a typical matrix 52, there are 100 print areas 
54. Therefore, there are a total of 325,000 lines in matrix 52 
for Which SEM analysis needs to be completed (5 groups/ 
print area><130 measurement structures/group><5 lines/mea 
surement structure><100 print areas/matrix). Moreover, to 
determine a 2-D pro?le as shoWn in FIG. 14A and FIG. 
14B, it is necessary to fracture the Wafer along line 14 (FIG. 
13) so that a side vieW of the cross-section can be obtained. 
The fracturing of the Wafer and the CD-SEM preparation 
procedure is an extremely delicate process that is also time 
consuming and expensive. 

[0023] In addition, because it is desirable to knoW the 
2-dimensional pro?le and pitch for each OPC test case both 
before and after etch, at least tWo Wafers need to be printed. 
For example, after the ?rst Wafer is printed, it needs to be 
fractured to determine the 2-D pro?le as shoWn in FIGS. 
14A and 14B. The fracturing of the Wafer effectively 
destroys it. Therefore, a second un-fractured Wafer needs to 
be available so that it can be etched to determine the pro?le 
of the polysilicon or other features after etch. The problem 
here is that each Wafer has its oWn unique built-in process 
variation in that each Wafer is processed one at a time. 
During its processing time, due to system imperfections 
each Wafer sees a slightly different set of process conditions, 
even though the lithographic settings may be the same. Since 
OPC rules are generated to reduce the effects of process 
variation the method requires making various assumptions 
about the effect of small process variations in determining 
the best set of OPC rules. It Would be better to have a 
non-destructive cross-sectional pro?ling method to measure 
the OPC test features. This Way the same Wafer could be 
measured both before and after etch. 

Ellipsometry 

[0024] Ellipsometry is based on the polariZation transfor 
mation that occurs When a beam of polariZed light is 
re?ected from a medium. The transformation consists of tWo 
parts; a phase change and an amplitude change. These 
changes are different for incident radiation With its electric 
vector oscillating in the plane of incidence (p-component) 
compared to the electric vector oscillating perpendicular to 
the plane of incidence (s-component). Ellipsometry mea 
sures the results of these tWo changes that are represented by 
angle A, Which is the change in phase of the re?ected beam 
from the incident beam; and an angle 11', Which is de?ned as 
the arc tangent of the amplitude ratio of the incident and 
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re?ected beam. A microscopic pattern illuminated With 
polarized light produces unique values of A and IP that vary 
With Wavelength. Charts of cos A and tan IP as a function of 
Wavelength can be used to compare unknoWn patterns With 
knoWn patterns. Examples of such charts are shoWn in 
FIGS. 20 and 21. 

Scatterometry from Periodic Structures 

[0025] Scatterometry is Well knoWn and refers to a pro 
cedure by Which a grating pro?le is reconstructed based on 
its optical diffraction response. 

Conventional Scatterometry 

[0026] Conventional scatterometry (also called tWo-theta 
scatterometry) uses single Wavelength light—typically, 632 
nm HezNe laser light at one polariZation state (TE or TM) to 
obtain a scatter-gram of the diffraction grating (our semi 
conductor gratings). For a detailed description of conven 
tional scatterometry, please see C. Raymond, et. al. J. Vac. 
Sci. Tech B, vol.15, no. 2, 361-368, 1997. Also, conven 
tional scatterometry is described in US. Pat. Nos. 5,164,790 
and 5,867,276, both Which are hereby incorporated by 
reference. The scatter-gram or diffraction patterns are plots 
of the intensity of the light vs. scattering angle. Light of a 
speci?c Wavelength is scattered off gratings in various 
directions knoWn as orders. Zero-order (or O-order) light 
refers to the light re?ected at an angle equal to the incident 
angle. The technique uses a Rigorous Coupled-Wave Analy 
sis (RCWA) to generate a library of optical signals—each 
corresponding to a particular grating pattern. An optimiZa 
tion routine is then used to match the output signal of the 
grating in question to the signals stored in the library. RCWA 
is described in more detail beloW. Conventional Scatterom 
etry is limited in the sense that as the critical dimension 
shrinks the grating scatters higher orders (>0 order) at larger 
angles—eventually, the diffracted signal becomes evanes 
cent—not measurable in the far ?eld. Additionally, com 
pared With the techniques listed beloW, because just a single 
Wavelength is utiliZed, the output data set is rather limited. 
Typically one can argue that more output data (more Wave 
lengths and more output angles) Would lead to more detailed 
libraries and better or more accurate pattern matching. The 
creation of such detailed libraries using standard methods of 
RCWA Would take a very long time. This technique is not 
suited for in-situ applications because the machinery 
involved is rather complex With many moving parts. 

Spectroscopic Re?ectance Scatterometry from 
Periodic Structures 

[0027] Spectroscopic Re?ectance Scatterometry is based 
on the reconstruction of the grating pro?le from the optical 
diffraction response (intensity) over many Wavelengths (200 
nm-900 nm) at one output angle or O-order. Spectroscopic 
Re?ectance Scatterometry is described in detail in US. Pat. 
No. 5,963,329 issued to Conrad, Which patent is hereby 
incorporated by reference. Typically some version of RCWA 
is used to generate the libraries and produce pro?le results 
thru optimiZation routines—hoWever, generally, accurate 
pro?le shapes cannot be determined unless account is taken 
for many diffraction orders in the RCWA calculations. If 
many orders are not accounted for, it usually means that a 
library cannot be created that captures the true details of the 
feature line images. Spectroscopic Re?ectance Scatterom 

Sep. 19, 2002 

etry is suited for in-situ applications because it is less 
complex as compared to conventional scatterometry. 

Optical Digital Pro?lometry for Periodic Structures 

[0028] Optical Digital Pro?lometry (ODP), also knoWn as 
Specular Spectroscopic Scatterometry, is knoWn and is also 
based on the reconstruction of the grating pro?le from the 
optical diffraction response. A detailed description of this 
technique is given in Xinhui Niu, et. al., “Specular Spec 
troscopic Scatterometry in DUV Lithography”, Metrology, 
Inspection, and Process Control for Microlithography )GII, 
Vol. 3677, pp.159-168, 1999. In ODP, a conventional spec 
troscopic ellipsometer to gather tan IP and cos A over many 
Wavelengths (see discussion above under “Ellipsometry”). 
The utiliZation of a conventional spectroscopic ellipsometer 
generates more detailed optical data than either conventional 
scatterometry (one Wavelength at a feW angles) or spectro 
scopic re?ectance scatterometry (Intensity vs. Wavelength). 
A typical ellipsometer that is used to collect the output 
signals usually utiliZes a broadband Xenon lamp or other 
source in the 200 nm-900 nm range. For ODP, one uses 
traditional ellipsometers to collect the O-order diffraction 
data. The ODP technique uses a poWer computer program to 
build very large and complex pattern libraries. The tech 
nique also uses a simulated annealing (optimiZation) routine 
to quickly ?nd pattern matches. While each technique men 
tioned above typically utiliZes some version of RCWA 
analysis to build a scatterometry library—many other math 
ematical techniques are available to solve grating problems 
(for example, Neureuther’s integral method). The ODP 
technique makes use of a special, very efficient numerical 
code generated by X. Niu in his 1999 thesis at UCB 
“Specular Spectroscopic Scatterometry in DUV Lithogra 
phy”. X. Niu’s thesis explains hoW to solve complex dif 
fraction grating problems using a modi?ed form of RCWA. 
X. Niu’s modi?ed form of RCWA is a signi?cant improve 
ment over the standard method of RCWA mentioned under 
the heading “Conventional Scatterometry”. X. Niu’s modi 
?ed form of RCWA alloWs one to solve for many orders in 
very short periods of CPU time. Even though the technique 
measures the light in one direction (O-order) many orders 
must be solved for in order to build a high-resolution, 
high-precision library. The more detailed a library is, the 
more accurately it can predict the entire 2-D grating pro?le. 
Since many of the OPC test designs modify the shape of the 
?nal 2-D feature patterns only very slightly it is very 
desirable to use a sensitive scatterometry technique to quan 
tify the results. Scatterometry techniques that are not sen 
sitive to very small changes in the feature pro?le are simply 
not capable of measuring the subtle differences betWeen 
different OPC test cases. For example, some OPC correc 
tions can change line siZes by 1 nm. 

Far Field Scatterometry 

[0029] Another scatterometry technqiue is disclosed in 
US. Pat. No. 6,137,570, issued to Chuang; Yung-Ho and 
assigned to KLA-Tencor, Inc., Which patent is hereby incor 
porated by reference. This technique uses a look-up or 
library technique to determine the qualitative shape of 
grating patterns or other patterns using a variety of light 
sources. The problem here is that the library is not robust 
enough to detect the very small changes 2-D pro?le changes 
that usually occur When applying subtle OPC corrections. 
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Interpreting the Diffracted Light in Scatterometry 
From Periodic Structures 

[0030] In scatterometry, as light is diffracted off the grat 
ing, it needs to be properly interpreted to determine the 
shape of the cross-sectional line pro?les Within a grating. 
Indeed, the ability to predict the behavior of diffraction 
gratings With high precision is the key to understanding the 
diffraction grating. HoWever, it is Well knoWn that modeling 
of diffraction of light by corrugated periodic structures is a 
complex problem that requires sophisticated techniques. 

[0031] The general problem of electromagnetic diffraction 
from gratings has been addressed in various Ways. Several 
rigorous theories of periodic and non-periodic diffraction 
gratings have been developed in the past decades. For 
example, a method developed by Neureuther and Zaki (see 
“Numerical methods for the analysis of scattering from 
non-planar periodic structures”, Intn’l URSI Symposium of 
Electromagnetic Waves, Stresa, Italy, 282-285, 1969.) uses 
a fairly complex integral method to obtain numerical results. 
Another method of determining the diffraction response 
from periodic gratings is the differential method ?rst pro 
posed by Neviere and Vincent, et. al. in “Systematic study of 
the resonances of holographic thin ?lm coupler”, Optics 
Communications, vol. 9, no. 1, 48-53, Sept 1973. A third 
method is called rigorous coupled-Wave analysis (RCWA). 
Of the three, RCWA is the currently the most Widely used 
method for the accurate analysis of the diffraction by peri 
odic gratings. RCWA is a non-iterative, deterministic tech 
nique that uses a state-variable method for determining the 
numerical solution. The differential method and coupled 
Wave method are very close to each other in theoretical point 
of vieW, even though their numerical approaches are differ 
ent. 

[0032] What is needed is a better Way of measuring and 
compiling a detailed 2-dimensional pro?le database that can 
be used to create better Wavefront engineering solutions. 

SUMMARY OF THE INVENTION 

[0033] The present invention provides a method and appa 
ratus for determining optical mask corrections for photoli 
thography. A plurality of grating patterns is printed onto a 
Wafer utiliZing a photomask having at least one grating. 
Each grating pattern Within the plurality of grating patterns 
is associated With knoWn photolithographic settings. Each 
grating pattern is illuminated independently With a light 
source, so that light is diffracted off each grating pattern. The 
diffracted light is measured utiliZing scatterometry tech 
niques to determine measured diffracted values. The mea 
sured diffracted values are compared to values in a library to 
determine a pro?le match. A 2-dimensional pro?le descrip 
tion is assigned to each grating pattern based on the pro?le 
match. Adatabase is compiled of the pro?le descriptions for 
the plurality of grating patterns. Photomask design rules are 
then generated by accessing the database containing the 
2-dimensional pro?le descriptions. In preferred embodi 
ments, the design rules are used to create and correct masks 
containing OPC corrections, phase-shifting mask correc 
tions and binary masks. In a preferred embodiment the at 
least one grating is a bi-periodic grating. In a preferred 
embodiment, the scatterometry technique is optical digital 
pro?lometry utiliZing a re?ectometer or ellipsometer. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0034] FIG. 1 shoWs UV light illuminating a layer of 
photoresist. 
[0035] FIG. 2A shoWs a resist pro?le. 

[0036] FIG. 2B shoWs the pro?le of lines after etch. 

[0037] FIG. 3 shoWs a resist pro?le. 

[0038] FIG. 4 shoWs a mask With OPC corrections. 

[0039] FIG. 5 shoWs a mask With phase-shifting mask 
corrections. 

[0040] FIG. 6 shoWs a mask With both OPC and phase 
shifting mask corrections. 

[0041] FIG. 7 shoWs a resist pattern. 

[0042] FIG. 8 shoWs a mask pattern. 

[0043] FIG. 9 shoWs a prior art mask. 

[0044] FIG. 10 shoWs a portion of a prior art mask. 

[0045] FIG. 11 shoWs another portion of a prior art mask. 

[0046] FIG. 12 shoWs a printed Wafer 

[0047] FIG. 13 shoWs a top vieW of resist lines. 

[0048] FIG. 14A shoWs a side vieW of resist lines. 

[0049] FIG. 14B shoWs a side vieW of lines after etch. 

[0050] FIG. 15 shoWs a top vieW of a preferred mask With 
grating patterns. 

[0051] 
[0052] FIG. 17 shoWs a ellipsometer reading diffracted 
light off of a grating. 

[0053] 
[0054] 
lines. 

[0055] FIG. 20 is a graph shoWing tan III vs. Wavelength 
for bi-periodic stuctures using ODP. 

[0056] FIG. 21 is a graph shoWing cos A vs. Wavelength 
for bi-periodic structures using ODP. 

FIG. 16 shoWs a detailed vieW of a grating. 

FIG. 18 shoWs a bi-periodic grating. 

FIG. 19 shoWs a side vieW bi-periodic of resist 

[0057] FIG. 22 is a graph shoWing intensity vs. Wave 
length for re?ectance simulation using ODP for bi-periodic 
features. 

[0058] FIGS. 23-25 shoW top vieWs of gratings having 
multiple repeating features. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0059] Preferred embodiments of the present invention are 
hereinafter described by reference to the draWings. 

Printing a Wafer UtiliZing a Test Mask 

[0060] In a preferred embodiment of the present invention, 
a semiconductor Wafer coated With photoresist is printed 
utiliZing a photomask containing various grating arrays of 
periodic and/or bi-periodic structures. The Wafer is printed 
under speci?c photolithographic exposure settings. Values 
such as focus, exposure, resist thickness, temperature, 
numerical aperture and partial coherence are noted and 
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recorded. A simple version of the preferred photomask is 
shown in FIG. 15. It contains an array of thirty grating 
patterns 81-110. The lines Within each grating pattern 81-110 
preferably have their oWn unique optical corrections, such as 
their oWn unique OPC corrections or phase shift masking 
corrections. Asmall portion of a simple grating pattern 81 is 
shoWn in FIG. 16. It has 130 lines 112 that are equidistantly 
spaced. The grating pattern also has OPC lines 114. 

Measure the Grating Patterns Using an 
Ellipsometer 

[0061] FIG. 17 shoWs printed Wafer 120 With grating 122 
underneath a spectroscopic ellipsometer 124, such as ellip 
someter model no. F5, available from KLA-Tencor, Inc. 
Grating 122 on Wafer 120 corresponds to grating pattern 81 
shoWn in FIG. 16. FIG. 16 shoWs a portion of the photo 
mask shoWn in FIG. 15. In a preferred embodiment, broad 
band polariZed light from light source 125 illuminates 
grating 122. Light is then diffracted from grating 122 and is 
detected and measured by light detector 126. The spectro 
scopic ellipsometer records tan ‘P and cos A as a function of 
Wavelength for grating pattern 122. The same measurements 
are repeated until a matrix of tan ‘P and cos A vs. Wavelength 
has been obtained for all patterns 81-110. The siZe of the 
grating patterns can be adjusted in such as Way as to Work 
With any ellipsometer—Where the spot siZe of the ellipsom 
eter is smaller than the grating siZe. 

Using ODP to Compare Measured Values of 
Diffracted Light to Values in Library 

[0062] CPU 130, shoWn in FIG. 17, is programmed to 
receive tan ‘P and cos A as a function of Wavelength from 
spectroscopic ellipsometer 124 for all patterns 81-110 and 
enter that data into an internal database. Within CPU 130 is 
a scatterometry comparison library, preferably obtained by 
utiliZing a version of RCWA. The library contains many 
different sets of ellipsometry data each corresponding to 
predetermined knoWn grating pro?les speci?cally de?ning 
the gratings in all dimensions of interest (such as resist 
thickness, optical constants of thin ?lms, focus, exposure, 
OPC, etc.). CPU 130 compares the tan ‘P and cos A of the 
diffracted light at each Wavelength to the values in the 
look-up library. For the de?nition of tan ‘P and cos A, please 
see discussion in background section under “Ellipsometry”. 

Assign a 2-D Pro?le to a Grating 

[0063] A2-D pro?le is then assigned to each grating When 
there is a match betWeen the measured values of the dif 
fracted light to the values in the library. Well knoWn math 
ematical convergence techniques are preferably employed 
for seeking the best match. The 2-D pro?le consists of 
enough information to de?ne the grating (i.e., feature pro?le 
shape and pitch). Asimulated annealing optimiZation routine 
such as described in Xinhui Niu, et. al., “Specular Spectro 
scopic Scatterometry in DUV Lithography”, Metrology, 
Inspection, and Process Control for Microlithography XIII, 
Vol. 3677, pp.159-168, 1999 may also be used in making the 
match. 

Compile a Database of Pro?les 

[0064] CPU 130 is then programmed to compile a data 
base of pro?les. The database has pro?les that vary from one 
another based on the lithographic and etch settings at the 
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time of printing or imaging (i.e., focus, exposure, resist 
thickness, temperature, numerical aperture and partial coher 
ence, OPC correction). This database can be made very large 
by creating a large number of gratings (such as grating 122) 
With various combinations of focus, exposure, resist thick 
ness, etc. By utiliZing the pro?le database, it can be deter 
mined What the grating pro?le Will look like for a given type 
of OPC and/or Wavefront corrections and other lithographic 
conditions and settings. 

Rules are then Compiled 

[0065] In a preferred embodiment, rules are then compiled 
using an OPC analysis routine (such as those techniques 
used by ASML MaskTools, Inc. and implemented in the 
MASKRIGGER softWare package). These rules may be 
similar to the rules described above in the background 
section under the heading “Compiling the Rules”. HoWever, 
unlike in the prior art that typically requires a cross-section 
CD-SEM analysis, by utiliZation of the present invention, 
the user saves considerable time and expense in determining 
the rules. Typically, Whereas it might take three or four 
Weeks to get the results using the CD-SEM analysis, this 
technique could shorten this time to a matter of hours. 

Second Preferred Embodiment 

[0066] A second preferred embodiment is shoWn by ref 
erence to FIG. 18. In the second preferred embodiment 
grating patterns 81 through 110 are replaced by bi-periodic 
grating patterns. Bi-periodic grating pattern 140 With OPC 
correction lines 142 is shoWn in FIG. 18. Bi-periodic grating 
pattern 140 is referred to as being a bi-periodic grating 
because there are tWo repeating pitches throughout the 
grating. The ?rst pitch refers to the pitch distance betWeen 
adjacent lines Within each group 170, 180 and 190. The 
second pitch refers to the pitch distance betWeen adjacent 
groups. Applicants have shoWn through simulation that by 
diffracting light off gratings created by a bi-periodic grating 
pattern, the user can better ascertain the pro?le of each line 
Within the group if the scatterometry library is created using 
the robust RCWA technique implemented in the ODP tech 
nique described in the background section. For example, in 
groups 170, 180 and 190 there is a ?rst line 150. This line 
is an end line and it has been veri?ed experimentally and in 
simulation that on average the end lines tend to have a 
different pro?le than, for example, a middle line such as 
lines 152. This is due to the fact that isolated and dense lines 
print differently as mentioned earlier. It is useful to the 
optical scientist or process engineer to knoW the pro?le of 
each line Within the repeating group as opposed to obtaining 
average information using conventional scatterometry. The 
bi-periodic grating stands in contrast to grating pattern 81 
shoWn in FIG. 16. By utiliZation of grating pattern 81, the 
user is only able to ascertain the average pro?le shape across 
the entire grating. In the second preferred embodiment, one 
uses ODP scatterometry alloWs one to determine the 2 
dimensional pro?le information of each line in the repeating 
group. 

[0067] A simulation shoWing that it is possible to deter 
mine very small differences in individual line shape is by 
reference to FIGS. 19-21. 

[0068] FIG. 19 shoWs resist pro?le 212 on a anti-re?ec 
tive coating 210. Resist pro?le 212 is representative of a 
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pro?le that Would created using a mask having the bi 
periodic grating shown in FIG. 18. L1 represents the lin 
eWidth of the end resist lines and L2 represents the distance 
betWeen each resist line Within groups 220 and 230. The 
center line of each group is ?xed at 150 nm. The distance 
betWeen group 220 and group 230 is 250 microns. Table 1 
shoWs the parameters for three simulated cases conducted by 
Applicants. 

TABLE 1 

Case Number L1 (nm) L2 (nm) 

1 150 150 
2 140 160 
3 160 140 

[0069] For each case, the distance betWeen group 220 and 
group 230 Was set at 250 microns. The values for L1 and and 
L2 Were varied as shoWn in Table 1. FIG. 20 shoWs a graph 
of tan ‘P vs. Wavelength for each case and FIG. 21 shoWs a 
graph of cos A vs. Wavelength for each case. As can be seen 
by reference to FIGS. 21 and 22, despite just small varia 
tions in L1 and L2, signi?cant changes Were seen in the plots 
representing tan ‘P and cos A as a function of Wavelength. 
Hence, because of the sensitivity demonstrated by this 
simulation, it can be seen that the utiliZation of bi-periodic 
gratings in conjunction With ODP scatterometry is a very 
valuable tool for determining 2-D pro?le of individual lines 
Within grating structures. 

Other Gratings With Repeating Features 

[0070] A simple grating is shoWn in FIG. 16 and is 
discussed above. It Was shoWn in the discussion covering 
bi-periodic gratings that more detailed information regard 
ing the characteristics of individual lines can be determined 
by the utiliZation of a bi-periodic grating. FIG. 18 shoWed 
a mask grating With tWo repeating features (i.e., the ?rst 
pitch repeats and the second pitch repeats. It is also possible 
to make grating masks With multiple repeating features other 
than that shoWn in FIG. 18. For example, FIG. 23 shoWs a 
bi-periodic mask Where pitch 1A (P1A) and pitch 2A (P2A) 
repeat. This mask is similar to the mask shoWn in FIG. 18 
except that there are 5 lines in each group rather than 3. FIG. 
24 shoWs a mask With multiple repeating features pitch 1B 
(P1B), pitch 2B (P2B) and pitch 3B (P3B). LikeWise, FIG. 
25 shoWs a mask With multiple repeating features pitch 1C 
(P1C), pitch 2C (P2C), pitch 3C (P3C), and pitch 4C (P4C). 
By utiliZing a mask With multiple repeating features such as 
those shoWn in FIGS. 18, 23, 24 or 25, it is possible to 
obtain more detailed information about individual lines 
Within a grating including isolated line performance as 
shoWn in FIG. 24. 

[0071] While the above description contains many speci 
?cations, the reader should not construe these as limitations 
on the scope of the invention, but merely as exempli?cations 
of preferred embodiments thereof. Those skilled in the art 
Will envision many other possible variations are Within its 
scope. For example, although Optical Digital Pro?lometry 
Was described in the preferred embodiments as a method 
that uses a spectroscopic ellipsometer, ODP can also Work 
With a spectroscopic re?ectometer or other optical technique 
that produces intensity and/or phase information as a func 
tion of Wavelength, angle and degree of polariZation. For 
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example, FIG. 22 shoWs a graph of intensity vs. Wavelength 
for a re?ectance simulation using ODP for bi-periodic 
features. The L1 and L2 values for case 1, 2 and 3 are the 
same as shoWn in FIG. 1. Also, one of ordinary skill in the 
art Will recogniZe that the methods of the preferred embodi 
ment could be used to measure the CDs of the lines on 
photomasks and other periodic diffraction gratings as Well. 
Also, although FIGS. 18, 23, 24 and 25 shoWed speci?c 
gratings With multiple repeating features, one of ordinary 
skill in the art Would recogniZe that there are many other 
variations of gratings that are possible. For example, the 
bi-periodic grating shoWn in FIG. 23 could be modi?ed so 
that there are seven or six lines in each group rather than ?ve 

(FIG. 23) or three (FIG. 18). Also, although the preferred 
embodiments discuss hoW the ellipsometer records tan ‘P 
and cos A, one of ordinary skill in the art Will recogniZe that 
other information equivalent to tan ‘P and cos A can be 
recorded, such as generaliZed Stokes parameters. Accord 
ingly the reader is requested to determine the scope of the 
invention by the appended claims and their legal equiva 
lents, and not by the examples that have been given. 

I claim: 
1. A method of determining optical mask corrections for 

photolithography, comprising the steps of: 

A. printing a plurality of grating patterns onto a Wafer 
utiliZing a mask comprising at least one grating, 
Wherein each grating pattern Within said plurality of 
grating patterns is associated With knoWn photolitho 
graphic settings, 

B. illuminating independently said each grating pattern 
With a light source, so that light is diffracted off said 
each grating pattern 

C. measuring said diffracted light utiliZing scatterometry 
techniques to determine measured diffracted values, 

D. comparing said measured diffracted values to values in 
a library to determine a pro?le match, 

E. assigning a pro?le description to said each grating 
pattern based on said pro?le match, 

F. compiling a database of said 2 dimensional pro?le 
descriptions for said plurality of grating patterns, 

G. generating a set of rules by accessing said database of 
said pro?le description, Wherein said rules are for mask 
design and correction. 

2. The method as in claim 1, Wherein said at least one 
grating is at least one bi-periodic grating. 

3. The method as in claim 1, Wherein said scatterometry 
technique is optical digital pro?lometry. 

4. The method as in claim 1, Wherein said scatterometry 
technique is spectroscopic re?ectance scatterometry. 

5. The method as in claim 1, Wherein said library is 
compiled utiliZing a modi?ed version of RCWA. 

6. The method as in claim 1, Wherein said at least one 
grating is a grating comprising multiple repeating features. 

7. An apparatus for determining optical mask corrections 
for photolithography, comprising: 

A. a printing means for printing a plurality of grating 
patterns onto a Wafer utiliZing a mask comprising at 
least one grating, Wherein each grating pattern Within 
said plurality of grating patterns is associated With 
knoWn photolithographic settings, 
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B. an illuminating means for illuminating independently 
said each grating pattern With a light source, so that 
light is diffracted off said each grating pattern 

C. a measuring means for measuring said diffracted light 
utiliZing scatterometry techniques to determine mea 
sured diffracted values, 

D. a comparing means for comparing said measured 
diffracted values to values in a library to determine a 
pro?le match, 

E. an assigning means for assigning a pro?le description 
to said each grating pattern based on said pro?le match, 

F. a compiling means for compiling a database of said 2 
dimensional pro?le descriptions for said plurality of 
grating patterns, 
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G. a generating means for generating a set of rules by 
accessing said database of said pro?le description, 

Wherein said rules are for mask design and correction. 
8. The apparatus as in claim 7, Wherein said at least one 

grating is at least one bi-periodic grating. 
9. The apparatus as in claim 7, Wherein said scatterometry 

technique is optical digital pro?lometry. 
10. The apparatus as in claim 7, Wherein said scatterom 

etry technique is spectroscopic re?ectance scatterometry. 
11. The apparatus as in claim 7, Wherein said library is 

compiled utiliZing a modi?ed version of RCWA. 
12. The apparatus as in claim 7, Wherein said at least one 

grating is a grating comprising multiple repeating features. 

* * * * * 


