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A critical challenge facing nanoscale manufacturing is the need to cost-effectively mass produce nanoscale systems with one-nanometer accuracy and repeatability.  Scanning-electron beam lithography (SEBL) permits arbitrary patterning with sub-10-nm resolution and would be ideal for nanoscale manufacturing if the problems of poor pattern-placement accuracy and high cost-of-ownership could be solved.  The prime contributor to these problems is the open-loop nature of SEBL systems.  Although the stage supporting the substrate or work piece can be positioned precisely, conventional systems have no way to determine the actual beam position on the substrate during patterning.  To combat the resulting placement errors, state-of-the-art tools require expensive electron optics, sample-positioning stages, and environmental controls, as well as time-consuming stabilization, calibration, alignment, and exposure procedures.  Despite these extensive efforts, pattern-placement errors remain in the tens of nanometer range, even for multi-million dollar tools.  [1]
[image: image1.emf]Our current research efforts seek to develop the enabling technologies for a cost-effective, parallel, electron-beam based, nano-manufacturing platform with one nanometer pattern-placement accuracy.  Two key innovations will make this possible: (1) closed-loop control of electron-beam position and size based on feedback from an in-situ metrology grid and (2) parallel patterning using an array of micro-fabricated electron-optical columns.  As shown in 
Fig. 1, spatial-phase locked electron-beam lithography (SPLEBL) solves the fundamental problem of open loop operation of electron-beam based patterning systems.[2, 3]  SPLEBL provides closed-loop control of the electron beam position based on the signal from an electron-transparent fiducial grid located on the substrate to be patterned.  In addition, we have shown that one can provide feedback control for beam size and shape based on the grid signal[4]  and use phase-based alignment for multilevel exposures.[5]  In order to achieve cost-effective, high-throughput nanomanufacturing we are combining this approach with a multi-column array such as the one being developed by Novelx Inc. [6, 7]  However, several fundamental issues need to be resolved before such a system can be a reality, and here we discuss our recent progress in addressing these challenges.
A fiducial grid that offers high signal-to-noise ratio (SNR) and does not perturb the nano-patterning process 

Most implementations of spatial-phase locking rely on the secondary electron signal from the fiducial grid. Not surprisingly, simulations and experiments both confirm that high signal-to-noise ratio (SNR) of the secondary-electron signal results in better phase-locking performance[2, 3] and thus more accurate pattern placement. It has been found that secondary-electron signal levels are maximized when the grid lines contain high spatial frequencies (on the few-nanometer scale) to allow increased electron escape probability due to surface geometries. One approach is to form high spatial frequencies by forming the grid lines from deposited nanoparticles.  As an example, C60 particles exhibit high secondary-electron yield relative to polymer e-beam resists while minimizing scattering of primary electrons.  Fig. 2 shows the relative secondary electron yield of C60 compared to a silicon substrate.  Secondary electron yield is clearly enhanced over silicon (which is typically higher than polymer resists), and means for obtaining uniform films and grids are under investigation.

A means to transfer the grid to each work-piece while retaining nanometer accuracy.
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In order to use spatial-phase locking for nanomanufacturing we are developing a simple and robust method of transferring the grid pattern from a master metrology standard to each work-piece.  Master grids with long-range spatial coherence are produced by interference lithography and by MIT’s “Nanoruler.”  The Nanoruler, the world’s most accurate tool for patterning metrological gratings and grids, grew out of many years of collaboration between MIT’s Space Nanotechnology Laboratory and NanoStructures Laboratory.  Current efforts are focused on replicating master grids using an inking/stamping approach and interference based optical techniques.

A phase-locking system suitable for micro-column SEBL arrays.

Real-time spatial-phase locking was first developed based on a raster-scan exposure strategy, and this approach is ideal for dense patterning and appropriate for micro-column implementation.[3]  However, it is frequently necessary to fabricate sparse nanostructures, and in this case a vector-scan exposure strategy improves throughput.  In order to provide spatial-phase locking for vector-scan exposures a new phase-locking algorithm was developed that is suitable for arbitrary beam deflection.[2]  During a vector scan exposure, a two-dimensional signal obtained by monitoring the secondary electrons escaping from the fiducial grid. Example signals are shown in Fig. 3(a,c).  The grid is rotated with respect to the deflection axes and the fundamental spatial frequencies of the grid signal are shown in Fig. 3(b,d).  These spatial frequencies contain information about the beam position and permit feedback control for pattern-placement accuracy.
Initial efforts in spatial-phase locking used general purpose processors and relatively slow A/Ds (10 Msamples/second).[3]  In order for spatial-phase locking to provide manufacturing level throughputs for parallel systems, a higher speed and more tightly integrated system is necessary.  As a result, we are developing a parallelizable, single-board implementation of both raster and vector scan phase locking algorithms using a field-programmable gate array (FPGA).  The system accommodates exposures speeds of up to 100 Mpixels/second providing full compatibility with the Novelx SEBL array.
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Combining high SNR grids, nano-accurate grid transfer methods, and novel phase-locking algorithms with a micro-fabricated array of electron-beam columns will lead to manufacturing-level throughput with nanometer-level accuracy.  Such a nanofabrication platform will permit reproducible, cost-effective, and widely distributed nanomanufacturing for a variety of applications.
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Figure � SEQ Figure \* ARABIC �1�.  (a)  Schematic of microscale electron-optical columns (two shown) patterning a substrate covered with a metrologically accurate grid.  The grid is electron transparent, but produces a secondary electron or photon signal whose phase can be processed to provide feedback control for nano-accurate beam positioning.   With adequate signal to noise ratio, the beam position can be determined to a small fraction of the grid period.  (b)  Novelx Inc.1x4 array of electron-optical columns.  The actual electron optics are fabricated using a wafer-scale process and can be seen at the very bottom of the array assembly.  
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Figure � SEQ Figure \* ARABIC �2�.  SEM of C60 molecules on a silicon substrate.  The substrate is cleaved and the edge is overlapping a Faraday cup in the wafer stage.  A cross-sectional view is superimposed in the image, showing the secondary-electron return from agglomerations of C60 molecules, relative to the substrate and the Faraday cup.
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Figure � SEQ Figure \* ARABIC �3�.  Experimental secondary electron signals with realistic SNR.  (a) Signal from the 200nm period photoresist on SiO2 grid.  SNR = 0.04. (b) 2D Fourier transform of the grid signal after sampling 12000 pixels. (c,d) Experimental secondary electron signal and Fourier transform from the 400 nm period SiO2 on Si grid.  SNR = 0.39.  The fundamental frequency components are circled.
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