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LINEWIDTH METROLOGY OF INTEGRATED CIRCUIT STRUCTURES 

Technical Field 

This invention relates to integrated circuit manufacturing in general and 

more particularly to the accurate determination of linewidths and other critical 

5 dimensions during the manufacture of integrated circuits. 

Background of the Invention 

During many of the steps involved in the manufacture of integrated 

circuits, features are defined by photolithographic methods which must be tightly 

controlled. These features are difficult to measure using conventional optical 

10 techniques. Feature size measurement and definition is a difficult process because 

the features are small and the feature edges are not perfectly straight and vertical 

(i.e., perpendicular to the underlying substrate). Often the feature edges may be 

sloped or even somewhat irregular and the location of these edges are often not 

clearly delineated in measuring instruments. Consequently, a precise definition of 

15 the term feature "width," and measurement of that "width" may be difficult. 

High voltage scanning electron microscopes (utilizing energies of 15-30 

kV) can be used to measure small features on a substrate. However, the use of high 

voltage scanning electron microscopes (SEM) usually requires breaking the wafer 

and the SEM' s high energy electrons can damage the circuits on the wafer. 

20 Recently, low voltage (typically less than 2 kV) scanning electron 

microscopes (SEM) have been used for the measurement of feature sizes mentioned 

above. Most methods· of measurement utilizing 

a low voltage SEM produce a magnified image of the feature under consideration 

which is then converted into a digital signal. Mathematical operations are then 

25 performed on the digital signal to define the edges of the feature in a consistent 

manner. These measurement techniques may be applied to both photoresist and 

underlying features which have been defined by photolithographic processes. 

It is important to be able to relate the numeric~! values of the digitized 

signal to the corresponding physical points on the edge of the feature. When 

30 measuring the pitch, or distance between two identical features, this relationship 

does not need to be known exactly because the distance between corresponding 

points of the digital signal for adjacent features will correspond to the pitch, with 

relative errors canc~ling in the process. Consequently, a measurement instrument 

can be fairly easily calibrated for pitch measurements (and therefore calibrated for 

35 magnification also) by comparison to pitch standards which are available from the 

National Institute of Standards and Technology (NIST) . 
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However, the problem of produc~ng a generally usable linewidth 

standard (as opposed to a pitch standard, suitable for low voltage SEM use) has 

proven much more difficult because every integrated circuit layer has a different 

structure and because every manufacturer or production facility implements 

5 somewhat different integrated circuit manufacturing processes. Therefore, each 

manufacturer's features are different in size and shape from the features of other 

manufacturers. Those concerned with the development of technology have 

consistently sought methods and apparatus for creating or producing local standards, 

for example. for linewidth measurement, which are traceable to national standards, 

10 for example, the standards maintained by NIST. 

Summarv of the Invention 

Illustratively, the present invention includes a method of integrated 

circuit manufacturing which includes forming a raised topological feature upon a 

first substrate. A portion of the raised feature is removed, thereby exposing a cross 

15 sectional view of the raised feature with the substrate remaining substantially 

undamaged. The cross sectional view has a c~itical dimension. The critical 

dimension of the cross sectional view is measured using a first measuring 

instrument. Then the critical dimension is measured using a second measuring 

instrument. The measurements of the first and second measuring instruments are 

20 correlated. Then, using the second measuring instrument, raised features via 

plurality of second substrates are_ measured. 

Brief Description of the Drawings 

FIGS. 1, 4 and 5 are cross-sectional views of partially fabricated 

integrated circuits, FIG. 5 being an enlarged view of a portion of FIG. 4; 

25 FIG."2 is a graph of signal strength versus position typical of a scanning 

30 

electron microscope (SEM); and 

FIG. 3 is a plan top down view of a partially fabricated integrated 

circuit. 

Detailed Description 

In FIG. 1, reference numeral 11 denotes a substrate which may be 

silicon, doped silicon, epitaxial silicon, etc. In general, the term substrate is used to 

refer to any material having a surface upon which other materials may be adhered or 

deposited. Typically, microelectronic devices may be formed upon the substrate. 

Such devices may, for example, have features which have widths less than lµm 

35 which must be measured accurately. The substrate may have a layer 12 or stack of 

layers of additional materials such as silicon oxide, silicon nitride, aluminum . 
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polysilicon, etc. deposited upon it. The surface of this layer 12 or stack of layers 

may be either planar or patterned. 

Two types of dimensional measurements are usually required for the 

successful manufacture of microelectronic devices formed upon a substrate 11_: a) the 

5 distance between equivalent features, referred to as "pitch," and b) the actual 

dimension of a single feature, referred to as "width" or "linewidth." For the purpose 

of describing this invention, we shall refer to features which consist of parallel 

runners (or lines) of photoresist material having width denoted by Wand pitch 

denoted by P. The scope of this invention is not limited, however, to features in 

10 phptoresist; the features may be defined in any material and may, for example, 

include aluminum runners or even oxide vias, etc. that require accurate 

measurement. 

Reference numeral 13 denotes one of a series of features formed in 

photoresist material. Assuming that each of these features is intended to be of the 

15 same dimension, the pitch Pis shown as reference numeral 14 while the width Wis 

indicated by reference numeral 15. When small feature dimensions are measured, it 

is common practice to use various measurement techniques and equipment, 

including, but not limited to, optical microscopy, one of the scanning probe 

microscopies (Atomic Force Microscopy, etc.) and scanning electron microscopy. In 

20 each of these techniques a type of probe is initially used to interact with the feature 

to be measured. Then, a digital or analog signal is created which contains the 

information which is to be converted or reduced to a measurement. For example, in 

the optical microscopy case, the signal might be a diffraction pattern. In the scanning 

electron microscope case, the signal would be a record of electron emission as a 

25 function of the electron beam's position on the surface (s) struck by the electron 

beam. It is from these digital (or analog) signals that metrological information is 

often obtained. 

When either a high voltage or low voltage scanning electron microscope 

is used, a primary electron beam 16 strikes the structure to be measured at a point 17 

30 producing secondary electrons 18 which are detected by an electron detector 19 

which then produces an output which varies with the position at which the primary 

electron beam strikes the structure. FIG. 2 shows one possible result of scanning the 

electron beam linearly across a structure. The horizontal axis 21 represents position 

across the structure while the vertical axis 22 represents one of the signals discussed 

35 in the previous paragraph. It is assumed that the distance along horizontal axis 21 

has been calibrated according to one of the available NIST standards which are 
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manufactured and certified for this purpose. Curve or signal 23 represents a typical 

example of a scan of an electron beam across a structure (such as a raised feature in 

photoresist 13). Thus, curve 23 may depict a typical output of an electron detector 

19. 

5 Curve or signal 23 has features which correspond to the actual object 13 

being measured. In particular, the pitch 24 (or 14) can be determined as the distance 

between two corresponding points on curve 23. The width W ( 15), however, is more 

difficult to determine because the edge of a particular structure (such as 13) can only 

be determined by examination of curve 23 to be within a small distance 25. Thus, the 

10 exact position of the edge cannot be determined or defined precisely. The error in a 

width measurement might could be as large as twice the distance 25, since an error 

of equal magnitude is possible on each side of a single feature. 

If the device is cleared (or broken) directly through a device feature and 

the exposed edge is examined in a high voltage scanning electron microscope, the 

15 higher resolution of the instrument could be used to discern the edges more closely 

than the above signal allows. This would allow a better calibration to be affected 

but, since the sample is no longer whole, it could not be used as a local standard. 

The present invention utilizes a high resolution Scanning Electron 

Microscope (SEM) to measure pitch and width of features on a wafer without any 

20 need to break the wafer (as is commonly done). This wafer containing measured 

features may then be utilized as a local standard providing that the SEM used to 

measure the features has itself been calibrated for magnification in a way which 

makes its distance measurements traceable to the NIST. 

Since real samples cannot be viewed non-destructively in cross-section, 

25 real measurements are usually performed utilizing normal electron beam incidence. 

FIG. 2 demonstrates data collected in this way. 

FIG. 3 shows a portion of a wafer which is being prepared for use as a 

local standard according to the present invention. It may be desirable to create a 

separate local standard for each processing level of each integrated circuit 

30 manufacturing process. Furthermore, each production facility might have its own 

standards. In an illustrative embodiment of the invention, a Focused Ion Beam (FIB) 

tool is utilized. A FIB produces a finely focused ion beam, which can be directed at 

any particular spot ~n a wafer with high precision. The beam can be rastered over an . 

area of arbitrary size and shape. When the ion beam strikes the surface of a wafer, 

35 two outcomes are possible. The first outcome is a sputtering process whereby 

material is removed from the surface. Thus the FIB can be used to cut holes of 
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arbitrary size, shape and depth into the surface. The second outcome may be 

achieved when a vapor containing a metallic element is admitted to the FIB 

chamber. The ion beam will break down the molecule and, under proper conditions, 

cause the metal to be deposited in a localized area. The FIB can therefore be used 

5 both to remove material or to deposit metal in well defined geometries. Both of 

these capabilities are used in some embodiments of the invention but the deposition 

of metal is not always essential for all embodiments. 

FIG. 3 represents a top down view of three elongated parallel features 31 

formed upon substrate 40 (which may be illustratively silicon dioxide 12 upon 

10 silicon 11). Features 31 may be formed in photoresist; alternatively, they may be 

formed in silicon dioxide, silicon nitride, polysilicon, aluminum, tungsten, etc. 

Feature 31 may also be comprised of multiple layers, such as tin over aluminum. A 

transverse strip of metal 32 is formed over features 31 and substrate 40. Metal 32 

may, illustratively, be tungsten formed by FIB. Metal 32 has a transverse elongated 

15 shape and spans several features 31. Next, a focused beam (FIB) is used to remove 

material (i.e., portions of features 31 and metal 32) from substrate 40 in an area 

denoted by reference numeral 33. Area 33 slightly overlaps metal 32. Thus, a 

portion of the already deposited metal 32 may be removed, thereby exposing surface 

34 shown in cross-section in FIG. 4. It 'will be noted that upper surface 41 of metal 

· 20 32 which has been formed by a FIB is inherently planarized. The entire wafer can 

now be removed from the FIB and placed in a high resolution SEM (generally 

operating at a higher voltage typically 15 to 30 kV) which has been tilted so that one 

can directly view the surface 34. This surface is shown schematically in FIG. 4 and 

enlarged in FIG. 5. The feature 31 is easily viewed in cross-section and it is 

25 surrounded by the metal 32. Metal 32 serves to reduce the charging of the specimen 

in the SEM, to increase the contrast between the feature and its background, and to 

produce uniform sputtering of nonuniform features, thereby allowing a better 

measurement to be made. 

As shown in the enlarged view of FIG. 5, the cross-section is easily 

30 observable and the measurement of the feature width W 52 can be made with the 

great precision allowed by a high resolution high voltage SEM. The same cross 

section may then be viewed with a low voltage SEM.· The results of the two 

measurements on the same sample may then be correlated. Thus, any subsequent 

wafer measurements made with the low voltage SEM may be converted to 

35 equivalent high voltage SEM measurements without the need to actually use a high 

voltage SEM on the subsequent wafers. Since normal metrology practice in a 
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manufacturing environment forces the use of lower resolution. lower voltage SEM 

utilization, this method allows direct correlation between the low voltage signal (or 

signals from optical instruments) and the more precise and accurate high voltage 

SEM measurement made on the wafer. This wafer is then used to calibrate the low 

5 voltage instrument for routine measurements. 

In practice, a standard wafer such as described herein may be prepared 

for each level of a microstmcture which is to be measured. The standard wafer may 

be first prepared as previously described in the Focused Ion Beam system (or its 

equivalent) and cross-sections of the features of interest are exposed. The wafer is 

10 then transferred to a high resolution scanning electron microscope which has 

previously been accurately calibrated via standards traceable to NIST. This high 

resolution SEM is then used to accurately determine the feature sizes which, by 

virtue of the calibration used in the SEM, allows the wafer to be considered to be a 

secondary standard for metrology purposes. 

15 The standard is next placed into a Low Voltage Metrology SEM (or 

some other instrument) where a signal trace such as that shown by reference numeral 

23 of FIG. 2 is carefully determined. Knowing the actual size of the feature, the 

appropriate correlation can be determined for converting critical aspects of the low 

voltage SEM signal to the known actual feature size. Other wafers, such as 

20 production wafers, can now be placed into the metrology system and the same 

correlation can be used to correlate or convert low voltage SEM measurements to 

high voltage SEM measurements. 

Measurements of Iinewidth on a plurality of production wafers may be 

made using the low voltage SEM. These measurements may be made with the 

25 electron beam normal to the wafer and without the need to break the wafer or deposit 

metal. These measurements or production wafers may, of course, be immediately 

correlated to high voltage SEM measurements using the process described above· 

without the need to actually use a high voltage SEM on each production wafer. 

Thus, lots of production wafers may have critical features very 

30 accurately measured non-destructively by low voltage SEM. Those wafers whose 

critical features are found to be too large or small may be scrapped or reworked. 

The wafer which was prepared with FIB metallization may be retained 

as a standard and lo~ voltage SEMs may be periodically recalibrated using this 

wafer. 
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CJ aims: 

1. A method of integrated circuit manufacturing comprising: 

forming a raised topological feature (31) upon a first substrate (40); 

removing a portion of said raised feature, thereby exposing a cross-

5 sectional view of said raised feature, said substrate remaining substantially 

undamaged; said cross-sectional view having a critical dimension (15); 

measuring said critical dimension ( 15) of said cross-sectional view 

using a first measuring instrument; 

measuring said critical dimension ( 15) of said cross-sectional view 

10 using a second measuring instrument; 

15 

20 

correlating the measurements of said first and second measuring 

instruments; 

using said second measuring instrument, measuring raised features on a 

plurality of second substrates. 

2. The method of claim 1 in which a metal (32) is deposited over said 

raised topological feature on said first substrate and a portion of said metal is 

removed together with a portion of said raised feature. 

3. The rnethod of claim 1 in which said removing step is accomplished 

with a focused ion beam. 

4. The method of claim 2 in which said deposition step is accomplished 

with a focused ion beam. 

5. The method of claim 1 in which said first measuring instrument is _a 

high voltage scanning electron microscope. 

6. The method of claim 1 in which said raised topological feature (31) is 

25 formed in a material chosen from the group consisting of: photoresist, an oxide of 

silicon, silicon nitride, a metal and silicon. 

7. The f!Iethod of claim I in which said raised topological feature (31) is 

agate. 

8. The method of claim 1 in which said raised topological feature is a 
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gate (31) defined in photoresist. 

9. The method of claim 1 in which said first substrate ( 40) is a material 

chosen from the group consisting of silicon, silicon nitride, an oxide of silicon, and a 

metal. 

10. The method of claim 1 in which said critical dimension is the width 

of said topological feature and further including the steps of: 

measuring said width of said topological feature with said second 

measuring instrument by viewing the top of said topological feature (31); and 

correlating the said measurement of said width obtained by viewing the 

10 said top of said feature with said second measuring instrument with said 

measurement of said width obtained by measuring said width of said cross-sectional 

view with said first measuring instrument. 

11. The method of claim 10 further including the steps of: 

measuring the width of a corresponding topological feature (31) upon a 

15 second substrate by viewing the top of said topological feature; 

utilizing the previously obtained correlation, deducing the 

corresponding width of said topological feature measured from said cross-sectional 

view. 

12. The method of claim 1 in which said measurement of said critical 

20 dimension of said cross-sectional view is performed with a first measurement 

instrument calibrated to NIST standards . 
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