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Where analytical techniques fall short:
a user’s perspective

By C. HiLL

GEC-Marconi Materials Technology Caswell Ltd, Towcester,
Northants NN12 8EQ, UK
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Electronic devices make enormous demands on compositional, structural and elec-
trical characterization techniques. These demands have catalysed great technique
improvements but, despite this, a large and increasing gap exists between demand
and supply, especially in the characterization needs of silicon integrated circuits.
These needs are outlined, the shortfall in present 1D, 2D and 3D analytical capabil-
ities is quantitatively assessed and a strategy to bridge this gap by combining the
best modelling and characterization methods is presented.
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1. Introduction

Electronic materials, and the devices made from them, have made continually increas-
ing demands on compositional, structural and electrical characterization techniques
over the past 40 years. These demands have resulted in great improvements in all
techniques, as described in the other papers of this volume but, despite this, in many
areas a large and increasing gap exists between demand and supply. This is partic-
ularly true for the characterization needs of silicon integrated circuits, where even
in bulk and 1D analysis, continual improvement in quantification, depth resolution
and deconvolution of analysis artefacts is needed to keep pace with the requirements
of each generation of integrated circuit technology. This is currently being achieved
(see Dowsett et al. 1996). In multidimensional analysis, however, an immense ana-
lytical problem exists because of the complexity and non-planarity of device struc-
tures and the simultaneous sensitivity (e.g. ca. 1 ppm) at high spatial resolution (e.g.
ca. 5x5x5 nm?3) often needed. Such 2D and 3D analysis of structure and composition
is, however, more and more necessary to the understanding, simulation, design and
control of advanced VLSI circuit components because of the increasingly 3D device
structures forced on designers by device physics and materials properties when lateral
dimensions are shrunk below 1 pm. The present situation is that current structures
have minimum feature sizes below 0.5 pm, are very non-planar and need 2D and 3D
characterization; but, at these geometries, only 1D compositional data is available
of sufficient quality. The best previous compilation of 2D techniques and their ca-
pabilities is to be found in Maher et al. (1995); together with Pearson et al. (1994)
and the papers in this volume, this shows that although there are several promising
techniques for determining 2D carrier distributions, there is only one compositional
technique that approaches the required resolution and sensitivity for determination
of 2D dopant distributions (2D SIMS, Cooke et al. 1996). In the present paper, ex-
amples of characterization needs of some advanced VLSI structures are described,
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the shortfall in present analytical capabilities is quantitatively assessed and a strat-
egy to bridge this gap using a combined simulation and characterization method is
presented.

The users of analytical techniques in the silicon integrated circuit industry are
the engineers, technologists and scientists whose task is to design, make, optimize
and manufacture semiconductor devices and circuits ultimately for commercial use.
Their need for 1D, 2D and 3D compositional characterization arises because there
are multidimensional aspects of the device structures and their electrical character-
istics which are crucial in determining the final circuit performance, reliability and
manufacturability.

Three important classes of inputs are made by analytical techniques to VLSI users:
namely to process control, failure analysis and design. Inputs to process control
are provided by on-line analytical tools for monitoring and controlling each step
of the manufacture. These tools are necessarily non-destructive, usually based on
electromagnetic radiation and must be rapid, fully automated and have sophisticated
data acquisition and handling to generate the large statistical data base required for
effective process control. Generally, the output is a scalar quantity (e.g. reflectivity,
X-ray intensity) mapped in 2D over the whole (e.g. 200 mm) wafer. Inputs to failure
analysis are provided by tools for diagnosing the physical causes of failures identified
electrically in operating circuits. These are usually destructive, 2D and often involve
TEM and SEM, which allow the analysis to be located to submicron accuracy in the
device structure. These two inputs, though important (Fabry et al. 1993), lie outside
the scope of this paper and will not be further considered. The class of input with
which we are concerned is that of input to design, which provides the basic data
from which reliable and accurate physical models, simulators and optimizers of the
device and its fabrication process can be developed and maintained.

2. Analytical input to design

A modern integrated circuit is a 2D assemblage of a very large number of identical
building blocks, themselves 3D on a micron scale. The building blocks are inter-
connected electrically by a 3D overlay of up to five metal wiring layers. It is the
individual building blocks for which analysis is most crucial, but also most difficult,
since they require the highest analyte sensitivity combined with the highest spatial
resolution. Ideally, the engineer would have a full 3D characterization of structure
and dopant distribution within the device building block, from which, using a 3D
device simulator, he could predict and optimize the device electrical performance. In
practice, he usually simulates the device structure in 2D with a process simulator, but
he has few ways of validating this by analysing the fabricated structure adequately
in 2D, and none in 3D. What is deemed ‘adequate characterization will differ for
each device and application, but some idea of the analysis capability required can be
gathered from two representative examples from advanced device technology shown
in figures 1 and 2.

The analytical sensitivity and resolution required are ultimately determined by the
specified tolerances of device electrical parameters. The relationships between these
for a MOS device with graded compositional profiles in the source/drain regions and
channel length of about 0.35 pm, as used in the currently most advanced production
CMOS processes, are shown in figure 1 and table 1, based on the analysis of Duane
et al. (1995). For instance, specification of control of the voltage at which the device
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Figure 1. Schematic 2D section through a sub 0.5 pm MOS transistor, showing some areas
of critical device parameter tolerance, which in turn require control of process and analytical
parameters to the close tolerances shown. Data are shown in table 1.

Table 1. Typical data for the MOS transistor shown in figure 1 (Duane et al. 1995)

device tolerance process and analysis tolerance
AVt 50 mV channel doping

1D 1E17 and 6 nm
AVt 50 mV LDD doping

2D 4E17 and 7 nm

A standby power 20%  drain junction depth
1D 2E16 3 nm

A circuit speed 20% position of LDD relative to gate
2D 1E17 20 nm

lifetime > 10 years exponential dependence of hot carrier
failure on 1D peak position

turns on (AV;) to 50 millivolts, implies a control of channel doping and spatial lo-
cation (and hence analytical sensitivity and resolution) of 1 x 10'7 atoms cc™! and
6 nm in depth. The same electrical specification also implies the capability to char-
acterize the 2D distribution of dopant in the lightly doped drain (LDD) region, to
4 x 10'7 atom cc™! and 7 x 7 nm? spatial location. An example from a more advanced
CMOS device in the research stage is shown in figure 2, based on the work of Hori et
al. (1994). The very short channel length of 0.05 pm gives the the device, when used
as a building block, the potential for a circuit with very high switching speed and
packing density. To realize this potential, very careful engineering of the 2D dopant
distributions in the source and drain regions of the device is mandatory, since the
electric fields must be graded (to avoid avalanche multiplication), and simultaneously
the junction capacitances must be minimized (for speed) and the depletion layers at
the drain edges kept as narrow as possible (to maintain the specified turn-on volt-
age). The devices in figure 2 achieve this by incorporating two different types of
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Figure 2. Schematic 2D section through the drain regions of advanced CMOS transistors with
sophisticated source—drain engineering. The placement of, and exact 2D dopant distributions
within, the implanted ‘pocket’ regions, are crucial to device operation; to characterize these
requires 2D analytical capability of 1 x 10'7 cc™* and 5 x 5 nm?: (a) NMOS transistor drain
region; (b) PMOS transistor drain region. Adapted from Hori et al. (1994).

small, but exactly specified, 2D doped zones. Lightly doped shallow 2D extensions
to the heavily doped source drain, using implantation of As™ (NMOS) and BF2*
(PMOS), followed by anneal, help to grade the electric field and, in addition, deeper
2D ‘pockets’ of opposite doping type (As™ in PMOS and BF2* in NMOS), created
by implantion and anneal, define narrow and small area lateral depletion layers.
The device performance is sensitive to the exact placement of these zones in the
device and to the dopant distribution within these zones, so that characterization of
these structures requires at a minimum simultaneous 2D determination of sensitivity
1 x 10*7 cc and resolution 5 nmx5 nm?.

So far we have only considered the doping distributions and structure in the 2D
sections through CMOS devices in the plane of current flow. For many devices,
characterization of this section is sufficient to determine the major electrical char-
acteristics. Increasingly, however, the optimization of smaller devices is forcing a
reduction in device lateral dimensions without a proportional scaling vertically, and
this often means that the 3D corners of device structures are significantly affecting
performance, through, for example, increased electric field or capacitance.

3. The shortfall in analytical capability

The task of characterising regions of devices increases rapidly in difficulty as the
dimensionality changes from 1 to 2 to 3D, since the number of atoms available for
analysis at each data point decreases and the minimum number of data points for
adequate description of the region increases, as the power of dimensionality gets
larger. These strict criteria can be relaxed somewhat for many devices by using
symmetry and taking into account the lower sensitivity of the device to 2D and 3D
dopant distributions than to 1D profiles.

A typical assessment for an MOS transistor gate region is shown in figure 3, which
gives the smallest domain sizes for adequate characterization of the 1-, 2- and 3D
regions of the structure in terms of the minimum feature sizé L. These domain
sizes, when combined with typical resolution data determined from device studies

Phil. Trans. R. Soc. Lond. A (1996)
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3D 2D 1D

.

cube of square of line of
side L/2\2 side L/2 length 3L/2

Figure 3. Schematic diagram of a minimum feature size (L) region of a CMOS VLSI transistor.
One such region is the part of the source adjacent to the gate, which region is doped throughout,
with a distribution that varies vertically (1D) in the central area, vertically and laterally (2D)
at the edges, and in 3D at the corners. The diagram shows the minimum dimensions of analysis
domains for adequate characterization of these three areas of the structure. With L = 0.3 pm,
and the spatial resolutions given in table 2 for 1D, 2D and 3D analysis, this implies a minimum
number of data points of about 200, 800 and 1250 for the 1D, 2D and 3D domains, respectively.

of the kind illustrated in figures 1 and 2, give a minimum number of data points
for 1, 2 and 3D characterization. Taken together with sensitivity figures from the
same source, this data allows the ideal characterization technique to meet VLSI
needs to be defined, with a simultaneously obtainable combination of sensitivity (.5),
resolution (Re) and speed of data acquisition (Ra) specified, and a figure of merit
Ra/(S x Re) quantified. Table 2 summarizes these ideal parameters for 1D, 2D and
3D compositional analysis of minority components and compares them with the same
parameters for some actual analytical techniques.

It is clear from table 2 that only in 1D profiling does an actual analysis technique
approach the characteristics of the ideal. 1D SIMS falls short mainly on speed of
data acquisition, and this is an acceptable penalty where high depth resolution is
essential. In 2D dopant distribution measurement, even the best techniques, STM
and 2D SIMS, have a figures of merit less than 1% of the ideal value; STM gives
only a semi-quantifiable carrier density which cannot be uniquely related to compo-
sitional concentration; 2D SIMS does not, so far, quite reach the necessary spatial
resolution and can only be carried out on special structures (Cooke et al. 1996). In
3D dopant distribution measurement, the situation is far worse; scanning Auger elec-
tron spectroscopy has the best figure of merit, meeting the resolution requirements
but failing the sensitivity requirement by a factor of 1000 and the speed requirement
by at least a factor of 20. Thus, for majority components, scanning AES, and the
sophisticated 3D technique based on it (MULSAM, Prutton et al. 1991), are slow
compared with the ideal, but otherwise satisfactory; for minority components, there
is no satisfactory technique available and no present developments known likely to
provide one in the future, as shown by the papers in this volume. Since table 2 shows
that there are only 0.1 analyte atoms in the ideal resolved volume (10 x 10 x 10 nm?)
at the ideal sensitivity (10'7), this is perhaps not surprising.
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4. A characterization strategy

Since, despite the wealth of excellent 2D and 3D characterization techniques avail-
able, the foregoing analysis has shown that these are not directly applicable to the
analysis of minority elements in silicon in actual VLSI structures, is there any way
to get the input to device design so badly needed? A possible method is proposed
here.

This approach involves the use of technology simulation, calibrated with good
characterization data, which may come from any of the techniques in table 2. 2D
technology simulation has reached a high level of sophistication (Ryssel & Pichler
1995), and at high spatial resolution the capability to generate a simulated structure
which shows the complete 2D doping element distributions is much closer to the
ideal than is the capability to directly measure such a structure. This can be seen
from the data in table 3, based on experience with technology simulators such as
SUPREM4, STORM, IMPACT; in 1D and 2D, the figures of merit of the actual
simulation techniques are better than, or equivalent to, the ideal values. There is,
as yet, no generally available 3D technology simulator, but the several approaches
in development (Lorenz 1995) and the increasing demands of technology are likely
to provide one in the future. Such a simulator could meet the needs of sensitivity
and resolution and, using present workstation capability, would only fail to meet
the figure of merit because of speed; the continuing improvements in computing
performance will close this gap in time.

If a simulator is to be used in this way, to provide reliable data to designers about
any VLSI structure that the technology can in principle fabricate, then it must be
based on models which embody the correct physics and chemistry of the processes,
and it must be accurately calibrated over the whole experimental field to which it
will be applied. Currently available simulators need considerable improvement in
at least one of these areas. All characterization techniques can contribute to this,
since the physics and chemistry can often be established at a larger scale and lower
sensitivity than that of the device structure and the calibration can be effected by a
carefully targeted combination of many 1D, several 2D and a few 3D measurements.
The use of special structures to obtain the best data is quite acceptable, since a
few such structures will yield data that will be used (through the simulator) to
predict very many actual device structures at a much smaller scale. The procedure is
to use the simulator to simulate the calibration structures, to predict the analytical
measurement data, to compare this to the actual data and to optimize the parameters
of the simulator until the two sets agree.

Although all analytical techniques can make valuable and complementary inputs
to this approach, to do so they must satisfy a number of essential criteria. Firstly, a
vital component of this method is to include simulation of the experimental response
function in predicting the experimental data, so that one is comparing like with like.
Much simulator calibration in the past has omitted this crucial step, comparing, for
example, simulator output with raw SIMS data. A proper procedure for boron dif-
fusion model calibration by SIMS is described in Jones et al. (1993), in which, by
convoluting the SIMS measurement response function with the delta-doping profile
of an experimental Si-Ge layer, the experimentally measured broadened profiles are
shown to result from entirely different causes. In the case of boron, there is real
and quantifiable solid state diffusion, whereas in the case of the germanium, there
is no measurable diffusion and broadening is solely due to the SIMS resonse func-
tion. Secondly, in recording and publishing analytical data, full details of both the
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insufficiently well-characterized to be used for simulator

calibration. Thirdly, this procedure implies and requires a close collaboration and

process technology by which a structure was fabricated, and of all the analytical
conditions, including the instrumental response function, must be given. If either of
communication between experts and developers of the analytical techniques and of
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the technology simulators; neither can now work usefully in isolation. A summary of
the whole combined characterization and modelling strategy is given schematically
in figure 4, using, as an example, application to a generic 0.5 pm geometry bipolar
VLSI technology.

The prognosis for the success of this approach is good. VLSI engineers are already
used to using simulation tools routinely for visualizing, designing and optimising
device structures in 1D and 2D, and will use 3D tools as soon as they are commer-
cially available. There is thus already a strong driving force for accurate, reliable
and well-calibrated process simulators. The normal approach also gives a powerful
method of checking the combined accuracy and correctness of the characterization
techniques and process models used to generate the simulated structure, by using that
structure in device simulators (which are simpler and better calibrated than process
simulators) to predict the electrical characteristics of the device. These characteris-
tics can be measured to very high accuracy (1 ppb) over a very wide range (10°), and
compared to the simulation to provide final validation of the whole simulation and
characterization process, shown schematically as the last step in figure 4. Where the
comparison is poor, this shows the need for a better simulation chain. Detailed com-
parison of process simulation and compositional characterization data at each step
can then identify, quantitatively and specifically, where improvement is required;
which may be in the simulators (e.g. physical models, model calibration, simulator
contruction) or analyses (e.g. sample design, analysis technique). This provides a
methodology by which the areas for continuous improvement in analysis techniques
and in simulators, necessary for development of VLSI technology, can be identified
and specified.

5. Conclusions

Silicon VLSI technology needs accurate inputs to design from 1D, 2D and 3D
compositional characterization and from simulation. There is a serious present and
future shortfall in 2D and 3D analytical techniques for this purpose. The excellent
progress made in analytical techniques as described in the other papers in this volume
has not been sufficent on its own to close this gap, as can be seen by comparing their
sensitivity, resolution and speed with the analytical requirements quantified in this
paper. A strategy to overcome this problem is proposed, in which a close combination
of characterization techniques and simulation techniques is used to predict reliable
and accurate 2D and 3D dopant distributions. Continuous improvement in both
compositional analysis and in simulator relevance and accuracy can be expected
from this approach.

This paper is based on work published by myself and colleagues in the Silicon Modelling Group
at Caswell over the past five years and supported financially by GEC Plessey Semiconductors,
GEC Marconi Materials Technology Ltd and the European ADEQUAT project; all of these are
thanked for permission to publish.
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