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Abstract
Low-cost, high-throughput and nondestructive metrology of truly three-dimensional (3D) 
targets for process control/monitoring is a critically needed enabling technology for high-
volume manufacturing (HVM) of nano/micro technologies in multi-disciplinary areas. In 
particular, a survey of the typically used metrology tools indicates the lack of a tool that truly 
satisfies the HVM metrology needs of 3D targets, such as high-aspect-ratio (HAR) targets. 
Using HAR targets here we demonstrate that through-focus scanning optical microscopy 
(TSOM) is a strong contender to fill the gap for 3D shape metrology. Differential TSOM 
(D-TSOM) images are extremely sensitive to small and/or dissimilar types of 3D shape 
variations. Based on this, we here propose a TSOM method that involves creating a database 
of cross-sectional profiles of the HAR targets along with their respective D-TSOM signals. 
Using the database, we present a simple-to-use, low-cost, high-throughput and nondestructive 
process-monitoring method suitable for HVM of truly 3D targets, which also does not require 
optical simulations, making its use straightforward and automatable. Even though HAR targets 
are used for this demonstration, the similar process can be applied to any truly 3D targets with 
dimensions ranging from micro-scale to nano-scale. The TSOM method couples the advantage 
of analyzing truly isolated targets with the ability to simultaneously analyze many targets 
present in the large field-of-view of a conventional optical microscope.

Keywords: TSOM, nondestructive process control, three-dimensional metrology, through-
focus scanning optical microscopy, nanometrology, nanomanufacturing, high-throughput 
semiconductor metrology
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1. Introduction

With the increase in the use of three-dimensional (3D) struc-
tures in nano/micro technologies, high-throughput and eco-
nomical 3D shape metrology and process monitoring of 
nanoscale to microscale objects is critically necessary [1–10]. 
This is technically challenging [4, 5, 7, 11–14], especially for 
high-aspect-ratio (HAR) targets, including through-silicon 
vias (TSVs) [13–18]. TSVs are a key component to enable 
3D stacked integrated circuits (3DS-IC), which themselves 
are key to extended scaling of integrated circuits and enabling 
heterogeneous integration [15]. Hence it is crucial to find suit-
able metrology solutions for truly 3D targets such as HAR 
targets.

Several metrology tools are currently available or have 
been proposed [5, 9, 10, 19–41], for 3D shape measurements. 
Popular industrial metrology tools currently used are elec-
tron-based tools (e.g. scanning electron microscope (SEM)), 
probe-based tools (e.g. atomic force microscope (AFM)), 
and optics-based tools (e.g. scatterometers). The National 
Institute of Standards and Technology (NIST) pioneered the 
x-ray tool referred to as critical dimension small angle x-ray 
scattering (CD-SAXS) [31] that has attracted much attention 
from the semiconductor industry. Combination of the results 
of more than one measurement technique, referred to as either  
hybrid or holistic metrology, initially pioneered at NIST  
further improved nanometer-scale dimensional measurements 
[36, 42].

To be used in high volume manufacturing, a metrology tool 
must—in addition to providing statistically significant results 
[12]—be fast (high-throughput), low-cost, inline capable, 
automated, robust, easy to use, non-contact and non-destruc-
tive. The requirements for satisfactory measurement sensi-
tivity and resolution have been identified in the International 
Technology Roadmap for Semiconductors (ITRS) [43] and 
International Roadmap for Devices and Systems (IRDS) 2017 
Edition: Metrology [44]. All currently available tools have 
certain advantages and disadvantages. It is difficult to find a 
metrology tool that satisfies all the abovementioned require-
ments, especially for metrology of 3D/HAR targets.

It is very difficult to use top-down SEM imaging for 3D 
shape analysis of HAR targets at high-throughput with suf-
ficient measurement resolution. Probe-based tools, such as 
AFM, have limitations in reaching the bottom of HAR targets 
due to probe length and width constraints and generally do not 
meet high-throughput requirements. CD-SAX tools currently 
are too expensive to be industrially relevant for high-volume 
manufacturing (HVM). Among non-destructive metrology 
tools traditionally used in nano/micro technologies, optical 
tools are usually better suited for inline metrology applica-
tions. Optical tools, such as spectral reflectometry [35] and 
interferometry [16] are available for high-throughput depth 
measurement of HAR targets but are not capable of deter-
mining 3D shape. The workhorse of the semiconductor 
industry, scatterometry, is another optics-based technique 
widely used for measurement of shallow repeated structures, 
but is limited in its ability for 3D shape analysis of deeper 
and/or isolated HAR targets [13]. Model-based infrared 

reflectometry (MBIR) technique is reported to measure depth, 
top and bottom critical dimensions of TSVs and HAR targets 
[45]. But the MBIR technique also relies on simulations sim-
ilar to scatterometry and is limited in its ability for dimen-
sional analysis of individual HAR targets. There seems to be 
a gap in HVM metrology tools for complete shape analysis of 
truly 3D or HAR targets. It would be advantageous if the tool 
also does not rely on optical simulations.

We demonstrate here how a NIST-developed optics-based 
metrology tool, through-focus scanning optical microscopy 
(TSOM) [18, 43, 44, 46–55], could fill this gap. The TSOM 
image is generated from a set of images, each captured at a 
slightly different focus (i.e. through-focus), using a low-
cost, conventional optical microscope. Thus, TSOM col-
lects and preserves the entire through-focus optical intensity 
information in 3D space. The collected set of through-focus 
two-dimensional optical images are then stacked at their 
respective focus positions creating a 3D space filled with the 
optical intensities. From this 3D space, extracting and plot-
ting the optical intensities in a vertical cross-sectional plane 
results in a TSOM image. In the TSOM image, the X and the 
Y axes represent the distance and the focus positions, respec-
tively. The color represents the optical intensity. A TSOM 
image depicts variations in the optical intensities with focus 
position. The color pattern enables visualization of the varia-
tions in the optical intensities easily. The TSOM images were 
then normalized [52, 56, 57]. The normalization procedure 
nearly eliminates the effect of variations in the experimental 

Figure 1. (a) Exposure and etch conditions used to fabricate the 
HAR wafer. Exposure time increases from left to right. Etching 
changes radially, being slower at the edges. Typical (b) SEM, 
(c) optical, (d) dual-beam FIB etched cross-sectional SEM, (e) 
TSOM, and (f) D-TSOM images. The color scale bars in (e) and (f) 
represent the optical intensity. Nominal pitch  =  1000 nm. Optical 
data acquisition conditions λ  =  520 nm, numerical apertures 
(NA)  =  0.75, illumination NA (INA)  =  0.25.
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conditions such as the illumination source intensity, camera 
exposure time, frame rate. However, it is advisable to optimize 
conditions to reduce noise [57, 58].

D-TSOM images are generated by taking a pixel-by-pixel 
difference between two TSOM images obtained using two 
different targets. D-TSOM images expose small (down to 
sub-nanometer) differences embedded in nominally identical 
targets. The color patterns of D-TSOM images are usually 
distinct for different types of parameter changes and serve 
as a ‘fingerprint’ for different types of parameter variations. 
D-TSOM images are qualitatively similar for different mag-
nitude changes in the same parameter. However, the optical 
content of D-TSOM images is proportional to the magnitude 
of the dimensional differences. We developed a metric we call 
the optical intensity range (OIR), which provides a quantita-
tive estimate of the difference between two images. The OIR 
is the absolute optical range (i.e. the difference between the 
maximum and the minimum optical intensity) of the D-TSOM 
image, multiplied by 100 [52, 56]. The utility of D-TSOM 
[18, 47, 52, 53, 59] is that the color pattern of the D-TSOM 
image is an indicator of the difference in 3D shape, while the 
magnitude of the OIR scales with the dimensional difference 
between the two targets. Developments in image acquisition 
techniques have significantly reduced the acquisition time for 
a set of through-focus images to be as fast as a single con-
ventional microscope image [50, 54, 60–62] making TSOM 
suitable for HVM.

Here we present a comprehensive study that demonstrates 
the applicability of TSOM for shape analysis of truly 3D 
trench targets with HAR. We show that the scattered light, 
which could be due to multiple scattering, contains the 3D 
shape information. TSOM facilitates extraction of this useful 
information and allows us to propose a simple, cost-effective, 
non-destructive, 3D shape process control method.

2. Methods

2.1. HAR target fabrication

The current work uses a 300 mm silicon wafer with HAR 
targets in a SiO2 layer. First, a 1.1 μm thick SiO2 film was 

deposited on the silicon wafer. HAR features covering an 
area of 150 μm  ×  150 μm were etched into the oxide film 
with a nominal CD, depth and pitch of 100 nm, 1100 nm and 
1000 nm, respectively. Exposure and etch conditions were 
varied across the wafer, as shown in figure 1(a), to provide 
slight variations in the feature structural parameters. This pro-
vides a systematic dimensional variation in the HAR targets 
across the wafer. Typical SEM and optical images are shown 
in figures 1(b) and (c), respectively.

2.2. FIB cross-section

Cross-sectional analysis of the HAR targets was performed 
using a focused ion beam scanning electron microscope (FIB 
SEM) equipped with a gas injection system. First, the HAR 
target areas were filled with Pt using the primary electron beam 
at 10 keV landing energy and with 1.6 nA beam current at  
0° sample stage tilt. Once the targets were filled in, additional 
1 μm thick Pt layer was deposited using the 30 keV, 800 pA ion 
beam. This layer was deposited to protect the sample surface 
during the cross-sectioning steps. Rough milling to remove 
the bulk of the material was performed at 2.5 nA ion beam 
current. The exposed cross-sectional face was further cleaned 
with a lower ion beam current (0.79 nA) fine milling. The 
cross-sectional face was imaged using a 2 keV, 100 pA elec-
tron beam with a through-the-lens detector (TLD) in immer-
sion mode. A typical cross-sectional image thus obtained is 
shown in figure 1(d).

The following procedure was used to determine the pre-
cise cross-sectional profiles of the HAR targets. A typical 
large-area FIB cross-sectional image is shown in figure 2(a). 
A highly magnified cross-sectional profile of a single HAR 
trench is shown in figure 2(b). A line was first drawn along 
the SiO2–Si interface at the bottom ((a1) in figure  2(b)). A 
perpendicular line (blue wide bar with a yellow central line) 
was drawn to this boundary passing through the middle of 
the trench at one-third of the distance from the top ((a2) in 
figure 2(b)). Eleven horizontal lines were drawn at the pre-
defined depths covering the entire depth of the trench ((a3) 
figure 2(b)). Distances of the left and right profiles from the 
central vertical line were then carefully measured at the 11 

Figure 2. (a) A typical FIB cross-sectional image. (b) A typical high-magnification cross-sectional image with horizontal lines at the depths 
at which profile measurements were taken (a3).
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horizontal line locations, providing the cross-sectional profile 
of the trenches. A cubic spline fit was drawn through the 11 
points on the left and the right separately resulting in the left 
and right profiles. For each die, a minimum of six such profile 
measurements were made on six different trenches. The final 
cross-sectional profile is a mean of these six measurements. 
The mean cross-sectional profile obtained in such a manner 
is shown in figure  3 (blue profile) for the central reference 
die along with the standard deviation which is shown as red 
profiles. The lowest measured cross-sectional profile standard 
deviation was observed at about one-third of the depth from 
the top as highlighted by a red box in the graph with the 
expanded x-scale, on the right of figure 3.

2.3. TSOM Experiments

A commercially available conventional, bright-field optical 
microscope in the reflection mode was used to collect the 
TSOM images. The optical microscope was designed for 
Kohler illumination. A light-emitting diode (LED) was used as 
an illumination source. A narrow, band-pass filter was used to 
obtain an illumination wavelength of 520 nm (±5 nm). TSOM 
images were captured using a 40x magnification objective with 
0.75 numerical aperture (NA) and 0.25 illumination NA. An 
image of approximately 55 μm  ×  40 μm was captured using a 
cooled, monochrome CCD camera (692 x 520 pixels). A width 
of 0.5 μm (along the trenches) of the image at the center of the 
field-of-view (FOV) was averaged to obtain a mean intensity 
profile. From this, 2 μm length (across the trenches) at the 
center of the extracted profile was used from all of the through-
focus images to construct the TSOM images. A through-focus 
step height of 300 nm, and a total through-focus scan range of 
25 μm was used to collect the set of through-focus images. 

The experimental data were collected using 0° illumination 
polarization (E-field perpend icular to the trenches) which 
provided higher sensitivity. Other typical processing condi-
tions used and the effect of optical parameters can be found in  
[56, 57]. The through-focus optical images forming the 3D 
optical data set were analyzed using an in-house developed 
software program.

TSOM data were collected at the center of the target. Three 
sets of TSOM data from the 80 usable dies across the wafer 
were collected. For this work, we considered the target in the 
center die (0,0) as the reference. The TSOM image processing 
and normalization procedure can be found in earlier publica-
tions [56, 57]. An example of one TSOM image is shown in 
figure 1(e). D-TSOM images were evaluated by subtracting 
the TSOM image of the reference target from each of the 
TSOM images associated with the targets in the other 80 dies. 
A typical D-TSOM image is shown in figure  1(f); note the 
scale on the color bar as compared to that of figure 1(e).

3. Results and discussion

3.1. TSOM data

Even though we expect to see variation between the targets 
due to the process variation shown in figure 1(a), the color pat-
terns for the TSOM images appear to be nearly identical for 
all the targets on the different dies. In contrast with the TSOM 
images, the color patterns of the D-TSOM images vary sub-
stantially based on the die selected. Typically, a  sub-section 
of the D-TSOM image as highlighted by a red rectangle in 
figure  1(f) contains the strongest color pattern. Hence, we 
selected this sub-section (maintaining the same focus and 
distance ranges) from all the D-TSOM images and created 

Figure 3. Measured mean cross-sectional profile of the target in the central die. Red profiles indicate mean standard deviations of all the 
profiles.
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a mosaic of the D-TSOM images by placing them in their 
respective die locations covering the entire wafer as shown 
figure 4(a). Please note that these D-TSOM images are set to 
automatically scale the color to highlight the color patterns.

At a first glance, the D-TSOM image color patterns appear 
to be varying widely. However, careful observation shows that 
they are mostly variations of the four basic color patterns (T1, 
T2, T3 and T4) as identified in figure 4(b). Figure 4(c) con-
verts the ranges of optical strength in the D-TSOM images 
into OIR values, which are set at their respective die locations.

One can see that the upper semicircle of figure  4(a) is 
mostly filled with T1 or T2 types of 3D shape differences and 
the lower semicircle is mostly filled with T3 or T4 types of 
differences. Further, the larger OIR of the D-TSOM images on 
the right side of the semicircle in figure 4(c) indicates larger 
dimensional difference targets compared to the left side of the 
semicircle. While these observations suggest how much the 
different HAR structures vary, one needs additional informa-
tion to know what type of shape or dimensional differences 
the T1, T2, T3 and T4 type of D-TSOM images represent.

3.2. 3D profile analysis with TSOM

For the purposes of this analysis, we compared information 
collected using D-TSOM and FIB-SEM cross-section. After 
comparing the cross-sectional profiles of the selected refer-
ence targets, a correlation between the D-TSOM images and 
the geometry was identified. A summary of this correlation 
is presented in figure 5. The four typical types of D-TSOM 
images identified in figure 4(b) can be correlated with the fol-
lowing cross-sectional characteristics.

 •  Type T1 D-TSOM image (figure 5(a1)). It is associated 
with mostly symmetric profile differences from top to 
bottom, with nearly similar width at the top but narrower 
width of the production target at the bottom (figure 5(a2)). 
Schematically we can represent this type of difference as 
shown in figure 5(a3).

 •  Type T2 D-TSOM image (left part of figure 5(b1)). It is 
associated with mostly asymmetric profile differences 

Figure 4. TSOM results. (a) A mosaic of the D-TSOM images 
obtained by subtracting the TSOM image of the central reference 
target from the TSOM images of the targets in the other dies with 
color scale bar set to automatic. (b) Four major types of D-TSOM 
image color patters identified. (c) OIR values of the D-TSOM 
images representing the automatic color scale ranges in (a). 
Standard deviations of these OIR values varies between 2% to 
10%, with the majority of them falling below 5%. Each die can be 
uniquely identified using the assigned co-ordinates in (a) and (c).

Figure 5. A summary showing four major D-TSOM images  
(a1)–(d1), their corresponding FIB-cross sectional shape profiles 
(a2)–(d2) and types of simplified shapes (a3)–(d3) represented 
as T1, T2, T3, and T4 in (a)–(d), respectively. In (a2)–(d2) the 
blue color profile is from the reference target, while the red color 
profile is from the production target. Different types of 3D profile 
differences between the reference and the production targets result 
in D-TSOM images with different color patterns.
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from top to bottom, with nearly similar width at the top 
but narrower width of the production target at the bottom 
(figure 5(b2)). Schematically we can represent this type 
of difference as shown in figure 5(b3). Since the profile 
differences are similar to figure 5(a2), except with asym-
metry, we can propose that T2 type of D-TSOM image 
is a result of T1 type of profile differences with some 
asymmetry present. This is presented in figure 5(b1).

 •  Type T3 D-TSOM image (figure 5(c1)). It is associated 
with mostly symmetric profile differences from top to 
bottom with production target wider at the top but nar-
rower at the bottom (figure 5(c2)). Schematically we can 
represent this type of difference as shown in figure 5(c3).

 •  Type T4 D-TSOM image (left part of figure 5(d1)). It is 
associated with mostly asymmetric profile differences 
from top to bottom, with the production target wider 
at the top but narrower at the bottom (figure 5(d2)). 
Schematically we can represent this type of difference as 
shown in figure  5(d3). Since the profile differences are 
similar to figure  5(c2), except with asymmetry, we can 
propose that T4 type of D-TSOM image is a result of T3 
type of profile differences with some asymmetry present. 
This is presented in figure 5(d1).

3.3. Process monitoring with TSOM

From these results, we identify two paths to the desired fast, 
low-cost, inline capable, automated, robust, easy to use, non-
destructive and statistically significant metrology tool for a 
high-volume production environment. For the sake of argu-
ment, we can consider the target in the central die (the refer-
ence target (0,0)) as an ideal target with desirable dimensions. 
In a production environment, this information would be avail-
able from a ‘golden’ standard or reference. We consider the 
targets in the rest of the dies as exhibiting dimensional varia-
tions, as it would be typical in production.

3.3.1. First approach. As the first approach, we propose 
using only the OIR values for the process monitoring. In ear-
lier work, we showed that the magnitude of the OIR increases 
with the magnitude of the dimensional difference [18, 47, 52] 
between the reference and target under test. Thus, in produc-
tion we can identify a maximum OIR value for an acceptable 
production target, for which, when exceeded, an unacceptable 
percentage of the related devices will fail.

This first approach is an example of high-throughput and 
quick way of using TSOM as a simple 3D shape process 
monitoring method. However, it has the drawback of not 
identifying the type of dimensional difference the D-TSOM 
image represents. Since there are several types of D-TSOM 
image color patterns in figure 4, we can expect many types of 
3D shape deviations from the reference target. From the OIR 
alone we are unable to single-out deviation in the dimension 
that is critical (usually called the critical dimension) for the 
application. A small deviation in the critical dimension may 
not be acceptable, whereas a larger deviation in a non-critical 
dimension may be acceptable. If the process monitoring is 

done purely based on the OIR values, there is a possibility 
that useable targets may be rejected if the high OIR value of a 
D-TSOM image is a result of a large non-critical dimensional 
difference, and vice versa.

3.3.2. Second approach. The second course of action 
allows us to make intelligent process monitoring decisions 
with enhanced accuracy using the knowledge gained by 
determining the correlation between the color pattern in the 
D-TSOM image and the type of dimensional difference. This 
analysis needs determination of the complete 3D shape of tar-
gets corresponding to specific families of TSOM images. This 
process is similar to the library development in scatterometry, 
which is widely used in high-volume manufacturing. How-
ever, in the TSOM method we make use of experimentally 
generated library where as in the case of scatterometry opti-
cal simulations are used. For this work we developed such a 
library using the FIB SEM cross-sectional images described 
above and shown in figure 3, as well as those having similar 
patterns but exhibiting a range of OIR values. The D-TSOM 
images and the evaluated profile correlations become a library 
for the second approach.

Equipped with the information and correlations identified 
in figure 5, we then propose the following steps for 3D shape 
process control of the HAR targets.

 •  At first, we create accept/reject rules. These rules should 
be based on the process control requirement. For the sake 
of demonstration, we have created the following rules 
randomly (these rules are shown graphically in figure 6). 
If the OIR of the D-TSOM image is more than 12, reject 
the target as the dimensional differences are in excess of 
the tolerable limits. On the lower side, if the OIR of the 

Figure 6. Process control rules arbitrarily selected for 
demonstration purposes.
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D-TSOM image is less than 7, accept the target as the 
dimensional differences are within the acceptable level. If 
the OIR value is in between 7 and 12, reject the produc-
tion target if the profiles are asymmetric and accept if the 
profiles are symmetric.

 •  Now consider a random production target, for example 
the one located at position (−2,2) in figure 4. Initially, 
we have no knowledge of the type of target shape devia-
tion from the reference target. Since its OIR value is 
8.4, we then proceed to the next step where its D-TSOM 
image is compared with the reference library to deter-
mine which D-TSOM image from the library matches 
best with it. This target shows highest correlation with 

type T1 D-TSOM image; this can be determined by 
calculating the correlation coefficients by comparing the 
D-TSOM image with each reference image in the library. 
In this case, the best correlation of the target at (−2, 2) 
is with the type T1 (figure 5(a)). Since this target has a 
mostly symmetric shape difference and its OIR value is 
less than 12, the final verdict is ‘Acceptable’. Figure 7 
illustrates this decision process as row number 1. We can 
unambiguously bin (accept/reject) the unknown targets 
at positions (1, −4), (−2, 1), and (4, 2), following the 
similar decision process as depicted in rows 2, 3, and 4, 
respectively, using only the OIR values and the correla-
tion coefficients.

Figure 7. Proposed TSOM-based automated 3D-shape process control method. The selected test production targets in column 1 are 
considered to have unknown 3D-shape profile (column 2). Comparing the D-TSOM images of the test targets with the library provides 
the best match (green boxes) from which the possible 3D shape difference type can be inferred (column 8). Based on the type of 3D shape 
difference and the magnitude of the dimensional difference (OIR), the process control decision of accept/reject status can be made.

Figure 8. Dies marked by an X are rejected after applying the 
automated TSOM-based process control criteria of figure 7 to the 
entire wafer shown in figure 2, using the created rules (figure 6). 
The rest of the dies are deemed acceptable.

Figure 9. Cross-sectional profiles overlaid for targets from the 
reference die (blue profile), die (−2, 2) (green profile), and die  
(3, 0) (red profile).
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The unknown target in row 3, (−2,1), has the highest cor-
relation coefficient with T2. However, its correlation coeffi-
cient is also close to type T1. Similar, but still-high correlation 
with T1 and T2 indicates that the unknown target is type T1 
with asymmetry, i.e. type T2. Since correlation coefficients 
derived from D-TSOM images and OIR values are all numer-
ical values, the decision process is simple and can easily be 
automated. The remaining acceptable dies after applying the 
selected process control rules to the wafer shown in figure 4 
ARE presented in figure 8.

3.3.3. Verification of the 3D shape analysis. Here we pres-
ent a test case to verify the accuracy of the TSOM method of 
process control (figure 9). We chose two die locations (−2, 2) 
and (3, 0) that show type T1 D-TSOM images but with dif-
ferent magnitude of OIR values of 8.4 and 12.4, respectively. 
Since both the dies have type T1 profile differences, their 
 cross-sectional profile differences should be similar when 
compared to the reference profile. However, the target in die 
(3,0) with a higher OIR value should have a larger profile dif-
ference compared to the target in die (−2, 2). Measured FIB 
cross-sectional profiles shown in figure 9 support this, i.e. a 
larger difference in the profile results in a larger OIR, validat-
ing the analysis made by the TSOM method.

3.3.4. Large area and intra-die analysis. The TSOM method 
can also be used to identify anomalies in targets covering a 
large area. In figure 10, we present 50 μm long HAR sam-
ple SEM (figure 10(a)) and D-TSOM (figure 10(b)) images. 
While the D-TSOM image pattern typically matches with 
type T1, which is mostly symmetrical profile differences, 
some local variations can be identified. We highlighted two of 
the several local variations in the D-TSOM image by the red 
boxes. In figure 10(c), the red color area between the two blue 
color regions is less dominant in the highlighted blue box, 

whereas in figure 10(d), it is more dominant. This difference is 
a result of the underlying localized cross-sectional profile (i.e. 
3D) shape differences. Even though at present it is not known 
what type of profile differences result in this type of D-TSOM 
images, this demonstrates the ability of the TSOM method 
to highlight them easily. A further finer localized FIB-cross 
sectional analysis would reveal the underlying profile shape 
differences precisely. A similar process can also be applied to 
identify dimensional variations within a die. In this way, local-
ized variations (or defects) within a large area that fits in the 
FOV of a microscope can be identified simultaneously using 
the TSOM method.

TSOM has unique advantages over other metrologies such 
as scatterometry, as it can be used to independently analyze 
every 3D structure (such as the HAR target demonstrated 
here); and over metrologies such as SEM, as it can be used 
to simultaneously analyze a large number of targets present 
in a large field-of-view (FOV) of a microscope with meas-
urement resolution comparable to SEMs and AFMs. TSOM 
can also be used to study dimensional variations within a 
die, not possible with either scatterometry or MBIR. It is 
also not possible to obtain 3D shape information using SEM 
non-destructively, and measure narrow spaces using AFM 
due to probe size limitations. In the case presented here 
we have demonstrated that TSOM does not have these two 
limitations.

This paper demonstrates the basic 3D shape process con-
trol procedure using the TSOM method, wherein each step can 
be automated once the library is generated. In the case pre-
sented here, the library has only four major types of D-TSOM 
images. For other cases, there may be more or less major types 
of D-TSOM images in the library. However, we expect the 
same type of procedure to work for 3D shape process control 
of many types of shapes and target sizes, ranging from micro-
scale to nano-scale targets.

Figure 10. Large area analysis using TSOM. (a) A typical top-down SEM image of a 50 μm long HAR sample. (b) D-TSOM image 
obtained using die (3,1) and the reference die. (c) and (d) Magnified areas highlighted by red boxes in (b) showing differences in the 
localized color patterns.
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4. Conclusion

In this paper, we have shown how TSOM could be applied in 
a high-volume manufacturing environment by using numer-
ical signatures from measured D-TSOM images that have 
been developed into a reference library or database. Thus, we 
have proposed and demonstrated a low-cost, high-throughput, 
and nondestructive 3D shape process monitoring method for 
truly 3D or HAR type of targets using conventional optical 
microscopes. This tool can fill the gap by satisfying the HVM 
metrology needs of not only HAR but also other types of truly 
3D targets for which 3D shape process control/monitoring is 
needed. This work indicates that targets with surfaces hidden 
from the direct illumination could also be analyzed using 
TSOM. We have also pointed out that TSOM has unique 
advantages over other metrologies such as scatterometry, and 
SEM.
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