








New Technology Solves the Resolution/Speed Tradeoff in Data Storage Test Applications  Scott Jordan  Director, Nanopositioning Technologies  Scott Jordan,
Director, Nanopositioning Technologies  http://www.physikinstrumente.com  The relentless advance of areal densities (Figure 1) surpasses Moore’s Law  in the
semiconductor industry: (logic bits/cm2 of silicon) ~ 2 (year - 1962)/1.5.  Both foretell the need for higher-resolution processes.  But economic prerogatives demand
higher throughputs as well.  Yet despite harrowing finances, the datatech industry lags in developing metrics (e.g., Figure 2) to support purchase decisions reflecting
today’s economics.  Figure 1. Will tighter process resolutions doom process economics?  (Source:
http://ssdweb01.storage.ibm.com/technolo/grochows/g03.htm)  Worse, satisfying the need for speed grows tougher as resolutions tighten.  At issue is not the
responsiveness of embedded positioners— piezoelectric positioners are capable of accelerations >10,000g!—it’s that their actuation causes recoil impulses to
propagate through its load, fixturing, and frame.  This causes neighboring components to resonate.  This is unobservable by feedback sensors, so servo
adjustments can’t help.  This is now the worst throughput bottleneck in applications as diverse as track profiling and PTR.    Figure 2.  COO is a formal metric for
purchasing in the semiconductor industry.  Price is but one element.  From http://209.67.253.149/semiconductor/archive/jul98/docs/feature2.asp  Why Settling Time
Worsens  After excitation, the vibrational amplitude scales as e-t/?, where ? is the time constant .  For damping typical of motorized stages (Table 1, Figure 3), ? ~ (?n???? where ?n
is the angular frequency and ? is the damping ratio, the ratio of actual damping versus critical damping (?= C/Cc).     Figure 3. Vibrational amplitude diminishes as e-t/?, where ?
~ (?n?)-1.  The exponential decay law is all we need to predict the time impact of areal density trends.  Consider actuation of a track-profiling nanopositioner mounted on the
motorized stage modeled in Table 2.  Settling dwells can exceed 400msec today.  But per e-t/?, settling adequate for the higher densities a year from now will require
more than double that for a ? of 0.001 and  Fres of 250Hz, typical of high-precision structures and fixtures.  Physics predicts a dramatic—and costly!—increase in settling
time.   Lock-Down Air Bearings  Dover Instruments [Westboro, Massachusetts, USA] introduced High-Stability Spin-Stands (Figure 4) incorporating novel lock-
down air-bearings.  These address the underdamped resonances of conventional air-bearings.  The locked-down air-bearing is highly stiff (high Fres) compared to
conventional air-bearings or even mechanical bearings and provides unparalleled in-position stability.  Figure 4.  Dover High-Stability Spin-Stand incorporates novel lock-
down air-bearings   which help deliver high track-profiling throughput.  Input Shaping™  A patented , real-time feedforward technology called Input Shaping™ was
developed based on research at the Massachusetts Institute of Technology and commercialized by Convolve, Inc., (New York, NY).  It has been implemented in
OEM NanoAutomation™ products by PI (Waldbronn, Germany).  PI’s Mach™ Throughput Coprocessor™ integrates this in its digital controllers (Figure 5).
Figure 5.  The Mach™ Throughput Coprocessor is integrated into the latest PI digital controllers such as the fiber-interfaced E-750.CP.  Mach™ processes the
command signal in real time to avoid excitation of resonances.  It scales and times transitions in the command so motion-driven vibrations are canceled.  It uses a priori
knowledge of resonances as quantified during installation, and does not use feedback.  Unlike notch filtering, it is insensitive to variations in frequency over a range >?15%.  It
is effective against multiple resonances, resonances occurring outside the servo loop, and resonances exceeding system bandwidths.  Its robustness makes the
technique attractive for OEM usage.  In particular:  ? It requires no changes to application setup, software or servo parameters.   ?  It cannot degrade servo stability.   ? It is does
not require specific configuration for specific motions.  ? It is robust with changes in operating dynamics, such as unit-to-unit variations, or moderate changes in loading.     
Figure 6.  Piezo stages are capable of millisecond-scale step-and settle.  However, elements outside the servo loop ring (load, neighboring componentry…).  External
resonances are visualized by a Polytec laser vibrometer.     Figure 7 Mach™ eliminates motion-driven ringing of components outside the servo loop.  Settling after
risetime completes by t ~ Fres-1     As a rule of thumb, Mach™ settles a system in about  Fres-1 after the piezo risetime.  Per Table 2, our example immediately
benefits, with virtually no residual vibration after only 6msec (including 2msec piezo risetime) instead of the current >400msec.  After 12 months of areal density progress,
this application would require 6msec to settle with Mach™ vs. 980msec without— a huge improvement.  (The effectiveness of the Mach™ technology is
essentially unrelated to ? or settling band.)  Figure 8 shows real-world settling data from the Dover High-Stability Spin-Stand, revealing combined benefits of the lock-down
air-bearing and Mach™.  The tool’s PZT stage (Figure 9)is very stiff for a high Fres, resulting in <3msec settling with a 700g load.       Figure 8.  100nm move-and-settle to
<10nm in <3msec with 700g load.  (Courtesy Dover Instruments.)       Figure 9.  Ultra-stiff NanoAutomation stage optimizes Fres, provides 15?m travel with sub-nm
resolution.    Mach™ also eliminates ringing during scanning, such as in pole-tip recession (PTR) profiling, where one axis scans while the other steps.  The motions
cause recoil pulses to propagate through the structure.  Ringing causes periodic image artifacts.  This limits scan velocity and resolution.  Figure 10 (left) shows the
resonant reaction of a scanning-microscopy application’s optics as visualized by a non-contact Polytec vibrometer.  There is visible periodic smearing and banding in
the resulting image. Figure 10 (right) shows the optics’ behavior with Mach™ activated.  The improvement in scan fidelity is obvious: cyclic inaccuracy is eliminated.  The
image improves dramatically (Figure 10, right): the central smear and the spot at the right are revealed as a streak of contaminant and a phantom artifact.      Figure 10.
Use of Input Shaping™ improves micro-optical scan accuracy from ~1?m to   better than ~0.05?m.  Total width of “J” feature is ~2?m.   Alternatives  Momentum
Compensation  This classical technique (Frahm damping) actuates a reaction mass in opposition to the load.  It benefits applications with low structural resonant
frequencies.  Meticulous engineering is required for it to work well.  The costly counter-actuation mechanism be carefully matched to the load, and their centroids must
be colinear.  Some residual vibration is unavoidable.  This can be eliminated by parallel application of Mach™.  Signal Preshaping  For applications with continuous,
repetitive periodic inputs, a new pre-shaping technique  can be reduce the rolloff, phase error and hysteresis of the servo, improving the effective bandwidth and allowing
more accurate tracking.  It is implemented in object code based on an analytical approach where the complex transfer function of the system is calculated, then
mathematically transformed and applied in a feedforward manner to reduce the tracking error. It improves the effective bandwidth by a factor of 10.  It is more effective
than classical phase-shifting approaches in reducing tracking error in multifrequency applications.  It can be combined with Mach™ to address resonances outside
the servo/feedback loop.  Active Isolation Systems  Isolation structures have evolved to advanced systems controlled by DSPs and motion transducers.  The
controls strive for zero motion and are sometimes claimed to damp vibrations caused by onboard equipment.  However, this is a feedback situation.  By definition, time
is required to sense and act upon disturbances, and there is a threshold to the system’s sensitivity.  (Mach™ prevents vibrations rather than sensing them.)  Some
systems offer position feedforward to helps maintain levelness when large motion stages are slewed.   The technique is no more effective than basic isolators for
onboard motions on the submicron scale, or out of the XY plane.  Motion Controls with “Active Damping”  Some DSP-based motion systems are available which
claim active damping capabilities.  The drawbacks noted above for the case of active isolators apply here as well.   Posicast  Posicast control, a technique developed in
1950s, is a form of pole-zero cancellation that reduces residual vibration for the case of single resonance modes.  However, it has achieved little acceptance because it is
highly dependent on knowing the exact frequency and damping of the vibration to be cancelled.  It is further limited because it is an analog technique that requires exact
timing.  This can be problematic on digital control systems with a fixed update frequency.  In contrast, Input Shaping™ was developed to specifically address the
shortcomings of Posicast.  Input Shaping™ produces exact solutions for digital control systems where multiple resonances exist.  The Input Shaping™ solution is
robust in real world where the measurement of the frequency may be imperfect or varies from unit to unit or from day to day.     Conclusion  Progress in the technology
industries is illuminated by the staggering trends seen in areal density growth and Moore’s Law.  But the profitability prerogative makes this a major headache for the tool
or process designer, as higher densities make for exponentiating settling times.      Recent mechanical and control advancements address this problem at its root: by
eliminating settling-time by preventing the excitation of the resonant modes of the stage, load, fixturing, frame and componentry.




