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Abstract:  This paper builds on an earlier brief1 and examines two contributors to lateral interface roughness that may impact device performance in the deep nano-domain.  Specifically, it compares the relative magnitudes of lithographically induced line edge roughness (LER) projected by the ITRS requirements versus the corresponding sparse dopant atom spacing at the source-channel and drain-channel interfaces.  The peak to valley roughness at this natural dopant wavefront [NDW], ~36 Å to ~62 Å, appears to be similar to the 2020 MPU physical gate length, of 5 nm, and about an order of magnitude larger than the projected 2020 LER requirement of~5 Å (3().  Under this scenario, non-lithographic factors may dominate device performance and variability.  Cross-TWG dialog is recommended to assess critical roughness factors that impact dimensional control and to manage projected ITRS roughness requirements that globally enable enhanced performance and reduced variability.
Introduction – A Lithographic Perspective:  The 2005 International Technology Roadmap for Semiconductors, ITRS, projects specific technology requirements over a fifteen-year horizon.  In some cases, the requirements are based on scaled extrapolations of current technology needs.  The current Roadmap specifies 2.6 nm (3() of LER in 2005, scaling to 0.5 nm in 2020, as shown in Table 1 below.  These requirements correspond to ~11 and ~3 atomic widths of roughness, respectively. A key message is that the lithography community faces a technological ‘red brick wall’, with respect to line edge roughness, today. 
	Year of Production
	2005
	2008
	2011
	2014
	2017
	2020

	MPU physical gate length (nm) [after etch]
	32
	22
	16
	11
	8
	5

	MPU gate in resist length (nm)
	53
	38
	27
	19
	13
	9

	Resist meets requirements for gate resolution and gate CD control (nm, 3 sigma)
	3.3
	2.3
	1.7
	1.1
	0.8
	0.6

	Line width roughness: 
(nm, 3 sigma) <8% of CD 
	2.6
	1.8
	1.3
	0.9
	0.6
	0.5

	Overlay (3 sigma) (nm) 
	15
	10
	7.1
	5.1
	3.6
	2.5


 Table 1.  Selected ITRS lithography variability control requirements [Note:  Red = No known solutions; Orange stripes in yellow = interim solutions identified].2 
If these current and projected ITRS requirements reflect core sources of performance variability, then discovery research is needed to identify affordable near term potential solutions that address these obstacles to manufacturing extensibility.  
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A Bottom-Up Device Perspective:  Figure 1 represents a schematic of a MOSFET’s source, channel, and drain structures.  
Figure 1.  Schematic of active source-channel-drain regions, with the location of the natural dopant wavefront at the source-channel and drain-channel interfaces.

The charge carriers within the heavily doped source and drain regions experience fairly homogeneous local field environments. 3   For example, source electrons exhibiting energies within 4.02 eV of the vacuum level, at 0 eV, reside in the conduction band.4a This sea of electrons serves as a reservoir for charge carriers of information through the channel.  If these electron states are clustered at the lower edge of the conduction band, Ec, then the ambient concentration of electrons within a bulk source source is approximately 2.75 x 1019 electrons/cm-3.4b  The corresponding concentration of active dopants should be similar, as they serve as the source of these charge carriers.  Therefore, under these conditions, the inter-dopant spacing within the bulk source is approximately 33.1 Å, as derived in Appendix I.

One expects the concentration of active dopants within the interface region to be considerably less than that found in the bulk source.   Consider the case for which the active interface dopant concentration reduces to about half of that in the source.    This implies an interface density of ~ 1.38x1019 active dopants/cm3 and a spacing between active dopants of ~41.7 Å [See Appendix I].  This spacing induces a natural roughness in the active dopant wavefront at the boundary between the source and channel regions, as shown in Figure 2.
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Figure 2.  Schematic of natural roughness at the source-channel active dopant wavefront.
For this example, when the interface active dopant density is approximately half of that in the bulk source, then the magnitude of this natural dopant wavefront roughness (NDW) is ~36 Å.  Similarly, if the active dopant concentration at the NDW is defined to be ten percent of the bulk source concentration, then the corresponding NDW roughness would be ~ 62 Å.  Even if one assumes a vertical concentration drop at the edge of the bulk source region, where the active dopant spacing of ~ 33 Å, the NDW roughness would still be ~29 Å.
Implications:  The 2005 ITRS projects MPU physical gates lengths of 32 nm, in 2005, and 5 nm, by 2020.  The corresponding line edge roughness (LER) requirements are projected to scale from 26 Å (3(), in 2005, to 5 Å (3(), in 2020.  For the examples given above, in which the NDW roughness ranges from ~36 Å to ~62 Å, it is difficult to infer the relative impact and significance of the projected LER tolerances on the device performance and variability.  In the near term, projected LER requirements appear to be similar to the estimated NDW roughness, cited above.  This suggests that lithographically induced roughness and NDW roughness may synergistically impact device performance and variability.  Deconvolving these effects requires a collaborative study between the patterning and device communities.   A closer examination of the interdependence between NDWR and LER may reveal specific critical and coupled factors that drive device performance and variability for specific device technologies. Such a study may also help the ITRS community establish guiding principles for defining projected functional roughness requirements.
Towards the end of the Roadmap, the NDW roughness, ~3.6 nm to ~6.2 nm, may be similar to the MPU physical gate length, ~5 nm, and more than an order of magnitude larger than the projected LER tolerance requirement, ~5 Å.  As we approach the 5 nm node, will non-lithographic roughness factors dominate device performance and variability?  One could imagine active NDW dopants influencing transiting electrons, as they accelerate towards the channel. Engineering these trajectories would be difficult with existing fabrication methods. However, this could change, if manufacturable technologies are developed that enable tighter control over gradient and interface structures.  Consequently, the current projected end-of-the-Roadmap LER requirements could become significant when manufacturing solutions exhibit atomic or near atomic placement control of active atoms within a laterally directed interface structure.
Appendix I4b
This section estimates the effective density of electron states in the conduction band, NC, within a silicon substrate, at near room temperature, T = 300 K. 
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In general:


    cm-3, where                           (1)
 
me = density-of-state effective mass for electrons in the conduction band
     = 1.065m for Si and 0.067m for GaAs.
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For silicon:  

    cm-3,

          (2)
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At T=300 K, 
    
 

cm-3.
                      (3)
This density also corresponds to the concentration of electrons if all the conduction band states are clustered at the lower edge of the conduction band, EC, at a concentration of NC.  For a charge balanced static system, there should be a one-to-one correspondence between free electrons and active donors.  Under these conditions, the concentration of active donors within this region also is expected to be ~2.75 x 1019 active donors/cm-3.
Hence, the spacing between active dopant atoms, rADS, within the bulk source may be reckoned from the estimated donor concentration, such that:
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              Active dopants/cm         (4)
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Or 



             Å/Active dopant site          (5)

Consider the case when the active dopant concentration drops to half of that found in the bulk source.  This corresponds to an active dopant interface concentration of ~1.38x1019 active dopants/cm3 in the source-channel interface region.  The distance between these active dopant sites in the interface, rADI50%, is estimated by the following:
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              Å/Active dopant site       (6)

Similarly, suppose the interface active dopant concentration is defined as 2.75x1018 cm-3, or ten percent of that of bulk source, then the active dopant spacing, rADI10% would be:
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  Å/Active dopant site       (7)

This implies a peak to valley NDW roughness of ~62 Å.
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