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Introduction to Nanoimprint Lithography
 Muhannad Bakir
 Feb 8, 2006
 [email protected]
 Ver 1.0.0
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Outline
 • Introduction
 • Optical Lithography
 • Principles of Nanoimprint Lithography (NIL)
 • Obducat NIL System Overview
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Moore’s Law
 Heading Toward 1 Billion Transistors Microprocessor -GigaScale Integration (GSI)
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Key Requirements of Lithography for Manufacturing ICs*
 • Critical Dimension Control– Size of features must be controlled within wafer and
 wafer-to-wafer• Overlay
 – For high yield, alignment must be precisely controlled• Defect Control
 – Other than designed pattern, no additional patterns must be imaged
 • Low Cost– Tool, resist, mask; fast step-and-repeat
 *ITRS 2005, Lithography
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Most Demanding Litho Steps in IC Manufacturing*
 • The isolation/active layer• The gate layer• Transistor (gate, source, drain) to 1st level interconnect
 contact hole• 1st interconnection wiring level
 • 30-40% of total semiconductor manufacturing cost is due to lithography– Masks, resists, metrology
 *ITRS 2005, Lithography
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Lithography Techniques
 • UV Litho• Extreme UV Litho• Electron beam Litho• X-ray Litho• Nanoimprint Litho• Microcontact Litho• AFM Litho• Dip-pen litho
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Outline
 • Introduction – The need for miniaturization
 • Optical Lithography
 • Principles of Nanoimprint Lithography (NIL)
 • Obducat NIL System Overview
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Contact/Proximity Printing
 2Wgλλ
 < <2Wg
 λ≥
 Near field Fresnel diffraction
 Far field Fraunhofer diffraction
 *S. Campbell, The Science and Engineering of Microelectronic Fabrication, 2nd Ed.
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Projection Optical Printers
 • Most widely used tool for IC manufacturing NA=n sinαtypically {0.16-0.8}
 Media (n)
 Rayleigh’s equation
 minW kNAλ
 =
 min , NA: , k W λ ↓ ↑↓ ↓
 2Depth of FocusNAλ
 =
 *S. Campbell, The Science and Engineering of Microelectronic Fabrication, 2nd Ed.*ITRS, 2005
 • The resolution of optical projection lithography is limited by diffraction as describedby the Rayleigh eqn
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Advanced Optical Litho Techniques
 *H. Levinson, Principles of Lithography, 2nd Ed.
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Extreme UV Litho
 • 11-14nm wavelength (<32nm features)• Strong material absorption• Exposure done in vacuum• Mask surface roughness <0.15nm RMS• Mask peak-to-valley flatness < 30 nm• No pellicle on mask• Mask handling, shipping, and storage is challenging
 *Various – ask for refs
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Electron Beam Lithography
 See slides on
 www.nanolithography.gatech.edu
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Outline
 • Introduction
 • Optical Lithography
 • Principles of Nanoimprint Lithography (NIL)
 • Obducat NIL System Overview
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Basics of Nanoimprint –Themoplastic Resist
 • Hard mold (mask) with surface relief pattern used to emboss resist
 • Heat and pressure are typically used during imprinting• The mold is removed after imprint• Resist residual layer (dry) etched away to leave behind fully
 patterned resist
 S. Chou et al., “Nanoimprint Lithography,” J. Vac. Sci. Technol. B, 14 (6), 1996
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Nanoimprint
 F. Pease, Stanford Univ.
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Basics of Nanoimprint – UV Curable Resist
 • Again, hard mold with surface relief pattern
 • This time, resist is low viscosity, photopolymerizableorganosilicon solution
 • Mold is pressed on solution and blanket UV exposure is used to cure solution
 • Dry etch to remove residual and transfer into layer underneath
 Molecular Imprints website
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Example Device Fabrication
 *C. Torres, Editor, Alternative Lithography
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Manufacturing Throughput
 First Int’l Conf. on NNT, 2002
 F. Pease, Stanford Univ.
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NIL Issues and Complications
 • Template
 • Resists
 • Overlay accuracy
 • Defect control
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Template Issues
 • Defect free fabrication & Inspection• No pellicle• Critical dimension control at 1x• Feature fabrication at 1x vs 4-5x for optical litho• Adhesion and use of antistick coating on template• Cleaning & reuse• CTE mismatch with substrate• Imprint uniformity
 – Uniform residual layer
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CD Control Error Budget Comparison
 S. Hector, Freescale Semiconductor
 NIL

Page 22
                        

Mask Vs. Template
 S. Hector, Freescale Semiconductor
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Resist Issues
 • Low temp and low pressure• Minimal shrinkage• Mechanical strength and tear resistance• Mold fill• Tg for thermoplatic resist (imprint usually done 70-80°C
 above Tg)• Viscosity
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Resist/Polymers Available at MiRC
 • PMMA– Tg: ~100C, – low etch selectivity over SiO2
 • MRI-7000e– Tg: ~75C, ~20bar– >2:1 etch selectivity over SiO2
 – $$$• MRI-9000e
 – Thermoset, ~20 bar, T=150– >2:1 etch selectivity over SiO2
 – $$$
 • SU8• Avatrel
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Overlay Accuracy
 • NIL has no distortion due to lens since no lens are used
 • Smaller error budget for template pattern placement
 • Mask/template distortion due to pressure and/or temperature & defects
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Issues with Imprinting Micro & Nano Features
 L. Guo, “Recent Progress in nanoimprint technology and its applications,” J. Phys. D, 37, 2004
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Combined {UV for Micro} and {Imprint for Nano}
 L. Guo, “Recent Progress in nanoimprint technology and its applications,” J. Phys. D, 37, 2004
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Micro/Nano Imprinting in Avatrel
 100 µm
 Mirror shape, angle, and height can be controlled
 Flat mirror
 Direct nanoimprinting into the polymer Avatrel
 M. Bakir & J. Meindl, IEEE Trans. Electron Dev., vol. 51, no. 7, pp. 1069-1077, 2004
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Combined UV & Imprint
 • Spin thick polymer layer• Imprint with channel template • Align and expose with mask• Develop pillars • Cure @ 160˚C for 1 hr• Metallize tips of pillars
 100 µm6 µm
 M. Bakir & J. Meindl, IEEE Trans. Electron Dev., vol. 51, no. 7, pp. 1069-1077, 2004
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Imprinted Channels in Avatrel
 M. Bakir & J. Meindl, to be published
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Roller Nanoimprint
 *C. Torres, Editor, Alternative Lithography
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Newtonian Liquid between Two Parallel Disks
 4
 030
 34
 R dhFh dtπ η= −
 4
 30
 0
 1F R
 Fh
 F η
 ∝
 ∝
 ∝
 2h0
 Steady-state solution to the Stefan eq:
 R
 Changes byorders of magnitude with temp
 2
 0
 3( , ) 14r
 dh zv r z rdt h
 ⎡ ⎤⎛ ⎞⎢ ⎥= − − ⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
 For an incompressible liquid:
 *C. Torres, Editor, Alternative Lithography
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Viscosity vs. Temp (for PMMA)
 Kg/mol
 x105
 *C. Torres, Editor, Alternative Lithography
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Patterned & Un-patterned Templates
 2 2 41 0 0
 1 1 163
 Fth h Rπ η
 − =
 40
 1 2 20
 916
 RtFh
 π η=
 Rfeature=1 µm [over 50% of surface]
 R=1 cmApplied pressure = 10 MPa
 R=1 cm
 Applied pressure = 10 MPa
 2h0=500 nm 2h0=100 nm PMMA
 t1/2
 4
 030
 34
 R dhFh dtπ η= −
 *C. Torres, Editor, Alternative Lithography
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Squeeze Flow and Filling
 ( ) ( )01 1 1
 N N N
 i i f i i r ii i i
 h s w h s w h w= = =
 + = + +∑ ∑ ∑
 ( )0
 1
 1
 Nr
 f iNi
 i ii
 hh h ws w =
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 = ++
 ∑∑
 *C. Torres, Editor, Alternative Lithography
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Imprint Time and Process
 Imprint time = Time for distance between plates to go from h0 to hf
 h0
 hf
 *C. Torres, Editor, Alternative Lithography
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Template Uniformity
 Large protrusions dominate (large si)
 •The fill factor should be kept constant: better flow and shorter imprint time•Fabricate dummy cavities/protrusions
 •Different fill factor across template leads to different sinking rates•template bending non-uniform residual layer on substrate
 Uniform template
 *C. Torres, Editor, Alternative Lithography
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Template Uniformity
 *C. Torres, Editor, Alternative Lithography
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Template with Channel Pattern
 • Half of polymer under each protrusion flows in direction of cavity• In general, @ T>Tg, low adhesion between polymer and substrate/stamp
 Only volume that contributesto cavity filling
 20
 2 20
 1 12f
 f
 stp h h
 η ⎛ ⎞= −⎜ ⎟⎜ ⎟
 ⎝ ⎠
 FpsL
 = 3ft s L∝,
 *C. Torres, Editor, Alternative Lithography
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Imprint Time Vs {Width, Temp, h0}
 *C. Torres, Editor, Alternative Lithography
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Filling Process
 *C. Torres, Editor, Alternative Lithography
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Template Bending
 *C. Torres, Editor, Alternative Lithography
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Template Bending in Presence of a Particle (Contamination)
 • VERY important to perform imprint in clean environment
 rParticleResistWafer
 Template
 Region (area) of no imprint due to template not makingcontact with resist as a result of the presence of the particle
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Template Quality & Demolding
 *C. Torres, Editor, Alternative Lithography
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Outline
 • Introduction
 • Optical Lithography
 • Principles of Nanoimprint Lithography (NIL)
 • Obducat NIL System Overview
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MiRC’s Nanoimprint System
 • Obducat (Sweden based)• 6” max wafer size• Max temp: 300C• Max pressure: 70 bar• UV module: 365 nm• Alignment: ~1um
 (<1um @ tool demo)
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Loader & Front View of System
 UV module
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Spacer & Ring - IMPORTANT
 Ring
 Wafer+templatego here
 Spacer

Page 49
                        

Purpose of Spacer and Ring
 • Spacer:– To prevent your sample from crashing into the
 (expensive) quartz window in the UV module– Spacer must be the thicker/equal to your
 • Ring• Your combined substrate & template thickness
 • Ring:– If using a bottom substrate that is smaller than 6”, you
 should use a ring, which acts as space filler– Ring thickness MUST be smaller than the thickness of
 spacer
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Which of these is/are Correct??
 (a) (b)
 (c)
 (d)(e)a) Spacerb) Ringc) Chuckd) Bottom substratee) Top substrate
 (a) (b)
 (c)
 (d)(e)
 (a) (b)
 (c)
 (d)(e)
 (a) (b)
 (c)
 (d)(e)
 (a) (b)
 (c)
 (d)
 (e)
 (a) (b)
 (c)
 (d)(e)
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Spacers and Rings Available at MiRC (More Coming)
 Alignment Fixtures Thickness Size Quantitiy Geometry5.5" 1 Circle3.5" 1 Circle1.5" 1 Circle
 Spacers 5 mm 6" 1 Circle3 mm 6" 1 Circle1 mm 6" 1 Circle1 mm 6" 2 Circle + major flat
 Rings 6 mm 4"x4" 1 Sqaure6 mm 2"x2" 1 Square3 mm 2"x2" 1 Square3 mm 4"x4" 1 Square1 mm 2" radius 1 Circle1 mm 4" radius 2 Circle + major flat1 mm 4" radius 1 Circle
 Chucks 6" 16" 12.4" 1
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Foil use [When no alignment is needed]
 Before chamber vac
 After chamber vac
 (a) (b)
 (c)
 (d)(e)(f) a) Spacerb) Ringc) Chuckd) Bottom substratee) Top substratef) Foil
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Relative Size of Top & Bottom Substrates
 Bottom
 Top
 Bottom
 Top
 Bottom
 Top
 (a) (b)
 (c)
 BottomTop
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Main Operating Window in Software
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Recipe Definition in Software
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Sample Mounting Procedure when UV is Needed
 (a) (b)
 (c)
 (d)(e)(f)
 a) Spacerb) Ringc) Chuckd) Bottom substratee) UV Transparent template/mask (i.e., quartz)f) UV Transparent foil ()
 UV
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Demolding
 Bottom substrateTop substrate
 t knife
 Vac chuck
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Closer look at Demolding Unit
 Set for appropriate waferdiameter
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Alignment System
 Split-optics camera
 Camera
 lensTemplate/wafer
 Wafer/template
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Alignment System
 Split-optics camera
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Final Words
 • New system – baseline recipes still being developed• NIL enables mass replication of nanoscale devices• NIL is relatively complex and physical understanding of the
 process is necessary
 • Next : – Hands on training (tomorrow)– Pass written exam– Check-off when you have sample
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