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INTRODUCTION

OVERVIEW: Volume production of 90-nm node semiconductor products
began in 2003, and research has been already well advanced on products
for the next-generation 65-nm technology node. As feature sizes descend
further into the deep submicrometer range, it becomes increasingly important
for maintaining quality and streamlined production to exploit a range of
analytical tools that are tightly integrated as a total system including (1)
CD-SEM (critical-dimension scanning electron microscope) and other
metrology tools, (2) defect inspection tools, (3) data collection and analysis
systems, (4) SEM and TEM (transmission-electron microscope (TEM)
analytical tools, and more. Hitachi Group is known for its lineup of leading-
edge, high-performance metrology, inspection, and analytical tools for
present and future technology nodes, but goes even further in providing
inspection and analysis solutions that are tailored to the very diverse needs
of individual device manufacturers.

abate somewh8t production of 90-nm-node devices

OVER the past several years, successive generatidmsgan in 2003, and development of 65-nm-node parts
of semiconductor device geometries have beeis already well advancéd). Basic challenges in the
shrinking at a rate of one generation every two yearsjass production of semiconductor devices are to set
with 0.134m node devices going into production inup production processes while working through a
2001. Although this phenomenal pace is beginning teuccession of preproduction samples within a very
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Fig. 1—Hitachi Group’s Semiconductor Device Metrology, Inspection and Analysis Systems.

The Hitachi Group offers a wide range of stand-alone measurement, inspection, and analysis tools to aid in
the efficient production of high-quality semiconductor devices. At the same time, the Group is building
comprehensive management systems by organically combining these tools as integrated modules.
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metrology.

short time frame, then working to enhance the devicef devices while inhibiting punch-through and
yield (including quality and reliability) as quickly as reducing power consumption. We are also seeing
possible after the fab is up and running. A number dhcreasing use of a diverse range new materials such
technologies are critically important in this processas high-k materials for gate dielectrics and low-k
technologies for in-line assessment of device pattermsaterials for interlevel dielectrics.
based on device design data, technologies for verifying Anticipating the types of faults that are likely to
faults, and technologies for evaluating the electricabccur with these structures and materials, the primary
characteristics of devices and for verifying theareas calling for measurement and inspection include
completed level of the final fine structure. the dimensions and cross-section profile of the MOS
A variety of different measurement technologiegmetal-oxide semiconductor) region, dopant profiles,
are clearly required to analyze fine device structuregnd leakage current. Measurement and inspection tools
and it is important that these technologies aréhat can effectively identify and quantify the types of
integrated in a comprehensive system in order tproblems encountered in the new low-k and high-k
optimally position the right inspection and materials are in high demand including defects relating
measurement tools, to efficiently extract the data thao film quality and thickness, shape of trenches for
is needed, and to identify the fine geometry regiodamascene interconnects, misshapen and incomplete
that is targeted for analysis. high-aspect-ratio interconnects, pattern defects,
This article presents an overview of the Hitachparticles, scratches, voids, and barrier metal peeling.
Group’s IC (integrated circuit) inspection and analysis
solutions that meet the increasingly diverse needs dISPECTION AND ANALYSIS SYSTEM
chip manufacturers in supporting high-qualityLINEUP
streamlined production of semiconductor devices (see The Hitachi Group has assembled a powerful set
Fig. 1). of metrology tools including a CD-SEM, a precision
overlay metrology tool, and an AFM (atomic-force
REQUIREMENTS BASED ON microscope). On top of that, Hitachi’s inspection tools
SEMICONDUCTOR DEVICES include an optical wafer inspection tool, wafer particle
Fig. 2 shows some of the typical types of defectgspection system, an EB wafer inspection system, and
that cause problems in semiconductor devica fully automatic review SEM system. Finally, Hitachi
structures. has also developed a system that collects and analyzes
Basic trends today in designing device structurethe data from these various tools and a sampling system
are to adopt strained Si, elevated source/drains, atftat efficiently extracts just enough defect data from a
SOl with the goals of increasing the operating speelduge number of defects to devise effective
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countermeasures. Obviously it is essential that theseols — CD-SEM and other metrology tools, optical
various metrology and inspection tools properlywafer and other inspection tools, data collection and
interwork based on sound operating guidelines ananalysis systems, SEM, TEM (transmission electron
principles. microscope) and other analytical tools — must

A whole different set of tools has been developethterwork smoothly as a total comprehensive
to evaluate and analyze device structures including amspection and analysis system. While making full use
FIB (focused-ion-beam) system, a SEM, and anf this system, it is also important that it provides a
STEM. Here again, a sampling system is criticalllcomprehensive inspection and analysis solution that
important to collect a relatively small but sufficientmeets the needs of the new SoC (system-on-chip) era
number of samples to make the correct structurand supports the diverse requirements of the different
assessment of a device. E-sampling (effectivdevice manufacturers.
sampling) is also required in analyzing the vast number
of defects that are detected by the inspection tools. Device Evaluation

Devices and process are subjected to close

INSPECTION AND ANALYSIS SOLUTIONS evaluation during the development/preproduction
Yield Enhancement Initiatives stage. The characteristics of a device are largely

The primary objectives of any foundry fab are tadetermined by the design and process implementing
maximize the wafer yield as early in the run as possiblbe device, so devices are evaluated by electrical testing
and to maintain the availability factor of the fabafter the device is completed. Assuming a problem in
equipment at as high a level as possible. Critical ithe current-voltage characteristics of a device, for
achieving these goals are the careful evaluation @xample, if we are able to measure distribution of
devices and processes at the developmenithpurity elements in an actual device, then we can
preproduction stage when the production process ameassess the ion implant and other process conditions
equipment conditions (including margins) are set whileand come up with a sound solution to the problem.
debugging is in progress. Then, when ramping up t©he STEM system shown in Fig. 4 includes an EDX
full production, the foundry fab processes andenergy-dispersive X-ray spectroscopy) system that
equipment are debugged based on comparison witlerforms precision elemental analysis while correcting
the trial production results and the process anfbr time drift. Fig. 5 illustrates the use of this function
equipment condition settings. Particularly fabso measure a distribution of Zcm3 atoms of As
involving very large investments are subjected t@arsenic) in an actual device. Note that the actual
careful measurement and diagnostic evaluation tmeasured results correlate very closely with the
ensure that the equipment is used at maximumsimulation results.
operating efficiency (see Fig. 3). If these evaluations The same system can also determine the internal
are to be done efficiently, then the various componerstress distribution state of a material by measuring the
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Fig. 4—EDX with Drift Correction Function. Fig. 6—Example of Residue Detected in Bottom of Contact
High-sensitivity elemental analysis is performed through imageHole.
accumulation while correcting the position. 2 nm of Si@residue is detected in the bottom of a high-aspect-

ratio contact hole based on the voltage contrast.

inspection and particle inspection tools are essential
for detecting surface abnormalities such as scratches,
particles, and pattern defects. There is also a variety
of faults that cannot be readily observed from the
surface such as voids, barrier metal peeling, and
electrical defects, and EB wafer inspection tools are
indispensable for spotting these kinds of defects
These two different types of tools — those that
examine the surface of devices and those that examine
the interior of devices — complement each other and
must be used together.

The principle of the EB inspection tool is called
voltage contrast detection: an EB is directed at the
surface of the wafer, and the emitted secondary
electrons are detected. The amount of secondary
electrons given off varies depending on the state of
crystal lattice strain, so this tool should also be usefuhterconnects buried in the device (i.e., whether the
for measuring strained silicBh And going beyond interconnects are complete or not), and this shows up
ordinary surface analysis, the STEM system is alsas contrasting images on the schehhe beauty of
capable of observing 3D structures using sevar&l- this approach is that the detection sensitivity and
micro-pillar samples, making the system useful fodetection object can be controlled by adjusting the
examining and analyzing even smaller device/oltage potential on the wafer surface. As shown in
dimensions. Fig. 6, this means that you can detect approximately

Use of these various kinds of analytical data no2-nm thick SiQ residue at the bottom of high-aspect-
only improves the efficiency of device manufactureyatio contact holes by using negative-charge mode.
it also contributes to much improved quality of devicesThis approach is also very effective at detecting internal

short circuits and current leaks, and can therefore
Defect Detection expose internal electrical problems that cannot be

Devising ways to prevent the functional failure ofdiscerned from the surface. Fig. 7 shows an actual
devices caused by defects is the primary concern ekample of a leakage fault that was detected using this
the initial stage when ramping up to full production.tool. Utilizing circuit design data and knowing how
In this defect detection process, optical wafethat data interrelates to detection conditions, we should

[Source/ )\ Drain

50 100 150 nm - 50 100 150 nm
EDX mapping As concentration mapping

Fig. 5—Example of As Concentration Mapping.
Example shows a concentration map of As based on EDX
mapping data of the transistor source area.
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Leakage path is estimated in this example of an actual device lrsampling (effective sampling) functions can be used to sample
inspecting leakage defect detection results with an EB wafer review-targeted defects with high statistical reliability.

inspection system based on measurements of electrical

characteristics.

Guaranteed statistical accuracy

. . « Estimated error for random defects and different
in a few years be able to characterize the types of classification modes < 10%, reliability 80%

internals defects and their causes almost immediately. Ay . m—
5 5 aol E-sampling Clusterf )< By Random
Defect Review _gg ol 2 P
Defect review involves a process of examining the s g B S ><
particulars of faults based on the fault location data ~S§ or ;Z?;e':ﬁ'mated Region . -~
obtained by the inspection tools so the faults can be §§ 0w | I
properly classified. A range of different kinds of s 0 = I_I o R
faults occur in the development/preproduction stage,
so it is important to identify and review the specific

points that need to be analy2eds shown in Fig. 8,

residue
the E-sampling function of Hitachi’s review support Random defects and classification mode

system generates a reliable statistical sampling of

defects broken out by type and by frequency Olfig. 9—Example of Data Showing Effectiveness of E-sampling.

&. 11) Fig. 9 illustrat th fi IThe error is less than 10% and reliability greater than 80% for
occurrence™ =+ Fig. ! 'us rates the essen_ 1a 86 sampling points out of a total of 2,647 defects (actual result
soundness of the E-sampling data. As shown in th@,o, 4l points are reviewed is 4%).

figure that based on a sampling of only 86 defects

(approximately 3.25% of 2,647 total defects), we

obtain virtually the same results as when all of thebserve voltage contrast defects for an effective
faults are reviewed. reviewt?),

In addition to the voltage contrast faults, the EB  \When the primary objective of the review is to
wafer inspection system also detects ordinary patteffentify particles, a particle spectral analysis is
abnormalities and particles. In cases where prioritgerformed using an EDX that is mounted on the review
measures are needed to prevent voltage contrast faui&M system. In most cases, the EDX employs a high
the fully automatic review SEM is used just to identifyacceleration voltage of 15 kV because the goal is to
the voltage contrast defects. With the EB wafeperform a spectral analysis of all the elements. The
inspection system, a high-powered beam up to 1Q8roblem is that at this high voltage the electrons
nA is used because a high signal-to-noise ratio imagsenetrate deep into the wafer surface, so the signals
must be obtained in a single scan. The problem is thitbm background patterns are counted. This diminishes
this makes itimpossible to recheck for voltage contraghe spatial resolution by as much asBwhich makes
faults using an ordinary SEM. This is solved by thet impossible to characterize particle elements on
review SEM system, which features a voltage contragkoduct wafers. Here again, the review SEM system
control electrode that enhances the system’s ability §§rovides an effective solution. Using an acceleration
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voltage of only 5 kV, the spatial resolution is enhanced

by about 0.4um so the particle elements on product Vi;ﬁ“’!%"ﬁion
wafers can be analyzed. Rather than the relative Incompleteviahole
uncertainty of elemental identification using X-rays
that are not sufficiently excited by 5 kV, we found that
the spectrum pattern matching method is quite
effective-3).
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Defect Analysis

Cu_ ~— (polymer) after etch

TEM is required to determine the causes of defects
that cannot be observed on the surface of devices. Any 11 Examle of Transition from Fault Detection of
of a number of techniques might be used — takln Pecmcatlon Oprause (Cu damascene).

multiple samples from around the area where the faq& region of Cu damascene incomplete contact defects detected

is located, extracting samples in different directionsy the EB wafer inspection system is subjected to SEM review.
from which dies are marked out, é#¢— and the Based on observation results of a cross-section defined by the

micro-sampling method has proved quite effective (sewicro-sampling method, the problem is traced to the etching.
Fig. 10).

Fig. 11 shows how all of the tools and procedures
outlined in this paper complement one another in & quickly isolate the problem within just a few days
coherent flow from defect detection to defect reviewime and trace the source of trouble to polymer residue
to defect analysis to first identify an incomplete contadthat built up when etching the low-k dielectric material.
failure in via hole of a copper damascene interconnegle also found that using an interconnect TEG (test
and then remedy the problem. A sequential syste@lement group) was an effective procedure for

check is performed in which evaluating the QTAT of interconnect processes.
(1) the EB wafer inspection system detects the

incomplete contact failure in the via hole, Data Analysis

(2) the fully automatic review SEM uses E-sampling  The ability to access and manipulate various kinds
to verify the detected findings, of data are essential for the efficient production of high-
(3) the micro-sampling function of the focused ionquality devices. The range of different kinds of data
beam system takes samples of the defect region, amngtlude quality-related data: pattern dimension, overlay
(4) the STEM system allows close observation of theccuracy, and other kinds of measurement data; fault
device. In this actual product example, we were ablgata; device characteristic data; and device testing data.
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ot p——— “*  production of semiconductor devices.
oy T e e e e P o While efforts to enhance yields were the central
concern during the period of mass production of
memories and other general-purpose products, the
emphasis today with the strong prevailing trend toward
SoC and small-lot large-variety production has shifted
to the flow from inspection and metrology to analysis
at the development and preproduction stage. Indeed,
streamlining this flow offers an efficient way to
enhance yields in the shortest time. Devising more
advanced yield enhancing methods that are linked to
semiconductor device design data are fundamentally
important in this effort. For example, the ability to
Fig. 12—Typical Calculation Showing Real-time Impact of estimate device chal_racteri§tics and the incidence of
Visual Defects on Yield. defects through simulation, and then perform
Exploiting the data warehouse capability of the yield control  INSpections and measurements based on the estimates
system, the visual defects for each inspection process and theitS required.
impact on yield can be derived in real time. While certainly technologies enabling us to identify
fault locations are extremely important from the
standpoint of fault analysis, with present-day
technologies it is still extremely difficult to pin-point
Beside quality-related data, there is also WIP (workexactly which transistor among several is the source
in-process) data that preserves a record of when, whioli a problem even though we can identify which
tools, and which chambers were involved in thanemory cell of an SRAM (static random access
processing of each batch of devices. Hitachi’snemory) is faulty. What we need to solve this dilemma
dedicated system is designed specifically to collect arid a technology enabling us to measure the electrical
analyze these various kinds of data. Especiallgharacteristics of individual transistors. The availability
noteworthy is the system’s ability to perform a numbeof this technology would certainly contribute to more
of correlation analyses at high speed. A typicateliable semiconductor devices.
example is the “trace report function” illustrated in  We have seen a lot of diversification in the products
Fig. 12 that first characterizes the incidence of defectsf different device manufacturers in recent years, and
by comparing the occurrence of visual defects witlihis of course means that the need for yield
the inspection results for each layer, then correlatenhancement measures has also become more
those results with device characteristic data andiversified. It is no longer enough to just offer a
electrical test results in real time. This capability isuniform set of systems and tools. Rather, we must
made possible by adopting a data wareh$useheme develop a clear understanding of our diverse clients’
in which much of the preprocessing that is requiredeeds, then provide solutions that are tailored to those
for the analysis is done in advance in real time. In theeeds. This is the goal that the Hitachi Group has set
coming years, this kind of process analysis will requiréor itself.
more detailed data including the temperature, type of
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