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Abstract:

Monitoring and controlling cross-wafer and in-die variability have been recognized as the dominant and escalating factors for
the successful commercialization of modern-day integrated circuit products utilizing advanced semiconductor manufacturingii,2). In
this paper we present a performance based metrology (PBM) and measurement technology to further close the information gap that
currently exists between the design, process integration, and manufacturing to control variability.

PBM enables the “porting” of scribe-like and end-of-line contacted measurements to within the product’s active die while it
provides the capability to significantly reduce the cycles of learning to obtain relevant and key process, device, and product
metrics. This product-relevant information can then be used for process monitoring and control, performance optimization, and to
enhance early bin-yield predictability. The technique would reduce or eliminate the need for send-ahead test wafers and other
“disruptive” measurements by making possible in-die, noncontact characterization of product performance monitors and devices.

The paper will describe the design and implementation considerations of the non-contact test structures on product wafers, and
the details of the in-line PBM measurement system. Experimental results from PBM measurements on several generations (90, 65,
and 45nm) of bulk-Si and SOI product wafers and devices will presented and discussed.

1. Introduction to PBM

PBM allows the measurement of in-die variability on product-like test structures at the early stages of manufacturing when first
circuit connectivity is realized (i.e. 1st metal). This “early” information can be used to monitor and control performance variation
for line-to-line (L2L), run-to-run (R2R), wafer-to-wafer (W2W), and die-to-die (D2D) design/product/process monitor and control.

The need to complement and manage the critical and yet traditional metrology techniques with parametric-line, in-die
measurement which correlate directly to final-performance and ultimately (performance) bin-yield has been recognized in detailfs).
PBM accelerates the gathering and availability of the current critical measurements of product representative(s; RO-type test
structures in the scribe and die(s) from early stages of product development and continuously throughout the manufacturing process
steps and phases. This is achieved with laser-facilitated, contact-less “power/probe pads” that enable the non-contact measurement
of the product-like ROs in the active product die and scribe.

The paper/presentation will begin with an introductory section to outline the industry trends that require the critical need of
controlling variability for every phase of productization of advanced products. We will then introduce the PBM architecture with
the design considerations for its implementation on product, followed by experimental results that show the capability of this novel
technique.

These results are meant to demonstrate how PBM could be used to extend the capabilities of current in-line, in-die parametric
practices to measure and control variability and enhanced bin yield predictability, very early in the process flow. The results will
also illustrate that a broad utilization of PBM’s test structures could be implemented from early-technology development through
product ramp and full production to provide continuity of the process, transistor, and performance metrics and as an early “base-
line” for process control and optimization adjustments.

2. Performance based metrology (PBM): Architecture

The PBM system encompasses two functional blocks: 1) the non-contact power delivery and measurement component; 2) the
embedded (in product silicon) structures to enable the noncontact activation (power) and measurement of the product-
representative test structures.

The overall system architecture has been captured in Figure 1. The measurement component is comprised of an automated wafer
movement and handling system, along with the associated imaging system to enable fast alignment and positioning. The power
delivery and coupling to the power-structure on the silicon and the signal detection rely on optoelectronic effects and devices.

3. Pad-less non-contact power & signal detection design and integration to ROs

Test structures, which are comprised of ring oscillators and power/sense devices (Figure 2), are formed with standard product
mask layers and process steps - no additions and/or modifications to the standard product definition and associated fabrication
process is needed. Integration into product or scribe requires adherence to standard design rules and/or definition of special device
types for compatibility with production design checkers. Non-contact signal sense is provided by optical or capacitive pickup. The
source of power is a laser stimulated photodiode. This means that optical access to the silicon layers is required up to the time of
measurement. Within these ground rules, a large variety of information can be obtained and related directly to device parametric,
process, and product variability. In the normal context of yield management this data can be interpreted in combination with that
from other sources to provide very early feedback with no scrap or special run cost.

Ring oscillators (ROs) specifically designed for process centering and monitoring of variability have provided a direct link to
contact measured parameters on product wafersje). It is especially advantageous that the same product-like RO design can now be



placed in-die with functional and electrical independence of any product structures or interconnect. Design of the equivalent
noncontact structures involves only removal of control and frequency converters, adjustment for period and power, and addition of
non-contact sense/power devices.

The standard RO can be extended with designs sensitive to particular process variations. These can be device related: effective
channel length variation (ACLV), local random fluctuation, drive strength, threshold, for example. They can also be designed and
placed to show lot, wafer, and die variability of more process specific information: gate/channel overlap (COV), pattern density
and other exposure effects, interconnect (geometric, electrical, and delay) variability.

With somewhat more demand on in-die placement, ROs can be fashioned from arbitrary segments of product logic that mimic
critical paths in both function and physical design. These can use any level of interconnect, as long as the power/sense structures
have optical clearance to the surface of the wafer at the time they are measured. It is even possible to repeat measurements of any
targets at subsequent process steps if this requirement is met.

In addition to optical clearance at the time of measurement, the main design requirements for the test targets are: assuring
adequate power and current and using standard masks and process steps, designing for appropriate operating frequencies, and
verifying the behavior of the designs through model and hardware validation.

4. Experimental Results

The immediate question for the user is to ascertain how closely correlated and representative are the PBM results with the
contact measurements performed at test (end-of-line) or the scribe (inline) measurements of the same structures and libraries. In
Figure 3A the comparison of results from probed structures versus those obtained from the same structure using the non-contact
power/signal structure are demonstrated in a scatter plot. These results, drawn from a 45nm SOI product wafer, demonstrate the
near one-to-one correlation between the mechanically probed measurements and those from PBM. Figure 3B demonstrates the
same results on a wafer map, and it includes the key statistical data, where the mean and distribution of the contact vs. noncontact
(PBM) measurements are compared and demonstrate near one-to-one correlation.

Figure 4 shows the close correlation between electrical CD (eCD) measurements and those using the same samples’ (in RO
test-structures) measured with PBM on two separate wafers from the same “wafer run”. PBM identified the slower (larger eCD)
wafer from the “faster” wafer (smaller eCD). For each wafer a close correlation between each site and associated CD was also
realized. These results show that PBM could replace eCD with measurements on actual product-like structures (versus the
resistivity measurements on poly-lines typically used for eCD) and, in turn not only ascertain and control the wafer’s patternng
processes, but also provide a direct measure of the effective channel length (Ler) — which in turn provides information on the actual
physical and electrical construct and constituents of the gate.

Figure 5 demonstrates the comparison between single site (per-die) measurements versus multisite (in-die) measurement on a
multi-product wafer (MPW). The single measurements could be viewed as scribe-like results, whereas the multi-site wafers
indicate the in-die variability that is ultimately and directly related to bin-yield. The average (mean) is the same between the two
measurements, where as the distribution of the results show a 75% increase in variability.

5. Conclusion

A pad-less, non-contact CMOS circuit performance-based measurement system and technology that enables the monitoring and
control of process induced variability across wafer and within the product die has been described. The measurement system
includes the design and implementation of non-contact power activation and signal detection structures on product silicon that
enable copious characterization of product-representative and process sensitive test-structures.

Experimental results between the non-contact and contacted-probe measurements are in very good agreement for both bulk-Si
and SOI scaled technologies. These results indicate that the non-contact performance-based measurement technique is robust and
can be utilized in manufacturing lines to directly measure in-die, cross wafer, and cross-line variability. By adopting this

technique, critical early learning and visibility of bin-yield from 15t connectivity levels is afforded, well before final test and
without the need for send-ahead or uniquely designed mask silicon that impact the manufacturing line’s WIP and resources.
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